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Enhanced Dielectric and Ferroelectric Properties of Core-Shell Structure of
SrTiOyPVDF Composite Films Cross-Linked with Silane Coupling Agent

SUI Yan® ZHOU Kai-Hao HUANG Jian-Gen ZHU Ying ZENG Gui-Bing OUYANG Shu-Xia
(Jiangxt Province Key Laboratory of Coordination Chemistry, School of Chemistry and
Chemical Engineering, Jinggangshan University, Ji'an, Jiangxi 343009, China)

Abstract: Core-shell structure of SrTiOyPVDF composite films cross-linked with silane coupling agent 3-
aminopropyltriethoxysilane (3-APTS) were prepared by solution casting method and characterized by XRD, FTIR,
TG, DSC, SEM, dielectric and ferroelectric test. SrTiO; (ST) can be homogeneously distributed into PVDF matrix
without obvious agglomeration in the presence of silane coupling agent, which may be related to the formation of
core-shell structure in which 3-APTS acts as a cross-linker between polymer and inorganic material. The
introduction of ST is helpful to improve the crystallinity, but will lead to a slight decrease in the electroactive -
phase content of composite films. The dielectric constant of composite film will increase up to 2.5 times larger
than that of neat PVDF when the mass content of ST is up to 30%, and without leading to obvious increase of
dielectric losses. Meanwhile, the P, value of this film is increased up to about two times larger than that of pure
PVDF. Our study suggests that the incorporation of surface modified ST into PVDF matrix is a useful way to

obtain well dispersed film and improve its dielectric and ferroelectric property.
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Poly(vinylidene fluoride) (PVDF) has been a widely
studied polymer due to its ferroelectric, piezoelectric
and pyroelectric properties!. PVDF has at least four
different polymorphs, including the non-polar a-phase

[6-7]
2

and the polar B, y and & phases in which polar 8-
phase with all the fluorine atoms located on the same
side of PVDF chains is of most interest, because it
has a much higher polarity than other phases, therefore
the highest

activities®, But PVDF is usually limited by its low

piezo, pyroelectric and ferroelectric
dielectric constant, in the application fields of elec-
tronic and electrical systems for energy pulse and
power conditioning. In order to solve this problem,
one of methods is to incorporate ferroelectric ceramics
(such as BaTiO;, Ba,Sr, TiOs, Pb (Zr, Ti)Os) with high
dielectric constant into PVDF matrix!""'", However,
high volume fraction (>50%, V/V) of ceramics will
always have to be used, which suffering from the

12 Insoluble inorganic

drawback of poor dispersion
ceramics are usually difficult to be homogeneously
dispersed into PVDF matrix, even in nano-scale. How
to separate insoluble inorganic ceramics into PVDF
matrix is still a challenge.

In this study, silane coupling agent 3-amino-
propyltriethoxysilane (3-APTS) was used to help the
dispersion of insoluble SrTiO; (ST) into PVDF matrix.
3-APTS could act as a cross-linker between polymer
and inorganic material to form a core-shell structure,
in which SrTiO; is the “core” and PVDF is the “shell”.
SrTiO; is a well known paraelectric material with
versatile technological applications for its interesting

U4 hut it is rarely used as the

physical properties
filler of PVDF!'. The paraelectric material may
provide a relatively high dielectric constant while
eliminating the remnant polarization of the composites.
The present work involves the fabrication of ST/PVDF
composite films and the influence of ST upon the
structure, crystallinity, thermal stability, dielectric and

ferroelectric properties.
1 Experimental

1.1 Materials

All the chemicals used in this reaction were

analytical grade and used as purchased from Shanghai
Adamas Reagent Co., Ltd (Shanghai, China). PVDF
[ CH,-CF,>-,] of average molecular weight 534000
and N,N-dimethyl formamide (DMF) (C;H;NO) for the
fabrication of polymer composite film.

1.2 Characterization

(XRD; Bruker D8 Advance
System, Germany) was performed at room temperature
with Cu-target Ko radiation (A=0.154 nm) at 40 kV
and 40 mA over the 260 range of 10°~40°. Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700,

X-ray diffraction

thermoscientific USA) was carried out over a range
of 500~4 000 cm™. The melting and crystallization
behaviours of PVDF composite films were carried out
on a differential scanning calorimeter DSC Q2000 TA
Instruments. The sample was heated to 200 C at a
rate of 10 °C+min™! and held at 200 °C for 5 min, and
then cooled to 30 C at a rate of 10 “C+-min™ to record
the non-isothermal melting and crystallization behav-
iour. Complex dielectric permittivity was performed
using automatic impedance TongHui 2828 Analyzer.
The measuring AC voltage was 1 V. The electric hyst-
eresis loops were recorded on a Ferroelectric Tester
Multiferroic made by Radiant Technologies, Inc. For
the dielectric measurement, the composite films were
deposited with silver conducting glue on two opposite
sides and extended by copper wires. The morphologies
were observed with field emission scanning electron
microscope (FE-SEM) performed on JEOL JSM-6700F.
Thermogravimetric analysis (TGA) was performed using
a NETZSCH TG 209 F3 thermogravimetric analyzer.
1.3 Preparation of ST/PVDF composite films
PVDF powder was dissolved in DMF at 60 °C by
magnetic stirring to yield a clear solution (10%, w/w).
Certain amount of powdered ST (over 200 mesh) was
treated in the solution of 3-APTS in ethanol/water (95:
5, VIV) at 60 °C for 2 h. The molar amount of 3-APTS
is more than twice of ST. The ST suspension was
added into above PVDF solution. The mixture solution
was magnetic agitated at 60 °C for 3 h and ultra-
sonicated for 1 h. Before casting, the mixture solution
was degassed under vacuum overnight to eliminate the

air bubbles. Subsequently, the solutions were cast on
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quartz glass substrates and incubated in an oven at 70
°C for 30 min to ensure the removal of solvent traces.
Samples were denoted as STS, ST10, ST15, ST20,
ST25 and ST30 according to the mass content of ST in

composite films.
2 Results and discussion

2.1 X-ray diffraction analysis

It is a usual method to determine the crystalline
phase of PVDF matrix by X-ray diffraction. Fig.1
shows the X-ray diffraction patterns of neat PVDF and
ST/PVDF composite films. All the samples exhibit a
strong crystalline peak at 26=20.4° assigned to polar
B-phase and a weak peak at 18.6° assigned to non-
polar a-phase!”"™, which indicates that they are 8-
phase dominated. With the addition of ST, a tiny peak
appearing at 20=36.4° further confirmed the nucleation
of B-phase™. With the increase in ST content, a peak
at 20=32.4° corresponding to the characteristic peak
of ST becomes more and more obvious, indicating the
presence of ST in composite films. It can also be
noticed that the intensity of a-phase characteristic
peak (20=18.6°) has a little increase with the inclus-
ion of ST, which means that the introduction of ST
may lead to a slight decrease in the electroactive B-

phase content.

isT30

ST25

——5T20

Fig.1 X-ray diffraction patterns of neat PVDF and
ST/PVDF composite films

2.2 FTIR spectra analysis
Fig.2A is the FTIR spectra of PVDF and ST/

PVDF composite films. According to the reported
data®* the vibration band at 840 ¢m™ (CH, rocking
and CF, asymmetric stretching vibration) should be
assigned to [B-phase, whereas the vibration band at
763 cm™ (CF, bending and skeletal bending) should be
ascribed to a-phase. As shown in Fig.2A, the intensity
of vibration band at 840 cm™ representing B-phase is
very high, whereas the vibration band at 763 cm ™
assigned for a-phase is almost invisible, which
indicates that all the samples are B-phase dominated.
This is consistent with the result obtained from X-ray
diffraction analysis. It is normal that neat PVDF is -
phase dominated when the solution casting temper-
ature is below 80 °C™. In addition, a broad peak
appears at 3 600~3 200 cm™ with the incorporation of
ST, which indicates that there should have strong

hydrogen bond interactions in composite films.

A)

— T T T v T " T " 7/ T T T T T T T T 1
4000 3800 3600 3400 3200 1400 1200 1000 800 600
‘Wavenumber / cm™

0.8
(B)
™ 0.7
0.6
0 S 10 15 20 25 30

Mass fraction of SrTiO, / %

Fig.2 FTIR spectra (A) and the calculated B-phase
fraction (B) of PVDF and ST/PVDF

composite films
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According to the reported method™, the relative
amounts of B-phase in crystalline PVDF matrix can be
quantified with equation (1):

AB

&:EEE:@’ 1)

Here Fjy represents the relative mass fraction of the 8-

"and

phase, A, and Ay are the absorbance at 763 c¢cm~
840 cm™ corresponding to the a- and B-phases, respe-
ctively. As shown in Fig.2B, the calculated result
shows that Fj value gradually decreases with the
increase in ST content in PVDF matrix. This is also
consistent with the X-ray diffraction analysis results.
The addition of ST may slightly slow down B-phase
crystallization process.
2.3 TG and DSC analysis

Fig.3 shows TG curves of neat PVDF and ST/
PVDF composite films. The introduction of ST has no
obvious influence upon their thermal stability, but
leads to a faster weight loss process before 450 °C,
which may be related to the gradually decomposing of

silane coupling agent.

100

200 400 600 800
Temperature / 'C

Fig.3 TG curves of PVDF and ST/PVDF composite films

Fig.4 shows the heating and cooling DSC curves
of PVDF and ST/PVDF composite films. These
reversible peaks should be related to the melting and
crystallization process, respectively. The melting peak
temperature (7,) of neat PVDF is 157.8 °C, and it
increases up to 162~164 C with the addition of ST.
The crystallization temperature (T.) of neat PVDF is
132.8 °C, and it has a little increase after the addition
of ST. This difference may be related to the initial
crystallinity of samples. According to the reported
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Fig.4 DSC curves of PVDF and ST/PVDF composite
films
method™, the crystallinity can be calculated based on

the following equation (2):

AH
X (%6)=——"—5x100% 2)

(1-p)AH

Where AH, is the melting heat of samples, is the
weight percentage of ST in PVDF matrix, AH,® is the
melting heat of 100% crystalline PVDF, which is
93.07 and 130.40 J -g ™' for pure a- and B-phase
PVDF, respectively. AH,©=93.07F,+103.40F} is used
for the calculation (F,=1-Fp). The calculated results
reveal that the crystallinity (X,) of PVDF, ST10, ST20
and ST30 is 36.64%, 37.43%, 42.00% and 51.46%,
respectively. The gradually increasing crystallinity
maybe related to the heterogeneous nuclei effect with
modified ST as nuclei centers.
2.4 Morphology characterization

The dispersion state of ST in PVDF matrix was
examined by SEM. As shown in Fig.5, ST was
homogeneously dispersed into PVDF matrix without
obvious agglomeration in the presence of 3-APTS.
PVDF exhibits as large amount of spheres with the
diameter varied from 5 to 8 wm, which is also the
characteristic of B-phase, because a- and vy-phase
dominated PVDF usually have diameter greater than
10 pm™. In order to investigate the influence of 3-
APTS, another experiment was done under the same
condition but without using 3-APTS, and the film was
denoted as ST30* when 30% of ST was used. The
SEM images of ST30* were given in Fig.6. Obviously,
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Superior flexibility is demonstrated by a macroscopic image

shown in the inset of D
Fig.5 SEM images of ST30 with magnification times of

500, 1 000, 3 000 and 5 000 respectively for A,
B, Cand D

Fig.6 SEM images of ST/PVDF composite film (ST30%*)
without using 3-APTS with magnification times of
500, 1 000, 3 000 and 5 000 respectively for A,
B, C and D

ST cannot be well separated into PVDF matrix without
of 3-APTS. Not only the

agglomeration can be found, but also the border of

the  participation

sphere becomes indistinct. The improvement of
dispersion state in the presence of 3-APTS should be
related to the formation of core-shell structure.
2.5 Proposed structure

As known, 3-aminopropyltriethoxysilane (3-APTS)
can be used to couple polymer and inorganic filler

through active amino and ethoxy groups to improve its

adhesive, mechanical, electrical property and so on.
For ST/PVDF composite films, the proposed core-shell
structure is shown in Fig.7. The silane coupling agent
3-APTS seems like a linker between ST and PVDF.
At one end of 3-APTS, three ethoxy groups is
hydrolyzed and linked with ST through Si-O-Ti or Si-
O-Sr bonds; At the other end, the amino group is
penetrated into PVDF matrix through N-H---F hydro-
gen bond interactions. Some evidence can also be
found from FTIR spectra. There are broad peaks at
3 600~3 200 cm™ just appeared after the addition of
ST, which should be N -H --- F hydrogen bond
interactions. The interaction between ST and 3-APTS
can also be confirmed by the observation of Ti-O-Si
vibration band (about 960 ¢m™)*%

Fig.7 Proposed core-shell structure of ST/PVDF
composite films cross-linked with 3-APTS

2.6 Dielectric properties

The temperature-dependent dielectric properties
are investigated and shown in Fig.8A and Fig.8B. As
shown in Fig.8A, the dielectric constants gradually
increase with the addition of ST. When ST content is
up to 30%, the dielectric constant increases up to
22.1 at room temperature, which is about 2.5 times
larger than that of neat PVDF (8.7). With temperature
increasing, the dielectric constant has a little increase
before 140 °C, then exhibit an obvious dielectric
abnormal due to the melting phase transition of PVDF
for all the samples. With the addition of ST, this
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Fig.8 Variable-temperature dielectric constants (A, top)
and losses (B, bottom) of PVDF and ST/PVDF

composite films

dielectric abnormal becomes more and more obvious.
This difference should be resulted from the strong
interaction between ST and PVDF  (such as N-H---F
hydrogen bond), which will be weakened or destroyed
for the melting phase transition. The dielectric losses
(Fig.8B). These
results indicated that the dielectric constants of PVDF

still remain very low before 140 °C

films could be improved by incorporating ST modified
with 3-APTS, without leading to obvious influence
upon dielectric losses.

The frequency-dependent dielectric properties at
room temperature are shown in Fig9A and Fig.9B,
respectively. The dielectric constants of ST/PVDF
composite films gradually decrease with frequency
increasing. This is mainly due to the reduction in the
interfacial polarization (namely Maxwell-Wagner-Sillars

effect) and space charge polarization. Interfacial

Frequency / Hz

Fig.9 Variable-frequency dielectric constants (A, top)
and losses (B, bottom) of PVDF and ST/PVDF

composite films

polarization and space charge polarization mainly work
in the low-frequency range due to their long relaxation
time!. Fig.9B shows that the dielectric losses still
remain at low values.
2.7 Ferroelectric properties

The ferroelectric behaviours of PVDF and ST/
PVDF composite films are investigated and shown in
Fig.10. The ideal P-E loops obviously indicate the
ferroelectric property. At the same electric field, ST/
PVDF composite films exhibit better ferroelectric
property than neat PVDF, which indicated that doping
with ST modified with 3-APTS could also be a useful
way to improve the ferroelectric properties of PVDF
films. ST30 gives a
wC m= and E, 32.9 kV-cm™ at the electric field of
58.3 kV -cm ™. The P. value of ST30 is about two
times larger than that of pure PVDF.

spontaneous polarization (P) 11.5
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Fig.10  P-E hysteresis loops of PVDF and ST/PVDF

composite films at the same electric field

3 Conclusions

In summary, paraelectric ST modified with 3-
APTS was homogeneously distributed into PVDF
matrix to form a core-shell structure of ST/PVDF
composite film. With the increase in ST content, the
crystallinity of composite films was improved, but the
B-phase content slightly decreased. The dielectric and
ferroelectric properties could be significantly improved

by incorporating paraelectric ST into PVDF.
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