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Abstract

ABSTRACT

As the global population continues to expand at an unprecedented rate and the global
economy thrives, there is a similar surge in energy consumption worldwide. However, this
surge in energy demand brings forth many challenges that cannot be overlooked. One of the
most pressing concerns is the detrimental impact of energy consumption on the environment.
High CO, CO; levels, air pollution, and the exhaustion of fossil fuel reserves are all significant
issues that need urgent attention. Lead is hazardous to human health and the environment, so
looking for lead-free energy storage systems has gained interest in recent years. Considering
these problems, it becomes evident that tapping various green and regenerative energy sources
is the most promising resolution. The usage of energy storage systems is increasing day by day
in electrical and electronic devices, viz., in hybrid electric vehicles, pulsed power systems and
high-frequency inverters. In bulk form, they may be used as dielectric resonators, filters in
communication, and devices as window sections in microwave windows in fusion reactors or
as high-power antennas in pulsed power transmitters.

In the present investigation, BFO-BZO, BFO-CTO, and BFO-STO matrix were initially
fabricated and thorough structural, microstructural, and dielectric properties were explored.
Lead-free (1-x) BiFeOs-xCaTiO3; (BFO-CTO) (x =0.1, 0.3, and 0.5) piezoelectric ceramics have
been studied for possible applications in high-temperature energy storage systems. The
influence of CTO on the energy storage properties of BFO at high temperatures has been studied
in detail from a thorough analysis of the structural and dielectric properties of the BFO-CTO
system. Novel lead-free (1-x) BFO-xCTO (x = 0.6, 0.7, and 0.8) RFEs were synthesized using
the solution auto combustion method, and structural and microstructural properties were
systematically explored. CTO incorporation into the BFO-CTO matrix suppressed the
formation of oxygen vacancies, and Fe-ion fluctuations by inhibiting the Fe** to Fe*? transition
confirmed through XPS. I-V hysteresis loops, frequency, temperature-dependent dielectric
properties and dielectric relaxation times were discussed in detail. The ultrafast dielectric
relaxation time of 44 us was obtained for 0.7 of x. Stable P-E loops were observed up to 190 °C

and a high recoverable energy density of 2.5 J cm™ was obtained for the bulk ceramics.
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CHAPTER -1

INTRODUCTION

1.1 Significance of energy

As the global population continues to expand at an unprecedented rate and the global
economy thrives, there is a similar surge in energy consumption worldwide. To put this into
perspective, the world’s total energy consumption substantially increased from 54,207
terawatt-hours (TWh) in 1973 to a staggering 111,125 TWh in 2016 [1]. However, this surge
in energy demand brings forth many challenges that cannot be overlooked. One of the most
pressing concerns is the detrimental impact of energy consumption on the environment. High
CO, COz levels, air pollution, and the exhaustion of fossil fuel reserves are all significant issues
that need urgent attention. Considering these problems, it becomes evident that tapping into
various green and regenerative energy sources is the most promising resolution [2-5].
Regenerative sources, like solar, wind, and geothermal energy, are gradually gaining
dominance in the energy landscape, aiming to replace the reliance on fossil fuels [1].
Nevertheless, the transition to renewable energy sources is not without its hurdles. One
significant challenge lies in the intermittent nature of most renewable energy sources. Unlike
traditional fossil fuels that provide a consistent energy supply, renewables fluctuate in their
generation capacity, which poses difficulties in effectively harnessing their full potential. To
overcome this hurdle, converting renewable energy, primarily into electricity, a versatile and
widely usable form of energy, is imperative. This conversion process necessitates deploying
efficient and reliable electrical energy storage solutions. These energy systems are important
to ensure that the electricity generated from renewable sources can be effectively captured,
stored, and utilized when needed [2, 6-10]. The demand for energy continuously increasing day
by day as the world population surges. As the population grows the global economy expands
with many environmental challenges. In order to address the environmental problems
associated with currently using conventional energy resources, there is a dire need to move
towards green and regenerative energy resources to overcome the environmental issues that the
globe is facing currently. Moreover, in order to unlock the capability of renewable energy and
assure a sustainable and effective energy future, it is most important to develop reliable
electrical energy storage systems that can accommodate the intermittent behaviour of most

renewable resources.
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1.2 Types of energy storage systems

There are different types of energy storage systems, and each one of them has its own
advantages and disadvantages. Batteries are impressive in storing a lot of energy, but their
discharge rates are low. Flywheels can store a lot of energy and discharge it quickly, but they
are more expensive. Superconducting Magnetic Energy Storage (SMES) systems possess high
efficiency (1) however, they are also not within the affordable making cost. Electrochemical
Capacitors (ECs) offer a good balance of energy and power density. But they are not as efficient
as batteries at storing a large amount of energy even though their discharging rate is high. ECs
are also relatively inexpensive. Dielectric capacitors and electrostatic energy storage capacitors
are better suited for high-power applications. This makes them best suitable for applications
where pulsed power is required. In between these extreme strengths and weaknesses, ECs
deliver a middle ground, by balancing between energy and power densities. But failed to match
the energy storage strengths of batteries or fuel cells, though they offer the advantage of more
rapid energy discharge rates than dielectric capacitors. However, they operate at lower voltages,
generally < 3 'V, which restricts their applications. Moreover, they experience a remarkable
leakage current, measured in mA, which can affect their overall efficiency () [11-12]. In
contrast, electric capacitors, including dielectric and electrostatic capacitors, are best-suitable

for high-power applications. They are cost-effective for large-scale power density

requirements.
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Fig. 1.1 Representation of energy density versus power density of various energy systems
along with their characteristic timescales.[13]
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To effectively assess and compare the performance of different energy storage devices, the
Ragone plot assumes a crucial role. It is a valuable benchmarking tool by providing a graphical
representation of energy and power densities. The Ragone plot enables researchers and
engineers to evaluate the capabilities of various energy storage technologies and make
informed decisions based on their specific energy and power requirements, as illustrated in
Figure 1.1.

Table 1.1 Comparison between capacitors and batteries’ energy storage, power density and
charging rates

Capacitors Batteries
The low energy The high energy
density (~ 10 -2 - 10 -1 density (10 - 100
Whikg) Whikg)
High power density Low power density
(5.103 - 108 W/kg) (5 - 500 W/kg)
Fast charging (~ s) Long charging (~ h)
Electrostatic storage Electrochemical storage

1.3 Electrochemical energy storage

Each electrochemical energy storage device (ESD) must possess a combination of high
and high-power density, making them capable of storing significant energy while delivering it
rapidly when needed. The suitability of each ESD depends on its characteristic time [14], as
determined by factors such as charge/discharge rate, which are showcased by dashed lines in
Figure 1.1. It is essential to bear in mind that external factors, including load resistance, can
influence the appropriate charge or discharge rates of the ESD. Figure 1.1 illustrates the
comparative performance of capacitors, batteries, and solid oxide fuel cells (SOFCs) regarding

charge/discharge rates and power density.

1.4 Capacitors and perovskite ceramics applications

Capacitors outperform electrochemical energy systems and fuel cells in these aspects.
Capacitors can store energy by means of redistributing bound charged elements, while
electrochemical energy devices and fuel cells store energy through chemical transformations.
This fundamental difference accounts for the superior charge or discharge times. Due to their
remarkable characteristics, capacitors are employed in various applications. Perovskite
ceramics with excellent ferroelectric, paraelectric and particularly high-frequency dielectric

properties are suitable for various high-temperature and high-frequency applications. In bulk
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form, they may be used as dielectric resonators and filters in communication devices [15, 16],
as window sections in microwave windows in fusion reactors [17, 18], or as high-power
antennas in pulsed power transmitters [19, 20], where high relative permittivity (er), high-
quality factor (Qy), very low dielectric losses (fand) and a highly low-temperature coefficient
of resonant frequency (of) are the most important material properties. In film form, they may
be used in high-frequency capacitor applications, such as decoupling capacitors and tunable
microwave capacitors [21, 22]. Capacitor dielectrics are also used in advanced packaging
applications [23, 24]. Since the dielectric constant may be strongly dependent on voltage,
permittivity tailored thin film capacitor dielectrics find extensive application in tunable
devices, including low-cost phase shifters for phased array antennas and tunable oscillators, as
well as tunable filters for wireless applications [21]. The usage of energy storage systems is
increasing day by day in electrical and electronic devices, viz., in hybrid electric vehicles,
pulsed power systems and high-frequency inverters [25]. Moreover, capacitors are particularly
suited for high-power applications like fusion, as illustrated in Figure 1.2. These examples

demonstrate the diverse applications and significance of capacitors across multiple domains.

Powertrain Plane
Electric car Military

Power Electronics\ - s

‘ w ) ENERGY

STORAGE
Radar CAPACITORS Fusion reactor
)
g WY
4 . .
F

EMP Pulsed laser

b\ S

Fig. 1.2 Applications of electrostatic energy storage capacitors. (EMP: electromagnetic pulse)

Different applications necessitate the utilization of capacitors with distinct
characteristics tailored to their specific requirements. To illustrate this point, consider the field
of microwave communications, where capacitors must possess an exceptionally high-quality

factor characterized by minimal dielectric loss. On the other hand, in decoupling circuits,
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capacitors are expected to exhibit a substantial capacitance per unit volume. One dielectric
capacitor, displays rapid charge/discharge rates, as indicated by its short characteristic time in
Figure 1.1. However, it is important to highlight that the dielectric capacitors have a relatively
low energy density, as depicted in Figure 1.1 [26]. Researchers have been exploring the
development of high-energy density to overcome these limitations. By incorporating such
materials, the volume of the capacitor can be significantly reduced, thereby increasing its
volumetric efficiency. This advancement holds great potential for various applications
prioritizing miniaturization, lightweight design, affordability, and seamless integration [12,
26].
1.5 Perovskite

In the context of perovskite structure, the chemical formula used to represent them is
ABOs3, where A and B are the cations, and O is an anion. Among all the perovskites, oxide
perovskites (defined as ABO3s where O is oxygen anion) are in the limelight because there is
a strong interest in this topic because it combines technology and captivating physics. In
perovskites, the ionic size of B- site cations are smaller than that of A-site cations. In an ideal
perovskite, the cube's corner positions (called A- site) are usually occupied by A cations. In
contrast, body center positions (called B-site) are occupied by B cations, and oxygen ions O
rest on face centres of the cube, as shown in Figure 1.3. The cations at A-site can be
monovalent (Na!*, Ag!", KI* etc.), divalent (Pb**, Ca®*, Ba>", Sr**, etc.), or trivalent (Bi**,
La**, Ho®", etc.) and accordingly, the B-site cations can be pentavalent (W>*, Ta>*, Nb>",
etc.), tetravalent (Ti*", Mn**, Co**, etc.), or trivalent (Fe**, Sc**, Mn*" etc. ), respectively.
Although, the ideal perovskite structure is cubic, actual perovskite structures deviate from
cubic structure due to the distortion. The degree of distortion can be accounted for using the

Goldschmidt tolerance factor (¢) defined as [27]

[(1 —x)RBi3+ + xRCa2+ +R ]
\/2[(1—X)Rpe3+ + XRTi‘”’ +R002i]

e ra represents the ionic radius of the A-site
e 1B, represents the ionic radius of the B-site

e 1o represents the ionic radius of oxygen ions

Page | 5



Chapter — 1 (Introduction)

For cubic perovskite, t is equal to 1. In most cases, t ranges from 0.8 to 1.

Fig. 1.3 Schematic representation of perovskite structure

The size difference between the A-site cation and B-site cation (¢ < 1) leads to distortion
and tilts in the oxygen octahedra to fit the lattice cations. The octahedral tilts are the most

common distortions [28-30]

1.6 Ferroelectricity

The phenomenon of ferroelectricity was discovered in 1921 by Valasek in single-crystal
Rochelle salt [31]. Out of twenty-one non-centrosymmetric point groups, ten-point groups
exhibit one unique polar axis and deliver a pyro-electric effect, i.e., generation of electric
polarization due to the application of thermal energy. All the pyro-electric materials are also
piezoelectric, but the converse is invalid. Electric polarization can be switched in some
pyroelectric materials by applying electric field. These materials are called ferroelectric (FE)
materials. Thus, the necessary condition for a material to classify as a FE is (i) it should have
a spontaneous polarization and (ii) the direction of P can be switched with the applied E. All
FEs are Para electric (PE), but not vice-versa. In FE materials, there are small regions of
uniform polarization called ferroelectric domains. In each FE domain, all the dipoles are
oriented in the singular direction. Each electric domain is separated by an interface called a
domain wall. The distinctive character of FE materials can be seen as a hysteresis curve in
the P versus E curve. The hysteresis loop shows a net spontaneous polarization even without
an electric field, and spontaneous polarization disappears at a temperature called 7c, which
signifies a temperature at which the material undergoes a transition from a PE state,
characterized by high temperature, to a ferroelectric state at lower temperatures. In the PE

state, the dielectric constant of ferroelectric material obeys Curie-Weiss law as given below.
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1 1 _(T-Tm)Y

&  Em C
e C represents the Curie-Weiss constant
e T, represents the maximum temperature
e &, represents the dielectric permittivity at 7,
e yisthe degree of diffusivity (1<y <2), 1 represents normal
FE and 2 illustrates ideal relaxor ferroelectrics (RFEs).
The dielectric constant (¢) is large for an excellent FE material. The equation relates the € and

electric polarizability (P),

P=yeE

where y is the electrical susceptibility. In most FE materials below Tc¢, such as BaTiOs, the
ferroelectricity originated due to the off-centring of (Ti*") cations relative to the (O*) anions.
The partial overlapping of the empty d orbital of the Ti*" ion with the 2p orbital of the oxygen
ion forms the covalent bond and breaks the inversion symmetry. Above Tc, the possibility
of the off-centring of cations is lost, hence the ferroelectricity's disappearance in the
material. Above 7c, the material is said to be para electric. The lone pair mechanism is the
origin of spontaneous polarization in PbTiO3 or BiFeO3. The valency 6s” electrons of Pb*"
(or Bi*") ions form hybridization with the 6p orbital of Pb** (or Bi*") and 2p orbital of oxygen
[32, 33]. Due to this hybridization, the cations displace relative to the anions, hence the

ferroelectricity.

In anti-ferroelectric (AFE) materials, the dipoles are aligned in antiparallel direction;
Therefore, they lack any intrinsic spontaneous polarization. An example of an AFE material
is the perovskite PbZrO3 compound. It has recently been reported that at room temperature,
The PbZrO3-based ceramics that have been chemically altered can exist in either an AFE or
FE state, contingent upon their thermal background [34]. In these ceramics, the FE phase can
be prompted using an electric field, resulting in a metastable condition that persists even after

the field has been disconnected.
1.6.1 Multiferroics

Multiferroics are materials that simultaneously possess at least two kinds of ferroics orders.
H. Schmid is acknowledged for introducing the term multiferroic into the scientific literature

in 1994 [35]. A ferroic order is described as a spontaneous order that forms small domain

regions. Within each domain, the order parameter has a definite sign or direction. An
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application of an appropriate field can switch the domain to align in the direction of the field.
The term multiferroics is commonly associated with magnetic ferroelectrics. The ability to
combine magnetic and ferroelectric properties in one material and its potential functionality
has resulted in early work on multiferroics [36]. However, combining these two properties has
proven to be complicated. Although many materials exhibit magnetic and ferroelectric
properties, ferromagnetic and ferroelectric order parameters are mutually exclusive. The

relationship between multiferroic and magnetoelectric materials is illustrated in Figure 1.4.

Multiferroic

Ferroelectric

Ferromagnetic

Magnetically
Polarizable

Electrically
Polarizable

| Magnetoelectric |

Fig. 1.4 The relationship between multiferroic and magnetoelectric materials [Ref:
10.1002/9781118935743.ch25]

1.7 Bismuth ferrite

BiFeOs (BFO) is the most promising and widely studied multiferroic material [37,
38]. It exhibits FE and anti-ferromagnetic (AFM) properties in a similar phase at ambient
temperature. It has ferroelectric 7c = 1103 K and Tn = 643 K. Bi*" and Fe*' ions are
responsible for the ferroelectric and magnetic properties of BFO, respectively.
1.8 Crystal structure of BFO

The determination of the crystal structure of BFO was carried out by Michel et al.
[39] in 1969, employing X-ray diffraction on a single crystal and neutron diffraction on BFO
powder. The diffraction peaks of BFO indexed to the Rhombohedral crystal structure with
R3c space group symmetry with no traceable impurity within the detection limit of powder
XRD. The lattice parameters are a = 5.637 A and a = 59.344° [40]. The ideal, cubic
perovskite structure is also regarded as an aristotype, as shown in Figure 1.5. In the
perovskite structure, Fe** ions are located inside an Og anion, and Bi** ions are situated at

the corner positions. In BFO, the positions occupied by Bi*" and Fe** ions are called 4-site
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and B-site, respectively. The coordination number of 4, B-site ions and O* ions is 12, 6, and
6 respectively. If the coordination number of A4-site ionic size is too small to fill the voids
between the BOg octahedra, the oxygen octahedral will be tilted to reduce the size of the
dodecahedron, and simultaneously A-site ions, which leads to the distortion in the perovskite
structure. The crystal structure distortion in terms of ionic size can be studied using
Goldschmidt tolerance . The crystal structure distortion changes the Fe-O-Fe bond angle
and Fe-O bond distances, changing the magnetic exchange interactions. And, large
displacement of Bi ions relative to the FeOgs octahedra results in ferroelectricity in BFO. The
FE polarization points along the cubic diagonal direction <111>, as shown in Figure 1.5,

which leads to eight possible polarization variants.

Fig. 1.5 Schematic of BFO crystal structure and ferroelectric polarization (shown by an
arrow) and antiferromagnetic ordering (shown in the grey plane) [41]

1.9 Ferroelectric properties

In BFO, ferroelectricity results from the process of blending the stereochemical
active Bi 6s? lone pair electrons with the unoccupied 6p° orbital of the Bi** ion and the 2p®
state of O* ions have been observed [30]. Theoretical computations have predicted that the
movements of cations result in substantial spontaneous polarization [42]. Owing to the
presence of active lone pair electrons, Bi ions exhibit comparatively more significant
displacements when compared to Fe ions. The high ferroelectric Curie temperature usually

refers to the high ferroelectric polarization. However, it is tough to characterize the

ferroelectric properties of BFO due to its low electrical resistivity and leakage currents.
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Oxygen defects and non-stoichiometric composition cause low resistivity and leakage
currents. Recent polarization measurements on high-quality films, single crystals, and
polycrystalline ceramics have shown that saturation polarizations are close to 90 — 100 pnC
cm™, in agreement with previous studies [43, 44]. Significant efforts have been undertaken
to augment the ferroelectric characteristics of BFO by substituting and making solid

solutions of BiFeOs; with other ABO3 perovskite materials [45 - 50].

1.10Electrostatic energy storage in Ceramics
1.10.1 Electrostatic Capacitors

The fundamental structure of a dielectric capacitor is relatively straightforward,
involving the arrangement of two metallic plates that run parallel to each other. These plates
are separated by an insulating material, which serves as a barrier between them. When an
electric field is applied to the capacitor, the insulator undergoes polarization, a phenomenon
where its atoms or molecules align themselves in response to the electric field. This
polarization behaviour is considered a defining characteristic of dielectric materials. It
distinguishes them from other substances not exhibiting this property when subjected to an
electric field. Dielectrics are specifically chosen for their ability to store electrical energy
efficiently due to their polarized nature. To quantify the storage capacity of a dielectric
capacitor, we refer to its capacitance, denoted as C. In an ideal capacitor, the value of C is
determined by the ratio of the charge (Q) accumulated on each metallic plate to the applied
voltage V. In simpler terms capacitance represents the amount of charge that can be stored
on the plates for a given voltage level. This relationship between charge, voltage, and

capacitance is fundamental to capacitor functionality, as shown by eq 1.
_Q
cC=2® ——— (1)
Nevertheless, considering a pragmatic perspective, a more valuable formula for calculating

the capacitance of an authentic device is depicted in Figure 1.6,

e D (electric displacement)
e P (polarization)

e g (electric permittivity of free space)

by employing the Gauss law, the relation between the area (A), distance (d), voltage (V), and

permittivity (¢) of the dielectric material is expressed in Equation 2
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The combination of equations 1 and 2 can be modified as follows;

C=2(F) ——(3)

Hence, equation 3 represents an explicit dependency of € in energy storage dielectrics.

Electric
field E

i
|
|
|
|
|
|
|
|
|
|
I
I

>

=

S

Plate
area A

v Plate separationd ,’
LS 7/

Unpolarized

Polarized by an applied eleclric field.
EEEEEEEEEEE;

Fig. 1.7 Schematic view of energy storage and dipole alignment in dielectrics up on applying

an electric field

1.11Crucial factors for assessing the properties of energy storage

Through the application of voltage (V), it is possible to estimate the electrostatic energy

(W) stored within the dielectric material. This estimation allows for a quantification of the

energy content resulting from the application of the voltage from the formula expressed as;

W= [V dg )
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e  Qmax represents the maximum charge attained at the endpoint of the charging
cycle

e dq represents the incremental charge.

The volumetric electrostatic energy density (Ws) calculated from the equation (i.e., W/unit

volume (Ad)) which can be represented as;

W w 7f0Qmadeq
St aa Ad

= [’ E dD (J em?)

e E represents EF

e Dnax represents the electric displacement at Emax

The electrical displacement (D) corresponds to the charge density (Q/A) on the metallic plates
formulated as D = gE + P (shown in Figure 1.6), where P is the polarization. If ¢ >> &E,
particularly for high ¢, D ~ P, and it follows that D = ¢E = go&E, (from permittivity of free space
€0 and relative permittivity &). These formulae permit the establishment of the static stored

energy density by means of variable P,
W= ngmax ESO &r dE

® P denotes maximum polarization at Emax

Several experiment methods are carried out to calculate energy density from the P up on applied
E. In 1961, Jaffe [S51], in his analysis, drew attention to an essential aspect regarding
recoverable energy (Wiec). This energy is highlighted by the area located above the discharging
P-E curve. Pmax determines the upper limit of this area. To calculate Wi, a mathematical
integration is performed on the area above a P-E loop. This integration allows for a graphical
visualization, as depicted in Figure 1.8, illustrating the Wi for four distinct types of
polarization response. This analysis provides valuable insights into the potential energy that
can be recovered from the system and offers a comprehensive understanding of the different

polarization behaviours exhibited.
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Fig. 1.8 P-E curves for linear dielectrics (LD), FE, AFE, and RFE. Domains are shown in the
insets of the schematic layout, which align with applying E. In RFEs, polar nano regions
(PNRs) (represented in yellow circular regions) [52]

The Wyec 1s estimated from the given formula;
w. =1 2
rec = 2 g&k

But when dealing with the LD materials, the &: remains unaffected by variations in £. From the
above equation, the dependence of W,.. on the variables ¢- and E is clear from Figure 1.8,
specifically FE, AFE, and RFE. Various scenarios are presented where the P responses deviate
from linearity. Thus, the computation of Wiec necessitates the utilization of the above equation.
Figure 1.8 for FE showcases a response that is commonly observed in classical ferroelectric
(FE) materials, such as BT. In these materials, the hysteresis phenomenon is intricately
connected to the polarization switching of macroscopic FE domains. This relationship is
elaborated upon in detail in the review written by Damjanovic (53). Drawing from the insights
of Jaffe (51), it was emphasized back in 1961 that in ferroelectrics, most of the charging energy
is primarily absorbed through the process of domain switching. This absorbed energy is
subsequently retained as P:. Classical FEs tend to exhibit remarkably high levels of remanence.

However, through the introduction of chemical doping, an effective means of minimizing this
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remanence can be achieved. This phenomenon is clearly demonstrated in Figure 1.8 for RFE,
which shows the response characteristics typically associated with RFEs, including doped-

BaTiO; and Pb(Mg13Nb2/3)Os3 [54].

The behaviour of materials in response to electric fields and their implications for energy
storage states that the RFE nature, which is commonly accepted, originates from the response
of PNRs up on altering E. RFEs maintain their unsaturated response even at high applied
electric fields, meaning that any increase in the electric field contributes to the storage of
energy. To achieve high energy storage, it is favourable to use materials that do not possess
high P:, which refers to the residual polarization that remains in a material after the removal of
E. LD materials meets this requirement, but their energy storage capacity is limited due to their
low &, which is a measure of the ability of a material to store electrical energy. On the other
hand, AFEs display low P; when subjected to low E. Moreover, under large electric fields, the
P-E loop of AFEs opens due to the stabilization of a FE phase in relation to the AFE phase.
This leads to saturated polarization, as illustrated in Figure 1.8. The statement suggests that
AFEs, as proposed by Jaffe, could offer advantages for high-energy storage. If issues related to
dielectric breakdown are eliminated. Dielectric breakdown refers to the failure of a material as
a result of excessive electric fields. In this case, the breakdown strength (BDS) should be high
enough to induce the phase transition from the AFE to the FE phase. From the above
information, it becomes evident that nonlinear dielectric materials such as FEs, RFEs, and
AFEs exhibit energy dissipation, referred to as Wiess. Hence, the amount of energy that can be
recovered, known as Wi, becomes the most important parameter. This is schematically
illustrated in Figure 1.8 (shaded in blue colour), where the red area represents the energy
recovery. Therefore, the value of Wy assumes utmost significance in the context of energy

storage.

W,

rec

_ f;:naxE dP

The electrostatic capacitor efficiency can be estimated from the following expression

— Wrec
Wioss + Wrec

e Wi represents the energy loss during discharging

The loss factor is represented in Figure 1.8 (shaded in blue color).
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CHAPTER - 2

LITERATURE REVIEW

Considering the importance of dielectric capacitors, significant advancements can be
made to enhance the energy density of dielectrics to match or exceed that of batteries, the
potential extent of applications for dielectric capacitors (DCs) in energy storage will experience
substantial expansion [1]. Moreover, in the current market, commercial capacitors are designed
primarily by polymer and ferroelectric dielectrics for high-power density applications.
However, these polymer-based energy systems deliver a low energy density of <2 J/cm3 [2,
3]. Normally, ferroelectric ceramics possess a high € but a low BDS, whereas polymers possess
low € with high BDS. Due to the low ¢ of polymers, these are typically manufactured with a
thickness of < 1um. Hence multilayer films are manufactured in order to attain high capacitance
for commercial applications. Furthermore, polymer-based films cannot sustain higher fields,
wherein high filed conduction becomes a limitation to attaining high W [4]. Furthermore,
despite the widespread utilization of polymer-based capacitors, they are unable to sustain at
high-temperature conditions. Due to this limitation, polymer-based capacitors cannot be used
in oil industries and aviation industries as high-temperature sustaining energy storage devices

are required which can operate at a temperature exceeding 150 °C [5, 6].

2.1 Lead-free ferroelectric dielectric ceramics

Ferroelectric dielectric ceramics used for energy storage are divided based on the
synthesis and processing, and the thickness (t) of the samples as thin films (t <1 um), multilayer
ceramic capacitors (MLCCs) (t ~ 1 — 10 um), and bulk samples. Thin and MLCCs can afford
higher E, exceeding 1MV/cm, owing to their fewer impurities, reduced volume, and defects
[7]. As a result, they exhibit higher W,.. [8-13]. However, because of the reduced volume and
lower capacitance, the Wi stored in the film is lower compared to the bulk materials.
Extensive research has been conducted on lead-based materials as bulk dielectrics, revealing
their good W, performance. For instance, Pb-based AFE ceramics have achieved an
impressive Wy of 6.4 J cm™ [14]. Nevertheless, the toxicity associated with lead (Pb)-based
derivatives has raised significant concerns regarding both the environment and human health.
Consequently, substantial research has been carried out to explore Pb-free materials as

alternatives (Ba-based and Bi-based dielectrics) to overcome this undesired situation [15-17].
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2.2 Research interest gained towards electrostatic energy storage capacitors from 2010
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Several noteworthy studies have recently focused on lead-free alternatives, (BaxSr.
x)Ti03 (BST) is a very interesting material system because of its superior loss characteristics
at high frequencies, especially in the radio frequency (RF) and microwave bands. Very
recently, lead-free BiFeO3 (BFO) - SrTiO3 (STO) ceramic capacitor has been proven useful for
high-frequency and high-temperature operations [18]. BiFeO3-SrTiO3z (BFSTO) ceramic
systems also have the potential to offer high energy density suitable for energy storage
applications [19, 20]. The superior energy performance of the BFSTO films is attributed to a
microscopic ferroelectric (FE) to relaxor ferroelectric (RFE) phase transition which results
from the transformation of the micron scale ferroelectric BFO domains into highly dynamic
polar nano-regions (PNR) in the BFSTO matrix [19]. The incorporation of STO in the BFO
matrix enhances the breakdown strength significantly resulting in extremely high maximum
polarization (Pm) with reduced remnant polarization (P;). Similarly, incorporation of CaTiO3

(CTO), BaZrO3 (BZO), StZrO3 (SZ0O), or LaGaO3 (LGO) in the BFO matrix might result from
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similar BFO-based RFEs with interesting high temperature and high-frequency dielectric
properties with superior energy performance. Few other investigations have reported
impressive results i.e., Wyee~ 37 J cm?, and 52 J cm™ were achieved for 0.88BT-0.12BMT,
and BCT-BZT super-lattices respectively [21, 22]. Furthermore, significant advancements
have been made for BZT multilayers to achieve higher W, and thermal sustainability.
Researchers were able to achieve an extraordinary Wye ~83.9 J cm™ and n ~ 78.4% at ambient
temperature for BZT15/BZT35 [23]. BaTiO3 (BTO) based materials such as thin films of
Ba,Ca;.,TiO3 — BaZr,Ti1.,O3 and xBaTiOs — (1-x)Bi(MgTi)Os have shown potential for energy
storage applications with a large storage density of ~52 J cm and ~ 37 J cm™respectively [24-
26]. Although modified BTO exhibits high energy density, its spontaneous polarization (Ps) is
less (~26 pC cm™) compared to that of PbTiO; (~80uC cm™). The energy storage properties
and ferroelectricity severely degrade at higher temperatures because of its lower Curie
temperature (Tc ~ 120°C), limiting its applications in hybrid electric vehicles and aerospace
devices [27-31]

2.3 Recent investigations on lead-free materials for energy density and efficiency

An intriguing advancement in energy storage has been observed by implementing
interlayer coupling in space-charge dominant hetero-structure ferroelectric thin films
composed of BiFeOs, BaTiO3, and SrRuOs3 [32]. This innovative approach has facilitated the
larger enhancement of the film’s W,.., | capabilities. Specifically, the substantial polarization
difference, represented as Ps - P, has led to an impressive 85% increase in the recoverable
electric energy density. This boost in energy density has elevated it from an initial value of
approximately 28 J cm™ to a remarkable 51 J cm?. Furthermore, lead-free perovskite titanate
(BT/ST) thin films have shown great potential when combined with an alloying element,
BiFeO3 (BFO). Adding 25% BFO to the BT composition has yielded highly desirable
outcomes. The resulting films exhibit superior crystalline perfection, directly impacting their
energy storage properties. These alloyed films have demonstrated exceptional energy storage
densities exceeding 52 J cm™ when subjected to an E of 2050 kV cm™! [33]. Additionally, recent
research has uncovered a novel composition based on (Bio.sNao.5)TiO3 (BNT), termed BNT-
Xunzi, x = 0-0.5). This composition exhibits a remarkable Wy, 1. Incorporating the BNZ
dopant into the BNT host material has played a critical role in improving its W capabilities.
The introduction of the dopant has facilitated the formation of PNRs, which has made the

process of domain switching significantly easier. As a result, the n of the BNT-xBNZ films has
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been greatly improved. The energy storage density and efficiency of different ceramic materials

are listed below; [21-35]

2.4 Efficiency and recoverable energy density of various lead-free materials

Material Energy storage density/efficiency
* KNN with (ScNb)O, - 2.48 J/em?
« BaTiO4-(ZnNb)O, i 93.50%
* BNBLTZ - 1.21 J/em? at 100KV/cm
* BaTiO;-Bi(MgNb)O, - 1.13 J/em?
(BT-BMN)
* AgNbO; (Mn doped) - 6.5—-5.3J/cm?
* BNT - 2.42 J/em?
+ BiFeO, - BaTiOs- Ba(MgNb)O; - 75.00%
« BNKT-KNN - 1.20 J/em?
* BNT-KN - 1.17 J/em?
+ KNN-BMT - 4.08 J/cm?
+ ST-NBT-BT - 1.7 J/em?
* BFO-based thin films - 70 J/em3, 51 J/em?

Thoroughly studied Pb-free FE ceramics, specifically developed for electrostatic-energy
storage applications, primarily revolve around BT materials. It is widely recognized within the
scientific community that BT and its derivatives exhibit relatively low levels of saturation
polarization and ferroelectric transition temperature. These innate limitations pose challenges
when considering their utilization in high-temperature environments requiring enhanced
recoverable density and m. Consequently, few research studies have focused on exploring
compositions centered around BFO, a well-recognized FE material. This emphasis on BFO is
primarily due to its remarkable characteristics, including an exceptionally high level of
saturation polarization and a high ferroelectric transition temperature. These properties make
BFO-based compositions highly desirable for applications demanding robust performance

under demanding conditions.

By shifting attention towards BFO, researchers aim to overcome the limitations of BT
and its derivatives, ultimately expanding the potential for Pb-free FE ceramics in various high-

temperature applications.

Page | 22



Chapter — 2 (Literature Review)

2.5 Recent investigations on lead-free BFO-based ceramics and key findings

Authors Correia et al. presented a groundbreaking study on a Pb-free ceramic material

composed of BF-ST. This material demonstrated outstanding properties, including a n and

reduced losses, making it highly suitable for applications in high-temperature environments

[36, 37]. Explicitly, the variants 40BF-60ST and 20BF-80ST showed remarkably low dielectric

loss and outstanding thermal stability. Even at temperatures up to 200 °C, these materials

maintained their high W.. and facilitated faster discharge times. This commendable

achievement indicates the ability of the material to perform effectively under challenging

conditions. The researchers also achieved excellent results in BFO-based film capacitors

through domain engineering.

S. Title Source Compositi Findings
No. on

1 Giant energy density and N Energy density ~70
high efficiency achieved ature I -
g Y Communication, J/em STO improves
n BF_(t)-basgd g']m , 10.1038/s41467- BFO-STO Insulation, breakdown
capacitors via domain 01 8.04189.6 strength
engineering.

2 A lead-f_iree g.ud high _ T Am. Ceram. Efficiency ~85%,
energy density Ceramics | go. 10.1111/Jace | BFO-STO | operating temp. up to
for energy storage 12508 o
applications. 200 C

3 Lead-free ceramics with . .

. . Adv. engineering )
high energy density and High operating temp.
. Mat.,10.1002/ BFO-STO :
reduced losses for high- than X8R capacitor
L adem.201700019

temperature applications.

4 Low-temperature
dielectric behaviour of J. of Applied : : —
BiFeO3-modified Physics,10.1063/ | BFEO-CTO ]%llelecmc be%"“l;’(‘)‘“sf; o
CaTiO3 incipient 1.4729080 & same as BEL-
ferroelectric ceramics.

5 Remarkable energy-
storage performances J. of Eur. Car. Soc BiFeO:- Wree ~ 5.03 J/cm3,
and excellent stability in | 10.1016/j.jeurcer BaTiOs- 1~89.70%, BDS ~ 380
CaTiO3— doped BiFeOs; | amsoc.2022.11.0 CaT103 kV/cm and temperature
— BaTiO; relaxor 01 ’ ~150°C
ferroelectric ceramics
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1\?('} Title Source Composition Findings

6 Improved structural Leakage current
stability and multiferroic écﬁ OCielr ?;I} CaTiOs density reduced,
characteristics in CaTiOs 155 1 _9'1 6.2 OJ modified Improved structural
— Modified BiFeOs 11,0482 4x. BiFeOs stability, enhanced
ceramics ' resistivity

7 Outstanding
c:)mprehen?uae enetgy Acta Materialia | BiosLao1FeOs-
lead fros BibeOwbased | 10-1016/j.actm | Bao7SrosTiOs- | Wiee ~ 15.90 Jem3,
RFE ics b at.2022.118286 | NaNbossTao.1s n~ 87.70%

ceramics by 05

multiple optimization
design

8 Optimized electric-
%Ii:r%( sg)r%g(e)m J. of Eur. Car. Wrec ~ 4.10 J/cm3,
. éra‘imi:'s ‘f‘ia‘mflomg Soc,10.1016/C | BiFeOs-BaTiOs | 1~ 62.10%,
microstructure and ar.2022.12.064 Emax =220 kV/cm
nanocluster

9 BiFe03-SrT103 thin
film as a new lead-free J. of Mat. BiFeO3- I'=1.61, low
RFE capacitor with Chem. A2017, S(TiO3 leakage current, BDS
ultrahigh energy storage | 5, 5920-5926 ~3.6 MV cm’!
performance

10| Alead-free and high- J. Am. Ceram. Wiee ~ 18.6 J/cm3,
I(?nergy density ceramic Soc.10.11 BFO-STO 1 ~ 85%,
or energy storage 11/jace.12508 Emax = 972 kV/cm
applications

By implementing this technique, they reached a giant Wy ~ 70 J cm™, which is a
significant achievement. In addition to that, the capacitors exhibited a high n ~ 85%. These
findings highlight the immense potential of BFO-based film capacitors for energy storage
applications. One exciting aspect of the study is the incorporation of STO into the BFO
structure. This addition resulted in the transformation of the FE micro-domains of BFO into
highly-dynamic PNRs. This transition from FE to RFE nature significantly improved the
material’s W, and m. Moreover, the introduction of STO positively impacted the film’s
electrical insulation and BDS by inhibiting the Fe transition. Overall, the research conducted
by Correia et al. highlights the remarkable advancements in Pb-free ceramic materials,

specifically the BFO-STO matrix.
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Careful examination of the existing literature shows that dielectrics possessing a high
Pm, low Pr, and maximum achievable BDS are important in achieving superior n performances.
Using first principle calculations, recent simulation studies have identified even higher energy
densities ranging from 100 to 150 J cm™. This estimation highlights the substantial potential of
materials based on BFO as high-energy density dielectric capacitors [38]. Moreover, the
investigation of lead-free compositions based on BFO for energy storage applications still
needs to be enhanced. Consequently, the present proposal aims to investigate novel lead-free
FE materials based on BFO for energy storage applications, specifically focusing on
temperatures up to 300 °C. The proposed research will study these prospective materials in
bulk and thin films and computational analyses of the electrical properties relevant to energy

storage applications.
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CHAPTER -3

OBJECTIVE OF THE WORK

The energy demand continuously increases day by day as the world population surges and
the global economy expands with many environmental challenges. To put this into perspective,
the world’s total energy consumption substantially increased from 54,207 TWh in 1973 to a
staggering 111,125 TWh in 2016. In order to reduce pollution, and global warming to 1.5 °C
as proposed by many agencies, national, and international agreements, CO> exhausts must be
curtailed by ~45% by 2030 and should touch zero by 2050. Regenerative sources, like solar,
wind, and geothermal energy, are gradually gaining dominance in the energy landscape, aiming
to replace the reliance on fossil fuels. Nevertheless, the transition to renewable energy sources
is not without its hurdles. One significant challenge lies in the intermittent nature of most
renewable energy sources. Unlike traditional fossil fuels that provide a consistent energy
supply, renewables fluctuate in their generation capacity, which poses difficulties in effectively
harnessing their full potential. To overcome this hurdle, converting renewable energy, primarily
into electricity, a versatile and widely usable form of energy, is imperative. This conversion
process necessitates deploying efficient and reliable electrical energy storage solutions. These
energy systems are important to ensure that the electricity generated from renewable sources
can be effectively captured, stored, and utilized when needed. In order to address the
environmental problems associated with currently using conventional energy resources, there
is a dire need to move towards green and regenerative energy resources to overcome the
environmental issues that the globe is facing now. Moreover, in order to unlock the capability
of renewable energy and assure a sustainable and effective energy future, it is most important
to develop reliable electrical energy storage systems that can accommodate the intermittent

behaviour of most renewable resources.

> Batteries are good at storing much energy, but they can slowly discharge.

» Flywheels can store a lot of energy and discharge it quickly, but they are expensive.

» Superconducting magnetic energy storage (SMES), systems are very efficient, but they
are also costly.

» Electrochemical capacitors (ECs) offer a good energy and power density balance. They
are better than batteries at storing a lot of energy, but they can discharge it much more

quickly. ECs are also relatively inexpensive.
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Dielectric capacitors and electrostatic capacitors are better suited for high-voltage applications.
They are also cost-effective for large-scale projects. Pb-based materials produce high
recoverable density but lead is hazardous to human health and the environment. Hence Pb-free

materials are strongly recommended.

In the present investigation, lead-free BFO-based materials were chosen and their structural,
electrical, dielectric, and ferroelectric properties were explored. The selection of the material
is driven by environmental concerns. The studies on BFO-based ferroelectric materials started
way back in the 1960s but the improvements in energy storage by enhancing various parameters

is a challenging task. RFE nature and PNR creation are still required a thorough investigation.
Considering all the limitations and considerations the research challenges are formulated as;
Research challenges:

v' Bi is volatile in nature, structurally, and thermodynamically unstable, hence the
preparation of high-quality ceramics with enhanced structural integrity and minimal
defects.

v’ Selection of the secondary compound to substitute without losing the inherent
properties of BFO to retain high saturation polarization and recoverable energy density.

v" Obtaining high-densified samples as there is a large difference in sintering temperature
conditions between BFO and CTO

v Enhancing RFE nature (BFO-CTO) by partial substitution of CTO into BFO in order

to improve the mobility of the electric dipoles, thereby improving the Wiec.
Objectives of the current research work

Fabrication of good quality ceramics (BFO-CTO)
Enhancing RFE nature by introducing CTO into BFO

Increasing Ps and reduce P

<N X X

Slim P-E hysteresis loops with tremendously enhanced W,.., and efficiency by reducing
leakage current densities
v' Minimization of environmental impact by manufacturing high-power density

capacitors to store and utilize for commercial applications.
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CHAPTER - 4

EXPERIMENTAL PROCEDURE

The good quality and properties of the material are mainly associated with the specific
processing methods that are employed. Hence, it becomes important to systematically monitor
every step of the synthesis and processing technique and related conditions to obtain
outstanding outcomes. This entails a careful and focused approach toward the preparation of
ferroelectric ceramics. Considering this priority, the ceramic samples are carefully handled to
ensure the best quality sample outcomes. For every parameter, i.e., temperature, pressure, and
time optimization, extensive efforts have been taken and carefully monitored the conditions
throughout the process. This chapter also discusses the specific techniques used to synthesize
and fabricate individual compounds, including mixed compositions. The methodology
employed in preparing these ceramics is studied in detail. The provided knowledge in this
chapter may guide the researchers and students who prepare the same material with the

methodology followed in this present research work.

4.1 Synthesis of BiFeO3 powder using solution combustion route
Raw materials:

e BFO powder was prepared using bismuth nitrate pentahydrate (Bi(NO3)3; 5H20) and
iron nitrate nonahydrate (Fe(NO3)3 9H20) of purity > 99.9% procured from Sigma
Aldrich, USA.

e Glycine (C2HsNOy)

The raw materials were weighed in a stoichiometric ratio and dissolved in a minimum quantity
of deionized water. Glycine (C2HsNOz) of purity > 99.9% was added to the resulting nitrate
solution with a Glycine to nitrate ratio of 1:2. Nitric acid (HNO3) was added to the solution for
complete dissolution till the transparent solution was obtained. The solution was stirred and

heated simultaneously at 85°C until a viscous solution was obtained.

The hot plate temperature was increased to 420°C until complete combustion took place with
copious evolution of gases and fly ashes. The obtained powder was calcined at 650 °C for 2 h

for the complete phase formation.
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Fig. 4.1 BiFeOs viscous solution before combustion

4.2 Synthesis of CaTiO3 powder using solution combustion route

Fig. 4.2 CaTiOs viscous solution before combustion

Raw materials:

e Tetrabutyl titanate ([CH3(CH2)30]4Ti) (TBT)
e Calcium nitrate tetrahydrate Ca(NO3)24H>O of purity > 99.9% procured from Sigma

Aldrich. The raw materials were dissolved in a minimum quantity of deionized water.
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A white color solution was obtained upon adding TBT to the aqueous nitrate solution.
Glycine was added to the resulting precursor solution with a Glycine to nitrate ratio of
1:2. On adding HNO3, a transparent solution was obtained, which on continuous stirring

and heating at 85°C, turned into a highly viscous solution.

The hot plate temperature was increased to 420°C until the complete combustion of the viscous

solution took place. The obtained powder was calcined at 1250 °C for 4 h.

Synthesized BFO and CTO Powder

I

Calcination

1

Roller Milling

1]

Compaction

I

Sintering

I

Density measurement

|

Electroding

I

Characterisation

Fig. 4.3 Schematic layout of BFO-CTO synthesis, processing, and characterization
4.3 Calcination

It is the thermal treatment process in which the solid material is subjected to heat treatment
(high temperature of a few hundred °C to thousand °C) in the presence or absence of air (O2)
according to the material interactions and chemical changes. Calcination involves dehydration,
decomposition, and chemical and physical changes. As a result, the physical and chemical
transformation takes place to form either partial or fully phase pure material. During the
calcination process, ions interaction causes a diffusion to attain a homogeneous solid matrix.
Calcination parameters are prominent factors that affect the shrinkage volume during the
sintering process. The primary prerequisite is that the obtained calcined powder must be

homogeneous and as consistent as possible. In the present study, the calcination process was
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carried out in closed alumina crucibles using a resistance-heating furnace. Powders were
calcined at various temperatures to determine the appropriate calcination temperature. Figure
4.4 shows the calcination profile of synthesized BFO and CTO powders at an optimized

temperature condition.

1250 °C/4h (CTO)
650 °C/2h (BFO)

9 Dwell time

[-P]

i

=

N

<

o

[-*]

="

5

e

& Time (hr)

Fig. 4.4 Calcination profile of as-synthesized BFO and CTO powders at an optimized
temperature condition

| MoSiO,
~~Heating Elements

~Alumina crucible

Fig. 4.5 Resistance heating furnace used for calcination representing heating elements and
alumina crucible.
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4.4 Granulation

The calcined powders formed lumps which resulted in increased particle size.
Therefore, the calcined powders were subjected to size reduction, i.e., via manual wet-grinding
(using mortar and pestle) and roller milling followed by sieving with a mesh 3 to 4 times to get
fine and homogenous size powders. Granulation is an important procedure done to the ball-
milled powders. This process is essential to form granules (creating more excellent units of the
powder) from fine powder particles. This is done by mixing the powders with appropriate
polymer binders in small quantities. Granulated powders have good pressing properties and
better flow when compared to finer particles. This procedure of granulation adds strength to

the green compacts.

4.5 Pelletization

Pelletization is making powders into a compact pellet shape by applying pressure. This
is done by loading the powder in a die of the required shape and size and pressing the die using
appropriate pressure. The required amount of powder obtained has been taken to fabricate the
green samples with a diameter of 10 mm and thickness (t) of 1 mm using a uniaxial press. A
high chromium high carbon hardened steel circular die has been used to press the granules into
pellets. The lower punch of the die was kept inside the die before pouring the granules into the
die cavity. The granules were then taken into the die cavity, and gentle vibration was applied
to the die to ensure uniform distribution of the granules inside the die cavity. After that, the
upper punch was placed inside, and a little pressure was applied to avoid the powder splashing
out of the die during the load applied by the press. The pressure required to make the compact
is an essential factor as it affects the green strength of the compact. Hence the pressure applied
was varied to derive the optimum pressure.
Green density increases with increasing load, which is observed in Figure 4.7 with the increase
in applied pressure, the green density of the pellets also increased, but for the applied pressure
above 562 and 624 MPa, cracks were observed on the surface of the compacted samples. For
the load of 312 MPa, the green density is very low and moderate for the pressure between 375

- 437 MPa.

Density, pmax= Z%l g:MV,Vl‘
=1 p;
J n represents the total number of elements
J C represents the molar composition
. W represents the atomic weight
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. pi is the density of the i element.

Fig. 4.6 Green pellet with dimensions; diameter ~10 mm, thickness ~1 mm
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Fig. 4.7 Relative green density and bulk density as a function of applied load

The theoretical density, pmix is estimated using the rule of mixtures formula expressed as;

The relative green density percentage is calculated using the following formula;

Relative green density (%) = (Experimentally measured density/theoretical density) *100

Fig. 4.8 Manual grinding using mortar and pestle

Fig. 4.9 Green pellet making using uniaxial compaction setup and die

BFO and CTO calcined powders were weighed and mixed to prepare the composite powders

of (BFO)(1-x) — (CTO)x (x = 0.6, 0.7, and 0.8). The powders were mixed in a roller mill for 14
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h with isopropyl alcohol (IPA) as the solvent and ZrO> balls as the grinding media with a
powder to ZrO; ball ratio of 1:5. The milled powder was dried, and manually grinded using
mortar and pestle to obtain homogeneous grain size and utilised for pelletisation with a
dimension of 10 mm in diameter and 1 mm in thickness.The green pellets were dried at 120°C
for 8 hrs. The dried samples were subjected to microwave sintering.

Using pellet die powder systems were pressed uniaxially with PVA (8-10 wt.%) as the binder.

The uniaxial compaction pressure was optimized concerning sintered density.

4.6  Binder burnout and sintering

4.6.1 Microwave sintering technique

Binder burnout was done for the green pellets in a microwave sintering furnace. The
binder burnout profile is shown in Figure 4.10 along with the sintered profile layout. A very
slow heating rate was followed for the binder removal , which will reduce the development of
cracks if heated faster. Sintering is a thermal treatment process in which compacted samples
are yielded into highly dense polycrystalline aggregates. Green pellets were sintered using
different sintering profiles in an electrical resistance heating furnace and microwave sintering
furnace. The results obtained through RHF and MWS techniques are discussed in detail in the
results and discussion section. Sintering is the control of both densification and grain growth.
Densification is the act of reducing porosity in a sample, thereby making it denser [1, 2]. Grain
growth is the process of grain boundary motion to increase the average grain size. Many
properties (mechanical strength, electrical breakdown strength, etc.) benefit from a high
relative density and a small grain size. Sintering occurs by diffusion of atoms through the
microstructure. A gradient of chemical potential causes this diffusion, atoms move from an
area of higher chemical potential to an area of lower chemical potential. The system's reduction
in surface free energy is the driving force for sintering. The decline in energy occurs via

densification and grain growth; hence, the material gets densified.

A microwave sintering furnace from Linn High Therm GMBH, (model MKH-4, 8-
150/150/150) with maximum working temperature ~ 1850 °C, output power ~4.8 kW and
frequency ~2.45 GHz + 50MHz was used.
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»
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Fig. 4.10 Binder burnout and microwave sintering profile for optimized sintering temperature
conditions of (1-x)BFO- xCTO

Pyrometer

SiC susceptor

Fig. 4.11 Microwave sintering furnace setup and sample loading in SiC susceptor

Microwave sintering has been carried out at 1000-1280°C for 20 mins and optimized for
sintered density. The optimized conditions (resulting in > 95% of the theoretical density) for
microwave sintered (MWS) samples were 1140°C, 1180°C and 1280°C/20 mins for x = 0.6,
0.7, and 0.8, respectively. The dimensional method was used to estimate the pellets' relative

green density (R.G.D) and relative sintered density (R.S.D).

Page | 40



Chapter — 4 (Experimental Procedure)

Solution
Combustion
C] C] Sintering

Raw materials

|
l ! Pellet making

Bi(NO,),5H,0 + Fe(NO,),9H,0

Ca(NO,),41,0 + Ti(OBu), + ANO,
+HNO;, + 1,0 + C,HNO, +H,0 + GHNO, . .

[ Magnetic }

t. . %ﬂ
SUrrin =
. r
a
Combustion @ (400-420°C)
Solid state ‘
. . mixing(18hrs
Calcination g(18hrs) \ -

(BFO+CTO)

650°C(2hrs) 1250°C(4hrs)

Fig. 4.12 Flow chart for synthesis, and processing of BFO-CTO

4.7 Density measurement

The densities of the sintered pellets were calculated using the dimensional method. The
dimensions of the sintered samples were measured using a digimatic micrometer of precision
0.001 mm. The average ¢ and t were estimated from 4 measurements, and the sample volume
was calculated. The mass of the sintered pellets was taken from an analytical weighing balance

machine of precision 0.1 mg. The weight of the sintered sample was considered as dry weight.

4.8 Electroding

Sintered high-density pellets were polished using fine emery paper to obtain a flat
surface. The disks, after polishing were silver (Ag) — palladium (Pd) coated for electrical
conductivity. The polished samples were coated with Ag-Pd viscous gel gently on the two sides
of the samples, and thermal treatment was carried out at 110 °C for 20 minutes in order to dry
the applied Ag-Pd solution. We shall ensure the coating is uniform and stick strongly to the
surface of the samples.
The Ag-Pd paste-coated samples were heated at 550°C to dry the silver-palladium paste on the
pellets completely. The conductivity of each electrode was measured using a digital multimeter

and confirmed the non-contact between the two sides of the electrodes. Magnifying glass (25X)
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was also used to see, if there was any contact between the two sides of the samples for further

confirmation.
B1: 20BF0+80CTO (RFS) B1: 30BF0+70CTO (RFS)

Load (T)| Mpa Temp(°C) |R.G.D (%) |Bulk density(g/cc) |R.S.D (%) Load (T) Mpa | Temp(°C) |R.G.D (%) |Bulk density(g/cc)|R.S.D (%)
2.5 1140/2hrs 59 2.5901 69 3 374.586 | 1140/4hrs 58 2.7028 78
3 |374.586] 1140/4hrs 62 2.7218 68 3.5 |437.017| 1140/4hrs 61 2.8426 80
3.5 |437.017| 1140/4hrs 66 2.8974 71 7 499.443 | 1140/4hrs ” > o802 a5
4 499.448 | 1140/4hrs 67 2.9413 70 - -

. 1. 1140/4] .

4.5 |561.879| 1140/4hrs 69 3.0291 73 4.5 561.879 0fdhrs &6 3.0756 8
5 624.31 | 1140/4hrs 69 3.0291 67

Crack v

B2: 20BF0+80CTO (RFS)

B2: 30BF0+70CTO (RFS)

Load (T)| Mpa Temp(°C) |R.G.D (%) | Bulk density(g/cc) |R.S.D (%)

Load (T) Mpa Temp(°C) |R.G.D (%) |Bulk density(g/cc) |R.S.D (%)

3.5 |437.017 | 1200/4hrs 60 2.634 74
4 |499.448| 1200/4hrs 64 2.8096 75 3.5 437.017 | 1200/4hrs 66.5 3.0989 86
45 |561.879| 1240/4hrs 66 2.8974 76 4 499.448 | 1200/4hrs 67 3.1222 87
4.5 561.879 | 1200/4hrs 68 3.1688 90
B3: 20BF0+80CTO (MWS)
Load (T)| Mpa Temp (°C) |R.G.D (%) | Bulk density(g/cc) |R.S.D (%) B3: 30BF0+70CTO (MWS)
3.5 |[437.017 | 1100/20min 64 2.8096 77 Load (T) | Mpa | Temp('C) |R.G.D(%)|Bulk density(g/cc) |R.S.D (%)
4 |499.448 | 1000/20min 66 2.8974 68 3.5 | 437.017 | 1100/20min 65 3.029 75
4.5 1561.879 66 2.8974 4 499.448 | 1200/20min 66 3.0756 93
5 624.31 66 -
T o () 4.5 561.879 | 1140/20min 68 3.1688 85
Load (T)| Mpa Temp (°C) [R.G.D (%) | Bulk density(g/cc) [R.S.D (%) B4: 30BF0+70CTO (MWS)
4.5 |561.879 [1200/20min 66 84 Load (T) Mpa | Temp(°C) |R.G.D (%) |Bulk density(g/cc)|R.S.D (%)
4.5 |561.879 [1240/20min 66 90
4.5 561.879 (1280/20min 66 4.1464344 94.28 4.5 561.879 |1180/20min 68 4.41342236 94.52
4.5 [561.879 [1280/20min 66 4.149513 94.35 4.5 561.879 [1180/20min 68 4.436021772|  95.004
4.5 [561.879 [1280/20min 66 4.2436302 96.49 4.5 561.879 [1180/20min 68 4.53482416|  97.12
B1: 40BF0+60CTO (RFS)
Load (T)| Mpa Temp(°C) |R.G.D (%) |Bulk density(g/cc) | R.S.D (%)
3 374.586 | 1140/2hrs 62 3.0814 75
3.5 437.017 | 1140/4hrs 66 3.2802 79
4 499.448 | 1140/4hrs 68 3.3796 82
4.5 561.879 | 1140/4hrs 68 3.3796 84
B2: 40BF0+60CTO (RFS)
Load (T)| Mpa Temp(°C) [R.G.D (%) |Bulk density(g/cc)|R.S.D (%)
3.5 437.017 | 1200/4hrs 65 3.2305 92
4 499.448 | 1200/4hrs 66 3.2802 93
4.5 |[561.879| 1200/4hrs 67 3.3299 93
B3: 40BF0+60CTO (MWS)
Load (T)| Mpa Temp(°C) |R.G.D (%) |Bulk density(g/cc) | R.S.D (%)
3.5 437.017 | 1100/20min 64 3.1808 89
4 499.448 | 1140/20min 66 3.2802 93
4.5 561.879 | 1140/20min 67 3.3299 94.88
B4: 40BF0+60CTO (MWS)
Load (T)| Mpa Temp(°C) |R.G.D (%) |Bulk density(g/cc) | R.S.D (%)
4.5 |561.879 (1140/20min 67 4.677816 94.88
4.5 |561.879 (1140/20min 67 4.777344 96
4.5 |561.879 (1140/20min 67 4.79277084 96.31

Fig. 4.13 Comparison between resistance furnace sintering (RFS) and microwave sintering
(MWS) techniques and optimization of sintering temperature conditions of (1-x) BFO-xCTO
(x=0.6, 0.7, and 0.8)

The reason for choosing the MWS technique is discussed in detail in the results and discussion

section.
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4.9 The characterization techniques used in the present investigation

>

Thermogravimetric analysis (TGA) of the samples was carried out using a thermal
analyser (SDT Q600 V20.9 Build 20 Germany) up to 1200°C at a heating rate of
10°C/min.

The crystal structure of the samples was identified by powder X-ray diffraction (XRD)
using Cu-Ka radiation (A= 0.154 nm) (Bruker D8 advance, AXS, D76181 Karlsruhe,
Germany). The Rietveld refinement of the powder diffraction data analysed the crystal
structure. The diffraction patterns were recorded in the 20 range of 20 to 80° with a step
size of 0.02° and a counting time of 0.8s/step.

Microstructural analysis was performed using FESEM (FEI Nova Nano SEM 450) and
FESEM JEOL JSM7100F. Elemental composition studies were conducted using EDS
(EDAX, AMETEK, USA) attached with FESEM.

Leakage current density (J) measurements were carried out using an [-V
characterization system (Keithley 4200-SCS Semiconductor Parameter Analyzer,
USA).

Dielectric permittivity and loss tangent (tan ) were measured using an Impedance
analyzer (Agilent- E4990A-010) in the frequency range 20 Hz—10 MHz. AC voltage
amplitude of 1 Vms) was used for the dielectric characterizations.

Frequency dependence of the dielectric properties of ceramics was investigated from
20 Hz to IMHz using a Hewlett Packard HP4284A LCR meter and from 1 MHz to 1.8
GHz using a HP4291A impedance analyzer, at room temperature. Additionally, a third
measurement was done from 20 Hz to 100 MHz with a Keysight E4990A impedance
analyser to confirm the dielectric measurement accuracy.

The chemical valance states of the Fe were determined by X-ray Photoelectron
Spectrometer (XPS) (Thermo Fisher Scientific Pvt. Ltd. UK, K-Alpha).

The samples' current-voltage (I-V) hysteresis curve characteristics have been carried
out using Keithley dual source Meter (Model: 2410-C).

Temperature-dependent dielectric permittivity and loss tangent were measured using
the impedance analyzers (Agilent- E4990A-010), and high-frequency dependent
dielectric properties were measured using broadband dielectric spectroscopy
(Alpha/Beta Analyzer — 1Hz to 2x107 Hz and high-frequency analyzer - 10°to 10° Hz
concept 80, Novocontrol Technologies GmbH & Co, Germany).

The ferroelectric response of the sintered samples was measured using Premier II

Ferroelectric Tester (Radiant Technology, USA).
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CHAPTER - 5A

RESULTS AND DISCUSSIONS

SA  Structural, and high-frequency dielectric characterization of novel

lead-free BFO-CTO, BFO-BZO, and BFO-STO ferroelectric ceramics

5A. 1. Structural characterizations

Figures 5A.1, 5A.2, and 5A.3 show the XRD patterns of calcined powders of BFO,
CTO, as received powders of STO, BZO and sintered pellets of BFO-BZO, BFO-CTO and
BFO-STO. As evident from the powder diffraction pattern BFO crystallizes in rhombohedral
phase (JCPDS card no. 01-086-1518) with very minor presence of BizFesO9 as the impurity
phase. CTO crystallizes in pure cubic phase (JCPDS card no. 03-065-3287) with no traceable
impurity within the detection limit of powder XRD. The X-ray diffraction pattern of the
prepared BFO and CTO powders agrees well with the reported literature [1, 2]. As received
polycrystalline STO and BZO powders show phase pure cubic structure and well match with
the JCPDS card nos. 00-006-0399 for BZO and 00-035-0734 for STO powder. A closer look at
the XRD patterns of the sintered samples, BFO-BZO, BFO-CTO and BFO-STO reveals that
they are solid solutions of the component phases with very rare occurrence of the BioFe4Oo as

the impurity phase.

* Bi;Fe..og = cal. BFO (Rhombohedral)
cal. BZO (Cubic Perovskite)
sint. BFO-BZO

JCPDS card no.|00-006-0399

200

J01-086-1518

012 lloo
—
110
11
210
214
220
310
311
222

1010 3

Relative Intensity (arb. unit)

20 30 40 50 60 70 80
20 degree

Fig 5A. 1 XRD patterns of calcined powders of BFO, BZO and sintered pellet of BFO-BZO
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* Bi,Fe,O, ——cal. BFO (Rhombohedral)
cal. CTO (Cubic Perovskite)
sint. BFO-CTO

. l o
= o 4 A
T 2 s JCPDS card no. 03-065-3287
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2 JCPDS card no.[01-086-1518
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[00
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Fig 5A. 2 XRD patterns of calcined powders of BFO, CTO and sintered pellet of BFO-CTO

[ —— cal. BFO (Rhombohedral)
cal. STO (Cubic Perovskite)
sint. BFO-STO

* Bi,Fe,0,

G 114_1 M

- JCPDS card no. P0-035-0734

110

111

100

01-086-1518

Relative Intensity (arb. unit)

Fig 5A. 3 XRD patterns of calcined powders of BFO, STO and sintered pellet of BFO-STO

While the XRD pattern of BFO-STO contains peaks from diffracting planes of BFO
and STO simultaneously, those of BFO-BZO and BFO-CTO are dominated by the peaks from
diffracting planes of BZO and CTO, respectively. The shifting and magnitude of shifting of the
diffraction peaks of BZO and CTO to lower angles correlates well with the larger ionic radii of
Ba™ and Ca*™ compared to ionic radius of Bi*® (Bi** = 1.17 A (for 8 coordination) while Ba™
= 1.61 A (for 12 coordination), and Ca*? = 1.34 A (for 12 coordination)). The different
behaviour of BFO-STO, where ionic radius of Sr*? (1.44 A for 12 coordination) is in between
those of Ba*? and Ca*?, is not known to us in this investigation. However, a very careful analysis
of the high resolution XRD data of all the three sintered samples show different level of

impurity content in them. Whereas, BFO-STO shows very minimal impurity content in the
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sintered sample, BFO-BZO and BFO-CTO contain more impurities, as shown in Fig. 5A.4, in

them.

*BiyFer039 &BiFeO, — sint. BiFeO,- SrTiO,
-Bi,0;  "Ba0 e sin (. BiF e04-CaTiO,
#TiO *Ti,0, -

2 == sint. BiF e0;-BaZrO,

ll;l .

p
b

Intensity (a.u.)

20 30 40 50 60 70 80
20 (degree)

Fig 5A. 4 XRD patterns of sintered pellets of BFO-BZO, BFO-CTO and BFO-STO
5A. 2. Microstructural characterizations

The microstructure of the fractured surface of the sintered pellets is shown in Figures
5A.5, 5A.6, and 5A.7. The grain size distributions have also been shown in the inset of the
microstructures. As can be seen in Fig. 5A.5, a nearly bi-modal distribution with spherical
morphology of the grains is seen in the sintered microstructure of BFO-BZO sample. A fairly
wide grain size distribution, as seen in inset of Fig. SA.5, with mean grain size Dso ~ 325 nm

has been observed for sintered BFO-BZO sample.

’ || Grain Size Distribution
254—— Gauss Fit

No. of Grain

—

200 300 400 500
Grain Size (nm
: 4

100

[ ] 100nm UDSMM 12/19/2018
x30,000 Vacc=15.0kV Mode=SEM FOV=4000nmx3000nm

Fig SA. 5 Microstructure of the fractured surface of the sintered pellets of BFO-BZO. The
respective inset shows the mean grain size and the distribution of grain sizes in the sintered
pellets.
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Grain Size Distribution
Gauss Fit

750 1500 2250 3000 3750 4500 5250

Grain Size (nm
- 100nm UDSMM 12/19/2018
x30,000 Vacc=15.0kV Mode=SEM FOV=4000nmx3000nm

Fig 5A. 6 Microstructure of the fractured surface of the sintered pellets of BFO-CTO. The
respective inset shows the mean grain size and the distribution of grain sizes in the sintered
pellets.

[ | Grain Size Distribution|

304 FG“SS Fit

No. of Grain

o = o
200 400 600 800 1000
Grain Size (nm)

- W=

- 100nm UDSMM 12/19/2018
x30,000 Vacc=15.0kV Mode=SEM FOV=4000nmx3000nm

Fig 5A. 7 Microstructure of the fractured surface of the sintered pellets of BFO-STO. The
respective inset shows the mean grain size and the distribution of grain sizes in the sintered
pellets.

A difference in sintering ability and grain growth kinetics of BFO and BZO phases can
lead to such sintered microstructure with nearly bimodal grain size distribution. Microstructure

of the sintered BFO-CTO sample, as shown in Fig. 5A.6, is quite different. A nearly
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homogeneous structure with faceted grains and relatively narrow grain size distribution, as
shown in inset of Fig. 5A.6, are seen in the sintered microstructure. Average grain size, Dso
~1.5 pum, which is nearly 5 times larger than BFO-BZO sintered grains, is observed. A mean
grain size, Dso ~400 nm with relatively wider grain size distribution has been observed for
sintered BFO-STO samples and is shown in Fig. 5A.7. Not much faceting of the grains is
observed for this sample. A difference in sintering behavior of BFO and STO might lead to

such heterogeneous microstructure with limited densification.

5A. 3. Dielectric characterizations

All the samples were characterized in a large frequency range, 20 Hz to 1.8 GHz. The
dielectric properties, i.e. the dielectric constant and the loss tangent were calculated from the
measurements of the sample resistance and capacitance. Fig. 5A.8 shows the frequency
dependent dielectric constant and loss tangent for BFO-BZO. All the data points, obtained from
3 different impedance analyzers for covering the entire frequency range, are plotted in Fig.
5A.8. At lower frequency, from 20 to 1 kHz, the dielectric constant value slowly decreases
from 500 to 100. This behavior at low frequency is commonly observed in ferroelectric
ceramics and is generally associated with extrinsic effects related to fabrication parameters
such as pellet preparation and sintering conditions. In fact, these parameters influence the final
microstructure of the ceramic samples, where holes, pores and large grain boundaries can act
as space-charge areas. These space-charge effects can have an important influence on the
evolution of the dielectric constant at low frequency because electric carriers can be trapped in
structural defects. These space-charge effects generate additional capacitances that increase the
measured capacitance of the sample. Dielectric properties of ferroelectric materials are very
sensitive to ionic substitution and defects. Holes, pores, and large grain boundaries are the
influential parameters of dielectric constant and dielectric loss, from the critical observation of
dielectric measurements it can be noticeable that these parameters will act as space-charge

arcas
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Fig 5A. 8 Frequency dependence of the dielectric constant and loss tangent for BFO-BZO
sample sintered at 1100 °C/2h

Beyond 1 kHz, the dielectric constant value becomes quite constant and close to 100
until 1 GHz. This response of the BFO-BZO sample is encouraging because the conditions of
the sample preparation have not yet been optimized at this stage of our study. And a better
characteristic i.e., almost frequency independent dielectric constant in the entire frequency

range studied from 20 Hz to 1.8 GHz could be obtained with a better density of the ceramic.

The loss tangent value sharply decreases from 1 to 0.02 in the frequency range 20 Hz
to 5 MHz followed by an increase to 0.08 at f = 500 MHz. Beyond 500 MHz, the decrease in
loss tangent is due to an artifact. This part of the loss is most probably due to a resonance
phenomenon, which is defined by the inductance and capacitance of the measured sample. The
resonance frequency is effectively given by the relation, f; = 1/ (2.n.Ls.Cs) where Ls is the
inductance of the measurement device and Cs is the sample capacitance. The measuring device
holds the pellet and makes the connection between the sample and the measurement cables.
For minimizing the effect of this resonance, the resonance frequency must be as high as
possible. In this way, the electrical connections must be as short in length as possible and the
dimensions of the measured sample must be adapted to the frequency range. For high frequency
measurements, the pellet diameter must be as low as possible, while the thickness must be high,

of the order of few millimetres.
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In Fig. 5A.8 the resonance frequency is not completely observed. Instead, the beginning
of the resonance effect beyond 500 MHz is observed, which induces a decrease in the loss

tangent value at the highest frequencies of the measurement range.

Figure. 5A.9 shows the variation in dielectric constant (¢") and loss tangent as a function
of frequency for the sintered BFO-CTO sample. At low frequency, from 20 to 1 kHz, the
dielectric constant value slowly decreases from 2000 to 200. Then from 1 kHz to 100 kHz, the
¢’ value slowly decreases to 90, which remains almost stable at higher frequencies. Beyond

800 MHz, the &’ evolution is due to a resonance effect.
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Fig 5A. 9 Variation in dielectric constant and loss tangent as a function of frequency for the
sintered BFO-CTO sample.

The loss tangent shows a completely different behaviour. In fact, the loss tangent
exhibits a peak in the low frequency part. Beyond this peak, the tand value decreases from 1 at
1 kHz to 5x1073 at 50 MHz. Then at higher frequencies (> 10 MHz), the loss tangent increases
from 0.01 to 0.028. Beyond 800 MHz, the decrease in the loss tangent is due to the resonance
phenomenon, as described previously. From a closer look at the dielectric data in the entire
frequency range it is seen that the low frequency loss behaviours are different than those of the
BFO-BZO sample. In order to understand the behaviours of the sample at lower frequencies

the dielectric data up to 1 MHz were carefully analyzed and is separately given in Fig. SA.10.
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Fig 5A. 10 Low frequency, up to 1 MHz, dielectric behaviours of sintered BFO-CTO sample

The losses €" are the imaginary part of the complex dielectric permittivity. In Fig. 5A.10
the loss peak is observed for BFO-CTO sample which is approximately cantered at f ~ 100 Hz.
This kind of behaviours is the characteristic of dielectric relaxation phenomena. At low
frequency, this dielectric relaxation is generally associated with the Maxwell-Wagner (MW)
type interfacial polarization effect. Maxwell-Wagner effect is related to the displacement and
accumulation of electrical charges that significantly influence the dielectric properties. This
type of dielectric relaxation is therefore probably due to an extrinsic effect, and not related to
the intrinsic property of the material. Electric charges can be accumulated around the defects
in the sample, such as grain boundaries, porosities, or areas where the metallic electrode is not
in contact with the bulk ceramic, causing space-charge effects at low frequency generally called
the Maxwell-Wagner effect. The occurrence of MW type interfacial polarization effect leading
to low frequency loss peak in the dielectric spectrum in BFO-CTO sample correlates well with
the physical structure of this material. Among the 3 solid solutions studied in this investigation,
BFO-BZO, BFO-CTO, and BFO-STO, BFO-CTO has shown the least volume shrinkage
(~5%), or in other words the porosity content should be highest in this sample. Presence of
porosities, voids and grain boundaries are ideal locations for trapping of electrical charge
carriers leading to space charge polarization. The effect becomes more severe if these potential
charge carrier traps are located on the surface of the sample. The electrode material gets

deposited on those areas making them more vulnerable to produce space change effect.
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Fig. 5A.11 presents the variation in dielectric constant and loss tangent as function of
frequency for the sintered BFO-STO sample. The dielectric constant slowly decreases from
400 to 200 in the large frequency range 20 Hz < f < 500 MHz. Beyond 500 MHz, the change
in ¢ is due to the resonance effect. The loss tangent value continuously decreases from 0.4 to

0.05 in changing frequencies from 20 Hz to 100 kHz.
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Fig 5A. 11 Frequency dependent dielectric constant and loss tangent variation for the sintered
(1100 °C/2h) BFO-STO sample

Then the loss tangent value remains quite stable at 0.07 until 800 MHz. Beyond 800
MHz, the decrease in loss tangent is due to an artifact. This part of the loss tangent curve is due

to the resonance phenomenon, as described earlier.
5A. 4. Conductivity properties as a function of frequency

Figure. 5A.12 shows the frequency dependent a.c. conductivity of all the sintered
samples. The different compositions show values ranging from 107 to 10" S/m from low to
high frequency. Below 10 kHz, BFO-CTO shows the highest conductivity due to its high losses
caused by the Maxwell-Wagner type interfacial polarization effect shown in Fig. 5A.12. Above
100 kHz, all plots show similar behaviours meaning that the conductivity mechanism is quite

similar in all the 3 samples in the medium to high frequency range.
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Fig 5A. 12 Frequency dependence of room temperature A.C. conductivity of the sintered
BFO-BZO, BFO-CTO and BFO-STO samples. 3 labels of data points of each of the sample
indicate that the estimated conductivity from the dielectric data has been collected from 3
different Impedance Analyzer to cover the entire frequency range

5A. 5. Discussion

All the compositions studied in this investigation have the potential for electrical energy
storage and therefore worth to have a comparison of their suitability. Table SA.1 below provides
some values extracted from the dielectric characterizations of BFO-BZO, BFO-CTO and BFO-
STO in the frequency range 20 Hz < f < 1.8 GHz.

Table 5A. 1 Dielectric properties of BFO-BZO, BFO-CTO and BFO-STO at = 10 kHz and

10 MHz
BFO-BZO | BFO-CTO | BFO-STO
¢’ (10 kHz) 100 112 255
¢’ (10 MHz) 85 85 195
tand (10 kHz) 0.15 0.5 0.05
tand (10 MHz) 0.08 0.02 0.07

BFO-BZO and BFO-CTO show similar values of dielectric constant at low and high
frequencies. Except the low-frequency part, where BTO-CTO shows a Maxwell-Wagner effect,
BFO-BZO and BFO-CTO dielectric properties are almost similar in the entire frequency range.

But, BFO-CTO gives better performance at higher frequencies with lower loss tangent values.
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BFO-STO, on the other hand, shows a quite low dispersion of the dielectric constant value. &'
values are almost 2.3 times higher than those of BFO-BZO and BFO-CTO, at both low and
high frequencies. The loss tangent value is quite stable in a large frequency range, with tand =
0.05 at 10 kHz and 0.07 at 100 MHz.

The very different behaviours of BFO-STO can be related to its crystalline structure
because its XRD pattern contains peaks from diffracting planes of BFO and STO
simultaneously. In comparison, the diffraction patterns of BFO-BZO and BFO-CTO are
dominated by the peaks from diffracting planes of BZO and CTO, respectively. The
microstructure of the ceramics does not explain the similar behaviours of BFO-BZO and BFO-
CTO. Indeed, BFO-BZO is composed of 2 types of grains, i.e., smaller grains ranging from
100 to 150 nm and bigger ones ranging from 400 to 500 nm. A difference in the starting particle
sizes of BFO and BZO may lead to such sintered microstructure with heterogeneous grain size
distribution. BFO-CTO, on the other hand, is composed of big pseudo-cubic grains with a Dso
~ 1.5 pm.

Researchers have been studying BZO and CTO ceramics for many years. BZO is well-
known for having low dielectric constant values, i.e., in the range 30 — 40 [3]. But CTO offers
higher values with ¢’ = 140 — 160 [4]. More recently BFO has attracted a great attention due to
its numerous properties. Jun Lu et al. have shown from a very low-temperature dielectric
measurements on BFO ceramic that the intrinsic value of the dielectric constant is close to 80
[5]. The measurement artifacts and ceramic microstructure, which are extrinsic contributions,
have generally an influence on the dielectric properties at low and medium frequencies. So
high frequency measurements can reveal the intrinsic properties of the material. Here BFO-
BZO and BFO-CTO give a dielectric constant value at high frequency, &' = 85, which is very
close to that of BFO intrinsic value [5]. So, BFO properties seem to have a strong influence on
the properties of BFO-BZO and BFO-CTO ceramics.

As highlighted earlier, BFO-STO behaves very differently. In fact, BFO-STO exhibits
values of the dielectric constant that are closer to those reported for STO [6]. In fact, STO
ceramic shows ¢’ values close to 300 at room temperature. This kind of dielectric constant

values have been reported for films studied in the low-frequency range [7].
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CHAPTER - 5B

SB Investigation of Structural, Electrical, and Dielectric Properties of

Lead-Free (BiFeO3)a-y — (CaTiO3)x Ferroelectric Ceramics

5B. 1. Structural characterization of calcined BFO and CTO

X-ray diffraction patterns of the calcined BFO and CTO powder samples in the 20 range
from 20°C to 80°C are shown in Fig. 5B.1. The powder diffractogram of BFO powder calcined
at 550°C for 2 h, and 600°C for 2 h revealed the formation of BFO phase along with Bi2Fe409
as the impurity phase. The diffraction peaks of BFO calcined at 650°C for 2 h, indexed to the
Rhombohedral (matches with JCPDS card no. 01-86-1518) crystal structure with R3c space
group symmetry with no traceable impurity within the detection limit of powder XRD is shown
in Fig. 5B.1a. The powder diffractogram of CTO powder calcined at 1150°C for 4 h, and
1200°C for 4 h revealed CTO phase along with CaO impurity phase. The diffraction peaks of
CTO calcined at 1250°C for 4 h, indexed to the Orthorhombic (matches with JCPDS card no.
88-0790) crystal structure with Pbnm space group symmetry with no traceable impurity within

the detection limit of powder XRD is shown in Fig. 5B.1b.
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Fig 5B. 1 X-ray diffractogram of calcined (a) BFO and (b) CTO powder samples

5B.2. Thermogravimetry analysis

Fig. 5B.2. Shows the thermogravimetry (TG) results of representative (BFO).) —
(CTO)x (x = 0.6, and 0.8) samples, in which the mass of the sample is monitored against the

temperature change where the powder samples were kept under identical heating atmosphere.
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Fig 5B. 2 Thermogravimetric analysis (TGA) of (BiFeO3)a-x) — (CaTiO3)x ceramics: (a) X =
0.6 and (b) x=0.8

The approximate sintering temperatures were estimated from the derivative weight%
curve (endothermic curve), where the significant changes were observed within the
temperature ranges from 1020°C to 1200°C for x = 0.6, as shown in Fig. 5B.2a, and from
1050°C to 1200°C for x = 0.8 as shown in Fig. 5B.2b. The thermal changes observed at 580°C

to 620°C for x = 0.8 is not known to the authors as of now.

5B. 3. Sintering temperature difference of BFO and CTO and choosing the MWS

technique

Whereas BFO is known to be sintered at ~850-900 °C, the sintering temperature for
CTO is ~1350 °C. With ~500°C difference in the sintering temperature getting a good sintered
density of the BFO-CTO solid solution sintered at a particular temperature by conventional
solid-state sintering is quite a challenging task. Conventional sintering in resistive heating
furnace was tried in the temperature range 1100-1280 for 4h. Variation in relative sintered
density (% RSD) with sintering temperature is shown in Fig. 5B.3 for x = 0.6 (a), 0.7 (b) and
0.8 (¢). An increase in RSD from 84-93%, 72-90% and 68-80% has been observed for x = 0.6,
0.7 and 0.8, respectively, with increase in sintering temperature from 1100 to 1280°C. The
increase in sintered density with increase in temperature is least for x = 0.8 and highest for x =
0.6, which is due to higher CTO content in the sample which is known to sinter at much higher
temperature compared to the sintering temperature employed in the current study. Such poor
sintering in the conventional resistive heating furnace resulted in porous microstructure with

inhomogeneous grain growth as shown in Figure 5B.4 for two representative samples with x =
0.6 (a) and x = 0.8 (b).
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Fig 5B. 3 FESEM micrographs of (BiFeO3)x) — (CaTiO3)x conventional sintered samples:

(a) x = 0.6, and (b) x = 0.8

To overcome this problem of conventional sintering in resistive heating furnace

microwave sintering was tried to sinter the samples.
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Fig 5B. 4 Relative sintered density of (BiFeO3) (1-x) — (CaTiO3) x, MWS vs RFS for (a) x =
0.6, (b) x=10.7, and (c) x = 0.8. Dotted lines are the guide to the eye
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Microwave sintering is known to produce volumetric heating of the sample provided
the material to be sintered couples effectively with the microwave field. If the material responds
well to the microwave radiation, then very high sintered density with dense microstructure is
possible in a relatively shorter time than conventional sintering. Microwave sintering was
carried out at temperatures 1100-1280°C for just 20 mins and the %RSD of the microwave
sintered samples has been plotted and compared with those obtained from conventional
sintering in Fig. 5B.3. It is interesting to note in figure 5B.3 that microwave sintering resulted
in much higher sintered densities than those obtained by conventional sintering. For sample
with x = 0.6, 95% of the RSD was achieved only at 1140°C sintered for just 20 mins, whereas
95% of the RSD was achieved at 1200 and 1280°C for samples with x = 0.7 and 0.8
respectively. One more interesting feature to note is, not much increase in the sintered density
was observed for sample with x = 0.6 whereas, %RSDs are seen to have much more
temperature dependence for other two samples. Since microwave sintering resulted in much

better densifications of the samples, they were used for further studies.

5B. 4. Structural characterization of sintered (BFO)a-y — (CTO)x

Fig. 5B.5. Shows the X-ray diffraction patterns of microwave sintered (BFO).x) —
(CTO): (x = 0.6, 0.7, 0.8) samples. To identify the crystal system and change in lattice
parameters in BFO-CTO solid solution system, Rietveld refinement was carried out using
Full Prof software. Rietveld refinement of the X-ray diffraction data has been performed based
on the previous preliminary X-ray diffraction results and reported literature [1, 2]. All the
structural models were refined with the Pseudo-Voigt peak shape function. Significantly
improved goodness of fit was obtained with single-phase perovskite structure (Orthorhombic)
for x = 0.6, 0.7, and 0.8 with Pbnm space group symmetry which is shown in Fig. 5B.5a-c.
Good agreement between the observed and calculated X-ray diffraction profile can be seen in
the figure. Rietveld refinement results have shown that an increase in CTO content from x =
0.6 to 0.8 weakens the rhombohedral symmetry of BFO. Shifting of the diffraction peaks to
higher angles, broadening and merging of the peaks led to the distorted perovskite structure
(orthorhombic), which are in good agreement with the reported literature [1, 2]. It was observed
that (104) and (110) diffraction peaks of BFO centred ~32° shifted to higher diffraction angles,
broadened, and merged into one peak as shown in Fig. 5B.5d, indicating that the solid solution
undergoes a structural phase transformation from rhombohedral to orthorhombic symmetry

with increasing CTO content [3]. The shifting of diffraction peaks of BFO to higher angles can
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be attributed to the partial substitution of lower ionic radii of Ca** (100 pm) for Bi** (103 pm),
and Ti*" (60.5 pm) for Fe*" (64.5 pm) [4].
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Fig 5B. 5 Rietveld refined analysis results of X-ray diffraction pattern of (BiFeO3)(1-x) —
(CaTiO3)x, (a) x = 0.6, (b) x =0.7, and (c) x = 0.8. (d) Merged and broadened XRD pattern in

the vicinity of 32°
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5B. 5. Structural tolerance factor (t)

The structural transition was further confirmed by analysing the Goldsmith tolerance
factor which is known to describe the stability of the perovskite structure. Fig. 5B.6.
Represents the estimated tolerance factor ‘t” of (BFO)(1x) — (CTO): (x =0, 0.6, 0.7, and 0.8)
samples, plotted as a function of CTO content (x), and can be obtained using the following

expression,

[(1 —x)Rp;3+ + XRpg2+ + Rpz-]
\/2[(1 -X)Rpeg3+ + XRpja+ + Rp2-]

The tolerance factor (t) in figure 5B.6 is seen to increase with increasing CTO content
of the (BFO)(1-xy) — (CTO)x (x = 0, 0.6, 0.7, and 0.8) samples, indicating increasing structural
symmetry and further confirming the structural phase transition of the BFO-CTO solid

solutions. The obtained tolerance factor values agree with the earlier reported literature [1].

0.849

—u#— Tolerance factor /

0.848
0.847 +
+~ 0.846
0.845 +

0.844 +

0.843 — T T T T

Fig 5B. 6 Tolerance factor of (BiFeOs) (1-x) — (CaTiO3) x (x =0, 0.6, 0.7, and 0.8) ceramics
as a function of x.

5B. 6. Microstructural characterization

Fig. 5B.7. shows the FESEM micrographs of microwave sintered samples of (BFO)(1-
0 —(CTO)x (x=0, 0.6, 0.7, and 0.8) ceramics. Pure BiFeO3 microstructure, microwave sintered
at 850°C for 20 minutes, displayed very poor densification (%RSD ~85%) with residual
porosities confined mostly in the grain boundary regions. Apart from BFO grains the

microstructure also consists of a mullite type (Bi2Fe4O9) secondary phase which appears as
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white spots and distributed throughout the BFO matrix as shown in fig. 5B.7a. The distribution
of porosities has been shown in larger area of the sample. The microstructures of the BFO
ceramics, in presence of CTO, are very different. Highly dense microstructure has been
observed for samples with x = 0.6, 0.7 and 0.8 as shown in fig. 5B.7(b-d). Grain size
distribution of the samples are shown in the inset of figures 5B.7(a) to 5B.7(d).

Although pure BFO (x = 0) resulted in porous microstructure, the average grain size was ~30
um. But grain refinement has been observed in the BFO-CTO sintered samples. Grain size
distribution revealed that the average grain size of the samples with x = 0.6 was ~0.9 um and

for x = 0.8 was ~1.5 um. But the average grain size of the sample with x = 0.7 was ~6 pm.

Fig 5B. 7 FESEM micrographs of (BiFeO3)(1-x) — (CaTiO3)x microwave sintered samples:
(a)x=0,(b)x=0.6, (c)x=0.7,and (d) x = 0.8. The inset shows the grain size distribution
of the samples

Although occasional appearance of few larger grains in the microstructure may result from the
presence of lower melting BFO in the BFO-CTO solid solution matrix, but significant
enhancement in the average grain size of the sample with x = 0.7 (compared to x = 0.6 and 0.8)

1s not known to us at the moment.
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5B. 7. Elemental studies

Elemental compositions were studied by energy dispersive spectroscopic (EDS)
analysis of the microwave sintered samples. Although Bi is quite volatile in nature, presence
of Bi along with all the other elements were observed in the EDS spectrum of the samples as

shown in fig. 5B.8 (a-c) and the estimated wt.% of the elements are shown in table 5B.1.

Table 5B. 1 Elemental analysis of the sintered samples of (BiFeO3) (1-x) — (CaTiOs) x, (x =
0.6, 0.7, and 0.8)

Element x=0.6 x=0.7 x=0.8
(wt%) (wt%) (wt%)
Ca 22.30 24.77 25.52
Ti 27.35 26.78 24.30
(0] 23.90 29.23 34.93
Bi 18.23 13.36 8.25
Fe 8.22 5.80 7.00
ol x=0.6
x=0.7
Spectrum x=0.38
I o B !‘n.a‘n.

Fig 5B. 8 Elemental analysis of sintered (BiFeO3)(1-x) — (CaTiO3)x (x = 0.6, 0.7 and 0.8)
ceramics
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5B. 8. Conduction mechanisms in (BFO)-y — (CTO). ceramics

Electric field dependent leakage current densities (J) of the samples (BFO)(1-x) — (CTO)x
(x=0,0.6, 0.7, and 0.8) have been shown in fig. 5B.9. It is noted that the current densities of
the bulk BFO-CTO samples were diminished by several orders of magnitude with increasing
CTO content, 1.9 x 10" A.cm™ for x =0 to 7.4 x 10° A.cm™ for x = 0.8 at an applied electric
field of 1 kV.cm™!. From a careful look at the J-E curves it is seen that all the samples show
ohmic behaviour at lower electric fields (logioJ ~ S logio E, where the slope S = 1). With
increasing electrical field, the conduction mechanism probably changed to space charge limited
conduction (logioJ ~ S logio E, where the slope S =~ 2) at intermediate fields for pure BFO (x =
0), with charge carriers available from various sources. The Schottky or Poole-Frenkel type
conduction was observed at higher fields (logioJ ~ S logio E, where the slope S > 2) may be
due to the highly conductive nature of BFO (x = 0) [5-7]. BFO is known as conductive ceramic
due to valence fluctuations of ‘Fe-ions.” i.e., Fe** to Fe?" transition, where the oxygen vacancies
act as charge carriers, which enhances the leakage current. Therefore, suppression of the
valence fluctuation of ‘Fe’ ions might reduce the leakage current. Transition of Fe*" to Fe**
was reported in BFO based ceramics for partial substitution with analogous ions (Ti, Mn, Al,
and Co) or in BFO-ABO;3 (such as STO and BTO) type solid solution compositions [5, 8-11].
It is anticipated that in presence of CTO partial substitution of Ti*" ions at ‘Fe’ sites of BFO
should suppress the Fe valence fluctuations, consequently reducing the leakage current. CTO
is a highly resistive material, and Ca-O bond energy is higher than Bi-O bond energy. When
Ca ions substitute for Bi ions in A site, and Ti ions substitute for Fe in B site the change in
valence state of Fe-ions from Fe* to Fe?" is suppressed [12-13]. The observed reduction in the
leakage current densities in the (BFO)(1-x) — (CTO)x (x =0, 0.6, 0.7, and 0.8) solid solutions at
all fields studied in this investigation is certainly due to the valence fluctuations of the Fe ions.
Electric field dependent conductivity and electrical resistivity of the samples, (BFO)i.x) —
(CTO)x (x =0, 0.6, 0.7, and 0.8) are shown in fig. 5B.10a (for conductivity) and b (for
resistivity) respectively. Almost two orders decrease in the electrical conductivity or increase
in the resistivity, from 1.04 x 10° Q cm (x = 0)to 2.16 x 10’ Q cm (x = 0.8) have been observed
with increasing CTO content of the samples. Also, the electrical properties, conductivity, or
resistivity, have been found to be independent of the applied electric field studied in this
investigation. The increased resistivity of the samples helps the material to withstand higher
electric fields without undergoing an electrical breakdown, which is essential for higher

recoverable energy density.
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Fig 5B. 9 Leakage current density as a function of electric field at room temperature for
sintered (BiFeO3) (1-x) — (CaTiO3) x samples with x =0, 0.6, 0.7 and 0.8
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Fig 5B. 10 Variation in electrical conductivity and resistivity of (BiFeOs3)(1-x) — (CaTiO3)x
ceramics as a function of electric field at room temperature for samples with x =0, 0.6, 0.7
and 0.8

5B. 9. Dielectric properties

Frequency-dependent dielectric permittivity (¢') and loss tangent (tan o) have been
shown in Fig. 5B.11a-b. The permittivity and loss tangent of BFO-CTO samples showed
frequency dependence. The dielectric permittivity increased with increasing CTO content (~95
for x = 0.6, ~124 for x = 0.8) at 10 MHz and decreased with increasing frequency (~186 at 1
MHz and ~124 at 10 MHz for x = 0.8). The relatively lower permittivity ~114 at 10MHz of the
sample with x = 0.7, compared to x = 0.6 and 0.8, could be related to grain size effect. Loss
tangent of the samples is found to reduce with increasing CTO content up to x = 0.7 and a

marginal increase for x = 0.8, ~0.38 for x = 0, ~0.27 for x = 0.6, ~0.03 for x = 0.7, and ~0.06
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for x = 0.8 at 10 MHz, as shown in fig. 5B.11b. Whereas the samples with x =0, 0.7 and 0.8
showed relatively weak frequency dependence in the range studied, a sharp rise in the loss
tangent with decreasing frequency has been observed for sample with x = 0.6, which could be
related to its smaller grain structure. The lowest loss observed for x = 0.7 ~0.01 at 5 MHz and
higher frequencies could be attributed to grain size effect and correlates well with dielectric
permittivity and microstructural data. Therefore, CTO addition in the BFO matrix offers higher
¢' and lower tan 6 which are in good agreement with the earlier reported literature [1, 14-16].
The observed €' values for our samples (x = 0.6-0.8) is larger than the reported &' values (~95
forx=0.1, ~110 for x =0.15 and ~100 for x =0.2) at 10 MHz as reported by Q Q Wang et al.
[26] and ~85 at 10MHz as reported by Sreenu et al [42]. The loss tangent value of our sample
with x = 0.7 is lower than the reported tan d values (~0.19 for x = 0.1, ~0.16 for x =0.15, ~0.17
for x = 0.2 and the lowest loss observed was ~0.03 for x = 0.3) at 10 MHz [26] and ~0.02 at 10
MHz as reported by Sreenu et al [15]. Higher €' will facilitate miniaturization of the

components and lower tan ¢ will prevent energy dissipation in the energy storage devices.
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Fig 5B. 11 Room temperature frequency dependent (a) dielectric permittivity (¢'), and (b) loss
tangent (tan o) of (BiFeOs3)(1-x) — (CaTiOs3)x ceramics with x =0, 0.6, 0.7 and 0.8
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CHAPTER - 5C

5C Influence of CTO on Structural, Microstructural, Electrical and
Dielectric Properties of BFO-based Lead-Free Ceramics Through

Microwave Sintering

5C. 1. Structural analysis

XRD was utilized to determine the crystal structure of the sintered BFO(i-y) - CTOx (x
=0,0.1,0.3, 0.5 and 1) materials which are illustrated in Figure 5C.1(a-e). Rietveld refinement
fitting mode was employed to identify the samples' weighted phase fraction, lattice parameters
and volume variations for different stoichiometric compositions (e.g., x =0, 0.1, 0.3, 0.5 and
1). In this analysis, the Pseudo-Voigt profile function is utilised to accurately describe peak
shape, as it considers the broadening due to instrumental effects (Gaussian) and intrinsic
broadening caused by crystalline properties (Lorentzian). Figure 5C.1a shows the Rietveld
refined characteristic diffraction pattern of pure BFO (x = 0), revealing that the pure BFO
exhibits a rhombohedral (R) crystal structure with R3¢ space group symmetry. Figure 5C.1b
displays the partial substitution of CTO into BFO matrix and exhibits orthorhombic (O) (85%
weighted phase fraction corresponding to Bio.sCao.4FeosTi0403) + R (15% corresponding to
BFO) crystal structure with Pbnm + R3c symmetry for 0.1 of x. Figure 5C.1(c-e) was displayed
'O’ crystal structure for x = 0.3 (Fig 5C.1c), x = 0.5 (Fig 5C.1d) and x = 1.0 (Fig 5C.1¢). These
results are in accordance with the previous reports [1, 2]. The observed and calculated
intensities are very well fitted and the corresponding lattice parameters, goodness of the fit,
weighted phase fraction and volume variations yielded by Rietveld refinement are represented

in Table 5C.1.

Figure 5C.1f shows enlarged XRD peaks at the concentration of 32°, it was noticed that the
diffraction peaks (104) and (110) shifted towards the larger angles with merging, splitting, and
broadening, resembling the occurrence of phase transition from 'R' to 'O' with increasing CTO
concentration and the reduction in the volume from 237.29 (A%) (x =0.1) to 231.23 (A%) (x =
0.5) (ref. Table 5C.1) which is attributed to the partial substitution of lower ionic radii of Ca>*
(100 pm), Ti** (60.5 pm) for A site (Bi**, 103 pm) and B site (Fe**, 64.5 pm) respectively.
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Fig 5C. 1 The outcomes of Rietveld refinement analysis of the X-ray diffraction pattern of

(BFO)@-x)— (CTO)x, (a) x =0, (b) x=0.1, (¢c) x =0.3, (d) x = 0.5, and (e) x = 1 (f) Enlarged
XRD pattern in the vicinity of 32°
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Table 5C. 1 Structural parameters of (1-x)BFO — xCTO yielded by the Rietveld refinement of

the XRD results.
CT concentration (x) 0.1 0.3 0.5 1
Orthorhombic

Phase Fraction (%) 5 100 3 100
a(A) 5.556302 5.506796 5.512434 5.432196
b(A) 7.811051 7.727080 7.754039 7.644456
c(A) 5.467569 5.438356 5.434211 5.386050
V(A% 237.29560 232.45310 231.23540 223.66210

1 4.00 1.31 2.69 1.66

5C.1.1 Graphical representation of BFO-CTO samples

Fig 5C. 2 Schematic visualization of (BFO)(1-x)— (CTO)x ceramics for (a) x = 0.1, (b) 0.5, and
(c) distorted perovskite structure.
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Figure 5C.2 illustrates the schematic of the crystalline structure of the BFO-CTO
representative samples for x = 0.1 and x = 0.5 (ref. Figures 5C.2a, 5C.2b). VESTA tool was
utilised to measure the angles between the atoms and visualization of Bi, Ca, Fe, Ti, and O

positions using different colours. The measured angles for different compositions (e.g., x =0,
0.1, 0.3, 0.5 and 1.0) are illustrated in Table 5C.2. The deviation in angles (e.g., 54.32° for x =
0 and 56.31° for x = 0.1) between the atoms is ascribed to the partial substitution of CTO into
the BFO matrix (Ca?" (100 pm for A site (Bi**, 103 pm) and Ti*" (60.5 pm) for B site (Fe*",
64.5 pm)) due to which a distorted perovskite structure is attained (ref. Figure 5C.2c).

Table 5C. 2 Angles between the atoms

Composition BilFelOl BilFelFel BilBilBil CalTilOl1 CalTilTil CalCalCal
BFO 54.32 41.03 89.41 - - -
0.9BFO-0.1CTO 56.31 52.85 85.45 56.31 52.85 85.45
0.7BFO-0.3CTO 52.64 52.35 84.90 52.64 52.35 84.90
0.5BFO-0.5CTO 53.76 55.82 89.21 53.76 55.82 89.21
CTO - - - 57.06 56.73 93.24

5C. 2. Microstructural characterization

The surface morphology of as-sintered (BFO)(1-y) - (CTO), ceramics for x =0, 0.1, 0.3,
0.5, and 1 is shown in Figure 5C.3 along with the grain size distribution plots illustrated in the
inset of the microstructures. It was observed that all the samples show irregular grain shapes.
A significant number of white spots are visible in the surface morphology of the pure BFO (x
= 0). These white spots are mostly located near the grain boundaries, and they most likely
represent the existence of a secondary phase of BioFesO9. Along with white spots, FESEM
image of the pure BFO indicates a high level of porosity leading to the lower densification of
the sintered solid matrix. The grain size distribution of the microstructure (x = 0) revealed that
the average grain size (AGS) was ~ 27 pum (ref. Fig 5C.3a). It was identified that the porosity
was reduced with increasing CTO content and the dense microstructures were seen for x > 0.3.
The AGS was decreased with increasing CTO content i.e., ~1.25 um for x = 0.1 and ~1.1 pym
for x = 0.5 (Fig 5C.3(b, d)).
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Fig 5C. 3 Surface morphology of (BFO)(1.x)— (CTO)x microwave sintered samples: (a) x =0,
(b)x=0.1, (¢) x=0.3, (d) x = 0.5, and (e) x = 1. The inset graphs show the grain size
distribution of the samples.

5C. 3. Electrical properties of BFO-CTO ceramics

Electric field dependence of electrical resistivity (p) and conductivity (o) of (BFO)(1-x)
- (CTO), ceramics (for x =0, 0.1, 0.3, 0.5, and 1.0) are depicted in Figures 5C.4a and 5C.4b.
All electrical measurements were carried out at room temperature (T = 25 °C). A significant
drop in the p was observed for x = 0 at an applied electric field of 0.5 kV cm™'. There is no
significant variation of (p) or (¢) over the entire range of the applied electric field (~0.1 kV cm”
"to ~0.5 kV cm™) for x > 0.1. However, a significant increase in the (p) was observed as we
increase the CTO concentration, with the value increased by two orders of magnitude i.e., from
2.21 x 10° Q cm (x = 0) to 8.80 x10° Q cm (x = 0.5). The increased resistivity is ascribed to the

incorporation of CTO (x = 1.0 shows strong electrical resistivity of nearly 4.30 x 10° Q cm at
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an electric field of ~0.5 kV cm™') into the BFO matrix. Moreover, it has been determined that
the electrical properties, either (p) or (¢), remain unaffected by the applied electric field of 0.5
kV cm! at this point of investigation. The enhanced (p) exhibited by the samples enables the
material to withstand higher electric fields without causing electrical breakdown, a crucial

characteristic for achieving lower losses and higher electrostatic energy storage densities.
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Fig 5C. 4 Electrical resistivity and conductivity of (BFO)x) — (CTO)x (x =0, 0.1, 0.3, 0.5,
and x = 1) ceramics as a function of the electric field at room temperature. (a) Resistivity and
(b) Electrical conductivity.

Figure 5C.5 shows the leakage current density (J) as a function of the electric field (E)
for 0 <x < 1 at an electric field of 2 kV cm™’. Line fitting mode was employed to fit the obtained
(logioJ) vs (logio E) results. The (E) range is divided into three segments, and the conduction
mechanisms are studied based on the slope of the fitted line. Segment (I) represents the ohmic
conduction behaviour (logioJ ~ S'logio E, slope (S) ~ 1) at lower E, segment (II) represents the
space charge limited conduction (SCLC) behaviour (S ~ 2) in the intermediate range of E, and
segment (III) displayed the Poole-Frenkel conduction mechanism (S > 2) at higher £ (for all
the BFO-CTO composition except pure CTO only). The conductivity behaviour of the BFO-
CTO solid solution can be ascribed to the higher conducting nature of BFO material [3-5].
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Fig 5C. 5 The variation of leakage current density with respect to the applied electric field at
room temperature of microwave sintered (BFO)(1-x) — (CTO)x (x =0, 0.1, 0.3, 0.5, and x =
1) samples.

The higher conducting nature of BFO is owing to the volatile nature of Bi at higher sintering
temperature conditions and Fe fluctuations [6, 7] which leads to the formation of oxygen

vacancies according to the following expression:
W 1
2Fepe+ Oo —» 2Fer’ + VO + > O

As CTO (x = 1.0) possesses strong resistivity, an ohmic conduction mechanism was
observed throughout the applied electric field range with § ~ 1. The J is reduced by nearly two
orders of magnitude from ~2.60 x 10" A cm? (x = 0) to ~ 2.50 x 102 A cm™ (x = 0.5) at an
electric field of 1 kV cm™!. The reduced J is attributed to the partial substitution of CTO (J ~
4.04 x 107 A cm™ at an electric field of 1 kV cm™) into the BFO matrix (Ca**, Ti*" into A, B
sites of Bi*" and Fe’' respectively) which stabilizes the valance states Fe leading to the
suppression of the formation of oxygen vacancies as reported in the previous investigations.

[6, 8, 9]
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5C. 4. Dielectric properties
5C.4.1 Dielectric properties at room temperature

Frequency-dependence dielectric constant (&-) and loss tangent (tand) are shown in
Figures 5C.6a and 5C.6b. A strong frequency dependence was observed for &:and tand at lower
frequencies up to 100 kHz. At lower frequencies up to 10 kHz, the dielectric constant sharply
drops from ~ 1600 (at 1 kHz, for x = 0) to ~ 497, and subsequently gradually decreases to ~ 60
(at 1 MHz, for x = 0). The higher dielectric constant at lower frequencies is connected to the
Maxwell-Wagner (MW) phenomenon. The Maxwell-Wagner effect is characterized by the
movement and accumulation of electrical charges that significantly impact the dielectric
properties of the materials. It is important to note that this type of MW effect is considered as
an extrinsic effect rather than an intrinsic property of the material itself. This effect arises from
imperfections like grain boundaries, porosities, voids, and incomplete electrode contact, where
charges gather and generate space-charge effects. There is a weak frequency dependence for
all the samples between 1 MHz to 10 MHz. Table 5C.3 represents the dielectric properties (both
&r and tand) of (BFO) (1-x) - (CTO),, 0 < x > 1. The measurements revealed that the & increased
with increasing CTO content e.g., ~ 24 for x = 0.1 and ~ 51 for x = 0.5 at a frequency of 10
MHz (ref. Table 5C.3). The tano is reduced by increasing CTO concentration e.g., ~ 1.39 (at
10 kHz, x = 0) to ~ 0.35 (at 10 kHz, x =0.5) and ~ 0.37 (at 10 MHz, x = 0) to 0.17 (at 10 MHz,
x =0.5) (ref. Table 5C.3).
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Fig 5C. 6 Frequency-dependent (a) dielectric constant, and (b) loss tangent (tand) of
(BFO)(1-x) = (CTO)x (x =0, 0.1, 0.3, 0.5, and x = 1) ceramics.
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The increased ¢, and reduced tand with increasing CTO concentration are ascribed to
the ultrahigh dielectric strength (4.2 MV c¢cm™) of the CTO ceramic material [10]. The highest
tand ~ 1.56 (for x = 0) was noted at a frequency of 20 kHz because of the high leakage current
density (J) of the pure BFO sample.

Table 5C. 3 Frequency-dependent dielectric properties of the sintered (BFO)(1-x) — (CTO)x
samples for x =0, 0.1, 0.3, 0.5, and 1

x=0 x=0.1 x=0.3 x=0.5 x=1
¢’ (10kHz) 497 783 816 835 237
¢’ (10MHz) 21 24 26 51 95
tano (10kHz) 1.39 0.54 0.57 0.35 0.61
tand (10MHz) 0.37 0.35 0.30 0.17 0.02

5C.4.2 Dielectric properties as function of temperature

Dielectric constant (&) plotted against temperature in the frequency range of 20 kHz <
f < 10 MHz as displayed in Figure 5C.7(a-c). It is noted that the ¢, declined with increasing
frequency is the primary reflection of the transition from ferroelectric (FE) to relaxor-
ferroelectric (RFE) behaviour [11, 12]. Double and triple dielectric anomalies were seen for x
=0.1 at 225 °C, 275 °C, and 285 °C also at 205 °C and 245 °C for x = 0.3, the anomalies that
have been noticed could be for two reasons; the heterogeneous distribution of the
electrical/core-shell microstructure and the response of the grain boundaries within the sample
(BFO-based). This leads to the accumulation of the electrical field in certain microstructure

regions. Peak broadening was observed with increasing CTO concentration.
5C.4.3 Relaxor nature behaviour through Curie-Weiss law

Curie-Weiss law is employed to calculate the degree of diffusivity (y), the equation can

be expressed as;

1 1 T — Tm)Y
———=¥;C-constant
Er Em Cc

yrange 1<y < 2, where y = 1 indicates normal FEs and 2 indicates ideal RFEs [13]. y values

are computed using In (Si — Si) vs In (7-T,,) functions as shown in the inset of Figures 5C.7a,

T m
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5C.7b, and 7c. y =1.20, 1.21, and 1.61 were estimated using linear fit of the inset graphs for x
=0.1, 0.3, and 0.5 respectively. Looking at the increasing trend of the y values (by increasing

the x) it is anticipated that the RFE nature could be improved for x >0.5.
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Fig 5C. 7Temperature-dependent dielectric constant (er) of (BFO)(1-x) — (CTO)(x) samples
measured at 20 kHz — 10 MHz and Curie-Weiss law fitting as shown in the inset of figures (a)
x=0.1,(b) x=0.3, and (c) x=0.5
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CHAPTER - 5D

5D Study of High-Energy Density in Lead-Free BiFeOs;-CaTiOs; Relaxor-

Ferroelectric Ceramics for High-Temperature Energy Storage Applications

5D. 1. Structural analysis

The crystallographic structures of the sintered samples of (1-x) BFO-xCTO (x = 0, 0.6,
0.7, 0.8, and 1) were identified using X-ray diffraction (XRD). The Rietveld fitting mode was
employed using the X Pert Highscore Plus software tool to classify the crystal structure and to
identify the change in volume and lattice parameters. The data was refined using the Pseudo-

Voigt profile function for all the structural models.
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Fig 5D. 1 Structural, microstructural and XPS results. (a) Refinement analyzed results of XRD
for 0.7 of x. (b) Schematic geometrical visualization of Ti-Ti plane. (c) FESEM micrograph for
0.7 of x, inset shows the grain size distribution. (d) XPS fitting results for chemical valence
states of Fe
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Figure 5D.1a represents the Rietveld refined XRD results for x = 0.7, orthorhombic (97.30%)
crystal structure was identified with Pbnm space group symmetry and 2.40% of BixFesO9
secondary phase was observed. Rietveld refined data revealed that a single-phase
rhombohedral (R) crystal structure with R3c space group symmetry was identified for pure
BFO (x =0), (matches with ref. JCPDS no. 98-002-8027) shown in Figure 5D.2a. Refined data
shows that the phase fraction is 10.20% rhombohedral and 89.30% orthorhombic (O) for x =
0.6 with R3¢ + Pbnm space group symmetry respectively [1] with a minimal impurity phase of
Bi02 (0.50%) as shown in Figure 5D.2b.
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Fig 5D. 2 Refinement analyzed results of XRD for 0 of x (a), 0.6 of x (b), 0.8 of x (c), 1 of x
(d), and (104), (110) peaks shifting, broadening, and merging in the vicinity of 33°.
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The single-phase orthorhombic crystal structure was identified for x = 0 and 1.0, as shown in
Figure 5D.2(c-d). Structural parameters, the goodness of fit, and the phase fractions of (1-x)
BFO-xCTO (x=0, 0.6, 0.7, 0.8, and 1) yielded by the Rietveld refinement of the XRD results
are presented in Table 5D.1. It was noted that there is a volume reduction with increasing CTO
content from 227.40 A3 (x = 0.6) to 224.18 A? (x = 0.8). Though CTO possesses high structural
stability, secondary phases like BioFesOo are prone to form due to the volatile nature of Bi at
high-temperature sintering conditions [2-3]. Figure 5D.2e shows the XRD pattern of BFO in
the vicinity of 32° where the diffraction peaks (104) and (110) shifted towards higher diffraction
angles with splitting, broadening, and merging into a single peak which states that the solid
ceramics undergo a phase transformation from R to O. The reduction in volume and shifting of
BFO diffraction peaks to higher diffraction angles is ascribed to the partial substitution of lower
ionic radii of Ca** (100 pm) for A site (Bi**, 103 pm) and Ti*" (60.5 pm) for B site (Fe**, 64.5
pm) [4].

Table 5D. 1 Structural parameters of (1-x)BFO — xCTO yielded by the Rietveld refinement of

the XRD results.
0(1; /tol;o Lattice parameters (A) (A% R(l;/(:;n Lattice parameters (A) (A% BiFe0n 7
a b ¢ A% a ¢ \%

- - - - - 100 5.5845 13.8841 375.0010 - 1.82
89.8 5.4933 7.6500 5.4111  227.4003 10.2 5.5245 13.5572 358.3344 - 4.46
97.3 5.4742 7.6656 5.3977  226.5107 0.3 5.9802 14.2999 442.9047 2.4 4.61
97.0 5.4411 7.6461 5.3885 224.1844 - - - - 3 1.76
100 54321  7.6444 53860 223.6621 - - - ; ; 1.66

5D.1.1 Geometrical representation of BFO-CTO

The schematic geometrical representation of (1-x) BFO— xCTO for x = 0.7 is depicted
in Figure 5D.1b. VESTA tool was used to visualise and measure angles between the planes and
atoms. The angle between the Til-Til plane was identified as o = 147.9539° forx = 1 and o =
148.1917° for x = 0.6, 0.7, and 0.8 shown in Figure 5D.3. Interestingly, there is a slight
deviation in the angles between the planes and atoms, resulting in a distorted perovskite crystal
structure with the incorporation of CTO into the BFO matrix. The variation of angles between

the planes and atoms is illustrated in Table 5D.2.
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o =147.9539°

Bi-Fe-Fe

a=148.1917°

Fe-Feplane

Ti-Ti plane

Fig 5D. 3 Schematic geometrical visualization of the Ti-Ti plane and Fe-Fe plane of (1-x)
BFO —xCTO (x =1, 0.8, 0.6, and 0)

Table 5D. 2 Angles between planes and atoms yielded from the geometrical representation of

(BiFeO3) (1-x) — (CaTiO3) (x) for x = 0, 0.6, 0.7, 0.8 and 1

Angle between

X Ti1-O1-Cal | Til-Cal-Til | Til-Til-Til Til-Til-Cal |Cal-Cal-Cal

planes (°)

1 147.9539 90.64 74.169 60.419 88.271 46.219
0.8 148.1917 93.7315 71.3304 60.3461 89.4699 44.8477
0.7 148.1917 93.7315 71.3304 60.3461 89.4699 44.8477
0.6 148.1917 93.7315 71.3304 60.3461 89.4699 44.8477

x=0 Angle between the atoms (°)
Bil-Fel-Fel 58.1215
Fel-Bil-Bil 118.5026
Bil-Bil-Bil 54.6018
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5D. 2. Microstructural analysis

The microstructure of the sintered (1-x) BFO— xCTO for x = 0.7 is shown in Figure
5D.1c. The homogeneous and highly dense microstructure was observed with an average grain
size (AGS) of ~5.8 pm. The grain size distribution data is fitted to the Gauss function and
shown in the inset of Figure 5D.1c. The FESEM microstructure of pure BFO exhibits poor
densification with many pores confined substantially near the grain boundaries [Fig 5D.4(a)].
Even though pure BF exhibits the porous microstructure in larger surface areas, due to the
incorporation of CTO, BFO-CTO solid-solution exhibits relatively porosity-free and dense
micrograph and fractured surface microstructure is visible for x = 0.6 and 0.8 [Fig 5D.4 (b-c)]
and for x = 0.7 [Fig 5D.4(g)]. The grain size distribution data is fitted to the Gauss function
and shown in Figure 5D.4(d-f) inset.

Fig 5D. 4 FESEM micrographs of fractured surface for (a) x =0, (b) x = 0.6, (c) x = 0.8 of,
and (g) x = 0.7. The surface morphology for (a) x =0, (b) x = 0.6, and (c) x = 0.8 insets show
the grain size distribution
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The AGS of pure BFO was identified as ~30 um; due to grain refinement there is a large
deviation in the AGS of BFO-CTO solid-solution samples. It was identified as ~0.9 um, and
~1.5 pm for x = 0.6, and x = 0.8 respectively. It was observed that the microstructure for x =
0.7 is more homogeneous compared to x = 0.6, and x = 0.8. This could be attributed to the grain
growth and the diffusion rate of CTO in the BFO-CTO solid solution matrix at high-

temperature sintering conditions.

5D. 3. X-ray photoelectron spectroscopy (XPS)

BFO-based ceramics are known to exhibit large leakage current density (J) and high
dielectric loss due to the formation of Oxygen (O2) vacancies which act as charge carriers

within the material prompted by chemical valence fluctuations of Fe ions [5-7].

The corresponding equation can be expressed as;
2Fere+ 0o — 2Fer + Vo +20;

Therefore, to overcome these limitations, the best way to reduce the J is to suppress the
transition of Fe’" to Fe?'. Previous investigations have demonstrated different chemical
modifications to suppress the Fe transition by 1) substitution of different transition metal ions
in A (Bi) site (e.g., Nd-doped BFO) [8], B (Fe) sites (namely Co, Al, Mn, and Ti etc.) [5-9] and
2) preparation of the BFO-based ABO;3 solid solutions mixing with other transition metal
perovskites (i.e., PbTiOs, SrTiOs;, and BaTiO; etc.) [10-13] Similarly, in the current
investigation, the XPS results revealed that the incorporation of CTO in the BFO-CTO solid
solution significantly suppressed the Fe’" to Fe?' transition by inhibiting the valency
fluctuations of Fe ions, which is shown in Figure 5D.5. The Lorentzian function was used to
fit 2ps.2 peaks, and the corresponding Fe*" and Fe?* peaks were located at 710.29 eV and 708.98
eV respectively, as shown in Figure 5D.1d. An integral line technique was used to calculate the
area under the fitted peaks, and the corresponding results revealed that the percentage of Fe**
declined from ~35% for x = 0.6 to ~17% for x = 0.8. Hence, significant inhibition of Fe** to
Fe?" is achieved by stabilizing the Fe ions' chemical valance states, thereby suppressing O
vacancies. Thus, the electric insulation of BFO-CTO is enhanced, improving recoverable

energy storage performance for composite functional material.
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Fig 5D. 5 XPS results of BFCT ceramics for chemical valency states of Fe

5D. 4. Current-Voltage (I-V) characteristics

Temperature-dependent I-V characteristics of sintered (1-x) BFO - xCTO (x = 0.6, 0.7,
and 0.8) samples are represented in Figure 5D.6(a-c) and Figure 5D.7(a-c). All the samples
were observed to have hysteresis behaviours starting from +voltage to -voltage. The voltage
sweep is performed in a series of five parts starting from 0 to +V, +V to 0 and 0 to -V, -V to 0
and finally, O to +V. It was noted that the BFO-CTO exhibits a non-linear electrical behaviour
throughout the voltage sweep. It was identified that the current increases with increasing
temperature due to the ionization of atoms, leading to a drop in the material’s resistivity [14].
Our investigation revealed that three orders of magnitude dropped the current with increasing
CTO content, i.e., 5.53 x 10A for x = 0 (shown in Figure 5D.8) t0 9.78 x 108 A for x = 0.8 at
20V at a temperature of 40°C. As we increased the temperature, the current was increased, e.g.,

4.99 x 10°A at 40 °C to 1.54 x 10*A at 200 °C for x = 0.7.
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< s0°Cc  Z LSE-2+ i/ x=06 = 40°C 15g-2 ¥=07 T 1se2{ =08
. 100°C T iy . 80°C 4+ 8oeC )
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= 190°C 170°C 3 50E-3 i 10°C 3 s.0E-3 o
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Fig 5D. 6 Temperature-dependent current-voltage hysteresis curves for 0.6 of x (a). 0.7 of x
(b). 0.8 of x (c).
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Fig 5D. 7 Temperature-dependent current-voltage hysteresis curves for 0.6 of x (a), 0.7 of x
(b), and 0.8 of x (¢).

Temperature-dependent current values at 20V for all the BFO-CTO solid solutions (x =
0tox=0.6,0.7 & 0.8) are displayed in Table 5D.3, which fulfilled the theoretical concept of

ionization in insulating ceramic materials.

40 °C
60°C 1.5E-2
80°C

100 °C
120 °C
a— 140 °C
< 160 °C
180 °C
190 =C
200°C

+ v 4+ e 0

Current (A)

Voltage (V)

Fig 5D. 8 Temperature-dependent current-voltage hysteresis curves for 0 of x

Table 5D. 3 I-V characteristics of (1-x) BFO-x CTO ceramics

Concentration (x) Voltage (V) Current (A) @40°C | Current (A) @200°C
0 20 5.53 %107 5.50 x 102
0.6 20 2.26 x 10 2.97 x 107
0.7 20 4.99 x 10 1.54 x 10
0.8 20 9.78 x 10°® 2.78 x 107

5D. 5. Frequency-dependent dielectric properties and dielectric relaxation behaviour of

BFO-CTO ceramics at room temperature
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Frequency-dependent dielectric permittivity (€') and loss tangent (tand) at room

temperature were depicted in Figure 5D.9(a-c). In the current investigation, two different

frequency range impedance analyzers were used to cover the frequency up to 10° Hz at room

temperature and plotted in Figures 5D.9(a), 5D.9(b) and 5D.9(c) for x = 0.6, 0.7, and x = 0.8

respectively. Different colours represent the different frequency ranges of different impedance

analyzers. It was observed that there is a strong frequency dependency at lower frequencies,

which could be attributed to space charge accumulation at grain boundaries and extrinsic

defects present in bulk ceramics. As the CTO possess strong dielectric permittivity and lower

loss tangent compared to BFO ceramics, [15] thus it is noted that the current BFO-CTO

ceramics displayed improved dielectric permittivity (e.g., €' ~ 22 for x = 0 (ref. Figure 5D.10),

g' ~ 117 for x = 0.8 at 1I0MHz) and reduced dielectric losses as we increase the CTO content

from x = 0 to x = 0.8. At higher frequencies, i.e., from 10° Hz to 10° Hz, weak frequency

dependency was observed with a marginal change of dielectric permittivity. The frequency-

dependent dielectric properties confirm the relaxor nature of the ceramics by a declined value

of €' over the increased frequencies.
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Fig 5D. 9 Frequency-dependent dielectric properties. €' and tand for 0.6 of x (a), 0.7 of x (b)

and 0.8 of x (c). Different plot colours represent different frequency ranges recorded using

different impedance analyzers. (d) Cole-Cole distribution of dielectric relaxation times of &'
and &" for x = 0.6, 0.7 of x (e) and 0.8 of x (f)

Lower tand values were recorded, i.e., ~ 0.10 for x =0 at 10 MHz, ~ 0.03 for x = 0.6 at

60 MHz, ~ 0.01 for x =0.7 at 5 MHz, and ~ 0.06 for x = 0.8 at 7 MHz. It is worth noting that x
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= 0.7 displayed the lowest tand out of all the compositions. This could be ascribed to the grain

size, sintering temperature conditions and electrical microstructural homogeneity.
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Fig 5D. 10 Frequency-dependent €' and tano for 0 of x, different plot colours represent
different frequency ranges recorded using different impedance analyzers

5D.5.1 Dielectric relaxation (1)

The complex dielectric permittivity €* = €' - 1", real part (¢'), and imaginary part (")
have been recorded in the frequency range of 16 kHz < f < 3 GHz to study the dielectric
relaxation behaviour [16-19] of (1-x) BFO-(x) CTO ceramics as shown in the Figures 5D.9(d-
f), (16 kHz < /< 20 MHz) for x = 0.6, 0.7, and 0.8 respectively. The dielectric relaxation time
is calculated using Cole-Cole distribution functions, which are derived from the modified
Debye equation [20] as follows;

(80— €c0)

g=g-1¢e"=¢gp+——
14wl @

—(

modified equation for &' as a function of ®

(g0— €00) (1 +cos(%) (wT)B )
142 (wt)P cos(Bn) + (w7)2B

2

e'(®) = €wn+ —>(2)

modified equation for € as a function of ®

(wr)ﬁ sin(%)

1+2 (wt)P cos(%

" (w) = (g9 — €w) > (3)

) + (w7)28

Here o is 2f, T is the mean dielectric relaxation time, go (static permittivityw — 0) is the

permittivity at extremely low frequency, and & is defined as permittivity at high frequency.
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Debye equation is extensively used for the non-interacting identical electric dipoles which have
uniform dielectric relaxation times. o (controls the width of the distribution), B are the fitting
parameters vary fromOto 1 (0<o,B<1)andf=1-a, if a =0 or B = 1, the equations (1), (2),
and (3) are simplified to the renowned Debye equation. In the current investigation equations
2) and (3) are used to predict the t values for interacting dipoles with different dielectric
relaxation times. The trend followed by €'(f) and €"(f) at ® = 1/t is almost similar with a
marginal uncertainty at the lower frequencies (16 kHz < /< 20 MHz). It was noted that there
is a sharp rise of €' and &" values with decreasing frequency. Table 5D.4 displays the variation
of exponents «, and t (yielded by cole-cole distribution fittings) with varying material
composition (x = 0, 0.6, 0.7, and 0.8). t' values corresponding to &'(f) are ~135usec, ~44usec
and ~265usec for x = 0.6, 0.7 and 0.8 respectively. Interestingly, 0.7 of x displayed a lower
relaxation time than 0.6, 0.8 of x. " values corresponding to €'(f) follow the same fashion as 7'
(ref. Table 5D.4). The t' and 1" values corresponding to €'(f), and €"(f) at higher frequencies (1
MHz <f'< 3 GHz) are depicted in Table 5D.5. It was seen that the relaxation times are uncertain
for CTO concentration in 0.6 < x < 0.8 with huge error bars (e.g., 1.08 x 107! £2.07 x 10~ for
0.6 of x) and B =1 for 0.6, 0.8 of x. €', €" follow the different trends and are extremely sensitive

to the frequency chosen to fit the data as displayed in Figure 5D.11(a-d).
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Fig 5D. 11 Cole-Cole distribution of dielectric relaxation times of €' and €" for (a) x =0, (b) x
=0.6,(c)x=0.7,and (d) x=0.8
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B =1 (pure Debye relaxation) indicates the non-interacting dipoles phenomenon in which the
relaxation process is direct and not influenced by interaction among the neighbour dipoles and

exhibits perfectly simpler exponential relaxation behaviour.

Table 5D. 4 Dielectric relaxation times yielded by cole-cole distribution fittings within the
frequency range 16 kHz < £ <20 MHz.

X T' (sec) 1" (sec) a' a" B B

0.6 | 1.35x10*£6.25x10° | 1.00 x 10*+2.26 x 10° | 0.15 | 0.17 | 0.85 | 0.83

0.7 | 444 x10°£221x10° | 591 x10°+3.43x10° | 0.22 | 0.14 | 0.78 | 0.86

0.8 | 2.65x10*£330x10° | 1.31 x 10*+9.23 x10° | 0.30 | 0.18 | 0.70 | 0.82

Table 5D. 5 Dielectric relaxation times yielded by cole-cole distribution fittings within the
frequency range 1 MHz < <3 GHz

X T' (sec) 1" (sec) o a" B B

0 1.51 x107+£7.80 x 10% | 591 x 101+ 1.46 x 10" | 0.44 | 0.23 | 0.56 | 0.77

0.6 | 873 x10"M£3.11 x 101 | 1.08 x 101 £2.07 x 107 0 0.22 1 0.78

0.7 | 1.50x10°+3.90x 101 | 2,94 x 1010+ 1.55x 10" | 0.12 0 0.88 1

0.8 | 1.63x101°+£1.30x 10" 3.03 x 10+ 0.00 0 0.06 1 0.94

5D. 6. Temperature-dependent dielectric properties and relaxor ferroelectric behaviour

of BFO-CTO ceramics

Temperature-dependent relative permittivity (g), tand of BFO-CTO ferroelectrics is
depicted in Figures 5D.12(a-c) and Figure 5D.13. Relative permittivity (&), maximum
permittivity (em) and tand (ref. Figure 5D.13 representative results for x = 0.7) drop with
increasing frequency is a preliminary indication of the transition from FE to relaxor
ferroelectric RFE nature. The obtained results agree with the earlier reports on BFO-based
ceramics. [21-24]. It was observed that the maximum temperature (Tm) shifted to higher values
with increasing CTO content initially (e.g., ~270 °C for x = 0.6 and ~450 °C for x = 0.7) and
then decreased (e.g., ~350 °C for x = 0.8). The results revealed that the double and triple
dielectric anomaly is observed at 180 °C, 270 °C for x = 0.6 and 238 °C, 350 °C, and 420 °C
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for x = 0.8 (ref. Figures 5D.12a, 5D.12c). The observed anomalies are ascribed to the
heterogeneously distributed electrical/core-shell microstructure or the response of the grain
boundaries within the (BFO-based) electroceramic materials, which leads to the concentration

of electrical field at some areas of the microstructure.

Curie-Weiss law is utilized to perform the quantitative analysis of RFE properties, the

equation is as follows;

1 1 _ (T-Tm)Y

Er Em (o

where C is the constant and vy is the degree of diffusivity (1< y < 2), 1 represents normal
ferroelectric and 2 illustrates ideal RFEs. [25] The y values are determined using the functions,
In (1/e, -1/ex) on the axis of ordinate and In (7-7,,) on abscissa displayed in Figures 5D.12 (a-
¢) [bottom panel] for 0.6 of x (y =1.69), 0.7 of x (y = 1.84) and 0.8 of x (y = 1.76) respectively.

The interesting point is that CTO concentration of 0.7 possesses the strongest RFE nature

compared to 0.6 and 0.8.
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Fig 5D. 12 Temperature-dependent dielectric permittivity of (1-x) BFO —x CTO ceramics
measured at 10kHz — 10MHz and the corresponding Curie-Weiss law fitting for x = 0.6 (a),
0.7 of x (b) and 0.8 of x (¢)
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5D.7. Polarization — Electric field (P-E) loops of BFO-CTO ceramics

Temperature-dependant, and time-dependent and voltage dependant P-E hysteresis
loops of BFO-CTO RFEs (for x = 0.7 value) are shown in Fig 5D.14(a), 5D.14 (b) and 5D.14
(c) respectively. Supplementary Figure 5D.15(a-c) further depicts the entire measurement
range for all the temperature and time-dependent P-E hysteresis loops. Fig 5D.14(d)
demonstrates the maximum recoverable energy density (Wrec) of 2.5 J cm™ [green shaded area],
and the corresponding energy loss (Wiess) of 4.65 J cm™ [red shaded area] using the P-E
hysteresis loop measured at the room temperature and at applied EF 66.66kV cm™ (120 msec)
Similar calculations of Wi, Wioss, efficiency (n) and maximum polarization (Pmax) are
performed using each P-E hysteresis loops measured at an electric field (EF) of 33.33 kV/cm
[Fig 5D.14 (a-b) and 5D.15 (a-b)]. Temperature and time dependence of Wi and Wi are
displayed in Figures 5D.16(a) and 5D.16(c) respectively, whereas Figures 5D.16(b) and
5D.166(d) demonstrate the variation of  and Pmax with temperature and time respectively.
Supplementary Figure 5D.17 records the time variation of these parameters (Wree, Wioss, 1 and
Pmax) using PE loops measured at the applied EF 66.66kV/cm. Table 5D.6 organizes all the

relevant data in a concise and useful manner.
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Fig 5D. 14 (a) Temperature-dependent P-E loops at a field of 33.33 kV cm™! for 0.7 of x. (b)
Time-dependent P-E loops at an electric field of 33.33 kV cm™! for 0.7 of x. (c) Variation of
electric field-dependent P-E curves measured at a period of 40 ms for 0.7 of x. (d) Wrec, Wioss,
schematic representation at an electric field of 66.66 kV cm™ at a period of 140 ms.
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Fig 5D. 16 (a) Variation of temperature-dependent Wrec, Wloss, Pmax, and n for 0.7 of x at
an electric field of 33.33 kV cm™’. (b) Variation of time-dependent Wrec, Wloss, Pmax, and 1
for 0.7 of x at an electric field of 33.33 kV cm™.

Temperature-dependent P-E curves of BFO-CTO RFEs at an electric field (EF) 0of33.33
kV/cm revealed that the Pr, and P; increases with temperature monotonically from 40 °C (P~
53.59 uC ecm, Py ~26.34 nC cm?) to 190 °C (Pm~ 153.43 pC cm?, P; ~ 68.92 uC cm) (ref.
Figures 5D.14a, 5D.15a). The time-dependent P-E curves under the electric field (EF) of 33.33
kV cm™ and 66.66 kV cm™ were displayed the monotonical increment of P, P; (e.g., 9.52 pC
cm? (10 ms), 31.78 uC cm (240 ms) at 33.33 kV cm™ and 40.53 pC cm? (40 ms), 75.80 pC
cm? (240 ms) at 66.66 6 kV cm™) [ref. Figures 5D.14b, 5D.15(b-c)].

Wiee, Wioss, and P increase with temperature (40 °C to 190 °C) and time (10 ms to 240
ms) with marginal variations. Pn, abruptly drops at 200 °C due to unstable P-E curves, as shown
in Figures 5D.16(a-d), 5D.17. The results revealed that there is no considerable efficiency drop
up to 190 °C with stable P-E curves, which suggests that this material can be used for high-
temperature energy storage applications. P-E measurements were carried out at various EFs

i.e., 33.33kVem™, 50 kV em™! and 66.66 kV cm! (ref. Figure 5D.14c).
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Fig 5D. 17 Variation of time-dependent Wiee, Wioss, Pmax, and n for 0.7 of x at an electric field

of 66.66 kV cm!

We have not reached the saturation point P, at this point of investigation. It was noted

that P is increasing with increasing EF further confirming the depletion of long-range FE

orders and the emergence of dynamic PNRs. Unlike the long-range FE orders, dipoles are

sensitive towards applied EF in PNRs by which higher Pm, Wi and 1 can be obtained.
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Table 5D. 6 Recoverable energy density (Wrec), loss (Wioss), efficiency(n) and maximum
polarization (Pmax) for x = 0.7

1kV 40ms (f=25 Hz) x = 0.7 1kV RT, x = 0.7 2kV RT,x=0.7
Temp Wrec3 Wloss3 n P max . Time Wrec Wloss n P max Time Wrec Wloss n Pmax
(o] o,
C | Vem” | Jem % | pClem ms | J/em?® | JJem® | % | pC/cm?
40 0.32 1.01 | 24.06 | 53.59 ms | J/em® | J/em? | % | pC/em?
50 032 1.02 | 2386 | 55.12 10 0.35 032 |52.23 | 33.61
60 0.35 | 0.88 | 28.48 | 54.78 20 0.34 | 0.52 | 39.53 | 40.61 40 1.4 2.99 | 31.89 | 99.49
;g gig 832 izzg 5585'182 40 0.46 | 0.52 | 46.93 | 48.72
. . : : 60 1.19 | 3.63 | 24.68 | 113.52
90 | 046 | 090 |33.82| 6553 | 60 | 047 | 073 |39.16 | 558
110 0.54 1.00 | 35.06 | 71.53
120 0.61 120 13370 | 82.62 80 0.63 0.71 | 47.01 | 60.83 100 1.85 | 497 | 27.12 | 135.71
: : : y 100 | 0.64 | 0.75 | 46.04 | 65.53
130 0.69 1.21 | 36.31 | 90.64
140 0.76 130 | 36.89 | 97.18 120 0.69 0.8 | 46.30 | 68.53 140 2.5 4.65 | 3496 | 145.78
150 0.82 1.23 | 40.00 | 109.24 140 0.68 092 | 4250 | 71.53
1 . 1. 2. 118. 180 1.88 | 5.64 | 25.00 | 155.85
60 086 8 | 3233 8.83 160 | 0.65 0.97 | 40.12 | 74.58
170 093 | 2.19 | 29.80 | 130.77
180 1.03 | 235 | 3047 | 142.10 200 0.62 1.07 | 36.68 | 79.96 240 | 2.15 | 521 | 2921 | 168.64
190 1.07 | 2.70 | 28.38 | 153.43 240 | 0.57 1.21 | 32.02 | 82.96

5D.7.1 Comparison of Wrec and temperature sustainability between the present work and

previous reports

Table 5D.7 illustrates the comparison of maximum temperature sustainability and Wiec
between the present work and previous reports on bulk ceramics, where the stable P-E curves
were observed up to 190 °C with W of 2.5 J cm™. Table 5D.8 illustrates the key findings of
Wec based on the sample thickness (t) of the current investigated BFO-CTO (t ~ 0.3 mm)
composition and the results from the earlier investigations. The results revealed that by
reducing the thickness of the sample, W, is increasing which is ascribed to the extrinsic defects
minimization. Hence the present composition (BFO-CTO) has a huge potential to improve its
performance by reducing the sample thickness. These findings demonstrate a significant

improvement compared to the earlier research reports in terms of performance.

Table 5D. 7 Comparison of maximum temperature sustainability and Wiec between the
present work and previous reports on bulk ceramics

Temperature Wrec
Composition Ref.
(°C) (J cm™)
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(1-x) BiFe03-0.30BaTiO3-xAgNbOs +

150 0.82 (1)

5 mol% CuO (x =0.14)
(1-x) BaTiOs -x (Mg2;3Taiz) O3 140 2.15 2)
Nao.7Bi0.1NbO3 (x = 0.12) 120 2.48 3)

(1-x) Ko.sNao.sNbO3-xBi (Zno.5Zro.5) O3
120 1.06 4)
(x=0.15)
0.95((1-x) Bio.sNao 5sTiO3-xSr¢.7 Big2TiO3

160 1.14 %)

(x=0.4)) -0.05AgNbO3

Present work 190 2.5

Table 5D. 8 Comparison of Wi between previous reports and present work based on the
thickness of the bulk ceramics

Thickness Wiec
Composition Ref.
(mm) (J cm™)

LDs
0.88SrTi03-0.02CaZr03-0.1MgTiOs+BaCu(B0s) 0.35 Lo5 (6
0.9(Sro.7Bio.2) TiO3-0.1Bi (Mgo.sHfo.s) O3 - 3.1 (7)
Cag.97Smo 02 TiO3 - 2.0 (®)
0.9CaTi03-0.1BiScOs - 1.55 9)

RFEs
0.8(0.95Bi0.5Nao.sTi03-0.05SrZr03)-0.2NaNbO3 0.20 5.55 (10)
0.9K0.5NagsNbO3-0.1BiFeO3 i 20 (1)
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0.61BiFe03-0.33(Bag sSro2) Ti03-0.06La (Mg23Nbyi3)
03+0.1wt.%MnO>+2wt.%BaCu(B20s) 0.30 3.38 (12)
0.90BaTi03-0.10Bi (Mgo.5Zro.5) O3@Si02 0.20 3.41 (13)
0.6BaTiO3-0.4B1 (Mg12Tii2) O3 0.10 4.49 (14)
Present work 0.30 2.5
AFEs
AgNbo.s5Ta0.1503 0.20 420 (15
AgNbo.45Tao 5503 0.15 630  (16)
Ag0.97Ndo.01Tao.20Nbo. 8003 0.15 6.50 (17)
(Nap.o1Bi0.09) (Nbo.94aMgo.06) O3 0.08 1090 (I8)
(a) R
2.8 % This work 1. 0.56BiFe0;-0.3BaTiO; - 0.14AgNbOs+ 5 mol% CuO
2.4 . 2. 0.88BaTiO; -0.12Bi(Mg,:Ta, )Os
»
£ 20 3. Nag-Bij NbO;
‘ﬁ: 4, OSSKGQNﬂUqNbO:'Ol 5Bi (Zn{]qzrc.()():
¢ 1.6+
N 5. 0.95(0.6Biy <Nay < TiO5-0.4Sr, 5 Biy »TiO; -0.05AgNbO,
1.2 4
0.8
100 1;0 Iiﬂ I;“] ltiﬂ 1;;0 I‘:U I':I-"D Iéﬂ 1‘;0 200
Temperature (°C)
(b)
0.35 - B This work
® LDs
0.30 4 A RFEs
¥ AFEs
0.25-
E
%0.2“-
0.15 1
0.10 4
0.05

1 2 3 4 5 6 7 8 9 10 11
W, () em™)
Figure 7a illustrates the comparison of maximum temperature sustainability and
recoverable energy density (W,..) between the present work and previous reports on bulk

ceramics, where the stable P-E curves were observed up to 190 °C with W, of 2.5 ] cm™ (see
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Table S7[1-5] for the corresponding data). Higher Wrec value at high temperature clearly
indicates that our material composition will have significant advantage in terms of potential
energy storage applications in space, defence, data-centres, and electric vehicles. Similarly,
Figure 7b demonstrate comparison of W,.. based on the sample thickness (t) of the current
investigated BFO-CTO (t ~ 0.3 mm) composition and the results from the earlier investigations
with similar composition and thickness range from ~0.1mm to ~0.35mm (see Table S8 [6-18]
for the corresponding data). The results revealed that with reducing the thickness of the sample
Wiee 1s increasing which is ascribed to the extrinsic defects minimization. Hence the present
composition (BFO-CTO) has a huge potential to improve its performance by reducing the
sample thickness. These findings demonstrate a significant improvement compared to the
earlier research reports in terms of quantifiable performance parameter like value of Wiec.
Temperature and thickness (t) dependent behaviour of Wrec strongly suggests that our
composite material choice and fabrication protocol has significantly improved the crucial

energy storage capability.
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CHAPTER -6

SUMMARY AND CONCLUSIONS

In summary, the conventional method was used to fabricate a novel lead-free BFO-
STO, BFO-CTO and BFO-BZO ceramics. Dielectric properties were characterized at room
temperature in a large frequency range from 20 Hz to 1.8 GHz. XRD analysis has demonstrated
differences in their crystalline structure. BFO-STO exhibits a very different behaviour because
its XRD pattern contains simultaneous peaks from diffracting planes of BFO and STO. In
comparison, the diffraction patterns of BFO-BZO and BFO-CTO are dominated by the peaks
from diffracting planes of BZO and CTO, respectively. SEM microstructure of BFO-BZO
shows a nearly bi-modal distribution with spherical morphology of the grains. The
microstructure of BFO-CTO is very different, with a nearly homogeneous structure composed
of big faceted grains. Relatively wider grain size distribution has been observed for the BFO-

STO ceramic.

(BFO) (1-x) - (CTO),, 0 <x < 1 ferroelectric ceramic were fabricated from the calcined
powders of BFO and CTO, prepared by auto combustion route. Structural and microstructural
characteristics were systematically explored. Weighted phase fraction, lattice parameters and
volume variations were identified using the Rietveld refinement technique. Distorted
perovskite schematic layout was visualized, and the angles between the atoms were measured.

Highly dense, porosity-free micrographs were observed with increasing CTO concentration.

A novel lead-free (1-x) BFO-xCTO (x = 0.6, 0.7, and 0.8) RFEs were synthesized using
solution auto combustion, and structural and microstructural properties were systematically
explored. CTO incorporation into the BFO-CTO matrix suppressed the formation of oxygen
vacancies, and Fe-ion fluctuations by inhibiting the Fe** to Fe*? transition, confirmed through
XPS. I-V hysteresis loops, frequency, temperature-dependent dielectric properties and
dielectric relaxation times were discussed in detail. The ultrafast dielectric relaxation time of

44 us was obtained for 0.7 of x.
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Conclusions

>

Four orders of magnitude reduction in the leakage current density, from 1.9 x 10" A
cm?forx=0to 7.4 x 10° A cm™ for x = 0.8, at a field of 1 kVem™ has been obtained
in the sintered BFO-CTO samples.

The presence of CTO in the BFO-CTO solid solution has increased the dielectric
constant and decreased the loss tangent values compared to pure BFO, which is
extremely lossy.

A significant increase in the (p) was observed by two orders of magnitude, i.e., from
2.21 x 10° Q cm (x = 0) to 8.80 x10° Q cm (x = 0.5).

The J is reduced by nearly two orders of magnitude from ~2.60 x 10" A cm™ (x = 0)
to ~2.50 x 103 A cm™ (x = 0.5) at an electric field of 1 kV cm™.

The & increased with increasing CTO content, e.g., ~ 24 forx=0.1 and ~ 51 forx=0.5
at a frequency of 10 MHz. The tan¢ is reduced by increasing CTO concentration, e.g.,
~1.39 (at 10 kHz, x = 0) to ~ 0.35 (at 10 kHz, x = 0.5) and ~ 0.37 (at 10 MHz, x = 0) to
0.17 (at 10 MHz, x = 0.5).

The enhanced electrical (p or ¢ and J), dielectric properties (& and tano), and RFE
behaviour suggest that the BFO-CTO material can be a good candidate for energy
storage applications.

The partial substitution of Ca*?, and Ti** ions in A and B sites of Bi**, and Fe*?® enhanced
the relaxor ferroelectric nature by degrading the long-range FE orders and emergence
of PNRs. As a result, high maximum polarization, and energy density of 2.5 J cm™ is
achieved.

P-E curves are stable up to 190 °C with a marginal efficiency variation (< 10% from
40°C to 190°C), suggesting that the BFO-CTO ceramics can be used for high-

temperature energy storage applications.

Page | 108



Chapter — 6 (Summary and Conclusions)

Future scope of the present research work

*

Thickness of the sample needs to be reduced to eliminate the associated extrinsic
defects and the efficiency can be doubled thereby W,.. can also be doubled as
reported in the present work.

If we can improve the sintered density by 1% or 2% it significantly affects the
energy storage properties.

Sintering in different atmospheric conditions, i.e., in the presence of Oxygen,
Nitrogen, Hydrogen and vacuum may significantly affect the sintering density.
The RFE nature can be enhanced by trying different BFO-CTO composition
proportions.

Stable P-E loops can be achieved even above 200 °C by reducing leakage current

density.
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