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Abstract: The temperature dependence of the dielectric permittivity and polarization hysteresis
loops of P(VDF-TrFE-CFE) polymer films with different compositions are studied. Among them, the
three compositions, 51.3/48.7/6.2, 59.8/40.2/7.3, and 70/30/8.1, are characterized for the first time.
Relaxor behavior is confirmed for all studied samples. Increasing the CFE content results in lowering
the freezing temperature and stabilizes the ergodic relaxor state. The observed double hysteresis
loops are related to the field-induced transition to a ferroelectric state. The critical field corresponding
to this transition varies with the composition and temperature; it becomes larger for temperatures
far from the freezing temperature. The energy storage performance is evaluated from the analysis
of unipolar polarization hysteresis loops. P(VDF-TrFE-CFE) 59.8/40.2/7.3 shows the largest energy
density of about 5 J·cm−3 (at the field of 200 MV·m−1) and a charge–discharge efficiency of 63%,
which iscomparable with the best literature data for the neat terpolymers.

Keywords: polymers; relaxors; energy storage; P(VDF-TrFE-CFE)

1. Introduction

Alternative technologies in the energy generation sector, miniaturization in the elec-
tronics industry, and electric mobility have opened up many doors for advancements
in the field of energy storage [1]. Due to the high dielectric strength, various dielectric
polymers, such as polypropylene, polycarbonate, and polyethylene terephthalate, were
commercially used for decades in thin film and thick film capacitors, all showing a linear
dielectric response and thus a plain capacitive behavior [2–4]. For a non-linear or hysteretic
material, the stored energy density in a polarization–electric field graph is given by the
area between the charging branch of a dielectric displacement—electric field hysteresis loop
and the dielectric displacement axis (Figure 1).

Ustored =
∫ Dmax

0

→
E (
→
D)·d

→
D, (1)

with the dielectric displacement given by the polarization
→
P of the material and the

dielectric permittivity of free space
→
D = ε0·

→
E +

→
P(
→
E).
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storage applications [5–8]. Ideally, all this stored energy should berecoverable, which en-
tails that a remanent contribution to polarization should be small. In ferroelectric poly-
mers, saturation and remanent polarization often do not differ much, which is unfavora-
ble for the recoverable energy storage density which is defined by the area between the 
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Therefore, materials with a high polarizability and a slim hysteresis loop are more 
suited for energy storage applications. Such a combination of properties is typical for re-
laxor ferroelectrics or shortly speaking relaxors [9]. 

 
Figure 1. A unipolar polarization hysteresis loop. The green area corresponds to the recoverable 
energy density. The hatched area yields losses in the storage process. 

In relaxors, the transition into a long-range ordered ferroelectric state is hindered by 
structural or charge disorder.Therefore, polarization is correlated at the local scale within 
polar nanoregions (PNRs) having asize of a few nanometers [9]. At high temperatures, the 
dipole moments of these PNRs are dynamic and are easily rotated by an electric field, 
facilitatinga large polarizability of relaxors. When the field is removed, the PNRs return 
to a disordered state, resulting in a small remanent polarization. To distinguish from the 
paraelectric state, this state is also called the ergodic relaxor state. 

In order to achieve relaxor behavior in P(VDF-TrFE) co-polymers, various tech-
niques, such as electron beam and γ-beam irradiation, mechanical stretching, and defect 
modification were implemented. By defect modification, another bulky monomer such as 
chlorofluoroethylene (CFE), hexafluoropropylene (HFP), or chlorotrifluoroethylene 
(CTFE) is incorporated into P(VDF-TrFE) [10–13]. It was reported that terpolymers 
P(VDF-TrFE-CFE) with the VDF/TrFE molar ratio below 75/25 and the molar amount of 
CFE > 4 mol% exhibit relaxor behavior with a broad and frequency-dependent peakof the 
dielectric permittivity [10,11,14]. For P(VDF-TrFE-CFE), both single hysteresis loops 
(SHL) [15] [16], which are typical for relaxors, and double hysteresis loops (DHL) [12] 
were reported. The DHL behavior was attributed to a field-induced phase transition. The 
double hysteresis behavior of the polymer relaxors is not well-understood yet [17]. It was 
shown that both SHL and DHL behavior can be observed in the same polymer composi-
tion depending on the synthesis conditions [13]. 

Small remanent polarization and slim hysteresis make P(VDFx-TrFE1-x-CFEy) terpol-
ymers attractive for energy storage applications [18,19]. A large electrocaloric effect was 
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Figure 1. A unipolar polarization hysteresis loop. The green area corresponds to the recoverable
energy density. The hatched area yields losses in the storage process.

Therefore, polymers exhibiting high polarizability such as ferroelectric polyvinylidene
fluoride P(VDF) and its copolymers with trifluoroethylene (TrFE), hexafluoropropylene
(HFP), chlorofluoroethylene (CFE), and chlorotrifluoroethylene (CTFE), as well as blends
between them or with other linear dielectric polymers, were studied for energy storage
applications [5–8]. Ideally, all this stored energy should berecoverable, which entails
that a remanent contribution to polarization should be small. In ferroelectric polymers,
saturation and remanent polarization often do not differ much, which is unfavorable for the
recoverable energy storage density which is defined by the area between the discharging
part of the D–E hysteresis loop and the dielectric displacement axis.

Udischarged =
∫ Dmax

Drem

→
E (
→
D)·d

→
D (2)

Therefore, materials with a high polarizability and a slim hysteresis loop are more
suited for energy storage applications. Such a combination of properties is typical for
relaxor ferroelectrics or shortly speaking relaxors [9].

In relaxors, the transition into a long-range ordered ferroelectric state is hindered by
structural or charge disorder.Therefore, polarization is correlated at the local scale within
polar nanoregions (PNRs) having asize of a few nanometers [9]. At high temperatures,
the dipole moments of these PNRs are dynamic and are easily rotated by an electric field,
facilitatinga large polarizability of relaxors. When the field is removed, the PNRs return
to a disordered state, resulting in a small remanent polarization. To distinguish from the
paraelectric state, this state is also called the ergodic relaxor state.

In order to achieve relaxor behavior in P(VDF-TrFE) co-polymers, various techniques,
such as electron beam and γ-beam irradiation, mechanical stretching, and defect mod-
ification were implemented. By defect modification, another bulky monomer such as
chlorofluoroethylene (CFE), hexafluoropropylene (HFP), or chlorotrifluoroethylene (CTFE)
is incorporated into P(VDF-TrFE) [10–13]. It was reported that terpolymers P(VDF-TrFE-
CFE) with the VDF/TrFE molar ratio below 75/25 and the molar amount of CFE > 4 mol%
exhibit relaxor behavior with a broad and frequency-dependent peakof the dielectric
permittivity [10,11,14]. For P(VDF-TrFE-CFE), both single hysteresis loops (SHL) [15,16],
which are typical for relaxors, and double hysteresis loops (DHL) [12] were reported. The
DHL behavior was attributed to a field-induced phase transition. The double hysteresis
behavior of the polymer relaxors is not well-understood yet [17]. It was shown that both
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SHL and DHL behavior can be observed in the same polymer composition depending on
the synthesis conditions [13].

Small remanent polarization and slim hysteresis make P(VDFx-TrFE1-x-CFEy) terpoly-
mers attractive for energy storage applications [18,19]. A large electrocaloric effect was also
recently reported in these materials [20,21]. However, among the many possible composi-
tions, only a few have been studied so far. An investigation of dielectric and ferroelectric
behavior in a broader concentration range should help to understand the mechanism of the
formation of the relaxor state and the relationship between the property and composition
in these polymers.

In the present work, we have studied temperature dependence of dielectric permittiv-
ity and polarization of five different P(VDFx-TrFE1-x-CFEy) compositions (Figure S1). To
our knowledge, for the three compositions: 51.3/48.7/6.2, 59.8/40.2/7.3, and 70/30/8.1,
such studies are reported for the first time. The relaxor behavior of the terpolymers is
analyzed. The effect of the CFE content on the relaxor behaviour, the shape of the hysteresis
loops, and the energy storage capability of the studied compositions is discussed.

2. Materials and Methods

The terpolymer powders used in this study, which were synthesized via suspension
polymerization [13], were purchased from Piezotech, Pierre-Bénite, France. The studied
compositions are listed in Table 1.

Table 1. The molar content of each component in the studied P(VDFx-TrFE1-x-CFEy) compositions. It
is important to note that the molar contents are mentioned in a way that the amount of VDF and
TrFE adds up to 100.

VDF (mol. %) TrFE (mol. %) CFE (mol. %)

51.3 48.7 6.2
63.8 36.2 7.2
59.8 40.2 7.3
70 30 8.1
68 32 8.5

The polymer films were prepared by the drop-casting method. The polymer powder
was dissolved in Dimethylformamide (DMF; VWR Chemicals, Radnor, PA, USA) and
stirred overnight at room temperature. The concentration of the solution was set to 20 g L−1.
The polymer solution was filtered and drop-coated onto a glass substrate (Corning Inc.
Corning, New York, NY, USA). The coating was dried at 60 ◦C for 20 h, followed by
annealing under vacuum (260 mbar) at 100 ◦C for 8 h and slowly cooled down to room
temperature. The film with the substrate was then immersed in distilled water for some
time, peeled off, and dried using a fiberless tissue. The final thickness of the freestanding
films was around 20 µm.

To perform electric measurements, silver electrodes were deposited onto the films
through sputtering using a sputter coater 208 HR (Cressington Scientific Instruments,
Watford, UK). The approximate thickness of the sputtered electrodes was 50 nm. The
dielectric permittivity was measured as a function of temperature in a frequency range
103–106 Hz using a Solartron 1260 impedance analyzer with a dielectric interface of 1296
(Solartron Analytical, Farnborough, UK). The measurements were performed upon heating,
as well as upon cooling within a temperature range of 270 K to 370 K, and the data points
were collected every 2 K. The polarization hysteresis curves were measured using a TF
Analyzer 2000 (aixACCT, Aachen, Germany) at temperatures between 298 and 323 K.
The applied voltage was a triangular wave function with a frequency of 10 Hz. The
thermophysical properties were investigated through differential scanning calorimetry
measurements that were performed using a DSC-204 (Netzsch, Selb, Germany) setup.
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3. Results
3.1. Thermal Properties

The impact of compositional variation on the thermal properties (melting and recrys-
tallization temperatures) of the polymer powder was studied. Aluminum crucibles were
used and 10 mg of polymer powder was encapsulated in it. The curves were measured with
a heating/cooling rate of 10 K min−1. The melting and recrystallization temperatures of all
samples were determined from the positions of the endothermic and exothermic peaks on
the thermograms (Figure S2), and are enlisted in Table 2. The melting temperature of the
studied compositions varies from 394 K to 405 K, while the recrystallization temperature
lies between 368 K and 382 K.

Table 2. The melting and recrystallization temperatures of the studied compositions estimated from
DSC measurements.

P(VDFx-TrFE1-x-CFEy)
(mol. %) Melting Temperature (K) Recrystallization Temperature (K)

51.3/48.7/6.2 404 382
63.8/36.2/7.2 394 368
59.8/40.2/7.3 405 379

70/30/8.1 399 370
68/32/8.5 398 372

3.2. Relaxor Properties

Figure 2 shows the temperature dependence of the relative dielectric permittivity and
dielectric loss tangent of the samples under study, measured at frequencies from 1 kHz to
1 MHz upon cooling. All samples manifest broad peaks in the dielectric permittivity and
loss tangent. With increasing frequency, the positions of these peaks shift towards higher
temperatures, the values of the dielectric permittivity become smaller, while the dielectric
loss tangent increases. Such a behavior is a distinctive feature of relaxor materials [9]. For
the same frequency, the dielectric permittivity peak occurs at a lower temperature for the
composition with a higher CFE content. The maximal relative dielectric permittivity lies in
the range of 45 to 90, which is in good agreement with the previous reports [22].

The permittivity-temperature curves were further analyzed to characterize the relaxor
behavior in detail. In order to estimate the degree of the relaxor behavior, the modified
Curie-Weiss law is often used to approximate the temperature dependence of ε(T) above
Tm (Equation (3)) [23].

εm

ε(T)
− 1 =

(
T − Tm

2σ

)γ

(3)

Here, εm is the maximal value of the dielectric permittivity, Tm is the temperature at
the maximum permittivity, the parameter σ describes the broadening of the dielectric peak,
and the exponent γ reflects the degree of the relaxor behavior. For classical ferroelectric
materials, the value of γ is equal to 1; while for the canonical relaxors, its value approaches
2 [24]. An example of the fit of ε(T) by Equation (3) for the P(VDF-TrFE-CFE) 68/32/8.5
film is shown in Figure 3b. The fitting curve matches the experimental data well. The best
fit values for γ for the studied polymers lie between 1.5 and 1.7 (Table 3), which confirms
the strong relaxor behavior.
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Figure 2. Temperature dependence of the dielectric permittivity (a–e) and dielectric loss tangent
(f–j) of P(VDFx-TrFE1-x-CFEy) films measured at frequencies from 1 kHz to 1 MHz upon cooling.

Table 3. Parameters describing the relaxor behavior of the studied the P(VDFx-TrFE1-x-CFEy) films.

P(VDFx-TrFE1-x-CFEy)
(mol. %)

Degree of
Relaxor

Behavior, γ

Freezing
Temperature, Tf (K)

Fitting Parameters for the
Vogel-Fulcher Equation

ln(f 0) Ea (meV)

51.3/48.7/6.2 1.61 306 ± 2 15.8 ± 0.9 6 ± 2
63.8/36.2/7.2 1.52 285 ± 4 16.3 ± 0.8 14 ± 4
59.8/40.2/7.3 1.64 286 ± 3 17.3 ± 0.7 16 ± 4

70/30/8.1 1.50 280 ± 2 17.5 ± 0.5 21 ± 3
68/32/8.5 1.55 278 ± 2 17.6 ± 0.5 20 ± 3



Polymers 2021, 13, 1343 6 of 12

Polymers 2021, 13, x FOR PEER REVIEW 6 of 13 
 

 

𝑓 = 𝑓଴ × 𝑒𝑥𝑝 ቆ 𝐸௔𝑘൫𝑇௠(𝑓) − 𝑇௙൯ቇ (4)

Here, f is the frequency of the applied electric field, Tm(f) is the corresponding temper-
ature of the maximum of the dielectric permittivity, Tf is the freezing temperature, Ea is the 
activation energy, f0 is the attempt frequency, and k is the Boltzmann constant. Figure 3a 
shows an example of the Vogel-Fulcher fit of Tm(f) for the P(VDF-TrFE-CFE) 68/32/8.5 film. 
The best-fitting parameters for the studied samples are given in Table 3. Figure 3c illustrates 
the variation in the freezing temperature for the different compositions. One can see that 
with an increase in the CFE content, the freezing temperature decreases, while the activation 
energy increases. In general, it can be concluded that the increase in the CFE content ex-
pands the range of the ergodic relaxor state towards lower temperatures. 

 
Figure 3. Examples of (a) the Vogel-Fulcher and (b) the modified Curie-Weiss law fitting for the 
P(VDF-TrFE-CFE) 68/32/8.5 film. (c) The freezing temperatures, Tf, of the studied samples. 

3.3. Polarization Hysteresis Behavior 
The polarization hysteresis loops were measured upon heating as well as cooling. 

The results obtained during the cooling cycle are shown in Figure 4. The 59.8/40.2/7.3 ter-
polymer exhibits slim polarization hysteresis loops typical for relaxors (Figure 4b). A par-
ticular feature of other compositions is a jump of the polarization above a certain electric 
field value, which results in the DHL shape (Figure 4). Such DHL-shape was already re-
ported for some P(VDF-TrFE-CFE) polymers, e.g., for 59.2/33.6/7.2 (63.8/36.2/7.8 in our 
notation). The DHL was explained in terms of a reversible, electric field-induced relaxor 
to ferroelectric phase transition [12]. 

We have taken a detailed look at the polarization curves shown in Figure 4 to evalu-
ate the critical fields corresponding to the transition to the ferroelectric state, E1, and back 
to the relaxor state, E2. These fields were estimated from the maxima of the field derivative 
of polarization. Figure 5 shows the temperature dependences of E1 and E2 for the studied 
compositions. It can be observed that the P(VDF-TrFE-CFE) 63.8/36.2/7.2 (Figure 5b) and 

300 310 320 330 340
6

8

10

12

14

16

51.3/48.7/6.2

63.8/36.2/7.2

59.8/40.2/7.3

70/30/8.1

68/32/8.5

280

290

300

310

0 2 4
-8

-6

-4

-2

0

ln
(f)

 (H
z)

Tm (K)

a

T f
 (K

)

c

ln
(ε

m
ax

-ε
)/ε

ln(T-Tmax) (K)

b

Slope = 1.55

Figure 3. Examples of (a) the Vogel-Fulcher and (b) the modified Curie-Weiss law fitting for the
P(VDF-TrFE-CFE) 68/32/8.5 film. (c) The freezing temperatures, Tf, of the studied samples.

Unlike ferroelectric materials, the relaxors do not undergo a phase transition into the
ferroelectric state at the Curie temperature. Instead, the slowing-down of the PNRs dynam-
ics results in a transition into a glassy-like state with short-range correlated polarization
(non-ergodic relaxor state) at the freezing temperature, Tf [9]. The freezing temperature
can be determined by using the Vogel-Fulcher equation (Equation (4)) [25].

f = f0 × exp

(
Ea

k(Tm( f )− Tf )

)
(4)

Here, f is the frequency of the applied electric field, Tm(f) is the corresponding tem-
perature of the maximum of the dielectric permittivity, Tf is the freezing temperature,
Ea is the activation energy, f 0 is the attempt frequency, and k is the Boltzmann constant.
Figure 3a shows an example of the Vogel-Fulcher fit of Tm(f) for the P(VDF-TrFE-CFE)
68/32/8.5 film. The best-fitting parameters for the studied samples are given in Table 3.
Figure 3c illustrates the variation in the freezing temperature for the different compositions.
One can see that with an increase in the CFE content, the freezing temperature decreases,
while the activation energy increases. In general, it can be concluded that the increase in
the CFE content expands the range of the ergodic relaxor state towards lower temperatures.

3.3. Polarization Hysteresis Behavior

The polarization hysteresis loops were measured upon heating as well as cooling.
The results obtained during the cooling cycle are shown in Figure 4. The 59.8/40.2/7.3
terpolymer exhibits slim polarization hysteresis loops typical for relaxors (Figure 4b). A
particular feature of other compositions is a jump of the polarization above a certain electric
field value, which results in the DHL shape (Figure 4). Such DHL-shape was already
reported for some P(VDF-TrFE-CFE) polymers, e.g., for 59.2/33.6/7.2 (63.8/36.2/7.8 in our
notation). The DHL was explained in terms of a reversible, electric field-induced relaxor to
ferroelectric phase transition [12].
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Figure 4. Polarization hysteresis loops of the P(VDF-TrFE-CFE) 51.3/48.7/6.2 (a), 59.8/40.2/7.3 (b),
68/32/8.5 (c), 63.8/36.2/7.2 (d), and 70/30/8.1 (e) films measured as a function of temperature at
10 Hz (triangular wave) on cooling.

We have taken a detailed look at the polarization curves shown in Figure 4 to evaluate
the critical fields corresponding to the transition to the ferroelectric state, E1, and back to
the relaxor state, E2. These fields were estimated from the maxima of the field derivative of
polarization. Figure 5 shows the temperature dependences of E1 and E2 for the studied
compositions. It can be observed that the P(VDF-TrFE-CFE) 63.8/36.2/7.2 (Figure 5b)
and P(VDF-TrFE-CFE) 68/32/8.5 (Figure 5d) samples have the largest critical field values,
(E1 = 80–90 MV·m−1) at room temperature; while for the P(VDF-TrFE-CFE) 51.3/48.7/6.2
(Figure 5a) the transition to the ferroelectric state occurs already at 40 MV·m−1. For all the
studied polymers, both E1 and E2 increase with temperature except for P(VDF-TrFE-CFE)
51.3/48.7/6.2, where E1 goes slightly down upon heating.

When we refer to the field-induced relaxor–ferroelectric transition in such inorganic
relaxors as (Pb,La)(Zr,Ti)O3 [26] or Na0.5Bi0.5TiO3-BaTiO3, [27] it can be seen that the critical
field value decreases with temperature in the non-ergodic relaxor state, but increases with
temperature in the ergodic relaxor state. The non-ergodic relaxor state is the state below
the freezing temperature, where the interaction between PNRs blocks their reorientation
and related dynamics. According to the estimations from the dielectric data, the freezing
temperature of the P(VDF-TrFE-CFE) 51.3/48.7/6.2 sample lies at 306 K, i.e., the range
where DHL is observed is around the transition from the non-ergodic to the ergodic relaxor
state. On the other hand, other compositions are in the ergodic relaxor state far from the
freezing temperature and we observe a growing critical field within a temperature range of
298 K to 313 K, while above 313 K, a single hysteresis loop (SHL) is observed.
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Figure 5. Temperature dependences of the critical fields, E1 and E2, corresponding to the field-
induced transitions between relaxor and ferroelectric states for the P(VDF-TrFE-CFE) 51.3/48.7/6.2 (a),
63.8/36.2/7.2 (b), 70/30/8.1 (c), and 68/32/8.5 (d) polymer films.

Another remarkable feature of the polarization hysteresis loops in all studied samples
is the broadening of the hysteresis loops with temperature, which leads to an increase in the
measured values of the remnant polarization as well as the coercive field. This broadening
is related to the contribution of leakage current [28], which increases with temperature,
as can also be seen in the dielectric loss curves at low-frequency (1 kHz) in Figure 2. In
the case of polymers, this leakage current can be related to the field-induced transport of
electronic and ionic charges. In some publications, this increase in the extrinsic polarization
was considered as a signature of a negative electrocaloric effect (ECE) [29–31].

The ECE, which is the change in the temperature/entropy of a dielectric material
under an adiabatically/isothermally applied electric field, has gained popularity as an
environmentally friendly technology for the development of compact solid-state refrigera-
tion and air-conditioning systems [32–35]. Since direct electrocaloric measurements need
particular devices and modifications, the indirect method is more widely used [32,36,37].
The indirect method is based on the Maxwell relation (∂S/∂E)T = (∂P/∂T)E. In this case, the
isofield temperature dependences of the polarization obtained from the hysteresis loops
are used to evaluate the electrocaloric change of the temperature

∆TEC = −
∫ E2

E1

(T/CE)(∂P/∂T)EdE (5)

From this equation, it is obvious that a positive temperature derivative of polarization
implies a negative electrocaloric effect, as was reported by some groups [29–31]. While
the direct electrocaloric measurements of similar compositions only show a positive elec-
trocaloric effect [38,39]. Thus, the leakage-related extrinsic contribution to the polarization
may lead to erroneous evaluation of the electrocaloric effect in ferroelectric and relaxor
polymers [40].

As we mentioned already, the relaxor behavior in P(VDF-TrFE-CFE) is promoted
by the incorporation of bulky CFE monomers, which results in an increasing distance
between the P(VDF-TrFE-CFE) chains. This weakens the cooperative polarization of the
P(VDF-TrFE) dipoles and reduces the size of the ferroelectric domains to the nanoscale.
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The structure of relaxor P(VDF-TrFE-CFE) contains more or less random TmG (m ≤ 4)
sequences, and the FE structure contains relatively long Tn (n > 4) sequences (T and G
represent the trans and gauche conformations, respectively) [5].

The CFE monomers possess their own dipole moment and can serve as dipole defect-
pinning centers, similar to dipole defects built by oxygen vacancies and acceptor impurities
in perovskite ferroelectrics [41]. When the magnitude of the applied electric field is large
enough, the dipoles of CFE may rotate, promoting the switching of the surrounding dipoles
and the formation of a ferroelectric state with large domains [5]. As the field is reduced and
eventually removed, these FE domains transform back to the relaxor phase. In the ergodic
relaxor state, the PNRs are relatively free to rotate and can be easily aligned. Meanwhile,
the thermal agitation breaks this alignment and therefore the critical field, E1, increases
upon heating. When the sample is in the non-ergodic relaxor state, the frozen PNRs are
relatively difficult to be reoriented, but they become less blocked on approaching the
freezing temperature; therefore, we observe that the critical field decreases upon heating
for P(VDF-TrFE-CFE) 51.3/48.7/6.2. The disappearance of the DHL with temperature can
be attributed to the fact that the polymer chains become mobile with temperature and the
pinning effect due to the presence of CFE in the polymer chain becomes less pronounced.
However, this process is also obscured by the broadening of the hysteresis loops due to the
increased conductivity.

3.4. Energy Storage Properties

The stored and recoverable electrical energy densities are given by Equations (1) and (2).
The stored energy cannot be fully recovered due to the leakage current and the hysteresis
losses (Uloss). The energy storage efficiency, η, is defined as the ratio between the discharged
and stored energy of the capacitor (Equation (6)) [42,43].

η = Udischarged/Ustored = Udischarged/(Udischarged + Uloss) (6)

All these characteristics can be deduced from the unipolar polarization hysteresis
curves recorded for a different maximum electric field (Figure S3).

Figure 6 shows the maximum field dependences of the discharged energy density
and energy storage efficiency calculated at room temperature. All compositions show a
linear increase in the discharged energy density with the applied electric field. However,
their energy storage efficiency decreases with the increasing field. There is a tradeoff
between the discharged energy density and the energy storage efficiency due to the hys-
teresis losses. As is clear from Figure 6, the P(VDF-TrFE-CFE) = 59.8/40.2/7.3 sample
outperforms the other compositions in terms of the discharged energy density as well as
the energy storage efficiency. It shows the highest energy density that reaches η = 5 J·cm−3

at a field of 200 MV·m−1, while retaining an efficiency of around 63%. The P(VDF-TrFE-
CFE) 63.8/36.2/7.2 and 68/32/8.5 films show the comparable discharged energy density
at a field of 100 MV·m−1, but have a lower energy storage efficiency due to the DHL
behavior. In Table 4, the discharged energy density of different compositions at a field
of 100 MV·m−1 are compared with data reported in the literature. One can see that the
discharged energy density of the polymers studied in this work is consistent with the
previously reported values.
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electric field (estimated from the unipolar hysteresis loops shown in Figure S3).

Table 4. Comparison of the discharged energy density for different P(VDF-TrFE-CFE) compositions.

P(VDFx-TrFE1-x-CFEy) Electric Field
(MV·m−1)

Discharged Energy Density
(Udischarged) (J·cm−3) Reference

51.3/48.6/6.2 100 1.2 This work
63.8/36.2/7.2 100 2 This work

64/36/7.2 100 1.8 [44]
70/30/8.1 100 1.38 This work
70/30/8.1 100 2 [44]
63/37/8.1 100 1.7 [45]
68/32/8.5 100 2 This work

59.8/40.2/7.3 100 2 This work

4. Conclusions

Dielectric and polarization properties of P(VDF-TrFE-CFE) polymers with different
compositions are compared. All samples show a similar degree of relaxor behavior. In-
creasing the CFE content shifts the freezing temperature down and stabilizes the ergodic
relaxor state at room temperature. The application of a strong enough electric field induces
a transition into a ferroelectric state, as manifested in double hysteresis loops. The value
of the critical electric field depends on the proximity to the freezing temperature. Correct
indirect measurements of the electrocaloric effect are impossible in the studied materials
due to the charge leakage extrinsic contribution to polarization enhanced at higher temper-
atures. Direct electrocaloric measurements are necessary. In particular, it will be interesting
to study a relation between the field-induced transition to the ferroelectric state and the
electrocaloric effect at the corresponding field values.

The characteristics of the polymer films for energy storage application were tested.
A maximum energy density of 5 J·cm−3 at 63% charge–discharge efficiency and a field
of 200 MV·m−1 is observed for the new composition P(VDF-TrFE-CFE) 59.8/40.2/7.3. To
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further improve these characteristics, composites with inorganic fillers can be developed
based on these terpolymers. Such studies are now in progress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13081343/s1, Figure S1: The ternary compositional diagram of P(VDF-TrFE-CFE)
indicating the studied compositions, Figure S2: Heat flow curves measured by DSC upon heating
(above) and cooling (below), where the peaks correspond to melting and recrystallization, respectively,
Figure S3: Unipolar polarization hysteresis curves measured as a function of voltage at 10 Hz and
room temperature.

Author Contributions: Conceptualization, Q.Z., X.C. and V.V.S.; methodology, Y.H. and X.C.; formal
analysis, Y.H.; investigation, Y.H., D.L., C.H.H. and I.M.; resources, D.C.L.; data curation, Y.H. and
V.V.S.; writing—original draft preparation, Y.H.; writing—review and editing, V.V.S., D.C.L. and Q.Z.;
visualization, Y.H. and V.V.S.; supervision, V.V.S.; project administration, D.C.L.; funding acquisition,
D.C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Qiming Zhang is grateful to the U. S. Office of Naval Research (award number
N00014-19-1-2028) and to Alexander von Humboldt Foundation for the support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thakur, V.K.; Gupta, R.K. Recent Progress on Ferroelectric Polymer-Based Nanocomposites for High Nergy Density Capacitors:

Synthesis, Dielectric Properties, and Future Aspects. Chem. Rev. 2016, 116, 4260. [CrossRef]
2. Nasreen, S.; Treich, G.M.; Baczkowski, M.L.; Mannodi-Kanakkithodi, A.K.; Cao, Y.; Ramprasad, R.; Sotzing, G. Polymer Dielectrics

for Capacitor Application. In Kirk-Othmer Encyclopedia of Chemical Technology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2017.
[CrossRef]

3. Streibl, M.; Karmazin, R.; Moos, R. Materials and Applications of Polymer Films for Power Capacitors with Special Respect to
Nanocomposites. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 2429. [CrossRef]

4. Qi, L.; Petersson, L.; Liu, T. Review of Recent Activities on Dielectric Films for Capacitor Applications. J. Int. Counc. Electr. Eng.
2014, 4, 1. [CrossRef]

5. Zhu, L. Exploring Stratigies for High Dielectric Constant and Low Loss Polymer Dielectrics. J. Phys. Chem. Lett. 2014, 5, 3677.
[CrossRef]

6. Kim, K.-H.; Jung, H.-B.; Lim, J.-H.; Ji, S.-Y.; Choi, D.H.; Jeong, D.-Y. Configurational Approach to the Enhancement of the
Dielectric Properties and Energy Density of Polyvinylidene Fluoride-Based Polymer Composites. J. Phys. D Appl. Phys. 2020,
53, 375502. [CrossRef]

7. Li, C.; Shi, L.; Yang, W.; Zhou, Y.; Li, X.; Zhang, C.; Yang, Y. All Polymer Dielectric Films for Achieving High Energy Density
Film Capacitors by Blending Poly(Vinylidene Fluoride-Trifluoroethylene-Chlorofluoroethylene) with Aromatic Polythiourea.
Nanoscale Res. Lett. 2020, 15, 36. [CrossRef] [PubMed]

8. Thuau, D.; Kallitsis, K.; Ha, S.; Bargain, F.; Soulestin, T.; Pecastaings, G.; Tencé-Girault, S.; Santos, F.D.D.; Hadziioannou, G.
High and Temperature-Independent Dielectric Constant Dielectrics from PVDF-Based Terpolymer and Copolymer Blends.
Adv. Electron. Mater. 2020, 6, 1901250. [CrossRef]

9. Bokov, A.A.; Ye, Z.-G. Recent Progress in Relaxor Ferroelectrics with Perovskite Structure. J. Mater. Sci. 2006, 41, 31. [CrossRef]
10. Klein, R.J.; Xia, F.; Zhang, Q.M.; Bauer, F. Influence of Composition on Relaxor Ferroelectric and Electromechanical Properties of

Poly(Vinylidene Fluoride-Trifluoroethylene-Chlorofluoroethylene). J. Appl. Phys. 2005, 97, 94105. [CrossRef]
11. Li, Q.; Wang, Q. Ferroelectric Polymers and their Energy-Related Applications. Macromol. Chem. Phys. 2016, 217, 1228. [CrossRef]
12. Yang, L.; Li, X.; Allahyarov, E.; Taylor, P.L.; Zhang, Q.M.; Zhu, L. Novel Polymer Ferroelectric Behavior via Crystal Isomorphism

and the Nanoconfinement Effect. Polym. J. 2013, 54, 1709. [CrossRef]
13. Gadinski, M.R.; Li, Q.; Zhang, G.; Zhang, X.; Wang, Q. Understanding of Relaxor Ferroelectric Behavior of Poly (Vinylidene

Fluoride-Trifluoroethylene-Chlorotrifluoroethylene) Terpolymers. Macromolecules 2015, 48, 2731. [CrossRef]
14. Li, Y.; Soulestin, T.; Ladmiral, V.; Ameduri, B.; Lannuzel, T.; Santos, F.D.D.; Li, Z.-M.; Zhong, G.-J.; Zhu, L. Stretching-Induced

Relaxor Ferroelectric Behavior in a Poly(Vinylidene Fluoride-Co-Trifluoroethylene-Co-Hexafluoropropylene) Random Terpolymer.
Macromolecules 2017, 50, 7646. [CrossRef]

https://www.mdpi.com/article/10.3390/polym13081343/s1
https://www.mdpi.com/article/10.3390/polym13081343/s1
http://doi.org/10.1021/acs.chemrev.5b00495
http://doi.org/10.1002/0471238961
http://doi.org/10.1109/TDEI.2018.007392
http://doi.org/10.5370/JICEE.2014.4.1.001
http://doi.org/10.1021/jz501831q
http://doi.org/10.1088/1361-6463/ab88e4
http://doi.org/10.1186/s11671-020-3270-x
http://www.ncbi.nlm.nih.gov/pubmed/32030580
http://doi.org/10.1002/aelm.201901250
http://doi.org/10.1007/s10853-005-5915-7
http://doi.org/10.1063/1.1882769
http://doi.org/10.1002/macp.201500503
http://doi.org/10.1016/j.polymer.2013.01.035
http://doi.org/10.1021/acs.macromol.5b00185
http://doi.org/10.1021/acs.macromol.7b01205


Polymers 2021, 13, 1343 12 of 12

15. Chen, Q.; Ren, K.; Chu, B.; Liu, Y.; Zhang, Q.M.; Bobnar, V.; Levstik, A. Relaxor Ferroelectric Polymers-Fundamentals and
Applications. Ferroelectrics 2007, 354, 178. [CrossRef]

16. Hu, X.; Yi, K.; Liu, J.; Chu, B. High Energy Density Dielectrics Based on PVDF-Based Polymers. Energy Technol. 2018, 6, 849.
[CrossRef]

17. Liu, Y.; Haibibu, A.; Xu, W.; Han, Z.; Wang, Q. Observation of a Negative Thermal Hysteresis in Relaxor Ferroelectric Polymers.
Adv. Funct. Mater. 2020, 30, 2000648. [CrossRef]

18. Wang, Y.; Zhou, X.; Chen, Q.; Chu, B.; Zhang, Q.M. Recent Development of High Energy Density Polymers for Dielectric
Capacitors. IEEE Trans. Dielectr. Electr. Insul. 2010, 17, 1036. [CrossRef]

19. Smith, O.L.; Kim, Y.; Kathaperumal, M.; Gadinski, M.R.; Pan, M.-J.; Wang, Q.; Perry, J.W. Enhanced Permittivity and Energy Den-
sity in Neat Poly (Vinylidene Fluoride-Trifluoroethylene-Chlorotrifluoroethylene) Terpolymers through Control of Morphology.
ACS Appl. Mater. Interfaces 2014, 6, 9584. [CrossRef] [PubMed]

20. Qian, J.; Jiang, J.; Shen, Y. Enhanced Electrocaloric Strength in P(VDF-Trfe-CFE) by Decreasing the Crystalline Size. J. Mater. 2019,
5, 357. [CrossRef]

21. Liu, Y.; Zhang, G.; Haibibu, A.; Han, Z.; Wang, Q. High Cyclic Stability of Electrocaloric Effect in Relaxor Poly (Vinylidene
Fluoride-Trifluoroethylene-Chlorofluoroethylene) Terpolymers in the Absence of Ferroelectric Phase Transition. J. Appl. Phys.
2019, 126, 234102. [CrossRef]

22. Chen, X.; Xu, W.; Lu, B.; Zhang, T.; Wang, Q.; Zhang, Q.M. Towards Electrocaloric Heat Pump- A Relaxor Ferroelectric Polymer
Exhibiting Large Electrocaloric Response at Low Electric Field. Appl. Phys. Lett. 2018, 113, 113902. [CrossRef]

23. Uchino, K.; Nomura, S. Critical Exponents of the Dielectric Constants in Diffused-Phase-Transition Crystals. Ferroelectrics 1982,
44, 55. [CrossRef]

24. Santos, I.A.; Eiras, J.A. Phenomenological Description of the Diffuse Phase Transition in Ferroelectrics. J. Phys. Condens. Matter.
2001, 13, 11733. [CrossRef]

25. Pirc, R.; Blinc, R. Vogel-Fulcher Freezing in Relaxor Ferroelectrics. Phys. Rev. B 2007, 76, 241. [CrossRef]
26. Bobnar, V.; Kutnjak, Z.; Pirc, R.; Levstik, A. Relaxor Freezing and Electric-Field-Ianduced Ferroelectric Transition in a Lanthanum

Lead Zirconate Titanate Ceramics. EPL 1999, 3, 326. [CrossRef]
27. Sapper, E.; Novak, N.; Jo, W.; Granzow, T.; Rödel, J. Electric-Field-Temperature Phase Diagram of the Ferroelectric Relaxor System

(1-x)Bi1/2Na1/2TiO3-xBaTiO3 Doped with Manganese. J. Appl. Phys. 2014, 115, 194104. [CrossRef]
28. Scott, J.F. Ferroelectrics go Bananas. J. Phys. Condens. Matter. 2008, 20, 21001. [CrossRef]
29. Jiang, Z.-Y.; Zheng, G.-P.; Zheng, X.-C.; Wang, H. Exceptionally High Negative Electro-Caloric Effects of Poly(VDF-co-TrFE) Based

Nanocomposites Tuned by the Geometries of Barium Titanate Nanofillers. Polymers 2017, 9, 315. [CrossRef] [PubMed]
30. Ullah, S.; Wang, H.; Liu, B.; Cheng, J.; Shan, G.; Zheng, G.-P. The Effects of Additions of Two-Dimensional Graphitic-C3N4 on the

Negative Electro-Caloric Effects in P(VDF-TrFE) Copolymers. RSC Adv. 2019, 9, 15917. [CrossRef]
31. Cheng, X.; Weyland, F.; Novak, N.; Li, Y. Indirect Electrocaloric Evaluation: Influence of Polarization Hysteresis Measurement

Frequency. Phys. Status Solidi A 2019, 216, 1900684. [CrossRef]
32. Zhang., Q.; Correia, T. (Eds.) Electrocaloric Materials New Generation of Coolers; Springer: Berlin, Germany, 2014.
33. Valant, M. Electrocaloric Materials for Future Solid-State Refrigeration Technologies. Prog. Mater. Sci. 2012, 57, 980. [CrossRef]
34. Liu, Y.; Scott, J.F.; Dkhil, B. Some Strategies for Improving Caloric Responses with Ferroelectrics. APL Mater. 2016, 4, 64109.

[CrossRef]
35. Blumenthal, P.; Raatz, A. Classification of Electrocaloric Cooling Device Types. EPL 2016, 115, 17004. [CrossRef]
36. Sanlialp, M.; Shvartsman, V.V.; Faye, R.; Karabasov, M.O.; Molin, C.; Gebhardt, S.; Defay, E.; Lupascu, D.C. Quasi-Adiabatic

Calorimeter for Direct Electrocaloric Measurements. Rev. Sci. Instrum. 2018, 89, 34903. [CrossRef] [PubMed]
37. Liu, Y.; Scott, J.F.; Dkhil, B. Direct and Indirect Measurements on Electrocaloric Effect: Recent Developments and Perspectives.

Appl. Phys. Rev. 2016, 3, 31102. [CrossRef]
38. Zhang, G.; Li, Q.; Gu, H.; Jiang, S.; Han, K.; Gadinski, M.R.; Haque, M.A.; Zhang, Q.M.; Wang, Q. Ferroelectric Polymer

Nanocomposites for Room-Temperature Electrocaloric Refrigeration. Adv. Mater. 2015, 27, 1450. [CrossRef] [PubMed]
39. Lu, Y.-C.; Yu, J.; Huang, J.; Yu, S.; Zeng, X.; Sun, R.; Wong, C.-P. Enhanced Electrocaloric Effect for Refrigeration in Lead-Free

Polymer Composite Films with an Optimal Filler Loading. Appl. Phys. Lett. 2019, 114, 233901. [CrossRef]
40. Grünebohm, A.; Ma, Y.-B.; Marathe, M.; Xu, B.-X.; Albe, K.; Kalcher, C.; Meyer, K.-C.; Shvartsman, V.V.; Lupascu, D.C.; Ederer, C.

Origins of the Inverse Electrocaloric Effect. Energy Technol. 2018, 6, 1491. [CrossRef] [PubMed]
41. Ren, X. Large Electric-Field-Induced Strain in Ferroelectric Crystals by Point-Defect-Mediated Reversible Domain Switching.

Nat. Mater. 2004, 3, 91. [CrossRef]
42. Huang, H.; Scott, J.F. Ferroelectric Materials for Energy Applications; Wiley-VCH: Weinhaim, Germany, 2018.
43. Pedroli, F.; Flocchini, A.; Marrani, A.; Le, M.-Q.; Sanseau, O.; Cottinet, P.-J.; Capsal, J.-F. Boosted Energy-Storage Efficiency by

Controlling Conduction Loss of Multilayered Polymeric Capacitors. Mater. Des. 2020, 192, 108712. [CrossRef]
44. Zhou, X.; Chu, B.; Wang, Y.; Zhang, Q.M. Polyvinylidene Fluoride Based Polymeric Dielectrics for high Energy Density

Capacitor Applications. In Proceedings of the 9th International Conference on Properties and Applications of Dielectric Materials,
Harbin, China, 19–23 July 2009.

45. Chu, B.; Zhou, X.; Ren, K.; Neese, B.; Lin, M.; Wang, Q.; Bauer, F.; Zhang, Q.M. A Dielectric Polymer with High Electric Energy
Density and Fast Discharge Speed. Science 2006, 313, 332. [CrossRef] [PubMed]

http://doi.org/10.1080/00150190701454891
http://doi.org/10.1002/ente.201700901
http://doi.org/10.1002/adfm.202000648
http://doi.org/10.1109/TDEI.2010.5539672
http://doi.org/10.1021/am501968q
http://www.ncbi.nlm.nih.gov/pubmed/24873348
http://doi.org/10.1016/j.jmat.2019.04.001
http://doi.org/10.1063/1.5127310
http://doi.org/10.1063/1.5048599
http://doi.org/10.1080/00150198208260644
http://doi.org/10.1088/0953-8984/13/50/333
http://doi.org/10.1103/PhysRevB.76.020101
http://doi.org/10.1209/epl/i1999-00549-4
http://doi.org/10.1063/1.4876746
http://doi.org/10.1088/0953-8984/20/02/021001
http://doi.org/10.3390/polym9080315
http://www.ncbi.nlm.nih.gov/pubmed/30970990
http://doi.org/10.1039/C9RA02428J
http://doi.org/10.1002/pssa.201900684
http://doi.org/10.1016/j.pmatsci.2012.02.001
http://doi.org/10.1063/1.4954056
http://doi.org/10.1209/0295-5075/115/17004
http://doi.org/10.1063/1.4997155
http://www.ncbi.nlm.nih.gov/pubmed/29604744
http://doi.org/10.1063/1.4958327
http://doi.org/10.1002/adma.201404591
http://www.ncbi.nlm.nih.gov/pubmed/25581032
http://doi.org/10.1063/1.5093968
http://doi.org/10.1002/ente.201800166
http://www.ncbi.nlm.nih.gov/pubmed/31032169
http://doi.org/10.1038/nmat1051
http://doi.org/10.1016/j.matdes.2020.108712
http://doi.org/10.1126/science.1127798
http://www.ncbi.nlm.nih.gov/pubmed/16857935

	Introduction 
	Materials and Methods 
	Results 
	Thermal Properties 
	Relaxor Properties 
	Polarization Hysteresis Behavior 
	Energy Storage Properties 

	Conclusions 
	References

