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Abstract

(K 475Nag 4951 g3) NbO3—0.003ZrO, (KNNL-Z) ceramic was synthesized by the conventional solid-state reaction method.
The purchased ZnO nanorods (denoted as ZnO1) and synthesized ZnO nanocakes (denoted as ZnO2) were used in the
preparation of two types of composites fabricated by hot-pressing process using KNNL-Z ceramic powder, two kinds of
ZnO nanoparticles, and PVDF polymer. The effects of the ZnO nanoparticles on the crystalline structures, morphology,
thermal, dielectric, and piezoelectric properties of the composites were studied systemically. The KNNL-Z ceramic possesses
a perovskite-type orthorhombic phase and the PVDF polymer mainly possesses a, f, and y phases. Two kinds of ZnO all
possess hexagonal wurtzite structures without any impurity phase. Interestingly, the incorporation of the ZnO nanoparticles
has great impact on lattice constants and strain. In addition, the  phase content increases when the ZnO nanoparticles are
added. From differential scanning calorimetry (DSC) measurements, it is found that the ZnO nanoparticles can enhance the
thermal stability of composites. Moreover, the dielectric and piezoelectric properties are also found to be improved with
the increase of ZnO content. Especially when 10 wt% ZnO2 is added, the dielectric constant reaches the value of 469.4
(100 Hz) at room temperature and the piezoelectric coefficient is 55 pC/N. After 30 days of aging test, it is obvious that all
the composites present a good stability of piezoelectric property.

1 Introduction

With the development of electronic science and technol-
ogy, excellent piezoelectric and dielectric materials are
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are expected to be a good solution to these problems. There-
fore, ceramic/polymer composites receive increasing atten-
tion due to it integration of the advantages of two component
materials. The simplest ceramic/polymer composite is that
which consists of ceramic particles randomly dispersed in
polymer matrix, which is well known as 0-3 connectivity
[3].

However, nowadays, ceramic/polymer 0—3 composites
are scarce in electromechanical transducers, sensors, actua-
tors, and other electronic devices because the piezoelectric
and dielectric constants of ceramic/polymer 0-3 composites
are much lower than those of ceramics. Therefore, the key
material with high piezoelectric and dielectric constant, low
loss tangent, and easy processing characteristics becomes
more and more imperative. To increase the electrical prop-
erties, different approaches were examined. One approach
is to increase the dielectric constant of the polymer matrix.
For example, the chemical pinning of P(VDF-TtFE) results
in the relaxor ferroelectric (RFE) behavior by using electron
beam [4]. A dielectric constant higher than 100 was obtained
in an irradiated P(VDF-TrFE). Another approach is to use
the Maxwell-Wagner—Silar (MWS) effect. The enhance-
ment of electrical properties of composites were obtained
by using CaCu;Ti,0,, (CCTO), multi-walled carbon nano-
tubes (MWCNT), Mn, Ni, or ZnO, and so on in recent years
[5-9]. Interesting, in PVDF/ZnO composite, many research-
ers have found that ZnO can enhance the content of 5 phase
in PVDF and greatly improve its dielectric and piezoelectric
properties. In addition, the ZnO also can prevent the parti-
cles aggregation and influence the thermal stability [10-13].

In this work, two types of novel ceramic—polymer—filler
ternary composite systems were prepared using 0.997(K 4,
sNag 49511 o3) NbO3;—0.003ZrO, ceramic, PVDF as polymer
matrix, and two kinds of ZnO as the filler. These compos-
ites were fabricated via a simple blending and hot-molding
technique. Then, the structure and thermal stability were
studied in detail, and, also, the electrical properties were
investigated systemically.

2 Experimental procedure
2.1 Preparation of KNNL-Z ceramic powder

0.997(K 475Nag 495L1¢ 93)—0.003ZrO, ceramic powder was
prepared by a conventional solid-state reaction. The raw
materials were K,CO; (Aldrich 99.99%), Na,CO; (Aldrich
99.8%), Li,05 (Aldrich 99%), Nb,Os (Aldrich 99.9%), and
Zr0O, (Aldrich 99%). These materials were dried at 60 °C
for 24 h to remove any moisture, and weighted according
to their stoichiometric formulas. Then, the materials were
ball-milled for 24 h in ethanol with zirconia balls to obtain a
homogenous mixture. The mixture was dried and calcined at
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850 °C for 3 h in a covered alumina crucible. After calcina-
tion, the powder was crushed and ball-milled again for 24 h.
After drying, the powder was mixed with 5 wt% polyvinyl
alcohol (PVA) as binder and pressed into disks 14 mm in
diameter and about 1 mm in thickness at 10 MPa. The disks
were buried in alumina powder and heated at 650 °C for 5 h
to remove the PVA component. Subsequently, the disks were
sintered in the temperature at 1080—1120 °C for 3 h in ambi-
ent atmosphere and crushed into powder by high-speed mill.

2.2 Preparation of ZnO powder

Two types of ZnO were used in this work. The first kind of
ZnO (ZnO1) was supplied by Sinopharm Chemical Reagent
Co., China. The second kind of ZnO (ZnO2) was grown by
hydrothermal method. For the synthesis of ZnO2 nanopar-
ticles, in the first step, 1.756 g of Zn (CH;COO0),-2H,0 and
2.956 g of CTAB were dissolved in 40 mL of deionized
water. The zinc precursor solution was kept in constant stir-
ring for 30 min. In the second step, 0.32 g of NaOH was
dissolved in 40 mL of deionized water and then mixed with
the zinc precursor solution drop by drop, keeping the solu-
tion at constant stirring for 30 min. Then, the solution was
transferred into polytetrafluoroethylene autoclave which was
kept inside an oven at 140 °C for 12 h. After cooling to room
temperature, the solution was centrifuged at 3000 rpm and
washed with absolute ethyl alcohol. The ZnO2 nanoparticles
were filtered and kept to dry in an oven maintained at 60 °C
for 12 h.

2.3 Preparation of KNNL-Z/PVDF/ZnO ternary
composites

PVDF was provided by Shanghai 3F Co.,China. According
to our previous study [14], the combination ratio of KNNL-
Z/PVDF composite is the best when the ceramic content
is 80 wt% (abbreviate as KNNL-Z/PVDF). Therefore, the
weight ratio between KNNL-Z ceramic and PVDF polymer
is 8:2 in all samples. Different weight percentages (2, 4, 6,
8, and 10 wt%) of ZnO powder were mixed in KNNL-Z
ceramic and PVDF powder by using absolute ethyl alcohol.
The mixture was continuously stirred by using a magnetic
stirrer for 30 min at 500 rpm at 80 °C and evenly ultrasoni-
cally dispersed at 60 °C for 30 min. The mixture was dried
at 60 °C for 24 h. The dried powder was then pressed into
disks 14 mm in diameter and about 1 mm in thickness at
10 MPa. After that, the disks were heated by hot pressing at
200-220 °C for 10 min and polished.

2.4 Characterization

The structural properties and phases compositions of
the KNNL-Z powder, pure PVDF and KNNL-Z/PVDF
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composite, and KNNL-Z/PVDF/ZnO composite samples
were determined by using a Bruker AXS D8-Focus (Ger-
many) with Cu Ko radiation. The FTIR spectra of the sam-
ples were performed by using a Thermo Nicolet Corporation
NEXUS 670 (USA). The fractured surface micro-structural
images were carried out at room temperature by using a
scanning electron microscope (SEM) Hitachi SU-8010
(Japan). The bulk densities were measured by a high-preci-
sion electronic gravity meter DahoMeter DE-200 M (China)
using the Archimedes’ principle. The differential scanning
calorimeter (DSC) (NETZSCH STA 409 PC/PG) (Germany)
was used to measure the thermal stability of composites. The
samples were heated up from room temperature to 250 °C
with the rate of 10 °C/min on Al,O; pan under a N, ambient.
In order to measure the electrical properties, the samples
were coated with silver paste electrodes. The electric poling
of samples was carried out at 100 °C in a silicone oil bath
by applying a DC field of 3—6 kV/mm for 30 min. The sam-
ples were placed in the air atmosphere for 24 h. Then, the
dielectric constant €, was determined by using a Keysight
Technologies E4990A (USA) device. The piezoelectric coef-
ficient d3; was measured by using a Piezotest PM-200 (UK)
set up at 110 Hz. The piezoelectric coefficients of samples
were tested several times within 30 days in order to investi-
gate the piezoelectric stability.

3 Results and discussion
3.1 X-ray structural studies

The XRD patterns of PVDF polymer, KNNL-Z ceramic,
and KNNL-Z/PVDF 0-3 composite are shown in Fig. 1a.
The XRD pattern of PVDF polymer presents the pres-
ence of a semicrystalline mixture composed of «, f, and
y phases. The characteristic peaks of o phase are corre-
sponding to 20=17.4° (100) and 18.5° (022). The char-
acteristic peak of § phase in 20 is corresponding to 20.1°
(110). The characteristic peaks at 20 =26.5° (022) and
38.6° (211) are corresponding to y phase [15, 16]. The
KNNL-Z ceramic possesses a pure perovskite phases with-
out any impurity phase. Comparing the intensities of peaks
between 45.2° (002) and 46.1° (200), the phase of ceramic
is orthorhombic symmetry [17]. The XRD patterns of all
composite mainly reveal the phases of KNNL-Z ceramic
and ZnO, but the peak intensities are weakened. The XRD
patterns of ZnO1, ZnO2, and the composites doped with
different weight fractions of ZnO1 or ZnO2 are shown in
Fig. 1b and c. The two kinds of ZnO possess hexagonal
wurtzite structures without any other secondary phase.
The cell parameters of hexagonal wurtzite structure are
evaluated based on the data for (100) and (002) planes.

Fig. 1 a The XRD patterns (a) (b)
of PVDF polymer, KNNL-Z/ « KNNL-Z phase PR ——-
PVDF composite, and KNNL-Z —— *ZnO1 phase 5 |2
ceramic. b The XRD patterns g § § E s V B phase % s .
of pure ZnO1 and KNNL-Z/ 3 ST 7|7 g8gsas KNNL.Z 3 o+ yphase £ g £8s
PVDF/ZnO1 composites. ¢ The s j )28z " S t ' [ 1 H
XRD patterns of pure Zn02 ‘? = ? M 10 20 30 40 5 60 70 80
and KNNL-Z/PVDF/ZnO2 2 2 Vl . ff o f .10 W%
composites E 1 A KNNLf/PVDF E 3 wivd
S5 6 wt%
sest§ =< _J 4 wt%
(AT S S PVDF A S
. | NN T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20(degree) 26(degree)
(c)
o« KNNL-Z phase —zn02
*Zn02 phase _ -5
VBphase & S1B
= LIIE
'G . 10 20 30 40 50 60 70 80
c . ® 26(degree)
2 Ve i Me AN s A lOwt
£ . n 8 wt%
. H A h 6 wt%|
. ) 4 wt%
2 wt%

10 20 30 40 50 60 70 80

206(degree)
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For the (100) plane, the cell parameter a is calculated by
Eq. (1):

LA
V3sing W

where 41=0.1542 nm is the wavelength of Cu K« source and
0 is the Bragg’s diffraction angle.
For the (002) plane, the cell parameter c is calculated by
Eq. 2):
A

€= sin @ )

In addition, the lattice strain of ZnO is calculated by Eq. (3):

_ Brwrmg €os 0

2 , 3

where By, 1 the full width at half maximum (FWHM) of
diffraction peak. The cell parameters and strains of ZnO are
shown in Table 1. It is observed that, when ZnO nanoparti-
cles are added in composites, the cell parameters and strains
increase with the increase of ZnO content. This phenomenon
demonstrates that the doped element Zn>* can occupy the
A-site or B-site of ABOj; type of perovskite structure and
thus effect the crystal structure. Comparing the ionic radii
of Zr** (0.72 A) with Nb3* (0.64 A) at the coordination
number is 6, Zr** can occupy the B-site and generate the
oxygen vacancies and A-site vacancies [18]. However, in
view of the ionic radius of Zn** (0.74 10\) being closer to
that of Zr** or Nb>* as compared to those of Na* (1.49 A),
K* (1.64 A), Li* (1.76 A). It may be due to that the possi-
bility of diffusing Zn>* into B-site to partially replace Zr**
and Nb>* ions is more than that of its diffusion into A-site.
When Zn** is substituted into Zr** or Nb>* sites within the
perovskite ABO; structure, it will generate lattice strain and
oxygen vacancies.

"
Zn0 - Zan or Nb

+ V5 + 0 4)

Charged oxygen vacancies, in combination with Zn ions,
obviously give rise to local deformation within perovskite unit
cells and thus increasing the lattice parameter [19, 20]. This
result is also in agreement with the previous research reported
by Parangusan, H [21]. According to the research of Zhang,
the lattice strains increased by dopants enhanced the piezo-
electric properties of ZnO [22]. This theory is subsequently
confirmed by the piezoelectric test of samples.

The average crystallite size can be calculated by the Scherer
formula:

Crystallite sizeD = 094 (&)

Brwem €0s 0
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10

5.850

4.9297
0.447+0.0224

0.414+0.0167

4.2767
4.8297

0.402+0.0155

4.2730
4.2909

0.380+0.0178

4.2671
4.1323

KNN-Z/PVDF/Zn0O2

0.359+0.0207

4.2107
3.9275

0.065+0.0142

Zn02
3.3125
5.7523

100

10

4.2963

5.2217

0.404 +£0.0130

0.363+0.0203

4.2843
4.1586

4.2297
4.1088

0.300+£0.0124  0.355+0.0150

4.2249
4.1043

KNNL-Z/PVDF/ZnO1

0.285+0.0090

4.0709
3.1310

ZnO1

100

3.2282

5.1541
0.051+0.0035

Table 1 The lattice constants a, ¢, and strain of pure ZnO1, pure ZnO2, ZnO1, and ZnO2 in composites

Zn0O (wt%)

a(A)
c(A)
Strain (%)

Sample
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If the crystallite size of the substance is larger than
100 nm, the stress-induced broadening is remarkable. In
this case, such broadening must be considered, the Scherer
formula is not applicable. If the crystallite size is less than
100 nm, the crystallite size of the substance in this paper
was obviously less than 100 nm, the stress-induced broad-
ening is negligible compared to the broadening caused by
the crystallite size. In which case, the Scherer formula can
be used to provide approximation values of the crystallite
size [23]. The calculated crystallite sizes of pure ZnO1 and
Zn02 are 16.2 and 11.8 nm, respectively. The crystallite
sizes of ceramic are given in Online Resource 1. The crys-
tallite sizes of ceramic in composites are found to enhance
with the increase of ZnO content. According to Atuchin V.’s
research, the concentration of the dopant affects the cell con-
stant of the crystal and it has been found that this variation
is a transition from a full oxygen sublattice to a sublattice
with vacancies [24]. The real reason for the change of cell
parameters in this paper is not clear. We think the possible
reasons for the crystallite size growth are as follows: Zn>*
enters into B-site of the perovskite structure to substitute
for Zr** or Nb>* and oxygen vacancies are created. This is
assumed to be responsible for the promoted crystallite size
growth as the content of ZnO increases [25].

3.2 Fourier transform infrared (FTIR) analysis

In Fig. 2a, the FTIR spectra are shown for the pure PVDF
polymer, KNNL-Z/PVDF composite, and KNNL-Z/
PVDF/ZnO composites in the wave number range of
600-2000 cm™'. The peaks at 614, 764, 796, and 976 cm™!
correspond to the a phase in PVDF polymer [26, 27]. The
bands at 840, 875, 1070, 1276, and 1401 cm™! are considered
to be characteristics of the # phase in PVDF polymer [28,
29]. The peaks identified the y phase are 840 and 834 cm™!
[30]. It can be seen that the characteristic absorption peaks
of a, p, and y phases appear in all samples. However, the
band at 840 cm™! is observed for both # and y phases. In
order to separate out the # and y phases, the FTIR spectra
with the transmission (y-axis) are transformed into the FTIR
spectra with the absorbance as y-axis, and the deconvolu-
tions of the FTIR spectra are shown in Fig. 2c. To quantify
the variation of the f phase with the increase in ZnO load-
ing, the fraction of the f phase content F(f) was calculated
by using the Beer—Lambert law:

Ap

Ff)= ———,
2 (KB/K,)A, + A,

®
where K, =6.1x 10* cm*mol and Kg=7.7x 10* cm*mol are

the absorption coefficients at 764 and 840 cm™', A and Ag
are the absorbance levels at 764 and 840 cm™!, respectively.

The calculated values of F(f3) are represented in Fig. 2b. It
is observed that the content of the f phase increases with the
addition of ZnO. PVDF polymer is made up of repeating units
(CH,—CF, monomer). Different phases in PVDF polymer can
be produced when hydrogen and fluorine atoms are arranged in
different way. When ZnO is added to the composites, the nega-
tive surface charges in ZnO interact with CH, dipoles and the
positive surface charges in ZnO interact with CF, dipoles. This
can lead to the formation of all-trans conformation (Namely:
TTTT chains, which correspond to the f phase) [31, 32]. It
indicates that the interaction between polymer chains and ZnO
may result in the f phase growth. In addition, it is worth noting
that F() of KNNL-Z/PVDF/ZnO2 composites is higher than
that of KNNL-Z/PVDF/ZnO1 composites at higher contents
of ZnO. Therefore, the piezoelectric properties of the com-
posites doped with ZnO may be enhanced and the piezoelec-
tric properties of KNNL-Z/PVDF/ZnO2 composites may be
higher than those of KNNL-Z/PVDF/ZnO1 composites.

3.3 Micro-structural characterization

The SEM images of two types of ZnO nanoparticles, KNNL-
Z/PVDF composite (The SEM image of KNNL-Z/PVDF
composite is given in Online Resource 2) and KNNL-Z/
PVDF/ZnO composites are shown in Fig. 3a and b. From
Fig. 3a2—-a6, b2-b6, and the energy-dispersive X-ray spec-
troscopy (EDS) images of all samples (The EDS images of
all samples are given in Online Resource 3), it is seen that
the KNNL-Z ceramic and ZnO1 nanoparticles can be well
dispersed in PVDF polymer, but the formation of small pores
at 6 wt% ZnO1 content in KNNL-Z/PVDF/ZnO1 composites
is observed (Fig. 3a4). This may be attributed to hot-pressing
process. The KNNL-Z ceramic and ZnO2 nanoparticles can be
well dispersed in PVDF polymer, and KNNL-Z/PVDF/ZnO2
composites has few pores at all ZnO2 contents. It is clearly
seen that the ZnO1 particle has irregular shape. Interestingly,
the morphology of ZnO2 nanoparticle consisted of multiple
Zn0O nanorods which possess hexagonal prism shapes and
stack along the c-axis. Its structure resembles a layered cake.
The ZnO2 particles are well faceted. The faceted microcrystal
shapes is a robust indicator of high crystal quality, as it was
verified for many compounds from different chemical classes
[33, 34].

In order to understand the growth mechanism of the nano-
cake structure comprehensively, the possible chemical reac-
tions under the hydrothermal conditions are presented as
follows:

Zn(CH,;COO0), + 4H,0 — Zn(OH);~ + 2CH;COOH + 2H*
(©)
Zn** + 20H" — Zn(OH), (7

@ Springer
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Fig.2 a FTIR spectra of pure PVDF, KNNL-Z/PVDF composite, and
KNNL-Z/PVDF/ZnO composites. b The ratios of the § phase in pure
PVDF, KNNL-Z/PVDF, and KNNL-Z/PVDF/ZnO composites. ¢ The

CTAB — CTA* + Br~ (®)
Zn(OH), + 20H™ — Zn(OH);~ )
CTA* + Zn(OH);” — CTA" — Zn(OH);~ (10)
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Wavenumbercm-1, Wavenumbercm-1,

deconvolutions of FTIR data of (1) pure PVDF, (2) KNNL-Z/PVDF
composite. (3-7) KNNL-Z/PVDF/ZnO1 composites and (8-12)
KNNL-Z/PVDF/ZnO2 composites

CTA" — Zn(OH);” — ZnO + CTA* + H,0 +20H™ (11)

On the basis of the SEM observation and analysis, the
evolution process of the ZnO nanocakes is proposed and
the growth mechanism of ZnO nanocakes is shown in
Fig. 3c. CTAB is a kind of cationic surfactant, which can
reduce the surface tension of the solution and increase
the dispersion of ZnO nanoparticles [35]. In addition,
the positively charged CTA* has a hydrophilic head
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@ Zn*
@ CTAr
.:oozo. O om
00°.
o .o% ® Zn(OH)*
o < H layer

W CTA*-Zn(OH)* ion-pairs

SOERES Bl S )

Fig.3 SEM micrographs of the fractured surfaces of ZnOl (al),
Zn02 (bl), and KNNL-Z/PVDF/ZnO composites with ZnO content
of (a2 and b2) 2 wt%, (a3 and b3) 4 wt%, (a4 and b4) 6 wt%, (a5 and
b5) 8 wt%, (a6 and b6) 10 wt%. ¢ The growth mechanism of ZnO
nanocake (Zn0O2)

and a hydrophobic tail clings to the negatively charged
Zn(OH)i_ nuclei to form the CTAY — Zn(OH)i_ negatively
charged ion pairs due to electrostatic interaction [36]. The
CTA" — Zn(OH) , negatively charged ion pairs can adhere
to the positively charged (001) surface of ZnO. At the
same time, the hydrophobic tails of CTA™ form a film.
The hydrophobic film inhibits the growth of (001) and led
to formation of hexagonal low aspect ratio ZnO crystals
[37]. On the other hand, there are certain amount of posi-
tively charged H* ions in the reaction system. The nega-
tive charged (001) surface can absorb these H' ions and
form the H* layer. Whereafter, the H + layer can absorb
the negatively charged CTA" — Zn(OH)Z‘ ion pairs and
enhance the growth along this direction. Therefore, a bud
grows out on each end of the formed ZnO prisms on their
(001) surface. The ZnO prisms grow larger and larger as
time goes on and form the ZnO nanocake structure finally.

3.4 Thermal properties

Thermal stability of the polymer composites is critical for
practical applications and the existence of fillers may change
thermal characteristics of resulting composites. The crystal-
lization behavior of pure PVDF and PVDF in composites
were studied using DSC in this study. The dynamic DSC
curves of the pure PVDF and all composites in the tem-
perature range of 120-200 °C at heating rate of 10 °C/min
were obtained, as shown in Fig. 4. It can be seen in Fig. 4a
that the crystallization peak temperatures 7, of PVDF and
KNNL-Z/PVDF composites are very close. Of interest is
that, as shown in Fig. 4b and c, the crystallization peak
temperatures of KNNL-Z/PVDF/ZnO composites shift to
higher temperatures and the crystallization peak tempera-
tures increase gradually with the increase of ZnO addition.
This phenomenon is the same as what other researchers have
found [38, 39]. The enhancement of crystallization peak
temperature of the KNNL-Z/PVDF/ZnO composites may
be ascribed to the following factors: (1) The mobility of
polymer chains can decrease when the polymer chains com-
bine with ZnO particles, which is due to the battier effect of
Zn0. ZnO acts as a mass transport barrier between the poly-
mer chains [40]. This phenomenon occurs when the polymer
chains are bound with the ZnO superstructure. (2) The ZnO
nanoparticles inhibit the formation and escape of volatile
by-products during degradation and the interactions between
ZnO nanoparticles and PVDF polymer. It originates from the
existence of hydrogen bonding between the PVDF polymer
and the hydroxide groups on the ZnO surfaces [41]. (3) The
incorporation of ZnO as an effective nucleation agent. When
the ZnO is added to PVDF polymer, the ZnO nanoparticles
induce a growth of crystalline layer around their surfaces
and generate amounts of nucleation sites [42]. Therefore,
the composites incorporated moderate amounts of ZnO can
improve the thermal stability. The crystallinity X, is shown
in Fig. 4d. In spite of the interaction with the PVDF matrix,
two kinds of ZnO nanoparticles up to 10 wt% have only
slight effect on the crystallinity of PVDF. However, some
researchers reported that the crystallinity of PVDF strongly
decreases with increasing the content of different kinds of
dopant like Au or Fe;O,4 [43, 44]. It is worth noting that
the crystalline phase controls the piezoelectricity of PVDF.
Hence, crystallinities maintain basically the same values
after ZnO incorporation and our composites doped with ZnO
are expected to have high piezoelectric properties.

3.5 Density
Density is a significant physical property of 0-3 composite
material. The experimental density of all KNNL-Z/PVDF/

ZnO composites was obtained by the Archimedes’ principle.
The theoretical density of material is related to the volume

@ Springer



1374

Journal of Materials Science: Materials in Electronics (2020) 31:1367-1381

Fig.4 The dynamic DSC (a)

(b)

curves of a pure PVDF poly-
mer, a KNNL-Z/PVDF com-
posite, b KNNL-Z/PVDF/ZnO1
composites, and ¢ KNNL-Z/
PVDF/ZnO2 composites. d The
crystallinities X of all samples
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fraction and the density of each component and it can be
estimated by using following equation:

p=0.p.+8.p.+(1-0,-0.)p,. (11)

where p is the theoretical density of composite, p., p,, and
pPm are the densities of the KNNL-Z ceramic (3.9605 g/
cm?), ZnO (5.606 g/cm3), and PVDF (1.750 g/cm3), respec-
tively, §§. and @, are the volume fractions of the KNNL-Z
ceramic and ZnO, respectively. The experimental and theo-
retical densities and poriness of all composites are shown

ZnO (wt%)

in Fig. 5a. It is obvious that with the increase of the ZnO
content, both the two kinds of density always lower than
theoretical density, but they gradually increase and get
closer to the theoretical density. The experimental density
increased from 84.2 to 93.5% of the theoretical density. This
phenomenon can be attributed to the existence of some gaps
and pores between the KNNL-Z ceramic particles, ZnO, and
the PVDF polymer. It is interesting to note that the defects
decrease with increasing of ZnO content, it is also can be
verified in Fig. 5b. In our previous study, it was found that
the increase in KNNL-Z ceramic content would lead to a

Fig.5 a Variation of the densi- (b)
ties with ZnO content in the (a)
composites. b The porosity of 331 16 —=— KNNL-Z/PVDF/ZnO1
all composites with different 3.2} —eo— KNNL-Z/PVDF/Zn02
ZnO weight fractions ~3.1 141
I q
230} T12r
2 2
>29¢t 7]
Z 29 810l
S28f &
o 271 —=— KNNL-Z/PVDF/ZnO1 8t
—e— KNNL-Z/PVDF/Zn02
26} The theoretical density 6l
25 2 4 8 10 0 2 4 6 8 10
ZnO (Wt%) ZnO (wt%)
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gradual increase in porosity in the composite [14]. Neverthe-
less, in this work, ZnO was considered to be able to reduce
the pores in composite. It may be because ZnO can improve
the crystallinity of PVDF (as the above thermal analysis),
making it easy for molecules in PVDF to get close to each
other and crystallize. Molecules are arranged in a stand-
ard and orderly manner. The higher the degree of order, the
higher the density would be. On the other hand, during the
cooling process after hot pressing, ZnO also inhibits the for-
mation and escape of volatile by-products in PVDF, thus
reducing the formation of defects.

3.6 Dielectric properties

The dielectric constant (e,) and loss tangent (fand) of pure
KNNL-Z ceramic (a), KNNL-Z/PVDF composite (b),
KNNL-Z/PVDF/ZnO1 composites (c), and KNNL-Z/PVDF/
Zn02 composites (d) as a function of frequency range from
102 to 107 Hz at room temperature are shown in Fig. 6.

Dielectric constant represents the ability to store a charge
when the material is subjected to an electric field and reflects
the dielectric properties. The dielectric constants of all sam-
ples show the same tendency and decrease with increase of
frequency. This phenomenon is also reported in other studies
[45, 46]. The dielectric constant usually keeps a high value
at lower frequencies due to electron and ionic displacement
polarization, relaxation polarization, dipolar polarization,
and space charge polarization [46, 47]. Among all polari-
zations, the space charge polarization is the primary com-
ponent [48]. When the frequency increases continuously,
relaxation polarization, space charge polarization cannot
respond to the applied electric field fast enough that lead
to the decrease of dielectric constant. Moreover, ionic dis-
placement polarization becomes weaker at higher frequen-
cies. The dipoles play an important role in the electron and
dipolar polarizations at higher frequencies [49]. At the same
time, the remaining polarizations begin to lag behind the
field, the dielectric constant presents lower value as fre-
quency increases [50].

On the other hand, as expected, it can also be observed that
the dielectric constants of KNNL-Z/PVDF/ZnO composites
are higher than that of KNNL-Z/PVDF composite, as seen
in Fig. 6b, c, and d. For example, at 100 Hz, the dielectric
constants of all composites are shown in Table 2. The com-
posite with 10 wt% ZnO2 nanocake has a dielectric constant of
469.4, which is 1.6 times of the dielectric constant of KNNL-
Z/PVDF composite. The enhancement of dielectric constant
of the composites doped with ZnO may be ascribed to the
following reasons: (1) The entrapment of free charges between
the insulator/conductor interfaces for heterogeneous system
due to the Maxwell-Wagner—Silar effect [51]. When the cur-
rent flows across the interfaces of two materials with different
electrical conductivity, the interaction of ZnO nanoparticles

with polymer chains and the charges accumulation at the inter-
faces between the ZnO nanoparticles and PVDF chains are
schematically depicted in Fig. 6g. This interfacial polariza-
tion increases with the amount of ZnO and it results in higher
dielectric constant at higher ZnO contents. (2) A larger aspect
ratio and higher surface area of a polarizable material lead to
a greater dielectric constant [52, 53]. ZnO1 has a larger aspect
ratio than ZnO2, however, ZnO?2 has a higher surface area than
ZnO1. Therefore, the dielectric constants have little difference
between two kinds of KNNL-Z/PVDF/ZnO composites. (3)
As mentioned above (FTIR analysis), ZnO can increase the
content of the # phase, and the f phase also contributes to
increase the dielectric constant [9].

In order to estimate the frequency stability in each sample,
the following equation has been used to calculate it [54]:

e,.(f = 100Hz) — ¢,(f = IMHz)

S = x 100%
€,(f = 100Hz) a2

The results are shown in Table 2. It is observed that the S
values of KNNL-Z/PVDF/ZnO composites are lower than that
of KNNL-Z/PVDF composite. It indicates that the frequency
stability of the composites can be enhanced by doping ZnO.

Furthermore, it can be seen clearly that loss tangent pre-
sents a higher value at the lower frequencies and has a general
trend of decreasing with increment of frequency due to an
accumulation of free charges at lower frequencies and attenu-
ation of various polarizations at higher frequencies, indicating
the relaxation process [55]. It is well known that loss tangent
includes two kinds of losses, polarization loss and leakage
loss. Therefore, the loss tangent can be expressed by Eq. (13):

tané = tan 6, + tan g, (13)

where zané, is the polarization loss, which is mainly due to
the above polarizations, and tand;, is the leakage loss, which
is due to leakage current. According to Kramers—Kronig
equation, the polarization loss can be expressed as in
Eq. (14):

(14)

where ¢, is static dielectric permittivity, &, is dielectric per-
mittivity at optical frequencies, w is angular frequency, and
7 is relaxation time. The leakage loss is the ratio of active
current density to reactive current density and the value can
be calculated by Eq. (15):

14
wege!”

tan 51 = (15)

where y is the conductivity of the medium, €', is the real
part of the dielectric permittivity, and g, is permittivity of
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Table2 The diclectric constants  q.51c KNNL-Z/PVDF  KNNL-Z/PVDF/ZnOl1 KNNL-Z/PVDF/ZnO2
€, (100 Hz and 1 MHz) and the
S values of all composites ZnO (wt%) 0 2 4 6 8 10 2 4 6 8 10
e, (100 Hz) 292.4 3007 318.8 3382 370.8 424.1 301.3 3342 357.8 391.8 469.4
e, (1MHz) 170.3 2335 250.6 258.7 2854 3227 2367 261.6 2662 300.1 296.6
S (%) 418 223 214 235 230 239 214 217 256 234 368

vacuum. Therefore, the loss tangent can be expressed by
Eq. (16):

5 (6, — €)Wt y 6
tano =
g, + e W2T2 wepE! (16)
tané ~ x 1
- wege w a7
(e, —€)wT |
tané ~ — (18)

When the angular frequency w of the electric field is
close to 0 or wr <1 at lower frequencies, the polarization
loss tand, is close to 0 and only the leakage loss tand; can
exist, the loss tangent tends to infinity, as in Eq. (17). When
wrt > 1 at higher frequencies, polarization loss becomes the
main factor causing loss tangent. As shown in Eq. (18), the
loss tangent is inversely proportional to the angular fre-
quency. Therefore, the loss tangent decreases with frequency
increase.

However, it is worth noting that the loss tangent
begins to increase when the frequency is 10*-103 Hz.
This phenomenon is also consistent with the results of
other researchers [15, 56, 57]. The dipolar relaxation
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polarization of PVDF, which is related to the micro-
Brownian motion of the whole chain and known as «
relaxation, plays an important role in this phenomenon
[58, 59]. In order to investigate the a relaxation, the fol-
lowing frequency-dependent electrical modulus formal-
ism are given [6]:

/

’ _ &
- 2 4 g2 19
"y &
T en + e (20)
M =M +iM" = l, 21
6*

where M’ and M’ are the real and imaginary components of
the electric modulus, respectively, £’ is the real component of
the dielectric constant, £”’ is the imaginary component of the
dielectric constant. Figure 6 (e and f) shows the variations
of M’ and M" of all composites as a function of frequency.
They are characterized by very low value of M’ and M" in
the low-frequency region and an increase in the value of
M’ and M" with the frequency, which may be attributed to
the conduction phenomena due to the short range mobility
of charge carriers and it indicates the obvious relaxation
behavior in all composites [60].

In addition, the loss tangents of KNNL-Z/PVDF/ZnO
composites are higher than that of KNNL-Z/PVDF com-
posite. This is due to the space charge effects, in the other
words, it means that ZnO induces more space charge and
interfacial polarization among PVDF and their interfaces
[21]. This is also one of the reasons why the dielectric
constant is enhanced in the above analysis. Furthermore,
it is also found that the relatively high conductivity may
lead to an increase in loss tangent [61]. Figure 6h depicts
the conductivity 6 of KNNL-Z/PVDF composite and
KNNL-Z/PVDF/ZnO composites at room temperature
(1 kHz). With the increase of ZnO doping, the electrical
conductivity of the composites increase. Interestingly, at
low doping levels (2 wt%), the ZnO2 doped into compos-
ite had a higher conductivity o than that of ZnO1 doped
into composite. With the increase of ZnO addition, the
electrical conductivity of the composite doped with ZnO1
was gradually higher than that of doped with ZnO2. The
increase in conductivity may be due to enhancement in
the mobility of electrons. Low conductivity of KNNL-Z/
PVDF composite is due to the polymer chains between
and ceramic particles through the grain boundaries and
compactness. With the increase of the doping amount
of ZnO, ZnO particles can be coupled through the grain
boundaries to facilitate the movement of charge [40].

@ Springer

3.7 Piezoelectric properties

The piezoelectric strain coefficient (d coefficients) and pie-
zoelectric voltage coefficient (g coefficients) are vital indica-
tors for the application of this material in the field of sensors.
They are defined by

L _dP
= do 22)
dE,
8= 2o 23)
J

i=1,2,3andj=1,2,3,4,5,6

where P; and E, are the polarization (vector) and electric
field (vector), respectively, o; is the stress. The d and g coet-
ficients are related to each other. The relationship between d
and g coefficients can be described as in Eq. (24):

d;
8i = 77

e 24)

where k is the dielectric constant and k, is the permittivity
of free space. For most transducer applications, the require-
ment is a piezoelectric material that has high d and g values.
In this work, the piezoelectric coefficients ds; and g55 are
investigated.

The piezoelectric coefficients d;; of all samples which
were placed for 24 h are as shown in Fig. 7. At the same
level of ZnO loading, it is obvious that d3; values of
KNNL-Z/PVDF/ZnO composites are higher than these
of KNNL-Z/PVDF composite. For example, the d;; of
KNNL-Z/PVDF/ZnO2 doped with 10 wt% ZnO2 can reach
55 pC/N, which is 1.5 times of the d3; of KNNL-Z/PVDF
composite. The results indicated that ZnO nanoparticles

= KNNL-Z/PVDF
—s— KNNL-Z/PVDF/ZnO1
850 KNNL-Z/PVDF/Zn02

o z
N36| |
1 L " "

o 2 4 6 8 10
ZnO (wt%)

Fig.7 The piezoelectric coefficients d;; of the all samples on weight
content of ZnO (24 h)
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can greatly improve the piezoelectric properties of the
composite. According to our previous research [62], we
found the addition of ZnO prepared by another method into
(0.970(0.95(K 435Nag 515)NbO5-0.05LiSbO5)-0.015CuO-
0.015A1,0,)/PVDF composite also significantly improved
the dielectric and piezoelectric properties of the ternary
composite, which seems to indicate that the use of ZnO to
improve the dielectric and piezoelectric properties of the
ternary composite does not impose too harsh conditions
on the selection of KNN series ceramics. Hence, we think
the enhancement of piezoelectric coefficients dj; of the
composites doped by ZnO may be ascribed to three fac-
tors: (1) From the FTIR analysis, the interaction between
polymer chains and ZnO nanoparticles resulted in growth
of p phase. The f phase is the mostly responsible for the
piezoelectric properties of PVDF. (2) The increase in die-
lectric constant with the increase in ZnO content promotes
more dipole polarization in the composites. This high
dipole polarization is responsible for the enhancement of
the piezoelectric properties [63]. (3) In both studies, we
noted that the addition of ZnO resulted in slight changes
in cell parameters a, ¢, and lattice strain. In this work, the
presence of lattice strain in the composite is confirmed by
XRD studies (Table 1). Zhang and Chen-liang Hsu et al.
found the correlation between piezoelectric properties
with lattice strain [22, 64]. It may be that Zn* introduces
local lattice distortion in the lattice, which destroys the
local symmetry of the crystal. The electric dipole moment
generated by the ion pair then provides an electric field to
the nearby region, which causes the reverse displacement
of the positive and negative charge of the ion pair to the
nearby region, resulting in local polarization. We believe
that this is the main reason that ZnO is added to the com-
posite to improve the piezoelectric performance. Moreo-
ver, the aging characteristic of the dj; for all samples is
shown in Table 3. It is found that the d;; of all samples
is not changed significantly in 30 days. The result shows
that the all samples have good piezoelectric stability. For
another, d;; and g,5 are related by

_dy
83 =~
€3

(25)
where £3T3 is the ‘free’ dielectric constant. It can be calculated
by Eq. (26):

r _ CTxL
3= T4

(26)

where C7 is the capacitance at 1 kHz, A and L are the elec-
trode area and thickness of the sample, respectively. In some
respects, ds; X g33 can represent a performance of a piezo-
electric material for energy harvesting, it is expressed as the
figure of merit (FOM) like the following equation:

dyy X A -
FOM=d33Xg33=m 27

Figure 8a and b shows the g;; and FOM of all composites.
All composites basically showed a trend, that is, when doped
with a very small amount of ZnO (less than 2 wt%), both the
g33 and FOM of the composites showed a trend of decrease,
while when doped with more ZnO (above 2 wt%), g;; and
FOM gradually increased, basically presenting a V-shaped
curve. Especially, the composite with 10 wt% ZnO2 nano-
cake has g;;=18.57x 10~} Vm/N and FOM =1.031 pm?/N.
This is very similar to the trend of FOM found by Yu.et al.
[65]. At high concentration of ZnO (above 10 wt%), our
sample has great technical advantages, and its piezoelectric
voltage coefficient g;; and FOM are significantly better than
these of the KNNL-Z/PVDF composite.

4 Conclusion

The 0.997(K 475Nag 495Lij ¢3) NbO3-0.003ZrO, ceramic
was prepared by conventional solid-state reaction method.
The PVDF polymer and ZnO1 nanoparticles were pur-
chased from commercial companies. The ZnO2 nanopar-
ticles were synthesized by hydrothermal method using Zn
(CH;CO0),-2H,0, CTAB, and NaOH. Subsequently, the

Table 3 The variation of d3;

KNNL-Z/PVDF/ZnO1

KNNL-Z/PVDF/ZnO2

N . Sample KNNL-Z/
with time in all composites PVDF

ZnO (wt%) 0 2
Days ds; (pC/N)
5 35 34
10 35 36
15 32 36
20 33 36
25 32 35
30 32 36

36 39 44 49 36 39 45 48 55
36 39 43 49 36 40 44 45 54
36 39 43 50 36 40 45 46 52
35 39 42 49 37 40 45 46 52
35 39 42 49 35 39 44 46 52
35 39 42 49 36 37 45 46 53
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Fig.8 The a g;; and b FOM of the composites as a function of the
weight fraction of ZnO

two kinds of composites were fabricated by hot-pressing
process using KNNL-Z ceramic powder, two kinds of ZnO
particles, and PVDF polymer. From the X-ray studies, the
ceramic is a perovskite phase with orthorhombic symmetry
and without any impurity phase. The PVDF mainly pos-
sesses a, 3, and y phases and two kinds of ZnO possess hex-
agonal wurtzite structures. The ZnO particles can increase
the relative fraction of § phase of the PVDF matrix from
FTIR analysis, and from density studies, the increase in ZnO
content would lead to a gradual decrease in porosity in the
composite. The results show that the thermal stability, die-
lectric, and piezoelectric properties of the composites doped
with ZnO are significantly improved compared with these
of the composite without ZnO addition. Especially, when
the ZnO1 content is 10 wt%, the crystallization peak tem-
perature of KNNL-Z/PVDF/ZnO1 composite is 3 °C higher
than that of KNNL-Z/PVDF composite, and the composite
exhibits a dielectric permittivity as high as 469.4, which is
1.6 times higher than that of KNNL-Z/PVDF composite at

@ Springer

100 Hz. At the same ZnO content, the piezoelectric coef-

ficient can reach 55 pC/N and all composites have good
piezoelectric stability.
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