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ABSTRACT

The aim of this study is to investigate the preparation and dielectric properties
of piezoelectric/polymer nanocomposite materials by using lead zirconate (PZ)
nanofiber as disperse phase and polyvinylidenedifluoride (PVDF) as matrix phase. A
systematic investigation was conducted of piezoceramic nanofiber using two
synthesis routes, namely the sol-gel and electrospinning process by varying the
concentration, volume ratio of precursor solution to polymer, feeding rate,
calcination temperature and polymer type. Moreover, the effect of solvothermal
treatment on phase transformation in PZ nanofibers was studied. In addition, this
research reports the preparation and dielectric properties of piezoelectric/polymer
nanocomposite, with modification of the carbon nanotube (CNT).

Lead zirconate fibers were synthesized by the electrospinning method using a
solution that contained 5 wt% poly(ethylene oxide) (PEO) in ethanol and a sol-gel
solution of PZ. Some parameters varied, for example, the ratio between PZ and PEO,
concentrations of the precursor solution, feeding rate, and calcination temperature.
PZ fibers were obtained successfully with a well developed perovskite structure after
as-spun PZ/PEO composite fibers were calcined using the PZ/PEO volume ratio of
10:3 at a PZ concentration of 1.0 M at 650°C for 4 h. Stable nanofibers were
produced with an average diameter of 300+64 nm. Additionally, the PZ fibers
showed a Curie temperature that rose by nearly 13°C, when comparing with a
normal PZ particle.

Moreover, this study synthesized blended lead zirconate/poly(ethylene

oxide)/Glutinous rice starch (GRS) nanofibers by the electrospinning method. A




number of parameters such as the ratio between PEO and GRS and calcination
temperature have been studied. SEM results showed that smooth and continuous
fibers were obtained at the volume ratio of 10:2:1, PZ/PEO/GRS. After calcination of
the as-spun PZ/PEOQ/GRS composite nanofibers at 650°C for 4 h, PZ nanofibers with
perovskite structure were obtained successfully. The fibers had a uniform and
smooth surface without grain boundaries. However, when the calcinations
temperature increased to 750°C and 850°C, the fiber represented a necklace-like
structure with grain boundaries arranged by grain to grain unit cell clusters.

Additionally, PZ nanofibers were treated by the solvothermal method in the
presence of dimethyl formamide (DMF) solution in order to investigate the effect of
chemical treatment on phase transition of PZ nanofibers. The influences of
temperature and reaction time are described. The results of DSC confirmed that
chemical treatment with DMF could effect the AFE-PE phase transition of PZ
nanofibers efficiently. Significant changes of fiber size and morphology after chemical
treatment are shown by SEM images.

Then, 3-3 lead zirconate/polyvinylidenedifluoride (PVDF) nanocomposites was
prepared by infusion of PVDF solution into the PZ nanofiber mat followed by heating
of the composite at 80°C. The dielectric constant of the PZ/PVDF nanocomposite are
relatively stable in the range of 18-21 within the measurement frequencies from 100
Hz to 2 MHz. This value is higher than the dielectric constant of the PVDF. Moreover,
the dielectric loss of the composite is below 0.09 at low frequencies.

Furthermore, a three-phase PZ/CNT/PVDF nanocomposite comprising lead
zirconate nanofibers, polyvinylidene fluoride and a small volume fraction of carbon
nanotubes was prepared by the solvent casting technique. The dielectric constant of
the PZ/CNT/PVDF nanocomposite was found to be in the range of 18-61 within the
measurement frequencies from 100 Hz to 2MHz. This value is higher than the
dielectric constant of the PZ/PVDF nanocomposite. The measured dielectric
properties demonstrate that the addition of CNT can improve the dielectric property

appearance of the composite.

Keywords: Piezoelectric, Nanocomposite, Electrospinning, Sol-gel
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CHAPTER 1
INTRODUCTION

1.1 Statement and Significance of Problems

Ferroelectric materials have become an interesting recently in the physics
research of condensed matter, due to their very high dielectric constant and
piezoelectric coefficient, which are useful for high dielectric ceramic capacitors and
electromechanical transducers. Piezoelectric effect is one of the most important
factors in the behaviors of ferroelectric materials. It has the ability to transform
electrical energy into mechanical strain energy, and vice versa [1]. In recent years,
fine scale piezoelectric fibers have received extensive attention, due to their
potential as applications for building blocks in various nanotechnologies, which
include mechanics, photonics, electronics, and sensing [2]. The high surface to
volume ratio is an attractive characteristic that can be achieved from nanofibers, and
more attention has been paid to this area. With the miniaturization of electronic
devices, nanofibers of piezoelectric material are currently attracting a great deal of
interest in the design of smart materials, due to their novel properties that are
significantly different from their bulk, such as physical and chemical properties [3].
The electrospinning process has created more interest in recent times, as it involves
the direct process of crystallite nanofibers by using electrostatic force.

Lead zirconate (PbZrOs;; PZ) is a well known antiferroelectric (AFE) material that
can be processed into various forms such as bulk ceramics, thin films, and fibers. The
hysteresis characteristics of AFE PbZrO, regions are well suited for either power-
storage or actuator applications [4]. Furthermore, the extremely large charge released
from the ferroelectric (FE) to AFE state may be useful as alternate capacitor materials
in DRAMs [5].

It is known that piezoelectric ceramics have high piezoelectric strain and a high
electromechanical coupling coefficient [6], but their relatively high density, high
acoustic impedance and mechanical stiffness limit their applications [7]. On the other
hand, piezoelectric polymers have acoustic impedance that is well matched to water

and biological issues, but their piezoelectric strain coefficient and electromechanical



coupling coefficient, are lower than those of piezoelectric ceramics [8]. Thus, one
might optimize conflicting requirements in many applications by combining the most
useful properties of two or more phases that do not ordinarily appear together in
nature. Therefore, different kinds of composites such as porous ceramics and
ceramic-polymer composites are developed typically. Piezoelectric ceramic-polymer
composites have been studied intensively within the last few decades because of
their considerable potential for applications such as pyroelectric sensors, ultrasonic
transducers, and hydrophones [9]. In addition, they are exceptionally sensitive; for
example, sensors based on polyvinylidene difluoride (PVDF) film have been applied
even in erosive media to detect pressure; in biological environments to aid minimally
invasive surgery; in testing and characterizing fabrics; and in monitoring human health

[10].

1.2 Goal and Objective

1.2.1 To study the preparation of piezoceramic nanofibers of lead zirconate
using the electrospinning method via the sol-gel process.

1.2.2 To study the optimization of the electrospinning process during synthesis
by varying the reaction parameters such as concentration, volume ratio of precursor
to polymer solution and feeding rate.

1.2.3 To study and evaluate the calcination parameters during the optimization
process.

1.2.4 To study characterization of the materials synthesized using different
techniques. Particle size and morphological studies were carried out using scanning
electron microscope (SEM), and crystallite size and crystal structures were
determined using X-ray diffraction (XRD). The functional groups were confirmed using
Fourier transform-infrared spectroscopy (FT-IR) and Raman.

1.2.5 To reduce the cost in preparing ceramic nanofiber by using Glutineous
rice starch as the polymer electrolyte.

1.2.6 To study the effect of solvothermal treatment on lead zirconate

nanofiber.



1.27 To study characterization and dielectric properties of the
piezoelectric/polymer nanocomposites of lead zirconate and
polyvinylidenedifluoride.

1.28 To study the preparation and dielectric properties of
piezoelectric/polymer nanocomposite, with modification of the carbon nanotube

(CNT).

1.3 Scope of the Study

1.3.1 Study the preparation of piezoceramic nanofibers of lead using the
electrospinning method.

1.3.2 Study the synthesis parameters; concentration, volume ratio of precursor
to polymer solution and feeding rate to obtain the optimized condition of the
electrospinning process.

1.3.3 Study and evaluate the calcination parameters during the optimization
process.

1.3.4 Study characterization of the materials synthesized using different
techniques. The particle size and morphological studies were carried out using SEM,
and crystallite size and crystal structures determined by XRD. The functional groups
were confirmed using FT-IR and Raman.

1.3.5 Reduce the cost in preparing ceramic nanofiber by using Glutineous rice
starch as the polymer electrolyte.

1.3.6 Study the effect of solvothermal treatment on lead zirconate nanofiber.

1.3.7 Study the characterization and dielectric  properties  of
piezoelectric/polymer nanocomposite of lead zirconate and polyvinylidenedifluoride.

1.3.8 Study the preparation and dielectric properties of piezoelectric/polymer

nanocomposite, with modification of CNT.

1.4 Process of the Study

This study, conducted a systematic investigation of piezoceramic nanofiber
using two synthesis routes, namely the sol-gel and electrospinning process by varying
the concentration, volume ratio of precursor solution to polymer, feeding rate and

calcination temperature. Synthesis of the nanofiber antiferroelectric PZ system by



electrospinning, followed by calcinations at high temperature, was focused on to
improve the desired properties. The ceramic nanofibers and conventional sol-gel
precursors from the electrospinning method were mixed with various kinds of
polymers in order to increase viscosity. However, most polymers are fairly expensive,
whereas, glutinous rice starch (GRS) is of a kind commonly cultivated in Thailand, and
has low cost, and high viscosity. Thus, this study also synthesized lead zirconate
fibers by the electrospinning method using solution that contained commercial
polymer combined with Thai GRS in order to increase viscosity and reduce cost of
the precursor solution. Furthermore, this research also examined the effect of
solvothermal treatment on phase transformation in lead zirconate nanofibers. The
optimum condition of chemical treatment for the phase transition in lead zirconate
fibers was determined at different temperatures and times using dimethyl formamide
as an effective solvent. In addition, the characterization and dielectric properties of
the  piezoelectric/polymer  nanocomposites of  lead  zirconate  and
polyvinylidenedifluoride were studied. Furthermore, the preparation and dielectric
properties of piezoelectric/polymer nanocomposite were examined, with

modification of the CNT.
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CHAPTER 2
LITERATURE REVIEW

2.1 Basis for Ferroelectric [1, 3]

All crystals can be classified into 32 point groups according to their
crystallographic symmetry. These point groups are divided into two classes. One has
a center of symmetry and the other does not. There are 21 noncentrosymmetric
point groups, of which crystals belonging to 20 of them exhibit piezoelectricity.
Although cubic class 432 lacks a center of symmetry, it does not permit
piezoelectricity. Of the 20 noncentrosymmetric point groups, 10 polar crystal classes
contain a unique axis, along which an electric dipole moment is oriented in the
unstrained condition. The pyroelectric effect appears in any material that possesses a
polar symmetry axis. The material in this category develops an electric charge on the
surface owing to the change in dipole moment as temperature changes. Pyroelectric
crystals of which spontaneous polarization is re orientable by applying an electric
field of sufficient magnitude (not exceeding the breakdown limit of the crystal) are
called ferroelectrics. In classifying a ferroelectric (FE), the two conditions necessary in
a material are (1) existence of spontaneous polarization and (2) demonstrated
reorienting of the polarization. Four types of ferroelectric ceramics also are given in
Figure 2.1 as subcategories of the general group of ferroelectric materials, with typical
examples representing the type based on its unitcell structure: (1) the tungsten-
bronze group, (2) oxygen octahedral group, (3) pyrochlore group, and (4) bismuth
layer-structure group. Of these, the second group (ABO; perovskite type) is by far the
most important category, economically. The families of listed compositions: BaTiOs,
PZT, PLZT, PT, PMN, and (Na,KINbO, represent the bulk of current ferroelectric

ceramics manufactured worldwide.
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Figure 2.1 The crystallographic classification [adapted from Ref 3].

2.2 Perovskite Structure [2]

Many oxides with the ABO; chemical formula have adopted the perovskite
structure and barium titanate is a member of this perovskite family. This structure
takes its name from the mineral perovskite, CaTiOs. The general crystal structure is a
primitive cube, with the A-larger cation on the corners of the cube, the B-smaller
cation in the middle, and the anion, commonly oxygen, located centrally on the six
cube faces, where A is a monovalent, divalent or trivalent metal and B a
pentavalent, tetravalent or trivalent element. Geometrical ion packing in the lattice is
a very important factor in determining the type of structure. The perovskite structure
can be considered not only as a three-dimensional framework of BOg octahedra
(Figure 2.2a), but also a cubic close packed arrangement of A and O ions, with the B
ions filling the interstitial positions (Figure 2.2b). The unit cell of the cubic perovskite

type lattice is shown in Figure 2.2. The coordination number of cation A and B was



found to be 12 and 6, respectively. The perovskite family includes not only
compounds with an ideal cubic perovskite lattice, but also all compounds with
structures that derived from an ideal one by way of small lattice distortions or
omission of some atoms. For example a large number of double fluorides, such as

KMgF3, KZnF; and others, also belong to the perovskite family.

Figure 2.2 Cubic perovskite-type structure. (2]

2.3 Piezoelectric Materials [1, 3]

Piezoelectricity is a property possessed by a select group of materials, and was
discovered in 1880 by Jacques and Pierre Curie during their systematic study of the
pressure effect on the generation of electrical charge by crystals, such as quartz,
zincblende, and tourmaline. The name “piezo” derives from the Greek meaning of
“to press;” hence, piezoelectricity is the generation of electricity as a result of
mechanical pressure. Piezoelectric materials couple electrical and mechanical
parameters. Single crystal quartz was the earliest material used for its piezoelectric
properties. Ferroelectric polycrystalline ceramics, such as barium titanate and lead
zirconate titanate (PZT), exhibit piezoelectricity when poled electrically. As these
ceramics possess significant and stable piezoelectric effects, including high
electromechanical coupling, they can produce large strains or forces and are hence
used extensively as transducers. Piezoelectric polymers, notably polyvinylidene-
difluoride (PVDF) and its copolymers with trifluoroethylene and piezoelectric

composites that combine a piezoelectric ceramic and passive polymer, have been




developed and offer high potential. Recently, thin films of piezoelectric materials
have been researched, due to their potential use in microdevices (sensors and
microelectromechanical systems [MEMS]). Piezoelectricity is being used extensively in
fabricating various devices such as transducers, sensors, actuators, surface acoustic

wave (SAW) devices, and frequency controls.

2.3.1 Piezoelectric Effect [3]

The poling process is the critical element in the ability to utilize the
piezoelectric effect in a ferroelectric ceramic. Without poling, the ceramic is inactive,
even though each individual crystallite is piezoelectric in itself. With poling, however,
the ceramic becomes extremely useful, provided it is not heated above its Curie
temperature (T¢), when it would lose its polarization and all orientation of the
polarization produced by the poling process. Two effects are operative in
piezoelectric crystals in general and ferroelectric ceramics in particular. The direct
effect (designated as a generator) is identified with the phenomenon, whereby
electrical charge (polarization) is generated from mechanical stress, whereas the
converse effect (designated as a motor) is associated with the mechanical movement
generated by applying an electrical field. Both of these effects are illustrated in
Figure 2.3.

>
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Figure 2.3 Piezoelectric effects on ferroelectric ceramics (a) direct effect (b) inverse

effect [adapted from Ref 3].
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The basic equations that describe these two effects regarding electric and

elastic properties are:
D=dE+¢E (generator) (2.1)
S=sT+dE (motor) (2.2)

Where D is the dielectric displacement (considered as equal to polarization)
T is the stress
E is the electric field
S is the strain
d is a piezoelectric coefficient
s is the material compliance (inverse modulus of elasticity)

and  gis the dielectric constant (permittivity).

The superscripts indicate a quantity held constant: in the case of .s:T, the
stress is held constant, which means that the piezoelectric element is unconstrained
mechanically, and, in the case of sE, the electric field is held constant, meaning the
electrodes on the element are shorted together. Equations (2.1) and (2.2) actually
describe in matrix form a set of equations that relate these properties along different
orientations of the material. Due to the detailed nature of the many equations
involved, the reader is referred to several sources on the subject. Suffice it to say
that as this is a piezoelectric solid, equation (2.1) and (2.2) relate to given properties,
such as electric displacement (polarization) and strain to both the mechanical and
electrical states of the material. Furthermore, these properties are directional
quantities, and hence, usually specified with subscripts to identify the conditions
under which they are determined. For example, d; indicates that this piezoelectric
coefficient relates to the generation of polarization (direct effect) in the electrodes
perpendicular to the 3 or vertical direction, and the stress applied mechanically in
the 1 or lateral direction; and ds; indicates both the polarization generated and

stress applied in the 3 direction. Typical relationships for this coefficient are:

D3 = d33T3 (dlreCt' eﬁect) (23)
S3 = daaf; (converse effect) (2.9)

where, the d coefficients are equal numerically in both equations. The d coefficients

are expressed usually as x10"> C/N and x10"~ m/V for the direct and converse
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effect, respectively. High d coefficients are desirable for materials that are utilized in
motional or vibrational devices, such as sonar and sounders. In addition to the d
coefficients, open-circuit ¢ coefficients also are used to evaluate piezoelectric
ceramics for their ability to generate large amounts of voltage per unit of input stress.

The ¢ constant is related to the d constant via the relationship:
g = dKg (2.5)

where K is the relative dielectric constant and & the permittivity of free space (8.854
x 10 F/m). Thus, a high ¢ constant is possible for a given d coefficient if the
material has a low K. High ¢ constant ceramics are usually ferroelectrically hard
materials that do not switch their polarization readily, and possess lower K values.
They are used in devices such as portable gas ignitors and patio lighters. The
piezoelectric coupling factor (e.g., ki3, ks, and k) is a convenient and direct
measurement of the overall strength of the electromechanical effect, i.e., the ability
of the ceramic transducer to convert one form of energy to another. It is defined as
the square root of the ratio of energy output in electrical form to the total
mechanical energy input (direct effect), or the square root of the ratio of the energy
available in mechanical form to the total electrical energy input (converse effect). As
the conversion of electrical to mechanical energy (or vice versa) is always
incomplete, k is always less unified. The higher k values commonly used as a figure-
of-merit for piezoelectrics are most desirable and constantly sought after in new
materials. For ceramics, k; is a typical measurement used in comparing materials with
values ranging from 0.35 for BaTiO; to as high as 0.72 for lead zirconate titanate
(PZT). All of the properties mentioned here may be realized in a piezoelectric
ceramic, which is, in reality, a poled ferroelectric ceramic material. During the process
of poling, there is a small expansion of the material along the poling axis and a slight
contraction in both directions perpendicular to it. The strength of the poling field,
often in combination with elevated temperature, is an important factor in
determining the extent of alignment and, hence, the resulting properties. Alignment
is never complete; however, depending on the type of crystal structure involved, the
thoroughness of poling can be quite high, ranging from 83% for the tetragonal phase
to 86% for the rhombohedral phase, and 91% for the orthorhombic phase, when

compared with single-domain, single-crystal values. As all ceramic bodies are
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macroscopically isotropic in the “as-sintered” condition, and must be poled to
render them useful as piezoelectric materials, they are all ferroelectric as well as

piezoelectric.

2.4 Important Ferroelectric Materials

2.4.1 Barium Titanate [1, 4, 5]

Barium titanate was the first known ferroelectric ceramic and a good
candidate for a variety of applications, due to its excellent dielectric, ferroelectric
and piezoelectric properties. BaTiO; was the first material used for manufacturing
dielectric ceramic capacitors, multilayer capacitors, etc. It was used for this
application due to its high dielectric constant and low dielectric loss. The values of
the dielectric constant depend on the synthesis route, which means purity, density,
grain size, etc. The dielectric constant also is dependent on temperature, frequency
and dopants. Figure 2.4 shows the temperature dependence of dielectric constants
in BaTiO; that demonstrate the phase transitions in BaTiO; single crystals. Three
anomalies can be observed. The discontinuity at the Curie point (130°C) is due to
transition from a ferroelectric to paraelectric phase. The other two discontinuities are
accompanied by transitions from one ferroelectric phase to another. The crystal
structure is cubic above the Curie point and has no spontaneous dipole moments.
The crystal becomes polar at the Curie point and the structure changes from a cubic
to tetragonal phase. The dipole moment and spontaneous polarization are parallel
to the tetragonal axis. At just below the Curie temperature, the cubic structure is
distorted slightly to a ferroelectric tetragonal structure with a dipole moment in the
direction of “c”. The vector of the spontaneous polarization points is in the [001]
direction (tetragonal phase). When the temperature goes down to below 0°C, the
tetragonal structure transforms into an orthorhombic ferroelectric phase, with the
polar axis parallel to a diagonal face. It reorients in the [011] phase (orthorhombic
phase). In addition, when the temperature is reduced further to -80°C, the tetragonal
structure transforms into a rhombohedral structure, with the polar axis directed

along a diagonal body. It reorients in the [111] phase (rhombohedral phase).
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Figure 2.4 The temperature dependence of the relative permittivity of BaTiOs. [5]

The temperature dependence of the dielectric constant and also other
properties can be modified by forming a solid solution over a wide range of
compositions. The perovskite structure has the capability of hosting ions of different
sizes, so a large number of different dopants can be accommodated in the BaTiOs
lattice. For many years, A- and B-site dopants have been used to modify the
electrical properties of BaTiOs;. Acceptor dopants are usually monovalent, divalent
and trivalent ions, which substitute Ba’", and barium titanate becomes a p-type
semiconductor, which substitutes Tk ions with donor dopants, and trivalent,
tetravalent and pentavalent ions, with the barium titanate becoming an n-type
semiconductor. The addition of donor dopants at a relatively low concentration
leads to room-temperature semiconducting ceramics, whereas higher dopant
contents lead to insulating materials. For example, the substitution of Pb2+, Sr2+,

Ca”*and Cd”" can be made for part of the Ba’'ions, thus maintaining the ferroelectric
a4+
characteristics. Similarly, the Ti ion can be replaced partially with an+, Hf* E Zrﬂ+,

ce“and Th™.

Barium titanate is used most widely for its strong piezoelectric
characteristics. Barium titanate prepolarized ceramics have the advantage of a high
coupling coefficient while being mechanically and thermally stable. Some typical
values of kp, ki3, dis, d3; and g3 for BaTiOs; are 0.36, 0.5, 190, -78 and 11.4,
respectively. Barium titanate can be manufactured in a variety of shapes and

subsequently polarized in order to obtain optimum efficiency as piezoelectric
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elements. Since the Curie temperature of barium titanate is relatively high,
piezoelectric properties are maintained, and barium titanate can be used for these

purposes at temperature as high as 70°C. Seveyrat at al. prepared BaTiO3 by

conventional solid state reaction and the oxalate co-precipitation route, and they
measured electric field dependence of relative permittivity and piezoelectric
coefficient dss. They concluded that powder from a chemical process is made of
finer grains, which leads to ceramics with very good properties. The piezoelectric das
constant is more than 260 pC/N at around 25°C. This value is higher than those
usually published for barium titanate ceramics: classically, values of room

temperature g (1kHz) and ds; are around 1,700 and 190 pC/N, respectively.
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Figure 2.5 The hysteresis loop of BaTiO3 samples at room temperature. [5]
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Figure 2.6 The change in shape of the barium titanate ferroelectric hysteresis loop by

temperature. [5]
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Stojanovic et al. obtained a very well formed loop, with a regular shape
typical of ferroelectric materials. They prepared barium titanate by mechano-
chemical synthesis. The remanent polarization and coercitive field was 2.0 uC/cm2
and 1,060 kV/cm, respectively. The hysteresis loop is presented in Figure 2.5.

The hysteresis loops become fatter at low temperature, while the coercitive
field becomes greater, corresponding to the larger energy requirement for reorienting
the domain walls; i.e., the domain configuration is frozen in. At higher temperatures,
the coercive force decreases until no hysteresis remains at the Curie temperature,
and there is only a single value for the dielectric constant. Hysteresis loops for
barium titanate are illustrated in Figure 2.6.

The dielectric and piezoelectric properties of the ferroelectric ceramic,
BaTiO;, can be affected by its own stoichiometry and microstructure, and by dopants
entering the A- or B-site of solid solution. Modified BaTiOs; ceramics that contain
dopants such as Pb or Ca ions have been used as commercial piezoelectric

materials.

2.4.2 Lead Zirconate (PbZrO,) [3, 6]

Antiferroelectric (AFE) materials have ionic chains that are polarized
spontaneously, with the adjacent chains of one kind of ions polarized in the opposite
direction. Therefore, there is no net spontaneous polarization. Lead zirconate
(PbZrO;) was the first compound identified as an antiferroelectric. In its low-
temperature phase (T < T = 230°C), PbZrO; crystallizes in the orthorhombic
structure, and its unit cell parameters are a = 5.888 A, b = 11.758 A, and c = 8.222 A.
The orthorhombic phase of PbZrO; is strongly antiferroelectric in the plane that is
perpendicular to the c-axis.

Lead zirconate is a well known antiferroelectric material that can be
processed into various forms such as bulk ceramics, thin films, and fibers. The
hysteresis characteristics of antiferroelectric PbZrO, regions are well suited for either
power-storage or actuator applications. Furthermore, the extremely large charge
released from the FE to AFE state may be useful as alternate capacitor materials in
DRAMs. Lead zirconate (PbZrO; or PZ) is an important precursor in preparing a
number of technologically important solid solutions, particularly those of the

PbZr,,Ti,O5 series. Recently, new studies revealed novel applications of lead
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zirconate (PZ) as a phase-transformation-induced electromechanical actuator and

pyroelectric sensor.

Oxygen

Figure 2.7 Perovskite structure of lead zirconate [adapted from Ref 3].
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Figure 2.8 Typical AFE hysteresis loop. [6]

The double hysteresis loops that result from the field-forced AFE to FE
phase transformation are useful for charge storage devices. A typical AFE hysteresis
loop, which shows an induced or field-forced metastable ferroelectric, is present in
electric fields higher than £,, and spontaneous polarization is zero for a zero electric
field (Figure 2.8). The hysteresis regions are well suited for either power-storage or

actuator applications. Conversely, the linear section of the polarization-electric field
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curve (i.e., the low-field AFE region) can be used for capacitor applications. This has
the advantage of bias-independent capacitance coupled with a reasonably good
volumetric efficiency. In bulk ceramics, however, the AFE to FE transformation is
difficult to observe at room temperature, as the electric field required to induce
phase switching is often larger than the dielectric strength. Brodeur et al. observed
multiple phase transitions in AFE bulk ceramics. However, there are several recent
reports which show that PbZrO5 thin films undergo room-temperature field-induced
phase switching, due to appreciably induced strains

PbZrOs-based antiferroelectric materials have been studied extensively over
the past several decades as applications for high-energy storage capacitors and high-
strain actuators/transducers. With more recent development of microelectronic
devices, antiferroelectric thin films have been explored for applications such as
microactuators in microelectromechnical systems (MEMS) and decoupling capacitors
in high-speed Dynamic Random Access Memory (DRAM) devices. An electric-field-
forced phase transformation from an AFE phase to a ferroelectric (FE) phase occurs in
PbZrO; owing to the small free-energy difference between the two phases. Fesenko
et al. reported phase transformations, which occur in PbZrO; single crystals. It was
observed that different hysteresis loops can be induced at various temperatures and

electric fields.

2.4.3 Lead Zirconate-Lead Titanate [1]

Piezoelectric Pb(Ti,Zr)O; solid solution (PZT) ceramics are used widely
because of their superior piezoelectric properties. The phase diagram of the PZT
system [Pb(Zr,Ti;.,)O4] is shown in Figure 2.9. The crystalline symmetry of this solid
solution is determined by the Zr content. PT also has a tetragonal ferroelectric phase
in the perovskite structure. As the Zr content x increases, the tetragonal distortion
decreases, and when x is > 0.52, the structure changes from a 4mm tetragonal phase
to another ferroelectric phase of rhombohedral 3m symmetry. Figure 2.10 shows the
dependence of several d constants on the composition near the morphotropic
phase boundary between the tetragonal and rhombohedral phases. The d constants
have their highest values near the morphotropic phase boundary. This enhancement
in the piezoelectric effect is attributed to the increased ease of reorientation of the

polarization in an electric field. Doping the PZT material with donors or acceptors

078171
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changes the properties dramatically. Donor doping with ions such as Nb™ or Ta™
provides soft PZTs like PZT-5, due to the facility of domain motion caused by charge
compensation of the Pb vacancy, which is generated during sintering. On the other
hand, acceptor doping with Fe” or S leads to hard PZTs such as PZT-8 because

oxygen vacancies pin the domain wall motion.

Temperature (°C)

Figure 2.9 The phase diagram of the PZT system. [1]
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Figure 2.10 Dependence of several d constants on the composition near the

morphotropic phase boundary. [1]
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2.5 Powder Preparation

2.5.1 Mixed-Oxide Method [7]

The most direct method of making mixed-oxides is to obtain reaction from a
mixture of metal oxides, hydroxides or salts in the solid state. Conventional
processing to prepare multicomponent mixed-oxide ceramic powders involves three
consecutive steps such as mixing, solid-state reaction and milling.

2.5.1.1 Mixing and Milling [7]

Mechanical milling as a solid state synthesis is performed usually using ball
milling equipment; generally divided in to a “low energy” and “high energy”
category, based on the value of mechanical energy induced in the powder mixture.
The ball milling eguipment used for mechanical grinding or mixing has low energy,
such as the Horizontal mill (Tumbler). The speed of the low energy rod or ball mill is
quite critical regarding efficiency of the process (Figure 2.11). It is necessary for the
balls (or rods) to drop from the top of the mill onto the feedstock material being
ground (Figure 2.11b). If the mill speed is too fast, the media will not fall at all due
to centrifugal forces, or it will fall directly onto the media near the bottom of the
mill (Figure 2.11c). At low speeds the media does not drop at all, whereas, at the
optimum speed the media continuously "cascades" onto the feedstock material that
is being crushed.

In mechanical milling processes, which are utilized for changing the chemical
composition of precursors, high energy ball milling equipment is used in general. This
phenomenon can be performed in various types of high energy ball mills, including
attrition, planetary, and vibratory mills that are schematically shown in Figure 2.12.
The rotating impeller in an attrition mill causes relative movement between balls
and powders, while a rotating disc and vials in a planetary ball mill revolve in
opposite directions at 700 rpm, and the vessel in the vibratory mill, also known as a
shaker mill, is set at 1D or 3D vertical oscillatory motion. Spex 8000 is a commercial
type of 3D vibratory mill. Of the above types of mills, the attrition mill has the
highest capacity of powder charge. Accordingly, attrition milling is employed to
synthesize thermal spray feedstock powders that are used for fabricating

nanostructured coatings.
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Rotationdirection

Figure 2.11 Low energy mechanical milling variable that controls particle grinding

and efficiency: (a) low speed, (b) optimum speed, and (c) high speed. [7]
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Figure 2.12 Various types of high energy ball mills: (a) attrition mill, (b) vibratory mill,
and (c) planetary mill. [7]

2.5.1.2 Solid State Reaction [8, 9]

Electroceramic powders are fabricated wusually by the thermal
decomposition of inorganic and organic salts such as carbonates, nitrates, sulfates,
acetates and oxalates or solid-solid reaction between constituent oxides. Both
inorganic and organic salts thermally decompose to produce an oxide of constituent
metal atoms. In this case the synthetic reaction is basically a solid-solid reaction
between oxides. In such systems, the reaction between solid particles takes place in
restricted regions. With a higher temperature and longer reaction time the reaction
proceeds further inside the particles. However, this results in strong sintering of the
powders, which cannot be broken down easily into fine particles. Then, optimum
temperature and time of calcinations exist. In an optimum condition, the reaction is

thought to be restricted usually near the contact regions, and particles are reduced
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easily to fine powders. Also, several calcination-grinding operations are carried out to
complete the reaction. In spite of this problem, the resultant powders from some
operations contain more or less unreaction zones. In this method, the compositional
inhomogeneity of powders depends on the particle size of the starting powder. [8]
The simplest system involves the reaction between two solid phases, A and
B, to produce a solid solution, C. A and B are common elements for metallic
systems, while crystalline compounds are common for ceramics. After initiating the
reaction, A and B are separated by the solid reaction product, C (Figure 2.13). Further
reaction involves transporting atoms, ions or molecules through the phase
boundaries and reaction product by several possible mechanisms. Reactions
between mixed powders are important technologically for powder synthesis.
However, the study of reaction mechanisms is facilitated greatly by the use of single

crystals because of their simplified geometry and boundary conditions. [9]

reaction product

Figure 2.13 Schematic of the solid-state reaction in single crystals. [9]

Growth of the reaction product in powder systems for a solid-state diffusion
mechanism occurs at the contact points, of which, the number is small for nearly
equal-sized spheres. Nevertheless, for many systems, the Jander equation and Carter
equation give good description of the kinetic reaction for at least the initial reaction
stages. It appears that rapid surface diffusion provides a uniform supply of one
reactant over another. Alternatively, if the vapor pressure of one reactant is high
enough, a uniform supply of another one can be provided by condensation on the
latter’s surface. In this case, the powder reaction can be best described as gas-solid
rather than solid-state. In practical systems, solid state reaction in powder systems
depends on several parameters such as the chemical nature of the reactants and the
product; the size, size distribution, and shape of the particles; the relative sizes of

the reactant particles in the mixture; the uniformity of the mixing and the reaction
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atmosphere; the temperature; and the time. The reaction rate decreases with an
increase in particle size of the reactants because, on average, the diffusion distances
increase. The reaction rate increases with temperature according to the Arrhenius
relation. Commonly, the homogeneity of mixing is one of the most important
parameters, as it influences the diffusion distance between the reactants and the
relative number of contacts between the reactant particles, and thus enables
production of homogeneous, single-phase powders. [9]

Powder preparation by solid-state reactions generally has an advantage in
terms of production cost, but as outlined earlier, the powder quality also is an
important consideration for advanced ceramics. The powders are normally
agglomerated and a grinding step is almost always required to produce powders with
better characteristics. Grinding in ball mills leads to impurities contaminating the
powder. Incomplete reactions, especially in poorly mixed powders, may produce
undesirable phases. Furthermore, the particle shape of ground powders is usually

difficult to control. [8]

fully reactac

Figure 2.14 Schematic of the solid-state reaction in mixed powders. [9]

2.5.2 Hydrothermal and Solvothermal Processes [10]

There are several definitions of hydrothermal and solvothermal processes;
however, hydrothermal and solvothermal reactions can be described as purely
heterogeneous at temperatures above the boiling point of mineralizers in a closed
system at 1 atm pressure. Water and organic solvents are used as main minerizers in
hydrothermal and solvothermal processes, respectively. These processes are of

relatively low temperature and have many advantages such as fast kinetic reaction,
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short processing times, phase purity, high crystallinity, high yield, homogeneous
particle products, composite formation, narrow particle-size distributions, post-
calcinations at only low temperature and cost effectiveness, and they are
environmentally benign, and easily scalable. Furthermore, they facilitate different
reactions, such as mulitcomponent reactions; heat treatment reactions that modify
or change the composition; phase transformation reactions; ion exchange, crystal
growth and dehydration reactions; decomposition reactions; extraction, precipitation

and disproportionation reactions; and crystallization and solidification reactions.

Hydrothermal and solvothermal products
® ¥
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Figure 2.15 Experimental scheme for hydrothermal and solvothermal processes and

their possible products. [10]

There are also a few disadvantages in hydrothermal and solvothermal
processes, such as the need for expensive stainless-steel autoclaves and Teflon
liners, possible safety issues during reaction processes, and the impossibility of
studying in-situ reactions due to their closed (or “black box”) systems. Even though
various synthetic methods are available, hydrothermal and solvothermal techniques
are solution-based and capable of converting metal oxides into desirable

nanostructures known for their unique electronic and electrochemical applications.
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Nanomaterials, in particular, are beneficial for Li ion batteries by providing short
diffusion lengths. The experimental scheme for hydrothermal and solvothermal
processes and their possible products are illustrated in Figure 2.15. The precursor for
hydrothermal and solvothermal reactions is usually in solution, slurry, or gel form,
which is taken in Teflon liners and put into autoclaves, followed by heat treatment
in a furnace or oven. Finally, the desired product of various shapes and sizes can be

collected after several washings.

2.5.3 Sol-Gel Processing [11]

In the sol-gel process, a solution of metal compounds or suspension of very
fine particles in liquid (referred to as sol) is converted into a highly viscous mass (the
gel). Two different sol-gel processes can be distinguished, depending on whether a
sol or solution is used (Figure 2.16). In starting with a sol, the gelled material consists
of identifiable colloidal particles that have been joined together by surface forces to
form a network (Figure 2.17a). A solution is typically metal-organic compounds (such
as metal alkoxides), and in many cases the gelled material may comprise a network
of polymer chains formed by hydrolysis and condensation reactions (Figure 2.17b).
This “‘solution sol-gel process’’ is receiving considerable interest in research;
however, the sol-gel process based on the gelling of suspensions sees more
widespread industrial application. As indicated above, the starting material normally
consists of a solution of metal alkoxides in an appropriate alcohol. Metal alkoxides
have the general formula of M(OR), and can be considered as either a derivative of
an alcohol, ROH, where R is an alkyl group, in which the hydroxyl proton is replaced
by a metal, M, or a metal hydroxide, M(OH),. Water is added to this solution in either
a pure state or diluted with more alcohol. Under constant stirring at a heat slightly
above room temperature (normally 50-90°C), and with a suitable concentration of
reactants and pH of the solution, hydrolysis and condensation reactions may occur,
leading to the formation of polymer chains. Taking the example of a tetravalent

metal (e.g., M-Si), the reactions may be expressed as follows:

Hydrolysis
M(OR); + H;O — M(OR);-OH + ROH
Condensation

M(OR);-OH +M(OR); —(RO)s-M-O-M-(OR); + ROH
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Figure 2.16 Schematic diagram of the structure of (a) a particulate gel formed from a

suspension of fine particles and (b) a polymeric gel from a solution. [11]

Solution

(of metal arlikoxide)

Hydrolysis Hydrolysis and
condensation
Sol Sol
(suspension of fine particles) (solution of polymers)
Gelation Gelation
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Particulate Gel Polymeric Gel
Drying Drying
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Dried Gel Dried Gel
Firing Firing
¥ v
Dense Product Dense Product
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Figure 2.17 Basic flow charts for sol-gel processing using (a) a suspension of fine

particles and (b) a solution. [11]
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Polymerization of the species formed by the hydrolysis and condensation
reactions, together with interlinking and cross-linking of the polymer chains,
eventually leads to a marked increase in the viscosity of the reaction mixture and
production of a gel. The gel has a continuous solid network and finite shear
modulus. Normally, excess water and alcohol are used in the reactions, so that the
amount of solid matter in the gel (i.e., the content of solids of the gel) can be quite
low; being 5-10 vol% in many cases. The remainder of the volume consists of liquid
that must be removed prior to firing. Gel drying can be the most time consuming
and a difficult step in the overall fabrication route, especially when a monolithic
material is required directly from the gel. Normally, the liquid is present in fine
channels, typically 2-50 nm in diameter. Removal of the liquid by evaporation has
two main consequences: large capillary stresses are generated, and the gel

undergoes considerable shrinkage under the action of capillary stress.

2.6 Nanofiber Preparation [12, 13]

The technological attraction of ceramic nanomaterials originates from improved
and/or novel properties arising from their high surface-to-volume ratio. In addition,
when the particle size reduces to nanometer level, their bonding characteristics
deviate from those of bulk material, thus allowing for opportunities to manipulate
the surface structure for applying devices. The increased surface area of
nanomaterials is beneficial in many ways for technological applications. For example,
should nanometer sized particles be the active elements in a lasing medium, the
increased surface area results in faster removal of heat in a laser cavity, thus,
improving the power output. This phenomenon led to the concept of fiber lasers,
and because of this, high power fiber lasers with an output of 10 kW have been
realized and are now available commercially. Furthermore, as nanostructured
materials are much smaller than the wavelength of visible light, they can be
integrated conveniently with the present glass and optoelectronic industry because
their reflective, refractive and light emission properties can be attuned by control of
size. Such glass ceramics are now available routinely on the open market and used
for many applications such as optical amplifiers for optical communication and signal

processing, glass lasers, filters, etc.
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Ceramic nanofibers have great potential for testing the concepts of
fundamental guantum mechanics and playing a vital role in various applications such
as photonics, nanoelectronics, and data storage. In addition, many unique and
fascinating properties have been proposed and demonstrated for this class of
materials, including superior mechanical toughness, higher luminescence efficiency,
and enhancement of the thermoelectric figure of merit. Electrospinning is a mature
technique used to fabricate nanofibers.

A number of processing techniques such as drawing, template synthesis, phase
separation and self-assembly have been used to prepare polymer nanofibers in
recent years. However, these methods have disadvantages such as material
limitation, time-consumption and complicated processing systems. Regarding
electrospinning, it is not only a simple one-step top-down process for fabricating
nanofibers, but also the co-processer of polymer mixtures, and chemical cross-linking
can be performed to provide a variety of pathways for controlling the chemical
composition of nanofibers. These benefits provide a wide range of properties such as
strength, weight, elasticity, porosity and charged surface areas. In addition,
electrospinning also provides the capacity to intertwine different types of
nanoparticles or nanofillers that can be encapsulated into a nanofiber matrix.
Functional micro/nano particles may be dispersed in polymer solutions, which are
then electrospun to form composites in the form of continuous nanofibers and
nanofibrous assemblies. All these aspects endow electrospinning with flexibility.
Additionally, electrospinning seems to be the only method that can further current
manufacturing capabilities by utilizing an easy process and capability of developing

mass production of one-by-one continuous nanofibers from various polymers.

2.6.1 Electrospinning Technique [12, 13]
Electrospinning was first reported in 1934, and has been used for more than
60 years, and yet it appears under developed when studying the fabrication of
continuous nanofibers. The term “electrospinning”, which derived from “electrostatic
spinning”, was coined quite recently. Since the 1980s, and especially in recent years,
the electrospinning process has regained more attention, probably due in part to a

surging interest in nanotechnology, as ultrafine fibers or fibrous structures of various
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polymers, with diameters in the submicron/nanometer range, can be fabricated
easily by electrospinning.

Fabrication of one-dimensional ceramic nanofibers has gained increased
interest since 2002. A novel method by which ceramic nanofibers are fabricated
widely is by the combination of two conventional techniques such as electrospinning
and sol-gel. Electrospinning is the process by which continuous nanofibers are
produced with a high surface area to volume ratio. A polymer solution in this process
is injected from a needle in the presence of an electric field. When the applied
electric field overcomes the surface tension of the liquid, a continuous jet is ejected,
which upon subsequent solvent evaporation and bending produces nanofibers on
the collector surface. The sol-gel technique has been used to prepare ceramic
nanomaterials such as ceramic nanoparticles, and is found to be versatile in
preparing individual as well as mixed ceramic nanoparticles at low temperatures for
applications such as thin film formation, coatings, solar cells, nanoelectonics, sensors,
etc. The combination of electrospinning and sol-gel techniques provides a way to
fabricate ceramic nanofibers of different sizes, compositions, and morphologies such
as tubular, ribbons, and porosity in a single step. In addition, the process is relatively
simple. The even distribution of materials such as catalysts and additives, and the
encapsulation of insolubles into a nanofiber matrix are achieved easily by using this
approach. Although a few other methods of fabricating nanofibers such as phase
separation and template synthesis are reported in the literature, electrospinning is
found to be unigque in producing continuous nanofibers with several hundred
micrometer length, flexibility, and ease of fiber production. Through this technique,
different fiber assemblies such as random mats, aligned fibers, and patterned fibers;
random three-dimensional architecture, can be fabricated easily. Some of these
morphologies are depicted in Figure 2.18. Generally, ceramic nanofibers are made by
electrospinning ceramic precursors in the presence of polymers, followed by
calcination at higher temperatures. However, a few reports also are available on the
fabrication of ceramic nanofibers without the addition of polymers. The electrical
conductivity of ceramic precursors in polymers is found to increase drastically when
compared to polymer solution. Careful preparation of the precursors is essential in
order to electrospin ceramic systems accurately. Several parameters, such as solvent

volatility, viscosity, surface tension, conductivity, applied voltage, etc., need to be
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optimized for all systems. Sometimes, cosolvents or stabilizers are added to achieve

optimum conditions for electrospinning.

Figure 2.18 Various electrospun architecture (a) flat polymer nanofibers, (b) beaded
polymer nanofibers, (c) nonporous smooth polymer nanofibers, (d) porous submicron
polymer fibers, (e) randomly oriented ceramic nanofibers, and (f) aligned ceramic

nanofibers. [12]

Electrospinning appears to be affected by the following parameters and
variables: 1) system parameters such as molecular weight, molecular weight
distribution and architecture (branched, linear, etc.) of the polymer, and polymer
solution properties (viscosity, conductivity, dielectric constant, and surface tension, as
well as charge carried by the spinning jet) and 2) process parameters such as electric
potential, flow rate and concentration, distance between the capillary and collection
screen, ambient parameters (temperature, humidity and air velocity in the chamber)
and finally motion of the target screen. By appropriately varying one or more of the
above parameters, nanofibers can be electrospun successfully from a rich variety of
materials that include polymers, biopolymers, DNA, protein, composites, and

ceramics and even relatively small macromolecules such as phospholipids.
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Electrospinning, in combination with the conventional sol-gel process, has
been extended recently to fabricate a variety of ceramic nanofibers. From this
technique, the ceramic nanofibers and conventional sol-gel precursors are mixed
with various kinds of polymers, such as poly(ethylene oxide) (PEO),
poly(vinylpyrolidone) (PVP) and poly(vinyl alcohol) (PVA), to increase viscosity.

2.6.2 Experimental Setup for E-Spinning [14, 15]

As the name suggests, e-spinning depends on electrostatic forces to form
fibers. In essence, an electric field of several kilovolts is applied between a reservoir
containing a complex fluid ceramic precursor and a collector. A schematic diagram of
the experimental setup and a picture of a typical laboratory setup are presented in
Figure 2.19. A syringe pump squeezes a small amount of complex fluid (ceramic
precursor, polymer, solvent) out of a 100 mm needle. The metallic needle is
attached to a high voltage source that is either positive or negative. The droplet that
forms at the end of the needle will change its form as soon as a voltage is applied.
Depending on experimental conditions, the jet then starts to whip close to the
collector, causing it to thin to a few hundred nanometers, with lower limits in tenths
of nanometers. So far, all ceramic systems and most polymers have been
electrospun via solution-based e-spinning, but another processing pathway is
possible that is based on melting (melt-based e-spinning). This new pathway has yet
to be applied to ceramic systems, but was demonstrated successfully for polymers.
The complex fluid containing ceramic precursors can consist of salt loaded polymer
solutions, sol-gel systems, or nanoparticle slurries. Most of the time, a polymer is
introduced to achieve the required viscosity and mechanical properties in the green
state. However, it has been shown by aging the sol-gel precursor that e-spinning of
ceramic systems without an organic polymer also is possible. In summary, the
experimental steps for e-spinning ceramics normally are as follows:

(1) Preparation of e-spinning solution.

(2) E-spinning of the prepared solution and collection of the
polymer/inorganic composite fibers/mat.

(3) Calcination of the composite fibers to remove unwanted constituents
(polymer, solvent) and obtain the desired ceramic phase.

(4) Annealing for further modification of the fiber microstructure.
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While collection, calcination and annealing processes are essential, arguably
the most challenging step is the preparation of a suitable solution or dispersion for e-
spinning, as the system requires a balance of forces that are controlled by charges,

viscosity, and surface tension.

(m) <
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Figure 2.19 A schematic diagram of the experimental setup and picture of a typical

laboratory setup. [14]

The formation of nanofibers through electrospinning is based on the uniaxial
stretching of a viscoelastic solution. There are basically three components in an
eletrospun setup: a high voltage power supply, capillary tube with a needle and
metal collector. When a sufficiently high voltage is applied to a liquid droplet, the
body of the liquid becomes charged, and electrostatic repulsion counteracts the
surface tension and the droplet is stretched, and a stream of liquid erupts from the
surface at a critical point, which is known as the Taylor cone. If the molecular
cohesion of the liquid is sufficiently high, stream breakup does not occur (if it should,
the droplets would be electrosprayed) and a charged liquid jet is formed. As the jet
dries out in flight, the mode of current flow changes from ohmic to convective as the
charge migrates to the fiber surface. The jet is then elongated by a whipping process
caused by electrostatic repulsion initiated at small bends in the fiber, until it is
deposited finally on the grounded collector. The elongation and thinning of the fiber
result from the bending instability, which leads to the formation of uniform fibers
with nanometer-scale diameters. The main advantage of the electrospinning
nanomanufacturing process is its cost effectiveness when compared to most bottom-

up methods. Nanofibers prepared from the electrospinning process are often uniform
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and continuous and do not require expensive purification, unlike submicrometer

diameter whiskers, inorganic nanorods and carbon nanotubes.

2.6.3 Characteristics of Electrospun Fibers [13]

Nanofibers have a diameter in the order of a few nanometers to over 1 um
(more typically 50~500 nm) and possess unique characteristics, such as
extraordinarily high surface area per unit mass (for instance, nanofibers with ~100 nm
diameter have a specific surface of ~1,000 mzfg), coupled with remarkably high
porosity, excellent structural mechanical properties, high axial strength combined
with extreme flexibility, low basic weight, cost effectiveness and more.

Another interesting aspect in the use of nanofibers is the feasibility to
modify not only their morphology and content (internal bulk), but also the surface
structure in order to carry out various functions. Nanofibers can be post-synthetically
functionalized easily (for example by chemical or physical vapour deposition).
Furthermore, it is even feasible to control secondary nanofiber structures in order to
prepare nanofibers with core/sheath structures, hollow interiors and porous
structures.

Additionally, nanofibers have one dimension on the microscopic scale and
another macroscopically. This unique characteristic endows nanofiber mats with both
the merits possessed by functional materials on the nanometer scale, and these
have advantages over conventional solid membrane such as easy processing, ease of
packaging and shipping.

These outstanding properties make polymer nanofibers good candidates for
many applications. Polymer nanofiber mats are being considered for use in
composite material reinforcement, sensors, filtration, catalysis, protective clothing,
biomedical applications (including wound dressing and scaffolds for tissue
engineering, implants, membranes and drug delivery systems), space applications
such as solar cells, and micro- and nano optoelectronic devices such as light emitting

diodes (LEDs) and photocells.

2.7 Polymer-Ceramic Composite Materials [16]

Polymer-piezoelectric ceramic composites have been investigated extensively

for piezoelectric and pyroelectric transducer application. Although many



33

piezoelectric ceramic materials have good piezoelectric and pyroelectric properties
and high dielectric constants (g), they represent a large leakage of current, low
dielectric strength and generally natural brittleness. In addition, relatively high
density, high acoustic impedance and mechanical stiffness limit their applications.
On the other hand, polymeric materials exhibit very high dielectric strengths and low
leakage of current, and they have acoustic impedance well matched to water and
biological issues. However, polymers generally show small dielectric constants (g=
2~12). Flexible piezoelectric composite is considered as a solution to the problem.
This element offers several advantages over single-phase piezoelectric materials. It
consists of a ceramic material embedded in a flexible polymer matrix, with a certain
connectivity pattern, and exhibits good piezoelectric and pyroelectric properties, low
densities, low leakage of current, high breakdown strength and mechanical flexibility.

The properties of ceramic—polymer composites are determined by the number
of phases and connectivity between phases in composite materials. Additionally, the
filler particle size, interfacial properties, percolation level, and effects of porosity also

can play a role in composite properties.

2.7.1 Design of Composites - Connectivity Models [17]

Properties of the components, amount of each phase present, and how
they are interconnected, viz connectivity, are important for fabricating a composite.
Newnham et al., 1978 and Tressler et al., 1999 proposed the concept of connectivity.
Any phase in a mixture can be self-connected in zero, one, two, and three
dimensions. For example, inclusions dispersed in a polymer host material shall have
connectivity 0, while host polymer shall have connectivity 3. Thus, the term
composite with connectivity 0-3 or 0-3 composites can be used. In a two phase
composite system, there can be ten different connectivities, i.e. 0-0, 0-1, 0-2, 0-3, 1-1,
1-2, 1-3, 2-2, 2-3, and 3-3 (Figure 2.20). In this format, the first digit denotes the
connectivity of inclusions and the second one the host. Generally, the host is a

polymer in the case of polymer composites.
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Figure 2.20 Connectivity Models. [18]

2.7.2 Fabrication of Polymer-Ceramic Composites [1]

In a diphasic composite, there are 10 different ways in which the materials
can be oriented in three dimensional (3D) space. The possible connectivity patterns
are 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, and 3-3. As a matter of convention,
the first and second numbers in the connectivity denote continuity of the
piezoelectric and polymer phases, respectively. The important connectivity patterns
are 0-3, 1-3, 3-3, and 2-2. The 0-3 composites are made with a homogeneous
distribution of piezoelectric ceramic particles within the polymer matrix. The primary
advantage of these composites is the ability to form them into shapes, while
remaining piezoelectrically active. The disadvantage is that 0-3 composites cannot
be poled sufficiently because the ceramic phase is not self-connected in the poling
direction. On the other hand, 3-0 composites, which are simply the ceramic matrix
with low concentration of polymer inclusions or voids, can be poled effectively and
exhibit hydrostatic properties superior to that of single phase PZT. The piezoceramic
and polymer phases in composite with connectivity 3-3 are continuous in three
dimensions in the form of two interlocking skeletons having intimate contact with

each other. The first composite with connectivity 3-3 was formed by the replamine
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process using a coral skeleton. Another effective method of making 3-3 composites
is called BUR nedout Plastic Spheres (BURPS) with properties similar to the replamine
composites. A mixture of PZT powder and burnable plastic spheres are used to
fabricate the PZT-polymer composites. Other techniques, such as relic processing
and distorted reticulated ceramics, have been developed to fabricate 3-3
composites. Recently, fused deposition modeling (FDM) and fused deposition of
ceramics (FDC) have been used to make ladder and 3D honeycomb composites. In
the FDM technique, a 3D plastic mold is prepared and filled with PZT slurry. The FDC
process directly deposits a mixture of PZT and polymer in the form of a 3D ladder
structure. Either structure is heat-treated to burn the organic, sintered PZT, and
embed it in the epoxy polymer. The most extensively studied and used transducer
applications are composites with connectivity 1-3. They consist of individual PZT
rods, or fibers, aligned parallel to the poling, and embedded in a polymer matrix.
Decoupling dy, ds3 and ds; responses of the PZT elements significantly enhance. The
rod diameters, spacing between them, composite thickness, volume fraction of PZT,
and polymer compliance, influences the composite performance. The most common
methods of forming 1-3 composites are the dice and fill technique and injection
molding. In the former method, the composite is fabricated by dicing deep grooves
perpendicularly into a solid sintered block of poled PZT. The grooves are backfilled
with polymer and the base is removed via either grinding or cutting. In the latter
method, a thermoplastic mixture of ceramic powder and organic binder is injected
into a cooled mold. The process can be used to form composites with a variety of

rod sizes, shapes, and spacing.

2.7.3 Properties of Piezoelectric-Polymer Composites [18, 19]

Based on connectivity designs, several important piezoelectric
ceramic/polymer composites were developed. Figure 2.21 represents the schematic
diagram of different piezoelectric ceramic/polymer composites. All of them showed
improved piezoelectric properties when compared to single phase piezoelectric
ceramics. Their dyg), figures of merit are compared in Figure 2.22.

Piezocomposites comprised of piezoelectric ceramics and polymers are
promising materials because of their excellent tailored properties. The geometry of

two-phase composites can be classified into 10 structures; 0-0, 0-1, 0-2, 0-3, 1-1, 1-2,
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1-3, 2-2, 2-3, and 3-3 according to the connectivity of each phase (0, 1, 2, or 3
dimensionality). The 1-3 piezocomposite or PZT-rod/polymer-matrix composite is a
most promising candidate. Its advantages are high coupling factors, low acoustic
impedance (square root of its product density and elastic stiffness), good match to
water or human tissue, mechanical flexibility, broad bandwidth in combination with
low mechanical quality factor, and the possibility of making undiced arrays by
structuring only the electrodes. The thickness-mode electromechanical coupling of
the composite can exceed the k(0.40-0.50) of constituent ceramic and almost
approach the value of the rod-mode electromechanical coupling, k33 (0.70-0.80), of
that ceramic. The acoustic match to tissue or water (1.5 Mrayls) of typical
piezoceramics (20-30 Mrayls) has improved significantly by forming a composite
structure and replacing a heavy, stiff ceramic with a light, soft polymer. Piezoelectric
composite materials are used especially for underwater sonar and medical diagnostic

ultrasonic transducers.
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Figure 2.21 Schematic diagram of different piezoelectric ceramic/polymer

composites. [18]
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Figure 2.22 The d,gj, figures of merit of these composites. [18]

2.7.4 Dielectric Properties of Polymer-Ceramic Composites [19, 20]

The dielectric characteristics of the composites for the same filler ceramic
loading were found to depend strongly on the type of polymer. Polar polymers
increase the & of the composites at low frequencies, but they have hardly any effect
at microwave frequencies. The tangent loss of the composites peaks at an
intermediate frequency, indicating the relaxation behavior of the polymer matrix. The
dielectric properties of the composites are influenced not only by the relative
permittivity of the components, but also other factors such as the morphology,
dispersion, and interactions between the two phases. Therefore, predicting the
relative permittivity of the composite from that of the components and volume
fraction of the filler is very important, but this is a difficult task for electronic
packaging applications.

However, while different models have been developed, usually little or no
experimental evidence was provided to support the derived equations. Therefore,
the ambiguity prevails as to which model is more useful for the prediction of an
effective dielectric constant of the composites. Polymers filled with ceramics have
been studied for use as dielectric materials in thick film capacitors. Ceramic particle
size influences the effective dielectric constant of a composite dramatically. Precise
prediction of the effective dielectric constant of polymer/ceramic nanocomposites
forms a focal point for the design of composite materials. Many theoretical models

have been proposed in the literature for simulating the electrical properties of the
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composites. Mostly, composite dielectrics are statistical mixtures of several
components. The models mentioned are empirical ones that describe the
polymer/ceramic nanocomposite property. Other efforts also have been made to
predict the dielectric properties of a composite using the percolation theory. The
major interest in the physics of disordered materials lies in relating the macroscopic
property of interest such as permittivity, conductivity, etc. The effective medium
theory (EMT) also is used to set up a numerical model that can predict the dielectric
constant of a polymer/ceramic nanocomposite precisely. The major factors affecting
the dielectric properties of barium titanate ceramics are the grain size, phase
contents and types of dopants used. Thus, the dielectric property of a composite
can be treated in terms of an effective medium, from which dielectric permittivity
can be obtained by suitably averaging its two constituents. The perovskite-type
barium titanate for polymer/ceramic composites is in the powder instead of sintered
form. Removing grain boundaries, eliminating constrained forces from neighboring
grains and dropping domain density, due to decreased particle size, reduces the
dielectric constant of barium titanate (BT) powders. Furthermore, it was seen that
inorganic ceramic materials need to be compatible with the polymer matrix.
Therefore, as ceramic material is required to be compatible with the polymer matrix,

it needs surface modification for increased compatibility.

2.8 Polymer Matrix [21]

Properties of different polymers will determine the application to which they
are appropriate. The chief advantages of polymers as a matrix are low cost, easy
processability, good chemical resistance, and low specific gravity. On the other hand,
low strength, low modulus, and low operating temperatures limit their use. Varieties
of polymers for composites are thermoplastic polymers, thermosetting polymers,
elastomers, and their blends.

Thermoplastic polymers: Thermoplastics consist of linear or branched chain
molecules that have strong intramolecular bonds, but weak intermolecular bonds.
They can be reshaped by applying heat and pressure and are either semicrystalline

or amorphous in structure. Examples include polyethylene, polypropylene,
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polystyrene, nylons, polycarbonate, polyacetals, polyamide-imides, polyether ether
ketone, polysulfone, polyphenylene sulfide, polyether imide, and so on.

Thermosetting polymers: Thermosets have cross-linked or network structures
with covalent bonds in all molecules. They do not soften but decompose on
heating. Once solidified by the cross-linking process they cannot be reshaped.
Common examples are epoxies, polyesters, phenolics, ureas, melamine, silicone, and
polyimides.

Elastomers: An elastomer is a polymer with the property of viscoelasticity, and
in general notably low Young’s modulus and a high yield strain when compared with
other materials. The term, elastomer, derived from elastic polymer, and is often used
interchangeably with the term, rubber, although the latter is preferred when referring
to vulcanizates. Each monomer that links to form the polymer is made usually of
carbon, hydrogen, oxygen, and silicon. Elastomers are amorphous polymers that exist
above their glass transition temperature, so that considerable segmental motion is
possible. At ambient temperatures, rubbers are relatively soft (E ~ 3MPa) and
deformable, and they are used primarily for seals, adhesives, and molded flexible
parts. Some examples of elastomers are as follows: natural rubber, synthetic
polyisoprene, polybutadiene, chloroprene rubber, butyl rubber, ethylene propylene
rubber, epichlorohydrin rubber, silicone rubber, fluoroelastomers, thermoplastic

elastomers, polysulfide rubber, and so on.

2.8.1 Poly(vinylidenedifluoride) (PVDF) [1]

PVDF or PVF, is a piezoelectric when stretched during fabrication. It has
superior piezoelectric properties when compared with other types of polymeric
materials, due to its polar crystalline structure. Thin sheets of the cast polymer are
drawn and stretched in the plane of the sheet in at least one direction and also
frequently in a perpendicular direction to convert the material into its
microscopically polar phase. Crystallization from a melt forms the nonpolar a-phase,
which can be converted into another polar f-phase by uniaxial or biaxial drawing;
and these dipoles are then reoriented by electric poling. Large sheets can be
manufactured and thermally formed into complex shapes. Copolymerization of
vinilydenedifluoride with trifluoroethylene (TrFE) results in a random copolymer

(PVDF-TrFE) that has a stable, polar f-phase. This polymer does not need to be
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stretched; it can be poled directly as formed. The thickness-mode coupling
coefficient of 0.30 has been reported. Such piezoelectric polymers are used for

directional microphones and ultrasonic hydrophones.

© Carbon

Figure 2.23 Structure of polyvinylidenedifluoride (PVDF). [1]

2.9 Carbon Nanotubes (CNT) based Composites [22-24]

2.9.1 Carbon Nanotubes [22]

Carbon nanotubes (CNTs) have remarkable electrical and mechanical
properties such as extremely high conductance and Young’s modulus. They are
found to be attractive on account of their potential for applications in nanoscale
devices. Their use in nanocomposites as a filler material can be viewed as one of the
most promising areas driving toward commercial applications. CNT/polymer
composites are of particular interest because a small amount of conductive CNTs
added to an otherwise insulating polymer matrix results in nanocomposites with
highly enhanced electrical conductivity. The critical content of CNTs, which
characterizes a drastic increase in conductivity, is termed commonly as the electrical
percolation threshold (EPT). Classical percolation theories have been proposed,
which essentially examine the formation of conductive pathways inside the polymer
matrix in the form of uninterrupted clusters of connected CNTs. Some other studies
also indicate the importance of considering quantum effects such as electronic
tunneling between neighboring CNTs to explain EPT as well as conductivity.
CNT/polymer nanocomposites are thus an alluring avenue for research because of
their potentially functional applications in optoelectronic devices and organic light-
emitting diodes, which probe EPT in nanocomposites; and many theoretical and

numerical studies based on different methods such as continuum mechanics and
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Monte Carlo simulations have been carried out. Monte Carlo methods, in particular,
have been used extensively for numerical studies of electrical percolation and
formation of percolation networks, as well as effects of varying parameters on the
threshold. With the help of simulations based on simple two dimensional (2D)
modeling of randomly dispersed fillers, Natsuki et al. investigated the relationship
between percolation behavior and orientation as well as the aspect ratio of fillers. In
general, exponential decrease is found in the percolation threshold with an increased
aspect ratio. Regarding CNT films, Behnam et al. also found that film conductivity
depends on the alignment of nanotubes, in that the highest conductivity is obtained
at partially aligned CNTs. Other studies extended 3D simulations further and revealed
qualitatively similar features. High aspect ratio nanotubes are seen to have the
tendency to curl up in composites, and taking the effect of waviness into account is
therefore important. By employing 3D models with randomly distributed curved
fibers of finite width, the critical volume fraction was found to increase with an
increase in the degree of waviness, and reduction of electrical conductivity was an
accompanying effect. Hu et al. also emphasized that poor dispersion of nanotubes in
the matrix, which can lead to the formation of agglomerates, significantly raises the

percolation threshold.

2.9.2 Dispersion of Carbon Nanotubes [23]

Carbon nanotubes tend to aggregate together inside the solution and form
ropes, due to the strong van der Waals attraction forces between them, and they
usually have highly entangled network structures. That is why dispersion of CNT
inside the polymers becomes difficult. However, by careful procedure these two
components can be mixed without severe aggregation of nanotubes. The attractive
forces also arise, due to an entropic effect inside the polymer matrix. Polymer chains
in the region of the colloidal filler suffer an entropic penalty, since roughly half of
their configurations are precluded. Therefore, the polymer in this region is depleted,
resulting in an osmotic pressure forcing the filler particles to come together.

The method of functionalizing nanotubes is a good choice. It requires
chemical modifications of their surrounding surface, supported by mechanical
agitation methods such as ultrasonication and shear mixing. Several functionalization

methods have been reported already. They are mainly based on the covalent



42

(erafting-to and grafting-from), and non-covalent (polymer wrapping, n-n stacking
interaction) functionalization. The adsorption and coupling of surfactants and
functionalities to CNTs are described as follows:

(A) Covalent functionalization: Covalent methods refer to a treatment that
involves bond breaking across the surface of CNTs (e.g. by oxidation), which disrupts
the delocalized m-electron systems and fracture of o-bonds, and hence leads to
incorporation of other species across the CNT surface. Introducing defects to the CNT
shell significantly alters the optical, mechanical and electrical properties of the
nanotubes and leads to an inferior performance of the composites. The advantage is
that this kind of modification may improve the efficiency of bonding between
nanotubes and the host material (cross-linking). Therefore, the interfacial stress
transfer between the matrix and CNTs may be enhanced, thus leading to a better
mechanical performance.

(B) Non-covalent functionalization: This modification of carbon nanotubes is
of great advantage because no disruption of the sp2 graphene structure occurs, and
the CNT properties are preserved. Its disadvantage concerns weak forces between
wrapped/coupled molecules that may lower the load transferred in the composite.
Various approaches for the fabrication of CNT/polymer composites were shown,
including different functionalization and dispersion methods of nanotubes. The most
important were:

(1) Solution processing of composites: The most common method is based
on mixing CNTs and a polymer in a suitable solvent before evaporating the solvent
to form a composite film. Dispersing components in a solvent, mixing, and
evaporating are often supported by mechanical agitation (e.g. ultrasonication,
magnetic stirring and shear mixing).

(2) Melt processing of bulk composites: This method concerns polymers that
are insoluble in any solvent, like thermoplastic polymers. It involves melting
polymers to form viscous liquids to which CNTs can be added and mixed.

(3) Melt processing of composite fibers: CNTs are added to the polymer
melts. Formation of CNT/polymer fibers from their melts occurs through, for
example, the melt-spinning process.

(4) Composites based on thermosets: A thermoset polymer does not melt

when heated, such as epoxy resins. The composite is formed from a monomer
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(usually liquid) and CNTs, and the mixture is cured with cross-linking/catalyzing
agents.

(5) Layer-by-layer (LBL) assembly: CNTs and polyelectrolytes are used to
form a highly homogeneous composite, with good dispersion, good interpenetration,
and a high concentration of CNTs. This method involves alternating monolayer
adsorptions of the components, which are attracted to each other by electrostatic
interactions, resulting in a uniform growth of the films.

(6) In-situ polymerization: The polymer macromolecules are grafted directly
onto the walls of carbon nanotubes. This technique is often used for insoluble and
thermally unstable polymers, which cannot be processed by melt. Polymerization
occurs directly on the surface of CNTs. In general, these different techniques give
various results in terms of nanotube dispersion efficiency, interfacial interaction
between components, properties of the composites, and possible promising

applications.

2.9.3 Properties, Manufacturing, and Application [23, 24]

These nanocomposite based polymers have been used widely for various
products from automotive parts and electronics to commodities, due to the wealth
of polymers suitable for each specific application. Nanotube based, particularly CNT
based, polymer composites have a very rich application in the technological field,
due to their strength, stiffness and heat resistance. These properties depend upon
the aspect ratios of fillers and the adhesive strength between the filler and polymer
matrix. Outstanding thermal and electrical conductivity make the carbon nanotubes
promising filling material for fabricating new advanced composite systems for a broad
range of technological applications. Efficient chemical functionalization of CNTs,
homogeneous dispersions in solvents and supporting media, as well as good
interconnectivity with the matrix, remain very important issues that must be
considered in order to achieve heterostructures with enhanced or even new
properties. There are numerous methods and approaches for the functionalization
and more efficient dispersion of carbon nanotubes in different media.

Most researchers have incorporated nanotubes into thermoplastic polymers,
due to their ease in processing. This allows fibers or films to be made and other

objects easily melt processed into molded parts. Research has been performed using
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both amorphous and semicyrstalline polymers, with varying degrees of success.
Nanotubes have been shown to toughen and stiffen amorphous brittle materials, like
polymethyl methacrylate (PMMA), as well as semicrystalline polymers such as
polypropylene (PP). In addition to the effects of toughening and stiffening,
morphological changes are the subject of discussion for semicrystalline polymers
such as PP. Research literature has suggested that nanotubes act as nucleating agents
in these materials, leading to new crystallographic morphologies and ultimately
increased strength. Although most polymer/nanotube composite research has
utilized thermoplastic matrices, research has been conducted also with
thermosetting materials. The change in viscosity as a function of cross-linking can be
problematic in optimizing dispersion and orientation. Research has been carried out
to study mechanical and thermal thermosetting polymer/nanotube composites and
their properties with varying results. Of the various thermosetting polymers that have

been reported in the literature, epoxies were used most commonly.

2.10 Literature Review

In recent years, fine scale piezoelectric fibers have received extensive attention
because of their potential applications as building blocks in various
nanotechnologies, which include mechanics, photonics, electronics, and sensing. The
high surface-to-volume ratio is an attractive characteristic that can be achieved from
nanofibers, and more attention has been paid to this area. With miniaturization of
electronic devices, nanofibers of piezoelectric material are currently attracting a great
deal of interest in the design of smart materials, due to their novel properties that
are significantly different from their bulk, such as physical and chemical properties.

In 2003, Qiu et al. [25] studied the fabrication of piezoelectric ceramic fibers by
the extrusion of Pb(Zr,Ti)O; powder and Pb(Zr,Ti)O; sol mixture. Green fibers with
diameters of 300 pm and lengths of over 10 m were extruded successfully with the
sol and powder mixture (powder:sol= 5-8:1). The extruded fibers, sintered at
1,200°C, had microstructures consisting of 2-6 pum grains, and no pores or cracks.
Figure 2.25 shows the displacement behavior of 1-3 composite with fibers sintered at
1,200°C. The curve is atypical butterfly-like hysteretic loop of piezoelectric materials.

The maximum strain of about 0.17% is at the same level as that of bulk materials
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with the same composition, in which the maximum strain is about 0.18% in the strain
versus electric field hysteretic curve. The above results provided evidence that these
fibers, fabricated from a mixture of sol and powder, have the desired piezoelectric

properties.
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Figure 2.25 Displacement behavior of the 1-3 composite with polymer and PZT
fibers fired at 1,200 °C. [25]

In 2003, Dan Li and Younan Xia [26] reported a procedure based on
electrospinning for generating nanofibers of anatase with controllable diameters and
porous structures. When an ethanol solution containing both poly(vinyl pyrrolidone)
(PVP) and titanium tetraisopropoxide was injected through a needle under a strong
electrical field, composite nanofibers made of PVP and amorphous TiO, were

formed. These nanofibers could be converted subsequently into anatase without
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changing their morphology via calcination in air at 500°C. The average diameter of
these ceramic nanofibers could be controlled in a range from 20 to 200 nm by
varying a number of parameters such as the ratio between PVP and titanium
tetraisopropoxide, their concentrations in alcohol solution, the strength of the

electric field, and the feeding rate of the precursor solution.
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Figure 2.26 The dependence of nanofiber diameter on various processing
parameters: (A) concentration of PVP; (B) electric field strength; (C) feeding rate of the
ethanol solution; and (D) concentration of Ti(OiPr);. The solid and open dots
represent measurements taken from nanofibers before and after they had been

calcined (in air at 500°C for 3 h), respectively. [26]

As shown in Figure 2.26, the nanofibers increased in diameter as the PVP
concentration was increased. The strength (£) of the electric field was another key
factor that determined the morphology and diameter of the electrospun fibers. If the
electric field was lower than 0.6 kV/cm, no stable liquid jets were observed. When E
was increased, thinner nanofibers were obtained as the final product. At 1.6 kV/cm,

anatase nanofibers as thin as 30+7 nm were generated. However, when E was greater
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than 1.6 kv/cm, the spinning jets became unstable, and the average diameter was
found to increase slightly with increasing E. The feeding rate of the PVP solution also
influenced the diameter of the fibers. Faster feeding rates often resulted in thicker
fibers, but the jets became unstable if the feeding rate exceeded 0.5 mL/h. The
concentration of Ti(OiPr), in the precursor solution had minor impact on the
diameter of TiO,/PVP composite fibers, but played a significant role in determining
the size of calcined anatase nanofibers. In general, the use of Ti(OiPr), at lower
concentrations led to the formation of thinner ceramic nanofibers.

In 2006, Li et al. [27] reported a simple and versatile technique for producing
ceramic nanofibers and nanotubes. In addition to the ease and simplicity associated
with the polymer-assisted spinning process for producing ceramic nanofibers, it is
also feasible to control the diameter of resulting fibers. As shown in Figure 2.27, the
diameter of TiO, nanofibers could be varied from tens of nanometers to several
micrometers with relatively narrow size distributions by simply altering the
concentration of PVP and/or the ratio of alkoxide precursor to PVP. By adjusting the
composition of precursor solution as well as spinning parameters, researchers have

demonstrated that TiO, nanofibers thinner than 20 nm could be prepared routinely.
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Figure 2.27 Plots demonstrating the ability to control the diameter of electrospun

nanofibers by simply adjusting the composition of spinning solutions. [27]

In 2009, Liao et al. [28] reported the fabrication of Bis;sNdogsTizOs2 (BNT)

nanofibers by the sol-gel process and electrospinning. BNT nanofibers exhibit an
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effective piezoelectric coefficient of 89 pm/V (Figure 2.28) and a Curie temperature of
500°C, which are higher than those of the BNT bulk.
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Figure 2.28 Local piezoelectric response as a function of the electric field applied for

a single BNT nanofiber. [28]

Antiferroelectric materials have attracted much research interest, due to their
potential applications in microactuators and energy conversion devices. Lead
zirconate (PbZrO,;; PZ) is a well known antiferroelectric material that can be
processed into various forms such as bulk ceramics, thin films, and fibers. The
hysteresis characteristics of antiferroelectric PbZrO; regions are well suited for either
power-storage or actuator applications. Furthermore, the extremely large charge
released from the FE to AFE state may be useful as alternate capacitor material in
DRAMs.

In 1998, Kim et al. [29] reported the characteristics of antiferroelectric PbZrO,
thin films by using reactive magnetron co-sputtering, followed by rapid thermal
annealing. From observations by scanning electron microscopy, the grains were
found to have a columnar structure, and the average grain size was 0.3+0.5 pm. An
electric-field-forced transformation from the antiferroelectric to ferroelectric phase
was observed at room temperature and it had a maximum polarization value of 41
pC/cmz. The average field for exciting the ferroelectric state and that for reversing to

the antiferroelectric state, as measured by charge versus voltage curves, was 357
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kv/em and 207 kV/cm, respectively. The dielectric constant was 196, with an
associated dissipation factor of 0.043 at 100 kHz, as shown in Figure 2.29.
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Figure 2.29 The frequency-dependent dielectric constant and dissipation factor of a

PbZrO, film with a thickness of 300 nm. [29]
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Figure 2.30 X-ray diffraction (XRD) pattern of PZ gel powder calcined at 300, 450,
550, 600, 650 and 700 °C, consecutively, for 1 h. [30]
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In 2009, Singh et al. [30] fabricated an orthorhombic structure of PZ
nanoparticles by a novel sol-gel method based on diol-based solution. Initially, PZ
was crystallized with intermediate m-Z and t-Z phases in a temperature range from
400-550°C and started transforming to an orthorhombic structure at around 600°C,
before finally transforming into a pure orthorhombic PZ phase at about 700°C (Figure

2.30).

(a)

(c)

Figure 2.31 Scanning electron microscope (SEM) images of PZT nanofibres: (a) as-
prepared composite fibres, (b) fibres calcinated at 550°C, (c) fibres calcinated at
650°C, and (d) fibres calcinated at 700°C. [31]

In 2005, Dharmaraj et al. [31] reported the preparation of ferroelectric Pb(Zrg s,
Tip5)05 nanofibres by electrospinning. Pb(Zry 5Tiy )04 (PZT) nanofibres with diameters
ranging from 200-300 nm have been synthesized by calcination of the electrospun
PZT/polyvinyl acetate composite fibres. Formation of the perovskite PZT phase was
observed at temperatures as low as 550°C. Sol-gel processing resulted in low
perovskite crystallization temperature (550°C), as compared to other conventional

synthesis methods. However, when reducing the fiber diameter to nanoscale by the
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electrospinning method, fiber fusion and continuous fibers could not be formed after
annealing at high temperature, as shown in Figure 2.31, which presents fiber mats
with a soldering-like attachment of nanofibers at their junction after calcinations at
550°C.

In 2008, Xie et al. [32] reported a strategy to hybrid multiferroicity at nanoscale.
Multiferroic CoFe;Oq-Pb(Zrg5;Tigas)Os nanofibers are synthesized by the sol-gel
process and electrospinning. Butterfly loops that are typical for ferroelectric materials
were observed in the composite nanofibers; and the field induced displacement, as
well as symmetry of the butterfly loops, increased with the increased composition of
PZT. The effective piezoelectric coefficient, dss*, is estimated to be about 125, 140,
and 157 pm/V for composite nanofibers with CoFe,04—Pb(Zrg s, Tigas)0s molar ratios
of 1.25:1, 1:1, and 0.75:1, respectively, which is larger than that of pure PZT thin film
(93 pm/V). The remnant magnetization is several times higher than CFO film and the
corresponding coercivity is much lower than that of the CFO nanowire. Thus,
multiferroicity in the one-dimensional composite nanofibers is confirmed with

excellent ferroelectricity and ferromagnetism.
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Figure 2.32 Magnetic hysteresis loops for the CFO-PZT composite nanofibers. [32]
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Figure 2.33 SEM images of composite CFO-PZT nanofibers with a 1:1 molar ratio. (a)
CFO-PZT-PVP nanofibers before calcination and (b) selected fine CFO-PZT nanofibers
calcined at 550°C. [32]

In 2008, Xie et al [33] reported a strategy for hybrid multiferroicity at nanoscale.
Multiferroic NiFe,Os—Pb(Zrg 5, Tip4s)05 composite nanofibers were synthesized by a sol-
gel process and electrospinning, with fiber diameters ranging from 100 to 400 nm.
The remnant magnetization for the nanofibers and nanoparticles is 13.80 and 11.62
emu/g, respectively, while the corresponding coercive fields are 197 and 134 Oe,
respectively (Figure 2.34). Thus, multiferroicity is confirmed with good ferroelectricity

and ferromagnetism in one-dimensional nanofibers rather than nanoparticles.
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Figure 2.34 Magnetic hysteresis loops for NiFe;O, nanoparticles and nanofibers. [33]

In addition, many researchers also focus on lead-free ferroelectric material.

Barium titanate (BaTiOS; BT), with perovskite structure, is a common ferroelectric



53

material with a high dielectric constant and low characteristic loss. This material is
very attractive in the field of electroceramics and microelectronics, due to its good
characteristics. It is utilized widely to manufacture electronic components such as
mutilayer capacitors (MLCs), positive temperature coefficient (PTC) thermistors,
piezoelectric transducers, and a variety of electro-optic devices. Based on its
excellent dielectric and ferroelectric properties, there is an enormous amount of
literature on the preparation of this material.

In 2005, Yuh et al. [34] reported stand-alone electrospun complex oxide
ferroelectric nanofiber for the first time. Barium titanate nanofibers, with a perovskite
structure, were synthesized by electrospinning utilizing sol-gel precursors. Based on
the conventional sol-gel process, barium acetate and titanium isopropoxide were
used as starting materials. After dissolution of all compounds, the precursor solution
was mixed with a solution consisting of poly(vinyl pyrrolidone) [PVP] dissolved in
ethanol. Polycrystalline barium titanate fibers were obtained after annealing at
750°C for 1 h. The typical diameter of fiber was between 80 and 190 nm, with fiber
lengths exceeding 0.1 mm. It is demonstrated herein that the electrospinning
technique offers a simple and versatile method for synthesizing long nanofibers of

complex ferroelectric ceramics.

Figure 2.35 (a) SEM image of as-synthesized barium titanium and PVP composite
nanofibers (b) SEM image of BaTiO; nanofibers annealed at 750°C for 1 h. The inset
shows the morphology of polycrystalline fiber. [34]

In 2009, Li et al. [35] reported the fabrication of BaTiO; nanofibers by
electrospinning. BaTiO; nanofibers with diameters ranging from 92 to 182 nm have

been prepared successfully. Besides, the diameter of fibers was decreased when the
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elevated

temperature of higher than 600°C, the fibers became thicker and also exhibited a

rougher surface feature. The electrospun BaTiO; nanofibers have much

higher T.

(220°C) than bulk BaTiOs; ceramics, which are induced by smaller internal stresses

that result from smaller grain size.
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Figure 2.36 SEM images of BaTiO; nanofibers under different conditions

: (A) heat

treated at 550°C for 10 h, (B) 570°C for 10 h,(C) 600°C for 10 h, (D) 700°C for 10 h,

and (E) 800°C for 10 h. [35]
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Figure 2.37 Response and recovery properties. The test condition was AC 1V, 100 Hz.

The response and recovery time was less than 5 and 4 s, respectively. [36]
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Figure 2.38 Long-term stable property. The test condition was AC 1V, 100 Hz. The

sensor was exposed in air for 30 days, with measurements repeated weekly. [36]

In 2010, He et al. [36] reported the fabrication of barium titanate (BaTiOs,)
nanofiber. In their research, barium titanate nanofiber was synthesized via
electrospinning, which offered a simple but versatile method for synthesizing long

ceramic nanofiber. After annealing at 800°C for 2 h, nanofiber with a perovskite
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structure was obtained. Its average diameter was 80-200 nm, and its length over 0.1
mm. An impedance-type humidity sensor was then fabricated based on this BaTiO,
nanofiber. It was surprising to find that such a sensor exhibited a fast response and
recovery, which were 5 and 4 s between 11% and 95% relative humidity,
respectively (Figure 2.37). The long stability and humidity of the hysteresis properties
of this sensor also were tested, and found to be the optimum (Figure 2.38). These
excellent sensing characteristics prove that BaTiOs; nanofiber is applicable for high-
performance humidity sensors.

In the last few decades, piezoelectric ceramic-polymer composites have been
studied intensively because of their considerable potential for applications such as
pyroelectric sensors, ultrasonic transducers, and hydrophones. Piezoelectric ceramics
have been used extensively, due to their large dielectric constant, high piezoelectric
strain and high electromechanical coupling coefficient. However, high leakage of
current, low dielectric strength and mechanical stiffness limit their applications. On
the other hand, polymeric materials exhibit very high dielectric strength and low
leakage of current, but their polymers generally show small dielectric constants.
Polymer based composite is considered as a solution to the problem by providing
good opportunity for the development of a high dielectric constant, low leakage and

high breakdown strength of the materials.
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Figure 2.39 Mechanical properties of (a) dynamic Young’'s modulus versus weight

percentage of the TiO, nanofillers. [37]
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In 2007, Khaled et al [37] studied the synthesis of TiO,-PMMA nanocomposite.
In their study, TiO, fiber-PMMA nanocomposites, with chemical bonding between the
filler and polymer matrix, were synthesized for the first time using the coupling
agent, methacrylic acid. The composites, with functionalized titania nanofibers,
exhibited significantly higher elastic moduli than those with nonfunctionalized fibers
at p < 0.001 (Figure 2.39). In addition, the nanofiber structure provided higher elastic
properties in the PMMA matrix than those prepared using a commercial
nanospherical structure.

In 2011, Chen et al [38] presented a self-powered Nanoscale Active Fiber
Composite (NAFC) based Acoustic Emission (AE) sensor with high sensitivity. The
aligned PZT nanofiber, with a diameter and length of approximately 80 nm and 500
um respectively, was electrospun on a silicon substrate. Interdigitated electrodes
were deposited on the PZT nanofibers and packaged by spinning a thin soft polymer
layer on the top of the sensor (Figure 2.40). The polymer also serves as an acoustic
couplant. The tiny sensor was imbedded in an epoxy structure and the voltage
output transmitted acoustically to the sensor from distant periodic impacts
measured over 30 mVolts, as shown in Figure 2.41. Figure 2.42 shows the hysteresis
loop of PZT NFACs, and these hysteresis loops display the typical shape of a
ferroelectric. However, it is difficult to determine the coercive field and remnant

polarization.

Polymer insulator

PZT nanofibers

Interdigitated
electrodes

Figure 2.40 Schematic view of the PZT NAFCAE sensor. [38]
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Figure 2.41 Output signal from the sensor cell of acoustic surface energy. [38]
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Figure 2.42 Hysteresis loop of PZT NFACs. [38]

In 2010, Chen et al [39] demonstrated a new piezoelectric nanogenerator
based on PZT nanofibers, which had a diameter and length of approximately 60 nm
and 500 um, respectively, and were aligned on interdigitated electrodes of platinum
fine wires and packaged using a soft polymer on a silicon substrate. The flexible PZT
nanofibers were embedded in a soft polydimethylsiloxane (PDMS) polymer matrix,
which helped prevent damage to the PZT nanofibers, thereby extending the life
cycle of the nanogenerator. The simple fabrication and assembly process allows

facile mass production of this type of nanogenerator.
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Figure 2.43 Schematic view of the PZT nanofiber generator. [39]

This nanogenerator presents several advantages over others recently reported.
The measured voltage output and power under periodic stress applied to the soft
polymer was 1.63 V and 0.03 uW, respectively. The piezoelectric voltage constant
and dielectric constant of PZT nanofibers were much higher than those of the
semiconductor type of piezoelectric nanowires and nanofibers, making this material

ideal for nanogenerator or nanobattery applications.
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Figure 2.44 Power delivered to the load resistors versus load resistance. Inset in (d)

shows voltage output versus load resistance. [39]
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Figure 2.45 Measurements of voltage output from a PZT nanofiber generator. (a)

Voltage output measured when a small Teflon stack was used to impart an

impulsive load on top of the PZT nanofiber generator. Inset in (a) shows a schematic

of the Teflon stack tapping on the nanogenerator. (b) Voltage output measured by

using a finger to apply a dynamic load on top of the generator. Inset in (b) shows a

schematic of a finger applying the dynamic load. [39]

In 2010, Chang et al [40] reported the piezoelectric polymeric nanogenerator
with high energy conversion efficiency. In their work, near-field electrospinning was
used to direct-write poly(vinylidene fluoride) (PVDF) nanofibers with in situ

mechanical stretch and electrical poling characteristics to produce piezoelectric
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properties. Under mechanical stretching, nanogenerators have shown repeatable and
consistent electrical outputs with energy conversion efficiency, and an order of
magnitude higher than that made of PVDF thin films. Typical electrical outputs of
more than 50 tested nanogenerators were 5-30 mV and 0.5-3 nA (Figure 2.46). Early
onset of nonlinear domain wall motion behavior has been identified as a mechanism
responsible for the apparently high piezoelectricity in nanofibers, rendering them

potentially advantageous for sensing and actuation applications.
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Figure 2.46 Piezoelectric PVDF nanogenerator. (a) Output voltage measured with
respect to time under an applied strain at 2 Hz. (b) Current output measured with

respect to time under applied strain at 2 Hz. [40]
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Figure 2.47 Energy conversion efficiency of a piezoelectric PVDF nanogenerator. (a)
Plots of measured energy conversion efficiency of PVDF nanogenerators and thin
films with different feature sizes. (b) Experimental results of PVDF thin film and
nanofiber charge density (generated charges divided by electrode area) with respect
to an applied strain. The charge density of PVDF nanofiber increases nonlinearly
when the applied strain is greater than 0.01%. The inset shows details under small

strains. [40]

In 2010, Dang et al [41] reported a three-phase [nanosized BaTiOs; (NBT)-
multiwall carbon nanotube (MWNT)/polyvinylidene fluoride (PVDF) nanocomposite],
with a significantly enhanced dielectric constant (643 at 103 Hz) and gradually
decreased loss, which was extremely hard to realize at the same time for composites
filled only by conductive MWNT filler. Adjustable dielectric properties were
discovered by employing the three-phase system, due to change of the
nanocomposite microstructure. The CNT was chosen as an excellent candidate for
acquiring high dielectric constant polymer matrix composites, according to the
percolation theory. However, its nanometer-scale dimension causes it to form
bundles naturally, which makes it difficult to use. Compared with chemical
modification of the MWNT, the incorporation of a third component, NBT particles,
into MWNT/polymer composites realizes the uniform dispersion of the MWNT,

without sacrificing its inherent properties.
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Figure 2.48 Transmission electron microscope (TEM) images of the freeze-fractured
(NBT-MWNT)/PVDF composites with matrix at (a) fNBT= 0, (b) NBT= 0.05, and (c)
MBT= 0.20, and schematic illustration of the microstructure of (NBT-MWNT)/PVDF

composites, in which the gray lines stand for the MWNTs and the green balls NBTs.
(41]

In 2012, Park et al [42] fabricated the nanocomposite generator (NCG) device,
based on piezoelectric BaTiO; nanopowders (NPs) and universal graphitic carbons.
The BaTiO; NPs are mixed with one of the carbon nanomaterials (SW/MW-CNTs or
RGO) to prepare the polymer-nanocomposite (p-NC). The NCG device is obtained by
the spin-casting/bar-coating method and converts mechanical deformation and even
tiny biomechanical movements into electric energy, which measures the outputs
generated by the NCG device during the periodic bending and unbending motion of
the bending stage. The results are shown in Figure 2.49. When a measuring
instrument is forward connected to the device, the NCG device generates a positive
voltage and current upon the bending states. The alternating energy generated from
an NCG device is stored in capacitors and used subsequently to turn on a
commercial LED device. This result innovatively expands the feasibility of self-
powered energy systems for application in consumer electronics, sensor networks,

and energy harvesting in indoor environments.
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Figure 2.49 The measured voltage output and current signals of the NCG device in

forward connection during periodic bending and unbending motions. [42]
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Figure 2.50 A captured photograph showing an LED lit by electric energy generated
from a NCG device. [42]
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CHAPTER 3
RESEARCH METHODOLOGY

This chapter describes the experimental procedures and techniques used for
the preparation of nanofibers and fabrication of nanocomposite materials. In
addition, characterization techniques and electrical measurement are mentioned as

follows.

3.1 Sample Preparation

3.1.1 Preparation of Fibers

In this study, synthesis of the nanofiber lead zirconate (PZ) system was of
interest. A systematic investigation of piezoceramic nanofiber was conducted using
two synthesis routes, namely the sol-gel and electrospinning process, followed by
calcinations at high temperature. The concentration, volume ratio of precursor
solution to polymer, feeding rate, calcination temperature, polymer type [such as
polyehtyleneoxide (PEQ), polyvinylpyrolidone (PVP), and Glutinous Rice Starch (GRS)],
were varied. The electrospinning setup is demonstrated in Figure 3.1. Detailed

descriptions are given in Chapter 4.

High voltage Collector

Syringe pump

Syringe
with needle

Figure 3.1 Electrospinning setup
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3.1.2 Fabrication of Nanocomposite Materials
A two phase nanocomposite of lead zirconate (PZ) system was prepared by
the solvent casting technique by dispersing the disperse phase into the polymer
matrix phase. In addition, a three-phase nanocomposite of lead zirconate (PZ) system
modified with carbon nanotube (CNT) was prepared. For more detail are descript in

Chapter 7 and 8.

3.2 Characterization Techniques

The characterization of ferroelectric materials requires exploration for its
different properties using different analytical techniques. Structural characterization
of the samples was carried out using X-ray Diffraction (XRD), and microstructure and
particle sizes were characterized using Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). The presence of functional bonds was
confirmed by Fourier Transform Infrared Spectroscopy (FT-IR) and Raman technigues.

Detailed description of the techniques used for analysis is given below.

3.2.1 Structural Characterization
3.2.1.1 X-Ray Diffraction (XRD) [1]

The X-ray powder diffraction method is best suited for characterization and
identification of polycrystalline materials and their different phases. It is a rapid
analytical technique used primarily for identifying phases in crystalline materials and
providing information about unit cell dimensions. When X-rays interact with a
crystalline substance, they become diffracted and a diffraction pattern is obtained.
The X-ray diffraction pattern of a pure substance is therefore like a fingerprint of the
substance. Today, more than 50,000 inorganic and around 25,000 organic single
components, with crystalline phase diffraction patterns, have been collected and
stored as standards on magnetic or optical media.

As illustrated in Figure 3.2(a), a crystal lattice consists of a regular
arrangement of atoms, with layers of high atomic density existing throughout the
crystal structure. Planes of high atomic density mean planes of high electron density.
Scattering occurs between impinging X-ray photons and loosely bound outer orbital
atomic electrons when a monochromatic beam of radiation falls onto high atomic

density layers. In order to satisfy the requirement for constructive interference, it is
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necessary that the scattered waves originate from individual atoms, and the
scattering points should be in phase with one another. The geometric conditions for
this situation to occur are illustrated in Figure 3.2(b). Here, a series of parallel rays
strike a set of crystal planes at the angle, 8, and are scattered as previously
described. Reinforcement occurs when difference in the path lengths of two
interfering waves is equal to a whole number of wavelengths. This path length
difference is 2d siné@, where d is the inter-planar spacing; hence the overall condition

for reinforcement is as follows:

2d sin @ = ni (3.1)

where @ is the angle of incidence
d is the inter planer spacing
n is the order of reflection, and

A is the wavelength of the incident beam used.

CY Y Y Y Y YN

et et

W Planes of high atomic density

@ N AAAANAANT

-

Figure 3.2 Scatter and diffraction from an ordered arrangement of atoms. [1]

Equation (3.1) is a statement of Bragg’s law. Diffraction experiments are
made generally at a fixed wavelength, thus a measure of the diffraction angles allows

associated d-spacings to be calculated. Bragg’s law is also important in wavelength
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dispersive spectrometry, since each unique wavelength is diffracted at a unique
diffraction angle when using a crystal of fixed 2d. Thus, measuring the diffraction
angle, 26, allows determination of the wavelength (inter-planar spacing), if the d-
spacing of the crystal is known. Since there is a simple relationship between
wavelength and atomic number, the atomic number(s) of the element(s) from which

the wavelengths were emitted can be established.

3.2.1.2 Fourier Transform Infrared Spectroscopy (FT-IR) [2, 3]

Infrared spectroscopy is a technique based on the atom vibrations of a
molecule. An infrared spectrum is obtained usually by passing infrared radiation
through a sample, and determining what fraction of the radiation incident is
absorbed at a particular energy. The energy at which any peak in an absorption
spectrum appears corresponds to frequency of the vibrational part of a sample
molecule.

The infrared spectrum can be divided into three main regions: the far-
infrared (< 400 cm), mid-infrared (4,000-400 cm) and near-infrared (13,000,000
cm’). Many infrared applications employ the mid-infrared region, but the near- and
far-infrared regions also provide important information about certain materials.
Generally, there are fewer infrared bands in the 4,000-1,800 cm’”’ region, but many
bands between 1,800 and 400 cm'1. Sometimes, the scale is changed to contract the
region between 4,000 and 1,800 cm’ and expand that between 1,800 and 400 cm’
in order to emphasize features of interest.

The basic components of an FT-IR spectrometer are shown schematically in
Figure 3.3. The radiation emerging from the source is passed through an
interferometer to the sample before reaching a detector. Upon amplifying the signal,
in which a filter eliminates high-frequency contributions, the data are converted to
digital form by an analog-to-digital converter and transferred to the computer for

Fourier-transformation.

Analog to digital

Interferometer Sample [—] Detector [—| Amplifier [— converter Computer

Figure 3.3 Basic components of an FT-IR spectrometer. [2]
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3.2.1.3 Raman Spectroscopy [4]

Raman spectroscopy is a spectroscopic technique used in condensed matter
physics and chemistry to study vibrational, rotational, and other low-frequency
modes in a system. It relies on inelastic scattering, or Raman scattering of
monochromatic laser light. The laser light interacts with phonons or other excitations
in the system, resulting in energy of the laser photons being shifted up or down. The

shift in energy gives information about the phonon modes in the system.

Figure 3.4 Schematic diagram of the Raman spectrometer. [4]

The effect of Raman occurs when light impinges upon a molecule, which
interacts with its own electron cloud bonds, and a photon incident excites one of
the electrons into a virtual state. To achieve a spontaneous effect from Raman, the
molecule becomes excited from the ground state to a virtual energy state, and
relaxes into a vibrational excited state, which generates stokes Raman scattering.
Should the molecule already be in an elevated vibrational energy state, Raman
scattering is called anti-stokes Raman scattering. A molecular polarizability change, or
degree of deforming the electron cloud, with respect to the vibrational coordinate, is
required to enable the molecule to exhibit the effect of Raman. The amount of
polarizability change determines Raman scattering intensity, whereas the Raman shift

is equal to the vibrational level involved.
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3.2.2 Morphology
3.2.2.1 Scanning Electron Microscopy (SEM) [4]

The scanning electron microscope (Figure 3.5) can create images of the
sample surface by scanning it with a high energy beam of electrons. Conventional
light microscopes use a series of glass lenses to bend light waves and create a
magnified image, while the scanning electron microscope creates magnified images

by using electrons instead of light waves.

Figure 3.5 Schematic diagram of the SEM. [4]

When the beam of electrons strikes the surface of the specimen and
interacts with the atoms of the sample, signals form as secondary electrons, and
back scattered electrons and characteristic X-rays generate to contain information
about the surface topography, composition, etc., of the sample. SEM can produce
very high-resolution images of a sample surface, revealing details of about 1-5 nm in
size in its primary detection mode, i.e. secondary electron imaging. Characteristic X-
rays are the second most common imaging mode used in SEM. These characteristic

X-rays are used to identify the elemental composition of the sample by a technique
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known as energy dispersive X-ray (EDX). Back-scattered electrons (BSE) that come
from the sample also may be use to form an image. BSE images are used often in
analytical SEM together with the spectra made from characteristic X-rays, as clues to
the elemental composition of the sample.

SEM requires the specimens to be conductive in order that the electron
beam can scan the surface, and electrons have a path to ground for conventional
imaging. Non-conductive solid specimens are coated generally with a layer of
conductive material by low vacuum sputter coating or high vacuum evaporation. This
is performed to prevent accumulation of static electric charge on the specimen
during electron irradiation. Non-conducting specimens also may be imaged uncoated,
by using specialize SEM instrumentation such as the “Environmental SEM” (ESEM) or
field emission gun (FEG) SEM, which is operated at low voltage, high vacuum or low
vacuum, high voltage.

3.2.2.2 Transmission Electron Microscopy (TEM) [4, 5]

Transmission electron microscopy is a technique for transmitting a beam of
electrons through an ultra thin specimen, while interacting as it passes through the
sample. An image is formed from the electrons transmitted through the specimen,
and magnified and focused on an objective lens to appear on an imaging screen.

The contrast in a TEM image is not like that from a light microscope. In TEM,
the crystalline sample interacts with the electron beam mostly by diffraction rather
than absorption. The intensity of diffraction depends on the orientation of the atom
planes in a crystal, which are relative to the electron beam, and diffracted strongly
from the axis of the incoming beam, while the beam is transmitted mostly at other
angles. Modern transmission electron microscopes are equipped with specimen
holders that allow them to tilt the specimen in a range of angles in order to obtain
specific diffraction conditions. Therefore, a high contrast image can be formed by
blocking electrons deflected away from the optical axis of the microscope through
placing the aperture to allow only unscattered electrons through. This produces
variation in electron intensity that reveals information on the crystal structure. The
TEM technique is particularly sensitive to extended crystal lattice defected by a

particular crystal plane, which is known as a dark field image.
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Figure 3.6 The schematic outline of a TEM. [6]

The specimen must be prepared as a thin foil so that the electron beam
can penetrate. Materials that have dimensions small enough to be electron
transparent, such as powders or nanotubes, can be produced quickly by the
deposition of a diluted sample containing the specimen on support grids. As
polymeric nanocomposites, or textile samples, are not as hard as metals, they are
cut into thin films (<100 nm) using an ultra-microtome with diamond knife in

cryogenic condition (in liquid nitrogen).

3.3 Thermal Analysis

3.3.1 Differential Thermal Analysis (DTA) [7]
The structure of a classical differential thermal analyzer is illustrated in
Figure 3.7. The sample holder assembly is placed in the center of a furnace. One
holder is filled with the sample and the other with an inert reference material, such
as a-alumina. Thermocouples inserted in each holder measure the temperature
difference between the sample and reference, as the temperature of the furnace is
controlled by a temperature programmer. When the sample holder assembly is

heated at a programmed rate, the temperatures of both (the sample and the
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reference material) increase uniformly. The furnace temperature is recorded as a
function of time. If the sample undergoes a phase change, energy is absorbed or
emitted, and a temperature difference between the sample and reference is
detected. The minimum temperature difference, which can be measured by DTA, is

0.01 K.

Sample

: /— Fumace
- IYETATY
Thermoccaupla—./ il L :
,— Sample Temperature

—— Temperature Difference

S

Figure 3.7 Block diagram of DTA. [8]

A DTA curve plots the temperature difference as a function of temperature
(scanning mode) or time (isothermal mode). During a phase transition, the
programmed temperature ramp cannot be maintained, owing to heat absorption or
emission by the sample. This situation is illustrated in Figure 3.8, where the
temperature of the sample holder increases above the programmed value during
crystallization, owing to the exothermic heat of crystallization. In contrast, the
temperature of the sample holder does not increase in response to the temperature
programmer during melting because heat flows from the sample holder to the
sample. Therefore, the true temperature scanning rate of the sample is not constant
over the entire temperature range of the experiment. Temperature calibration is
achieved using standard reference materials, of which transition temperatures are
well characterized and in the same temperature range as transition in the sample.
The transition temperature can be determined by DTA, but the enthalpy of transition
is difficult to measure because non-uniform temperature gradients in the sample are

not easy to quantify, due to the structure of the sample holder.
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Figure 3.8 Measurement principles of DTA. [8]

3.3.2 Thermogravimetry (TG) [7]

Thermogravimetry (TG) is the branch of thermal analysis that examines the
mass change of a sample as a function of temperature in the scanning mode, or
function of time in the isothermal mode. TG is used to characterize the
decomposition and thermal stability of materials under various conditions and
examine the kinetics of the physicochemical processes occurring in the sample. The
mass change in characteristics of a material is strongly dependent on the
experimental conditions employed. Factors such as sample mass, volume and
physical form, shape and nature of the sample holder, nature and pressure of the
atmosphere inside the sample chamber and scanning rate all have important
influence on the characteristics of a recorded TG curve. TG curves are plotted
normally with the mass change (D,,) expressed in percentage on the vertical axis, and
temperature (7) or time (t) on the horizontal axis.

A schematic representation of a 1-stage reaction process observed in
scanning mode is shown in Figure 3.9. The reaction is characterized by two
temperatures, T; and T; which are called the procedural decomposition and final
temperature, respectively. T; merely represents the lowest temperature at which the
onset of a mass change can be detected for a given set of experimental conditions.
Similarly, T; represents the lowest temperature needed to complete the process
responsible for the mass change. The values of T; and 7; have no absolute

significance, as both the reaction temperature and the reaction interval (7; - T ) have
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no definitive value, but they depend on experimental conditions. Interpretation of
TG data is often facilitated by comparison with data from other experimental

techniques.
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Figure 3.9 Schematic single-stage TG curve. [7]
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Figure 3.10 Structure of the TG instrument. [8]
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3.3.3 Differential Scanning Calorimetry (DSC) [7]

A differential scanning calorimeter employs a different operating principle
from the DTA systems presented earlier. A block diagram of the DSC instrument is
shown in Figure 3.11. The base of the sample holder assembly is placed in a
reservoir of coolant. The sample and reference holders are equipped individually
with a resistance sensor, which measures the temperature of the holder’s base and a
resistance heater. If a temperature difference is detected between the sample and
reference, due to a phase change in the sample, energy is supplied until the
temperature difference is less than a threshold value, which is typically < 0.01 K. The
energy input per unit time is recorded as a function of temperature or time. A
simplified idea on the thermal properties of this configuration shows that the energy
input is proportional to the heat capacity of the sample. Temperature and energy
calibration is achieved by using standard reference materials. Isothermal experiments,
annealing (single- and multi-step) and heat capacity measurements can be
performed more readily by using a power compensation-type instrument. Maintaining
the baseline linearity of the instrument is a problem at high temperatures or in sub-
ambient mode. Moist condensation on the sample holder must be avoided during a

sub-ambient operation.

Reference Sample Heat Sink

Temp. Control

Temp
Amplifier Recording

Temp. Difference

Recording

Figure 3.11 Block diagram of Heat Flux DSC. [9]
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Figure 3.12 An idealized DSC curve showing the shapes associated with particular

phase transitions. [10]

3.4 Dielectric Measurement [11, 12]

Study of the electrical and other related properties of dielectric materials, in
relation to their chemical composition and structure, plays a vital role in
understanding the physical mechanism of phase transition, as well as its practical
utility for device applications. Under the electrical properties of ferroelectric or
nonlinear dielectric materials, this author was concerned mainly with the study of
dielectric properties such as dielectric constant and dielectric loss. These electric
measurements can be carried out easily using an LCR meter. A brief theoretical

account of dielectric properties is mentioned as follows.

3.4.1 Dielectric Constant [12]

The dielectric constant is the measure of a material’s influence on the
electric field. The net capacitance increases or decreases depending on the type of
dielectric material. Permittivity relates to the ability of a material to transmit an
electric field. Increased permittivity in capacitors allows the same charge to be stored
with a smaller electric field, which leads to increased capacitance. Capacitance
depends on the geometry of the conductors, and not on an external source of
charge or potential difference. The space between the two plates of the capacitor is

covered with dielectric material. In general, the value of capacitance is determined




82

by the dielectric material, distance between the plates, and area of each plate. The
capacitance of a capacitor can be expressed in terms of its geometry and dielectric

constant as follows:

ErEpd
¢ = -T° (3.2)
where C is the capacitance in farads (F)
& is the relative static permittivity (dielectric constant) of the material
between the plates
& is the permittivity of free space, which is equal to 8.850x10 " F/m
A is the area of each plate, in square meters. and

d is the distance (in meters) that separates the two plates.

According to Equation 3.2, the capacitance is proportional to the amount of
dielectric constant. As the dielectric constant between the capacitive plates of a
capacitor rises, the capacitance increases accordingly. Capacitance can be stated in

terms of the dielectric constant, as follows:
=gl (3.3)

where (; is the capacitance in the absence of the dielectric constant.

3.4.2 Dielectric Loss [13]

The dielectric loss factor measures the amount of energy that a material
dissipates when subjected to an alternating electrical field. The value of the loss
factor is always greater than zero, but usually less than the value of relative
permittivity.

According to the phase diagram of current and voltage in a capacitor
energized by alternating voltage; should the power not be dissipated at all in the
dielectrics of the capacitor (ideal dielectrics), then the phasor current /| passing
through the capacitor would be ahead of the phasor voltage V by precisely 90°, and
the current would be purely reactive (Figure 3.13). However, in actual practice, the
phase angle, @, is slightly less than 90° and the total current / passing through the
capacitor can be resolved in two components (the active current /, and reactive

current /). Thus, the phase angle describes a capacitor from the viewpoint of losses
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in dielectrics (power losses in the capacitor plates and leads are neglected). Since
the phase angle is very close to 90° in a capacitor, with a high quality dielectrics, the
angle, 4, is a more descriptive parameter, which when added to the angle, @, brings
the angle, @, to 90°.

6=90-@ (3.4)

The angle, 4, is called the dielectric loss angle and its tangent is equal to the ratio

between the active and reactive currents.
tan & = I/, (3.5)

where tan é can be defined also in terms of power, and is defined as the ratio of

active power (power loss) P to reactive power P,
tan é = P/P, (3.6)

The dielectric loss angle is an important parameter for dielectric material, and the

quality factor of an insulated portion is determined as follows:
Q= 1/tan = cot & (3.7

For good quality dielectrics, tan 6 maybe in the order of 1/ 10 or 1710, The value of
dielectric constant depends on frequency of the applied voltage. The time required
is very small for electronic or ionic polarization to set-in, as compared with the time

needed for voltage sign change, i.e. half of the period or more.

-\e

Figure 3.13 Phase diagram of current and voltage in a capacitor energized by an

alternating voltage. [13]
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CHAPTER 4
SYNTHESIS AND PHASE EVOLUTION OF ELECTROSPUN
ANTIFERROELECTRIC LEAD ZIRCONATE (PbZrO,)
NANOFIBERS

Based on article published in Materials Science and Engineering B
177 (2012) 1009-1016

This chapter reported the synthesis and phase evolution of electrospun
antiferroelectric lead zirconate (PbZrQOs; PZ) nanofibers. In this study, lead zirconate
fibers were synthesized by the electrospinning method using a solution that
contained 5 wt% poly(ethylene oxide) (PEO) in ethanol and a sol-gel solution of PZ.
Some parameters varied, for example, the ratio between PEO and PZ, concentrations
of the precursor solution, flow rate, and calcination temperature. The as-spun and
calcined PZ/PEO composite fibers were characterized by TG-DTA, X-ray diffraction,
FT-IR, SEM and TEM. PZ fibers were obtained successfully with a welldeveloped
perovskite structure after as-spun PZ/PEO composite fibers were calcined using the
PZ/PEO volume ratio of 10:3 at a PZ concentration of 1.0 M at 650°C for 4 h. Stable
nanofibers were produced with an average diameter of 300+64 nm. Additionally, the
PZ fibers showed a Curie temperature that rose by nearly 13°C, when comparing with

a normal PZ particle.

4.1 Introduction

In recent years, fine scale piezoelectric fibers have received extensive attention
because of their potential applications as building blocks in various
nanotechnologies, which include mechanics [1], photonics [2], electronics [3], and
sensing [4]. The high surface to volume ratio is an attractive characteristic that can be
achieved from nanofibers, and more attention has been paid to this area. With
miniaturization of electronic devices, nanofibers of piezoelectric material are

currently attracting a great deal of interest in the design of smart materials, due to
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their novel properties that are significantly different from their bulk, such as physical
and chemical properties [5]. Mai et al. [6] reported the preparation of piezoelectric
lead zirconate titanate (PZT) fibers, with diameters ranging from 10 um to 40 um, and
revealed their ferroelectric property. When heat-treated at 1,000°C, the permittivity
and dielectric loss of these fibers was 581 and 0.01, respectively, at 10 kHz.
Furthermore, electrospun PZT nanofibers exhibited an extremely high piezoelectric
voltage constant (g;; = 0.079 Vm/N), high bending flexibility, and high mechanical
strength, as demonstrated by Chen et al. [7]. However, when reducing the fiber
diameter to nanoscale by theelectrospinning method, fiber fusion and continuous
fibers could not be formed after annealing at high temperature, as reported in many
researches. Dharmaraj et al. [8] reported the preparation of ferroelectric
Pb(Zrys,Tio5)0s nanofibres by electrospinning, which presented fiber mats with a
soldering-like attachment of nanofibers at their junction after calcinations at 550°C.
Wu and Coffer [9] reported the preparation of erbium-doped silicon and germanium
oxide nanofibers, and found a partially deformed nanofiber structure with some
interfiber connections forming after calcinations at 700°C. In addition, Tuttle et al.
[10] reported that the surface of fabricated aluminum acetate/PVP fibers became
rough, and the fibers broke to a short length, after calcinations at 1,200°C. This
demonstrated that preparation of ceramic nanofibers is fairly difficult when obtaining
a continuous and smooth surface without forming interfiber connections.
Furthermore, most studies of ceramic electrospinning to date have reported the
synthesis of metal oxide fibers in the ferroelectric (e.g. PZT, BT) [7, 11] and
multiferroic system (e.g. NF-PZT, CoF-PZT) [12,13]. In this study, synthesis of the
nanofiber antiferroelectric system by electrospinning, followed by calcinations at high
temperature, was of interest.

Antiferroelectric lead zirconate (PbZrOs: PZ) ceramics have received increasing
attention as potential applications in microactuators and high energy storage
capacitors [14]. The free energy difference between the antiferroelectric (AFE) and
ferroelectric (FE) phase enables phase switching from the AFE to FE phase by
applying an electric field [15]. PZ at room temperature has an orthorhombic
structure with the lattice parameters, a = 5.884 A, b = 11.768 A and c = 8.22 A [16].
The orthorhombic unit cell consists of eight formula units and eight primitive cells

with a tetragonal structure [17]. Over the past few decades, PZ and PZ-based
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systems have been synthesized and utilized massively in forms of bulk ceramics or
crystalline films [18]. Based on our knowledge, there has been no previous report on
the fabrication of antiferroelectric PZ fibers by electrospinning. Furthermore, fibrous
antiferroelectric PZ has the potential for utilizing high performance hydrophones, and

high electromechanical actuator and nanogenerator applications.

4.2 Experimental Procedure

In the preparation of lead zirconate (PZ) solution by a sol-gel process, lead
acetate trihydrate [Pb(CH;COO),:3H,0, puriss; Sigma-Aldrich] and zirconium (IV)
propoxide solution (~70% in propanol; Fluka) were used as precursors, and 2-
methoxyethanol (puriss; Sigma-Aldrich) was selected as a solvent. The process for
preparing PZ fibers is illustrated in Figure 4.1. Firstly, lead acetate trihydrate was
dissolved in 2-methoxyethanol, which could act as didentate chelating ligands that
allowed the sol to stabilize for a long period of time at room temperature. Then,
this solution was stirred for 30 min at 70°C, with 3 mol% excess lead acetate
trihydrate added to compensate for evaporation during high temperature calcination,
whereas, zirconium (IV) propoxide was dissolved in 2-methoxyethanol while stirring
for 30 min at room temperature. Next, the two solutions were mixed together by
heating and stirring to form a sol. Acetic acid was added to the sol in order to
prevent precipitation of the precursor solution, which had various final
concentrations of 0.3, 0.5, 0.7, 0.9 and 1.0 M, obtained after stirring at 70°C for 1 h.
In preparing lead zirconate/poly(ethylene oxide) (PZ/PEO) solution for
electrospinning, the proper solution parameter had to be found for producing lead
zirconate nanofibers, after which the precursor solution was mixed with
poly(ethylene oxide) (PEO, MW = 300,000; Aldrich) solution (5 wt.% in ethanol) in
volume ratios of 10:1, 10:2, and 10:3, consecutively. After stirring at room
temperature for 1 h, the mixture was loaded into a plastic syringe, which was
connected to a metallic needle and linked to a syringe pump (NE-1000, New Era
Pump Systems, Inc. Wantagh, NY) in order to control the feeding rate of the solution.
The positive terminal of high voltage power supply (ES30P-5 W, Gamma High Voltage
Research Inc., Ormond Beach, FL) was connected to the needle tip of the syringe,

while the aluminum plate collector, covered with aluminum foil, worked as a
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counter electrode. The distance between the needle tip of the syringe and collector
was fixed at 15 cm, and the feeding rate of the solution varied. When the voltage
applied between two electrodes reached 10 kV, a non-woven mat of PZ/PEO
composite fibers collected on the surface of the aluminum plate, which was
wrapped with aluminum foil. The reaction of the as-spun composite nanofibers,
which took place during heat treatment, was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analysis (TGA; Shimadzu), using a
heating rate of 10°C/min in air that ranged from room temperature to 1,300°C. X-ray
diffraction (XRD; Bruker-D8 Advance) using CuK, radiation was used to determine the
phases formed and optimum firing temperatures for formation of the desired phase.
A room-temperature FT-IR spectrum ranging from 4,000 to 370 cm’' was recorded by
a PerkinElmer Spectrum GX FT-IR/FT-Raman spectrometer, with eight scans and a
resolution of 4 cm’’ using KBr pellets. Phase transition of the fibers was investigated,
using a differential scanning calorimeter (DSC 2920, TA Instrument) between room
temperature and 300°C at a heating rate of 10°C/min. Finally, a scanning electron
microscope (SEM, JEOL JSM5910LV) and transmission electron microscopy (TEM, JEOL
JEM-2100) were used to observe the morphology of the PZ fibers.
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4.3 Results and Discussion

4.3.1 Effect of PZ/PEO Volume Ratios

Figure 4.2 shows the SEM photographs of the as-spun PZ/PEO composite,
with a PZ concentration of 0.7 M using the PZ/PEO volume ratios of 10:1, 10:2 and
10:3, consecutively. Figure 4.2(a) indicates that continuous fibers could not form, as
the jet broke up into droplets, due to the low viscosity of the precursor solution.
With the polymer in highly diluted solution, each polymer chain was so far apart,
most of them were separated. When the amount of PEO increased, the viscosity
rose, due to individual polymer chains becoming entangled, thus creating more
resistance to the electric field, and resulting in a more stable jet. In general, chain
entanglement causes a significant impact on the electrospinning process by
determining whether the jet breaks up into droplets, beads, or fibers and if it affects
the geometry of fiber formations [19]. The formation of beads was observed in low
viscosity solution, as presented in Fig. 4.2(b), whereas, continuous fibers and smooth
surface with uniform diameter were obtained in high viscosity solution, which
indicated a smooth injection of PZ sol dispersed in the polymer matrix during
electrospinning [Figure 4.2(c)l. A remarkable correlation was observed when
comparing with the optimum conditions determined from solution with a PZ/PEO
volume ratio of 10:3. That is to say, the PEO content of the solution is important in
obtaining continuous and bead-free fiber mats, but the real controlling factor
appears to be the viscosity of the polymer solution. The PEO content is believed to
be merely adjustment of the polymer viscosity. However, when a solid polymer is
dissolved in a solvent; the more the solution viscosity is proportional to the polymer
concentration, the larger the resulting nanofiber diameters, according to a power law

relationship [19].
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Figure 4.2 SEM micrographs of the as-spun PZ/PEQO nanofibers with a PZ
concentration of 0.7 M at the PZ/PEO volume ratio of (a) 10:1, (b) 10:2 and (c) 10:3,

consecutively.
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4.3.2 Effect of PZ Concentrations

Figure 4.3 SEM micrograph of the as-spun PZ/PEO volume ratio of 10:3 at PZ
concentrations of (a) 0.3, (b) 0.5, (c) 0.7 (d) 0.9 and (e) 1.0 M, consecutively.



94

Figure 4.3 shows the SEM micrograph of the as-spun PZ/PEO volume ratio of
10:3 at PZ concentrations of 0.3, 0.5, 0.7, 0.9 and 1.0 M, consecutively. When
comparing between Figure 4.3(a), (b), (c), (d) and (e), the formation of beads can be
seen to decrease with increased PZ concentration, and the as-spun PZ/PEO
composite fibers, with PZ concentrations of 0.7, 0.9 and 1.0 M, have relative
uniformity and a smooth surface, which indicates that the PZ was dispersed
uniformly in the PEO medium. Beads or agglomerated fibers could not be observed.
Furthermore, it can be seen that the average fiber diameter increases with increased
PZ concentration. Decreases in the concentration of precursor solution cause the
surface tension to dominate the electrostatic force, which results in thinner fibers or
bead formation along the fibers. As the concentration increases, higher electrical
charges induce more jet solution to collect on the aluminum plate; thus, fibers form
with a larger diameter, which averages 266+92, 300+51, 354+33, 364+38 and 439+74
nm with a PZ concentration of 0.3, 0.5, 0.7, 0.9 and 1.0 M, respectively.

Thermal analysis was carried out to investigate the decomposition process
of the fiber. The result of TG and DTA analyses of the as-spun PZ/PEO composite
fibers are shown in Figure 4.4 The endothermic peak in the DTA curve, and weight
loss (~249%) in the TGA curve, were observed below 350°C, which indicates a loss of
moisture and trapped solvent in the as-spun fibers [20]. Despite bending instability
during the electrospinning process, the jet path length increased enormously, which
provided passage for the solvent to evaporate and the fibers to solidify, but a small
amount of solvent still remained on the fiber surface. Whereas, an endothermic peak
and a weight loss (~3%) in the range of 400-550°C were due to the degradation of
PEO, and there was no change here in the weight loss range of 550-900°C. On the
other hand, there was an exothermic peak at 850°C in the DTA thermograph, which
possibly corresponded to formation of the perovskite phase. In addition, the
endothermic peaks in the DTA curve and weight loss (~7%) in the TGA curve, in
temperatures ranging from 900°C to 1,000°C, were due to the loss of PbO at high
temperature. Based on the TG-DTA results, the mixture was calcined at various
temperatures ranging from 550°C to 850°C, with dwell times of 4 h and
heating/cooling rates in a closed alumina crucible ranging around 5°C/min, in order

to investigate the perovskite phase formation.
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Figure 4.4 TG-DTA curves of thermal decomposition of the as-spun PZ/PEO

composite nanofiber.

The crystalline phases of PZ fibers at various calcined temperatures were
determined by X-ray diffraction spectra. Figure 4.5 shows the XRD patterns of PZ/PEO
composite fibers calcined at different temperatures. After calcinations of as-spun
PZ/PEO composite fibers at 550°C for 4 h, it was revealed that crystallization of the
perovskite phase began to form. However, the main peak intensity of the PZ phase
was weak, and a broad diffraction peak appeared at around 26 = 28°, which implied
that the fiber was not fully crystallized and, to some extent, had an amorphous
phase. When the calcination temperature was 650°C, the crystalline PZ fibers, with a
well-developed perovskite structure, were obtained successfully. According to JCPDS
card no.75-1607, the diffraction peaks can be indexed as an orthorhombic perovskite
structure of lead zirconate. No other peaks could be observed in the XRD patterns,

which indicated that the sample is free from lead oxide or any other crystalline
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materials. By increasing the calcination temperature, the intensities of the peaks
increase, and the full width at half maximum of the (1 2 2) main peak decreases,
which indicates that crystallization of the PZ nanofibers has improved. The relative
intensity of (h k 1) peaks to that of the (1 2 2) peak in nanofibers increases with
increased calcination temperature, which agrees well with the results of PZ films [21].
The lattice parameter calculated from the XRD pattern comprised a = 5.8824 A, b =
11.7711 A and ¢ = 8.2294 A, which are close to reported values [13]. Furthermore,
the PEO decomposes at 450°C, according to its thermal properties, and this study

guarantees that its sample was free from PEO polymer.
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Figure 4.5 XRD patterns of electrospun PZ/PEO composite nanofibers calcined in air

for 4 h at different temperatures.
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Figure 4.6 FT-IR spectra of electrospun PZ/PEO composite nanofibers calcined in air

for 4h.

Formation of the perovskite structure in the calcined PZ fibers was
supported further by FT-IR spectra, as shown in Figure 4.6. The spectrum of the
PZ/PEO composite fibers shows multiple absorption bands in the region 1,000-4,000
cm'l, which correspond to the stretching and bending vibrations of PEO and
moisture. Of these, peaks of around 1,450 cm’ correspond to the aliphatic CH group
vibrations of the CH, mode [22]. The band of 1,337 cm” has been attributed to the
deformed vibration of CH; groups [6]. Peaks at 1,020 and 1,048 cm’ are assigned for
stretching the C-O bond of 2-methoxyethanol and/or rocking vibration of CH; groups
[23]. The wave number at ~1,600 crr{1 and broad peak at around 3,400 cm'1

correspond to and are assigned for O-H stretching vibration, respectively, and the




98

shoulder at 2,900 cm ™ is related to the stretching vibration of C-H bonds [23]. After
calcinations at 550°C for 4 h, it was found that these peaks almost disappear,
indicating that most of the PEO and other organics have been removed. The
appearance of an absorption peak at ~548 cm” is attributed to Zr-O stretching
vibration [24], which corresponds to the polycrystalline fiber obtained. As the
calcination temperature increases to 650°C, the absorption peak of Zr-O bonds
becomes narrower and more intense, which indicates that the crystallization of the
PZ fibers improves with increasing calcination temperature, and the PEO is fully
decomposed, as suggested in the XRD results.

In general, the formation of PZ fibers from composite ones should involve
three main processes: evaporation of the polymer (PEQ); nucleation and growth of
PZ nanocrystals; and directional mass transport of the PZ crystal to form continuous
fibers [25]. Figure 4.7(a)-(f) shows scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the PZ fibers calcined at 650°C,
with the PZ/PEO volume ratio of 10:3 at PZ concentrations of 0.7, 0.9 and 1.0 M,
consecutively. The average diameter of fibers was 270+38, 294+48 and 300+64 nm
with a PZ concentration of 0.7, 0.9 and 1.0 M, respectively, after calcination. SEM
images of these fibers present a uniform and smooth surface [in Figure 4.7(a)-(c)],
whereas, TEM images (Figure 4.7(d)-(f)) show that PZ fibers with a higher PZ
concentration have improved fiber structure. It is evident from the TEM images that
the mutual boundary tends to minimize forming a “neck” in the array of grains,
which represents grain boundaries arranged by grain to grain unit cell clusters. The
linearity of grains indicates good crystallographic coherence. This result differs from
those in other researches, in which several agglomerates are composed of small
grains. Wang et al. reported the fabrication of WO; Nanofibers, when the TEM image
of the sample showed a grained fiber structure after calcination [26]. Kumar et al.
reported the “fabrication of TiO, nanofibers by electrospining”, when observing that
the micrograph of nanofibers consisted of several agglomerated grains when heated
at 650°C [27]. A higher PZ concentration improves the structure of PZ fibers, due to
each highly concentrated PZ molecule being closer together than those with a low
concentration. When the temperature is high enough to eliminate the polymer
between molecules, PZ molecules will connect more easily between crystals at a

higher concentration.




Figure 4.7 (a)-(c) SEM micrographs and (d)-(f) TEM micrographs of the PZ fibers
calcined at 650°C with the PZ/PEQ volume ratio of 10:3 at PZ concentrations of 0.7,

0.9 and 1.0 M, consecutively.

4.3.3 Effect of Calcination Temperature
Figure 4.8(a)-(h) shows SEM images of the as-spun and PZ fibers, with the
volume ratio of 10:3 at PZ concentrations of 1.0 M, and calcined at 650°C, 750°C and
850°C, consecutively. All the calcined samples present non-woven fabrics, with

interconnected continuous free space between the fibers to form a structure of
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packed particles or crystallites. While the PEO was removed selectively during
calcinations at 650°C, the fiber structures remained continuous, with an average
diameter of 300+64 nm, as seen in Figure 4.8(b). The diameter of the fibers, following
calcinations at various temperatures, appeared smaller on average than the as-spun
fibers, for example, the average fiber diameter was decreased from 439+74 nm
[Figure 4.8(a)] to 300+64 nm after calcination at 650°C. The reduction in size of the
nanofibers should be attributed to their loss of PEO and the crystallization of PbZrO,.
The fibrous material is considerably more brittle and delicate than the as-spun
materials. The decrease in the flexibility of the fibers may result from a high fraction
of crystallinity and/or cross-linking between fibers during calcination. Whereas, after
calcinations at 750°C and 850°C [Figure 4.8(c) and (d)], the fibers became rough and
presented a detailed non-woven electrospun mat, and through interpenetration and
entanglement of molecular chains after annealing, a soldering-like attachment of the
nanofibers was visualized at their junction points, when the average diameter of the
fibers was 471+60 and 516+69 nm, consecutively. The enhancement of this fiber
diameter is due to grain growth by temperature.

In addition, the effect of feeding rate on the fiber was studied as well, and
showed that when decreasing the feeding rate from 2 mUh to 0.5 mU/h, the average
fiber diameter was decreased from 439+74 nm to 378+43 nm. This result
corresponded with the research of Rutledge and co-workers [28], in which the jet
solution became thinner when the feeding rate decreased. Furthermore, it was
observed that the nature of nanofibers was changed dramatically, and a necklace-
like structure of packed particles or crystallites became prominent when decreasing
the feeding rate of the precursor solution from 2 mU/h [Figure 4.8(a)~(d)] to 0.5 ml/h
[Figure 4.8(e)-(h)]. It is clear from these results that the feeding rate has a strong
effect on the morphology of calcined PZ/PEO, which are composite nanofibers. This
was due to a lower feeding rate, which acts as a function of aging that allows for a
greater orientation period of the crystallites, and suggests improvement in
crystallization of the PZ nanofibers. In addition, the fiber diameter was decreased
when reducing the feeding rate, i.e. the diameter of PZ fiber was decreased from
516+69 nm [Figure 4.9(d)] to 370+39 nm when calcined at 850°C [Figure 4.8(h)]. This
may be due to a lower feeding rate by allowing more time for chain entanglement,

which causes individual molecules to close up and result in a smaller fiber diameter.
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Figure 4.8 SEM micrograph of the fibers using: (a)-(d) feeding rate of 2 mU/h and (e)-
(h) feeding rate of 0.5 mU/h of the as-spun fibers with the volume ratio of 10:3 at PZ
concentrations of 1.0 M, and PZ fibers calcined in air for 4 h at 650°C, 750°C and

850°C, consecutively.
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4.3.4 Thermal Properties
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Figure 4.9 Typical DSC curves for PZ fibers and PZO particles.

Figure 4.9 shows results of the DSC for the PZ particle and PZ fibers from
using the solid state and electrospinning method, respectively. The DSC result of the
PZ particle shows two sharp and distinct endothermic peaks, which become closer
together. The lower temperature corresponds to the transition temperature of the
antiferroelectric (AFE) —> ferroelectric (FE) phase transition, while the higher
temperature corresponds to the FE — paraelectric (PE) phase transition. Whereas,
the FE intermediate phase is not established in PZ fibers. However, the AFE-PE phase
transition becomes broader progressively. This result is likely in line with the research
of Lu et al. [29], who present the DSC curve with neither a transition phase nor an
endothermic peak when synthesized BT is in nanosize. It is clear from the figure that

the PZ fibers undergo a successive phase transition from orthorhombic to cubic
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phase at 243°C, showing a Curie temperature rise of nearly 13°C, when comparing
with a normal PZ particle. It is well known that the grain sizes in PZ particles are
usually in micrometer range, which is more than 100 times larger than those of PZ
fibers. The reduced grain size in electrospun PZ fibers causes larger grain boundary
areas, and relieves internal stresses further in materials, due to grain boundary
sliding. Smaller internal stresses, which are relaxed by grain boundaries, could
decrease the free energy of the antiferroelectric phase, thus increasing the Curie

temperature. Therefore, nanostructured PZ fibers have a higher 7. than PZ particles.

4.4 Summary

In summary, this study successfully prepared PZ fibers by the
electrospinning method. The as-spun PZ/PEO composite fibers were relatively
uniform and had a smooth surface. Beads or agglomerated nanofibers were not
observed. The PZ nanofibers, with a well-developed perovskite structure, were
obtained successfully at the calcination temperature of 850°C for 4 h. Furthermore, it
is clear that the PZ fibers undergo a successive phase transition from orthorhombic
to cubic phase at 243°C, showing a Curie temperature rise of nearly 13°C, when

comparing with a normal PZ particle.
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CHAPTER 5
THE EFFECT OF THAI GLUTINOUS RICE STARCH ON

THE SYNTHESIS OF LEAD ZIRCONATE (PbZrO,)
NANOFIBERS VIA THE ELECTROSPINNING METHOD

Based on article published in Journal of Nanoscience and

Nanotechnology 13 (2013) 3700-3704

This study synthesized blended lead zirconate (PbZrOs; PZ)/poly(ethylene
oxideXPEO)/Glutinous rice starch (GRS) nanofibers by the electrospinning method. A
number of parameters such as the ratio between PEO and GRS and calcination
temperature have been studied. The as-spun PZ/PEO/GRS composite and PZ fibers
were characterized by TG-DTA, X-ray diffraction, FT-IR and SEM, respectively. SEM
results showed that smooth and continuous fibers were obtained at the volume ratio
of 10:2:1, PZ/PEO/GRS. After calcination of the as-spun PZ/PEO/GRS composite
nanofibers at 650°C for 4 h, PZ nanofibers with perovskite structure were obtained
successfully. The fibers had a uniform and smooth surface without grain boundaries.
However, when the calcinations temperature increased to 750°C and 850°C, the fiber
represented a necklace-like structure with grain boundaries arranged by grain to grain

unit cell clusters.

5.1 Introduction

In recent years, one-dimensional nanostructures of metal oxides and related
materials, such as nanowires and nanofibers, have been a subject of intense research
because of their potential applications as building blocks in various
nanotechnologies, which include mechanics, photonics, electronics, and sensing [1].
Over the past few decades, PZ and PZ-based systems have been synthesized and
utilized massively in forms of bulk ceramics or crystalline films [2]. In addition, there
has been no previous report in the literature on the fabrication of PZ fibers by

electrospinning. The high surface to volume ratio is an attractive characteristic that
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can be achieved from nanofibers. With miniaturization of electronic devices,
nanofibers of piezoelectric material are currently attracting a great deal of interest in
the design of smart materials, due to their novel properties that are significantly
different from their bulk, such as mechanical and electrical property [3].
Antiferroelectric lead zirconate (PbZrOs: PZ) materials have received increasing
attention as potential applications in micro-actuators and high energy "storage
capacitors [4]. The free energy difference between the antiferroelectric (AFE) and
ferroelectric (FE) phase makes it possible to force phase switching from the AFE to FE
phase by applying an electric field [5]. At room temperature, PZ has an orthorhombic
structure with the lattice parameters, a = 5884 A b = 11.768 A and ¢ = 8.22 A [6].
Electrospinning is a simple and convenient method for producing fibers with
polymeric, composite or ceramic compositions. Electrospinning, in combination with
the conventional sol-gel process, has been extended recently to fabricate a variety
of ceramic nanofibers [7]. From this technique, the ceramic nanofibers and
conventional sol-gel precursors are mixed with various kinds of polymers, such as
poly(ethylene oxide) (PEQ), poly(vinylpyrolidone) viscosity [8]. However, these
polymers are fairly expensive. Starch is a natural high molecular weight
polysaccharide composed of glucose units. Most starches consist of two
components: a linear glucose polymer amylose, and a branched polymer
amylopectin. Amylose most likely accounts for the disintegrant properties of starch
by containing up to 6,000 glucose units connected by a-1,4 linkage. On the other
hand, amylopectin is a good binder. It has a highly branched structure consisting of
short linear chains with a degree of polymerization ranging from 10 to 60 glucose
units, which are connected to each other by a-1,6 linkage [9] Glutinous rice is of a
kind commonly cultivated in Thailand, which has low cost, high viscosity and high
amylopectin (99.70%). Glutinous rice starch (GRS) is used widely in food industries,
but few of its applications have been reported in the electronics business.
Therefore, this study synthesized lead zirconate fibers by the electrospinning method
using solution that contained PEO, Thai GRS and a sol-gel precursor solution of PZ.
The ratio between PEO, GRS and PZ concentrations of the precursor solution, which

could result in formation of PZ fibrils, was varied.
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5.2 Experimental Procedure

In the preparation of PZ solution by a sol-gel process, lead acetate trihydrate
[Pb(CH,C0O0),3H,0, puriss; Sigma- Aldrich], and zirconium (IV) propoxide solution
(~70% in propanol; Fluka) were used as precursors, and 2-methoxyethanol (puriss;
Sigma-Aldrich) was selected as a solvent. Firstly, lead acetate trihydrate was
dissolved in 2-methoxyethanol, which could act as didentate chelating ligands. This
allowed the sol to be stable for a long period of time at room temperature. Then,
this solution was stirred for 30 minutes at 70°C, with 3 mol% excess lead acetate
trihydrate added to compensate for evaporation during calcination at high
temperature, whereas, zirconium (IV) propoxide was dissolved in 2-methoxyethanol
at room temperature for 30 minutes while stirring. Next, these two solutions were
mixed together by heating and stirring to form a sol, with acetic acid added to it in
order to prevent precipitation of the precursor solution. The precursor solution,
which had final concentrations of 1.0 M, was obtained after stirring at 70°C for 1 h. In
preparing PZ/PEO/GRS solution for electrospinning, the proper solution parameter
had to be found for producing lead zirconate nanofibers, after which the precursor
solution was mixed with poly(ethylene oxide) (PEO, MW = 300,000; Aldrich) solution
(5 wt.% in ethanol) and Glutinous rice starch (GRS; Newgrade, packed and distributed
by Thai Wah Food Products Public Company Limited) solution (5 wt.% in water) in
volume ratios of 10:2:1, 10:1.5:1.5, 10:1:2, and 10:0:3, consecutively. The viscosity of
GRS solution was measured by a Brookfield viscometer (LVT 71420, Brookfield
Engineering Laboratories, Inc. Stoughtonma, 02072, USA). After stirring at room
temperature for 1 h, the mixture was loaded into a plastic syringe, which was
connected to a metallic needle and linked to a syringe pump (NE-1000, New Era
Pump Systems, Inc. Wantagh, NY) to control the feeding rate of the solution. The
positive terminal of high voltage power supply (ES30P-5W, Gamma High Voltage
Research Inc., Ormond Beach, FL) was connected to the needle tip of the syringe,
while the collector covered with aluminum foil worked as a counter electrode. The
distance between the needle tip of the syringe and collector was fixed at 15 cm, and
the feeding rate of the solution was 0.5 mU/h. When the voltage applied between
two electrodes reached 10 kV, non-woven mat of PZ/PEO/GRS composite fibers

accumulated on the surface of the aluminum foil. The reaction of the as-spun
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composite nanofibers, which took place during heat treatment, was investigated by
differential thermal analysis (DTA; Shimadzu) and thermogravimetry analysis (TGA;

Shimadzu), using a heating rate of 10°C/min in air that ranged from room

temperature to 1,300°C. X-ray diffraction (XRD; Bruker-D8 Advance) using CuKg,
radiation was used to determine the phases formed and optimum firing temperatures
for formation of the desired phase. The room-temperature the FT-IR spectrum range
of 4,000-370 cm’ was recorded by a Perkin Elmer Spectrum GX FT-IR/FT-Raman
spectrometer, with 8 scans and a resolution of 4 cm’ using KBr pellets. Finally, a
scanning electron microscope (SEM, JEOL JSM5910LV) was used to observe the

microstructures of the PZ fibers.

5.3 Results and Discussion

The morphology of the as-spun and calcined PZ/PEO/GRS composite fibers was
revealed by scanning electron microscopy (SEM). Figure 5.1 shows SEM photographs
of the as-spun PZ/PEO/GRS volume ratio of 10:2:1 compared to the as-spun PZ/PEO
volume ratio of 10:2, with a PZ concentration of 1.0 M. Comparison between Figure
5.1(a) and (b) shows that the formation of beads decreases when adding GRS into the
solution. The as-spun PZ/PEO/GRS composite fibers were relatively uniform, with a
smooth surface and average diameter of 395+59 nm. Therefore, it can be said that
the addition of GRS improves the appearance of the fiber, but the real controlling
factor is the viscosity of the polymer solution. Viscosity of the polymer solution was
measured at the same weight ratio by a Brookfield viscometer, which found that
viscosity of GRS solution (575 centipoise) is greater than that of PEO solution (175
centipoise). The higher viscosity of GRS solution resulted from chain entanglement,
which causes a significant impact on the electrospinning process [10]. GRS is a
naturally high molecular weight polysaccharide composed of glucose units. It
contains two types of glucose polymers, i.e., amylose and amylopectin. Amylose is a
linear polymer containing up to 6,000 glucose units. Amylopectin has a highly
branched structure consisting of short linear chains, with a degree of polymerization
ranging from 10 to 60 glucose units [9]. Therefore, adding GRS into the solution can
enhance the chain entanglement of the molecular chain, which makes the viscosity

increase.
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Figure 5.1 SEM photographs of the as-spun PZ/PEO/GRS volume ratios of 10:2:1 (a)
compared with the as-spun PZ/PEO volume ratios of 10:2 (b), with a PZ

concentration of 1.0 M.

S pum

Figure 5.2 SEM micrographs of the as-spun PZ/PEO/GRS nanofibers with a PZ
concentration of 1.0 M at the PZ/PEOQ/GRS volume ratios of (a) 10:2:1, (b) 10:1.5:1.5,
(c) 10:1:2 and (d) 10:0:3, consecutively.
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Figure 5.2 shows SEM photographs of the as-spun PZ/PEO/GRS composite, with

a PZ concentration of 1.0 M, using the PZ/PEO/GRS volume ratios of 10:2:1,

10:1.5:1.5, 10:1:2 and 10:0:3, consecutively. Figures 5.2(a) and 5.2(b) illustrate that the

fibers present a detailed non-woven electrospun mat. When the amount of GRS

increased and that of PEO decreased, the fiber diameter was reduced and formation

of beads observed. Figures 5.2(c) and 5.2(d) indicate that continuous fibers could not

form, as the jet broke up into droplets. This may be due to the compatibility of GRS

and precursor solution, which is still not completely compatible. Thus, optimum

conditions determined from the solution had a PZ/PEQ/GRS volume ratio of 10:2:1.
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Figure 5.3 TG-DTA curves of thermal decomposition of the as-spun PZ/PEO/GRS

composite nanofiber, with a PZ concentration of 1.0 M at the PZ/PEO volume ratio

of 10:2:1.
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Thermal analysis was carried out to investigate the decomposition process of
the fiber. The results of TG and DTA analyses of the as-spun PZ/PEO/GRS composite
fibers are shown in Figure 5.3. The endothermic peak in the DTA curve, and weight
loss (~3%) in the TGA curve, were observed below 200°C, which indicated a loss of
moisture [11]. The endothermic peak and a weight loss (~20%) in the range of 200°C
to 350°C occurred through a loss of trapped solvent and GRS in the as-spun fibers,
whereas, an endothermic peak and a weight loss (~3%) in the range of 400°C to
550°C were due to the degradation of PEO. According to their thermal properties,
GRS and PEO decomposed at a temperature of about 300°C and 450°C, respectively,
which supported the loss of GRS and PEO, consecutively. The TG and DTA curve
indicated no change in the weight loss range from 550°C to 850 °C, which possibly
corresponded to formation of the perovskite phase.

Based on the TG-DTA results, the mixture was calcined at various temperatures
ranging from 550°C to 850°C, with dwell times of 4 h, and the heating/cooling rates
ranged around 5°C/min in a closed alumina crucible, in order to investigate the
perovskite phase formation. The crystalline phases of PZ fibers were revealed at
various calcined temperatures by X-ray diffraction spectra. Figure 5.4 shows the XRD
patterns of PZ/PEO/GRS composite fibers calcined at different temperatures. Asspun
PZ/PEO/GRS composite fibers calcined at 550°C for 4 h revealed that crystallization
of the perovskite phase began to form. However, the main peak intensity of the PZ
phase was weak, which implied that the fiber was not fully crystallized. When the
calcination temperature was 650°C, the crystalline PZ fibers were obtained
successfully with a well-developed perovskite structure. According to JCPDS card no.
75-1607, the diffraction peaks can be indexed as an orthorhombic perovskite
structure of lead zirconate. No other peaks could be observed in the XRD patterns,
which indicated that the sample is free from lead oxide or any other crystalline
materials. However, when increasing the calcinations temperature to 750°C,
intensities of the main peaks decreased. This behavior is similar to the XRD result of
TiO; nanofibers [12] and PZT fibers [13] that show lower diffraction intensity when
increasing calcinations temperature. This may be due to the enhancement of driving
energy that caused the orientation of atoms to cluster, whereas, after calcination at
850°C, the peak intensity increased again, as a result of grain growth by temperature

[14].
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Figure 5.4 XRD patterns of electrospun PZ/PEO/GRS composite nanofibers, with a PZ
concentration of 1.0 M at the PZ/PEQ volume ratio of 10:2:1, calcined in air for 4 h at

different temperatures.

Formation of the calcined PZ nanofibers was confirmed further by the FT-IR
spectra, as shown in Figure 5.5. The spectrum of the as-spun PZ/PEO/GRS composite
fibers shows multiple absorption bands in the region of 1,000 to 4,000 cm'], which
corresponds to the stretching and bending vibrations of polymers, organic solvent
and moisture. Peaks of around 1,450 em’! correspond to the aliphatic CH group
vibrations of the CH; mode [15]. The wave number at ~1,600 cm and broad peak at
around 3,400 cm’ both correspond to the O-H stretching vibration [16]. After

calcination at 550°C for 4 h, it was found that these peaks almost disappear,
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indicating that most of the polymers and other organics have been removed. This
study can guarantee that its sample was free from GRS and PEO polymer. As the
calcination temperature increases to 650°C, 750°C and 850°C, the appearance of an
absorption peak at ~548 cm‘1 is attributed to Zr-O stretching vibration [17], which

corresponds to the polycrystalline fiber obtained.
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Figure 5.5 FTIR spectra of electrospun PZ/PEO/GRS composite nanofiber, with a PZ
concentration of 1.0 M at the PZ/PEO volume ratio of 10:2:1, calcined in air for 4 h at

different temperatures.
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Figure 5.6 shows SEM images of the as-spun and PZ fibers, with a volume ratio
of 10:2:1 at PZ concentrations of 1.0 M, calcined at 650°C, 750°C and 850°C,
consecutively. All the calcined samples present non-woven fabrics and form a
structure of packed particles or crystallites. Those calcined at 650°C [Figure 5.6(b)]
represent a uniform and smooth surface, with a diameter of 229+46 nm. From this
figure, grain boundaries were not observed at all, which suggests that there is a highly
ordered arrangement in the fiber, as shown in Figure 5.7(a). The result was consistent
with the XRD pattern that showed a high intensity of XRD peak. Furthermore, this
result is different from those in other researches that had a soldering-like attachment
of nanofibers at their junction after annealing [18]. After calcination at 750°C [Figure
5.6(c)] the fiber remained as continuous structures with a diameter of 252+63 nm. It
can be seen that following calcinations, the diameter of the fibers appears smaller
on average than that of the asspun fibers (395+59 nm) [Figure 5.6(a)l. The reduction
in size of the nanofibers should be attributed to their loss of PEO and GRS and the
crystallization of PbZrOs. The fiber represents a necklace-like structure, which may be
due to the enhancement of driving energy by increasing temperature, resulting from
the macroscopic migration of the grain boundary, in the direction that reduces the
energy of the system [19]. This is shown in Figure 5.7(b) that represents grain
boundaries arranged by grain to grain unit cell clusters, which is consistent with XRD
results showing a peak with lower intensity than the fabrication of TiO, nanofibers of
Shao et al [12]. Their results exhibited a necklacelike structure that represented
lower diffraction intensity after calcinations at a higher temperature. However, after
calcinations at 850°C [Figure 5.6(d)], the nature of nanofibers was changed
dramatically, and a necklace-like structure of packed particles or crystallites was
prominent. Furthermore, the average fiber diameter increased with increased
calcination temperature, for example, the average fiber diameter at 650°C and 850°C
is 229+46 nm and 453+103 nm, respectively, after calcination. The enhancement of
this fiber diameter is due to the grain growth by temperature [12, 20]. As a result, the
peak intensity of the XRD pattern increased.
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Figure 5.6 SEM micrograph of (a) the as-spun and PZ fibers calcined in air for 4 h at
(b) 650°C, (c) 750°C and (d) 850°C.

Figure 5.7 Schematic diagram of (a) PZ fibers calcined at 650°C and (b) PZ fibers
calcined at 750°C.
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5.4 Summary

In summary, this study prepared PZ/PEO/GRS fibers successfully by the
electrospinning method. The as-spun PZ/PEO/GRS composite fibers were relatively
uniform with a smooth surface. Beads or agglomerated nanofibers could not be
observed. The PZ nanofibers, with a welldeveloped perovskite structure, were
obtained successfully at the calcination temperature of 650°C for 4 h, while a
necklace-like structure of packed particles or crystallites was obtained after
calcination at 850°C. Furthermore, the cost of the process can be reduced by

successfully putting glutinous rice starch into the solution.
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CHAPTER 6
EFFECT OF CHEMICAL TREATMENT ON PHASE

TRANSITION OF LEAD ZIRCONATE NANOFIBERS

Based on article published in Ferroelectrics 450 (2013) 49-56

This chapter studied the effect of chemical treatment on phase transition of
lead zirconate nanofibers. In this study, lead zirconate (PZ) nanofibers were treated
by the solvothermal method in the presence of dimethyl formamide (DMF) solution
in order to investigate the effect of chemical treatment on phase transition of PZ
nanofibers. The influences of temperature and reaction time are described. The
crystal structure, phase transition and morphology of the powders were analyzed by
X-ray diffraction (XRD), fourier-transform infrared spectroscopy (FT-IR), differential
scanning calorimetry (DSC), and scanning electron microscopy (SEM). The results of
DSC confirmed that chemical treatment with DMF could effect the AFE-PE phase
transition of PZ nanofibers efficiently. Significant changes of fiber size and

morphology after chemical treatment are shown by SEM images.

6.1 Introduction

Lead zirconate (PbZrQs; PZ) material plays an ever-increasing role in electrical
and electronic applications including micro-actuators, microelectromechanical
systems and high energy storage capacitors [1]. It has a perovskite structure and
shows an antiferroelectric nature. At room temperature, bulk lead zirconate has an
orthorhombic structure that changes to a cubic one at 230°C [2]. However,
antiferroelectric-to-ferroelectric switching properties have not been investigated in
detail for highly oriented lead zirconate nanofibers. Nanosize materials with peculiar
properties are not expected in a bulk phase and have led already to a breakthrough
in various fields of science and technology, owing to their peculiar physical and
electrical behavior [3, 4]. Our previous study investigated the phase transformation of

lead zirconate nanofibers, and the lack of a sharply defined phase transition in
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nanosized samples was observed by using differential scanning calorimetry. This
result is consistent with those reported by Lu et al. [5], who did not observe phase
transition or endothermic peak if hydrothermally synthesized barium titanate
particles were nanosized. Smith et al. [6] reported the absence of an enthalpy peak
around the Curie point of nanosized samples. Regarding bulk barium titanate, the
DSC trace showed a peak near 130°C, which was indicative of phase transition.
However, similar features were not observed in the DSC of nanoparticle samples. It is
true that the DSC technique is not very sensitive to the presence of phase transition
in nanosized samples. The literature has documented that the developed
solvothermal technique, which involves the use of organic solvent instead of water,
may provide an alternative to producing low defect materials, and give display of a
narrower transition region when compared with normal samples. Badheka et.al [7]
examined the phase transformation in barium titanate nanoparticles from metastable
cubic to ferroelectric tetragonal phase using solvothermal treatment. The DSC result
clearly presented an endothermic peak at 130°C after solvothermal treatment for 24
h at 170°C, using dimethyl formamide as an effective solvent. The solvothermal
method is used to synthesize inorganic materials in organic media at elevated
temperatures (200°C to 300°C) under autogenous pressure of the organics. The term
“solvothermal” means reactions in liquid or supercritical media at temperatures
higher than the boiling point of the medium [8]. Dimethyl formamide is a dipolar
aprotic solvent with a boiling point at 153°C. It is largely basic and has high dielectric
constants. Due to the high basicity of these solvents, cations are highly solvatéd, but
anions are left unsolvated. Therefore, anions in these solvents have high reactivity
[8]. Very few papers have dealt with the effect of these solvents in inorganic
synthesis. Therefore, this study examined the phase transformation in lead zirconate
nanofibers from the paraelectric to antiferroelectric phase by using solvothermal
treatment. The optimum condition of chemical treatment for the phase transition in
lead zirconate fibers was determined at different temperatures and times using
dimethyl formamide as an effective solvent. The different temperatures and times
were chosen according to the boiling point of the solvent. The influence of
solvothermal treatment with dimethyl formamide solution on the fibers obtained is

described and discussed.
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6.2 Experimental Procedure

Lead zirconate nanofibers were synthesized by an electrospinning method,
which utilized a solution that contained poly (ethylene oxide) (PEO, MW ~ 300,000;
Aldrich) and sol-gel precursor solution of lead zirconate as mention in Topic 4.2
After obtaining the lead zirconate fiber mats, chemical treatment was performed by
mixing lead zirconate fiber (1 g) with 20 ml of dimethyl formamide solution. This
mixture was then transferred to a Teflon reactor (autoclave), which was sealed and
placed in an oven (Whirlpool XT-25ES/S, 900 W, 2.45 GHz). The reaction was
performed under autogenous pressure developed by heating for 6 and 24 hours at
two difference temperatures of 170°C and 200°C. After cooling to room temperature,
the resulting powder was recovered by filtration and washed several times with a
mixture of water/alcohol (50:50 by volume). Finally, the sample was dried for 24 h
at 80°C. X-ray diffraction (XRD; Bruker-D8 Advance) using CuK, radiation was used to
determine the phases formed. The fourier-transform infrared spectroscopy (FT-IR)
spectrum (range 4,000-370 cm’) was recorded at room temperature by a Perkin
Elmer Spectrum GX FT-IR/FT-Raman spectrometer, with 8 scans and a resolution of 4
cm’ using KBr pellets. A scanning electron microscope (SEM, JEOL JSM5910LV) was
used to observe the microstructures of the PZ nanofibers before and after chemical
treatment. Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer
Pyris DSC at a heating rate of 10°C/min under a nitrogen gas flow from 50°C to 400°C

in order to investigate phase transition.

6.3 Results and Discussion

The morphology of lead zirconate fibers was revealed by scanning electron
microscopy. Figure 6.1 shows SEM micrographs of comparison between lead
zirconate fibers treated with dimethyl formamide as solvent and untreated lead
zirconate fibers. This Figure 6.1 reveals that morphological fiber change is provided
by chemically treated fibers. The samples before chemical treatment present non-
woven fabrics, with a structure of packed particles or crystallites. The fibers present
continuous structures without grain boundaries [Figure 6.1(a)]. After chemical
treatment for 6 and 24 h at both 170°C and 200°C, the lead zirconate fibers still had

continuous  structures. However, the nature of the nanofibers was changed
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dramatically. The surface of the nanofibers had become rough, as seen in Figure
6.1(b—e), because when the solvent molecules or additives were adsorbed
preferentially on (or had specific interaction with) a certain surface of the products,
surface growth was prohibited and, therefore, solvothermal reaction may form
products with unique morphologies [8]. Figure 6.1 revealed by heat treatment that
grain boundaries were prominent, due to reduced intemal stress. The average
diameter of fibers before solvothermal treatment was 300+64 nm and after
solvothermal treatment at 170°C/6 h, 170°C/24 h, 200°C/6 h, 200°C/24 h were
274+64, 344+99, 369+93, 420+81 nm, respectively. It was revealed that the diameter
size of the fibers decreased slightly after the dimethyl formamide chemical
treatment. This is consistent with the research of Badheka et al. [7], who reported
that after chemical treatment, the particle size was reduced in order to alleviate the
lattice strain. However, increasing the temperature and time caused the diameter to

increase, due to grain growth.
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Figure 6.1 SEM micrographs of the PZ fibers (a) before and after chemical treatment

for (b) 6 h at 170°C (c) 24 h at 170°C (d) 6 h at 200°C and (e) 24 h at 200°C,

consecutively.
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Figure 6.2 XRD pattems of the PZ particles compared with those of the PZ

nanofibers before and after chemical treatment.

Figure 6.2 shows comparison between X-ray diffraction patterns of lead
zirconate nanofibers that were treated chemically with dimethyl formamide for 6 and
24 h at both 170°C and 200°C and those of untreated lead zirconate nanofibers. The
JCPDS file no. 75-1607 shows that all patterns fit well with the peak positions of
standard lead zirconate. All of the chemically treated lead zirconate nanofibers
could be indexed readily as the orthorhombic phase. XRD patterns show that there is
no change in the phase transition after chemical treatment by increasing the

temperature above the boiling point of the solvent and giving more time. The XRD
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results show that after chemical treatment for 24 h at 200°C, the lattice parameter
with the refined cell parameters, a = 5.7652 A b =11.6855 A and c = 8.2760 A, are

close to reported values [10].
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Figure 6.3 FT-IR spectra of the PZ particles compared with those of the PZ

nanofibers before and after chemical treatment.

Formation of the perovskite structure in the lead zirconate fibers before and
after chemical treatment was supported further by FT-IR spectra, as shown in Figure
6.3. The spectrum shows an absorption peak at ~548 cm'a, which attributed to Zr-O

stretching vibration [11]. This corresponds to the occurrence of polycrystalline lead
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zirconate fiber. It was found from the Figure that the spectrum of lead zirconate
fibers did not change after dimethyl formamide chemical treatment, which indicates
that the crystallization of the lead zirconate fibers also remained, as suggested in the
XRD results. In addition, the spectrum shows multiple absorption bands in the region
1,000 to 4,000 cm'l, which corresponds to the stretching and bending vibrations of
moisture and organic solvent. Of these vibrations, peaks of around 1,450 cm'1
correspond to the aliphatic CH group vibrations of the CH, mode [12]. The wave
number at ~1,600 cm " and broad peak at around 3,400 cm’ are assigned for O-H

bending and O-H stretching vibration [13], respectively.
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Figure 6.4 DSC results for the PZ particles compared with those for PZ nanofibers

before and after chemical treatment.
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Figure 6.4 shows results from the solid state method of DSC for the lead
zirconate particles, and compares with the electrospinning and solvothermal method
of that for the lead zirconate nanofibers and lead zirconate nanofibers treated with
dimethyl formamide, respectively. The DSC result of the lead zirconate particles
shows two distinct endothermic peaks that are closer together at around 230°C. The
lower temperature corresponds to the transition temperature of the antiferroelectric
(AFE) — ferroelectric (FE) phase transition, while the higher temperature
corresponds to the ferroelectric (FE) — paraelectric (PE) phase transition. It was
found from the Figure that when lead zirconate is fabricated in nanosize by the
electrospinning method, there is no phase transition or endothermic peak at around
230°C. This result is very similar to those in other researches. Lu et al. [5] reported
that if barium titanate particles are synthesized hydrothermally in nanosize, there is
no phase transition or endothermic peak at around 130°C. This is because the
nanocrystals are so small that structural defects in the particles prevent the
completion of structural transition, leading to high strains within the crystals. Frey et
al. [14] suggested that strains in the crystallites are related to defects in the lattice.
Lin et al. [15] reported that coarse grained ceramics have internal stress caused by
phase transition, which can be relieved by formation of 90° domains. With grain size
decreasing further, the single domain becomes favorable energetically.
Consequently, in fine-grained ceramics, the contribution of stress should be taken
into account, due to the absence of 90° domains [15], whereas, after chemical
treatment with dimethyl formamide, the lead zirconate nanofibers clearly show an
endothermic transition on heating at 230°C, as seen in Figure 6.4. This corresponds to
the orthorhombic to cubic phase transition at the Currie point of lead zirconate. This
may be due to the effect of grain boundaries, because the SEM micrograph of lead
zirconate fibers treated with dimethyl formamide shows the structure with grain
boundaries, as mentioned earlier. Areas around impure ions within grains have a
strong field of elastic strain, while those around impure ions at grain boundaries have
an open structure and a low strain field. Therefore, impure ions will diffuse from
grains into grain boundaries to form segregation in order to reduce strain energy and
eliminate or release stress [16]. According to the DSC curve, increased intensity of
endothermic peak with increasing temperature and time in the solvothermal process

is seen clearly. Additionally, enthalpy (A) values calculated from the DSC curve also
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increased. Increased temperature leads to greater thermal vibration of the atoms in a
material, and on to increase the average distance separating adjacent atoms [17].
With increasing temperature, stress is relieved gradually in order that free energy of
the antiferroelectric phase could decrease and allow enthalpy values to increase.
The enthalpy (A) values of lead zirconate fibers after chemical treatment at 170°C/6
h, 170°C/24 h, 200°C/6 h, 200°C/24 h were 1.9469 J/g, 2.0259 J/g, 2.5334 J/g and
2.6879 J/g, respectively.

6.4 Summary

The thermal properties of lead zirconate fibers, using dimethyl formamide
solvent before and after solvothermal treatment were investigated by the DSC
method. The results suggested that the antiferroelectric-paraelectric phase transition
was found after chemical treatment at 170°C for 6 h. Furthermore, the enthalpy
values for the orthorhombic-cubic transition increased with increasing temperature
and time, due to reduction of internal stresses. Microstructures were observed by
SEM, which revealed grain boundaries that were prominent through heat treatment.
The diameter size of the fibers decreased slightly after dimethyl formamide chemical

treatment and increased with increasing temperature and time.
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CHAPTER 7
PREPARATION AND DIELECTRIC PROPERTIES OF 3-3

LEAD ZIRCONATE / POLYVINYLIDENE FLUORIDE
NANOCOMPOQOSITE

Based on article published in Ferroelectrics Letters Section

40 (2013) 94-100

Composites made of electroactive ceramics and a ferroelectric polymer are
very attractive for applications since they exhibit good piezoelectric and pyroelectric
properties, low densities and their properties can be tailored to various requirements.
Here, we reported the preparation and dielectric properties of 3-3 PZ/PVDF
nanocomposites by infusion of polyvinylidenedifluoride (PVDF) into the PZ nanofiber
mat followed by heating of the composite at 80°C. The 3-3 PZ/PVDF composites
were characterized by X-ray diffraction, FT-IR, SEM and LCR meter. The dielectric
constant of the PZ/PVDF nanocomposite are relatively stable in the range of 21.98-
18.21 within the measurement frequencies from 100 Hz to 2 MHz. This value is higher
than the dielectric constant of the polyvinylidene fluoride. Moreover, the dielectric

loss of the composite is below 0.09 at low frequencies.

7.1 Introduction

Piezoelectric ceramic-polymer composites were intensively studied within the
last decades because of their considerable potential for applications such as
pyroelectric sensors, ultrasonic transducers, and hydrophones [1]. Piezoelectric
ceramics have high piezoelectric strain coefficient and high electromechanical
coupling coefficient [2]. However, the relatively high density, high acoustic
impedance and mechanical stiffness limit their applications. On the other hand,
piezoelectric polymers have acoustic impedance well matched to water and
biological issues, but their piezoelectric strain coefficient and electromechanical

coupling coefficient, are lower than those of piezoelectric ceramics [3]. Thus, in many
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applications, one might optimize conflicting requirements by combining the most
useful properties of two or more phases that do not ordinarily appear together in
nature. Therefore, different kinds of composites such as porous ceramics and
ceramic-polymer composites are typically developed.

Antiferroelectric materials have attracted much research interest due to their
potential applications in microactuators and energy conversion devices [4]. Lead
zirconate, PbZrO; (PZ), is a well known antiferroelectric materials. This material can
be processed into various forms such as bulk ceramics, thin films, and fibers,
depending on the application area. The hysteresis characteristics of Antiferroelectric
PbZrO, regions are well suited for either power-storage or actuator applications.
Moreover, the extremely large charge which is released from the FE state to the AFE
state may be useful as alternate capacitor materials in DRAMs [5]. In recent years,
researchers have focused on synthesizing nanosized PZ fibers to improve desired
properties. Fibrous PZ have potential for utilization in high performance electric-
mechanical application such as actuators, sensors, high energy storage capacitors and
microelectromechanical systems (MEMS). Due to the high surface-to-volume ratio
and their novel properties that are significantly different from their bulk, such as
mechanical [6] and electrical property [7]. Nanoscale PZ fibers incorporated into a
piezoelectric polymer are expected to obtain smart piezocomposite structures and
to find wide applications, particularly in nanoelectronics, photonics, sensors, and
actuators. Both kinds of materials show different piezoelectric properties, such as
resonance frequencies and electromechanical coupling coefficients because of
differences in their microscopic structures, their elastic properties and their typical
transducer geometries [8]. Due to such special qualities, piezoelectric polymers have
been increasingly used in a rapidly expanding range of applications such as
electromechanical transducers, position sensors and vibration control actuators [9].
Often piezo- and pyroelectric polymers such as nylon [10], polyvinyl chloride (PVC)
[3] and polyvinylidene fluoride (PVDF) [11] were used as matrix. Based on our
knowledge, there has been no previous report on the fabrication of PZ fibers/PVDF
composite. Polyvinylidene fluoride (PVDF) is a piezoelectric polymer that has been
used in many applications including microphones, transducers, sensors and actuators,
due to its high piezo-, pyro- and ferroelectric properties [12]. The PVDF has low

permittivity, low thermal conductivity and is flexible and relatively low in cost [13]. In
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addition, it is exceptionally sensitive, for example, sensors based on PVDF film have
been applied even in erosive media to detect pressure, in biological environments to
aid minimally invasive surgery, test and characterize fabrics, and monitor human
health [12]. Therefore this study fabricated 3-3 PZ/PVDF nanocomposite using PZ
fibers embedded in PVDF matrix. The crystal structure and morphology were
investigated. Moreover, the dielectric properties of the resultant 3-3 PZ/PVDF

nanocomposite was characterized.

7.2 Experimental Procedure

PZ nanofibers were synthesized by an electrospinning method utilizing a
solution which contained poly(ethylene oxide) (PEO, MW ~ 300,000; Aldrich), and sol-
gel precursor solution of PZ as mention in Chapter 4. After obtaining the PZ fiber
mats, PZ/PVDF nanocomposite samples were prepared. Firstly, Polyvinylidene
fluoride (PVDF; MW~534,000; Aldrich) powder was dissolved in DMF solvent to obtain
the polymer matrix of the composite. This solution was poured on to the calcined
PZ fiber mat and this sample was kept under vacuum for 10 min to eliminate
trapped air. Then, the sample was dried 24 h at 80°C. X-ray diffraction (XRD; Bruker-
D8 Advance) using CukK, radiation was used to determine the phases formed. The
room-temperature FTIR spectrum ranging 4,000-370 cm’ was recorded by a Perkin
Elmer Spectrum GX FTIR/FT-Raman spectrometer, with 8 scans and a resolution of 4
! using KBr pellets. A scanning electron microscope (SEM, JEOL JSM5910LV) was
used to observe the microstructures of the PZ/PVDF nanocomposite. Finally,
dielectric properties of the PZ/PVDF nanocomposites were measured from 100 Hz to
2 MHz using a precision LCR meter HP-4284A (Hewlett-Packard, Palo Alto, CA). The
samples were prepared into thin, rectangular, parallel plates, and the dielectric
measurements were taken by placing the samples between two parallel metal

plates of the sample holder.

7.3 Results and Discussion

PZ/PVDF nanocomposite achieved from embedded PZ nanofibers in PVDF
polymer has a smooth surface, with no buckling or folding over, thus indicating that

the solvent evaporated uniformly. The morphology of the PZ/PVDF composite was
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revealed by scanning electron microscopy (SEM). Figure 7.1 shows SEM photographs
of the composite. From Figure 7.1(a), it is shown that the polymer matrix phase was
infiltrated thoroughly into the fiber network, and an intimate mixture of two phases
was obtained. Figure 7.1(b) shows the backscattering electrons SEM image of the
composite section, in which the PZ phase is visible with a bright-white contrast, and
the PVDF phase is identifiable as the darker-gray region. The microgeometry of the
inclusion and the interface between the filler and the matrix could be important.
The mixing rules of a given property are controlled by the connectivity of the
individual phases [13]. From the Figure, it reveal that the composite has 3-3
connectivity by using Newnham’s convention on connectivity of piezocomposites, in
which the active PZ and polymer matrix phases are both connected in three

dimensions in the micrometer scale [7].

Figure 7.1 SEM micrograph of the composite structure of 3-3 PZ/PVDF

nanocomposite.

The crystalline phases of 3-3 PZ/PVDF composite was revealed by X-ray
diffraction spectra. Figure 7.2 shows the XRD patterns of the 3-3 PZ/PVDF composite
compared with PZ fibers and PVDF powder. From the Figure, it is revealed that
crystalline PZ/PVDF composite were obtained. According to JCPDS card no.75-1607,
the diffraction peaks can be indexed as an orthorhombic perovskite structure of lead
zirconate. Moreover, peaks of polyvinylidene fluoride (PVDF) could be observed in

the XRD patterns of the composite, because of PVDF is a semi-crystalline polymer
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with typical crystallinity of 50%. The spectra of the PVDF polymer are also seen to
have well defined peaks at 26 = 20.3°, referent to the sum of the diffractions in

plane (110) and (200) characteristic of the £ phase. Peak at 20 = 26.64° referent to

the diffractions in planes (021), which characteristic of & phase [15].
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Figure 7.2 XRD patterns of 3-3 PZ/PVDF nanocomposite compared with PZ fibers and

PVDF powder

Formation of the 3-3 PZ/PVDF composite was confirmed further by the FTIR

spectra, as shown in Figure 7.3. The spectrum of the 3-3 PZ/PVDF composite shows

multiple absorption bands in the region of 400 to 4,000 cm, which corresponds to

the stretching and bending vibrations of ceramic, polymers and moisture. Peaks of
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around 1,450 cm’ correspond to the aliphatic CH group vibrations of the CH, mode
of PVDF polymer [9]. The wave number at ~1,600 cm™' and broad peak at around
3,400 cm”™ both correspond to the O-H stretching vibration of moisture [10]. The
symmetric and asymmetric CH stretching vibration of PVDF is observed at 2,900 cm’
[16]. The absorbtion band at 480, 530, 612,764, 797, 855, 976 and 1,410 cm_1
correspond to large amount of & crystal phase, whereas peak at 1,226 cm” indicates
S phase of vinylidene group of polymer [15, 17]. In addition, the absorption peak at
~548 cm” is attributed to Zr-O stretching vibration [11], which corresponds to the
polycrystalline PZ fiber. This study can guarantee that its sample consists of two

phases, including ceramic and polymer phases.
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Figure 7.3 FT-IR spectra of 3-3 PZ/PVDF nanocomposite
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Figure 7.4 Dielectric properties of 3-3 PZ/PVDF nanocomposite within the

measurement frequencies from 100 Hz to 2 MHz.

Dielectric properties of the resultant 3-3 PZ/PVDF nanocomposite was
characterized by LCR meter. The dielectric constant of the 3-3 composite was found
to be relatively stable in the range of 21.98-18.21 within the measurement
frequencies from 100 Hz to 2 MHz (Figure 7.4). This value is higher than the dielectric
constant of the polyvinylidene fluoride, which was measured as 13.14 (at 2 MHz) in
this study. This is due to the increasing contribution of PZ to the dielectric properties
of the composites, because PZ has a substantially higher dielectric constant (g = 116
at room temperature [18]) than the polymer. This result demonstrated that, a
particular response of a composite to an external field may depend either on the
corresponding response of individual phases or may result in a property not existent
in the phases composing the material. In addition, a particular property of the

composite may depend on several properties of the individual phase [19]. The
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polymer phase in the composite was bumnt out at 600°C, and the weight of the
sample was recorded. From the theoretical density of PZ (8.085 g/cm3) and PVDF (0.6
g/cma), the volume fraction of the PZ fibers in this composite structure was
determined to be about 10%. Using the rule of mixtures according to equation (7.1)
and dielectric constants of the constituent phases, polyvinylidene fluoride and PZ,

the calculated dielectric constant of the composite was 23.43. [20]

£ composite= € polymer Ypolymer + € ceramic Vceramic (7.1)

The calculated value is higher than the measured value, this may be due to
the porosity and its contribution to the dielectric constant of the composite. The

dielectric loss of the composite is below 0.09 at low frequencies.

7.4 Summary

In summary, this study prepared 3-3 PZ/PVDF nanocomposite successfully by
infiltrating a polyvinylidene fluoride (PVDF) polymer into the PZ nanofiber mat. The
composite has relatively smooth surface. The PZ/PVDF composite consists of two
phases, including ceramic phase with orthorhombic perovskite structure and polymer
phases. The dielectric constant of the composite measured at room temperature is
higher than the polymer matrix and reasonably agrees with the prediction from the

rule of mixtures.
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CHAPTER 8
CHARACTERIZATION AND DIELECTRIC PROPERTIES OF

NANOCOMPOSITE MADE OF LEAD ZIRCONATE
NANOFIBERS AND POLYVINYLIDENE FLUORIDE
IMPROVED WITH CARBON NANOTUBES

Based on article published in Integrated Ferroelectrics 149 (2013) 18-24

This chapter studied the characterization and dielectric properties of
nanocomposite made of lead zrconate nanofibers and polyvinylidene fluoride
improved with carbon nanotubes. A three-phase PZ/CNT/PVDF nanocomposite
comprising lead zirconate (PZ) nanofibers, polyvinylidene fluoride (PVDF) and a small
volume fraction of carbon nanotubes (CNT) was prepared by the solvent casting
technique followed by composite heating at 80°C. The PZ/CNT/PVDF composites
were characterized by X-ray diffraction, FT-IR and scanning electron microscopy
(SEM). The dielectric properties of the composite were studied as a function of the
frequency by an LCR meter. The dielectric constant of the PZ/CNT/PVDF
nanocomposite was found to be in the range of 18-61 within the measurement
frequencies from 100 Hz to 2MHz. This value is higher than the dielectric constant of
the PZ/PVDF nanocomposite. The measured dielectric properties demonstrate that
the addition of CNT can improve the dielectric property appearance of the

composite.

8.1 Introduction

Composites made of electroactive ceramics and a ferroelectric polymer are
very attractive for applications, since they exhibit low densities and good
piezoelectric and pyroelectric properties that can be tailored to various
requirements. Piezoelectric ceramics have been used extensively, due to their large

dielectric constant, high piezoelectric strain and high electromechanical coupling
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coefficient [1]. However, the high leakage current, low dielectric strength and
mechanical stiffness limit their applications [2], whereas, polymeric materials exhibit
very high dielectric strength and low leakage current, but polymers generally show
small dielectric constants (g = 2~12) [2]. Polymer based composite is considered as a
solution to the problem by providing good opportunity for the development of a
high dielectric constant, low leakage and high breakdown strength materials.
Antiferroelectric materials have attracted much research interest due to their
potential applications in microactuators and energy conversion devices. Lead
zirconate [PbZrO,; (PZ)] is a well known antiferroelectric material that can be
processed into various forms such as bulk ceramics, thin films, and fibers. The
hysteresis characteristics of antiferroelectric PbZrO; regions are well suited for either
power-storage or actuator applications. Furthermore, the extremely large charge
released from the FE to AFE state may be useful as alternate capacitor materials in
DRAMs. In recent years, researchers have focused on synthesizing nanosized PZ fibers
by the electrospinning technique and incorporated that into a piezoelectric polymer
to obtain smart piezocomposite structures, using polyvinylidene fluoride (PVDF) as a
matrix. This is because PVDF has superior piezoelectric properties when compared
with other types of polymeric materials, due to its polar crystalline structure. This
research reports the preparation and dielectric properties of PZ/PVDF
nanocomposite, with modification of the carbon nanotube (CNT). PZ/PVDF
nanocomposite was chosen as an excellent candidate for acquiring high dielectric
constant polymer matrix composites, according to the percolation theory, which is
formation of long-range connectivity in random systems. Carbon nanotubes (CNTSs)
have remarkable electrical and mechanical properties such as extremely high
conductance and Young’s modulus [3]. They are found to be attractive on account
of their potential for applications in nanoscale devices [4]. The PZ-CNT/PVDF
composites were characterized using different techniques. Morphological studies
were carried out using scanning electron microscopy (SEM), with the crystal structures
determined by X-ray diffraction (XRD). The functional groups and dielectric properties

of the composite were confirmed using FT-IR and an LCR meter, respectively.
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8.2 Experimental Procedure

PZ nanofibers were synthesized by an electrospinning method, which utilized a
solution that contained poly (ethylene oxide) (PEO, MW ~ 300,000; Aldrich), and sol-
gel precursor solution of PZ. After obtaining the PZ fiber mats, three-phase
PZ/CNT/PVDF nanocomposite samples were prepared. Firstly, polyvinylidene fluoride
(PVDF; MW ~ 534,000; Aldrich) powder was dissolved in dimethyl formamide (DMF)
solvent to obtain the polymer matrix of the composite, before mixing in carbon
nanotubes in specific proportions (compositions of 1 wt% CNTs). After stirring for 1
hr, the mixture was poured onto the calcined PZ fiber mat for the final polymer
nanocomposite product, and this sample was kept under vacuum for 10 min to
eliminate trapped air. Then, the sample was dried for 24 h at 80°C. X-ray diffraction
(XRD; Bruker-D8 Advance) using CuK, radiation was used to determine the phases
formed. The room-temperature FT-IR spectrum ranging 4,000-370 cm’ was recorded
by a Perkin Elmer Spectrum GX FT-IR/FT-Raman spectrometer, with 8 scans and a
resolution of 4 cm’’ using KBr pellets. A scanning electron microscope (SEM, JEOL
JSM5910LV) was wused to observe the microstructures of the PZ/PVDF
nanocomposite. Finally, dielectric properties of the PZ/PVDF nanocomposite were
measured from 100 Hz to 2 MHz using an HP 4194A Impedance Analyzer (Santa
Clara, CA). Samples of thin, rectangular, parallel plates were prepared and placed
between two parallel metal plates of the sample holder for dielectric

measurements.

8.3 Results and Discussion

Morphology of the PZ fiber and the three-phase PZ/CNT/PVDF nanocomposite
were revealed by scanning electron microscopy (SEM). Figure 8.1 reveals that the
continuous PZ nanofibers with average diameter of 300 + 64 nm. Figure 8.2 shows
SEM micrographs of the secondary electron [Figure 8.2(a)] and backscattering
electrons [Figure 8.2(b)] images of the PZ/CNT/PVDF nanocomposite. In Figure 8.2(b),
the backscattering electrons image of the composite cross section shows that the
polymer matrix phase thoroughly infiltrates the fiber network. The intimate mixture
of three phases was obtained, in which the PZ phase and CNTs were visible in bright-

white contrast, and the PVDF phase was identifiable as a darker-gray region. The
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figure revealed that the composite has 3-3 connectivity by using Newnham’s
convention [6] on connectivity of piezocomposites, in which the active PZ, CNT and

polymer matrix phases are connected in three dimensions in the nanometer scale.

Figure 8.1 SEM micrograph of the PZ fibers.

10 pim

Figure 8.2 SEM micrographs of the (a) secondary electron and (b) backscattering
electrons images of the PZ/CNT/PVDF nanocomposite.
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Figure 8.3 XRD patterns of PZ/CNT/PVDF nanocomposite compared with those of PZ
fibers.

The crystalline phases of PZ/CNT/PVDF nanocomposite were revealed by X-ray
diffraction (XRD) spectra. Figure 8.3 shows the XRD patterns of the PZ/CNT/PVDF
nanocomposite compared with those of PZ fibers. The figure revealed that crystalline
PZ/CNT/PVDF nanocomposite was obtained. The strong diffraction peaks at 2é values
of 21.47, 30.66, 37.81, 43.58, 54.02, 63.69 and 71.95 corresponding to (120), (122),
(202), (240), (162), (424) and (126) crystal planes, respectively, indicating the
formation of lead zirconate. According to JCPDS card no.75-1607, the diffraction
peaks can be indexed as an orthorhombic perovskite structure. In addition, peaks of
polyvinylidene fluoride (PVDF) could be observed in the XRD patterns of the

composite, because PVDF is a semi-crystalline polymer with typical crystallinity of




148

50% [7]. Spectra of the PVDF polymer are seen at 26 = 26° when referring to the
diffractions in planes (021), which are characteristic of the a-phase [7]. The a-phase is
the dominant crystalline phase most common upon crystallization from the melt [8],
while the peak at 268 = 20° refers to the sum of diffractions in plane (110) and (200),
which are characteristic of the Mphase [7]. The [phase exhibits the most
piezoelectric, pyroelectric and ferroelectric activities. The latter form endues PVDF
with great potential for various device applications [8]. The spectra also show that
the (002) peak at 26° and (110) peak at 77° correspond to a crystal structure of
graphite [9]. This study guarantees that the sample consists of three phases, including

lead zirconate, carbon nanotubes and polymer phases.
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Figure 8.4 FT-IR spectra of PZ/CNT/PVDF nanocomposite compared with those of PZ
fibers.
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FT-R is used to characterize the functional group of the PZ/CNT/PVDF
nanocomposite. Figure 8.4 shows the FT-IR spectra in the range of 400-4,000 cm L At
~548 cmﬁl, the absorption peak is attributed to Zr-O stretching vibration [10], which
corresponds to the polycrystalline PZ fiber. The broad peak at around 3,400 cm”
corresponds to the O-H stretching vibration of moisture [10]. Peaks of around 1,450
cm’ correspond to the aliphatic CH group vibrations of the CH, mode of PVDF
polymer [11]. The symmetric and asymmetric CH stretching vibration of PVDF is
observed at 2,900 cm [11]. The absorption band at 760, 800, 860, 980 and 1,400
e’ corresponds to a large amount of & crystal phase, whereas a peak at ~1,220
¢ indicates B phase of the vinylidene group of polymer [12]. A small peak at

around 1650 cm " is associated with the C-C stretching of CNT [4].
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Figure 8.5 Dielectric constant and dielectric loss of PZ/CNT/PVDF nanocomposite

compared with that of PZ/PVDF nanocomposite as a function of log frequencies.
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A dielectric property of the PZ/CNT/PVDF nanocomposite was characterized by
an LCR meter. Figure 8.5 presents frequency dependence of the dielectric constant
(g) of the PZ/CNT/PVDF nanocomposite at room temperature, and comparing with
that of PZ/PVDF nanocomposite. It was found that the dielectric constant of the
PZ/CNT/PVDF nanocomposite was in the range of 97-49, within the measurement
frequencies from 100 Hz to 2 MHz. This value is higher than the dielectric constant of
the PZ/PVDF nanocomposite measured as 18.21 (at 2 MHz), which may be due to
the PZ fibers being well distributed by forming a complex mixture with CNT
networks. This is in accordance with the percolation theory [13], which is the
formation of long-range connectivity in random systems. This phenomenon is
depicted in the schematic illustrations of Figure 8.6, which demonstrates the sample
with [Figure 8.6(b)] and without [Figure 8.6(a)] CNT. Since the CNT in Figure 8.6(b) is
mixed well and entangled with PZ fibers in the PVDF matrix, the task of dispersing PZ
fibers uniformly inside the composite for a high-performance material is challenging.
As a result, a high dielectric constant is generated. Furthermore, the conduction
paths formed by the CNT networks can reduce the internal resistance of
nanocomposite material [14). Dang et al. [13] reported that CNTs reinforced by
composites possess a much lower percolation threshold than those of composites
containing conventional spherical fillers, such as metallic particles or carbon black.
This is due to high-aspect ratio conductive fillers easily producing percolation (a
conducting network) at a lower volume fraction. Thus, the CNT can act as dispersant
and conduct functional material in nanocomposite. Additionally, it is noticeable that
a low dielectric loss was obtained together with a high dielectric constant, as shown
in Figure 8.5. The minimum value of loss is 0.02 and the maximum value is still less

than 0.6, which is attractive for practical applications.
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Figure 8.6 Schematics of the cross-sectional structure of PZ/PVDF nanocomposite (a)

without CNT and (b) with CNT.

8.4 Summary

In summary, three-phase PZ/CNT/PVDF nanocomposite in carbon nanotubes
filled with PZ/PVDF mixture was prepared via a simple casting technique using PZ
fibers from the electrospinning process. The effects of CNT on the dielectric
properties of PZ/PVDF nanocomposite were examined. The dielectric constant of the
PZ/CNT/PVDF nanocomposite measured at room temperature was found to be in
the range of 97-49, within the measurement frequencies from 100 Hz to 2 MHz, and
higher than the PZ/PVDF nanocomposite without CNT. This result agrees reasonably
well with the percolation theory of CNT. Thus, adjustable dielectric properties were

discovered by employing the three-phase system.
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CHAPTER 9
CONCLUSIONS AND SUGGESTIONS

9.1 Conclusions

This study presents a characterization and dielectric properties of polymer-
ceramic nanocomposites, by using lead zirconate (PZ) nanofiber as disperse phase
and polyvinylidenedifluoride (PVDF) as matrix phase. A systematic investigation was
conducted of piezoceramic nanofiber using two synthesis routes, namely the sol-gel
and electrospinning process by varying the concentration, volume ratio of precursor
solution to polymer, feeding rate, calcination temperature and polymer type.
Moreover, this research examined the effect of solvothermal treatment on phase
transformation in lead zirconate nanofibers. The optimum condition of chemical
treatment for the phase transition in lead zirconate fibers was determined at
different temperatures and times using dimethyl formamide as an effective solvent.
Additionally, the dielectric properties of polymer-ceramic nanocomposites have been
improved by adding carbon nanotubes (CNT). This chapter will summarize the
experimental measurement done in this thesis and some of the suggestions to
expand this study. The main obtained results in this work are as follows:

(1) Synthesis of the nanofiber antiferroelectric lead zrconate system by
electrospinning, followed by calcinations at high temperature was
successfully prepared. The as-spun PZ fibers were relatively uniform and had
a smooth surface. Beads or agglomerated nanofibers were not observed. The
PZ nanofibers, with a well-developed perovskite structure, were obtained
successfully at the calcination temperature of 650°C for 4 h.

(2) The polymer content of the solution is important in obtaining continuous
and bead-free fiber mats. The polymer content is believed to be merely
adjustment of the solution viscosity. When the amount of polymer
increased, the viscosity rose, due to individual polymer chains becoming
entangled, thus creating more resistance to the electric field, and resulting in
a more stable jet of fiber. Thus the real controlling factor appears to be the

viscosity of the polymer solution. Additionally, the solution viscosity is
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proportional to the polymer concentration. Therefore, the more the solution
viscosity, the larger the resulting nanofiber diameters.

The precursor solution is strongly influenced in the fiber formation. Decrease
in the concentration of precursor solution causes the surface tension to
dominate the electrostatic force, which results in thinner fibers or bead
formation along the fibers. As the concentration increases, higher electrical
charges induce more jet solution to collect on the aluminum plate; thus,
fibers form with a larger diameter. Moreover, a higher PZ concentration
improves the structure of PZ fibers, as each highly concentrated PZ
molecule is closer together than those in a diluted concentration.

From the TEM images, the mutual boundary of PZ fiber tends to minimize
forming a neck in the array of grains after calcination at high temperature,
which represents grain boundaries arranged by grain to grain unit cell
clusters. The linearity of grains indicates good crystallographic coherence.
This result differs from those in other researches, in which several
agglomerates are composed of small grains.

The feeding rate has a strong effect on the morphology of calcined PZ fiber.
The nature of nanofibers was changed dramatically, a necklace-like structure
of packed particles or crystallites became prominent. This was due to a
lower feeding rate, which acts as a function of aging that allows for a greater
orientation period of the crystallites, and suggests improvement in
crystallization of the PZ nanofibers. In addition, the fiber diameter was
decreased when reducing the feeding rate.

The diameter of the fibers, following calcinations at various temperatures,
appeared smaller on average than the as-spun fibers due to their loss of
polymer and the crystallization of PbZrO,;. Whereas, after calcinations at high
temperature the average diameter of the fibers was increased due to grain
growth by temperature.

The ferroelectric (FE) intermediate phase is not established in PZ fibers.
However, the antiferroelectric (AFE) - paraelectric (PE) phase transition
becomes broader progressively. It is clear that the PZ fibers undergo a

successive phase transition from orthorhombic to cubic phase at 243°C,
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showing a Curie temperature rise of nearly 13°C, when comparing with a
normal PZ particle.

The effect of solvothermal treatment on phase transformation in PZ
nanofibers was investigated. The results suggested the PZ nanofibers clearly
show an endothermic transition after solvothermal treatment at 170°C for 6
h using dimethyl formamide solvent. The enthalpy values for the
orthorhombic-cubic transition increased with increasing temperature and
time. With increasing temperature, stress is relieved gradually in such that
free energy of the antiferroelectric phase could decrease and allow enthalpy
values to increase. In addition, grain boundaries were prominent after heat
treatment due to reduced internal stress. The diameter size of the fibers
decreased slightly after dimethyl formamide chemical treatment and
increased with increasing temperature and time.

This study prepared PZ fibers successfully by the electrospinning method
using solution that contained commercial polymer combined with Thai
glutinous rice starch (GRS) in order to increase viscosity and reduce cost of
the precursor solution. The as-spun PZ/PEO/GRS composite fibers were
relatively uniform with a smooth surface. The PZ nanofibers, with a well
developed perovskite structure, were obtained successfully at the

calcination temperature of 650 °C for 4 h.

(10) The addition of GRS improves the appearance of the fiber, but the real

controlling factor is the viscosity of the polymer solution. The higher
viscosity of GRS solution resulted from chain entanglement, which causes a
significant impact on the electrospinning process. Therefore, adding GRS into
the solution can enhance the chain entanglement of the molecular chain,
which makes the viscosity increase. Thus, the cost of the process can be

reduced by successfully putting GRS into the solution.

(11) The PZ/PVDF nanocomposite was successfully prepared by infiltrating a

polyvinylidenedifluoride (PVDF) polymer into the PZ nanofiber mat, and an
intimate mixture of two phases was obtained. The composite has 3-3
connectivity by using Newnham’s convention on connectivity of
piezocomposites, in which the active PZ and polymer matrix phases are

both connected in three dimensions in the micrometer scale. The dielectric
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constant of the PZ/PVDF composite measured at room temperature is higher
than the polymer matrix and reasonably agrees with the prediction from the
rule of mixtures. This is due to the increasing contribution of PZ to the
dielectric properties of the composites, because PZ has a substantially
higher dielectric constant than the polymer.

(12) Three-phase PZ/CNT/PVDF nanocomposite from carbon nanotubes (CNT)
filled with PZ/PVDF mixture was prepared via a simple casting technique
using PZ fibers from the electrospinning process. The dielectric constant of
the PZ/CNT/PVDF nanocomposite measured at room temperature was found
to be in the range of 97-49, within the measurement frequencies from 100
Hz to 2 MHz. The dielectric constant of the PZ/CNT/PVDF nanocomposite is
higher than the PZ/PVDF nanocomposite without CNT which may be due to
the PZ fibers being well distributed by forming a complex mixture with CNT
networks. Furthermore, the conduction paths formed by the CNT networks
can reduce the intermal resistance of nanocomposite material. As a result, a
high dielectric constant is generated. Thus, the CNT can act as dispersant
and conduct functional material in nanocomposite. Additionally, it is
noticeable that a low dielectric loss was obtained together with a high

dielectric constant.

9.2 Suggestions

A number of interesting factors and some problems also remain in the fabrication
of nanopiezoelectric composite material. The electrical properties of nanocomposite
in the field of piezoelectric application also need further study. Thus, this thesis work
should be partly filled by the following suggestion for further work.

(1) In the preparation of nanofiber, electrospinning appears to be affected by the
following parameters and variables: 1) system parameters such as molecular
weight, molecular weight distribution and architecture (branched, linear, etc.)
of the polymer, and polymer solution properties (viscosity, conductivity,
dielectric constant, and surface tension, as well as charge carried by the
spinning jet) and 2) process parameters such as electric potential, flow rate

and concentration, distance between the capillary and collection screen,



(3)

(4)
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ambient parameters (temperature, humidity and air velocity in the chamber)
and finally motion of the target screen. Therefore, the effect of these factors
would need to be considered.

Careful preparation of the precursors is essential in order to electrospin
ceramic systems accurately. Several parameters, such as solvent volatility,
viscosity, surface tension, conductivity, applied voltage, etc., need to be
optimized for all systems.

The fabrication of ceramic nanofiber could be applied to other ferroelectric
materials.

In the preparation of composite material, inorganic ceramic materials need to
be compatible with the polymer matrix. Therefore, as ceramic material is
required to be compatible with the polymer matrix, it needs surface
modification for increased compatibility.

Some improvement may be achieved by investigate the Copolymerization of
vinilydenedifluoride with trifluoroethylene (TrFE), as this polymer does not
need to be stretched; it can be poled directly as formed.

Further work on the dispersion and distribution of filler in composite material
would facilitate an improvement. There are numerous methods and
approaches for the functionalization and many efficient dispersion of filler in
different media such as solution processing of composites, melt processing of
bulk composites, melt processing of composite fibers, composites based on
thermosets, Layer-by-layer (LBL) assembly, and in-situ polymerization.

Using high volume fraction of carbon nanotubes tend to aggregate together
inside the solution, due to the strong van der Waals attraction forces
between them, and they usually have highly entangled network structures.
That is why dispersion of CNT inside the polymers becomes difficult.

The ceramic-polymer composite approach developed in this work could be

applied to other electroceramic materials.
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1. Introduction

In recent years, fine scale piezoelectric fibers have received
extensive attention because of their potential applications as build-
ing blocks in various nanotechnologies, which include mechanics
[1], photonics [2], electronics [3], and sensing [4]. The high surface-
to-volume ratio is an attractive characteristic that can be achieved
from nanofibers, and more attention has been paid to this area.
With miniaturization of electronic devices, nanofibers of piezoelec-
tric material are currently attracting a great deal of interest in the
design of smart materials, due to their novel properties that are sig-
nificantly different from their bulk, such as physical and chemical
properties [5]. Mai et al. [6] reported the preparation of piezoelec-
tric lead zirconate titanate (PZT) fibers, with diameters ranging
from 10 wm to 40 pm, and revealed their ferroelectric property.
When heat-treated at 1000 °C, the permittivity and dielectric loss of
these fibers was 581 and 0.01, respectively, at 10 kHz. Furthermore,
electrospun PZT nanofibers exhibited an extremely high piezoelec-
tric voltage constant (g33 =0.079Vm/N), high bending flexibility,
and high mechanical strength, as demonstrated by Chen et al. [7].
However, when reducing the fiber diameter to nanoscale by the
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electrospinning method, fiber fusion and continuous fibers could
not be formed after annealing at high temperature, as reported in
many researches. Dharmaraj et al. [8] reported the preparation of
ferroelectric Pb(Zrg s, Tig 5 )03 nanofibres by electrospinning, which
presented fiber mats with a soldering-like attachment of nanofibers
at their junction after calcinations at 550 C. Wu and Coffer [9]
reported the preparation of erbium-doped silicon and germanium
oxide nanofibers, and found a partially deformed nanofiber struc-
ture with some interfiber connections forming after calcinations at
700°C. In addition, Tuttle et al. [10] reported that the surface of fab-
ricated aluminum acetate/PVP fibers became rough, and the fibers
broke to a short length, after calcinations at 1200 C. This demon-
strated that preparation of ceramic nanofibers is fairly difficult
when obtaining a continuous and smooth surface without form-
ing interfiber connections. Furthermore, most studies of ceramic
electrospinning to date have reported the synthesis of metal oxide
fibers in the ferroelectric (e.g. PZT, BT) [7,11] and multiferroic sys-
tem (e.g. NF-PZT, CoF-PZT) [12,13]. In this study, synthesis of the
nanofiber antiferroelectric system by electrospinning, followed by
calcinations at high temperature, was of interest.

Antiferroelectric lead zirconate (PbZrO3:PZ0O) ceramics have
received increasing attention as potential applications in micro-
actuators and high energy storage capacitors [14]. The free energy
difference between the antiferroelectric (AFE) and ferroelectric (FE)
phase enables phase switching from the AFE to FE phase by applying
an electric field [15]. PZO at room temperature has an orthorhom-
bic structure with the lattice parameters, a=5.884A, b=11.768 A
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Fig. 1. Process for the preparation of PZO fibers.

and ¢=8.22A [16]. The orthorhombic unit cell consists of eight
formula units and eight primitive cells with a tetragonal structure
[17]. Over the past few decades, PZO and PZO-based systems have
been synthesized and utilized massively in forms of bulk ceramics
or crystalline films [18]. Based on our knowledge, there has been
no previous report on the fabrication of antiferroelectric PZO
fibers by electrospinning. Furthermore, fibrous antiferroelectric
PZO has the potential for utilizing high performance hydrophones,
and high electromechanical actuator and nanogenerator
applications.

2. Experimental procedure

In the preparation of lead zirconate (PZO) solution by a sol-gel
process, lead acetate trihydrate [Pb(CH3CO0);-3H;0, puriss;

Sigma-Aldrich] and zirconium (IV) propoxide solution (~70% in
propanol; Fluka) were used as precursors, and 2-methoxyethanol
(puriss; Sigma-Aldrich) was selected as a solvent. The process for
preparing PZO fibers is illustrated in Fig. 1. Firstly, lead acetate
trihydrate was dissolved in 2-methoxyethanol, which could act
as didentate chelating ligands that allowed the sol to stabilize
for a long period of time at room temperature. Then, this solu-
tion was stirred for 30 min at 70'C, with 3mol% excess lead
acetate trihydrate added to compensate for evaporation during
high temperature calcination, whereas, zirconium (IV) propoxide
was dissolved in 2-methoxyethanol while stirring for 30 min at
room temperature. Next, the two solutions were mixed together
by heating and stirring to form a sol. Acetic acid was added to
the sol in order to prevent precipitation of the precursor solu-
tion, which had various final concentrations of 0.3, 0.5, 0.7, 0.9
and 1.0M, obtained after stirring at 70°C for 1h. In preparing
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lead zirconate/poly(ethylene oxide) (PZO/PEO) solution for elec-
trospinning, the proper solution parameter had to be found for
producing lead zirconate nanofibers, after which the precursor
solution was mixed with poly(ethylene oxide) (PEO, My =300,000;
Aldrich) solution (5wt.% in ethanol) in volume ratios of 10:1, 10:2,
and 10:3, consecutively. After stirring at room temperature for
1h, the mixture was loaded into a plastic syringe, which was
connected to a metallic needle and linked to a syringe pump
(NE-1000, New Era Pump Systems, Inc. Wantagh, NY) in order
to control the feeding rate of the solution. The positive terminal
of high voltage power supply (ES30P-5W, Gamma High Voltage
Research Inc., Ormond Beach, FL) was connected to the needle
tip of the syringe, while the aluminum plate collector, covered
with aluminum foil, worked as a counter electrode. The distance
between the needle tip of the syringe and collector was fixed at
15cm, and the feeding rate of the solution varied. When the volt-
age applied between two electrodes reached 10kV, a non-woven
mat of PZO/PEO composite fibers collected on the surface of the
aluminum plate, which was wrapped with aluminum foil. The
reaction of the as-spun composite nanofibers, which took place
during heat treatment, was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analysis (TGA;
Shimadzu), using a heating rate of 10°C/min in air that ranged
from room temperature to 1300 C. X-ray diffraction (XRD; Bruker-
D8 Advance) using Cu Ka radiation was used to determine the
phases formed and optimum firing temperatures for formation of
the desired phase. A room-temperature FT-IR spectrum ranging
from 4000 to 370 cm~! was recorded by a PerkinElmer Spectrum
GX FT-IR/FT-Raman spectrometer, with eight scans and a resolu-
tion of 4cm~! using KBr pellets. Phase transition of the fibers was
investigated, using a differential scanning calorimeter (DSC 2920,
TA Instrument) between room temperature and 300 °C at a heating
rate of 10°C/min. Finally, a scanning electron microscope (SEM,
JEOL JSM5910LV) and transmission electron microscopy (TEM,
JEOL JEM-2100) were used to observe the morphology of the PZO
fibers.

3. Results and discussion
3.1. Effect of PZO/PEQ volume ratios

Fig. 2 shows the SEM photographs of the as-spun PZO/PEO
composite, with a PZO concentration of 0.7 M using the PZO/PEO
volume ratios of 10:1, 10:2 and 10:3, consecutively. Fig. 2(a) indi-
cates that continuous fibers could not form, as the jet broke up into
droplets, due to the low viscosity of the precursor solution. With
the polymer in highly diluted solution, each polymer chain was
so far apart, most of them were separated. When the amount of
PEO increased, the viscosity rose, due to individual polymer chains
becoming entangled, thus creating more resistance to the electric
field, and resulting in a more stable jet. In general, chain entan-
glement causes a significant impact on the electrospinning process
by determining whether the jet breaks up into droplets, beads, or
fibers and if it affects the geometry of fiber formations [19]. The
formation of beads was observed in low viscosity solution, as pre-
sented in Fig. 2(b), whereas, continuous fibers and smooth surface
with uniform diameter were obtained in high viscosity solution,
which indicated a smooth injection of PZO sol dispersed in the
polymer matrix during electrospinning (Fig. 2(c)). A remarkable
correlation was observed when comparing with the optimum con-
ditions determined from solution with a PZO/PEO volume ratio of
10:3. That is to say, the PEO content of the solution is important in
obtaining continuous and bead-free fiber mats, but the real control-
ling factor appears to be the viscosity of the polymer solution. The
PEO content is believed to be merely adjustment of the polymer

Fig. 2. SEM micrographs of the as-spun PZO/PEO nanofibers with a PZO concen-
tration of 0.7M at the PZO/PEO volume ratio of (a) 10:1, (b) 10:2 and (c) 10:3,
consecutively.

viscosity. However, when a solid polymer is dissolved in a solvent;
the more the solution viscosity is proportional to the polymer con-
centration, the larger the resulting nanofiber diameters, according
to a power law relationship [19].

3.2. Effect of PZO concentrations

Fig. 3 shows the SEM micrograph of the as-spun PZO/PEO vol-
ume ratio of 10:3 at PZO concentrations 0f0.3,0.5,0.7,0.9and 1.0 M,
consecutively. When comparing between Fig. 3(a), (b), (c), (d) and
(e), the formation of beads can be seen to decrease with increased
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Fig. 3. SEM micrograph of the as-spun PZO/PEO volume ratio of 10:3 at PZO concentrations of (a) 0.3, (b) 0.5, (c) 0.7 (d) 0.9 and (e) 1.0 M, consecutively.

PZO concentration, and the as-spun PZO/PEO composite fibers, with
PZO concentrations of 0.7, 0.9 and 1.0 M, have relative uniformity
and a smooth surface, which indicates that the PZO was dispersed
uniformly in the PEO medium. Beads or agglomerated fibers could
not be observed. Furthermore, it can be seen that the average fiber
diameter increases with increased PZO concentration. Decreases in
the concentration of precursor solution cause the surface tension
to dominate the electrostatic force, which results in thinner fibers
or bead formation along the fibers. As the concentration increases,
higher electrical charges induce more jet solution to collect on the
aluminum plate; thus, fibers form with a larger diameter, which
averages 266 + 92 nm, 300+ 51 nm, 354 + 33 nm, 364 + 38 nm and
439 + 74 nm with a PZO concentration of 0.3, 0.5,0.7,0.9 and 1.0 M,
respectively.

Thermal analysis was carried out to investigate the decompo-
sition process of the fiber. The result of TG and DTA analyses of
the as-spun PZO/PEO composite fibers are shown in Fig. 4. The
endothermic peak in the DTA curve, and weight loss (~24%) in the
TGA curve, were observed below 350°C, which indicates a loss of
moisture and trapped solvent in the as-spun fibers [20]. Despite
bending instability during the electrospinning process, the jet path
length increased enormously, which provided passage for the sol-
vent to evaporate and the fibers to solidify, but a small amount of
solvent still remained on the fiber surface. Whereas, an endother-
mic peak and a weight loss (~3%) in the range of 400-550°C were
due to the degradation of PEO, and there was no change here in the

weight loss range of 550-900 °C. On the other hand, there was an
exothermic peak at 850 °C in the DTA thermograph, which possibly
corresponded to formation of the perovskite phase. In addition, the
endothermic peaks in the DTA curve and weight loss (~7%) in the
TGA curve, in temperatures ranging from 900°C to 1000 -C, were

Exo
g
=
K
£ 3
< >
4
=

Endo

T v T

— .
200 400 600 800 1000 1200
Temperature ('C)

Fig. 4. TG-DTA curves of thermal decomposition of the as-spun PZO/PEO composite
nanofiber.
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Fig. 5. XRD patterns of electrospun PZ/PEO composite nanofibers calcined in air for
4h at different temperatures.

due to the loss of PbO at high temperature. Based on the TG-DTA
results, the mixture was calcined at various temperatures ranging
from 550°C to 850°C, with dwell times of 4 h and heating/cooling
rates in a closed alumina crucible ranging around 5 °C/min, in order
to investigate the perovskite phase formation.

The crystalline phases of PZO fibers at various calcined temper-
atures were determined by X-ray diffraction spectra. Fig. 5 shows
the XRD patterns of PZO/PEO composite fibers calcined at differ-
ent temperatures. After calcinations of as-spun PZO/PEO composite
fibers at 550 °C for 4 h, it was revealed that crystallization of the per-
ovskite phase began to form. However, the main peak intensity of
the PZO phase was weak, and a broad diffraction peak appeared
at around 26 =28, which implied that the fiber was not fully crys-
tallized and, to some extent, had an amorphous phase. When the
calcination temperature was 650 °C, the crystalline PZO fibers, with
awell-developed perovskite structure, were obtained successfully.
According to JCPDS card no.75-1607, the diffraction peaks can be
indexed as an orthorhombic perovskite structure of lead zirconate.
No other peaks could be observed in the XRD patterns, which indi-
cated that the sample is free from lead oxide or any other crystalline
materials. By increasing the calcination temperature, the intensi-
ties of the peaks increase, and the full width at half maximum of
the (122) main peak decreases, which indicates that crystalliza-
tion of the PZO nanofibers has improved. The relative intensity
of (hkl) peaks to that of the (122) peak in nanofibers increases
with increased calcination temperature, which agrees well with
the results of PZO films [21]. The lattice parameter calculated
from the XRD pattern comprised a=5.8824A, b=11.7711A and
c=8.2294 A, which are close to reported values [13]. Furthermore,
the PEO decomposes at 450 'C, according to its thermal proper-
ties, and this study guarantees that its sample was free from PEO
polymer.

Formation of the perovskite structure in the calcined PZO fibers
was supported further by FT-IR spectra, as shown in Fig. 6. The
spectrum of the PZO/PEO composite fibers shows multiple absorp-
tion bands in the region 1000-4000cm™', which correspond to
the stretching and bending vibrations of PEO and moisture. Of
these, peaks of around 1450 cm~! correspond to the aliphatic CH
group vibrations of the CH; mode [22]. The band of 1337cm™!
has been attributed to the deformed vibration of CH; groups [6].
Peaks at 1020 and 1048 cm ! are assigned for stretching the C—0

650 °C

550 °C

‘Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wave number (em™1)

Fig. 6. FT-IR spectra of electrospun PZ/PEQ composite nanofibers calcined in air for
4h.

bond of 2-methoxyethanol and/or rocking vibration of CH3 groups
[23). The wave number at ~1600cm~" and broad peak at around
3400cm~! correspond to and are assigned for O—H stretching
vibration, respectively, and the shoulder at 2900cm ! is related
to the stretching vibration of C—H bonds [23]. After calcination
at 550°C for 4 h, it was found that these peaks almost disappear,
indicating that most of the PEO and other organics have been
removed. The appearance of an absorption peak at ~548cm~! is
attributed to Zr—O stretching vibration [24], which corresponds to
the polycrystalline fiber obtained. As the calcination temperature
increases to 650°C, the absorption peak of Zr—O bonds becomes
narrower and more intense, which indicates that the crystallization
of the PZO fibers improves with increasing calcination tempera-
ture, and the PEO is fully decomposed, as suggested in the XRD
results.

In general, the formation of PZO fibers from composite ones
should involve three main processes: evaporation of the poly-
mer (PEO); nucleation and growth of PZO nanocrystals; and
directional mass transport of the PZO crystal to form continu-
ous fibers [25]. Fig. 7(a)-(f) shows scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images of the
PZO fibers calcined at 650°C, with the PZO/PEO volume ratio
of 10:3 at PZO concentrations of 0.7, 0.9 and 1.0M, consecu-
tively. The average diameter of fibers was 270 + 38 nm, 294 + 48 nm
and 300+ 64 nm with a PZO concentration of 0.7, 0.9 and 1.0M,
respectively, after calcination. SEM images of these fibers present
a uniform and smooth surface (in Fig. 7(a)-(c)), whereas, TEM
images (Fig. 7(d)-(f)) show that PZO fibers with a higher PZO con-
centration have improved fiber structure. It is evident from the
TEM images that the mutual boundary tends to minimize forming
a “neck” in the array of grains, which represents grain bound-
aries arranged by grain to grain unit cell clusters. The linearity
of grains indicates good crystallographic coherence. This result
differs from those in other researches, in which several agglom-
erates are composed of small grains. Wang et al. reported the
fabrication of W03 Nanofibers, when the TEM image of the sam-
ple showed a grained fiber structure after calcination [26]. Kumar
et al. reported the “fabrication of TiO; nanofibers by electrospin-
ing”, when observing that the micrograph of nanofibers consisted
of several agglomerated grains when heated at 650°C [27]. A
higher PZO concentration improves the structure of PZO fibers, due
to each highly concentrated PZO molecule being closer together
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Fig. 7. (a)-(c) SEM micrographs and (d)-(f) TEM micrographs of the PZO fibers calcined at 650 °C with the PZO/PEO volume ratio of 10:3 at PZO concentrations of 0.7,09

and 1.0 M, consecutively.

than those with a low concentration. When the temperature is
high enough to eliminate the polymer between molecules, PZO
molecules will connect more easily between crystals at a higher
concentration.

3.3. Effect of calcination temperature

Fig. 8(a)-(h) shows SEM images of the as-spun and PZO fibers,
with the volume ratio of 10:3 at PZO concentrations of 1.0 M, and
calcined at 650, 750 and 850 °C, consecutively. All the calcined sam-
ples present non-woven fabrics, with interconnected continuous
free space between the fibers to form a structure of packed particles
or crystallites. While the PEO was removed selectively during cal-
cinations at 650 °C, the fiber structures remained continuous, with
an average diameter of 300 + 64 nm, as seen in Fig. 8(b). The diam-
eter of the fibers, following calcinations at various temperatures,
appeared smaller on average than the as-spun fibers, for exam-
ple, the average fiber diameter was decreased from 439+ 74nm
(Fig. 9(a)) to 300+ 64 nm after calcination at 650 C. The reduc-
tion in size of the nanofibers should be attributed to their loss
of PEO and the crystallization of PbZrOs. The fibrous material is
considerably more brittle and delicate than the as-spun materi-
als. The decrease in the flexibility of the fibers may result from a

high fraction of crystallinity and/or cross-linking between fibers
during calcination. Whereas, after calcinations at 750 and 850°C
(Fig. 8(c) and (d)), the fibers became rough and presented a detailed
non-woven electrospun mat, and through interpenetration and
entanglement of molecular chains after annealing, a soldering-
like attachment of the nanofibers was visualized at their junction
points, when the average diameter of the fibers was 471 +£ 60 nm
and 516+ 69 nm, consecutively. The enhancement of this fiber
diameter is due to grain growth by temperature. In addition, the
effect of feeding rate on the fiber was studied as well, and showed
that when decreasing the feeding rate from 2ml/h to 0.5ml/h,
the average fiber diameter was decreased from 439+ 74nm to
378 + 43 nm. This result corresponded with the research of Rut-
ledge and co-workers [28], in which the jet solution became thinner
when the feeding rate decreased. Furthermore, it was observed
that the nature of nanofibers was changed dramatically, and a
necklace-like structure of packed particles or crystallites became
prominent when decreasing the feeding rate of the precursor solu-
tion from 2ml/h (Fig. 8(a)-(d)) to 0.5ml/h (Fig. 8(e)-(h)). It is
clear from these results that the feeding rate has a strong effect
on the morphology of calcined PZO/PEO, which are composite
nanofibers. This was due to a lower feeding rate, which acts as
a function of aging that allows for a greater orientation period
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Fig. 8. SEM micrograph of the fibers using: (a)-(d) feeding rate of 2mi/h and (e)-(h) feeding rate of 0.5mi/h of the as-spun fibers with the volume ratio of 10:3 at PZO
concentrations of 1.0 M, and PZO fibers calcined in air for 4 h at 650, 750 and 850 - C, consecutively.

of the crystallites, and suggests improvement in crystallization of
the PZO nanofibers. In addition, the fiber diameter was decreased
when reducing the feeding rate, i.e. the diameter of PZO fiber was 243 oc
decreased from 516+ 69 nm (Fig. 8(d)) to 370+ 39 nm when cal- /

cined at 850°C (Fig. 8(h)). This may be due to a lower feeding
rate by allowing more time for chain entanglement, which causes electrospinning
0

individual molecules to close up and result in a smaller fiber diam- = 232 °c
eter. g ’.

g 228°C
3.4. Thermal properties ‘; \

a

Fig. 9 shows results of the DSC for the PZO particle and PZO
fibers from using the solid state and electrospinning method,
respectively. The DSC result of the PZO particle shows two sharp
and distinct endothermic peaks, which become closer together.
The lower temperature corresponds to the transition temperature - . )
of the antiferroelectric (AFE) — ferroelectric (FE) phase transition, 190 150 200 280 100
while the higher temperature corresponds to the FE — paraelectric
(PE) phase transition. Whereas, the FE intermediate phase is not
established in PZO fibers. However, the AFE-PE phase transition Fig. 9. Typical DSC curves for PZ fibers and PZO particles.

solidstate

Temperature ( ‘o)
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becomes broader progressively. This result is likely in line with
the research of Lu et al. [29], who present the DSC curve with nei-
ther a transition phase nor an endothermic peak when synthesized
BT is in nanosize. It is clear from the figure that the PZO fibers
undergo a successive phase transition from orthorhombic to cubic
phase at 243 °C, showing a Curie temperature rise of nearly 13°C,
when comparing with a normal PZO particle. It is well known that
the grain sizes in PZO particles are usually in micrometer range,
which is more than 100 times larger than those of PZO fibers. The
reduced grain size in electrospun PZO fibers causes larger grain-
boundary areas, and relieves internal stresses further in materials,
due to grain boundary sliding. Smaller internal stresses, which are
relaxed by grain boundaries, could decrease the free energy of
the antiferroelectric phase, thus increasing the Curie temperature.
Therefore, nanostructured PZO fibers have a higher T, than PZO
particles.

4. Conclusion

In summary, this study successfully prepared PZO fibers by the
electrospinning method. The as-spun PZO/PEO composite fibers
were relatively uniform and had a smooth surface. Beads oragglom-
erated nanofibers were not observed. The PZO nanofibers, with a
well-developed perovskite structure, were obtained successfully
at the calcination temperature of 850°C for 4 h. Furthermore, it
is clear that the PZO fibers undergo a successive phase transition
from orthorhombic to cubic phase at 243 °C, showing a Curie tem-
perature rise of nearly 13 °C, when comparing with a normal PZO
particle.
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This study synthesized blended lead zirconate (PbZrO,;PZ)/poly(ethylene oxide)(PEQ)/Glutinous
rice starch (GRS) nanofibers by the electrospinning method. A number of parameters such as
the ratio between PEQ and GRS and calcination temperature have been studied. The as-spun
PZ/PEQ/GRS composite and PZ fibers were characterized by TG-DTA, X-ray diffraction, FT-IR and
SEM, respectively. SEM results showed that smooth and continuous fibers were obtained at the
volume ratip. of 10:2:1, PZIPEQ/GRS. After calcination of the as-spun FZ/PEQ/GRS composite
nanofibers at 650 °C for 4 h; PZ nanofibers with perovskite structure were obtained successfully. The
fibers had a uniform and smooth surface without grain boundaries. However, when the calcination
temperature increased to 750 °C and 850 °C, the fiber represented a necklace-like structure with
grain boundaries arranged by grain to grain unit cell clusters.

Keywords: PZ, GRS, PEO, Electrospinning, Sol-Gel.

1. INTRODUCTION

In recent years, one-dimensional nanostructures of metal
oxides and related materials, such as nanowires and nano-
fibers, have been a subject of intense research because
of their potential applications as building blocks in vari-
ous nanotechnologies, which include mechanics, photon-
ics, electronics, and sensing.'

Over the past few decades, PZ and PZ-based systems
have been synthesized and utilized massively in forms of
bulk ceramics or crystalline films.” In addition, there has
been no previous report in the literature on the fabrica-
tion of PZ fibers by electrospinning. The high surface-
to-volume ratio is an attractive characteristic that can be
achieved from nanofibers. With miniaturization of elec-
tronic devices, nanofibers of piezoelectric material are cur-
rently attracting a great deal of interest in the design
of smart materials, due to their novel properties that are

*Author to whom correspondence should be addressed.
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significantly different from their bulk, such as mechanical
and electrical property.?

Antiferroelectric lead zirconate (PbZrO,:PZ) materials
have received increasing attention as potential applications
in micro-actuators and high energy storage capacitors.*
The free energy difference between the antiferroelectric
(AFE) and ferroelectric (FE) phase makes it possible to
force phase switching from the AFE to FE phase by
applying an electric field.* At room temperature, PZ has
an orthorhombic structure with the lattice parameters,
a=5884 A, b=11.768 A and c =822 A.f

Electrospinning is a simple and convenient method for
producing fibers with polymeric, composite or ceramic
compositions. Electrospinning, in combination with the
conventional sol-gel process, has been extended recently
to fabricate a variety of ceramic nanofibers.” From this
technique, the ceramic nanofibers and conventional sol-gel
precursors are mixed with various kinds of polymers,
such as poly(ethylene oxide) (PEO), poly(vinylpyrolidone)
(PVP) and poly(vinyl alcohol) (PVA), to increase

1533-4880/2013/13/3700/005 doi:10.1166/jnn.2013.7235
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viscosity.® However, these polymers are fairly expensive.
Starch is a natural high molecular weight polysaccha-
ride composed of glucose units, Most starches consist of
two components: a linear glucose polymer amylose, and
a branched polymer amylopectin. Amylose most likely
accounts for the disintegrant properties of starch by con-
taining up to 6,000 glucose units connected by a-1.4 link-
age. On the other hand, amylopectin is a good binder.
It has a highly branched structure consisting of short linear
chains with a degree of polymerization ranging from 10
to 60 glucose units, which are connected to each other by
a-1,6 linkage.” Glutinous rice is of a kind commonly cul-
tivated in Thailand, which has low cost, high viscosity and
high amylopectin (99.70%). Glutinous rice starch (GRS) is
used widely in food industries, but few of its applications
have been reported in the electronics business.

Therefore, this study synthesized lead zirconate fibers
by the electrospinning method using solution that con-
tained PEO, Thai GRS and a sol-gel precursor solution of
PZ. The ratio between PEO, GRS and PZ concentrations
of the precursor solution, which could result in formation
of PZ fibrils, was varied.

2. EXPERIMENTAL DETAILS

In the preparation of PZ solution by a sol-gel process, lead
acetate trihydrate [Pb(CH,CO0Y), ~3H,0, puriss; Sigma-
Aldrich], and zirconium (TV) propokide solution (~ 70%
in propanol; Fluka) were used as precursors, and 2-
methoxyethanol (puriss; Sigma-Aldrich) was selected as
a solvent. Firstly, lead acetate trihydrate was dissolved in
2-methoxyethanol, which could act as didentate chelat-
ing ligands. This allowed the sol to be stable for a long
period of time at room temperature.Then, this solution
was stirred for 30 minutes at 70 °C, with 3 mol% excess
lead acetate trihydrate added to compensate for evapora-
tion during calcination at high temperature, whereas, zir-
conium (I'V) propoxide was dissolved in 2-methoxyethanol
at room temperature for 30 minutes while stirring. Next,
these two solutions were mixed together by heating and
stirring to form a sol, with acetic acid added to it in
order to prevent precipitation of the precursor solution.
The precursor solution, which had final concentrations of
1.0 M, was obtained after stirring at 70 °C for 1 h. In
preparing PZ/PEO/GRS solution for electrospinning, the
proper solution parameter had to be found for producing
lead zirconate nanofibers, after which the precursor solu-
tion was mixed with poly(ethylene oxide) (PEO, M, =
300,000; Aldrich) solution (5 wt.% in ethanol) and Gluti-
nous rice starch (GRS; Newgrade, packed and distributed
by Thai Wah Food Products Public Company Limited)
solution (5 wt.% in water) in volume ratios of 10:2:1,
10:1.5:1.5, 10:1:2, and 10:0:3, consecutively. The viscosity
of GRS solution was measured by a Brookfield viscome-
ter (LVT 71420, Brookfield Engineering Laboratories, Inc.

J. Nanosci. Nanotechnol. 13, 3700-3704, 2013

Stoughtonma, 02072, USA). After stirring at room tem-
perature for | h, the mixture was loaded into a plastic
syringe, which was connected to a metallic needle and
linked to a syringe pump (NE-1000, New Era Pump Sys-
tems, Inc. Wantagh, NY) to control the feeding rate of
the solution. The positive terminal of high voltage power
supply (ES30P-5W, Gamma High Voltage Research Inc.,
Ormond Beach, FL) was connected to the needle tip of the
syringe, while the collector covered with aluminum foil
worked as a counter electrode. The distance between the
needle tip of the syringe and collector was fixed at 15 cm,
and the feeding rate of the solution was 0.5 ml/h. When
the voltage applied between two electrodes reached 10 kV,
non-woven mat of PZ/PEO/GRS composite fibers accumu-
lated on the surface of the aluminum foil. The reaction of
the as-spun composite nanofibers, which took place dur-
ing heat treatment, was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analy-
sis (TGA; Shimadzu), using a heating rate of 10 °C/min
in air that ranged from room temperature to 1,300 °C.
X-ray diffraction (XRD; Bruker-D8 Advance) using CuK,
radiation was used to determine the phases formed and
optimum firing temperatures for formation of the desired
phase. The room-temperature the FT-IR spectrum range of
4,000-370 cm~' was recorded by a Perkin Elmer Spec-
trum GX FT-IR/FT-Raman spectrometer, with 8 scans and

. a tesolution of 4 ¢m~' using KBr pellets. Finally, a scan-

ning electron ‘microscope (SEM, JEOL ISM5910LV) was
used to observe the microstructures of the PZ fibers.

3. RESULTS AND DISCUSSION

The morphology of the as-spun and calcined PZ/PEO/GRS
composite fibers was revealed by scanning electron
microscopy (SEM). Figure 1 shows SEM photographs of
the as-spun PZ/PEO/GRS volume ratio of 10:2:1 compared
to the as-spun PZ/PEO volume ratio of 10:2, with a PZ
concentration of 1.0 M. Comparison between Figure 1(a)
and (b) shows that the formation of beads decreases when
adding GRS into the solution. The as-spun PZ/PEO/GRS
composite fibers were relatively uniform, with a smooth
surface and average diameter of 395 £+ 59 nm. Therefore,
it can be said that the addition of GRS improves the
appearance of the fiber, but the real controlling factor is the

Fig. 1. SEM photographs of the as-spun PZ/PEO/GRS volume ratios of
10:2:1 (a) compared with the as-spun PZ/PEO volume ratios of 10:2 (b),
with a PZ concentration of 1.0 M.
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viscosity of the polymer solution. Viscosity of the poly-
mer solution was measured at the same weight ratio by a
Brookfield viscometer, which found that viscosity of GRS
solution (575 centipoise) is greater than that of PEO solu-
tion (175 centipoise).

The higher viscosity of GRS solution resulted from
chain entanglement, which causes a significant impact
on the electrospinning process.'” GRS is a naturally
high molecular weight polysaccharide composed of glu-
cose units. It contains two types of glucose polymers, i.e.,
amylose and amylopectin. Amylose is a linear polymer
containing up to 6,000 glucose units. Amylopectin has a
highly branched structure consisting of short linear chains,
with a degree of polymerization ranging from 10 to 60 glu-
cose units.” Therefore, adding GRS into the solution can
enhance the chain entanglement of the molecular chain,
which makes the viscosity increase. Figure 2 shows SEM
photographs of the as-spun PZ/PEO/GRS composite, with
a PZ concentration of 1.0 M, using the PZ/PEO/GRS vol-
ume ratios of 10:2:1, 10:1.5:1.5, 10:1:2 and 10:0:3, consec-
utively. Figures 2(a) and (b) illustrate that the fibers present
a detailed non-woven electrospun mat. When the amount
of GRS increased and that of PEO decreased, the fiber
diameter was reduced and formation of beads observed.

Figures 2(c) and (d) indicate that continuous fibers could
not form, as the jet broke up into droplets. This may be due
to the compatibility of GRS and precursor solution, which
is still not completely compatible. Thus, optimum; condi-
tions determined from the solution had a PZ/PEQ/GRS
volume ratio of 10:2:1.

Thermal analysis was carried out to investigate the
decomposition process of the fiber. The results of TG
and DTA analyses of the as-spun PZ/PEO/GRS compos-
ite fibers are shown in Figure 3. The endothermic peak
in the DTA curve, and weight loss (~3%) in the TGA
curve, were observed below 200 °C, which indicated a loss
of moisture.'!" The endothermic peak and a weight loss
(~20%) in the range of 200 to 350 °C occurred through

& pm

Fig. 2. SEM micrographs of the as-spun PZ/PEO/GRS nanofibers with
a PZ concentration of 1.0 M at the PZ/PEO/GRS volume ratios of (a)
10:2:1, (b) 10:1.5:1.5, (c) 10:1:2 and (d) 10:0:3, consecutively.
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Fig. 3. TG-DTA curves of thermal decomposition of the as-spun
PZ/PEO/GRS composite nanofiber, with a PZ concentration of 1.0 M at
the PZ/PEO volume ratio of 10:2:1.

a loss of trapped solvent and GRS in the as-spun fibers,
whereas, an endothermic peak and a weight loss (~3%)
in the range of 400 to 550 °C were due to the degradation
of PEO. According to their thermal properties, GRS and
PEO decomposed at a temperature of about 300 °C and
450 °C, respectively, which supported the loss of GRS
and PEO, consecutively. The TG and DTA curve indicated
no change in the weight loss range from 550 to 850 °C,
which possibly corresponded to formation of the per-
ovskite phase. Based on the TG-DTA results, the mixture

.was calcined at various temperatures ranging from 550 °C

to:850°C, with' dwell times of 4 h, and the heating/cooling
rates ranged around 5 °C/min in a closed alumina cru-
cible, in order to investigate the perovskite phase forma-
tion. The crystalline phases of PZ fibers were revealed at
various calcined temperatures by X-ray diffraction spec-
tra. Figure 4 shows the XRD patterns of PZ/PEO/GRS
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Fig. 4. XRD patterns of electrospun PZ/PEO/GRS composite nano-
fibers, with a PZ concentration of 1.0 M at the PZ/PEO volume ratio of
10:2:1, calcined in air for 4 h at different temperatures.
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composite fibers calcined at different temperatures. As-
spun PZ/PEO/GRS composite fibers calcined at 550 °C for
4 h revealed that crystallization of the perovskite phase
began to form. However, the main peak intensity of the
PZ phase was weak, which implied that the fiber was not
fully crystallized. When the calcination temperature was
650 °C, the crystalline PZ fibers were obtained success-
fully with a well-developed perovskite structure. Accord-
ing to JCPDS card no. 75-1607, the diffraction peaks can
be indexed as an orthorhombic perovskite structure of lead
zirconate. No other peaks could be observed in the XRD
patterns, which indicated that the sample is free from lead
oxide or any other crystalline materials. However, when
increasing the calcination temperature to 750 °C, intensi-
ties of the main peaks decreased. This behavior is similar
to the XRD result of TiO, nanofibers'? and PZT fibers"
that show lower diffraction intensity when increasing cal-
cination temperature.

This may be due to the enhancement of driving energy
that caused the orientation of atoms to cluster, whereas,
after calcination at 850 °C, the peak intensity increased
again, as a result of grain growth by temperature.' For-
mation of the calcined PZ nanofibers was confirmed fur-
ther by the FT-IR spectra, as shown in Figure 5. The
spectrum of the as-spun PZ/PEO/GRS composite fibers
shows multiple absorption bands in the region of 1,000 to
4,000 cm™', which corresponds to the stretching and bend-
ing vibrations of polymers, organic solvent and meisture.
Peaks of around 1,450 em™' correspond to the aliphatic
CH group vibrations of the CH, mode."”” The wave num-
ber at ~ 1,600 cm™' and broad peak at around 3,400 cm ™'
both correspond to the O-H stretching vibration.'® After
calcination at 550 °C for 4 h, it was found that these peaks
almost disappear, indicating that most of the polymers and
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Fig. 5. FTIR spectra of electrospun PZ/PEO/GRS composite nanofiber,

with a PZ concentration of 1.0 M at the PZ/PEO volume ratio of 10:2:1,
calcined in air for 4 h at different temperatures,
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Fig. 6. SEM micrograph of (a) the as-spun and PZ fibers calcined in
air for 4 h at (b) 650, (c) 750 and (d) 850 °C.

other organics have been removed. This study can guar-
antee that its sample was free from GRS and PEO poly-
mer. As the calcination temperature increases to 650 °C,
750 °C and 850 °C, the appearance of an absorption peak
at ~ 548 cm™" is attributed to Zr-O stretching vibration,"”
which corresponds to the polycrystalline fiber obtained.
Figure 6 shows SEM images of the as-spun and PZ fibers,
with a volume ratio of 10:2:1 at PZ concentrations of
1.0 M, calcined at 650, 750 and 850 °C, consecutively. All
the caleined samples present non-woven fabrics and form
a structure of packed particles or crystallites.

Those calcined at 650 °C [Fig. 6(b)] represent a uni-
form and smooth surface, with a diameter of 229 46 nm.
From this figure, grain boundaries were not observed at
all, which suggests that there is a highly ordered arrange-
ment in the fiber, as shown in Figure 7(a). The result
was consistent with the XRD pattern that showed a high
intensity of XRD peak. Furthermore, this result is differ-
ent from those in other researches that had a soldering-like
attachment of nanofibers at their junction after annealing.'®
After calcination at 750 °C [Fig. 6(c)] the fiber remained
as continuous structures with a diameter of 252 £63 nm.
It can be seen that following calcinations, the diameter of
the fibers appears smaller on average than that of the as-
spun fibers (395 + 59 nm) [Fig. 6(a)]. The reduction in
size of the nanofibers should be attributed to their loss of

Fig. 7. Schematic diagram of (a) PZ fibers calcinations at 650 °C and
(b) PZ fibers calcinations at 750 °C.
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PEO and GRS and the crystallization of PbZrO,. The fiber
represents a necklace-like structure, which may be due to
the enhancement of driving energy by increasing tempera-
ture, resulting from the macroscopic migration of the grain
boundary, in the direction that reduces the energy of the
system.'’

This is shown in Figure 7(b) that represents grain
boundaries arranged by grain to grain unit cell clusters,
which is consistent with XRD results showing a peak
with lower intensity than the fabrication of TiO, nano-
fibers of Shao et al.'? Their results exhibited a necklace-
like structure that represented lower diffraction intensity
after calcinations at a higher temperature. However, after
calcinations at 850 °C [Fig. 6(d)], the nature of nano-
fibers was changed dramatically, and a necklace-like struc-
ture of packed particles or crystallites was prominent.
Furthermore, the average fiber diameter increased with
increased calcination temperature, for example, the aver-
age fiber diameter at 650 °C and 850 °C is 229+ 46 nm
and 453 + 103 nm, respectively, after calcination. The
enhancement of this fiber diameter is due to the grain
growth by temperature.'>*" As a result, the peak intensity
of the XRD pattern increased.

4. CONCLUSION

In summary, this study prepared PZ/PEO/GRS fibers suc-
cessfully by the electrospinning meéthod. The as-spun
PZ/PEQ/GRS composite fibers were relatively uniform
with a smooth surface. Beads or agglomerated nanofibers
could not be observed. The PZ nanofibers, with a well-
developed perovskite structure, were obtained successfully
at the calcination temperature of 650 °C for 4 h, while a
necklace-like structure of packed particles or crystallites
was obtained after calcination at 850 °C. Furthermore, the
cost of the process can be reduced by successfully putting
glutinous rice starch into the solution.
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Lead zirconate (PZ) nanofibers were treated by the solvothermal method in the presence
of dimethyl formamide (DMF) solution in order to investigate the effect of chemical
treatment on phase transition of PZ nanofibers. The influences of temperature and
reaction time are described. The crystal structure, phase transition and morphology
of the powders were analyzed by X-ray diffraction (XRD), fourier-transform infrared
spectroscopy (FT-IR), differential scanning calorimetry (DSC), and scanning electron
microscopy (SEM). The results of DSC confirmed that chemical treatment with DMF
could effect the AFE-PE phase transition of PZ nanofibers efficiently. Significant changes
of fiber size and morphology after chemical treatment are shown by SEM images.

Keywords Lead zirconate (PZ); dimethyl formamide (DMF); solvothermal method

1. Introduction

Lead zirconate (PbZrO;; PZ) material plays an ever-increasing role in electrical and elec-
tronic applications including micro-actuators, microelectromechanical systems and high
energy storage capacitors [1]. It has a perovskite structure and shows an antiferroelectric
nature. At room temperature, bulk lead zirconate has an orthorhombic structure that changes
to a cubic one at 230°C [2]. However, antiferroelectric-to-ferroelectric switching properties
have not been investigated in detail for highly oriented lead zirconate nanofibers. Nanosize
materials with peculiar properties are not expected in a bulk phase and have led already to
a breakthrough in various ficlds of science and technology, owing to their peculiar physical
and electrical behavior [3, 4]. Our previous study investigated the phase transformation of
lead zirconate nanofibers, and the lack of a sharply defined phase transition in nanosized
samples was observed by using differential scanning calorimetry. This result is consistent
with those reported by Lu et al. [5], who did not observe phase transition or endothermic
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peak if hydrothermally synthesized barium titanate particles were nanosized. Smith et al.
[6] reported the absence of an enthalpy peak around the Curie point of nanosized samples.
Regarding bulk barium titanate, the DSC trace showed a peak near 130°C, which was
indicative of phase transition. However, similar features were not observed in the DSC of
nanoparticle samples. It is true that the DSC technique is not very sensitive to the presence
of phase transition in nanosized samples.

The literature has documented that the developed solvothermal technique, which in-
volves the use of organic solvent instead of water, may provide an alternative to producing
low defect materials, and give display of a narrower transition region when compared with
normal samples. Badheka et.al [7] examined the phase transformation in barium titanate
nanoparticles from metastable cubic to ferroelectric tetragonal phase using solvothermal
treatment. The DSC result clearly presented an endothermic peak at 130°C after solvother-
mal treatment for 24 h at 170°C, using dimethyl formamide as an effective solvent. The
solvothermal method is used to synthesize inorganic materials in organic media at ele-
vated temperatures (200°C to 300°C) under autogenous pressure of the organics. The term
“solvothermal” means reactions in liquid or supercritical media at temperatures higher than
the boiling point of the medium [8]. Dimethyl formamide is a dipolar aprotic solvent with
a boiling point at 153°C. It is largely basic and has high dielectric constants. Due to the
high basicity of these solvents, cations are highly solvated, but anions are left unsolvated.
Therefore, anions in these solvents have high reactivity [8]. Very few papers have dealt with
the effect of these solvents in inorganic synthesis. Therefore, this study examined the phase
transformation in lead zirconate nanofibers from the paraelectric to antiferroelectric phase
by using solvothermal treatment. The optimum condition of chemical treatment for the
phase transition in lead zirconate fibers was determined at different temperatures and times
using dimethyl formamide as an effective solvent. The different temperatures and times were
chosen according to the boiling point of the solvent. The influence of solvothermal treatment
with dimethy] formamide solution on the fibers obtained is described and discussed.

2. Experimental Procedure

Lead zirconate nanofibers were synthesized by an electrospinning method, which utilized
a solution that contained poly (ethylene oxide) (PEO, M,, ~ 300,000; Aldrich) and
sol-gel precursor solution of lead zirconate [9]. After obtaining the lead zirconate fiber
mats, chemical treatment was performed by mixing lead zirconate fiber (1 g) with 20 ml
of dimethyl formamide solution. This mixture was then transferred to a Teflon reactor
(autoclave), which was sealed and placed in an oven (Whirlpool XT-25ES/S, 900 W,
2.45 GHz). The reaction was performed under autogenous pressure developed by heating
for 6 and 24 hours at two difference temperatures of 170°C and 200°C. After cooling to
room temperature, the resulting powder was recovered by filtration and washed several
times with a mixture of water/alcohol (50:50 by volume). Finally, the sample was dried
for 24 h at 80°C. X-ray diffraction (XRD; Bruker-D8 Advance) using CuK,, radiation was
used to determine the phases formed. The fourier-transform infrared spectroscopy (FT-IR)
spectrum (range 4,000-370 cm™~") was recorded at room temperature by a Perkin Elmer
Spectrum GX FT-IR/FT-Raman spectrometer, with 8 scans and a resolution of 4 cm™!
using KBr pellets. A scanning electron microscope (SEM, JEOL JSM5910LV) was used
to observe the microstructures of the PZ nanofibers before and after chemical treatment.
Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer Pyris DSC
at a heating rate of 10°C/min under a nitrogen gas flow from 50°C to 400°C in order to
investigate phase transition.
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3. Results and Discussion

The morphology of lead zirconate fibers was revealed by scanning electron microscopy.
Figure 1 shows SEM micrographs of comparison between lead zirconate fibers treated with
dimethyl formamide as solvent and untreated lead zirconate fibers. This Fig. reveals that
morphological fiber change is provided by chemically treated fibers. The samples before
chemical treatment present non-woven fabrics, with a structure of packed particles or
crystallites. The fibers present continuous structures without grain boundaries (Fig. 1(a)).
After chemical treatment for 6 and 24 h at both 170°C and 200°C, the lead zirconate
fibers still had continuous structures. However, the nature of the nanofibers was changed
dramatically. The surface of the nanofibers had become rough, as seen in Fig. 1(b—e),
because when the solvent molecules or additives were adsorbed preferentially on (or had
specific interaction with) a certain surface of the products, surface growth was prohibited

Figure 1. SEM micrographs of the PZ fibers (a) before and after chemical treatment for (b) 6 h at
170°C (c) 24 h at 170°C (d) 6 h at 200°C and (e) 24 h at 200°C, consecutively.
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and, therefore, solvothermal reaction may form products with unique morphologies [8].
Fig. 1 revealed by heat treatment that grain boundaries were prominent, due to reduced
internal stress. The average diameter of fibers before solvothermal treatment was 300 +
64 nm and after solvothermal treatment at 170°C/6 h, 170°C/24 h, 200°C/6 h, 200°C/24 h
were 274 + 64 nm, 344 £ 99 nm, 369 £ 93 nm 420 =+ 81 nm, respectively. It was revealed
that the diameter size of the fibers decreased slightly after the dimethyl formamide chemical
treatment. This is consistent with the research of Badheka et al. [7], who reported that after
chemical treatment, the particle size was reduced in order to alleviate the lattice strain.
However, increasing the temperature and time caused the diameter to increase, due to grain
growth.

Figure 2 shows comparison between X-ray diffraction patterns of lead zirconate
nanofibers that were treated chemically with dimethyl formamide for 6 and 24 h at both
170°C and 200°C and those of untreated lead zirconate nanofibers. The JCPDS file no.
75—1607 shows that all patterns fit well with the peak positions of standard lead zirconate.
All of the chemically treated lead zirconate nanofibers could be indexed readily as the or-
thorhombic phase. XRD patterns show that there is no change in the phase transition after
chemical treatment by increasing the temperature above the boiling point of the solvent and
giving more time. The above XRD results show that after chemical treatment for 24 h at
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Figure 2. XRD patterns of the PZ particles compared with those of the PZ nanofibers before and
after chemical treatment.
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Figure 3. FT-IR spectra of the PZ particles compared with those of the PZ nanofibers before and
after chemical treatment.

200°C, the lattice parameter with the refined cell parameters, a = 5.7652 A, b= 11.6855
A and ¢ = 8.2760 A, are close to reported values [10].

Formation of the perovskite structure in the lead zirconate fibers before and after
chemical treatment was supported further by FT-IR spectra, as shown in Figure 3. The
spectrum shows an absorption peak at ~548 cm~', which attributed to Zr-O stretching
vibration [11]. This corresponds to the occurrence of polycrystalline lead zirconate fiber.
It was found from the Fig. that the spectrum of lead zirconate fibers did not change after
dimethyl formamide chemical treatment, which indicates that the crystallization of the lead
zirconate fibers also remained, as suggested in the XRD results. In addition, the spectrum
shows multiple absorption bands in the region 1,000 to 4,000 cm~', which corresponds to
the stretching and bending vibrations of moisture and organic solvent. Of these vibrations,
peaks of around 1,450 cm~' correspond to the aliphatic CH group vibrations of the CH;
mode [12]. The wave number at ~1,600 cm~' and broad peak at around 3,400 cm™' are
assigned for O—H bending and O—H stretching vibration [13], respectively.

Figure 4 shows results from the solid state method of DSC for the lead zirconate
particles, and compares with the electrospinning and solvothermal method of that for the
lead zirconate nanofibers and lead zirconate nanofibers treated with dimethyl formamide,
respectively. The DSC result of the lead zirconate particles shows two distinct endothermic
peaks that are closer together at around 230°C. The lower temperature corresponds to the
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Figure 4. DSC results for the PZ particles compared with those for PZ nanofibers before and after
chemical treatment.

transition temperature of the antiferroelectric (AFE) — ferroelectric (FE) phase transition,
while the higher temperature corresponds to the ferroelectric (FE) — paraelectric (PE)
phase transition. It was found from the Figure that when lead zirconate is fabricated in
nanosize by the electrospinning method, there is no phase transition or endothermic peak at
around 230°C. This result is very similar to those in other researches. Lu et al. [5] reported
that if barium titanate particles are synthesized hydrothermally in nanosize, there is no
phase transition or endothermic peak at around 130°C. This is because the nanocrystals
are so small that structural defects in the particles prevent the completion of structural
transition, leading to high strains within the crystals. Frey et al. [14] suggested that strains
in the crystallites are related to defects in the lattice. Lin et al. [15] reported that coarse-
grained ceramics have internal stress caused by phase transition, which can be relieved by
formation of 90° domains. With grain size decreasing further, the single domain becomes
favorable energetically. Consequently, in fine-grained ceramics, the contribution of stress
should be taken into account, due to the absence of 90° domains [15], whereas, after
chemical treatment with dimethyl formamide, the lead zirconate nanofibers clearly show
an endothermic transition on heating at 230°C, as seen in Figure 4. This corresponds to the
orthorhombic to cubic phase transition at the Currie point of lead zirconate. This may be
due to the effect of grain boundaries, because the SEM micrograph of lead zirconate fibers
treated with dimethyl formamide shows the structure with grain boundaries, as mentioned
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earlier. Areas around impure ions within grains have a strong field of elastic strain, while
those around impure ions at grain boundaries have an open structure and a low strain field.
Therefore, impure ions will diffuse from grains into grain boundaries to form segregation
in order to reduce strain energy and eliminate or release stress [16]. According to the DSC
curve, increased intensity of endothermic peak with increasing temperature and time in the
solvothermal process is seen clearly. Additionally, enthalpy (AH) values calculated from
the DSC curve also increased. Increased temperature leads to greater thermal vibration of
the atoms in a material, and on to increase the average distance separating adjacent atoms
[17). With increasing temperature, stress is relieved gradually in order that free energy of the
antiferroelectric phase could decrease and allow enthalpy values to increase. The enthalpy
(AH) values of lead zirconate fibers after chemical treatment at 170°C/6 h, 170°C/24 h,
200°C/6 h, 200°C/24 h were 1.9469 J/g, 2.0259 J/g, 2.5334 J/g and 2.6879 J/g, respectively.

4. Conclusions

The thermal properties of lead zirconate fibers, using dimethyl formamide solvent be-
fore and after solvothermal treatment were investigated by the DSC method. The results
suggested that the antiferroelectric-paraelectric phase transition was found after chemical
treatment at 170°C for 6 h. Furthermore, the enthalpy values for the orthorhombic-cubic
transition increased with increasing temperature and time, due to reduction of internal
stresses. Microstructures were observed by SEM, which revealed grain boundaries that
were prominent through heat treatment. The diameter size of the fibers decreased slightly
after dimethyl formamide chemical treatment and increased with increasing temperature
and time.
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Composites made of electroactive ceramics and a ferroelectric polymer are very attrac-
tive for applications since they exhibir good piezoelectric and pyroelectric properties,
low densities and their properties can be tailored to various requirements. Here, we
reported the preparation and dielectric properties of 3-3 PZIPVDF nanocomposites
by infusion of polyvinylidenedifluoride (PVDF) into the PZ nanofiber mat followed by
heating of the composite at 80°C. The 3-3 PZIPVDF composites were characterized by
X-ray diffraction, FT-IR, SEM and LCR meter. The dielectric constant of the PZIPVDF
nanocomposite are relatively stable in the range of 21.98—18.21 within the measurement
frequencies from 100 Hz to 2 MHz. This value is higher than the dielectric constant of
the polyvinylidene fluoride. Moreover, the dielectric loss of the composite is below 0.09
at low frequencies.

Keywords PZ; PVDF; composite; dielectric

1. Introduction

Piezoelectric ceramic-polymer composites were intensively studied within the last decades
because of their considerable potential for applications such as pyroelectric sensors, ul-
trasonic transducers, and hydrophones [1]. Piezoelectric ceramics have high piezoelectric
strain coefficient and high electromechanical coupling coefficient [2]. However, the rela-
tively high density, high acoustic impedance and mechanical stiffness limit their applica-
tions. On the other hand, piezoelectric polymers have acoustic impedance well matched to
water and biological issues, but their piezoelectric strain coefficient and electromechanical
coupling coefficient, are lower than those of piezoelectric ceramics [3]. Thus, in many
applications, one might optimize conflicting requirements by combining the most useful
properties of two or more phases that do not ordinarily appear together in nature. Therefore,

*Corresponding author. E-mail: naratipcmu @ yahoo.com
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different kinds of composites such as porous ceramics and ceramic-polymer composites
are typically developed. ‘

Antiferroelectric materials have attracted much research interest due to their potential
applications in microactuators and energy conversion devices [4]. Lead zirconate, PbZrO;
(PZ), is a well known antiferroelectric materials. This material can be processed into vari-
ous forms such as bulk ceramics, thin films, and fibers, depending on the application area.
The hysteresis characteristics of Antiferroelectric PbZrO; regions are well suited for either
power-storage or actuator applications. Moreover, the extremely large charge which is re-
leased from the FE state to the AFE state may be useful as alternate capacitor materials in
DRAM s [5]. In recent years, researchers have focused on synthesizing nanosized PZ fibers
to improve desired properties. Fibrous PZ have potential for utilization in high performance
electric-mechanical application such as actuators, sensors, high energy storage capacitors
and microelectromechanical systems (MEMS). Due to the high surface-to-volume ratio and
their novel properties that are significantly different from their bulk, such as mechanical
[6] and electrical property [7]. Nanoscale PZ fibers incorporated into a piezoelectric poly-
mer are expected to obtain smart piezocomposite structures and to find wide applications,
particularly in nanoelectronics, photonics, sensors, and actuators. Both kinds of materials
show different piezoelectric properties, such as resonance frequencies and electromechani-
cal coupling coefficients because of differences in their microscopic structures, their elastic
properties and their typical transducer geometries [8]. Due to such special qualities, piezo-
electric polymers have been increasingly used in a rapidly expanding range of applications
such as electromechanical transducers, position sensors and vibration control actuators [9].
Often piezo- and pyroelectric polymers such as nylon [10], polyvinyl chloride (PVC) [3]
and polyvinylidene fluoride (PVDF) [11] were used as matrix. Based on our knowledge,
there has been no previous report on the fabrication of PZ fibers/PVDF composite.

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer that has been used in many
applications including microphones, transducers, sensors and actuators, due to its high
piezo-, pyro- and ferroelectric properties [12]. The PVDF has low permittivity, low thermal
conductivity and is flexible and relatively low in cost [13]. In addition, it is exceptionally
sensitive, for example, sensors based on PVDF film have been applied even in erosive
media to detect pressure, in biological environments to aid minimally invasive surgery, test
and characterize fabrics, and monitor human health [12].

Therefore this study fabricated 3-3 PZ/PVDF nanocomposite using PZ fibers embedded
in PVDF matrix. The crystal structure and morphology were investigated. Moreover, the
dielectric properties of the resultant 3-3 PZ/PVDF nanocomposite was characterized.

2. Experimental Procedure

PZ nanofibers were synthesized by an electrospinning method utilizing a solution which
contained poly(ethylene oxide) (PEO, M,, ~ 300,000; Aldrich), and sol-gel precursor so-
lution of PZ [14]. After obtaining the PZ fiber mats, PZ/PVDF nanocomposite samples
were prepared. Firstly, Polyvinylidene fluoride (PVDF; M, ~ 534,000; Aldrich) powder
was dissolved in DMF solvent to obtain the polymer matrix of the composite. This solution
was poured on to the calcined PZ fiber mat and this sample was kept under vacuum for
10 min to eliminate trapped air. Then, the sample was dried 24 h at 80°C. X-ray diffrac-
tion (XRD; Bruker-D8 Advance) using CuK, radiation was used to determine the phases
formed. The room-temperature FTIR spectrum ranging 4,000-370 cm ™' was recorded by a
Perkin Elmer Spectrum GX FTIR/FT-Raman spectrometer, with 8 scans and a resolution of
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4 cm~" using KBr pellets. A scanning electron microscope (SEM, JEOL JSM5910LV) was
used to observe the microstructures of the PZ/PVDF nanocomposite. Finally, dielectric
properties of the PZ/PVDF nanocomposites were measured from 100 Hz to 2 MHz using
a precision LCR meter HP-4284A (Hewlett-Packard, Palo Alto, CA). The samples were
prepared into thin, rectangular, parallel plates, and the dielectric measurements were taken
by placing the samples between two parallel metal plates of the sample holder.

3. Results and Discussion

PZ/PVDF nanocomposite achieved from embedded PZ nanofibers in PVDF polymer has a
smooth surface, with no buckling or folding over, thus indicating that the solvent evaporated
uniformly. The morphology of the PZ/PVDF composite was revealed by scanning electron
microscopy (SEM). Figure 1 shows SEM photographs of the composite. From Figure 1(a),
it is shown that the polymer matrix phase was infiltrated thoroughly into the fiber network,
and an intimate mixture of two phases was obtained. Figure 1(b) shows the backscattering
electrons SEM image of the composite section, in which the PZ phase is visible with a
bright-white contrast, and the PVDF phase is identifiable as the darker-gray region. The
microgeometry of the inclusion and the interface between the filler and the matrix could be
important. The mixing rules of a given property are controlled by the connectivity of the
individual phases [13). From the Figure, it reveal that the composite has 3-3 connectivity
by using Newnham’s convention on connectivity of piezocomposites, in which the active
PZ and polymer matrix phases are both connected in three dimensions in the micrometer
scale [7].

The crystalline phases of 3-3 PZ/PVDF composite was revealed by X-ray diffraction
spectra. Figure 2 shows the XRD patterns of the 3-3 PZ/PVDF composite compared with
PZ fibers and PVDF powder. From the Figure, it is revealed that crystalline PZ/PVDF
composite were obtained. According to JCPDS card no.75-1607, the diffraction peaks can
be indexed as an orthorhombic perovskite structure of lead zirconate. Moreover, peaks of
polyvinylidene fluoride (PVDF) could be observed in the XRD patterns of the composite,
because of PVDF is a semi-crystalline polymer with typical crystallinity of 50%. The
spectra of the PVDF polymer are also seen to have well defined peaks at 26 = 20.3°,
referent to the sum of the diffractions in plane (110) and (200) characteristic of the 8 phase.
Peak at 26 = 26.64° referent to the diffractions in planes (021), which characteristic of «
phase [15].

Figure 1. SEM micrograph of the composite structure of 3-3 PZ/PVDF nanocomposite.
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Figure 2. XRD patterns of 3-3 PZ/PVDF nanocomposite compared with PZ fibers and PVDF powder.

Formation of the 3-3 PZ/PVDF composite was confirmed further by the FTIR spec-
tra, as shown in Figure 3. The spectrum of the 3-3 PZ/PVDF composite shows multiple
absorption bands in the region of 400 to 4,000 cm™!, which corresponds to the stretching
and bending vibrations of ceramic, polymers and moisture. Peaks of around 1,450 cm™!
correspond to the aliphatic CH group vibrations of the CH; mode of PVDF polymer [9].
The wave number at ~1,600 cm~' and broad peak at around 3,400 cm™' both correspond
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Figure 3. FT-IR spectra of 3-3 PZ/PVDF nanocomposite.
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to the O—H stretching vibration of moisture [10]. The symmetric and asymmetric CH
stretching vibration of PVDF is observed at 2900 cm~! [16]. The absorbtion band at 480,
530, 612,764, 797, 855, 976 and 1410 cm™! correspond to large amount of « crystal phase,
whereas peak at 1226 cm™! indicates 8 phase of vinylidene group of polymer [15, 17]. In
addition, the absorption peak at ~548 cm™' is attributed to Zr—O stretching vibration [11],
which corresponds to the polycrystalline PZ fiber. This study can guarantee that its sample
consists of two phases, including ceramic and polymer phases.

Dielectric properties of the resultant 3-3 PZ/PVDF nanocomposite was characterized
by LCR meter. The dielectric constant of the 3-3 composite was found to be relatively
stable in the range of 21.98-18.21 within the measurement frequencies from 100 Hz to
2 MHz (Figure 4). This value is higher than the dielectric constant of the polyvinylidene
fluoride, which was measured as 13.14 (at 2 MHz) in this study. This is due to the in-
creasing contribution of PZ to the dielectric properties of the composites, because PZ has
a substantially higher dielectric constant (¢, = 116 at room temperature [18]) than the
polymer. This result demonstrated that, a particular response of a composite to an external
field may depend either on the corresponding response of individual phases or may result
in a property not existent in the phases composing the material. In addition, a particular
property of the composite may depend on several properties of the individual phase [19].
The polymer phase in the composite was burnt out at 600°C, and the weight of the sample
was recorded. From the theoretical density of PZ (8.085 g/cm?) and PVDF (0.6 g/cm?), the
volume fraction of the PZ fibers in this composite structure was determined to be about
10%. Using the rule of mixtures according to equation (1) and dielectric constants of the
constituent phases, polyvinylidene fluoride and PZ, the calculated dielectric constant of the
composite was 23.43. [20]
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Figure 4. Dielectric properties of 3-3 PZ/PVDF nanocomposite within the measurement frequencies
from 100 Hz to 2 MHz.
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The calculated value is higher than the measured value, this may be due to the porosity
and its contribution to the dielectric constant of the composite. The dielectric loss of the
composite is below 0.09 at low frequencies.

4. Conclusions

In summary, this study prepared 3-3 PZ/PVDF nanocomposite successfully by infiltrating
a polyvinylidene fluoride (PVDF) polymer into the PZ nanofiber mat. The composite
has relatively smooth surface. The PZ/PVDF composite consists of two phases, including
ceramic phase with orthorhombic perovskite structure and polymer phases. The dielectric
constant of the composite measured at room temperature is higher than the polymer matrix
and reasonably agrees with the prediction from the rule of mixtures.
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A three-phase PZICNT/PVDF nanocomposite comprising lead zirconate (PZ)
nanofibers, polyvinylidene fluoride (PVDF) and a small volume fraction of carbon
nanotubes (CNT) was prepared by the solvent casting technigue followed by composite
heating at 80°C. The PZICNT/PVDF composites were characterized by X-ray diffrac-
tion, FT-IR and scanning electron microscopy (SEM). The dielectric properties of the
composite were studied as a function of the frequency by an LCR meter. The dielectric
constant of the PZICNT/PVDF nanocompaosite was found to be in the range of 18-61
within the measurement frequencies from 100 Hz to 2 MHz. This value is higher than the
dielectric constant of the PZIPVDF nanocomposite. The measured dielectric properties
demonstrate thart the addition of CNT can improve the dielectric property appearance
of the composite.

Keywords Lead zirconate (PZ); polyvinylidene fluoride (PVDF); carbon nanotubes
(CNT); nanocomposite

1. Introduction

Composites made of electroactive ceramics and a ferroelectric polymer are very attrac-
tive for applications, since they exhibit low densities and good piezoelectric and py-
roelectric properties that can be tailored to various requirements. Piezoelectric ceram-
ics have been used extensively, due to their large dielectric constant, high piezoelectric
strain and high electromechanical coupling coefficient [1]. However, the high leakage cur-
rent, low dielectric strength and mechanical stiffness limit their applications [2], whereas,
polymeric materials exhibit very high dielectric strength and low leakage current, but
polymers generally show small dielectric constants (g, = 2~ 12) [2]. Polymer based
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composite is considered as a solution to the problem by providing good opportunity for
the development of a high dielectric constant, low leakage and high breakdown strength
materials.

Antiferroelectric materials have attracted much research interest due to their potential
applications in microactuators and energy conversion devices. Lead zirconate [PbZrO;
(PZ)] is a well known antiferroelectric material that can be processed into various forms
such as bulk ceramics, thin films, and fibers. The hysteresis characteristics of antiferro-
electric PbZrO; regions are well suited for either power-storage or actuator applications.
Furthermore, the extremely large charge released from the FE to AFE state may be useful as
alternate capacitor materials in DRAMs. In recent years, researchers have focused on syn-
thesizing nanosized PZ fibers by the electrospinning technique and incorporated that into a
piezoelectric polymer to obtain smart piezocomposite structures, using polyvinylidene flu-
oride (PVDF) as a matrix. This is because PVDF has superior piezoelectric properties when
compared with other types of polymeric materials, due to its polar crystalline structure.
This research reports the preparation and dielectric properties of PZ/PVDF nanocom-
posite, with modification of the carbon nanotube (CNT). PZ/PVDF nanocomposite was
chosen as an excellent candidate for acquiring high dielectric constant polymer matrix
composites, according to the percolation theory, which is formation of long-range con-
nectivity in random systems. Carbon nanotubes (CNTs) have remarkable electrical and
mechanical properties such as extremely high conductance and Young’s modulus [3]. They
are found to be attractive on account of their potential for applications in nanoscale de-
vices [4]. The PZ-CNT/PVDF composites were characterized using different techniques.
Morphological studies were carried out using scanning electron microscopy (SEM), with
the crystal structures determined by X-ray diffraction (XRD). The functional groups and
dielectric properties of the composite were confirmed using FT-IR and an LCR meter,
respectively.

2. Experimental Procedure

PZ nanofibers were synthesized by an electrospinning method, which utilized a solution
that contained poly (ethylene oxide) (PEO, Mw ~ 300,000; Aldrich), and sol-gel pre-
cursor solution of PZ [5]. After obtaining the PZ fiber mats, three-phase PZ/CNT/PVDF
nanocomposite samples were prepared. Firstly, polyvinylidene fluoride (PVDF; My, ~
534,000; Aldrich) powder was dissolved in dimethyl formamide (DMF) solvent to ob-
tain the polymer matrix of the composite, before mixing in carbon nanotubes in spe-
cific proportions (compositions of 1 wt% CNTs). After stirring for 1 hr, the mixture
was poured onto the calcined PZ fiber mat for the final polymer nanocomposite prod-
uct, and this sample was kept under vacuum for 10 min to eliminate trapped air. Then,
the sample was dried for 24 h at 80°C. X-ray diffraction (XRD; Bruker-D8 Advance)
using CuK, radiation was used to determine the phases formed. The room-temperature
FT-IR spectrum ranging 4,000-370 cm~' was recorded by a Perkin Elmer Spectrum GX
FT-IR/FT-Raman spectrometer, with 8 scans and a resolution of 4 cm~! using KBr pel-
lets. A scanning electron microscope (SEM, JEOL JSM5910LV) was used to observe
the microstructures of the PZ/PVDF nanocomposite. Finally, dielectric properties of the
PZ/PVDF nanocomposite were measured from 100 Hz to 2 MHz using an HP 4194A
Impedance Analyzer (Santa Clara, CA). Samples of thin, rectangular, parallel plates were
prepared and placed between two parallel metal plates of the sample holder for dielectric
measurements.
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Figure 1. SEM micrograph of the PZ fibers.

3. Results and Discussion

Morphology of the PZ fiber and the three-phase PZ/CNT/PVDF nanocomposite were re-
vealed by scanning electron microscopy (SEM). Figure 1 reveals that the continuous PZ
nanofibers with average diameter of 300 & 64 nm. Figure 2 shows SEM micrographs of
the secondary electron (Fig. 2(a)) and backscattering electrons (Fig. 2(b)) images of the
PZ/CNT/PVDF nanocomposite. In Fig. 2(b), the backscattering electrons image of the
composite cross section shows that the polymer matrix phase thoroughly infiltrates the
fiber network. The intimate mixture of three phases was obtained, in which the PZ phase
and CNTs were visible in bright-white contrast, and the PVDF phase was identifiable as a
darker-gray region. The figure revealed that the composite has 3-3 connectivity by using
Newnham’s convention [6] on connectivity of piezocomposites, in which the active PZ,
CNT and polymer matrix phases are connected in three dimensions in the nanometer scale.
The crystalline phases of PZ/CNT/PVDF nanocomposite were revealed by X-ray diffraction
(XRD) spectra. Figure 3 shows the XRD patterns of the PZ/CNT/PVDF nanocomposite
compared with those of PZ fibers. The figure revealed that crystalline PZ/CNT/PVDF
nanocomposite was obtained. The strong diffraction peaks at 26 values of 21.47°, 30.66°,

Figure 2. SEM micrographs of the (a) secondary electron and (b) backscattering electrons images
of the PZ/CNT/PVDF nanocomposite.
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Figure 3. XRD patterns of PZ/CNT/PVDF nanocomposite compared with those of PZ fibers.

37.81°, 43.58°, 54.02°, 63.69° and 71.95° corresponding to (120), (122), (202), (240),
(162), (424) and (126) crystal planes, respectively, indicating the formation of lead zir-
conate. According to JCPDS card no.75-1607, the diffraction peaks can be indexed as an
orthorhombic perovskite structure. In addition, peaks of polyvinylidene fluoride (PVDF)
could be observed in the XRD patterns of the composite, because PVDF is a semi-crystalline
polymer with typical crystallinity of 50% [7]. Spectra of the PVDF polymer are seen at
26 = 26° when referring to the diffractions in planes (021), which are characteristic of the
a-phase [7]. The a-phase is the dominant crystalline phase most common upon crystal-
lization from the melt [8], while the peak at 260 = 20° refers to the sum of diffractions in
plane (110) and (200), which are characteristic of the S-phase [7]. The 8-phase exhibits the
most piezoelectric, pyroelectric and ferroelectric activities. The latter form endues PVDF
with great potential for various device applications [8]. The spectra also show that the
(002) peak at 26° and (110) peak at 77° correspond to a crystal structure of graphite [9].
This study guarantees that the sample consists of three phases, including lead zirconate,
carbon nanotubes and polymer phases. FT-IR is used to characterize the functional group
of the PZ/CNT/PVDF nanocomposite. Figure 4 shows the FT-IR spectra in the range of
400-4,000 cm™'. At ~548 cm™!, the absorption peak is attributed to Zr—O stretching
vibration [10], which corresponds to the polycrystalline PZ fiber. The broad peak at around
3,400 cm~' corresponds to the O—H stretching vibration of moisture [10]. Peaks of around
1,450 cm™! correspond to the aliphatic CH group vibrations of the CH, mode of PVDF
polymer [11]. The symmetric and asymmetric CH stretching vibration of PVDF is observed
at 2,900 cm~' [11]. The absorption band at 760, 800, 860, 980 and 1,400 cm™" corresponds
to a large amount of « crystal phase, whereas a peak at ~1,220 cm~! indicates 8 phase of
the vinylidene group of polymer [12]. A small peak at around 1650 cm ™' is associated with
the C=C stretching of CNT [4]. A dielectric property of the PZ/CNT/PVDF nanocom-
posite was characterized by an LCR meter. Figure 5 presents frequency dependence of
the dielectric constant (g,) of the PZ/CNT/PVDF nanocomposite at room temperature, and



Downloaded by [King Mongkut's Inst of Technology Ladkrabang], [Naratip Vittayakorn] at 17:02 08 December 2013

22/[206] C. Nawanil et al.

PZ fibers

a~phase of PVDF

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wave number (¢cm™")

Figure 4. FT-IR spectra of PZ/CNT/PVDF nanocomposite compared with those of PZ fibers.

comparing with that of PZ/PVDF nanocomposite. It was found that the dielectric constant
of the PZ/CNT/PVDF nanocomposite was in the range of 97-49, within the measurement
frequencies from 100 Hz to 2 MHz. This value is higher than the dielectric constant of
the PZ/PVDF nanocomposite measured as 18.21 (at 2 MHz), which may be due to the PZ
fibers being well distributed by forming a complex mixture with CNT networks. This is
in accordance with the percolation theory [13], which is the formation of long-range con-
nectivity in random systems. This phenomenon is depicted in the schematic illustrations
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Figure 5. Dielectric constant and dielectric loss of PZ/CNT/PVDF nanocomposite compared with
that of PZ/PVDF nanocomposite as a function of log frequencies.
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PZfibers (b)  CNT

Figure 6. Schematics of the cross-sectional structure of PZ/PVDF nanocomposite (a) with CNT and
(b) without CNT. (Color figure available online.)

of Figure 6, which demonstrates the sample with [Fig. 6(a)] and without [Fig. 6(b)] CNT.
Since the CNT in Fig. 5(b) is mixed well and entangled with PZ fibers in the PVDF matrix,
the task of dispersing PZ fibers uniformly inside the composite for a high-performance
material is challenging. As a result, a high dielectric constant is generated. Furthermore,
the conduction paths formed by the CNT networks can reduce the internal resistance of
nanocomposite material [ 14]. Dang et al. [13] reported that CNTs reinforced by composites
possess a much lower percolation threshold than those of composites containing conven-
tional spherical fillers, such as metallic particles or carbon black. This is due to high-aspect
ratio conductive fillers easily producing percolation (a conducting network) at a lower
volume fraction. Thus, the CNT can act as dispersant and conduct functional material in
nanocomposite. Additionally, it is noticeable that a low dielectric loss was obtained together
with a high dielectric constant, as shown in Fig. 4. The minimum value of loss is 0.02 and
the maximum value is still less than 0.6, which is attractive for practical applications.

4. Conclusion

In summary, three-phase PZ/CNT/PVDF nanocomposite in carbon nanotubes filled with
PZ/PVDF mixture was prepared via a simple casting technique using PZ fibers from the
electrospinning process. The effects of CNT on the dielectric properties of PZ/PVDF
nanocomposite were examined. The dielectric constant of the PZ/CNT/PVDF nanocom-
posite measured at room temperature was found to be in the range of 97-49, within the
measurement frequencies from 100 Hz to 2 MHz, and higher than the PZ/PVDF nanocom-
posite without CNT. This result agrees reasonably well with the percolation theory of
CNT. Thus, adjustable dielectric properties were discovered by employing the three-phase
system.
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