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Abstract

Polymer dielectrics with synergistic large dielectric constant (¢) and high breakdown field strength (E,) have important
applications in electronics device and electrical industry. In this work, to enhance the integrated dielectric characteristics
of lead zirconate titanate (PZT)/poly(vinylidene fluoride) (PVDF), an insulating magnesia (MgO) shell was constructed on
the surface of PZT via a facile chemical precipitation, and the prepared core @shell structured PZT @MgO particles were
composited with PVDF to anticipate both high &' and E, but low loss. We explored how the filler loading and MgO shell
thickness, frequency affect the dielectric performances of PZT/PVDF composites. The results confirm that the PZT @MgO/
PVDF composites show simultaneously improved &' and E, along with low loss over the pristine PZT/PVDF because the
MgO interlayer induces multiple-scale polarizations in PZT @MgO/PVDF and clearly boosts the E, due to markedly prohib-
ited charge injection and migration and electrical branch growth. The optimized &' and E, in composites can be realized by
controlling the MgO shell thickness. The theoretic fitting of experimental results by the Havriliak-Negami equation further
uncovers the MgO shell’ impact on the polarization mechanism and expounds the inhibiting effect on carrier migration across
the composites. The resulting PZT @MgO/PVDF composite dielectrics having both high ¢’ and E, but extremely low loss,
display appealing uses in the electrical industries.
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Introduction

Recently, numerous experimental and theoretical efforts
focus on dielectric materials with high dielectric permittiv-
ity (&"), low dissipation factor (tand) and high breakdown
strength (E,) for civil as well as military power electron-
ics devices, such as medical-defibrillators, power grids,
and hybrid electric vehicles (HEVs) [1, 2], etc. In the two
common types of dielectrics, traditional dielectric ceram-
ics deliver considerably high ¢’ and relatively low loss or
tand, like barium titanate (BT) and barium strontium titanate
(BST), but their low E, of 200-400 kV/cm and high sintering
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temperature become a serious bottleneck for high voltage
power equipment. While polymer dielectrics have gained
tremendous momentum in the study of electrical insulating
substances by distinct advantages of outstanding E,, extra-
low tand, light weight and ease of processing. However, the
rather low &’ (~ 10) of polymers limits their further exten-
sive applications in energy storage device [3-5]. As a con-
sequence, the current development needs of microelectronic
industry cannot be met by a single dielectric material. In
order to settle this problem, incorporation of inorganic fillers
into polymers to prepare composite dielectrics is one of the
preferred methods [6-8].

For the moment, there are two different types of com-
paratively easy approaches to acquire high &' polymer die-
lectrics. One way is dispersing conductive fillers into insu-
lating polymer matrix, such as carbon-based compounds
including carbon black, carbon nanotubes (CNT), graphite,
and metal materials (copper, zinc, nickel and so on.) [9-
11], etc. The &' of polymer composites containing conduc-
tive fillers suddenly surges as the filler loading approaches
to the percolation threshold (f,), but the remarkably high
€' is always accompanied with a large loss because of the
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formation of conductive paths, thereby leading to increased
leakage conductivity [3, 5]. Another effective way is doping
polymers with giant &’ ceramic fillers, including BT, BST,
SrTiO;, CaCu;Ti 0,5, etc. Theoretically speaking, excel-
lent dielectric properties could be realized in the ceramic/
polymer composites attributive to the combination of high
g' of the fillers and large E, of the polymers. But in reality,
the high &’ induced by high concentration ceramic fillers is
always at the expense of deteriorative E, due to the large
contrast in both &' and conductivity between ceramic fillers
and polymers, as apart from the poor interfacial compat-
ibility and defects [12-14]. For example, Ma et al. integrated
the BT into polyvinylidene fluoride (PVDF), confirming
that the BT/PVDF has a higher ¢’ than PVDF, but the E
greatly decreases from 150.6 kV/mm of pure PVDF to
58.5 kV/mm of 30 vol% BT/PVDF [15].

Currently, efforts have been made to compensate the
decreased E,, the surface encapsulation by an insulating
layer on ceramic or conductive particles is the most widely
adopted strategy. Typical insulating shells are divided into
organic shell including polydopamine (PDA) [16], polysty-
rene [17], polymethyl methacrylate [18] and inorganic shell,
such as Al,O5 [19], Si0O, [20], SiC [21]. For organic shell,
Xie et al. created a novel core-shell structured nanofiller
by grafting hyperbranched aromatic polyamide (HBP) onto
the surface of BT, and confirmed that the BT-HBP filler
contributes to an unexpected E, for the composites when
compared to raw BT [22]. Fan et al. studied the E, of poly-
lactic acid (PLA) composites containing BT, BT@PDA and
BT@PDA @PLA, and found that contrasted to BT/PLA and
BT@PDA/PLA, the double-shell BT@PDA@PLA/PLA
composites shows significantly enhanced E, [23]. Although
the organic coating with low &' is effective in enhancing the
interfacial compatibility between the fillers and the matrix,
and increasing the E, in composites, it simultaneously weak-
ens the interfacial polarization (IP) effect to decrease the
€' to a certain degree [13, 24, 25]. While by introducing
a thin inorganic interlayer with moderate ¢’ onto the sur-
face of ceramic or conductive fillers can not only construct
multiple interfaces in the composites, thus providing more
probability for enhanced IP, but also serve as an effective
dielectric buffer layer subsequently reducing the diversity
in €’ between fillers and matrix, and blocking the migra-
tion of charge carriers, thereby giving rise to remarkably
increased E,.

Inorganic magnesia (MgO) insulation shell has attracted
great interest in virtue of its high forbidden bandwidth
(~7.8 eV), large resistivity and appropriate &' (~10)
very close to that of PVDF, as well as extremely low
loss (~0.0002). For example, Wang et al. reported that
a novel BaTiO;@MgO core-shell nanostructure intro-
duced into poly(vinylidene fluoride-hexafluoropropylene)
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(P(VDF-HFP)) could maintain a large &' and increase the
E [26] Chen et al. created core-shell structured BT@MgO
particles by a simple chemical precipitation process, and
compared with the virginal BT/PVDF, as a buffer barrier,
the MgO shell not only weakens the localized electric field
distortion at the ceramic/polymer interface resulting in
improved &’ and E;, but also mitigates the mismatched die-
lectric characteristics in the BT/P(VDF-HFP) substrate [27].

Among ferroelectric ceramic fillers, lead zirconate titan-
ate (Pb(Zr,_,Ti,)O3, PZT) is the most promising candidate.
It is a solid solution of antiferroelectric lead zirconate
(PbZrO;) and ferroelectric lead titanate (PbTiO;) [28]. The
composition with Zr/Ti~52/48 exhibits favorable dielectric,
ferroelectric and piezoelectric property below the curie tem-
perature [29]. However, if PZT particle is straightforwardly
used as filler, the high surface energy will make them form
strong agglomeration in a matrix, resulting in a sharp decline
in the E, and capacitive performances of composites. Addi-
tionally, the large dielectric difference between PZT and
polymers will cause local concentration and distortion of
the applied electric field near the ceramic/polymer inter-
face [14]. As a result, until now, it is still a great challenge
to obtain polymeric composites with both high &' and E,
towards energy storage purposes.

Therefore, this work intends to prepare core-shell struc-
tured PZT particles through a chemical precipitation method,
and then the resulting PZT @MgO particles were composited
with PVDF to purposefully obtain morphology-controllable
advantageous dielectric characteristics. And the influences
of filler contents and frequency on the &', loss, electrical
conductivity and E, of composites are comparatively stud-
ied [30]. The findings should provide deep insight into the
search for useful core-shell structured PZT @MgO particles
and their composites with large &' and E, but small loss.

Experimental
Materials

Lead zirconate titanate (PZT) particles were supplied by
Shanghai Dian Yang Industry Co., China. PVDF FR901
was bought from 3F New Materials Co. (Shanghai, China).
Magnesium chloride hexahydrate (MgCl,-6H,O, AR grade)
were provided by Shanghai Yien Chemical Technology Co.,
China. Potassium hydroxide (KOH, AR grade) and Sodium
lauryl sulfate (CH;(CH,),,SO,Na, AR grade) were obtained
from Tianjin Hongyan Chemical Reagent factory, China. N,
N-Dimethylformamide (DMF) was purchased from Tianjin
Chemical Reagent Co., China. Deionized water was provided
from Kemiou Chemical Reagent Co., Ltd., Tianjin, China.



Journal of Polymer Research (2023) 30:281

Page3of16 281

I P

I (%)

MgCl,-6H,0

I i i —
° Dispersing ?Bq ﬂ Stirring +
I o:o: S —_— | ) [

© Lot ~ 5
1 pzT CHy(CH,),SONa -~ OB? 30 min

Stirring ﬁ
> .

—— 80°C,8h ==
= T r

Washing

I _ g
I 6 e e Calcining Drying & .

L0 = et
I - GEe | <—|o Al ” { .“ :”1
1 g PZT@MgO e / |
N B

g1 a2

I =
I ' < PVDE

e I
I — AL

Casting / Hot pressmg . I

I i sti y Drylng
L ey /f/\\ 1]. _

— I

1220°C, 15 MP: MPa
PZT@Mgo/PVDF |

Fig.1 Schematic showing the preparation of PZT @MgO and their PVDF composites

Preparations

The fabrication method for the core-shell PZT @MgO parti-
cles and their PVDF composites is schematically shown in
Fig. 1. Firstly, 1 g PZT particles and 1 g CH;(CH,),;SO,Na
were added into a three-necked flask that included 200 mL
deionized water, and the mixture was ultrasonically treated
for 1 h to prepare stable suspension with good dispersion.
Then, MgCl,-6H,0O with the target amount was added and
stirred by magnetic stirring for 30 min. Next, a suitable
amount of KOH solution was added and the solution’s pH
was changed to fall within the suitable alkalinity range. Sub-
sequently, this mixture was put into a water bath 25 °C with
magnetic stirring for 8 h. Then it was washed with absolute
ethanol and deionized water repeatedly at least three times,
and the samples was put into an oven at 80 °C for 8 h to
remove the residual solvent. Finally, the dry sol was crushed
with an agate mortar, and calcined in a muffle furnace at
600 °C under air for 2 h to obtain the core-shell structured
PZT @MgO particles with diverse MgO loadings.

The PVDF composites with varied fillers were created
by hot pressing after a solution mixing process. First, PVDF
was entirely dissolved in DMF solvent under agitation at
50 °C for 4 h; and the PZT @MgO particles were dispersed
in DMF solvent by an ultrasonic cleaner for 30 min. Next,
the dispersed filler and the homogeneous PVDF solution
were mixed and stirred for 12 h at room temperature. After

that, the majority of the DMF was subsequently removed by
casting the mixture onto a clean glass plate and drying itin a
vacuum oven at 100 °C for 3 h. Then, it was hot-pressed for
30 min at 220 °C with a pressure of roughly 15 MPa. The
obtained samples are labeled as PZT-1 (PZT @1 wt%MgO)/
PVDF, PZT-2 (PZT @3 wt%MgO)/PVDF, PZT-3 (PZT @5
wt%MgO)/PVDF, respectively, and the PZT-0 represents the
raw PZT/PVDF.

Characterizations

A Fourier transform infrared (FT-IR) spectrometer (Per-
kin-Elmer, Paragon1000) was used to analyze the surface
chemistry of the specimens in the 400-4000 cm™' wavenum-
ber range. By using a Shimadzu X-ray difractometer-6000
(XRD) equipped with a graphite homochromatic instrument
and a Cu anticathode (40 kV, 30 mA, scanning rate 2°/min),
the structure of PZT@MgO particles was examined. A JEOL
JSM-7000F scanning electron microscopy (SEM) outfitted
with an energy dispersive spectroscopy (EDS) equipment
was used to examine the appearance of fillers and the broken
surface of the composite specimens. The specimens were
broken in liquid N, before being seen under a scanning elec-
tron microscope, and a coating of gold was sputter-coated
onto the rupture surface.

The samples’ dielectric performance was measured via
an Agilent 4294A impedance analyzer in the measuring
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Fig.2 a FT-IR spectrum and b XRD pattern of PZT, PZT-1 and PZT-3 particles, c-h EDS and element mapping of the PZT @MgO particles

frequencies from 40 to 10’ Hz. The measurement of E, was
implemented at room temperature with 20 mm ball to ball
electrode under AC voltage. The specimens were permeated
in the silicone oil to prohibit surface discharge and flasho-
vers. The bottom electrode was connected to the ground,
and an AC voltage with a ramp of 2 kV/s was received to the
upper electrode until the specimens failed.

Results and discussion
Characterizations of PZT@MgO particles

Figure 2a shows the FT-IR spectra for pure PZT and vari-
ous PZT@MgO particles, respectively. The vibration of
-OH groups on the particle surfaces can be connected to the
absorption peaks at 3437 cm™'. The PZT@MgO particle
presents a new absorption peak at 705 cm™~! than the pure
PZT, and the strength of this peak increases when the MgO
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shell thickness is raised. Meanwhile, compared to the pure
PZT, PZT@MgO exhibits much lower absorption peaks at
1096 cm™! and 2328 cm™'. As a result, the finding shows
the victorious coverage of a MgO shell around PZT particle.
The XRD patterns for both the pure PZT and the core-
shell structured PZT particles are shown in Fig. 2b. Each
XRD pattern has three significant peaks at 21.2°, 30.7°,
38.3°, 45.2° and 54.6°, corresponding to the (100), (110),
(111), (200) and (211) lattice planes of PZT particle, respec-
tively. Besides, additional diffraction peaks at 42.9° and
62.2° in the PZT@MgO particles arise in comparison to
the pure PZT particles and are compatible with the (200) and
(220) crystal planes of MgO, respectively. This suggests that
a layer of MgO shell is formed on the surface of raw PZT.
As can be shown in Fig. 2c-h, evidently, the results from
FT-IR and XRD analyses are similar with the EDS mappings,
which show that the surface of samples is composed of Pb,
Zr, Ti, Mg, and O elements. Also, the even distribution of the
Mg and O elements suggests that a uniform MgO shell has
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Fig.3 TEM images of a, ¢ PZT and b, d PZT @MgO particles, respectively

been generated on the surface of raw PZT particles [31]. In
contrast to PZT-0/PVDF, the effectively coated MgO shell as
an interlayer will have a significant impact on the mechanical,
dielectric, and other characteristics of the composites.

Microstructure

Figure 3 shows the TEM images of pristine PZT and PZT @
MgO particles. From Fig. 3a, c, on the surface of raw PZT,
no noticeable exterior shell can be seen, but as seen in
Fig. 3b, d, a shell is clearly visible outside the PZT core,
and the shell thickness is around 20 nm, providing direct evi-
dence that the PZT@MgO particle exists. Besides, keeping
with the findings of the XRD measurement, the shell exhib-
its prominent lattice fringes, which is the clearest indication
of crystalline MgO.

Fig.4 SEM images of a PZT-0,
b PZT-2, ¢ 30 wt% PZT-0/
PVDF, d 30 wt% PZT-2/PVDF,
e 50 wt% PZT-0/PVDF and f 50
wt% PZT-2/PVDF composites

Figure 4 presents the SEM images of pristine PZT and
PZT @MgO particles and their PVDF-based composites that
include 30 wt% and 50 wt% of fillers, respectively. From
Fig. 4a, the diameter of pristine PZT particles is about
2-4 pm, and have a rough surface; but the PZT @MgO par-
ticles show a smooth surface because of the presence of
a layer of MgO shell, as seen in Fig. 4b. From Fig. 3c-f,
the pure PZT particles are dispersed heterogeneously in
the PVDF with obvious aggregation because of the weak
interfacial interactions between the matrix and filler par-
ticles. And yet, the PZT@MgO particles present a more
even dispersion in the PVDF, attributive to improved inter-
facial interactions between the matrix and fillers. The more
numbers of hydroxyl groups in PZT @MgO can establish
hydrogen bonds with the F atom in the PVDF compared
with pure PZT, which enhances the interface compatibility
and improves the fillers’ dispersion in the matrix. Thus, the
aforementioned findings attest to the successful fabrication
of core-shell structured PZT @MgO particles.

Dielectric properties

According to the filler quantity and frequency, Fig. 5 shows
the dielectric characteristics of PVDF with varied loadings
of PZT and PZT @MgO particles. In short, the & of all com-
posites shows definite decrease with increasing frequency
owing to the disappearance of IP in the high frequency
range and the hysteresis of dipole polarization in the high
frequency range. Meanwhile, there is enough time to ori-
ent with the frequency alternation because all specimens’ &’
exhibits an asthenic frequency dependency and finishes in
a particular constant value between 40 and 10° Hz [13, 32].
Compared to pure PVDF, the addition of PZT and PZT @
MgO fillers can increase the &' of composites, and this phe-
nomenon can be more obviously strengthened by increasing
their content because of the Maxwell-Wagner-Sillars (MWS)
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phenomenon, which develops at heterogeneous phases with
varying electric conductivities and is caused by the filler’s
greater polarizability than the polymer’s.

According to Fig. 5a, the following two processes may
be used to explain that the rise &' of the PZT-0 as the filler
concentration is increased. The low level of the &’ at filler
loadings below 20 wt% is related to the difficulties of pro-
ducing enough charge carriers and micro capacitors due to
the large spacing between PZT particles. The ¢’ shows a
noticeable improvement when the filler loading increases up
to 30 wt% due to the improved IP brought on by the ongoing
production of micro capacitors. For instance, the £ of PVDF
composite with 50 wt% PZT-0 at 100 Hz increases to 16.3
from 12.3 of pure PVDF.

From Fig. 5b-d, PZT-1/PVDF ~PZT-3/PVDF show the
same trend as PZT-0/PVDF, but for the composites contain-
ing the same filler contents, the PZT-1/PVDF ~PZT-3/PVDF
composites with MgO shell deliver preferable ¢’ compared
with PZT-0/PVDF. It should be noticed that as an interface
layer, the MgO shell productively promotes and enhances the
contribution to the IP in PZT@MgO/PVDF composites, that
is to say, there are two types of interfaces in the PZT @MgO/
PVDF composites, including the interface between PZT and
MgO interface, the interface between MgO and PVDF. The
higher &' is the results of charges accumulation at the inter-
faces between the three dielectric components, subsequently
leading to enhanced IP. It is speculated that the IP between

(a) PZT-0/PVDF (b) PZT-1/PVDF

PZT and MgO is stronger than that between PZT and PVDF,
more interfaces may bring about a distinctly increase in €.
Besides these similar behaviors, different MgO content also
has a certain influence on &' of composites [33, 34].

As indicated in Fig. 5e, the &' for PZT @ MgO/PVDF ini-
tially improves as the MgO shell thickness rises because of
the progressively raised interface compatibility and the con-
tribution to IP from the newly established interfaces between
PZT and PVDF, thereby assisting in the improvement of IP.
However, the &' will decrease as the MgO shell thickness
further increases because the likelihood of electrons tun-
neling and hopping across the shell decreases, which sup-
presses the IP effect. As shown in Fig. 5f, what is notable
is that, when compared to PZT-0/PVDF, PZT-1/PVDF, and
PZT-3, PZT-2 endow the PVDF with the greatest ¢’ at low
frequency, showing that the IP may be induced to an ideal
level by adjusting the MgO shell thickness for excellent
dielectric performances.

Figure 6 displays the rané as a function of frequency and
filler content for PZT-0~PZT-3 filled composites. Distinctly,
from Fig. 6a-d, the tané of all specimens reduces in the fre-
quency range from 40 to 10* Hz, and then increases consid-
erably over 10° Hz. The tané at low frequencies is mainly
caused by the interface polarization friction between fillers
and the matrix, as a result of macroscopical heterogeneous
interfaces of the different diphase structures. Simultane-
ously, the obviously high tané at high frequencies mainly
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comes from the dielectric relaxation derived from the C-F
dipole directional polarization in PVDF matrix.

According to Fig. 6a, the PZT concentration at low fre-
quencies essentially has no influence on the fluctuation in
tand for the PZT-0/PVDF composites. However, it is found
that an important improvement of fand is seen at high fre-
quency, and the correlation with filler loading is enhanced.
This effect may be attributed to the direct contact and
agglomeration of highly concentrated PZT in the PVDF,
which results in the buildup of charge carriers and the elec-
tron conduction process. From Fig. 6b-d, it can be found that
the tané of the PZT-1/PVDF ~ PZT-3/PVDF still retains a
lower value. This mirrors that the MgO interlayer has the
ability of lowering tané of the composites. The causes are
often attributed to the MgO insulating layer placed on the
surface of PZT cores, which serves as an interlayer and pre-
vents direct contact between adjacent PZT powders, thereby
productively restraining the mobility of free charge carri-
ers. To further analyze the rané of the composites, the rand
of PZT-0/PVDF ~PZT-3/PVDF are also summarized in
Fig. 6e-f, compared with PZT-0/PVDF, the tand color of
PZT-1/PVDF ~PZT-3/PVDF display almost the same color
as the pristine PZT-0/PVDF composites, i.e., the tand only
slightly increases.

For the PZT/PVDF and PZT @MgO/PVDF composites,
Fig. 7 shows how the conductivity of alternate current (AC)
varies with frequency and filler amounts. As seen in Fig. 7a-
d, the AC conductivity of the composites rises stably with
the increase of frequency and displays almost an independ-
ent of the filler concentration. Compared with PZT-0/PVDF,
the electrical conductivity of PZT-1/PVDF ~PZT-3/PVDF
decreases slightly, which suggests that the MgO insulating
shell could serve as a barrier interlayer between the raw PZT
particles to prevent them from contacting with each other
subsequently leading to restrained leakage current in the
composites [35-37]. As indicated in Fig. 7e, the conductiv-
ity of the composites decreases significantly in PZT-3/PVDF
under the same filler content. It’s suggested that PZT-2 filler
exhibits the strongest inhibitory influence on the electronic
conduction processes and the movement of free charge car-
riers of the composites. In Fig. 7f, the MgO interlayer can
prevent long-range charge carrier transfer, restrict mobility
around the PZT particle surface, and effectively prevent the
formation of current channel, thereby reducing the AC con-
ductivity of composites.

To learn more about the polarization process in the
PVDF with PZT@MgO with various shell thicknesses,
single polarization must be separated from multiple polari-
zations. The Havriliak-Negami (H-N) equation is used to
simultaneously fit the imaginary portion of dielectric con-
stant (¢"") vs. real component of dielectric constant (¢') as
shown below [38]:
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where Ag; is the relaxation strength values, and the 7y, is
the characteristic relaxation time, o, and g, are the conduc-
tivity loss and &’ in vacuum (8.85x 1072 F-m™"), respec-
tively. The parameters a; and §;[0 < a;;;6; < 1] define the
symmetrical and asymmetrical broadening of the distribu-
tion of relaxation times, respectively, and the i stands for the
various relaxations involved in dielectric spectra.

Figure 8 depicts the deconvolution of the PVDF with
PZT-0~PZT-3 at 50 wt%. Simultaneously, the dedication
of each relaxation mode is drawn. In general, there are two
relaxations underlying the dielectric response of the com-
posites. One of these is the segment relaxations from an
amorphous PVDF matrix, which is triggered at a frequency
of 10°-107 Hz, and is consistent with &’ in Fig. 8a-d. Another
is IP occurring between the functional fillers and the matrix.

Large filler polarization results from the charge’s uneven
distribution acting as a permanent electric dipole. It is clear
from Fig. 8a-d that the &" rises sharply in the low-frequency
region, which is thought to represent the long-distance
movement of residual charges. It is generally established that
IP has an intrinsic relationship with both charge migration
and electron displacement. In contrast to charge migration,
which is an accurate description of electron transfer between
the filler particle and the outer shell (rapid polarization),
electron displacement explains the charge diffusion across
consecutive filler contacts quite well. It is clear that these
two IP effects are undoubtedly the principal determinants
of the dielectric characteristics of samples.

Figure 8e-g gives the best-fitting results. The filler
polarization is clearly related to the low-frequency relax-
ation peak intensity (Ae;), which differs from PVDF
matrix relaxation behavior, showing a non-linear associa-
tion with the increase in MgO shell thickness in PZT-0/
PVDF ~PZT-3/PVDF composites in Fig. 8e. The relaxa-
tion peak strength and relaxation time prove a tendency
to increase and then decrease with raising the shell thick-
ness of MgO in the PZT-0/PVDF ~ PZT-3/PVDF compos-
ites. Clearly, the transition from PZT-0/PVDF to PZT-3/
PVDF composites exhibits a propensity to first enhance
and subsequently decrease the low-frequency relaxation
(relaxation-1), which is also indicated in Fig. 6 [39]. The
relaxation peak intensity (Ag,) is 14 at high-frequency and
the relaxation duration (z,) is around 1078 s, which shows a
slight variation with the different shell thicknesses of MgO
in PZT-0/PVDF ~PZT-3/PVDF composites in Fig. 8f. It
is clear that the PVDF matrix, which is present in the
same concentrations in the composites under discussion,
is the source of the aforementioned relaxation. Besides, in
composites with PZT-0/PVDF ~PZT-3/PVDF, the shape
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Fig.8 a-d Dielectric spectra of PZT-0/PVDF~PZT-3/PVDF at 50 wt% deconvolutions into distinct relaxations using the H-N equation, e-g
summary and evolution of best-fitting parameters with varying shell thicknesses

parameters (a) of all relaxations show a little variation
with varying MgO shell thicknesses, pointing to a sem-
blable polarization process in Fig. 8g [40]. In addition,
the electric conductivity in PZT-0/PVDF ~ PZT-3/PVDF
composites has a trend to decline with increasing the MgO
shell thickness, which is consistent with the long-term
electron migration being successfully halted by the MgO

shell, as seen in Fig. 8g.

@ Springer

The Cole-Cole figures of &” vs. ¢’ for PVDF with pure PZT
and various PZT@MgO particles are shown in Fig. 9. The
Cole-Cole graphs of all composites clearly show two sembla-
ble semicircular arcs, which are similar in characteristics. The
first little semicircular arc denotes the rapid relaxation associ-
ated with the PVDF matrix’s C-F dipole polarization behavior,
which takes place in the high frequency range. Additionally,

the second great semicircular arc, which appears in the low



Journal of Polymer Research (2023) 30:281

Page 110f 16 281

4

(95}

() PZT-1/PVDF

4

)
N
)

(d PZT-3/PVDF

4

Fig.9 Cole-Cole curves of €” vs. ¢’ for PZT-0/PVDF ~ PZT-3/PVDF composites (a-e) containing different filler concentrations

frequency area, is due to the IP effect. The big semicircle’s
degree of deviance from the e"axis also serves as a proxy for
the magnitude of conductivity loss, as seen in Fig. 9a-d, which
similarly mirrors that the loss from conductivity rises with filler
concentration. The Cole-Cole equation, which consists of the
imaginary and real parts of ¢*, may be written as follows:

& — €y .O

- (@)

e (w) = €'(w) — i (w) = e, + -
1+ iwt ®

where €, stands for the optical ¢’ of €'(w — ), €, is the
electrostatic £'(w — 0), @ = 2zf is thought of the angular
frequency, 7 represents relaxation time, and o is the electric
conductivity [41, 42].

In addition, i g in Eq. (2) illustrates the effect of electric
conductivity, which has a substantial impact on the geom-
etry of Cole-Cole splines’ big semicircles. In Fig. 9a-d, the
electric conductivity raises as the filler content rises. The DC
conductivity has a considerable impact on the shape of the
curve, which diverges from a semicircle and exhibits a clearly
deformed arc-shaped pattern. The Cole-Cole curves' semicir-
cle width does not considerably increase when filler content
goes from 10 wt% to 50 wt%, from PZT-0/PVDF composites
to PZT-1/PVDF ~PZT-3/PVDF composites, associating with
the growing trend in electric conductivity. In comparison to
PZT-0/PVDF, PZT-1/PVDF ~PZT-3/PVDF composites
have a constant improvement in the shell thickness, which

@ Springer
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significantly increases electrical resistivity as shown in Fig. 5a
and suppresses the " relaxation behavior, resulting in a nar-
rower semicircle and relaxation curve in low frequencies.
The E, is largest electric field strength that a dielectric
material can withstand without losing its insulating proper-
ties. Particularly, for dielectric applications, the key factor is
to enhance E, of a composite. As shown in Fig. 10b-e experi-
mentally observed E, is analyzed with the Weibull statistic:

p
P(E) =1 - exp [—(EE) ] 3)
b

where P stands for the cumulative probability of electri-
cal failure, and E, is the characteristic E, of each sample,
expressed as the electric field accumulated to 63.2% under
the failure probability, 3 is the Weibull modulus, quantifying
the discreteness of the experimental results [11, 41, 43, 44].

As shown in Fig. 10a, the E, of composites tends to reduce
with increasing filler concentration, especially at high filler

contents. This is because the interfaces between the polymer
matrix and the filler may have more structural defects and
higher electric field concentrations or distortion. However,
the surprise is that the PZT @MgO/PVDF still reveals a
higher E, than that of original PZT/PVDF. Compared to the
raw PZT/PVDEF, the E, of the PZT @ MgO/PVDF composites
has been improved due to the existence of the insulating MgO
interlayer [45]. On the one hand, introducing an inorganic
MgO shell with an intermediate relative ¢’ between the PZT
particles and the PVDF reduces and suppresses the local
electric field concentration and distortion. The interface can
change the distribution and motion of space charges, which
confines the mobility of free electrons and excessive current
percolation effects, thereby resulting in a reduction in leak-
age current and tand, improving the E,. On the other hand, as
indicated in Fig. 10f, for core @shell structured PZT @MgO,
the insulating MgO possesses a wide band gap between the
conduction band (CB) and the valence band (VB) about
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Fig. 11 a Schematic representation of charge and dipole movements
at the interface area of PZT/PVDF and PZT @MgO/PVDF under an
external electric field. Conduction process flowchart in the b PZT/

PVDF and ¢ PZT@MgO/PVDF (LUMO is the smallest vacant
molecular orbital and HOMO is the largest occupied molecular
orbital, E represents Fermi level)
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7.8 eV, and the electron can difficultly jump to CB and estab-
lish the conductive network.

Besides, the original PVDF has an E, of 9.73 kV/mm.
With the addition of PZT@MgO, the E, of the PZT @MgO/
PVDF composites first increases to 10.31 kV/mm for PZT-1
and 10.79 kV/mm for PZT-2. However, when PZT@MgO
fraction further increases from 3.0 wt% to 5.0 wt%, introduc-
ing more structural defects such as interfacial voids in SEM
images (Fig. 6), E, shows a gradual decrease from 10.79 kV/
mm to 10.63 kV/mm. The results show that the introduction of
high-insulating MgO plays a significant role in the E, reinforce-
ment of the composites, primarily because of the alleviation of
dielectric mismatch and local electric field distortion, and the
limitation of electron migration between PZT fillers and PVDF.

In order to further understand the effect of MgO shell on
the dielectric properties of the composites, Fig. 11a shows
a schematic diagram of the charge and dipole motion at
the interface regions for the PZT/PVDF and PZT @MgO/
PVDF under an external electric field. As shown in Fig. 11a,
the agglomeration phenomenon of PZT in PVDF results in
fewer carrier channels in composite. However, for PZT @
MgO/PVDF, the MgO interlayer not only improves the dis-
persion of PZT powder in the polymer, but also enhances
the interface polarization degree between the filler and the
matrix, clearly increasing both the &' and E, of the composite.
Moreover, the MgO shell provides longer carrier channels,
which prohibits charge movement in the PZT @MgO/PVDF.

To learn more about how the MgO shell affects the
composite’s E,, Fig. 11b, ¢ presents a schematic diagram
of the conduction process in both PZT/PVDF and PZT @
MgO/PVDF composites. In general, both composites have
traps corresponding to relaxation 1 and relaxation 2, the
interfaces in PVDF’s crystalline/amorphous phases are the
places where the relaxation 1of trap 1 forms, and the trap of
relaxation 2 may be derived from IP between particles and
the amorphous phase of PVDF, where trap 2 is provided by
PZT and MgO provides trap 3. For PZT/PVDF (Fig. 11b),
the free electric charge carriers in the PZT may be trapped
in a trap during migration, and this limits the mobility of the
carriers in the PZT/PVDF composites and lowers electrical
conductivity since the trapped carriers are unable to continue
to take part in the conduction process. It is worth noting that
in contrast to raw PZT/PVDF, the trap levels corresponding
to relaxations 1 and 2 are both strengthened by the PZT @
MgO filler (Fig. 11c). Moveable charges are limited at the
interfaces between the PZT-MgO and MgO-PVDF due
to the large trapping sites for charges along the extended
interfaces that may be provided by the core-shell structured
PZT@MgO [46, 47], thus suppressing the conductivity of
the composites. Moreover, the MgO with a wide bandgap
(~7.8) exhibits excellent electrically insulating properties,
reduces the dielectric mismatch and mitigates the local elec-
tric field distortion, and inhibits electron migration between

@ Springer

PZT and PVDF, thereby enhancing the E, of PZT @MgO/
PVDF composites.

Conclusion

Core @shell structured PZT @MgO particles were fabricated
as fillers to fill PVDF by a straightforward chemical pre-
cipitation procedure followed by solution mix in order to
effectively boost the ¢’ and E, of pure PZT/PVDEF. Measure-
ments from the XRD, FT-IR, SEM, and TEM confirm that
the PZT’s surface is covered with a layer of MgO shell. Per-
formance tests reveal that in contrast to the pure PZT/PVDF,
the PZT@MgO/PVDF composites possess higher ¢’ and
larger E,. That is because the use of MgO as a buffer barrier
effectively alleviates the dielectric mismatch between PZT
particles and PVDF, enhances interfacial compatibility, and
promotes the uniform dispersion of fillers in PVDF. In addi-
tion, the MgO shell with a large band gap shows excellent
insulation properties, inhibits electron migration between
PZT and PVDF, thereby improving the E, of the compos-
ites. With tailoring the MgO shell thickness, the composites’
optimum dielectric characteristics can be attained. The theo-
retic fitting results further uncover the MgO shell’ impact
on the polarization mechanism and the migration of car-
rier charges in the composites. This work manifests that the
encapsulation of an MgO shell on the surface of PZT is a
favorable way to manufacture the flexible PVDF dielectric
composites with high ¢’ and E,, as well as low loss.
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