
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 1
0:

00
:0

5 
PM

. 
 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
Effect of the pol
aDepartment of Applied Science, Harbin Uni

150080, P. R. China. E-mail: yangwenlong1
bKey Laboratory of Engineering Dielectrics a

Harbin University of Science and Technolog

Cite this: RSC Adv., 2020, 10, 26256

Received 29th April 2020
Accepted 1st July 2020

DOI: 10.1039/d0ra03859h

rsc.li/rsc-advances

26256 | RSC Adv., 2020, 10, 26256–
arity of KTa1�xNbxO3 on the
dielectric performance of the KTN/PVDF
nanocomposites

Jiaqi Lin,ab Yang Li,a Xinmei Liu,a Yuanshuo Li,a Weijie Zhenga and Wenlong Yang *a

KTa1�xNbxO3 with different Ta/Nb ratios (x ¼ 0.15, 0.25, 0.5, 0.75, 0.85) were engineered and prepared by

a facile hydrothermal synthesis method to acquire KTN nanoparticles with varied polarity. To investigate the

effect of KTN filler with varied polarity on the dielectric performance of polymer matrix composites, KTN/

PVDF films were fabricated. The experiment demonstrated the polarity of KTN affected the dielectric

performance of the composites. KTa0.5Nb0.5O3 possesses larger polarity with permittivity of 3780 at 1

kHz due to its Curie temperature is closer to room temperature, which contributes 30 wt% doped

KTa0.5Nb0.5O3/PVDF composite achieving higher permittivity of 19.5 at 1 kHz than those of the others.

Additionally, KTa0.75Nb0.25O3/PVDF composite presents higher breakdown strength than those of the

others with an Eb value of 164 kV mm�1 when 20 wt% filler is doped. The significant improved dielectric

performance by Ta/Nb ratio engineering has the potential of providing new insight on enhancing the

energy storage in ceramic-polymer nanocomposites.
Introduction

Dielectric materials with high dielectric permittivity have
attracted more and more attention for their promising appli-
cation in the elds of microelectronic devices, including gate
dielectric, electro-active materials, embedded capacitors,
memories, and energy storage devices.1–3 Polymer materials
with superior breakdown strength and exibility are of
consideration in the applications of electronic devices, but their
dielectric parameters limit the electric application under
extreme conditions. To overcome the difficulty, the introduc-
tion of high permittivity inorganic nanoparticles into the poly-
mer matrix has been widely adopted. The polymer composites
combine both the advantages of organic polymers and inor-
ganic ceramics, which is of signicance to acquire dielectric
materials with high energy density.4–6 A great deal of attempt
has been made in fabricating composites of inorganic nano-
particles and polymer. Yash Thakur designed a nanocomposite
of alumina/polyetherimide and demonstrated that dielectric
response can be enhanced by the introduction of a small
number of low permittivity llers, which reduced the
constraints on the dipole response to the applied electric eld.4

Tang et al. fabricated a nanocomposite capacitor with high
energy density and fast discharge speed by incorporating high
aspect ratio TiO2 nanowires into the PVDF (polyvinylidene
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uoride) matrix.7 Hao et al. utilized ultimate sized ferroelectric
nanollers, 6.9 nm BaTiO3 nanocrystals to synthesize BaTiO3/
PVDF-HFP to impede the deterioration of energy density via
enhancing both the high dielectric permittivity and breakdown
strength.8 Moharana et al. employed the method of surface
hydroxylation treatment to modify Na0.5Bi0.5TiO3 and improved
the dielectric properties of h-NBT/PVDF composites.9 Luo et al.
synthesized Ag-deposited BaTiO3 particles for PVDF composites
to create an interfacial electrical double layer around Ag nano-
particle, which reinforced the interface polarization and
improved dielectric permittivity of the composites.10 The
majority of current research has been focusing on the effect of
the ller's nanosize, morphology, doped content, modication
method on the dielectric properties of the composites, for
which demonstrate that the varied polarization characteristics
of polar and non-polar ceramic llers achieved the distinction
of the dielectric performance of the composites. Nevertheless,
the effect of the polarity of identical ceramic llers on the
dielectric properties of the composites has been barely investi-
gated. And it is inevitably requested to further explore the
functional mechanism of the llers polarization characteristics
on the dielectric performance of the composites.

In this contribution, we place emphasis on the effect of the
polarity of identical ceramic llers on the dielectric properties
of nanocomposites. As a typical ABO3 perovskite ferroelectric
material, potassium tantalite-niobate (KTa1�xNbxO3, KTN) is
widely used due to its remarkable piezoelectric, acoustic-optic,
and nonlinear optical properties. KTN is a complete solid
solution of KTaO3 and KNbO3, which possesses high chemical
stability and mechanical stability.11 By engineering the content
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The schematic diagram of the synthesis procedure for KTa1�x

NbxO3/PVDF composite film.

Fig. 2 XRD pattern of the KTN with varied Ta/Nb ratio.
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ratio of Ta/Nb, the phase transition temperature of KTN is
available to be modulated. Meanwhile, the dielectric properties
of KTN differ from different Curie points.12–17 Therefore, we
found that the polarity of KTN is available to be modulated via
engineering Ta/Nb ratio. Hence, we designed the composition
of KTN and polymer matrix to study the function essence of
KTN with varied polarity on the dielectric performance of the
composite.

We designed KTa1�xNbxO3 with different Ta/Nb ratios (x ¼
0.15, 0.25, 0.5, 0.75, 0.85) to alter the polarization characteris-
tics. KTN nanoparticles were prepared by the hydrothermal
synthesis method. A portion of KTN nanoparticles was
compressed into ceramic plates to facilitate the test of the
dielectric parameters of KTN. In addition, we fabricated KTN/
PVDF composite lms by the solution casting to investigate
the inuence of KTN ller with varied polarity on the dielectric
performance of the KTN/PVDF composites. The dielectric
parameters of permittivity, dielectric loss, and breakdown
strength were tested. The morphology of KTN particles was
characterized by scanning electron microscopy.

Experimental procedures
Preparation of KTN powder

The KTa1�xNbxO3 nanoparticles with varied ratios of Ta/Nb
were synthesized based on the hydrothermal method. (1) The
mineralizer of KOH (AR, Guangfu Fine Chemical Research
Institute) was dissolved in 60mL of distilled water. (2) Tantalum
pentoxide (Ta2O5 99.99%, Guangfu Fine Chemical Research
Institute) and niobium pentoxide (Nb2O5 99.99%, Guangfu Fine
Chemical Research Institute) with corresponding stoichio-
metric ratios were weighed and added to the KOH solution. (3)
The neutral surfactant PVA (polyvinyl acetate, 98%, Shanghai 3F
New Materials Co., LTD) was added to the solution for
improving the dispersibility of KTN nanoparticles. (4) The
mixture solution was stirred for 1 h and then enclosed into the
100 mL teon vessel. (5) The vessel was placed in the reactor
and heated at 200 �C for 24 h. (6) The reactor was cooled down
to room temperature naturally. (7) The obtained precipitates
were washed with distilled water and ethanol, then dried at
60 �C for 8 h.

Fabrication of KTN ceramics

The PVA was added into the KTN powder and then KTN powder
was ground to the state of average grain size. Aer that, the
powder was compressed to a ake by the tablet press for the
convenience of the dielectric measurement. Finally, the akes
were sintered at 1010 �C for 4 hours.14

Synthesis of KTN/PVDF composites

KTN powder was rst dissolved in the dimethylformamide
(DMF, AR, Fuyu reagent Co., LTD) then vibrated ultrasonically
for 1 h. The neutral PVDF (FR903, Shanghai 3F New Materials
Co., LTD) was weighed and added to the solution gradually.
Aer that, the mixture solution was stirred mechanically for 2 h.
The solution was cast on a clean glass plate to acquire the
This journal is © The Royal Society of Chemistry 2020
composite lms using a lm coating machine. Then the lms
were heated at 80 �C for 12 h. Finally, the composites with
gradient fractions of KTN/PVDF were fabricated. The schematic
diagram of the synthesis procedure for the composite lm was
exhibited as Fig. 1.
Characterization

The crystalline phase detection was performed by X-ray
diffraction (XRD, Quanta 200FEG, FEI, America) using Cu Ka
radiation. The morphology of KTN particles and lms' cross-
section was observed by scanning electron microscopy (SEM,
S-4700, Hitachi, Japan). The lms were plated Al on both sides
to investigate the dielectric properties with the impedance
analyzer (Agilent 4294A, America). The breakdown strength was
tested on the dielectric withstand voltage test (HT-50, Guilin
Electrical Equipment Scientic Research Institute, China)
under the direct current voltage of 200 V s�1.
Results and discussion

The XRD (X-ray diffraction) pattern of the synthesized KTN with
varied Ta/Nb ratios was shown in Fig. 2. The crystallographic
diffraction peaks indexing match the PDF standard card, which
indicates standard perovskite phase KTN without pyrochlore
was successfully fabricated.15 The sharp peaks indicate that the
KTN has a preferable crystalline state.11 It can be seen from the
XRD pattern that the phase structure of KTa0.15Nb0.85O3 is
orthorhombic (PDF: 32-0822). The depressed asymmetric
RSC Adv., 2020, 10, 26256–26261 | 26257
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Fig. 4 Frequency dependence of (a) permittivity; (b) dielectric loss of
KTN varied Ta/Nb ratios.
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diffraction peak at 2q z 45.5� indicates the phase structure of
KTa0.25Nb0.75O3 is tetragonal. The cubic and tetragonal phases
exist in the KTa0.5Nb0.5O3 simultaneously. The phase structure
of KTa0.85Nb0.15O3 and KTa0.75Nb0.25O3 are all pseudo cubic
(PDF: 38-1470).16,17

In general, KTa1�xNbxO3 KTN is a compatible solid solution
of potassium tantalite (KTaO3) and potassium niobate (KNbO3),
the phase structures and the properties can be modulated by
controlling the composition, and the Curie temperature of
paraelectric–ferroelectric phase transition varies with the Ta/Nb
ratio. The phase state, orthorhombic, tetragonal, and cubic at
room temperature, can be modulated by varying Ta/Nb substi-
tution. When Nb concentration is less than 20%, x ¼ 0–0.2, the
phase of KTN is mainly cubic. While Nb concentration falls in
between 20% and 52%, x ¼ 0.2–0.52, the tetragonal phase KTN
can be obtained. Once Nb concentration exceeds 52%, x > 0.52,
KTN exists as orthorhombic phase.18,19 The regularity demon-
strates that KTN phase will change from orthorhombic to
tetragonal as the Ta/Nb ratio is close to 0.2 : 0.8, from tetragonal
to cubic as the Ta/Nb ratio is close to 0.48 : 0.52 at room
temperature.

Fig. 3 shows the SEM (scanning electron microscope) images
of KTN nanoparticles with different Ta/Nb ratios. It can be seen
that the micro shapes of all the KTa1�xNbxO3 are cubes with
average grain size of 280 nm, 230 nm, 250 nm, 310 nm, 470 nm,
respectively. While KTa0.15Nb0.85O3 nanocubes have inferior
crystallinity and larger grain size. Fig. 3(f) displays the cross-
section of KTa0.25Nb0.75O3/PVDF, which indicates llers were
well dispersed into the matrix uniformly.

The frequency-dependent dielectric properties for the ve
component KTN ceramics with varied Ta/Nb ratios were dis-
played in Fig. 4. It was found that KTa0.5Nb0.5O3 has the highest
Fig. 3 SEM images of KTN nanoparticles: (a) KTa0.85Nb0.15O3; (b)
KTa0.75Nb0.25O3; (c) KTa0.5Nb0.5O3; (d) KTa0.25Nb0.75O3; (e) KTa0.15-
Nb0.85O3; (f) cross-section of KTa0.25Nb0.75O3/PVDF composite.

26258 | RSC Adv., 2020, 10, 26256–26261
permittivity of value 3780 at 1 kHz due to its Curie temperature
is closer to room temperature. Curie temperature represents
a critical state when KTN transit from ferroelectric to para-
electric phase, electric polarization changed abruptly and
dielectric permittivity rose to reach a peak value. While
KTa0.25Nb0.75O3 ranks the second with a value of 1532 at 1 kHz
for the phase transition from orthorhombic to tetragonal at
room temperature. The phase transition temperature reduces
as Nb substitution of KTa1�xNbxO3 decreases. It demonstrates
that the polarity of KTN is available to be modulated by altering
Nb substitution. As presented in Fig. 4(b), KTa0.85Nb0.15O3 has
the lowest dielectric loss with a value of 0.08 at 1 kHz, the
dielectric loss of KTa0.5Nb0.5O3 is 0.14 at 1 kHz. Thereby, it can
be concluded that KTa0.5Nb0.5O3 possesses the most favorable
dielectric permittivity and relatively lower dielectric loss
compared with the counterparts. The dielectric loss of KTa0.5-
Nb0.5O3 at 106 Hz reaches a low value of 0.06, which indicates
the application of KTa0.5Nb0.5O3 ceramic in relatively high
frequency capacitor.

Fig. 5(a) demonstrates the variation in the dielectric
permittivity of ve component KTa1�xNbxO3/PVDF composites
as a function of frequency at room temperature. As expected,
Fig. 5 Frequency dependence of dielectric permittivity of (a) 20 wt%
(b) 30 wt% KTa1�xNbxO3/PVDF nanocomposites with varied Ta/Nb
ratios. Frequency dependence of dielectric loss of (c) 20 wt% (d)
30 wt% KTa1�xNbxO3/PVDF nanocomposites with varied Ta/Nb ratios.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Weibull plots of the breakdown strength of (a) KTa0.25Nb0.75O3/

Fig. 6 Frequency dependence of dielectric permittivity of (a)
KTa0.25Nb0.75O3/PVDF; (b) KTa0.5Nb0.5O3/PVDF nanocomposites with
gradient incremental KTN; dielectric loss of (c) KTa0.25Nb0.75O3/PVDF;
(d) KTa0.5Nb0.5O3/PVDF nanocomposites with gradient incremental
KTN.
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KTa0.5Nb0.5O3/PVDF possesses the largest dielectric permittivity
of 19.5 at 1 kHz, which is attributed to the high permittivity of
ller KTa0.5Nb0.5O3. The permittivity of KTa0.25Nb0.75O3/PVDF is
the second with a value of 18.8 at 1 kHz. Fig. 5(c) and (d) exhibit
the changing trend of dielectric loss on frequency for ve KTN/
PVDF composites. The comparison of the ve KTN/PVDF
composites is consistent with that of the dielectric permit-
tivity in low frequency (102–104 Hz).

The results in Fig. 6(a) and (b) show the permittivity of the
composites enhances as an increase on loaded KTN over the
whole frequency region because of the KTN has larger
permittivity than neat PVDF. With the content of KTN llers
increasing, stronger interfacial polarization is produced,
where a value of 19.5 at 1 kHz of 30 wt% KTa0.5Nb0.5O3/PVDF is
nearly double than that of neat PVDF. The permittivity of
30 wt% (z10 vol%) KTa0.5Nb0.5O3/PVDF is 1.3 times higher
than that of 10 vol% BaTiO3/PVDF and this value is higher
Table 1 Comparison of the dielectric properties of our composite and

Composites 3r

Ba0.6Sr0.4TiO3/PVDF 17
Ba0.6Sr0.4TiO3@PDA/PVDF 15
SiCN/PVDF 13
TiO2/PVDF 23
TiO2@BaTiO3/PVDF 19.5
BaTiO3/PVDF 15
BaTiO3@Fe3O4/PVDF 16
BaZr0.3Ti0.7O3/PVDF 17
CaCu3Ti4O12@Al2O3/PVDF 17
Pb(Mg1/3Nb2/3)O3–PbTiO3/PVDF-HFP 13
KTa0.5Nb0.5O3/PVDF 19.5

This journal is © The Royal Society of Chemistry 2020
than those of many previous reports listed in Table 1.23–30 The
sharply decreased dielectric permittivity in higher frequency
(105–106 Hz) is ascribed to that interfacial polarization can't
follow the changing of the external electric eld timely and
then declines, while the relaxation polarization played
a dominant role in higher frequency region (105–107 Hz). The
variation of dielectric loss for the composites with increased
KTN content follows the regularity of that of dielectric
permittivity. The dielectric loss of both neat PVDF and the
composites enlarges sharply along with incremental frequency
from 104 to 106 Hz, which is responsible for the relaxation
polarization of polar organic medium PVDF. In addition, the
incorporation of KTN decreases the loss tangent of the nano-
composites at higher frequency (104–107 Hz). The interaction
between KTN and PVDF can restrain the segmental motion of
the polymer matrix, which is contributed to the C–F dipole
orientation polarization of the PVDF matrix. It is noted the
dielectric loss maintains a low value of less than 0.07 in the
frequency from 102 Hz to 105 Hz, which is favorable for the
improvement of charge–discharge efficiency.

The breakdown strength is regarded as a vital characteristic
of the dielectric materials, which determines the energy density
of nanocomposites. The Weibull distribution was utilized to
analyze the breakdown strength.

P(E) ¼ 1 � exp[�(E/Eb)
b]

where P(E) is the cumulative probability of electric failure, E is
the measured breakdown eld and Eb is a scale parameter refers
reported literature at 1 kHz and room temperature

tan d f (vol%) Ref.

0.275 10 23
0.024 10 24
0.15 10 25
0.05 10 26
0.05 10 1
0.07 10 1
0.1 10 27
0.02 7.5 28
0.025 6 29
0.02 10 30
0.14 11 (z30 wt%) Our work

PVDF; (b) KTa0.15Nb0.85O3/PVDF composites.

RSC Adv., 2020, 10, 26256–26261 | 26259
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Fig. 8 Weibull plots of the breakdown strength of the KTa1�xNbxO3/
PVDF composites loaded with (a) 20 wt%; (b) 30 wt% filler.
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to the eld strength at failure probability of 63.2%, b is the
Weibull modulus related to the linear regressive tting of the
distribution and a higher value of b signies less dispersion.20,21

Fig. 7 exhibits the Weibull distribution of breakdown
strength for the composite loaded with gradient concentrations
of KTN, where (a) and (b) correspond to the breakdown strength
of KTa0.25Nb0.75O3/PVDF and KTa0.15Nb0.85O3/PVDF compos-
ites, respectively. As shown in Fig. 7, the breakdown strength for
both KTa0.25Nb0.75O3/PVDF and KTa0.15Nb0.85O3/PVDF
composites decreases as the loaded content of KTN increases
from 0 wt% to 30 wt%. The results can be explained by several
reasons. First, a high inhomogeneous electric eld generates on
account of the great disparity of permittivity between KTN ller
and PVDF matrix once the dielectrics with high permittivity
were doped into the polymer, which makes the electric eld
among the KTN much higher than the average eld in the
composites. Second, the agglomeration of the ller and defects
take a passive effect on the breakdown strength of the
composites. The more KTN ller added, the more agglomera-
tion and defects introduced, leading to the evident decline of
the breakdown strength of the composites since electric
breakdown currently occurs in the weakest part of the
material.22

Fig. 8 exhibits the Weibull distribution of breakdown
strength for the ve component KTa1�xNbxO3/PVDF composites
with varied Ta/Nb ratio. Comparing the breakdown strength of
the KTN/PVDF composites with varied Ta/Nb ratios, Eb of
KTa0.75Nb0.25O3/PVDF is relatively higher than those of the
others. The results could be attributed to its weaker inherent
polarization that is adverse to the motion of carriers. Moreover,
the small size of KTa0.75Nb0.25O3 nanoparticles generated
weaker agglomeration, which leads to feeble local eld distor-
tion in the composites.5 The Eb of loading 20 wt% KTa0.75-
Nb0.25O3/PVDF composite reaches the value of 164 kV mm�1.
Conclusions

In summary, ve component KTa1�xNbxO3 ceramics (x ¼ 0.15,
0.25, 0.5, 0.75, 0.85) and corresponding KTa1�xNbxO3/PVDF
composite lms with varied polarity were fabricated. The
dielectric properties of the KTN ceramics and KTN/PVDF
composites were investigated. It was demonstrated that
KTa0.5Nb0.5O3 ceramic has the highest permittivity and rela-
tively lower dielectric loss among ve KTN ceramics. The reason
26260 | RSC Adv., 2020, 10, 26256–26261
is that Curie temperature of KTa0.5Nb0.5O3 is closer to room
temperature. The permittivity of KTa0.25Nb0.75O3 ranks the
second due to its phase transition from orthorhombic to
tetragonal at room temperature. The results demonstrate the
polarity of KTN is available to be modulated by altering Nb
substitution. The low dielectric loss with a value of 0.06 at
106 Hz indicates KTa0.5Nb0.5O3 ceramic is available to be
applied in the relatively high frequency capacitor. The loading
30 wt% KTa0.5Nb0.5O3/PVDF composite possesses a higher
dielectric permittivity with a value of 19.5 at 1 kHz compared
with the counterparts, which results from the stronger polarity
of the KTa0.5Nb0.5O3 ceramic. The dielectric permittivity of
30 wt% KTa0.25Nb0.75O3/PVDF was the second with a value of
18.8 at 1 kHz. In addition, the KTa0.75Nb0.25O3/PVDF achieves
a higher breakdown strength than the others for its weaker
inherent polarization and smaller particle size, Eb value of
KTa0.75Nb0.25O3/PVDF reaches 164 kV mm�1 when 20 wt% KTN
is doped. All the improved properties of the composites have
demonstrated the great potential to provide an effective
pathway to fabricate high performance dielectric applications.
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