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ABSTRACT

The solid-state refrigeration technique based on the electrocaloric effect (ECE) of ferroelectric materials has been regarded as a promising
alternative to vapor compression systems due to its advantages of high efficiency and easy miniaturization. However, the small adiabatic
temperature change (ATC) and narrow operating temperature range of ferroelectric materials are key obstacles for their practical applications
of ECE refrigeration. To improve the ECE performance of ferroelectric polymer poly(vinylidene fluoride) [P(VDF-TrFE)], PbZr1−xTixO3

(PZT) nanoparticles with larger polarization is herein introduced to form ferroelectric nanocomposites. The phase-field simulation is
employed to investigate the dynamic hysteresis loops and corresponding domain evolution of the ferroelectric nanocomposites. The temper-
ature-dependent ATC values are calculated using the indirect method based on the Maxwell relation. The appearance of the double hystere-
sis loop is observed in P(VDF-TrFE) nanocomposite filled with PbZr0.1Ti0.9O3 nanoparticles [P(VDF-TrFE)–PZT0.9], which is mainly
caused by a microscopic domain transition from single domain to polar vortex. Compared to the P(VDF-TrFE), enhanced ATC values asso-
ciated with the domain transition are unveiled in P(VDF-TrFE)–PZT0.9, and the temperature range of excellent ECE is also effectively
broadened. In addition, as the component x of filled PZT nanoparticles increases to cross the morphotropic phase boundary (MPB), the
maximum ATC value shows a significant increase. The results presented in this work not only explain the mechanism of domain transition
induced excellent ECE in the P(VDF-TrFE)–PZT nanocomposite, but also stimulate future studies on enhancing ECE of P(VDF-TrFE) by
introducing ferroelectric nanofillers.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0205338

I. INTRODUCTION

In industrial production and modern daily life, refrigeration tech-
nology is widely used in various fields, such as air conditioning, food
freshening, and temperature management of cell phones. The tradi-
tional vapor compression cycle has dominated the market of refrigera-
tion over a century but surfers from the problems of low energy
conversion rate and environment degradation.1 More critically, the
imperative problem of thermal failure accompanied with the increasing

integration of microelectronic devices seems hardly to be solved by the
traditional refrigeration technology.2 A novel solid-state cooling tech-
nology based on electrocaloric effect (ECE) technology has been dem-
onstrated to own the advantages including environmental protection,
high efficiency, easy miniaturization, low noise, etc.,3 which exhibits
significant application potential in flexible wearable refrigeration and
chip cooling.4 For this reason, the excellent ECE exhibited by ferroelec-
tric materials has provoked researchers’ enthusiasm for exploration.5
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The ECE observed in ferroelectric materials manifests as a
transition in the degree of polarization ordering in response to vari-
ations of the applied electric field. This transition consequently
engenders an alteration in the adiabatic temperature change (ATC),
represented by ΔT.6–9 Near the Curie temperature Tc, ferroelectric
materials undergo a phase transition from the ferroelectric phase to
the paraelectric phase,10 resulting in typically maximum value of
ΔT.11 However, the phase-transition temperature of most ferroelectric
materials is much higher than room temperature, and the operating
temperature zone is also very narrow,12–14 thereby constraining their
practical utility in ECE refrigeration. For example, the ferroelectric
PbZrxTi1−xO3 (abbreviated as PZT, where x denotes the molar frac-
tion of dopant elements) owns a large polarization and excellent
ECE,15 but its high phase-transition temperature limits its practical
application. To overcome the disadvantages of these inorganic ferro-
electrics, researchers try to improve the ECE by applying external
stress16 and misfit strain,17 or introducing defects.18 Meanwhile,
although the Tc of ferroelectric polymers such as poly(vinylidene
fluoride) [P(VDF-TrFE)] is close to room temperature,19 the poten-
tial of its ECE has not been fully exploited due to its small polariza-
tion. A composite strategy combining ferroelectric polymer matrices
with low transition temperature and ceramic nanoparticles with high
polarization is naturally comes to our mind,20–23 because the overall
polarization could be enhanced by constructing ferroelectric nano-
composites and improved ECE performance are expected to be
achieved.23 It has been shown that the shape,22 composition,24 and
arrangement25 of the nanofiller particles can have a significant
impact on the ECE of ferroelectric nanocomposites.

In addition to the inherent phase transition, the domain evolu-
tion of ferroelectric also plays an important role in tuning its micro-
scopic physical properties. Especially in nanoscale ferroelectric
materials, the ECE is closely linked to the dynamic evolution of the
microscopic domain structure inside the materials.26–28 The transi-
tion from the multi-domain to mono-domain driven by temperature
is corroborated to amplify the ECE of bulk PbTiO3 (PTO), especially
near the location of domain wall. Meanwhile, similar to the phase-
transition temperature, the domain transition temperature could also
be effectively adjusted by external strains.26 Mechanical compression
is employed to induce two types of pseudo-first-order phase transi-
tion in BaTiO3 (BTO) nanoparticles, which could occur at a tempera-
ture below the Curie temperature and contribute to the positive and
negative ECE response.29 The influence of the surface polarization
effect on the ECE of PTO nanocylinders is studied by incorporating
the extrapolation length into the phase-field model. The extrapolation
length possesses the capacity to modify the peak value of ΔT and
shift its temperature position.30 As shown in aforementioned three
examples, the phase-field approach based on the time-dependent
Ginzburg–Landau equation is effective for studying the ECE in ferro-
electric materials. This approach adeptly models the intricate influ-
ence of the applied electric field and temperature on the formation
and alteration of microscopic domains within ferroelectric nano-
structures, which should be equally applicable for the investigation of
ferroelectric nanocomposites.31 However, the evolution of polariza-
tion within ferroelectric polymers has been largely overlooked.
Additionally, the current thermodynamic theory of ferroelectric poly-
mers lacks an electromechanical coupling term, rendering it incapa-
ble of describing the electromechanical coupling effect between the

ferroelectric polymer matrix and inorganic nanofillers. Whereas,
experimental observations have demonstrated that the existing of
complex topological domain structure in P(VDF-TrFE), which can
be even appropriately manipulated in response to the applied electric
field and strain.32,33 Therefore, it should be essential to consider the
spontaneous polarization and the correlation between spontaneous
polarization and strain in the P(VDF-TrFE) matrix as modeling the
ferroelectric nanocomposites. Furthermore, the impact of doping ele-
mental components of the nanofiller particles on the ECE in ferro-
electric nanocomposites has not been sufficiently explored through
phase-field simulations.

In this work, the ferroelectric polymer P(VDF-TrFE)
(50/50 mol. %) with low transition temperature is selected as the
matrix, and the ferroelectric PZT with significant polarization is
used as the nanofiller particles to construct the ferroelectric nano-
composite. A transition layer between the polymer and nanoparti-
cle is involved to consider the interfacial effect.34 The polarization
dynamic characteristics and domain structure evolution of the fer-
roelectric nanocomposites at the microscopic level are investigated
via phase-field simulation, and the ECE performance is calculated
from the indirect method based on the Maxwell relationship. By
adjusting the component x, we aim to achieve precise regulation of
the phase-transition properties and the domain structure of ferro-
electric nanocomposites, so as to optimize the ECE of ferroelectric
materials. The results presented in this work not only opens up
new avenues for the application of ferroelectric nanocomposites in
the fields such as energy storage and refrigeration but also provides
profound insights into understanding the physical behavior of fer-
roelectric materials at the nanoscale.

II. SIMULATION METHOLOGY

A. Phase-field model of ferroelectric nanocomposites

The 2D phase-field model is adopted here to investigate the
ECE of ferroelectric nanocomposites. The model contains five
degrees of freedom, including the displacements u1 and u2, the polar-
ization components P1 and P2, and the electric potential w. The free
energy density f of the ferroelectric nanocomposites can be divided
in to five parts: Landau, gradient of polarization, elastic, electrome-
chanical coupling and electrostatic, expressed as follows:

f ¼ fLand þ fgrad þ felas þ fcoup þ felec: (1)

The Landau energy density is expanded as follows:

fLand ¼ α1((P1)
2 þ (P2)

2)þ α11((P1)
4 þ (P2)

4)þ α12(P1)
2(P2)

2

þ α111((P1)
6 þ (P2)

6)þ α112((P1)
2(P2)

4 þ (P1)
4(P2)

2): (2)

Here, α1 represents the dielectric coefficient, defined as
(T � Tc)/(2ε0C0). T and Tc stand for the current and Curie tempera-
tures of the material, respectively. ε0 and C0 denote the vacuum
dielectric constant and the Curie constant, respectively. α11, α12,
α111, and α112 are the higher order Landau energy coefficients.

Due to the difference in polarization orientation between dif-
ferent domains, a large energy is accumulated at domain wall. This
phenomenon can be well described by introducing the gradient
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energy density, expressed as

fgrad ¼ 1
2
G11((P1,1)

2 þ (P2,2)
2)þ G12P1,1P2,2

þ 1
2
G44(P1,2 þ P2,1)

2 þ 1
2
G0
44(P1,2 � P2,1)

2, (3)

where G11, G12, G44, and G0
44 are the polarization gradient energy

coefficients and Pi,j(i, j ¼ 1, 2) are the derivative of the polariza-
tion component Pi with respect to the coordinate xj. The third
term in Eq. (1) is elastic energy density, expanded as

felas ¼ 1
2
c11((ε11)

2 þ (ε22)
2)þ c12ε11ε22 þ 2c44(ε12)

2, (4)

where c11, c12, and c44 are the elastic coefficients and εij(i, j ¼ 1, 2)
are the components of total strain. The strain-dependent electro-
strictive energy density is shown below

fcoup ¼ �q11(ε11(P1)
2 þ ε22(P2)

2)� q12(ε11(P2)
2 þ ε22(P1)

2), (5)

where q11 and q12 are the electrostriction coefficients. The electric
field energy density is obtained using the Legendre transform,
wrote as

felec ¼ � 1
2
κcε0((E1)

2 þ (E2)
2)� (E1P1 þ E2P2), (6)

where ε0 is the vacuum dielectric constant, κc is the background
dielectric coefficient of the material, and E1 and E2 are the electric
field components.

The time-dependent Ginzburg–Landau (TDGL) equation is
used to describe the evolution of the polarization, expressed as

@Pi(r, t)
@t

¼ �L
δF

δPi(r, t)
(i ¼ 1, 2), (7)

where r ¼ (x1, x2) is the spatial position vector, t denotes the time,
L is the kinetic coefficient, and F ¼ Ð

v fdV is the total free energy
of the ferroelectric nanocomposite. δF/δPi(r, t) denotes the driving
force for the evolution of the polarization in thermodynamics.
The mechanical equilibrium equation assumes the following form:

@

@xj

@f
@εij

� �
¼ 0: (8)

Maxwell’s equation is given as

@

@xi
� @f
@Ei

� �
¼ 0: (9)

To address the partial differential equation at hand, a multi-
field coupling nonlinear finite element method is utilized. The
detailed implementation process can be found in the previous
work.35

To simulate the interested area of ferroelectric materials, a
representative cell with the size of 50 × 100 nm2 was selected, as

illustrated in Fig. 1. The model features a short circuit condition for
the top and bottom boundaries to describe their contacting with
electrodes. Additionally, periodic boundary conditions for displace-
ments, electric potential, and polarization components are employed
along the X1 direction. Furthermore, the rigid body displacements
are excluded. In the model shown in Fig. 1(a), the blue region repre-
sents P(VDF-TrFE), which is characterized by a low Tc that is close
to room temperature. The PZT nanoparticles, which are noted for
their large spontaneous polarization Ps, are depicted by the pink
region in Fig. 1(b). To specifically investigate the effect of filled nano-
particles on the ECE, PZT nanoparticles with different component x
were added to the P(VDF-TrFE) matrix to constitute a novel ferro-
electric nanocomposite [P(VDF-TrFE)–PZTx], as demonstrated in
Fig. 1(c). The ratio of the matrix to nanoparticles by volume is con-
sistently maintained at 70:30.

In the considered ferroelectric nanocomposites, the introduction
of filled PZT nanoparticles not only provides a large polarization but
also introduces new interfacial effects. It has been elucidated that the
nature of the interface between the nanoparticles and the matrix has
a strong impact on the properties of the composites.36,37 The rational
design of interfacial effects38 is an effective strategy to optimize
the properties of materials. To achieve a closer approximation of
the experimental data, the interfacial layer [i.e., the yellow area in
Fig. 1(c)] is incorporated into the model. The thickness of the
boundary layer is set to 12% of the radius of the filled particles.34

Spatially dependent material coefficients are employed to encap-
sulate the heterogeneity between the different regions of
P(VDF-TrFE), PZT, and the interfacial layer. Consequently, the
Landau energy coefficients for the interfacial layer are assigned as
the mean values of those for P(VDF-TrFE) and PZT. Other mate-
rial parameters, such as the elastic constants of the interfacial
layer, are selected based on the properties of P(VDF-TrFE). The
Landau energy coefficients of P(VDF-TrFE) are obtained from
empirical fitting. First, α0 is obtained from the temperature-
dependent dielectric constant curves derived from the previous
experiments.39 Then, the other Landau energy coefficients is
determined based on the hysteresis loops of P(VDF-TrFE)

FIG. 1. The model of the ferroelectric nanocomposite, with 10 nm scale bar.
Schematic of the combination of (a) P(VDF-TrFE) matrix with low Tc and (b) filled
PZT nanoparticles with large saturated polarization Ps for (c) the designed ferroelec-
tric nanocomposite. The yellow ring represents the consideration of interface layer
between the P(VDF-TrFE) matrix and filled PZT nanoparticles.
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50/50 mol from the previous experiments.40 The parameters for P
(VDF-TrFE) and PZT41 utilized are comprehensively listed in the
Appendix.

The model was discretized by using four-node grids. Each
node has five degrees of freedom, including two displacement com-
ponents, one potential, and two polarization components. The
initial value of the local polarization components in the simulated
region is randomly generated, and the average polarization magni-
tude is kept as zero. The electric field is applied in a function of
triangular wave by assigning voltage values on the bottom edge and
keeping the top surface to be grounded. Sufficient simulation steps
are undertaken to ensure the polarization distribution has essen-
tially reached a steady state at a specific temperature and applied
electric field. In this paper, the average value of polarization along
the X2 direction is taken as the macroscopic polarization of ferro-
electric materials.

B. Calculation of ECE by the indirect method

Similar to that employed in experimental works,42 the ATC
ΔT in this paper were obtained by an indirect method based on
Maxwell’s relation.43 The average polarization vs the electric field
E2 (P–E) hysteresis loops are calculated to provide original data.
A maximum electric field is first applied along the +X2 direction of
the nanocomposite model to reach a single domain state. After
that, the electric field is sequentially reduced to zero and then
increased at equal intervals along the −X2 direction until it reaches
the maximum value. The maximum applied electric field is set to
be 100MV/m, which is below the breakdown field strength but
above the saturation field of the ferroelectric nanocomposites. The
increase and decrease of the electric field are carried out at intervals
of the magnitude of 0.2 MV/m.

Based on the P–E loops of the nanocomposite models at dif-
ferent temperatures, the polarization vs temperature P–T curves at
different electric fields can be obtained. The slope of two adjacent
temperature points is used as the dP/dT value corresponding to the
central temperature. The specific expression44–46 for the ATC ΔT
can be then calculated using the following formula:

ΔT ¼ �
ðEb
Ea

T
Cρ

@Pi
@T

� �
Ei

dEi, (10)

where Cρ is expressed as the heat capacity per unit volume of the
material and can be obtained based on the average volume ratio
of P(VDF-TrFE) and PZT. The Cρ of P(VDF-TrFE)47 is approxi-
mated to be 2:52� 106 J/Km3. The Cρ of PZT45 is approximated
to be 3:00� 106 J/Km3. According to geometric configuration,
the percentage of P(VDF-TrFE) is 0.7 and that of PZT is 0.3,
which gives Cρ ¼ 2:664� 106 J/Km3 for the ferroelectric nano-
composites in this paper. According to Eq. (10), it is not difficult
to notice that the ATC ΔT possesses not only a proportional rela-
tionship with (dP/dT)E , but also a close dependence of the
changing limits of the electric field. The discrete integration of
the curve of dP/dT vs E can be used to figure out the ΔT corre-
sponding to each temperature. Eventually, the ΔT–T curves of
each ferroelectric model under different electric fields can be
plotted.

III. RESULTS AND DISCUSSION

A. Evaluation of the ECE of P(VDF-TrFE)

The Landau expansion coefficients utilized in this work are
meticulously calibrated to the experimental measurements, ensur-
ing an accurate prediction of the ECE of P(VDF-TrFE) at a
50/50 mol. % ratio. To evaluate the reliability of these coefficients,
several P–E hysteresis loops of single domain P(VDF-TrFE) are cal-
culated across a temperature spectrum ranging from 21 to 93 °C,
with increments of 8 °C. Only four representative P–E loops at tem-
peratures of 21, 45, 69, and 93 °C are illustrated in Fig. 2(a). At 21 °C,
the coercive field Ec of P(VDF-TrFE) is 73.1MV/m, consistent with
experimental measurements,48 and the P–E loop exhibits a relatively
regular pattern. With increasing temperature, the coercive field
decreases, leading to a reduction in the enclosed area of the entire P–E
loop. Once the temperature exceeds the Tc of 59.26 °C, a phase transi-
tion occurs, causing P(VDF-TrFE) to become paraelectric, thereby
eliminating the hysteresis observed in the P–E loop.

By transforming the P–E loops at various temperatures, the polari-
zation–temperature (P–T) curves under different electric fields can be
obtained. Similarly, only seven representative P–T curves under varying
electric fields are selected for comparative analysis, as shown in
Fig. 2(b). An increase in the electric field results in an upward shift of
the P–T curves, indicating a rise in the average polarization values of P
(VDF-TrFE). Under the same electric field, the P–T curve demonstrates
a steady decline, related to a gradual decrease in average polarization
with temperature increment. Particularly, a rapid drop in average polari-
zation is observed in the temperature region between 53 and 61 °C,
leading to the peak value of dP2/dT–T curves of P(VDF-TrFE) occur-
ring at 57 °C, as illustrated in Fig. 2(c). Subsequently, the ATC ΔT is cal-
culated by Eq. (10), and the ΔT vs temperature T (ΔT–T) curves of P
(VDF-TrFE) under different electric fields are depicted in Fig. 2(d). At a
given temperature, a higher electric field corresponds to a greater ΔT for
P(VDF-TrFE), and the peak ΔT always occurs at 57 °C regardless of the
electric field. The hollow green square symbols in Fig. 2(d) represent
the previous experimental measurements19 of ΔT values of P
(VDF-TrFE) under an electric field of 134MV/m. It can be observed
that the ΔT values of P(VDF-TrFE) obtained from the phase-field simu-
lation at 134MV/m closely align with the previous experimental mea-
surements. This implies that the established electromechanical coupling
phase-field model of ferroelectric polymer is effective and the Landau
energy coefficients adopted in this paper are reliable.

B. Double hysteresis loop of P(VDF-TrFE)–PZT0.9
nanocomposite

After evaluating the ECE of P(VDF-TrFE), further simulations
are conducted on the ferroelectric nanocomposites filled with nanopar-
ticles of PbZr0.1Ti0.9O3, denoted as P(VDF-TrFE)-PZT0.9. In the same
approach as in section A, the P–E loop of nanocomposite is first cal-
culated. However, different from both P(VDF-TrFE) and PZT0.9, P
(VDF-TrFE)-PZT0.9 nanocomposites exhibits a double hysteresis
loop at 21 °C, as illustrated in Fig. 3(a). The prominent characteristic
of the double loop is the drop in polarization, which occurs from
point 2 to point 7, with the associated electric field defined as EI

2. In
a similar manner, there is a notable leap in polarization from point 8
to point 1, with this corresponding electric field designated as EII

2 .
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The emergence of the double loop is closely related to the
dynamical evolution of domain structures under varying applied
electric field, as listed in Fig. 3(b) corresponding to the labeled
points in Fig. 3(a). In the domain structure, the contour plot repre-
sents the actual magnitude of polarization along the X2 direction,
and the arrows indicate the magnitude and direction of the total
polarization. Due to the small contribution of P(VDF-TrFE) to the
average polarization, the arrows within P(VDF-TrFE) are not dis-
played. At the same time, the main focus here is to describe the
evolution of the domain structure in PZT. As the applied electric
field E2 decreases from points 1 to 2, the polarization in the nano-
composites still points in the +X2 direction, resulting in a smooth
decrease in average polarization. Continue to decrease E2 to
−12MV/m at point 3, polarization along the −X2 direction is
induced to be appeared near the interface of PZT nanoparticle and
the P(VDF-TrFE) matrix, subsequently evolving into vortex
domains in PZT. This domain transition leads to a sharply plunge
of average polarization from points 2 to 3. From points 3 to 4, the
positive electric field is gradually reduced to zero and then incre-
mentally increased in the negative direction, resulting in a reduced
ratio of polarization along +X2 to −X2. As the electric field

increases along −X2 from points 4 to 5, the vortex domains in the
PZT nanoparticles evolve into single domains with an abrupt
change in the average polarization. Subsequent variations in the
applied electric field from points 5 to 8 correspond to domain
structure dynamics with evolving behavior similar to that of points
1 to 4. The transition between single and vortex domains in the
PZT nanoparticle-filled region also occurs around the electric fields
with absolute value of EI

2 and EII
2 .

Not only at 21 °C, the P–E loops of P(VDF-TrFE)–PZT0.9

nanocomposite under different temperature also exhibit the
double hysteresis behavior, as demonstrated in Fig. 3(c). With
the increase of temperature, all the polarization values at various
electric field show a decreasing trend, and the corresponding
enclosed area of the double hysteresis loop is gradually con-
tracted. The domain evolution stages along the hysteresis loops
under different temperature are similar to that at 21 °C, and the
abrupt drop and leap of polarization are also related to the
domain transitions between single domain and vortex domain
inside PZT. It is clear to be seen from Fig. 3(c) that EI

2 exhibit a
gradual increment from 12 to 27.2 MV/m with rising tempera-
ture, while EII

2 almost keeps in the same location.

FIG. 2. The ECE of single domain P(VDF-TrFE). (a) Hysteresis loops at different temperatures, (b) polarization P2 vs temperature T (P–T) curves at different electric
fields, (c) dP2/dT vs temperature T (dP2/dT–T) curves, and (d) ATC ΔT vs temperature T (ΔT–T) curves under certain electric field changes of the P(VDF-TrFE). The
hollow green square symbol represents the magnitude of the ATC ΔT for P(VDF-TrFE) under 134 MV/m in the previous experimental work.19
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C. Enhanced ECE in the P(VDF-TrFE)–PZT0.9
nanocomposite

Based on the P–E loops of the P(VDF-TrFE)–PZT0.9 nano-
composites measured at different temperatures, we can derive the

P–T curves of the nanocomposites when subject to various electric

field ranging from 0 to 100MV/m. Figure 4(a) demonstrates the

specific P–T curves of the P(VDF-TrFE)–PZT0.9 at seven selected elec-
tric field values. These curves provide insights into the temperature-
dependent polarization behavior of the P(VDF-TrFE)–PZT0.9 in the
presence of an applied electric field. After the fully withdraw of electric
field, the P–T curve appears relatively stable with polarization value
close to zero across the temperature range. However, under an
applied electric field of 10MV/m, the P–T curve exhibits a

FIG. 3. Double hysteresis loops of P(VDF-TrFE)-PZT0.9 and related domain structures. (a) The double hysteresis loop observed at 21 °C in the ferroelectric nanocompo-
site P(VDF-TrFE)–PZT0.9. (b) Domain structures associated with the emergence of double returns, corresponding to the points in (a), respectively. (c) The temperature
dependence of hysteresis loops.
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monotonously decreasing behavior as the temperature climbs. The
incremental elevation of the electric field results in a continuous aug-
mentation of the polarization value in P(VDF-TrFE)–PZT0.9. A
notable sharp plunging is observed in the P–T curves at specific elec-
tric fields such as 15, 20, and 25MV/m. Note that similar abrupt
declining trend also occurs at some other nearby electric fields
which is not displayed in Fig. 4(a). To rationalize the plunge of
the P–T curve, exemplified by the case of 20 MV/m, the tempera-
ture region from 53 to 61 °C is marked in blue in Fig. 4(a), and
the characteristic points J1 and J2 near its plunge are selected for
microstructure analysis. As revealed in Fig. 4(b), as the tempera-
ture ascends from 53 to 61 °C, there is a significant increase in
domain walls within the PZT nanoparticle-filled regions from J1
to J2. The emergence of negative domains in the vortex domain
leads to a rapid decrease in the overall average polarization.

Figure 4(c) shows the dP2/dT–T curves of the
P(VDF-TrFE)–PZT0.9, which is obtained from the temperature
derivation of the P–T curves. Obvious peaks are observed in the
dP2/dT–T curves at electric fields of 15, 20, and 25MV/m, exactly
corresponding to the emergence of plunging of their P–T curves.
For example, the peak under 20MV/m locates at the temperature
of 57 °C. The ΔT–T curves of the P(VDF-TrFE)–PZT0.9 are exhib-
ited in Fig. 4(d) for electric fields of 25, 50, 75, and 100MV/m. It is
observed that under the same temperature, the ΔT is enhanced but

becomes less insensitive to temperature with the intensification of
the electric field. All the ΔT–T curves exhibit a maximum value
(i.e., ΔTmax) at a temperature around 57 °C for different electric
field changes. Specifically, a ΔTmax of 5.54 °C is achieved at an electric
field change of 50MV/m, and a ΔTmax of 8.43 °C at 100MV/m, for
the P(VDF-TrFE)–PZT0.9 nanocomposite.

D. Effect of component x on the ECE of
P(VDF-TrFE)–PZTx nanocomposites

Phase-field simulation is then further conducted to probe deeper
into the influence of component x of filled PZT nanoparticles on the
ECE of P(VDF-TrFE)–PZTx nanocomposites. The simulated compo-
nent x is in the range from 0.1 to 0.9 with a spacing of 0.1 between
adjacent computational models. The P–E loops of ferroelectric nano-
composites with component x of 0.9, 0.7, 0.5, and 0.3 are picked out
to give a clear comparison under the same temperature of 21 °C, as
shown in Fig. 5(a). In contrast to the small polarization and square
shape of P(VDF-TrFE), all the ferroelectric nanocomposites possess a
significantly enhanced polarization and relatively slim P–E loops. As
the component x keeps decreasing, the maximum polarization value
reduces monotonously. Double hysteresis loops similar to that of the
aforementioned P(VDF-TrFE)–PZT0.9 are still detected before the
component x reaches 0.5, but the enclosed area of the P–E loops

FIG. 4. Temperature-dependent polarization and ECE of P(VDF-TrFE)–PZT0.9. (a) P–T curves at selected electric fields, (b) the domain transition behavior from J1 to J2 at
20 MV/m, (c) dP2/dT–T curves at selected electric fields, and (d) ΔT–T curves under several electric field changes of P(VDF-TrFE)–PZT0.9 nanocomposite.
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gradually declines. It is noticed that when the component x is further
decreased to 0.5, both the double loop behavior and the hysteresis
phenomenon of the P–E loops almost disappear.

The ferroelectric nanocomposite filled with nanoparticles of
PbZr0.5Ti0.5O3 [P(VDF-TrFE)–PZT0.5] is then selected as another
instance to explain the effect of component x. The P–E loop of
P(VDF-TrFE)–PZT0.5 at 21 °C is given in Fig. 5(b) to capture a

clear view of shape changing. Several characteristic points are
picked out along the P–E loop to demonstrate microscopic mecha-
nism from the aspect of domain evolution, and the corresponding
domain structures are presented in Fig. 5(c). Upon unloading of
electric field from the maximum value, the domain transition from
single domain to vortex domain is also observed in the PZT0.5 parti-
cle from points 1 to 2. Differing from the case of P(VDF-TrFE)–

FIG. 5. (a) Comparison of P–E loops at 21 °C of the P(VDF-TrFE) matrix and ferroelectric nanocomposites filled with different PZT nanoparticles of several component x.
(b) P–E loops at different temperatures of the ferroelectric nanocomposite P(VDF-TrFE)–PZT0.5. (c) Representative domain structures corresponding to the points in (b) to
explain the emergence of hysteresis-free loop at 21 °C. (d) P–T curves at different electric fields, and (e) ΔT–T curves under several electric field changes of the ferroelec-
tric nanocomposite P(VDF-TrFE)–PZT0.5.
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PZT0.9, the vortex domain obtained in the P(VDF-TrFE)–PZT0.5 is
rotated an angle in plane of X1–X2 and the transition process is more
sedate due to the decreasing of tetragonality when the component x
is approaching to the morphotropic phase boundary (MPB). The
emergence of negative domains within the PZT nanoparticle-filled
region from points 1 to 2 reduces the overall average polarization.
Transitioning from point 2 to point 3, the electric field is reduced
from a positive value down to zero and then increased in the nega-
tive direction. Concurrently, in the PZT nanoparticle-filled region,
the area of negatively polarized domains grows, causing the overall
average polarization shifted from positive to negative. During this
stage, the direction of polarization within the P(VDF-TrFE) matrix is
also switched by the domain inside the PZT nanoparticle. Continue
to intensify the electric field along the −X2 direction from points 3
to 4, the negative domain areas within the PZT nanoparticle-filled
regions expand, further elevating the magnitude of the overall
average polarization. The temperature-dependent P–E loops of ferro-
electric nanocomposite P(VDF-TrFE)–PZT0.5 are summarized in
Fig. 5(b). The data reveal that an increase in temperature tends to
simultaneously weaken the polarization of the P(VDF-TrFE)–PZT0.5

at each electric field state. Figure 5(d) present the P–T curves of the

P(VDF-TrFE)–PZT0.5 under different electric fields to display the
temperature influence on polarization. Expect for the slight drop
existed at the remnant polarization state with temperature rising,
all the P–T curves show similar behavior to that of P(VDF-TrFE)
but with decreased decline rate of polarization. In the absence of
electric field, as temperature increase from 37 to 45 °C, more
polarization vectors in the P(VDF-TrFE) matrix region are
switched to align along the +X2 direction, while no significant
change of polarization vectors are observed in the PZT
nanoparticle-filled regions, resulting in an increase in the overall
average polarization of P(VDF-TrFE)–PZT0.5. ΔT–T curves of the
P(VDF-TrFE)–PZT0.5 are illustrated in Fig. 5(e), and the ΔT also
reaches the peak around 57 °C. Specifically, the ΔTmax of
P(VDF-TrFE)–PZT0.5 is 4.44 °C when an electric field of 50MV/m is
applied and reaches 7.15 °C under 100MV/m.

Figures 6(a) and 6(b) provide a comparison for the ΔT–T
curves of P(VDF-TrFE)–PZT0.9, P(VDF-TrFE)–PZT0.5 and
P(VDF-TrFE) under electric field changes of 50 and 100MV/m,
respectively. From Fig. 6(a), it is evident that under the same elec-
tric field of 50MV/m, the P(VDF-TrFE)–PZT0.9 owns better ECE
compared with P(VDF-TrFE), which is mainly reflected by the

FIG. 6. Comparison of ΔT–T curves of the P(VDF-TrFE) matrix and ferroelectric nanocomposites filled with different PZT nanoparticles of several component x under the
electric field of (a) 50 and (b) 100 MV/m. The relationship between the ATC ΔT and component x under the electric field of (c) 50 and (d) 100 MV/m, where MAX repre-
sents the maximum value and AVG represents the average value in the whole temperature range.
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larger ΔT and wider working temperature range. Although the
P(VDF-TrFE)–PZT0.5 displays an inferior value of ΔT at lower tem-
perature, it also possesses a broadened working temperature range.
Figure 6(b) reveals that the P(VDF-TrFE)–PZT0.9 also maintains
relatively superior ECE at a higher electric field change.
The average ΔT (i.e., ΔTavg) within the temperature range (21 and
93 °C) is calculated to serve as a metric to more concretely dem-
onstrate the ECE of the ferroelectric nanocomposites over a
broader operation temperature range. Figures 6(c) and 6(d)
exhibit the curves of ΔTavg and ΔTmax vs the component x under
50 and 100MV/m electric fields, respectively. When the component
x is larger than the MPB concentration (i.e., x > 0.5), both ΔTmax and
ΔTavg are improved rapidly with x increasing. The presence of filled
PZT nanoparticles significantly influences the ECE of the ferroelec-
tric nanocomposites. It is also indicated that the optimal ECE, char-
acterized by the highest ΔTmax and ΔTavg, is achieved at x = 0.9
within the computed range. The results suggest that the ferroelectric
nanocomposite, particularly the P(VDF-TrFE)–PZT0.9 formulation
introduced in this study, is able to exhibit better ECE performance
than that of P(VDF-TrFE). Additionally, it offers an extended tem-
perature range of operation near room temperature. The finding in
this work is crucial for the ECE regulation of the ferroelectric nano-
composites by optimizing the component of filled nanoparticles.

IV. CONCLUSION

In summary, based on the thermodynamic theory of ferroelec-
tric materials, the phase-field method is used to study the ECE
behavior of ferroelectric nanocomposites consisting of the
P(VDF-TrFE) matrix and PZT nanoparticles. It is found that the
introduction of nanoparticles has a large influence on the micro-
scopic domain structure of the entire system. Electric field induced
domain transition from single domain to polar vortex is observed
in nanocomposite P(VDF-TrFE)–PZT0.9, resulting in a double
hysteresis loop. On this basis, the indirect method based on the
Maxwell relation is employed to calculate the temperature-
dependent ATC values. Benefited from the domain transition
with the increase of temperature under several electric fields,
enhanced ECE with a large working temperature region near
room temperature is achieved through the carefully designed
ferroelectric nanocomposite P(VDF-TrFE)–PZT0.9. Finally, the
ΔT–T curves generate a peak of ΔTmax = 5.54 °C at 50 MV/m and
ΔTmax = 8.43 °C at 100 MV/m. The influence of the nanofiller par-
ticle component x on the ECE of ferroelectric nanocomposites is
further investigated. The maximum ATC of ΔTmax and the average
ATC of ΔTavg are obtained for ferroelectric nanocomposites in the
range of x from 0.1 to 0.9. When the component x is larger than
the MPB, both the ΔTmax and ΔTavg are enhanced sharply with the x
increases continuously. The main results of the present work show
that the ECE of ferroelectric nanocomposites can be effectively
improved by the introduction of nanoparticles and then further regu-
lated via changing the component x of filled nanoparticle. The simu-
lation results suggest an effective way to tune the ECE of ferroelectric
nanocomposites through the design of domain transitions and
provide a new theoretical and practical guidance for the development
of ECE coolers based on ferroelectric nanocomposites, which can be
used in novel application like flexible wearable refrigeration.
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APPENDIX: MATERIAL PARAMETERS ULTILIZED IN
THIS WORK

Table I indicates the material parameters of P(VDF-TrFE).
Tables II and III indicate the material parameters of PZT0.9 and
PZT0.5, respectively.

TABLE I. The material parameters of the P(VDF-TrFE).

Landau energy coefficient Electrostriction coefficient

α1 = 5.9(T− 332.26) × 107 C−2 m2 N Q11 =−0.0162 C−2 m4

α11 = 6.378 × 1011 C−4 m6 N Q12 = 0.0441 C−2 m4

α12 = 1.276 × 1012 C−4 m6 N Q44 =−0.12 C−2 m4

α111 = 1.851 × 1012 C−6 m10 N Gradient coefficient
α112 = 5.554 × 1012 C−6 m10 N G11/G110 ¼ 0:5
α123 = 1.111 × 1013 C−6 m10 N G12/G110 ¼ 0:0
Elastic constant G44/G110 ¼ 0:5
C11 = 4.88 × 1010 N m−2 G110 = 2.021 × 10−9 C−2 m4 N
C12 = 5.6 × 109 N m−2 Relative dielectric constant
C44 = 2.16 × 1010 N m−2 εr ¼ 200
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TABLE III. The material parameters of the PZT0.5.

Landau energy coefficient Electrostriction coefficient
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C11 = 1.545 × 1011 N m−2 G110 = 1.617 × 10

−10 C−2 m4 N
C12 = 8.405 × 1010 N m−2 Relative dielectric constant
C44 = 3.484 × 1010 N m−2 εr ¼ 100

TABLE II. The material parameters of the PZT0.9.

Landau energy coefficient Electrostriction coefficient
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α112 = 8.099 × 108 C−6 m10 N G11/G110 ¼ 0:6
α123 =−4.359 × 109 C−6 m10 N G12/G110 ¼ 0:0
Elastic constant G44/G110 ¼ 0:6
C11 = 1.7042 × 1011 N m−2 G110 = 1.617 × 10

−10 C−2 m4 N
C12 = 7.608 × 1010 N m−2 Relative dielectric constant
C44 = 8.3333 × 1010 N m−2 εr ¼ 100
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