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TOPICAL REVIEW — Multiferroicity and multicaloric effects

Electrocaloric refrigeration:
From physical fundamentals to practical devices
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The electrocaloric (EC) effect refers to the change in the polarization entropy and/or temperature of dielectric mate-
rials when an electric field is applied and removed. EC refrigeration has received increasing interest as an alternative to
conventional refrigeration technologies because it provides both high energy efficiency and zero global warming potential.
In this review, we first introduce the thermodynamic fundamentals of the EC effect and the mechanism of EC refrigeration
cycles. We then present recent advances in EC cooling technologies, from material improvements to device demonstra-
tions, including a critical analysis of existing material and device characterization methodologies and a discussion of how
to reliably measure the parameters of materials and devices. Finally, the current challenges and possible future prospects

for EC cooling technology are outlined.
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1. Introduction

With the intensification of global climate change and
the continuous increase in energy consumption, the lim-
itations of traditional refrigeration technologies, such as
vapor-compression systems, have become increasingly promi-
nent. These traditional technologies typically rely on refrig-
erants with high global warming potential (GWP), such as
hydrofluorocarbons (HFCs), which exacerbate the greenhouse
effect; in addition, these technologies suffer from low energy
efficiency, high noise levels, and bulky designs. As a result,
the development of sustainable and energy-efficient cooling
technologies that minimize environmental impact is urgently
needed.

To address these challenges, various green refrigera-
tion technologies, including thermoelectric (TE),!'! magne-
tocaloric effect (MCE),[> elastocaloric/barocaloric effect
(eCE/BCE),>%! and electrocaloric effect (ECE)[7-®! cooling,
have emerged. Among these options, thermoelectric cooling
has already been commercialized, but its low energy efficiency
limits its large-scale application. In contrast, caloric refrig-
eration technologies that are driven by external fields (mag-
netic, stress, or electric fields) demonstrate higher energy ef-
ficiency potential.[’! In particular, the electrocaloric (EC) ef-
fect has gained attention because of its high theoretical effi-
ciency, fast response, compact design, and zero greenhouse

gas emissions. ]
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The ECE refers to the change in polarization entropy
and/or temperature in dielectric materials when an electric
field is applied and removed. The ECE was first theorized in
the 1930s!'!) but remained largely unexplored until advances
in material science enabled the discovery of giant ECE in fer-
roelectric ceramics!”! and polymers!®! in the early 2000s. Re-
cent breakthroughs in material engineering and device fabrica-
tion have further positioned EC refrigeration as a viable next-
generation refrigeration technology for applications that range
from microelectronics to domestic appliances.[!?!

This paper is organized as follows. Section 2 presents
the fundamental theory of the ECE, analyzes the limitations of
current measurement methods, and introduces an in-situ cal-
ibrated measurement approach. Furthermore, the phase-field
theory, negative ECE, and anomalous ECE are discussed in
this section to provide a comprehensive understanding of var-
ious EC-related phenomena. Section 3 reviews recent break-
throughs in EC materials, with a particular emphasis on per-
formance comparison, while highlighting the emerging high-
entropy strategy. Section 4 discusses the thermodynamic cy-
cles of EC refrigeration systems and their corresponding key
parameters. Section 5 explores the design and optimization
of EC devices and highlights prototype demonstrations and
their cooling capabilities. Finally, the summary section dis-

cusses challenges and future directions for EC technology.
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2. Fundamentals of the electrocaloric effect

2.1. Thermodynamics and phenomenological theory of the

ECE

The ECE originates from the coupling between electric
and thermal fields in dielectric materials under an applied elec-
tric field. From a thermodynamic perspective, the ECE arises
because of the field-induced change in entropy, which leads to
reversible heating or cooling. Its basic principle is shown in
Fig. 1.

oy Applying field

W g 4

Fig. 1. Schematic illustration of the ECE. The arrows represent electri-
cal dipoles.

Removing field

In general, the Gibbs free energy G for a dielectric mate-
rial can be expressed as a function of the temperature 7', en-
tropy S, stress X, strain x, electric field E and electric displace-
ment D as follows:

GZU—TS—X,')C,'—EJ'DJ'7 (1)

where U denotes the internal energy of the EC system and the
stress and field terms are written in Einstein notation, where i
ranges from 1 to 6 and j ranges from 1 to 3. The differential
form of Eq. (1) is

dG = —$dT —x;dX; — D, dE,. )

The entropy S, strain x, and electric displacement D; are ex-
pressed as follows:

s_ (% _ (9
B oT X,E7 H IX; T.E’

G
J/ TX
Equation (3) leads to the following Maxwell relation:
as oD;
CARC N @
E; T.X T X.E

For a reversible thermodynamic process, with no pressure or
volume work in the EC system, the equation for the specific
internal energy u of the system can be simplified to

u=TdS+EdP. 5)

In EC materials, the entropy § at given electric field E and
temperature T can be divided as follows:

S(E, T) = Sdip (E7 T) +SN7dip (T) , (6)

where Sg;p, is associated with the dipolar entropy (the polariza-
tion state of the insulators) and SN_gip represents the entropies

that, despite their strong dependence on temperature, are inde-
pendent of the electric field, such as the lattice entropy and
the electron entropy.!'3! The isothermal entropy change AS
solely associated with dipolar entropy when the electrical field
E changes from E| to E; (AE = E; — E) at temperature T can
be expressed as follows:

ASgc (E,T) = Saip (E2,T) — Saip (E1,T) = Saip (E,T). (7)

Under adiabatic condition (AS = 0), there will be a tem-
perature change AT = T, — T;. The following relation can be
obtained:

Sdip (E2,T2) — Sdip (E\,T) = _(SNfdip (Tr) — SN—dip (T1))-(8)

The ASN_gip cannot be directly measured but can be calculated
from the heat capacity at zero electric field. The heat capacity

as
ce=T (8T>E C)]

Under zero electric field, ferroelectric materials are typ-

is defined as

ically in the paraelectric phase or in a state where the polar-
ization is random and disordered. In this state, the sensitiv-
ity of the dipole system to temperature (dSqip/dT)g is very
small and can even be considered negligible. Therefore, under
zero electric field, the non-dipolar entropy change induced by
a temperature change AT is given by

b3
ol 47 (10)

ASN_dip (T) = n T

Based on Eq. (10), the contribution of non-dipolar en-
tropy can be separated. The dominant contribution of Sg;, or
SN-dip is highly material- and temperature-dependent. In fer-
roelectric materials exhibiting a sharp first-order phase tran-
sition, the ECE is often dominated by the configurational en-
tropy change of the dipoles, as the electric field can induce
a large-scale reorientation of polar domains or even a phase
transition. Conversely, in relaxor ferroelectrics or in regimes
away from the phase transition, the contribution from the lat-
tice entropy can become comparable or even dominant.

The total differential of the total entropy is defined as fol-
lows:

dS(E,T) = (g;)EdT—s— (g)TdE. (11)

The heat exchange can be expressed as follows:

aS 2S
SQ(E,T)=TdS=T (aT)E AT +T (aE)T dE. (12)

By relating Egs. (4) and (9) the following relation can be

oT T /0D
_Q%L:@(WJE 1

obtained:
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where cg represents the heat capacity. Under a constant stress
X, the isothermal entropy change AS and adiabatic temper-
ature change AT of an ECE material as the electric field £
changes from Ej to E; can be expressed as follows:

E2 (0D
AS_/E1 <<9T>E,x dE, (14)
__ [BT(E) (dD
AT = /E. cE(T)(aT)E_XdE' (15)

While Maxwell’s relations provide a universal thermody-
namic framework for the ECE, they do not explicitly account
for the microscopic mechanisms or phase transitions that gov-
ern the polarization response in ferroelectric and relaxor mate-
rials. To bridge this gap, we now turn to Landau-Devonshire
(L-D) phenomenological theory, which describes polarization
behavior through free energy expansion.

The L-D phenomenological theory has been widely used
to describe the macroscopic phenomena that occur in polar
materials near their phase transitions. According to the L-D
theory, the Gibbs free energy of a ferroelectric material can be
written as an expansion of the polarization P (for most ferro-
electrics, P =~ D) as follows:

1

G=G0+2

aP2+%§P4+éCP6+--~—EP. (16)
In general, the coefficient o is temperature-dependent
and &, {, ...are temperature independent. In ferroelectrics,
o(T) = B(T —Tp), where B represents a material-dependent
constant, and T represents the instability temperature.
According to the L-D phenomenological theory,

s gl e,

where E;. = 0 and 8 = In(Q)/(®).!"*! Here E represents
the low electric field, Eyy denotes the high electric field, &y de-
notes the permittivity of vacuum, and @ denotes an effective
Curie constant, which is directly related to the polar correla-
tion in dielectrics. Thus, a large €2, which corresponds to the
number of polar entities that are accessible by dipoles, and a
weak polar correlation @ result in a large B value and a giant
ECE at low fields.!!

By relating Egs. (13) and (17) the adiabatic temperature
change under an electric field can be obtained as follows:

1
ATgc = — BT P (18)
2CE

The preceding derivation omits explicit consideration of
secondary pyroelectric effects, which are present in numerous
EC materials. For a more thorough theoretical treatment of
this aspect, readers may refer to the comprehensive review ar-
ticles by Rozi¢ et al.!'%! and Li ef al.l!7!

2.2. ECE measurement

The ECE stems from electric-field-induced changes in
dipolar ordering. Since direct measurement of dipolar or-
dering remains experimentally challenging, for ECE charac-
terization, two principal approaches are typically employed:
(1) polarization-based analysis (indirect method) and (2) ther-
mally derived analysis (direct method). The designation of
“directness” primarily reflects how thermal (heat flux or tem-
perature) measurements are more immediately correlated with
the primary application of active heat pumping than polariza-
tion measurements, which are used to assess dielectric proper-
ties.

Most of the indirect measurements are based on results
that are derived from Maxwell’s relation, which is expressed
in Eq. (4), from which the isothermal entropy change AS and
adiabatic temperature change AT of the ECE as the elec-
tric field changes from E; to E; can be deduced, as ex-
pressed in Egs. (14) and (15). The indirect method has
been extensively employed for ECE characterization since the
1960s,"8! primarily because polarization measurement sys-
tems, which track polarization versus temperature, are experi-
mentally convenient. For a thermodynamically reversible sys-
tem, Maxwell’s relation conveniently connects the dielectric
parameters to the thermal parameters. However, a fundamen-
tal limitation arises because Maxwell’s relations are valid only
for ergodic systems. This imposes significant constraints on
the use of polarization-based indirect methods to characterize
the ECE in materials such as relaxor ferroelectric polymers,
where the domain dynamics exhibit inherent irreversibility. ']

Direct measurement of the ECE involves the character-
ization of the temperature change or heat flow in materials
upon application or removal of electric fields, which provides
the most straightforward experimental evidence. Changes in
the temperature of in EC materials can be directly monitored
via either contact or noncontact methods. Thermocouple mea-
surements provide point-specific data when the sensor is af-
fixed to the sample surface center to record transient ther-
mal responses to applied electric fields.!'>?° For compre-
hensive spatial analysis, infrared cameras offer noninvasive
mapping of surface temperature distributions, thereby facili-
tating high-resolution monitoring of thermal dynamics at ul-
trashort timescales.!>!! At the microscale, scanning thermal
microscopy (SThM) techniques enable nanoscale ECE char-
acterization via the use of a thermally sensitive atomic force
microscopy (AFM) probe that detects localized temperature
changes that are induced by an applied electric field.[?%23]
Differential scanning calorimetry (DSC) is the most com-
mon thermal technique for heat flow measurement, where
controlled electric fields are applied to a sample while the
heat flow is precisely monitored.[**? This technique re-
sults in the detection of distinct exothermic and endother-
mic peaks that directly correlate with the application and re-
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moval of the electric field.[2°! Alternatively, researchers em-
ploy thermistor-based detection or specialized heat flux sen-
sors to quantify the thermal response of ECE materials, [!%27]
with advanced configurations incorporating reference resistor
heaters for improved measurement accuracy through in-situ
calibration.[28-31]

The accuracy of the direct method depends on the condi-
tions during measurement being near-adiabatic; otherwise, the
results of the direct method will be underestimated. When an
electric field is applied (Fig. 2(a)), the temperature instanta-
neously increases and remains stable but then immediately re-
turns to its baseline level upon field removal (Fig. 2(b)) under
ideal adiabatic conditions. However, the nonnegligible heat
capacities of both EC materials and heat flux sensors introduce
thermal inertia, which results in gradual thermal transients
(sloped edges rather than sharp steps). Thermal equilibration
between the film and substrate occurs rapidly and is difficult to
avoid. Consequently, the temperature change induced by the
ECE will quickly equilibrate with the substrate, which makes
accurate detection of the temperature change difficult.*?! Lim-
ited electric field slew rates and polarization relaxation kinet-
ics delay changes in polarization, which causes thermal hys-
teresis in the temperature profile as well (Fig. 2(c)). The actual
nonadiabatic response includes both thermal hysteresis and
heat exchange with the surroundings. For example, when the
EC material is placed in a low-conductivity medium such as
air, the heat flux changes more slowly (Fig. 2(d)), whereas on
a highly thermally conductive substrate, the heat flux changes
faster (Fig. 2(e)). Most direct measurements of the ECE yield
measurable temperature values (ATeqs) that deviate from the
ideal adiabatic temperature response (AT,giy). From this per-
spective, the accuracy of ECE measurements cannot be guar-
anteed or compared across different operating conditions or
when different types of sensors are used.

AE 1 (a)

1
T1(b) t
Tt (c) t
T1(d) t
T !

Fig. 2. Schematic illustration of the temperature—time profiles of an EC
material under an applied electric field: (a) input electric field, (b) ideal
adiabatic temperature response, (c) adiabatic response with a delay that
is caused by heat exchange, (d) actual measurable response with a de-
lay and slow heat exchange, and (e) actual measurable response with a
delay and fast heat exchange.

The above methods face limitations in terms of either
thermal isolation control or signal delay. Hence, an in-situ

calibrated heat flow measurement approach was developed to
address these challenges. By synchronizing electric field mod-
ulation with real-time thermal compensation, this method en-
ables direct extraction of adiabatic temperature changes (AT,q)
while inherently correcting thermal leakage effects. The heat
that is absorbed/ejected by the EC material when the electric
field is removed/applied is measured via an in-situ calibrating
calorimeter. The heat signal is recorded by a heat flux sen-
sor. The recorded data are calibrated by using the reference
heat that is produced by metal electrodes that are coated on
the surface of the EC film. As shown in Fig. 3(a), after the
electrodes on the top and bottom sides of the EC film are sput-
tered, two wires are connected to the bottom electrode and
one wire is connected to the top electrode. The bottom elec-
trode/reference heater generates a small amount of Joule heat
(Qjoule) When a pulse voltage (U) is applied (Fig. 3(b)) through
the bottom via the two wires that are connected to it. The
heat that is conducted to the heat flux sensor is captured and
displayed as a voltage change (Vjoule). The EC material also
generates heat (Qgcg) when a high voltage is applied/removed
(Fig. 3(c)) across the top and bottom electrodes. The rationale
behind our design of this testing device is twofold. Firstly, it
isolates the high-voltage terminal from the heat flow sensor,
thereby protecting the sensor’s longevity. Secondly, since the
lower surface of the film is in direct contact with the heat flow
sensor, we ensure that both the reference heat and the elec-
trocaloric heat are directly received by the heat flow sensor.
Under the same thermal boundary conditions as the reference
heater measurement, the EC-induced heat signal is captured by
the heat flux sensor and displayed as a voltage change (Vicg).
The reference Joule heat can be calculated according to Joule’s
law
2

U
Qioute = [ = . (19)

The total heat that is generated by the ECE is calculated by the
following equation:

f VECE dr
= et 20
OkcE = Ooule TVionedt (20)

The change in isothermal entropy is calculated by the follow-

ing equation:

_ Okce
T b

where T denotes the room temperature.

AS

2y

The temperature
change in the EC material is calculated by the following equa-
tion:

_ Orce __ Okce 22)

AT =
pvC, pmridC,’

where p denotes the density of the EC material, C,, represents
the specific heat capacity, r denotes the radius of the overlap
area of the electrodes, and d denotes the thickness of the EC
film.
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(a) (b)
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Fig. 3. (a) Schematic illustration of the in-situ calibrating ECE mea-
surement device. (b) Waveforms of the applied electric field and heat
flow signal during reference heat measurement, and (c) waveforms of
the applied electric field and heat flow signal during ECE measurement.

2.3. Phase-field theory for the ECE

The ECE refers to the change in the polarization entropy
and/or temperature of a dielectric material, which can be the-
oretically described by phase-field modeling. This approach
provides a powerful framework for simulating the evolution
of microstructures, domain dynamics, and the resulting EC
properties in both inorganic and organic materials. Phase-field
models incorporate thermodynamic free energy functionals,
kinetic equations, and electrostatic interactions to capture the
coupled effects of electric, elastic, and thermal fields.

The main principle of phase-field simulations lies in the
use of a set of spatially continuous state variables to character-
ize the structural state within a material. These state variables
are typically referred to as order parameters. They can de-
scribe complex microstructural features such as phase distribu-
tions, grain structures, and polarization domains. At any spa-
tial point within the material system, the order parameters can
vary continuously, and their values reflect the specific phase
or structural state at that location. In ferroelectric materials,
the order parameter is typically the ferroelectric polarization
field P (x), where x represents the spatial position vector. The
stable state of the system under given external conditions is
simulated by evolving the polarization field to equilibria as
governed by the time-dependent Ginzburg—Landau equation,
which can be expressed as follows:

JdP < dFp

=L 5p +E‘herm) : (23)

Equation (23) describes a relaxation process of the system that
is driven by a minimization of the free energy of the system
under given conditions, where ¢ represents time; L represents
a kinetic coefficient that reflects the sensitivity of the system’s
response to the driving force of free energy; Fp represents the
polarization-dependent part of the free energy formulated as
a function of the polarization field P and external conditions,
including the external electric field E**' and temperature T,
and E™°™ represents a random field that arises from thermal
fluctuations, and obeys a normal distribution with the strength

given by the fluctuation—dissipation theorem. 3!

s,34 the free en-

Following existing phase-field theorie
ergy Fp is equal to the sum of the Landau free energy, the gra-
dient energy, the electrostatic energy, and the elastic energy,

ie.,

Fp = FLandau + F; gradient + Felectrostatic + Felastic- (24)

The Landau free energy holds significant physical importance
in phase-field models. It reveals the thermodynamic stability
and evolution trends of a system under different polarization
states and serves as the core thermodynamic foundation for de-
scribing material phase transitions, polarization behavior, and
structural formation. The energy contributions are expressed
as follows:

Frangan = / (@ijP.P; + aiju PP PP,
+aijklmnBPijP[PmPn) d)c‘?’7 (25)

where indices i, j, k, and [ = 1,2,3 indicate components of a
vector or a tensor in Cartesian coordinates. An Einstein sum-
mation convention over repeated indices i, j, k and / is em-
ployed. a;j, a;ji;, and a;jim, represent the second-, fourth-
, and sixth-order Landau coefficients, respectively. In par-
ticular, the diagonal components of the second-order coeffi-
cient g;; are typically temperature-dependent according to the
Curie-Weiss law, i.e., a;; (T) o (T — Tcw), where Tcw repre-
sents the Curie—Weiss temperature. The temperature depen-
dence of the free energy functional inherently accounts for the
coupling between the polarization and the thermal functions
of the system, including the ECE.

The gradient energy in phase-field models represents the
energy cost that is required to maintain the spatial continuity of
the polarization field. It characterizes the energy that is neces-
sary for the transition from ferroelectric to paraelectric phases.
The gradient energy can be expressed as follows:

Foradient = / gijklgzgf;dx3a (26)
where g represents the gradient energy coefficient.

The electrostatic energy is a component that describes the
interaction between the polarization and electric fields within a
ferroelectric material. It reflects the coupling relationship be-
tween the polarization field and the electric field. It is typically
expressed as

" 1
Fectrostatic = / (_ZEIdPl - E?tii> dx37 (27)

where EY(x) represents the depolarization field that is ob-
tained by solving the electrostatic equilibrium equation at ev-
ery evolution time step.

The elastic energy describes the energy variation in a
material that results from mechanical deformation, including
spontaneous strain, applied stress, and thermal expansion. The
elastic energy is expressed as follows:

1
Fetastic = / S Cijkl (& — 8,%) (6w —€5) dx’, (28)
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where ¢ represents the elastic stiffness tensor, € represents the
strain field that is obtained by solving the mechanical equilib-
rium equation, and €° represents the eigenstrain field, which
is given by el.oj = QjjuPP;, with Q being the electrostrictive
coefficient. A combination of Egs. (23)-(28) yields the spa-
tiotemporal microstructural response of the modeled material
system to given external conditions.

The EC entropy change is further calculated on the basis
of simulated polarization response to external electric fields.
Following the fundamental equation of the total free energy

Ftotal B

o aFtotal
S=— <8T>Em' (29)

The free energy is separated into two parts, namely, a
polarization-dependent component Fp, which represents the
contribution of the polar order and depends on both the tem-
perature and the external field, and the remaining component
Fp, which is independent of the external field:

Fota = Fp (ECXtaT) +F (T) . (30)

Notably, Fp is given by Eq. (24) of the phase-field model,
where the simulated equilibrium-state polarization distribu-
tion P (x) of a given condition (E*',T) is considered. For an
isothermal process at a constant temperature, the EC entropy
change is given by

ASpex_pen = S (Eg™,T) =S (EJ.T)

dFp
= (é?T Eexl_m) Gh

upon varying the external field from E$* to EZX'. The function
Fy(T) is therefore not needed for calculating the EC entropy

dFp
Eext— ngl oT

change. The derivatives with respect to the temperature 7 in
Eq. (31) are then evaluated by simulating two system states
under slightly different temperatures:

JIFp _ _FP(T+8T)—FP(T). 32)

9T 8T

It is important to note that while phase-field modeling pro-
vides profound insights, its predictions may exhibit deviations
from experimental measurements, similar to the indirect mea-
surement methods discussed earlier. These deviations primar-
ily stem from several idealized assumptions inherent in the
model. First, the accuracy of simulations is contingent on
the input parameters (e.g., Landau coefficients, gradient en-
ergy coefficients), which are often derived from limited exper-
imental data or first-principles calculations, and their simpli-
fied temperature dependence may not fully capture complex
material behavior across a broad temperature range. Second,
phase-field models operate on mesoscopic spatial and tempo-
ral scales that are typically more limited than experimental

conditions, which can affect the prediction of long-range do-
main dynamics and complete relaxation processes. Finally,
while the model calculates the intrinsic ECE under idealized
adiabatic or isothermal conditions within the simulation box,
practical measurements are susceptible to thermal losses and
limited heat transfer within the sample and to sensors, often
resulting in a lower measured temperature change than the the-
oretically predicted adiabatic value.

In phase-field models, by coupling the evolution of the
polarization order parameter with the thermodynamic poten-
tial and microstructural state of the system, not only quanti-
tatively analyzing the entropy change behavior between dif-
ferent polarized states but also revealing the specific influence
mechanisms of material structures, such as crystallinity and
defect distribution, on the EC response are possible.

2.4. Negative ECE

The negative electrocaloric effect (NECE), which is also
known as the inverse ECE, is a unique phenomenon that differs
from the conventional ECE. In the NECE, applying an external
electric field lowers the material temperature, while removing
the field increases it. The ECE in antiferroelectrics had not
received much attention until the discovery of the NECE in
2011.13%1 The NECE has since been widely reported in vari-

ous material systems, including antiferroelectric materials, [3¢]

37.38] and mul-

point-defect-engineered ferroelectric materials, !
tilayer ferroelectric thin films, 3} among others. Interestingly,
both the ECE and the NECE can coexist in the same material
or appear separately in different systems. Among the differ-
ent types of NECE materials, antiferroelectric systems, which
are represented by PbZrOs, have attracted particularly signifi-
cant research interest. Researchers have reported that combin-
ing the ECE and NECE can significantly enhance solid-state
cooling performance, thus offering promising potential for ad-
vanced EC refrigeration. 402!

The underlying microscopic mechanism of the NECE
remains uncertain, although several theoretical models have
been developed to explain this phenomenon. Among these, the
dipole canting model provides a compelling explanation. 36!
In the absence of an external electric field, the dipoles in an-
tiferroelectric materials arrange themselves in an ordered an-
tiparallel alignment, which corresponds to a low polarization
entropy state (Fig. 4(a)).[*3 Antiferroelectric materials exhibit
ordered dipole alignment in both their antiferroelectric and fer-
roelectric phases, both of which correspond to a low polar-
ization entropy state. When a moderate electric field is ap-
plied, the electric dipoles undergo a characteristic cone-like
precession along the field direction and the radius of the P+
cone decreases whereas the radius of the P— cone increases.
(Fig. 4(b)). This dynamic behavior causes significant fluctua-
tions in the polarization components perpendicular to the ap-
plied field, whereas the longitudinal component (parallel to
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the field) remains relatively stable. The increased disorder
in the transverse polarization orientation increases the dipo-
lar entropy, which consequently produces the observed tem-
perature decrease characteristic of the NECE. The electric-
field-induced increase in polarization entropy occurs exclu-
sively during the antiferroelectric-to-ferroelectric phase tran-
sition. When the electric field is strong enough, the dipoles
tend to align with the electric field, and the system returns to
the positive EC effect. This theory is also applicable to some

aforementioned material systems that exhibit NECEs. 44!
@ ‘ PN

ol
B !
= » ' Applying field ;

pplying fie
O o — & |
" & | 4P+ -

Fig. 4. (a) Electric domain of antiferroelectrics before being polarized
and (b) the transition of the parallel and antiparallel dipoles from the
zero-field state to the field-applied state.

Other
mechanisms®”! and the contribution of latent heat,**! have

hypotheses, including defect-dipole-induced
been proposed to explain the NECE. A promising strategy for
inducing the NECE involves the application of a subcoercive
negative electric field (E < E¢) to a positively poled ferro-
electric material. This weak negative field partially disrupts
the well-aligned dipole configuration, thereby generating a
controlled entropy increase. Owing to strong interdomain
coupling in bulk ferroelectrics, when the applied field energy
remains below the double-well potential barrier, the system
spontaneously recovers its original polarization orientation
upon field removal.[*! This reversible process creates a small
but measurable NECE.

Unlike the ECE and NECE which produce balanced
heating-cooling signal pairs during full electric field cy-
cles, the anomalous electrocaloric effect (AECE) exhibits a
cooling-only response under complete field cycling (Fig. 5).
The exclusive cooling signature of the AECE, which is de-
void of any heating component within a cycle, represents a
unique phenomenon. Here, a precise equilibrium between
ordered (FE) and disordered (relaxor) domains enables this
behavior.[*>) When a negative field pulse near the coercive
field is applied, the polarization decreases to zero without
switching, which triggers an increase in entropy and sustained
cooling. Because of the unique cooling-only effect, the AECE
may be used for cooling-power storage.

While emerging EC phenomena such as the NECE and
AECE continue to attract research interest, the positive ECE

remains the most technologically viable mechanism for solid-
state refrigeration applications because of its superior cooling
performance. Recent advances have demonstrated giant ECE
responses in various material systems, which have achieved
remarkable cooling capacities that approach practical require-
ments for thermal management devices.

AE
t
Heat - 't -
Flux - - aigt 0$' - -
a8 .,:.:. H AN ECE
t
Heat eteds - RN
(3 » - thy ’
Flux :.:‘:. H AN ..‘.:‘ i NECE
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:‘:‘:"’ 'p’!. I AECE

Fig. 5. Schematic illustrations of the ECE, NECE, and AECE with re-
spective heat signals under an electric pulse. 3]

3. Electrocaloric materials

The field-responsive polarization switching observed in
ferroelectrics is intrinsically linked to their EC properties. Fer-
roelectricity was discovered in 1920 by Valasek in Rochelle
salt.[*®] The ECE was first discovered in Rochelle salt by
Kobeko and Kurtschatov in 1930.['') This initial observa-
tion was later quantitatively confirmed by Wiseman and Kue-
bler in 1963, who detected a measurable temperature change
of AT = 0.003 °C via improved experimental techniques. !
In 1992, Sinyavsky and Brodyansky pioneered the first EC
cooling device by using PbSc( 5Tag 503 (PST) ceramic as the
working material, which achieved a temperature span of 5 K
under an electric field of 6 MV/m.!*8! The device operated
on an active electrocaloric refrigeration (AER) cycle, which
was designed to amplify the limited temperature span that was
caused by the modest ECE of the PST ceramics (AT = 1.3—
1.5 K under 2.5 MV/m in air). However, the performance
of the device was constrained by several factors, including
the material’s low breakdown field strength and weak EC re-
sponse. The study of the ECE experienced a resurgence in
2006 when a notable temperature change of 12 K was reported
in a PbZry 95Ti 0503 thin film at T = 226 °C,!"] followed by
the observation of a comparable ECE (~ 12 K) at T =55 °C in
organic P(VDF-TrFE) copolymer thin films in 2008.18] These
discoveries sparked accelerated advancements in EC materi-
als.

EC materials are classified into three primary systems:
normal ferroelectrics, relaxor ferroelectrics, and antiferro-

electrics. The ECE originates from entropy change that
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is induced by electric fields, particularly near phase transi-
tions where significant variations in lattice volume and strain
occur.*”) Materials that exhibit phase transitions with multiple
polar states can achieve enhanced entropy changes when the
polarization reaches saturation under high electric fields.>"! In
ferroelectric materials, enhanced entropy changes occur dur-
ing phase transitions.!”>!! The invariant critical point (ICP)
enhancement method that was proposed by Liu ef al. maxi-
mizes coexisting phases to achieve a large ECE.P%! However,
conventional ferroelectrics often suffer from narrow phase
transition temperature ranges, which relaxor ferroelectrics ad-
dress through diffuse phase transitions, albeit with a reduced
inherent ECE.P?) To achieve this goal, Li er al.?! discov-
ered giant EC materials with broad temperature ranges in re-
laxor ferroelectric polymer systems, including ternary ferro-
electric polymers P(VDF-TrFE-CFE) and electron-irradiated
P(VDE-TrFE). Unlike conventional ferroelectrics, relaxor fer-
roelectrics lack sharp first-order phase transitions and instead
contain randomly oriented polar nanoregions (PNRs) with
minimal polarization hysteresis. Over a wide temperature
range, these PNRs can be effectively polarized under elec-
tric fields while maintaining high dipole entropy and disorder
at zero field. The PNRs in relaxors contribute to additional
entropy changes, which enhance their EC properties.!!*?!]
Antiferroelectrics exhibit unique behaviors, including the
negative ECE near room temperature, as observed in the
(Pbg.g7Lag 02)(Zr,Sng 94—, Tip.06)O3 (PLZST) system, which
demonstrates coexisting positive and negative ECEs, thus
showing promise for efficient solid-state cooling. >3]
Researchers have explored various inorganic and organic
insulators, including organic nanocomposites, to further en-
hance the overall performance of EC materials. The results
that have been reported for both inorganic and organic EC ma-
terials are summarized in Tables 1 and 3. The study of in-
organic ferroelectric materials has spanned more than a cen-
tury and has included a vast array of material systems. Re-
cent research on inorganic EC materials has focused on Pb-

(20,57

based materials such as PbTiO3 I and lead-free mate-

rials such as BaTiO3,[?%373] including their single crystal
forms, ceramic solid solutions, and various two-dimensional
materials. Among these materials, inorganic EC materials
consist primarily of ceramics and single crystals, which can
be categorized by thickness into bulk materials, thick films
(micrometer-scale), and thin films (nanometer-scale). L. She-
banovs et al.’*! proposed the use of thin-film materials to
achieve giant ECE, although this idea was not fully realized
at the time because of limitations in thin-film fabrication tech-
nology. A breakthrough occurred in 2006 when A. S. Mis-
chenko et al.!”) indirectly measured the ECE in a 350 nm-thick
PbZr 95Tig 0503 antiferroelectric thin film via Maxwell’s re-
lations. Under an electric field of 900 kV/cm near the Curie
temperature of the material (220 °C), a maximum temperature
change of AT = 12 °C was observed. Table 2 demonstrates
that even minor compositional adjustments within a specific
perovskite oxide system can lead to significant variations in
the EC performance, as indicated by the substantial changes
in the AT /AE value. For instance, in the barium zirconate ti-
tanate (BZT) system, a slight increase in the zirconium content
from BZT1 (Zr = 0.15) to BZT (Zr = 0.20) alters the response
from 0.35 °C-m-MV ! t0 0.38 °C-m-MV !, and other systems
show even higher sensitivity. Similarly, in systems with mul-
tiple substituents such as BHSZT or BSHSZT, small changes
in the concentrations of Hf, Sn, Zr, or Sr can cause the EC
coefficient to vary dramatically, which underscores the critical
importance of meticulous stoichiometric control in tailoring
the performance of inorganic EC materials.

In the field of organic EC materials, research has fo-
cused mainly on PVDF-based polymer organic-inorganic
nanocomposites. By carefully controlling parameters such as
the nanofiller composition, geometry, and interfacial proper-
ties of these nanocomposites, superior dielectric breakdown
strength, thermal conductivity, and enhanced polarization can
be achieved. Zhang et al.!®”) demonstrated remarkable per-
formance in relaxor ferroelectric polymer composites. This
breakthrough inspired subsequent discoveries of giant ECE in
various PVDF-based polymers and their composites.

Table 1. ECE in inorganic materials.

Material Form T (K) AE MV/m) AS(J/(kg:K)) AT (K) Method Ref.
BZT ceramic 312 14.5 8 4.5 direct (heat flux sensor) [28]
BaZry»TiggO3 thick film 313 8.5 4.9 direct (DSC) [25]
BT single crystal 412 1.9 1.6 direct (DSC) [54]
BT MLCC 353 10.1 7.1 direct (DSC) [55]
Doped BT MLCC 300 / 0.5 direct (thermometer) [56]
PMN bulk ceramic 340 / 2.5 direct (thermistor) [16]
0.9PMN-0.1PT thin film 298 10.5 / 0.23 direct (SThM) [57]
PMN-0.35PT thin film 413 74.7 / 31 indirect [58]
PMN-0.07PT thin film 298 72.3 / 9 indirect [59]
PZT thin film 499 / 12 indirect [7]

PLZT thin film 318 120 50 40 direct (thermistor) [21]
CulnP,S¢ thin film 315 14.2 5.8 3.3 indirect [60]
(Bag g5S10.15)(Sng 95 Tig.95)03 ceramic 320 / 1.44 direct (thermocouple) [61]
(Bag.gSrg.2)(Hfy.025 Sng.g25 Zrg.025 Tig.925)O03  thick film 298 15 10 direct (in-situ calibration)  [62]

027701-8



Chin. Phys. B 35, 027701 (2026)

Table 2. Chemical compositions of the perovskite oxides that were studied in Ref. [62] (Reproduced with permission from Ref. [62]).

Ba Sr Ca Hf Sn Zr Ti (0] AT /AE °C-m-MV~ )

BT 1 0 0 0 0 0 1 3 0.1

BZT 1 0 0 0 0 0.2 0.8 3 0.38
BZT1 1 0 0 0 0 0.15 0.85 3 0.35
BZT2 1 0 0 0 0 0.25 0.75 3 0.33
BSnT 1 0 0 0 0.11 0 0.89 3 0.32
BSnTl1 1 0 0 0 0.8 0 0.9 3 0.26
BSnT2 1 0 0 0 0.14 0 0.85 3 0.24
BHT 1 0 0 0.17 0 0 0.83 3 0.3

BHTI 1 0 0 0.15 0 0 0.85 3 0.25
BHT2 1 0 0 0.2 0 0 0.8 3 0.24
BSIT 0.7 0.3 0 0 0 0 1 3 0.43
BSrT1 0.75 0.25 0 0 0 0 1 3 0.37
BSrT2 0.65 0.35 0 0 0 0 1 3 0.4

BCT 0.9 0.1 0 0 0 0 1 3 0.06
BCT1 0.85 0.15 0 0 0 0 1 3 0.04
BCT2 0.8 0.2 0 0 0 0 1 3 0.03
BSnZT 1 0 0 0 0.065 0.065 0.87 3 0.36
BSnZT1 1 0 0 0 0.015 0.15 0.835 3 0.32
BSnZT2 1 0 0 0 0.05 0.09 0.86 3 0.33
BHZT 1 0 0 0.09 0 0.09 0.82 3 0.33
BHZT1 1 0 0 0.04 0 0.16 0.8 3 0.28
BHZT2 1 0 0 0.14 0 0.04 0.82 3 0.29
BHST 1 0 0 0.07 0.07 0 0.86 3 0.32
BHSTI1 1 0 0 0.03 0.09 0 0.88 3 0.28
BHST2 1 0 0 0.14 0.02 0 0.84 3 0.28
BSCT 0.7 0.295 0.05 0 0 0 1 3 0.38
BSCT1 0.7 0.2 0.1 0 0 0 1 3 0.21
BSCT2 0.8 0.15 0.05 0 0 0 1 3 0.33
BSrZT 0.8 0.2 0 0 0 0.15 0.85 3 0.44
BSrZT1 0.85 0.15 0 0 0 0.2 0.8 3 0.39
BSrZT2 0.75 0.25 0 0 0 0.15 0.85 3 0.4

BSST 0.9 0.1 0 0 0.1 0 0.9 3 0.3

BSST1 0.88 0.12 0 0 0.08 0 0.92 3 0.27
BSST2 0.92 0.08 0 0 0.12 0 0.88 3 0.25
BSHT 0.75 0.25 0 0.03 0 0 0.97 3 0.28
BSHT1 0.9 0.1 0 0.1 0 0 0.9 3 0.14
BSHT2 0.95 0.05 0 0.14 0 0 0.86 3 0.19
BCZT 0.89 0 0.11 0 0 0.11 0.89 3 0.17
BCZT1 091 0 0.09 0 0 0.14 0.86 3 0.14
BCZT2 0.88 0 0.12 0 0 0.1 0.9 3 0.11
BHSZT 1 0 0 0.055 0.055 0.055 0.835 3 0.44
BHSZT1 1 0 0 0.05 0.05 0.07 0.83 3 0.42
BHSZT2 1 0 0 0.05 0.05 0.05 0.85 3 0.37
BHSZT3 1 0 0 0.06 0.06 0.06 0.82 3 0.27
BHSZT4 1 0 0 0.07 0.07 0.07 0.79 3 0.25
BSHSZT 0.8 0.2 0 0.025 0.025 0.025 0.925 3 0.98
BSHSZT1 0.8 0.2 0 0.02 0.02 0.02 0.94 3 0.96
BSHSZT2 0.8 0.2 0 0.03 0.03 0.03 0.91 3 0.97
BSHSZT3 0.7 0.3 0 0.02 0.02 0.02 0.94 3 0.89
BSHSZT4 0.7 0.3 0 0.03 0.03 0.03 0.91 3 0.84
BSHSZT5 0.9 0.1 0 0.04 0.04 0.04 0.88 3 0.87
BSHSZT6 0.9 0.1 0 0.05 0.05 0.05 0.85 3 0.91
BSCHSZT 0.905 0.09 0.005 0.0307 0.0307 0.0307 0.9079 3 0.85
BSCHSZT1 0.95 0.04 0.01 0.022 0.04 0.03 0.9079 3 0.57
BSCHSZT2 0.95 0.025 0.025 0.022 0.04 0.03 0.9079 3 0.48
BSCHSZT3 0.95 0.04 0.01 0.0307 0.0307 0.0307 0.9079 3 0.83
BSCHSZT4 0.95 0.025 0.025 0.0307 0.0307 0.0307 0.9079 3 0.38

A viable strategy for increasing the ECE in materials is to tune the polar entropy under zero electric field (Fig. 6(a)) and
to reduce the energy barrier for dipole switching (Fig. 6(b)). The polar entropy measures the disorder within the microscopic
polar structures of a system, where a strongly disordered state (Figs. 7(a) and 7(b)) that is characterized by a high density of polar
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Table 3. ECE in organic materials.

Material Form T (K) AE MV/m) AS(J/(kg:K)) AT (K) Method Ref.
P(VDF-TrFE) 55/45 mol% polymer 353 209 62 12.6 indirect [8]
P(VDEF-TrFE) 55/45 mol% polymer 340 120 70 12 direct (calorimeter) [63]
P(VDF-TrFE) 68/32 mol% polymer 306 160 95 20 direct (IR sensor) [21]
P(VDF-TrFE) 65/35 mol% polymer 323 180 160 35 direct (heat flux sensor) [30]
P(VDF-TrFE-CFE) 59.2/33.6/7.2 mol% polymer 303 150 73.5 14.8 direct (heat flux sensor) [29]
P(VDF-TrFE-CFE) 69.7/30.3/6 mol% polymer 313 100 60 12 direct (heat flux sensor) [64]
P(VDF-TrFE-CFE-CTFE) polymer 308 100 40 8 direct (heat flux sensor) [65]
56.1/33.2/5.9/4.8 mol%
Blends(90/10)Co0:65/35 mol% polymer 311 100 60 12 direct (heat flux sensor) [66]
Ter: 59/33/8 mol%
Blends (90/10) Co: 55/45 mol% polymer 300 150 50 10 direct (DSC) [67]
Ter: 62.5/29/8.5 mol%
P(VDEF-TrFE-CFE)/PMN-PT polymer composite 303 180 / 31 direct (heat flux sensor) [68]
P(VDF-TrFE-CFE)/BST polymer composite 296 150 / 23 direct (heat flux sensor) [69]
P(VDF-TrFE-CFE)/BNNS/BST polymer composite 313 200 / 35 direct (heat flux sensor) [70]
P(VDFg¢5-TrFE35-CFE;_-DB,) polymer 298 100 80 16 direct (in-situ calibration) [15]
DMHD-modified P(VDF-TrFE-CFE) polymer 298 100 100 20 direct (in-situ calibration) [71]
Liquid crystal 5CB fluidic 312 90 23.6 5.26 indirect [72]
ST @ _ entropy state (E = 0), as shown in Fig. 6(a). The optimized
High enfff-)& TD-0.6% composition showed entropy changes that exceeded
E=0 25 J-.kg~!-K~! under 50-70 MV/m, which were attributed to
i Enhanced ECE improved crystallinity and reduced crystal size from defect
AIS N modification.
E=Ey Similarly, the concept of high-entropy design has been
Low entr;F T successfully applied to perovskite oxides. Du er al.[%]
achieved a breakthrough in lead-free ferroelectric ceramics
by deliberately disrupting the ordered polar structure at the
(b) | Polymorphic structure smooths energy surface atomic scale to create a novel high-entropy ceramic with a

and reduces dipole switching barrier

Landau energy

Dielectric displacement

Fig. 6. (a) Approach for increasing the ECE, which includes tuning
down the low-entropy state at E = Ey (Ep being the strength of the ap-
plied field) and tuning up the high-entropy state at £ = 0, and (b) high-
polar-entropy design with a flatter energy surface, which enables the
coexistence of polymorphic polar states.[®?] (Reproduced with permis-
sion from Ref. [62]).
entities with high orientational degeneracy signifies a system
feature of high polar entropy (HPE). Recent breakthroughs
in EC materials have demonstrated giant ECEs in both high-
entropy polymers and perovskite oxides. Qian et al.!']
achieved a remarkable ECE in a high-entropy polymer through
defect engineering, where a reduced CFE content and in-
troduced double bonds (DBs) created a loosely correlated,
high-entropy state with low energy barriers for field-induced
switching. This defect-modified polymer exhibited a temper-
ature change of 7.5 K under 50 MV/m, which was a 275% in-
crease over that of conventional EC polymers. The system’s
exceptional performance stems from its ability to transition
between a low-entropy polarized state (E = Ej) and a high-

highly disordered lattice configuration. This innovative ap-
proach significantly enhanced the giant ECE in the BSH-
SZT system, with an entropy change of 15 J-.kg=!-K~! un-
der an electric field of 10 MV/m. The results of phase-field
simulations (Figs. 7(c)-7(e)) reveal that composition inhomo-
geneities perturb the formation of domain structures in HPE
ceramics at the atomic scale, which results in increased struc-
tural heterogeneities. These findings suggest that the intro-
duction of composition inhomogeneities first reduces the size
of polar domains. These findings for both polymeric and ce-
ramic high-entropy systems establish defect engineering and
entropy optimization as universal strategies for the develop-
ment of high-performance EC materials. It is worth noting
that the ECE measurements in both studies utilized the in-situ
calibration method described in Subsection 2.2.

Beyond the strategy of introducing HPE, similar perfor-
mance enhancements can be achieved by engineering inter-
faces at the micro-scale. Zheng et al.l’' used organic crystal
dimethylhexynediol (DMHD) as a three-dimensional sacrifi-
cial master to assemble polar conformations at the heteroge-
neous interface in poly(vinylidene fluoride)-based terpolymer.
Under a low electric field, the interface-augmented terpolymer
had a high entropy change of 100 J/(kg-K). This interface po-
larization strategy is generally applicable to dielectric capaci-
tors, supercapacitors, and other related applications.
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Fig. 7. Schematic illustrations of the ferroelectric dipolar state (a) without and (b) with a high-polar-entropy (HPE) configuration. Polarization
configurations of (c¢) BZT and (d) BSHSZT under zero electric field and room-temperature conditions from phase-field simulations. (e) An
entropy change of 15 J-kg~!-K~! under an electric field of 10 MV-m~' for BSHSZT represents a substantial increase compared with those of
unsubstituted BT and BZT. [¢2] (Reproduced with permission from Ref. [62]).

Notably, in Refs. [62,71], the field-induced ferroelec-
tric polar structure response and the corresponding ECE were
investigated by phase-field modeling. The time-dependent
Ginzburg-Landau equation (Eq. (23)) was used for the tempo-
ral evolution of the domain structure that follows a minimiza-
tion of the free energy of the system with respect to the polar-
ization field. For example, in Ref. [62], the effects of multi-
element substitutions at A- and B-sites were incorporated into
the phase-field model by introducing spatial fluctuations into
the free-energy equations. These substitutions increase the
electric-field tunability of polar orders in HPE ceramics. Such
enhanced tunability originates from the diverse local structural
states that are generated by chemical inhomogeneity, which
leads to a flattened energy landscape and promotes transitions
between disordered and ordered polar states. The simulated
enhancement in entropy change aligns well with the experi-
mental calorimetry data, which further validates the effective-
ness of the high-entropy strategy in the design of ferroelectric
materials with superior EC performance.

In the study of ECEs in materials, researchers have em-
ployed various approaches to enhance performance, including

36,771 strain

material compositing,’%7376! chemical doping,!
engineering,’®7°! and domain engineering.!®’! Moreover, the
discovery of novel ferroelectric systems such as 2D ferro-
electrics and molecular ferroelectrics has significantly ex-
panded the material library for ECE research. Si e al.[®
first reported the ECE in a van der Waals layered 2D ferro-
electric material (CulnP,S¢, CIPS), which achieved a high EC
strength (AT /AE ~ 0.292 K-m/MV) near room temperature
(315 K) under an electric field of 7.26 MV/m. A unique fea-
ture of 2D ferroelectric materials is their weak interlayer van
der Waals interactions, which facilitate the formation of van
der Waals heterostructures. This characteristic leads to dis-
tinct out-of-plane polarization switching behaviors that can

significantly influence ferroelectric and EC properties. Li et

al.’®!) demonstrated the ECE in an organic-inorganic molec-
ular ferroelectric (C3N,H5Cl04, ImClO4), which exhibited a
second-order FE-PE phase transition. Unlike the polarization
in conventional inorganic displacement-type ferroelectrics, the
polarization in ImClOy4 arises from the order-disorder transi-
tion of [ClO4]~ that is induced by charge transfer. Owing to
their low acoustic impedance and operating voltage, FE lig-
uid crystalline polymers show great potential for advanced EC
performance.[®?] These novel EC materials with outstanding
performance represent a new frontier in solid-state refriger-
ation research and offer exciting opportunities for the future
development of EC materials.

4. Mechanism of the EC refrigeration cycle and
energy efficiency evaluation

While significant progress has been achieved in optimiz-
ing EC materials with enhanced isothermal entropy change
and adiabatic temperature change, bridging the gap between
material performance and practical cooling applications re-
mains a critical challenge. The realization of efficient EC cool-
ing systems depends not only on the intrinsic properties of EC
materials but also on the design of thermodynamic cycles and
thermal regeneration strategies. In this section, we shift our
focus from material characterization to the operational princi-
ples of EC refrigeration cycles, and analyze their thermody-
namic mechanisms and key performance metrics, such as the
coefficient of performance (COP), temperature span and cool-
ing power density.

The EC refrigeration cycle is a thermodynamic process
that uses the reversible temperature change in a dielectric ma-
terial when subjected to an electric field, and operates through
a continuous sequence of polarization, heat exchange, and de-
polarization, similar to the vapor compression cycle, as shown
in Fig. 8. The cycle begins with the adiabatic application of an
electric field, which forces the dipoles in the material to align,
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thereby increasing polarization. This alignment significantly
reduces the polarization entropy associated with dipole disor-
der. Under adiabatic conditions (where no heat is exchanged
with the surroundings, and thus the total entropy of the sys-
tem remains constant), this decrease in polarization entropy is
compensated by an increase in the thermal entropy, manifest-
ing macroscopically as a temperature rise. The material then
enters a constant-electric-field phase. While maintained under
the electric field, it rejects the generated heat to the environ-
ment. This heat transfer allows the material to return to its
initial temperature while remaining in a polarized state. Next,
the electric field is adiabatically removed, thus enabling the
dipoles to randomize again, which increases polarization en-
tropy. To maintain constant total entropy in this adiabatic step,
the corresponding energy is drawn from the internal thermal
energy of the material, resulting in a macroscopic tempera-
ture drop. Finally, with no field applied, the cooled material
absorbs heat from the surroundings, thereby completing the
refrigeration effect. This closed-loop process is then repeated
to enable continuous refrigeration or heat pumping.

stgeds

(adiabatic)
(absorb heat) AS> 0 AS <0 (eject heat)
(adiabatic)
T AT AS=0

Fig. 8. Illustration of the EC refrigeration cycle.

The commonly adopted thermodynamic cycles for EC re-
frigeration include the Carnot cycle, Brayton cycle, and Eric-
sson cycle, as shown in Fig. 9. The work w that is required
to transfer heat from the cold to the hot environment is repre-
sented by the area enclosed by points 1, 2, 3, and 4, whereas
the cooling heat that is extracted from the cold environment
corresponds to the area under the curve when the field is re-
moved. The COP of this cycle, which quantifies the cooling
effect g. relative to the work input w, represents the ideal re-
frigeration limit that is achievable by such a system:

COPcumot = % = ﬁ
However, a key drawback of the Carnot cycle is its reliance

(33)

on four distinct electric field intensities, which complicates its

practical implementation. Additionally, the achievable tem-
perature span between the hot and cold sources is constrained
by the material’s adiabatic temperature change during polar-
ization and depolarization, which limits its applicability in sce-
narios that require larger temperature differentials.

The ideal Brayton cycle, which is shown in Fig. 9(c),
comprises two adiabatic and two isofield processes. Although
it cannot reach the Carnot cycle COP, the Brayton cycle can
still deliver excellent performance when EC refrigerants with
parallel temperature—entropy (7—S) curves are used. A key ad-
vantage is its operational simplicity, which requires only two
distinct electric field intensities in the cycle.
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Fig. 9. (a) Polarization—electric field loop of the relaxor ferroelec-

tric polymer P(VDF-TrFE-CFE) and schematic illustrations of elec-
trocaloric (b) Carnot, (c) Brayton, and (d) Ericsson refrigeration cycles.

In contrast, the Ericsson cycle replaces the Brayton cy-
cle’s adiabatic processes with isothermal processes (Fig. 9(d)).
However, owing to its irreversible processes, the Ericsson cy-
cle suffers from reduced efficiency. As a result, its COP con-
sistently remains below that of the reversible Carnot refrigera-
tion cycle over the same temperature span.

In principle, the energy that is input to the EC material
can be determined by analyzing the polarization—electric field
(P-E) hysteresis loop. The ideal COP of an EC material can

be evaluated according to the following equation:[10-83]
TcASgcE — %EHyst

COPyu — ,
M (T — Tc) ASeck + Enyst

(34)

where 7c and Ty denote the temperatures of the cold and hot
ends, respectively; ASgcg represents the electric-field-induced
entropy change; and Epys accounts for the hysteresis energy
loss (Fig. 9(a)). The factor of 1/2 preceding Epys; in the nu-
merator is an approximation, accounting for the portion of this
hysteretic loss that is specifically attributed to the cooling half
cycle. It is crucial to note that in a practical device, the total
irreversible energy loss significantly exceeds the value that is
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calculated solely from the P—E loop analysis due to additional
losses.

The device-level COP is influenced by multiple factors
beyond material properties, * which results in a lower value
than the material COP. For EC cooling devices, the device
COP can be expressed as follows:

|
TcASEcE — 5 EHyst — EHeatTrans

COPpey =
" (T — Tc) ASkck + Enyst + Erp + Epriver

S ER)

where Efeartrans accounts for the heat transfer losses that arise
from imperfect thermal coupling between materials and heat
dissipation to the surroundings, which directly affects heat flux
measurements and cooling power density; Epp represents the
energy that is consumed by the high-voltage generator when
switching the electric field, which is quantified through leak-
age current tests; and Epyer denotes parasitic power losses
from auxiliary components such as pumps, fans, valves, and
control systems.

Importantly, the selection of an appropriate thermody-
namic cycle is crucial, especially because it enables improved
efficiency and aids in the design of refrigeration devices.

5. Electrocaloric devices

In 1992, Sinyavsky and Brodyansky pioneered the first
EC cooling device by using a PST ceramic, and measured a
5 K temperature span under an electric field of 6 MV/m. 48]
The device employed an AER cycle to amplify the modest in-
trinsic ECE of the ceramics (AT ~ 1.3-1.5 K at 2.5 MV/m in
air). However, the performance was limited by the material’s
low breakdown strength, weak ECE response, and significant
heat loss caused by heat exchange.

Recent advances in EC materials have spurred the devel-
opment of EC device architectures, including regenerative cy-
cles and self-regulating systems without the use of external
actuators for regenerator or heat transfer fluid movement.

5.1. Regenerative EC devices

Although giant ECEs can achieve temperature changes
that exceed 10 K under extreme electric fields, such tempera-
ture changes remain insufficient for practical air-conditioning
applications. To address this limitation, EC cooling systems
often employ AER cycles to amplify the temperature differ-
ence between the hot and cold ends. In moving-regenerator
systems, the EC material cyclically shuttles between the cold
and hot ends; it absorbs heat on the cold side and releases it
on the hot side. The regenerator and heat transfer fluid estab-
lish a temperature gradient along the flow path, where the local
temperature difference between the fluid and adjacent regener-
ator layers remains smaller than the system’s overall temper-
ature span. Through iterative heat exchange with the regener-
ator, the system accumulates cooling capacity at the cold end

and dissipates heat at the hot end, thereby ultimately achieving
a temperature span that exceeds the intrinsic EC temperature
change. Alternatively, in stationary-material systems, the EC
material remains fixed while an intermediate heat transfer fluid
circulates periodically. Both approaches leverage thermal re-
generation to enhance the cooling performance.

Ju et al.”®! proposed a device architecture that relies on
giant EC materials that are actuated up and down to make al-
ternate thermal contacts with the cold side and the heat sink
side. Their model predicted that this design has the potential
to achieve a cooling power density exceeding 10 W/cm? when
operating across a 10 K temperature span. Jia et al.’®>! later
experimentally implemented and tested continuous EC cool-
ing cycles with a Tgp,, of 1 K (Fig. 10(a)). In 2013, Gu et
al.'8] pioneered the first active regenerative EC cooling device
by using polymer refrigerants. The design featured stainless
steel regenerators and multilayer EC modules that were com-
posed of 24 stacked polymer films (Fig. 10(b)). The modules
executed reciprocating motion within the regenerator, which
was synchronized with electric field application/removal. The
system measured an impressive 6.6 K end-to-end temperature

1.12] developed a prototype by using PMN-

span. Plaznik et a
10PT ceramic plates with 0.1 mm conductive silicone oil chan-
nels, which measured a 3.3 K temperature span at 50 kV/cm.
A material breakthrough occurred in 2019 with PST ceram-
ics, where multilayer capacitors demonstrated 5.5 K adiabatic

(221 Multilayer ceramic ca-

temperature changes at 29 V/um.
pacitors (MLCCs) paved the way for improved AER devices:
Torell6 et al.’®”] measured a span of 13 K at 15.8 MV/m in
2020 (Fig. 10(c)), and Wang et al.'®® measured a span of
5.2 K at 10.8 MV/m by using a laterally-moving PST MLCC
(Fig. 10(d)). Li et al.®®"! reported a fluid-pumping AER de-
vice with PST-MLC stacks (Fig. 10(e)) that measured a tem-
perature span of 20.9 K and a cooling capacity of 2.1 W at
10 V/um, thus indicating substantial progress toward practical
applications.

Researchers have developed an AER system that employs
counterrotating EC disks (Fig. 10(f)), which has been val-
idated through both numerical simulation and experimental
testing. %931 This design eliminates the need for separate pas-
sive regenerator layers by using the EC material layers within
the counterrotating disks to serve dual functions: as both the
active working medium and the regenerative heat exchange
medium. Li er al.'®¥ proposed a design concept for a rotary
EC device that incorporated fluid—solid conjugated heat trans-
fer to meet the demand for highly efficient and compact cool-
ing where the size and weight had high priority. According to
their simulations, the system achieved a COP of 5.3 when op-
erating at a temperature span of 10 K. The integrated approach
significantly enhances the thermal performance of the device
while simplifying its mechanical structure.
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Fig. 10. Previously reported devices that are based on the EC regeneration. (Reproduced with permission from Refs. [85-90]).

5.2. Self-actuating EC devices

Current EC devices that employ AER universally require
external mechanical drives to enable relative motion between
the working medium and the regenerator. Consequently, such
devices exhibit inherent challenges in achieving compact and
lightweight EC cooling solutions. The persistent reliance on
these moving-part assemblies represents a critical bottleneck
in the miniaturization roadmap for EC refrigeration technol-
ogy. In 2009, R. I. Epstein et al.!>>! pioneered the application
of liquid crystal thermal switches in an EC refrigeration model
(Fig. 11(a)), in which the thermal conductivity variation of the
liquid crystal layer effectively replaced the need for a moving
heat transfer medium.

The integration of electrostrictive effects or electrostatic
forces with the ECE enables the development of external-
motor-free EC cooling systems, thus offering potential COP

1.1 demonstrated this concept

enhancement. Bradesko et a
through simulations of a device architecture that featured ac-
tively bending EC cantilevers (Fig. 11(b)). These cantilevers
exhibited significant electromechanical deformation, which
enabled periodic thermal contact between adjacent elements in
precise synchronization with the EC operational cycle. Build-
ing upon this electromechanical foundation, Ma et al.”7! de-
veloped an electrostatically-driven EC cooling device in 2017
that achieved heat transfer without the need for additional me-
chanical actuators (Fig. 11(c)). This design relied on flexi-
ble EC polymer films that were coupled with an electrostatic
drive mechanism and measured a specific cooling power of
2.8 W/g and a COP of 13 at zero temperature span. Further
advancing this method, Meng et al.l®! designed a cascaded
EC cooling system in 2020 to increase the temperature span
(Fig. 11(d)). The system integrated multiple EC polymer units
with a shared electrostatic drive that operated cooperatively.

By implementing a 180° phase shift between adjacent units’
cooling cycles, the device enabled continuous heat transfer
from the heat source to the heat sink while simultaneously
promoting internal charge recycling for improved energy ef-
ficiency. Through the interconnection of four cascaded units,
the system measured a maximum temperature span of 8.7 K
under no-load conditions.

In 2024, Han et al.”®! successfully integrated EC and
electrostrictive effects to create a self-driving EC refrigera-
tion system. As shown in Fig. 11(e), this innovative design
employs a 30 um polymer film that, when activated by a sin-
gle pulse, establishes self-sustaining operational cycles with-
out the need for external mechanical drives. The device mea-
sured remarkable thermodynamic performance, with a COP
that approached 24 under a 4 K temperature span. Com-
pared to passive methods, the polymeric refrigeration system
demonstrated superior cooling performance, with an immedi-
ate 17.5 K temperature reduction when applied to electronic
chips. This flexible, self-regulating device integrates multiple
functionalities, including thermal sensing, electromechanical
actuation, and active heat pumping, to enable localized tem-
perature control. Building upon this foundation, Wu er al.1'%]
developed a self-regenerative heat pump (SRHP) system that
incorporates cascaded EC polymer film stacks (Fig. 11(f)).
This device achieved a cooling temperature span of 8.8 K be-
low ambient temperature in 30 s and delivered a maximum
specific cooling power of 1.52 W/g.

Despite significant progress in the development of EC
cooling devices, the absence of unified testing standards re-
mains a major challenge. Most evaluations that are con-
ducted under zero temperature span, although straightforward
for characterizing intrinsic material properties (e.g., AT and
AS), fail to reflect the real cooling performance of differ-
ent types of EC devices. Such idealized measurements over-
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look critical factors such as heat exchange efficiency, ther-
mal load, and device-level energy consumption. To bridge
this gap, more application-relevant approaches, such as en-
thalpy difference calorimetry (similar to air-conditioner rat-
ing systems),l”! which can directly assess the cooling ca-

pacity, temperature lift, and COP under practical operating
conditions, should be adopted for testing. Establishing such
standardized methodologies will be essential for translating
material-level breakthroughs into viable EC cooling technolo-
gies.
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Fig. 11. Previously reported devices without external mechanical drives. (Reproduced with permission from Refs. [95-100]).

6. Summary and outlook

In this review, we provide a comprehensive overview
of the ECE, from fundamental mechanisms to device appli-
cations. We begin by establishing a theoretical framework
through Maxwell’s relations and Landau’s phenomenological
theory, while also addressing the intriguing phenomenon of
the NECE. We then trace the historical evolution of EC ma-
terials and compare the performance of organic and inorganic
systems with particular emphasis on high-entropy material de-
sign, which opens new avenues for performance enhancement.
Furthermore, we analyze the thermodynamics of ECE cooling
cycles, evaluate the current state of device designs, and con-
nect material properties to real-world engineering challenges.

With optimized EC materials exhibiting giant ECEs with
minimal hysteresis and innovative thermal management strate-
gies, researchers have successfully achieved applicable tem-
perature spans with Watt-level cooling power densities. How-
ever, these remarkable demonstrations, which have often been
achieved under idealized laboratory conditions, reveal a more
pressing challenge: the transition from high-performing pro-
totype devices to reliable, scalable, and commercially viable
cooling systems. To bridge this gap, the future focus must
shift from pursuing isolated material properties to develop-
ing a comprehensive design framework that prioritizes device-
level performance and manufacturability.

This system-level mindset is illustrated in the compara-
tive framework that was established by Qian et al.,!®3! which
moves beyond idealized metrics to evaluate materials under
a fixed, application-relevant 10 K temperature lift. By nor-
malizing performance against the Carnot COP, their analysis
reveals a stark performance landscape: liquid—vapor refriger-
ants significantly dominate, whereas solid-state materials, in-
cluding EC types, occupy distinct clusters on the basis of their
trade-offs between normalized COP (exergetic efficiency) and
nondimensional latent heat. Crucially, this methodology em-
phasizes that no single material excels in terms of all the met-
rics simultaneously. Each technology possesses a specific per-
formance profile that is suited to particular thermal duties.

For specific material systems, specialized figures of merit
(FOMs) can provide valuable guidance. Han et al.l’® pro-
posed a specialized FOM for composite-based EC systems that
thoughtfully incorporates factors such as entropy change, tem-
perature change, breakdown strength, operating electric field,
thermal conductivity, specific heat, filler mass ratio, and hys-
teresis loss ratio. Such targeted FOMs, when properly de-
signed as mathematical combinations of the most relevant con-
stitutive parameters, can effectively quantify performance for
specific applications without over-complication.

Looking ahead, we suggest establishing an application-
oriented design framework supported by a set of well-defined
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device evaluation metrics. This framework should consider
not only intrinsic EC properties but also critical engineering
aspects such as mechanical integrity, thermal management,
durability, and manufacturability. Rather than seeking a sin-
gle unified FOM that attempts to encompass all performance
aspects, which risks obscuring the contribution of key param-
eters, a more pragmatic approach would be to develop specific
FOMs for different application scenarios and device architec-
tures. This methodology will serve as a crucial guide for the
rational design of next-generation EC materials and devices,
accelerating the development of solid-state cooling technolo-
gies that are not only high-performing but also robust, effi-
cient, and ready for widespread commercialization.

Beyond optimizing standalone EC cooling systems,
their integration with other green refrigeration technologies
presents a promising frontier for achieving superior perfor-
mance and functionality. Furthermore, the convergence of
EC materials with thermal metamaterials opens up revolution-

(101} Such synergistic integration could ulti-

ary possibilities.
mately enable intelligent thermal management solutions that
are highly adaptive, efficient, and compact, pushing the bound-

aries of what is possible in solid-state cooling.
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