
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
52

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The effects of ad
aDepartment of Mechanical Engineering, The

Hom, Kowloon, Hong Kong, China. E-mail:
bGuangdong Provincial Key Laboratory of M

College of Mechatronics and Control Engi

518060, China
cCenter of Super-Diamond and Advanced Fil

Engineering, City University of Hong Kon

jycheng4-c@my.cityu.edu.hk
dSchool of Instrument Science and Opto-ele

No. 37 XueYuan Road, Beijing 100083, Chin

Cite this: RSC Adv., 2019, 9, 15917

Received 31st March 2019
Accepted 7th May 2019

DOI: 10.1039/c9ra02428j

rsc.li/rsc-advances

This journal is © The Royal Society of C
ditions of two-dimensional
graphitic-C3N4 on the negative electro-caloric
effects in P(VDF-TrFE) copolymers

Sana Ullah,a Hao Wang,b Bin Liu, c Junye Cheng, *c Guangcun Shan *d

and Guang-Ping Zheng *a

In order to enhance and tune the electrocaloric effect (ECE) and ferroelectric responses, nanocomposites

containing ferroelectric copolymer poly(vinylidene fluoride trifluoroethylene) and two-dimensional (2D)

graphitic-C3N4 (g-C3N4) are synthesized. The effects of g-C3N4 on the ferroelectric-to-paraelectric

phase transition of the copolymer are investigated by the differential scanning calorimetry (DSC), P–E

hysteresis loop and dielectric spectrum measurements. The results indicate that the addition of 2D g-

C3N4 in the ferroelectric copolymer is an effective approach in enhancing its dielectric and ferroelectric

properties. Furthermore, the nanocomposites show the maximum absolute value of negative

electrocaloric effect (ECE) of 5.4 K at 322 K under an electric field of 0.45 MV cm�1, which is much

better than that of pristine copolymer. The negative ECE of the nanocomposites can be well explained

by the Kauzmann theory. The low cost and enhanced negative ferroelectric properties of P(VDF-TrFE)

make them more feasible over ceramics materials such as lead zirconate titanate (PZT) based

ferroelectrics for applications in electrocaloric refrigeration.
1. Introduction

Polyvinylidene uoride (PVDF) and copolymer poly(vinylidene
uoride triuoroethylene), i.e., P(VDF-TrFE), have attracted
great attention due to their ferroelectric, pyroelectric and
piezoelectric properties.1 The piezo-, pyro- and ferro-electric
properties of PVDF and P(VDF-TrFE) lead to their outstanding
technological applications in infrared detection,2,3 sensor and
actuators,4,5 and infrared imaging,2,6,7 while their exibility,
convenience in processing and ferroelectric properties make
them more feasible over ceramics materials such as lead zirc-
onate titanate (PZT) based ferroelectrics for practical applica-
tions. PVDF shows a, b, g or d crystalline phases depending on
processing conditions.7–9 The polar b-phase is of technological
importance due to its ferroelectric properties. The b-phase of
PVDF can be achieved by annealing or by mechanical stretching
and electrical poling.10 In the P(VDF-TrFE) copolymer the crystal
defects in the PVDF can be reduced by the addition of uorine
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atoms, leading to the increased crystallinity of the copolymer.11

The copolymer P(VDF-TrFE) can crystallize with the same chain
conformation as the b-PVDF,12 if the content of TrFE is more
than 18%. The ferroelectric properties of P(VDF-TrFE) is much
better than those of PVDF due to the existence of intrinsic b-
phase in P(VDF-TrFE).12

Electrocaloric effect (ECE) is the adiabatic temperature
change or in another terms it is the change in the isothermal
entropy of the dielectric material with the support of an appli-
cation or withdrawal of an electric eld, which is rst study in
1930.13 In conventional ferroelectrics the net polarization
increases with the application of an electric eld or decreases
with increasing working temperature, leading to the conven-
tional ECE; whereas recently some ferroelectric ceramics and
nanocomposites are found to exhibit a negative ECE. Due to the
negative ECE, the dipolar disorder increases and causes the
ferroelectric material to absorb more heat by the application of
an external electric eld,14,15 also manifesting itself by the
increased polarization with increasing temperature. Combined
with conventional ECE, the negative ECE provides with us viable
routes to implement EC refrigeration, which is much desirable
for energy-efficient, environmental-friendly and solid-state
refrigeration especially in the cooling of microelectronics.
However, the strength of negative ECE is much smaller than
that of conventional ECE. Taking P(VDF-TrFE) thick lms as
examples, the strength of negative ECE is less than 2.0 �C
(MV cm�1)�1, while that of conventional ECE can be as high as
15 �C (MV cm�1)�1.
RSC Adv., 2019, 9, 15917–15925 | 15917
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Fig. 1 XRD patterns for g-C3N4, P(VDF-TrFE) and P(VDF-TrFE)/g-C3N4

nanocomposites (a), and enlarged XRD patterns in the range of 17� to
21� for P(VDF-TrFE) and nanocomposites (b). The inset in (b) shows the
deconvolution of the main peak, corresponding to the peaks for a-
and b-phase.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
52

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Through the introduction of nano-llers into the copolymer
matrix,16,17 the ferroelectric and piezoelectric properties of the
resulting nanocomposites are dramatically enhanced. The
nano-ller in the matrix enhanced the piezoelectric, ferroelec-
tric and mechanical properties of the nanocomposite as
compared with those of the host materials.18,19 The enhanced
ferroelectric properties of P(VDF-TrFE)-based nanocomposite
offer many advantages. For examples, huge conventional ECE at
room temperature is reported for the nanocomposites.20,21 High
dielectric constants of the nanocomposites result in high
breakdown strength.22 The additions of ceramic nano-llers
into the P(VDF-TrFE) matrix are reported to exhibit ultra-high
energy density for electrical energy storage.23–25 Nonetheless,
there is few report on enhancing the negative ECE in P(VDF-
TrFE)-based nanocomposites.

In this work, two-dimensional (2D) graphitic-C3N4 (g-C3N4)
nano-llers are introduced into P(VDF-TrFE) copolymer to
improve its dielectric and ferroelectric properties. To the best of
our knowledge, it is the rst time that 2D g-C3N4 are used as
nano-llers in the P(VDF-TrFE)-based nanocomposites. The
nanocomposites with various contents of g-C3N4 are charac-
terized by different techniques such as FTIR, XRD, PFM and
SEM, and the differential scanning calorimetry (DSC) is
employed to explore the effects of g-C3N4 on the ferroelectric-to-
paraelectric (FE-to-PE) phase transition and the kinetics of
crystallization process in the nanocomposites. The enhanced
dielectric and negative electrocaloric effects of the nano-
composites are investigated, and the effects of 2D g-C3N4 on
those properties are discussed. More importantly, the mecha-
nisms of negative ECE in the nanocomposites are elucidated
from the experimental results.

2. Experimental methods

The g-C3N4 powders were prepared by the calcination of mela-
mine in amuffle furnace at 600 �C in air. The powders were then
mixed with HNO3 and deionized water and were sonicated to
form suspensions. The mixture solution was centrifuged to
form g-C3N4 nanosheets, which were nally washed and dried
to obtain g-C3N4 nano-powders. The nanocomposites contain-
ing P(VDF-TrFE) and g-C3N4 were prepared by adding 0.3 grams
of copolymer [P(VDF-TrFE)-52/48 mol%, Piezotech, France] into
the 5 grams of N,N-dimethylformamide (DMF) solvent. The
solution was kept for 24 hours under magnetic stirring to
dissolve the P(VDF-TrFE) powders completely. Subsequently,
different amounts of g-C3N4 nano-powders were added in the
resultant solution which was kept at 60 �C for 24 hours. The
thick lms of P(VDF-TrFE)/g-C3N4 nanocomposites with various
contents of g-C3N4 (15–50 wt%) were obtained by tape casting
on a copper substrate and were dried in an oven at 70 �C. The
lm thickness was 30–100 mm.

The X-ray diffraction (XRD) patterns of the samples was ob-
tained by Rigaku Smart Lab diffractometer operated at 45 kV
and 200 mA using Cu Ka radiation (l ¼ 0.154 nm). The analysis
on vibrations of molecule bonds in the samples was carried out
by a Fourier-transform infrared spectrometer (FT-IR, Nicolet
iS50). The microstructures of nanocomposite were analyzed by
15918 | RSC Adv., 2019, 9, 15917–15925
scanning transmission electron microscopy (STEM, Jeol JEM-
2100F), piezoelectric force microscopy (PFM, Asylum MFP-3D
Innity) and scanning electron microscopy (SEM, TESCAN,
VEGA3). The thermal analyses on the samples (mass of 20 mg)
were performed in a differential scanning calorimetry (DSC, TA
Instruments Q200) with a heating or cooling rate of 5 �C min�1

from 20 to 180 �C. The samples were coated with silver paste on
the bottom and top surfaces as the electrodes for the
measurement of temperature-dependent dielectric spectrum,
which was performed on an LCR meter (Agilent 4287A). The
temperature-dependent polarization–electric eld (P–E) loops
of the nanocomposite samples was obtained by a ferroelectric
test system (TF Analyzer 2000E, aixACCT) at 30 to 65 �C. The
frequency of the applied electric eld was 10 Hz.
3. Results and discussion
3.1 Characterization

The XRD patterns for P(VDF-TrFE) and P(VDF-TrFE)/g-C3N4 are
shown in Fig. 1. Two sharp peaks at 18.56� and 19� are
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 PFM signals of surface morphology (height) (a), piezoelectric
amplitude (b) and phase (c) for P(VDF-TrFE)/g-C3N4, respectively.
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associated with the {110} and {200} planes of the a and b phases
of P(VDF-TrFE), respectively.24 The two prominent peaks at
13.04� and 27.51� indexed as (100) and (002) are related with the
in-plane structural packing motif units and the interlayer
stacking of aromatic of tri-s-triazine segments in g-C3N4,
respectively.26,27 In the XRD patterns for the nanocomposite,
there is a broad peak related with the a-phase and b-phase in
P(VDF-TrFE) and the peak intensity decreases gradually with
increasing content of g-C3N4, suggesting the strong interaction
between g-C3N4 and the copolymer, as shown in Fig. 1(b). The
peak is located at 2q ¼ 18.79�, which is close to that (2q ¼ 19�)
for the b-phase. As shown in Fig. 1(c), the board peak for
nanocomposite is analyzed and shows the de-convoluted peaks
for a and b phases separately. The peak for b-phase of the
nanocomposite can be found to locate at 2q ¼ 19�, which is the
same as that of the matrix P(VDF-TrFE).

The surface morphology and microstructure of the P(VDF-
TrFE)/g-C3N4 nanocomposites are shown in Fig. 2 and 3. Typical
PFM signals of surface morphology (height), piezoelectric
amplitude and phase for the P(VDF-TrFE)/g-C3N4 nano-
composites are shown in Fig. 2(a)–(c), respectively, suggesting
the uniform distribution of g-C3N4 with sizes of 30–50 nm in the
copolymer matrix. The AFM images of g-C3N4 and nano-
composites with 25 wt% g-C3N4 further reveal that the sizes of g-
C3N4 nano-powder are as small as 20 nm, as shown in Fig. 3(a
and b). The SEM images of copolymer and nanocomposites with
33 wt% g-C3N4 indicate the presence of pores in the copolymer
(Fig. 3(c)), while the g-C3N4 nano-powders are uniformly
distributed in the nanocomposites (Fig. 3(d)). Furthermore, the
nanocomposite microstructure is investigated by STEM images,
which reveals that the sizes of the nano-ller powder g-C3N4 are
around 20–30 nm, as shown in Fig. 3(e and f), in consistent with
those estimated from the PFM images in Fig. 2.

The effects of g-C3N4 on the phase transitions in P(VDF-TrFE)
are revealed by thermal analyses on the nanocomposite. Fig. 4
shows the DSC results, suggesting that the ferroelectric-to-
paraelectric phase transition and melting transition in P(VDF-
TrFE) could be signicantly affected by the additions of g-
C3N4. As shown in Fig. 4(a and b), the FE-to-PE phase transition
temperature Tc and themelting point Tm of the nanocomposites
under heating exhibit maxima near a g-C3N4 content of about
25–33 wt%, while the latent heats of phase transitions decrease
with increasing content of g-C3N4. It can be seen that Tc (at
heating) could be increased by almost 2 �C from 61.38 �C to
63.24 �C, as shown in Fig. 4(c), demonstrating that the addition
of less than 33 wt% g-C3N4 improves the content of b-phase of
P(VDF-TrFE) in the nanocomposite.11,28 On the contrary, the
crystallization temperature (Tm at cooling) of P(VDF-TrFE) is
found to be increased from 139.21 �C to 145.38 �C as shown in
Fig. 4(d), suggesting that the degree of crystallization of the
nanocomposite is increased by introducing g-C3N4 nano-
powders in the P(VDF-TrFE) matrix.29

In order to analyze the kinetics of crystallization in the
nanocomposites, the samples are rst heated to 180 �C well
above the melting point and kept for 20 minutes, and then
cooled down rapidly with a cooling rate of 80 �C min�1 to
a crystallization temperature (between 130 �C and 155 �C) close
This journal is © The Royal Society of Chemistry 2019
to the melting point of the samples. The samples are held for 20
minutes at the crystallization temperature. The crystallization
fraction c(t) of the samples are determined by the following
equation30

cðtÞ ¼
Ð t
0

�dH
dt

�
dt

ÐN
0

�dH
dt

�
dt

; (1)

where H(t) represents the enthalpy of the crystallization and t
represents time elapsed in the crystallization processes. The
RSC Adv., 2019, 9, 15917–15925 | 15919
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Fig. 3 AFM images of the surface morphology of g-C3N4 (a), P(VDF-TrFE)/g-C3N4 (25 wt%) (b); and SEM images of P(VDF-TrFE) (c), P(VDF-TrFE)/
g-C3N4 (33 wt%) (d); and STEM images of P(VDF-TrFE)/g-C3N4 nanocomposite at high magnifications (e and f).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
52

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
completion of the crystallization processes is represented by
time limit integration in the denominator in the above equa-
tion. By using the value of the crystallization fraction c(t) from
eqn (1), the feature of crystallization processes is elaborated
using Avrami equation,31–33 as follows:

log[�ln(1 � x)] ¼ log Z + n log t, (2)

where Z stands for crystallization rate and n is the Avrami
exponent, which determine the nature of crystallization
processes.29,30 Quantitatively, n describes the dimensionality of
the space where the crystallization occurs.
15920 | RSC Adv., 2019, 9, 15917–15925
Similar procedures are applied to analyze the kinetics of FE-
to-PE transition, while the temperature for the isothermal DSC
analysis should be below Tc and c(t) represents the fraction of
polar b phase in P(VDF-TrFE). The isothermal FE-to-PE tran-
sition and crystallization processes are characterized by tting
c(t) using eqn (2), as shown in Fig. 5. The Avrami exponents n
for the nanocomposites with different contents of g-C3N4 are
listed in Table 1. It can be seen that the values of exponents n
for P(VDF-TrFE) and P(VDF-TrFE)/g-C3N4 are almost one,
revealing that P(VDF-TrFE) and the nanocomposites could
exhibit one-dimensional kinetics of phase transitions at Tc
and Tm.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02428j


Fig. 4 The FE-to-PE transition temperature Tc (a), andmelting or crystallization temperature Tm (b) vs. content of g-C3N4. Typical DSC heat flow
close to Tc (c), and Tm (d), with a temperature varying rate of 5 �C min�1.
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The interactions between P(VDF-TrFE) and g-C3N4 in the
nanocomposites are further investigated by FT-IR spectroscopy.
As shown in Fig. 6(a), for g-C3N4, the broad peaks centered at
3170 cm�1 in the spectra shown are attributed to the N–H
stretching vibrationmode34 while the sharp peaks at 1234 cm�1,
1317 cm�1 and 1400 cm�1 are assigned to the C–N stretching
vibration mode.35 The peak at 804 cm�1 corresponds to the
breathing mode of triazine system.36 The three intense bands
for b-phase of P(VDF-TrFE) are represented at 847 cm�1,
1285 cm�1 and 1400 cm�1 in the FT-IR spectra as shown in
Fig. 6(b). The absorption band at 1400 cm�1 is assigned to the
wagging vibration of CH2 (ref. 37 and 38) and the bands at
847 cm�1 and 1287 cm�1 are attributed to CF2 due to the
symmetric stretching mode.39 The band around 2920 cm�1

represent symmetric stretching while the band around
2969 cm�1 represent asymmetrical stretching of CH2.40 For the
nanocomposites containing P(VDF-TrFE) and g-C3N4, as shown
in Fig. 6(b), the b-phase bands for P(VDF-TrFE) are enhanced by
adding nano-llers to the nanocomposite while a sharp peak at
about 804 cm�1 representing the presence of g-C3N4 can be
observed. The result reveals that b-phase content of the nano-
composite increases with increasing content of g-C3N4.
Furthermore, it is believed that the strong interaction exists
between C–H molecules of the P(VDF-TrFE) and the NH2

molecules of g-C3N4 because of the formation of NH3 as
This journal is © The Royal Society of Chemistry 2019
reported in ref. 41 and shown in Fig. 6(b) (inset), manifesting
itself by the peaks at 3357 cm�1 and 3395 cm�1 for P(VDF-TrFE)-
15% C3N4.

The temperature-dependent dielectric constants of the
P(VDF-TrFE) and nanocomposite P(VDF-TrFE)/g-C3N4 are char-
acterized at different frequencies as shown in Fig. 7. The
temperature-dependent permittivity for the pristine P(VDF-
TrFE) and nanocomposite P(VDF-TrFE)-15% C3N4 at 100 kHz
is shown in Fig. 7(a). By introducing the nanollers, the
permittivity of the nanocomposite is signicantly increased as
compared to the pristine P(VDF-TrFE). The enhanced dielectric
permittivity of the nanocomposite could be related with its
increased b-phase content as demonstrated by the DSC analysis
and FT-IR spectroscopy, resulting in the improved polarization
in the nanocomposite as compared with that in the pristine
copolymer. The temperature-dependent permittivity of the
nanocomposite at the frequencies ranging from 1 kHz to 2 MHz
is shown in the Fig. 7(b). The broad peak around 70 �C is
attributed to FE-to-PE phase transition and has typically relaxor
behaviors characterized by the non-Arrhenius dielectric
relaxation.

3.2 Negative electro-caloric effects

The ferroelectric properties of the nanocomposite are further
investigated by P–E loop measurements. The hysteresis loops
RSC Adv., 2019, 9, 15917–15925 | 15921
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Fig. 5 The fitting of the phase transition fraction c(t) close to Tc for P(VDF-TrFE) (a), and P(VDF-TrFE)/15 wt% g-C3N4 (b); and the fitting of the
crystallization fraction c(t) close to Tm for P(VDF-TrFE) (c), and P(VDF-TrFE)/g-C3N4(15 wt%) (d), based on the Avrami equation.
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form when the varying electric eld is applied to the sample and
the remnant polarization changes with the temperature. As
shown in Fig. 8(a), the P–E loops of P(VDF-TrFE)-15% C3N4

nanocomposite show large response to the change of temper-
ature at high electric elds. Adding the nano-powder of g-C3N4

into the ferroelectric P(VDF-TrFE) enhances the ferroelectric
properties, consistent with that reported for nanocomposite
P(VDF-TrFE)/BST.42 The electrocaloric temperature changes
(DT) are calculated by thermodynamics Maxwell's equation as

DT ¼ �1

r

ðE2

E1

T

CE

�
vP

vT

�
E

dE; (3)

where CE is the specic heat capacity, r is the density and T is
the absolute ambient temperature and E1 and E2 are the applied
electric elds. The values of (vP/vT)E are calculated from the
h-order polynomial ts of the Pmax(T) data, where Pmax is the
polarization under the maximum applied eld. The ECE
temperature changes DT determined by eqn (3) are shown in
Table 1 The Avrami exponent n ¼ n0 or n1 for the kinetics of phase
transitions close to Tc or Tm, respectively

wt% g-C3N4 0 15 25 33 40 50
n0 40 �C 1.1742 1.1525 1.1366 1.1615 1.2278 1.1751

45 �C 0.9186 1.0568 0.9766 1.1918 1.2390 1.0102
n1 142 �C 1.0187 0.9701 1.0518 1.1615 1.1210 1.0365

148 �C 1.062 0.868 0.9821 1.1918 1.0043 0.9522

15922 | RSC Adv., 2019, 9, 15917–15925
Fig. 8(b), indicating a negative ECE in the P(VDF-TrFE)/g-C3N4

nanocomposites below Tc. The maximum (absolute) values of
negative ECE (5.4 K) are observed at 322 K under 0.45 MV cm�1,
for the P(VDF-TrFE)-15% C3N4 nanocomposite sample as shown
in Fig. 8(b). The strength of negative ECE of P(VDF-TrFE)-15%
C3N4 (12.0 �C (MV cm�1)�1) is better than that (�1.24 �C
(MV cm�1)�1) of P(VDF-TrFE) and is even comparable to the
conventional ECE value (10–15 �C (MV cm�1)�1) for terpolymer
P(VDF-TrFE-CFE).43 More importantly, the negative ECE in the
P(VDF-TrFE)-15% C3N4 nanocomposite is found to be compa-
rable to that of PZT-based thin lms under much higher applied
elds,15 suggesting that the P(VDF-TrFE)/g-C3N4 nano-
composites could be advantageous over ceramic thin lms for
ECE applications.
3.3 Discussion

As shown in Fig. 7(b), the dielectric relaxation close to the FE-to-
PE transition shows typical relaxor characteristics, which could
be characterized by the Vogel–Fulcher–Tammann (VFT) relation
as follows:42

f ¼ f0e
�Ea/kB(T�T0), (4)

where f is the test frequency and T is the peak temperature; Ea is
the apparent activation energy, f0 is the attempt frequency and
T0 is the so-call freezing temperature and kB is Boltzmann
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 FT-IR spectra for g-C3N4 (a), P(VDF-TrFE) and the nano-
composites with different contents of g-C3N4 (b). The inset in (a) and
(b) shows the schematic of P(VDF-TrFE)/g-C3N4, and the zoom-in
view of (b), respectively.

Fig. 7 (a) The temperature-dependent permittivity of P(VDF-TrFE) and
the P(VDF-TrFE)-15% C3N4 nanocomposites at 100 kHz (a); (b) the
dielectric relaxation of P(VDF-TrFE)-15% C3N4 nanocomposite; the
inset shows the VFT plots.
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constant. The activation energy of the nanocomposites is
calculated by using eqn (4). The linear tting of ln f versus 1/(T�
T0) is shown in Fig. 7(b) (inset) for copolymer and nano-
composites. The apparent activation energy Ea ¼ 0.01 eV (T0 ¼
60 �C) and Ea ¼ 0.0058 eV (T0 ¼ 60 �C) are determined for the
nanocomposites with 15 wt% and 25 wt% g-C3N4, respectively.
While for pure P(VDF-TrFE), Ea ¼ 0.0075 eV with T0 ¼ 60 �C is
recorded. It could be found that T0 is very close to the Curie
temperature Tc shown in Fig. 4(a).

It is worth noting that eqn (4) in the description of dielectric
relaxation of the nanocomposite is derived from Kauzmann
theory for glassy solids. The entropy S of a glassy solid is
described as:44

S ¼ S0e
�Ea/kB(T�T0), (5)

where S0 is a pre-exponential factor, and T0 is dened as
a Kauzmann temperature at which the entropy becomes zero.
The fact that the dielectric relaxation is well tted with eqn (4)
implies that the nanocomposites at the FE state possess a glassy
polar domain structure, which could explain the negative ECE
This journal is © The Royal Society of Chemistry 2019
below T0, as shown in Fig. 8(b). Based on the Kauzmann theory,
the congurational entropy of the FE states above T0 is nonzero,
manifesting itself to be increased or decreased under the
removal or application of an electric eld, respectively, i.e.,
a conventional ECE. Below T0, on the contrary, the congura-
tional entropy could be zero according to eqn (5). Therefore the
entropy of the nanocomposite has to be increased under the
application of an electric eld, which is a typical behavior of
negative ECE as described by the thermodynamics Maxwell's
relation ((vS/vE)|T ¼ (vP/vT)|E > 0) and eqn (3).

More importantly, the Kauzmann theory for negative ECE
can well explain why the maximum (absolute) values of negative
ECE for the P(VDF-TrFE)-15% C3N4 nanocomposite is the
largest. Since the negative ECE in the nanocomposites could be
related with their glassy states of the polar domains, based on
eqn (4), the activation energy Ea that measures the energy
barrier for the freezing of glassy polar domain structures with
zero entropy S, can be used to measure the strength of negative
ECE. For the nanocomposite with a larger Ea, the activation of
RSC Adv., 2019, 9, 15917–15925 | 15923
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Fig. 8 (a) Temperature-dependent P–E loops of P(VDF-TrFE)-15%
C3N4 nanocomposite at different applied electric fields (320–400
kV cm�1). (b) The negative ECE temperature change DT versus T for
copolymer and the nanocomposites P(VDF-TrFE)/g-C3N4 under an
electric field of 450 kV cm�1.
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its frozen glassy polar state (S ¼ 0) by the applied electric elds
could result in a higher entropy change. As a consequence, the
negative ECE as measured by the absolute value of ECE
temperature change, could increase with increasing Ea that
measures the relaxation process of glassy polar domain struc-
tures. As shown in Fig. 7(b) (inset), the P(VDF-TrFE)-15% C3N4

nanocomposite has the largest Ea as compared with that of
P(VDF-TrFE)-25% C3N4 or the pristine copolymer. Hence, the
P(VDF-TrFE)-15% C3N4 nanocomposite has the largest negative
ECE.
4. Conclusions

Nanocomposites containing P(VDF-TrFE) and g-C3N4 are
prepared to improve the dielectric and ferroelectric properties
of P(VDF-TrFE). The thermal analyses on the nanocomposites
reveal that the degree of crystallization of P(VDF-TrFE) is
enhanced by the addition of g-C3N4. Particularly, when the
content of g-C3N4 is less than 33 wt%, the content of polar
15924 | RSC Adv., 2019, 9, 15917–15925
b phase in P(VDF-TrFE) increases with increasing content of g-
C3N4 in the nanocomposites. The effects of g-C3N4 on the
ferroelectric-to-paraelectric phase transition and the crystalli-
zation of P(VDF-TrFE) are attributed to the strong interaction
between the NH2 groups in g-C3N4 and the CH groups in P(VDF-
TrFE), which is revealed by the FT-IR spectroscopy. The negative
ECE of nanocomposites can be well described by Kauzmann
theory, and the absolute value of ECE temperature change of the
nanocomposite is found to be maximized with 15 wt% addition
of g-C3N4. The results suggest that the addition of g-C3N4 in the
ferroelectric copolymer is an effective approach in improving its
dielectric, ferroelectric and ECE properties.
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