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Introduction

1.1 History of Perovskite

A plethora of research work is carrying out using perovskites. Its easy synthesis,
stability in harsh conditions and easily modifiable crystal structure with a series of
perovskite family keeps it in demand. Thus, it is imperative to understand the basics of
perovskites and then build on that knowledge to obtain desired results. Perovskites lie in
the crystalline structures of the ternary family, having a general formula ABX3. X
anions are preferentially oxygen anions that are densely packed at two kinds of sites.
One is forming octahedra, i.e., coordinated with six cations, while the other is
coordinating with eight or twelve cations. Smaller cations with variable oxidation states
can be lodged in the octahedral sites (mostly transition metals), and comparatively
large-sized mono-, di- or tri-valent cations can occupy the eight or twelve coordinated
sites (preferably alkaline earth metals). Latter cation is denoted by A cations, which has
cuboctahedral coordination having twelve X anions at its 12 vertices. The former cation
is represented as B cations present in octahedral coordination(Moure and Pefia 2015).
Peculiarly, two B-site cations and four A-site cations surround each X anion shown in
figure 1.1. This crystal structure provides a lot of tailoring opportunities, resulting in
compounds having a wide range of chemical formulas, properties, and applications, as
summarized in Table 1.1.

The mineral perovskite (CaTiO3) was discovered in the Ural Mountains, Russia in 1839
by Gustav Rose, the German chemist and mineralogist. However, it was named
perovskites in honor of the Russian mineralogist and military officer Lev Alexeievitch
Perovsky (Structure-Property Relations in Rare-Earth Doped Manganite Perovskites

2019).
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o = O
Figure 1.1 shows the Perovskite structure (Rabuffetti and Brutchey 2014)

1.2 High dielectric constant ABQO3 Perovskite

(a) Calcium Titanate CaTiO3

It is observed that at room temperature CaTiO; behaves as paraelectric material.
However, when it is doped with cation, its dielectric constant increases as the result of
an increase in the boundary layer effects. Ceramics are very sensitive to dopants and the
sintering process. The temperature is a crucial factor in determining the geometry of
CaTiOs. At room temperature, it exists as orthorhombic and changes to tetragonal at
600°C and cubic at 1000°C. Through the studies of the conductivities in the oxidizing
atmosphere at the temperature of 130°C, it is established that it shows p-type
semiconductor behavior (Ali and Yashima 2005).
(b) Barium Titanate (BaTiO3)

It is recognized that the high dielectric constant of BaTiOs3 is the consequence of its

ferroelectric behavior. The face-centered cubic arrangement of atoms observed in
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BaTiO; is due to the same ionic radii of barium and oxygen (1.4 A). While Ti occupies
the B sites of the perovskite surrounded by six oxide ions forming an octahedron.
Tetrahedron shifts either up or down, creating a non-centrosymmetric structure
responsible for ferroelectricity. Additionally, electronic polarization is also generated in
the structure due to the high oxidation state and low energy vacant d-orbitals of
Titanium. Moreover, three phase transitions were observed on cooling and during the
transition, a shift of 0.1 A is noticed. Orientation of spontaneous polarization rearranges
with these phase transitions. At room temperature, it exists as a tetragonal structure, at
temperature reaches upto 1450°C it exists as hexagonal structure and below it is present
in cubic structure having paraelectric character. At curie temperature, BaTiOs displays
temperature-dependent dielectric constant (Smith et al. 2008; Bassat et al. 2013;

A. Molina-Garcia and V. Rees 2016).
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Figure 1.2 Phase diagram for conversion of BaTi03 Perovskite structure
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(c) Strontium Titanate SrTiO3

This ceramic is widely used as high-temperature superconductor thin film, in
water photolysis, Oxygen sensor and magneto hydrodynamic operators, memory
devices, optical processes. (Zhuk et al. 2018) The n-type semiconducting behavior is the
result of oxygen. At room temperature, SrTiO3 exists in a cubic structure with a band
gap of 3.2 eV and consists of paraelectric properties. Doping SrTiO3 with rare earth
metals increases dielectric constant with relaxor behavior (Banerjee et al. 2006. For
example, the dielectric constant of SrTiO3 is 300, which rises to 18000 on doping with

Yttrium (Amow et al. 2006; Carrasco et al. 2006; Allison 2007; Sharma et al. 2014).

Over the last decade, extensive experimental and theoretical work on perovskite-
based materials has demonstrated a strong interrelationship between distortions of the
crystal structure and many processes and phenomena such as photoluminescence,

ferroelectric, piezoelectric, and pyroelectric properties.

As per Goldschmidt, the stability of the structure of perovskite-type phase for a
particular group of cations and anions is determined by the tolerance (t) factor. This
parameter signifies the symmetry of the crystal system and appreciably determines its
dielectric properties. The t-factor is a variable concerning the limits for the size of
cations and permits the perovskite-type phase formation.

The tolerance (t) factor is given by following equation(Tidrow 2014):

_ TA+T0
- V2(rg+rp) (11)

Where ra, 18 and ro respectively represent the radii of A, B (cation), and O (anion). The

relation between tolerance (t) factor and geometry is provided in following table 1.2.
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Table 1.1 Properties of perovskites and their applications

Property Application Materials
Proton conductivity SOFC electrolyte BaZrOs , SrCeOs
Ionic conductivity Solid electrolyte (La,Sr)(Ga,Mg)0O3.q

Hydrogen sensor

H2 production/extraction

Mixed conductivity

SOFC electrode

Piezoelectric transducer

La(Sr,Ca)MnO;.4, LaCoO3
(La,Sr)(Co,Fe) O3,

BaTiO3,

Ferroelectric/piezoelectric

Thermistor, actuator

Thin film resistor

GdFeO3, LaMnOs

Magnetic

Magnetic memory

Ferromagnetism

GdFeOs3, LaMnOs

Electrical/dielectric

Multilayer capacitor
Dielectric resonator

Thin film resistor

BaTiOs3, BaZrOs

Superconductivity Superconductor Ba(Pb,Bi)O; YBaxCuzO7-5

Optical Electrooptical ~ modulator | (Pb,La)(Zr,Ti)O3, YAIOs3,
Laser KNbO:;

Catalytic Catalyst LaFeOs, La(Ce,C0)O3
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Table 1.2 Structure of perovskite oxide based on Tolerance factor (Yadava et al. 2017)

Tolerance factor Structure of perovskite oxide

>1 Ferroelectric and hexagonal

0.95<t<1.0. Cubic

0.75<t<0.95 Non-ferroelectric with distorted structure.
t<0.75 Not a perovskite

1.3 Perovskite Structure and Derivatives

1.3.1 Cubic Perovskites

As already mentioned, the general formula representing a perovskite is ABO3, where O
is oxide ion and cations are denoted by A and B alphabets. The symmetric structure of a
perovskite can be easily visualized in terms of the BOg octahedra sharing corners along
all 3 dimensions infinitely. The holes created by 8§ BOs octahedra are occupied by A
cations, forming 12-fold coordination of oxygen around the A cation, and since the B-
cation forms BOs octahedra, oxygen anions forms 6-fold coordination around it. SrTiO3
shown in figure 1.3 is an example of simple ABO; perovskite structure, where the Sr
atoms is the 12 coordinated A site, while the Ti atoms represent 6 coordinated B site. it
is observed that the ideal cubic structure of many simple ABOj3 perovskites is distorted
to acquire lower symmetry(Zhong and Vanderbilt 1995). (e.g., tetragonal,

orthorhombic, etc.)
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Figure 1.3 shows the cubic Perovskite structure of SrTiO3

1.3.2 Complex perovskite

The simple ABOj; perovskites have been modified to complex perovskite oxide
represented by the general formula (A'A")(B'B")Os; through doping. The indefinite
possibility of configuration and structure of complex perovskite oxides is possible
through vast possibilities of doping with homo or heteroatom which further opens up
the chance for a variety of technological applications(Heiland 1954; Ezhilvalavan and
Tseng 2000; Hardy et al. 2004; Hao et al. 2009; Dubey et al. 2011). In this type of
perovskite oxide, A site of cations is occupied by two different cations represented as
A" and A" which exist as divalent species. However, it can exist as trivalent species in
the case of lanthanide or transition metal ions, like La*3, Ce™3, Fe™, Al"3, Ti"}. Similar
to the A site in complex perovskite the B site is also occupied by more than one type of
anions existing in tetravalent state like Ti™, Fe™, Mn™, W™ Nb'. Alteration
possibility in both ions provides a great deal of control over various properties. The

complex perovskite sought much attention in the recent decade due to its attractive
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results in the area of dielectric and magnetic properties (Lee et al. 2000; Lettieri et al.
2000; Kuo et al. 2001). Other additional perovskite known to exist as homologous
series of An+1BnO3n+1, AnBnOsnr1(Dion et al. 1981; Holtzworth-Munroe and Jacobson
1985), Bi2An-1BnOsn+3 (Aurivillius series) (B. Aurivillius 1949; B. Aurivillius 1950; B.
Aurivillius 1951). Few anions deficient perovskites represented by formula AxByO3zn2
related to ABOs perovskite are also reported. Ruddlesden-Popper and Dion-Jacobson
explained a variety of technological applications of these perovskite oxides, such as
multiferroic, magneto-resistant  materials, ferroelectrics, ionic  conductors,
superconductors, the amount of defect, and their mutual interaction.

1.3.2 (a) Double Perovskites

The double perovskite structure got its name due to the presence of twice the unit cell
(A2B20g¢) that of perovskite (ABO3). Here also, A site 12 coordinated and B sites 6
coordinated having the same architecture, but 2 cations occupy the B site. The structure
of Sro2FeMoOg is shown in figure 1.4. The arrangement of Fe and Mo atoms in a 3D

space is ordered in a chessboard type pattern(Garcia-Landa et al. 1999).

(b) Layered Perovskties: Ruddleson-Popper, Aurivillius and Dion-Jacobson phases
The characteristics feature in the structure of Layered perovskites is the presence of
infinite 2D slabs of the simplest ABO3 perovskite type structure separated by specific
motif and layers having the general formula: Au-1)Bum)O@n+1). The layered perovskites
are distinguished on the basis of the following characteristics(Lemmerer and Billing

2010):

1) The specific motif that separates the layers,

2)The layers offsetting from one another.
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In the formula given above, "n" denotes the length of the two-dimensional (2D) slabs.
n=1 indicates the slab has thickness of only one BOs octahedron. n=2 indicates the

thickness of two BOg octahedra, so on.

Figure 1.4 shows the double perovskite structure of Sro2FeMoOe.

The clear examples are the n=1 in SroRuO4 and n=2 in Sr3Ru;0O7; Ruddleson-
Popper phases, as shown in figure 1.5. In these phases, the A cation and the B cation are
occupied by Sr and Ru cations, respectively. The Srz layer acts as the separating motif,
and the perovskite slabs layers are offset by a translation of (1/2,1/2). The Ruddleson
Popper phases have the general formula (An+1)BuO@n+1)), indicating the separating A»
cations as a part of the 2-D perovskite slabs or as {A2}-{Awn-nBnOgan+1)} as it relates

them more appropriately to the other forms of layered perovskites(Iliev et al. 2005).
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Figure 1.5 shows the n=1 in Sr2RuO4 and n=2 in Sr3;Ru>O7 Ruddleson-Popper phases
structure.

The Aurivillius phase is another such layered perovskites having the general
formula{Bi,02}-{Ax-1)B207}. The typical example to understand Aurivillius phases,
where n=2 is Bi3TiNbOy shown in figurel.6. Here, in this phase on the B sites, Nb and
Ti are dispersed statistically. The formula now expressed as: {Bi20O>}-Bi(Ti,Nb),07. In
all of the Aurivillius phases, rock-salt Bi>O; layer acts as the separating motif. For this
example, the A site in the layer is also occupied by Bi cations, which needn't be the case
in all the Aurivillius phases. The displacement in these phases among the perovskite

slabs is (1/2,1/2) translation(Xu et al. 2016).

The Dion-Jacobson is another form of layered perovskites phases having the general
formula as (M™'Am-1)BnOgn+1)). The differentiating characteristics of these phases from
the other forms of layered phases are the presence of alkali metal acting as the

separating motif between the layers. The common example of Dion-Jacobson phase is
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BizO2
™ Rock salt
layers

Figure 1.6 shows Aurivillius phases structure of is Bi3TiNbOo, where n=2.

CsLaNb,O7 shown in figure 1.7. The specific alkali metal in the phase decides the
displacement among the perovskite slabs, which can be either (1/2,0) or no

displacement at all (Yoo et al. 2018).
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Figure 1.7 shows of CsLaNb>O7 Dion-Jacobson phase structure.
1.4 Applications of Pervoskites Oxides:

Since the perovskite structure can accommodate a variety of cations and anions
that change its structure and properties, deep interest in this class of materials has
emerged. These compounds form a large group of dielectric materials having
ferroelectric, antiferroelectric, and paraelectric behavior at room temperature. Members
of the perovskite family of type I (A'"B*>*03) find applications in electro-optic devices
due to their large electro-optic coefficients at room temperature. Due to large acoustic
coefficients at room temperature, KNbO3; and KTaOs3 of the above family are used in

acousto-optic devices LiNbO3, LiTaO3, and KTaOs3 are used as electro-optic materials,
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microwave surface acoustic devices, and holography memory devices. Compounds of
family A*'B*"0; exhibit piezoelectric as well as ferroelectric properties at room
temperature. They are used as piezoelectric transducers, phonographs, air transducers,
instrument transducers, underwater sound, and ultrasonic power wave filters, delay line
transducers, gas lighter elements, dynamic and blast gauges accelerometers, and high
voltage sources. They are also used for sound transmission and reception, ultrasonic
cleaning devices, information storage in electronic computers, and dielectric amplifiers.
(Chandler et al. 1993) Another important perovskite oxide of this family is SrTiO3
which can be used as grain boundary barrier layer capacitors (GBBLC) and positive
temperature coefficient (PTC) thermistors. It also finds application in the photolysis of
water, gas sensor and magneto hydrodynamic (MHD) applications. Thin films of
BaSnOs3 deposited on Al>,O3 substrate are used for 21 sensing CO» and nitrogen dioxide
gases at constant partial pressure. SrSnO3 is used as a humidity sensing material.
BaSnO; and its solid solutions with titanates have also found applications in the
fabrication of ceramic boundary layer capacitors. Barium-based B-site substituted
compounds are used as microwave resonators in cellophane. Pb-based B-site substituted
compounds are used as multilayer capacitors for miniaturization and in the electronic

industry.
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Table 1.3 An example of some perovskite explains property application and its use.

Compounds Typical property | Application

BaTiOs, Ferromagnetic Multilayer  ceramic  capacitors

PdTiO; property (MLCCs), PTCR resistors, and
Piezoelectricity embedded  capacitance. = Most
and high | widely used dielectric ceramic Tc =
dielectric 125°C
constant.

(Ba,Sr)Ti03, Non-Linear Tunable microwave devices.

(Bi,Na)TiO3 dielectric Used in the para-electric state.
properties.

Pb(Zr,Ti)O3 Ferromagnetic Piezoelectric transducers actuators
property and ferroelectric memories. PZT
Piezoelectricity. most  successful  piezoelectric

material.

BisTi3012 Ferroelectric with | High-temperature actuators and
high Curie | Ferroelectric Properties.
temperature. Aurivillius compound

Tc=675°C

(Ko.5Nao.5)NbOs | Ferromagnetic Lead-free piezo- ceramics.

NagsBigsTiO3 | property Performances are  not  yet
Piezoelectricity. comparable to PZT but rapid

progress.

SrFeQOs, Electrical Alternative dielectric materials and

LaCoO; conductivity. Internal barrier layer capacitors.

Multifunctional material

BiFeOs, Magnetic Magnetic field detectors,

LaMnOs property. Memories.

Most investigated multiferroic
compound. Tc=850°C

LaCoOs, Catalytic Cathode material in SOFCs and

BaCuOs property. oxygen separation membranes.

Used for Solid Oxide Fuel Cells
cathodes.

LaAlOs, Host materials for | Lasers Substrates for epitaxial film

YAIO; rare-earth deposition.
luminescent ions.
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1.5 Ceramic Materials

Ceramic materials have been used since ages and have been a crucial part of our
everyday lives. Apart from being famous for their inert and thermal stability behavior,
They exhibit a variety of other properties too, such as opaque or transparent, and
conductor, semiconductor or insulator, rigid or flexible, single crystal or polycrystalline,
or composites, high melting or low melting, etc.(Jang et al. 2002). These materials can
be inorganic or non-metallic materials. The age-old method of its synthesis is making
bricks in chimneys to new world synthesis methods such as solid-state route sol-gel
method, hydrothermal method, and semi-wet route (Jacobson et al. 2002 May 1). The
most desirable property of ceramic materials is their incomparable insulating properties.
Some ceramic materials are known not to conduct electricity but instead get polarized
internally and, thus, used to store-in electrical energy in capacitors (Richerson and Lee
1992).

A few examples of ceramics with other properties are Zinc oxide in varistors is an
example of electro ceramics, lead zirconium titanate (PZT) applied for piezo-electrics,
barium titanate used as capacitors and tin oxide or lead lanthanum zirconium titanate
(PLZT), as gas sensors, used in electro-optic devices (Kuczenski and Segal 1989; Cabuk
et al. 2007; Cain and Stewart 2014).

1.6 Composite Materials

Composite materials or the compositions of materials are the mixtures of more than one
material of different compositions that may be binders, fillers, reinforcement, or may
have equally important components functionally. The chemical and physical properties
of composite materials are generally different from the individual property of the

materials used. Composite materials are widely used in industries for their excellent
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resistance to varied forms of corrosion and chemicals. It has also been applied because
of various unique properties such as relatively lower mass, lower weight, technological
opportunities, and unrivaled manufacturing (Satyanarayana et al. 1990; Pathania et al.
2009). Other desirable properties of the composite materials are their use in electrical
applications such as chemical properties, circuit boards, switches, connectors, terminals,
etc. Composite materials exhibit excellent electrical as well as mechanical properties,
for example, these composite materials are also demanded in parts of the automobile
and aerospace industries.

Table 1.4 Physical properties and applications of some ceramic materials.

Material Properties Application

PZT Change of polarization with change in | Pyroelectrics
temperature.

PLZT Change of birefringence with field Electro-optics

BaTiO; high breakdown voltage Change of | Thermistors
resistance with temperature, high | Capacitors
permittivity

Ferrites Permeability, coercive field Magnets

Z10s Ionic conductivity Gas sensors

LiNbOs High piezoelectric coefficients Transducers,

Piezoelectric.
AlOs3, AIN, | Low permittivity, High thermal | Substrates, Packaging,
BeOs Conductivity,

1.7 Capacitors

A capacitor is an electrical component that stores energy on the application of voltage as
an electrical charge. It releases the stored energy in the circuit when required. It consists
of two metallic parallel plates in which dielectric material is embedded. This dielectric

material can be the number of insulating materials or their combinations. The most
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commonly used ones are ceramic, glass, Mylar, oil, polypropylene, and polyester. The
capacitance of the capacitor embedded with a dielectric material is increased by the
factor "k" when compared to air and this factor is called the Dielectric Constant. Thus, a

dielectric material is as good insulator as higher is its dielectric constant value.

Il B BN B N = . E>E’

EoA e keyA
d - d

Figure 1.8 Parallel plate capacitor with the plates separated by distance (d) and area of
each plate (A).

The dielectric constant is a dimensionless quantity and the actual permittivity of
dielectric materials (€) is the product of the k factor or more correctly relative
permittivity(g,) and the permittivity of the free space(gy) in between the plate. The

actual permittivity (¢) of a dielectric material is as follows:
€E=¢€y X €& (1.2)

The permittivity of the free space of a vacuum, &,, also termed as the "permittivity of a
vacuum" has a constant value of 8.84 x 1072 Farads per meter. The relative permittivity
value is greater than 1 (& >1), therefore, it can be stated that the capacity of storing
charge by a capacitor embedded with a dielectric material is greater than vacuum or the

free space under applied external electric fields. Thus, it is always preferable to
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substitute the vacuum of free space with some insulating or dielectric material. The
capacitance (C) of capacitor embedded with dielectric materials in farads is given by the
equation

€0ErA

C= 2= (1.3)

Since it has been established that if the value of the dielectric constant is higher, the
capacitance will also be higher. Thus, in practical designing for the miniaturization of
the devices, materials of the high dielectric constant are demanded.

1.8 Dielectric materials

Dielectric materials or dielectrics are principally electrically insulating materials or
show high resistance to the flow of charge such that when an electric field is applied, no
current is allowed to flow through the materials due to the absence of free electrons.
However, due to the presence of an electric field equilibrium position of the electric
charge or the dipole moment is slightly shifted and aligned in the direction of the
electric field resulting in electric polarization in the dielectrics creating an internal
electric field. It should be understood that electrical energy that is transferred is due to
the shifting of current, not due to conduction. With the use of dielectrics, one can alter
the electrical phenomena, i.e., the electrostatic force between two opposite electric
charges is significantly minimized and the magnitude of energy stored per unit volume
in an electric field is much greater. A capacitor filled with the dielectrics would be much

higher than it would be in a vacuum.
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Figure 1.9 (a)non- polarized plates and (b) polarized and of an applied electric field.

1.9 Types of Polarization
There are four primary mechanisms of polarization:

1.9.1 Electronic or Atomic Polarization: Atomic Polarization is shown by all sort of
dielectric materials. On application of external electric field(E) charge on each atom in
the material gets separated and consequently, the center of the electron cloud around the
nucleus in an atom gets slightly shifted and polarization of atoms occurs with dipole
moment (P). the magnitude of polarization, as expressed in equation 1.3 is dependent on
the magnitude of the applied electric field and a factor called polarizability(a), which
property of the atoms

P=0oE (1.4)
As soon as the electric field is eliminated, electron clouds and nuclei resume their
original position. The total magnitude of polarization is smaller when compared to other
forms of polarization mechanism due to slight displacement in charges (Koops 1951;
Bai et al. 2000: 200; Cohen et al. 2003; Kretly et al. 2003; Balamurugaraj et al. 2013;
D.W. Richerson et al 1992; Boukenter et al 1988).
1.9.2 Tonic Polarization: This polarization type is generally shown by ionic solids and

it makes a significant contribution to relative permittivity. Net polarization is not shown
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by the material when no external field is applied as the dipole moment of the counter
ions cancel each other due to the presence of symmetry in the crystals. On the other
hand, in the presence of an external electric field, polarization is induced in the
materials because the ions displace from their equilibrium positions. As a result, the net
dipole moment is exhibited by the material.

1.9.3 Dipolar or Orientation Polarization: The type of materials having permanent
dipole moment in the same direction as the applied electric field generates Orientation
Polarization. An example of such material being HCl and H>O etc and charge
distribution within these molecules creates a permanent dipole moment (Rosenberg et al
1988). In the case of H»O, hydrogen atoms are slightly positively charged and oxygen
atoms are negatively charged, making water molecules dipolar. When the material is
present in the absence of an electric field, no net dipole moment is shown due to the
cancellation of dipole moment as a result of thermal agitation within the molecules.
However, when an external electric field is operated, the molecules begin to reorient in

the direction of the external field, generating a net dipole moment in the material.

Interface

=

" Dipole polarization
l i lonic polarization

v Atomic polarization

Dielectric constant

Log Frequency

Figure 1.10 Schematic figures between dielectric constant vs log (frequency) showing
various mechanisms.
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Table 1.5 Polarization mechanism of dielectric materials

Polarization Mechanism

Type of No E field Local E Field | Case where it Frequency Strength of
polarization (E=0) (E#£0) is range Polarization
Observed where it is
predominant
Interfacial
Polarization - -0 - z. - - Heterogeneous | 107 to 103 Hz | Very strong
..- 6. 00 - - Systems
Molecular or Molecules with
Orientation ® @ % @ @ @ @ @ permanent 10" to 1012 Weak
or Dipolar @ @ @ @ @ dipole Hz
Polarization moment
Ionic
polarization [ = =1 | [onic species 102 to 1013 Strong
ofe .
- ] BE3 z
Electronic
Polarization @ . Neutral atoms | ~ 10" Hz Very weak

1.9.4 Interface or Space Charge Polarization: When the material gets polarized under

the influence of an external electric field due to the movement of charges is referred to

as Interface or Space Charge Polarization. This type of polarization generally results

from the charge accumulation at the interface of two different materials or grain

boundaries within the material and is usually shown by polycrystalline or amorphous

solids. The reasons for the formation of space charges could be charges randomly

generated by cosmic radiation or charges that get entrapped in the material during the

synthesis process or created by thermal deterioration (D.W. Richerson et al 1992).
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The scheme depicted in figure 1.10 helps to interpret which polarization is significant in
the material concerned from the experimental data.

1.10 Dielectric Constant

As discussed above relative permittivity or specific inductive capacity is more
commonly referred to as the dielectric constant and the dielectric materials are the
electrical insulators that get polarized when the external field is applied. When the
dielectric material is embedded in between the parallel plate capacitor and an external
electric field is applied, the material acquires positive and negative charge oriented in
the opposite direction of the field applied, and polarization is thus induced. As the
electric flux density is enhanced, the electrical polarization also increases, which further
amplifies the dielectric constant, enabling it to store energy for a longer period.

The relative permittivity, another way to express dielectric constant, is symbolized by
the kappa, x, a Greek letter which is simply expressed as a ratio of material's
capacitance (C) to that of capacitance showed in vacuum i.e. Cop (k = C/Cy). (Richerson
and Lee 1992). It is a unitless number having no dimension. Materials having a high
dielectric constant act as excellent capacitors and are applicable in other devices, like
microelectronics. The material having a low dielectric constant is also demanded and
used as an electrical insulator. Relative permittivity (k) can also be expressed as
K=¢'-je"
K = g0&r— je" (1.5)
In the above equation, €' is the real dielectric constant, and €” is the imaginary
dielectric constant. The real dielectric constant (¢') depends on the nature of the
material, the frequency applied, the temperature at which data is collected, the

magnitude of voltage, and time. The polarization due to all the above characteristics has
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specific mechanisms(Koops 1951; Bai et al. 2000; Cohen et al. 2003; Kretly et al. 2003;
Balamurugaraj et al. 2013).

The most extensively studied perovskite showing a fascinating dielectric constant is
CaCusTisO12, (CCTO), a complex perovskite oxide. This electro ceramic shows
dielectric permittivity (¢) as high as 10°. It is synthesized for varied applications, for
instance, as a capacitor, memory devices, a sensor, a resonator or microelectronic
devices, etc (Fang et al. 2004; Ferrarelli et al. 2006; Huijben et al. 2006; Huizar-Félix et
al. 2012). These applications are an outcome of the properties accomplished by the
unique structure of CCTO(Zhuk et al. 2018). The structure of CaCuzTi4O12 is derived
from the cubic perovskite (ABOs) represented by the general formula AA'3B4Oi2
forming a cubic lattice, in which A and A' occupy corners, B are confined at body-
centered, and oxygen occupies the face-center. The unique behavior in the material can
be attributed to the structural variation in which the octahedral tilt distortion appears in
the cubic lattice due to a mismatch in the nature and the size of the A cations. (Demmig-
Adams and Adams 2006). Additionally, the TiOs octahedral tilt produced in the
structure, where three-quarters of the A sites occupied by Cu®" cations exhibit square—
planar coordination and Jahn-Teller distortion. The remaining one-quarters of the A
sites reside in Ca®*, exhibiting 12-fold coordination. This unique structure provides the
material its specific features and thus the demand for infinite tailoring opportunities

around it.

1.11 Dielectric loss

Dielectric loss is the inherent property shown by the dielectric materials and it is
actually the loss of energy, mostly in the form of heat due to constant fluctuation in the
direction of polarization, given to the fact that an alternating electric field is applied. It

should be noted that this is not a feature that is a factor of the geometry of the capacitor
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or the dielectric material. It is also termed as Dissipation factor (Df) or more commonly,
loss angle () or loss tangent (tan &). It refers to the specific phase of the complex
plane, whose real as well as the imaginary parts exhibits resistive (lossy) component to
its electromagnetic field where as the reactive (lossless) counterpart is better shown by
the following equation
tan § =¢"¢'+o2nfe (1.6)
where, €' is the real part of dielectric permittivity and €” symbolizes the imaginary part
of dielectric permittivity and f represents frequency, and ¢ is electrical conductivity
shown by the materials. The reason for the tangent loss (tan ) or the loss of energy in
the dielectric materials is the dipolar and interfacial polarizations accompanied by
distortion loss and conduction loss. Distortion loss comes in affect at higher frequency
regions and is mainly governed by ionic as well as electronic polarization mechanisms.
On the other hand, conduction loss is the consequence of the flow of actual positive and
negative charges across the dielectric materials which are responsible for the D.C
electrical conductivity in the materials. As stated earlier, the main reason for dielectric
loss is because of the molecular or atomic rotation under the influence of alternating
electric fields. The energy loss (W) caused by dielectric loss (tan d) in the capacitor or
the dielectric materials arises as a result of three factors, namely the D.C conductivity,
Ionic vibration and the deformation loss, the ionic jumps during dipolar reorientation
causing the relaxation losses (Shujahadeen et al. 2018). Loss of energy (W) within the
dielectric materials can be evaluated using the following equation
W=me' §2f tan § (1.7)
Where f symbolizes frequency and & is used to denote the electric field strength.
Therefore, for the longevity of the dielectric materials or to minimize the energy

dissipation, and better performance at a higher frequency range, it is required to obtain
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dielectric loss as low as possible. Generally, a dielectric material exhibits high dielectric
loss when it is under 5% and low when it is around 0.1% [Ulrich and Schaper (2003)].
1.12 Impedance

Dielectric spectroscopy depending on the frequency is regarded as impedance
spectroscopy (IS). Graphical representation of it is referred to as a form of Nyquist plot
or Cole-Cole plot. This technique provides a platform for the accurate measurement of
electrical properties of the materials over a broad range of frequencies, whether it is
solid or liquid. Interaction of the external electric field with the electric dipole moment
within the materials (often expressed by permittivity) provides the base of this
spectroscopy. Impedance spectroscopy proves to be a quite useful technique to study the
composite material as it is an interaction of external electric field which is alternating in
nature. It has a significant effect on the electric dipole moment depending on interfaces
(interfaces among different phases, grain boundaries, and the pores) (Gerhardt (1994)].
Data obtained from spectroscopy is employed to evaluate capacitance and loss tangent
or real and imaginary impedance over a frequency range. The information about the
presence of grains, grain boundaries and surface effects that influence electron transfer
reaction can be obtained by utilizing the impedance spectroscopy technique. The high
value of the dielectric constant of the materials is explained on the basis of the internal
barrier layer capacitance (IBLC) mechanism (Leret et al. 2007). According to IBLC
mechanism, materials possess grains separated through grain boundaries in which grains
are semiconducting in nature whereas grain boundaries are insulating properties. The
higher value of grain boundary resistance in comparison to that of grain resistance in the
materials is responsible for the high dielectric constant because of larger difference in
electrical conductivity of CaCusTi4O12 (Chiodelli et al. 2004). A considerable difference

in conductivity develops space charge polarization that is dominant in the lower
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frequencies (hertz to kilohertz) at the barrier layer between grains and grain boundaries.
This gap is the crucial factor for the giant dielectric constant of a wide variety of
materials (Gerhardt and Nowick 1986, Ramanujachary et al. 1988, Cao et.al. 1990 and
Kim. et al. 1997). In some cases, the semicircle of grains (bulk) or electrode that
appears at a very high frequency is missing due to instrument limitations. After
measuring Capacitance and tan d with the help of LCR meter and measuring the current
flow through the material in which L represents inductance, C represents capacitance
and R represents resistance. All the parameters such as impedance (Z%*), dielectric
constant (£*), electric modulus (M*), and admittance (Y*) can be measured. These

functions are in turn related to one another as follows (Gerhardt et al.1994).

g% = gr_j g (18)
1 1 .
Zr == +— =7'-i7" (1.9)
Ry +1wCg  Rgpyiwcy,
Where
r_ Rg + Rgb
1+((L)RgCg)2 1+(ngngb)2
And

"_ WRgCq WRghCgb
2_9[1 R,C 2]-i_gb[1 RapC 2]
+ (wRyCy) +(WRgpCyqp)

Z*,Z" and Z''represents complex, real and imaginary impedance, whereas Ry and C,
are resistance and capacitance of grains, Rg, and Cg, are the resistance and capacitance

of grain boundary. w = 2[If , f indicate frequency

and tand== =2 (1.10)

£ z"
Since these functions are interrelated, only one set of measurements is needed to

calculate all of them (Macdonald 1987 and Gerhardt 1994). Studying dielectric data in

the different functions allows different features to be recognized.
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Three different basic regions for the exchange interactions between current and sample
(a) Within the grains.
(b) The grain boundaries.

(c) Electrodes surfaces.

Figure 1.11 Complex plot of impedance plane and its equivalent circuit

1.13 Ferroelectricity

Ferroelectricity is the property of the material existing in single or polycrystalline form
exhibiting reversible spontaneous polarization over a certain range of temperature, that
can be reversed in direction by the application of an appropriate electric field. This type
of material was discovered in 1920 in Rochelle salt by Valasek. The phenomenon of the
ferroelectric in the materials can be explained on the basis of the hysteresis loop, shown

in figurel.11.
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Figure 1.12 PE hysteresis loop

The remanent polarization and coercive field were measured with the help of
polarization versus electric field variation, for which saturation polarization must be
present in the P-E hysteresis loop. The presence of polarization in the materials in the
absence of an external electric field (E=0) is called remanent polarization, whereas the
value of the field at zero polarization is called coercivity field (Ghosh et al. 2016). A
number of materials with perovskite (ABO3) type structure that exhibits ferroelectricity,
such as  KHyPO4 (KDP), LiTaOs; (LT), PbTiOs; (PT), Pb(Zr,Ti)Os;(PZT),
NH4H>PO4 (ADP), LiNbOs (LN), BaTiOs; (BT), (Pb,La)(Zr,Ti)O; (PLZT), and
(Pb,La)TiO3 (PLT) were discovered. The unusual dielectric constant observed in the
BaTiO; (BT) is due to the displacement of atoms from their original lattice point in the
particular orientation and attained non-centrosymmetric structure resulting in
spontaneous polarization. Below the certain temperature called curie temperature (Tc),

ferroelectricity is observed in the materials, however their ferroelectricity disappears
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above this temperature and the transition of the ferroelectric phase in to the paraelectric

phase or transition order-disorder phase having higher symmetry than earlier.

A
Ap P

WM

(below Tc) (above T:)
Figure 1.13 P-E hysteresis loops for BaTiO3 above and below the Curie temperature
(To)

For example, the transformation of low symmetry tetragonal BaTiOs;to higher
symmetry cubic BaTiO3 at about 120°C while heating. The term paraelectric involves in
centrosymmetric suggests an analogy with paramagnetism where the dipoles are
randomly oriented in the crystal that is why polarization becomes zero. Therefore,
materials must be non-centrosymmetric for the existing ferroelectricity phenomenon
which indicates that mechanical strain caused by phase transition will change not only
the shape and volume of the materials but also change their refractive index.
Hence, ferroelectric  materials exhibit not only ferroelectric phenomena but
also pyroelectric, electro-optic effects, and piezoelectric, which can be used for many
technological applications such as light deflectors, displays and other electro-optic

devices (Qi et al., 2002).
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1.14 Magnetic Properties

Magnetism is defined as an attractive and repulsive phenomenon exhibited by
any material. It is a material attribute that results from the alignment of magnetic
moments. A magnetic field is generated by the net flow of electric charge and magnetic
moments of constituting particles of the material, which act on nearby magnetic
moments as well as currents. In the presence of an external magnetic field, the
electronic spins present in the materials align themselves, altering the magnetic field
strength (Koehler and Wollan 1957; Rajeswari et al. 1998; Roy et al. 2005; He et al.
2010; Andres et al. 2012 Jan 1; Markovich et al. 2014). This change in the magnetic
field is referred as magnetization (M). The magnetic flux density shown by the materials

(denoted as B) is expressed by the equation

B=poH+poM (1.11)
In the above equation, po is called the universal constant as the permeability of free
space (4 x 107 H/m), H is the symbol for magnetic field strength and M represents
magnetization. Magnetization in other words, the net magnetic moment per unit volume

of a substance, is defined as

M= yuH (1.12)

Where ym is a mathematical symbol denoting magnetic susceptibility and

o= -1 (1.13)
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Table 1.6 The high dielectric constant of few oxides compound

S.No. Compound Dielectric Reference
constant
1. CaCuxMn,; TisO12 5x10° (V. Kumar et al. 2020)
2. Bi23Cu3Ti4012 2.9x10* (Gautam et al. 2016)
3. Y23Cus3Ti4O12 8434 (Sharma et al. 2014)
4, Y23Cu2.90 Zno.1 Ti4O12 1.85 x 10* (Sharma et al. 2018: 2)
5. CaCusTisO12 10* (V. Kumar et al. 2020)
6. BaFei1.95 Co0.0s019 2.3x10° (A. Kumar et al. 2020)
7. CaCusTisSn 012 6.51 x 10* (Boonlakhorn and Thongbai
2020)
8. 0.5Bi23CusTisO12 - 13.94x10° (Gautam et al. 2017)
0.5Bi3LaTi3012
9. BagY2TisO17 1.5 x10° (Yadava et al. 2016)
10. Eu:CuOs4 5x10° (Salame et al. 2014)
11. BisTi3012-BaTiOs 4.75x10° (Singh et al. 2020)
12. CaCu2.9Zno.1TisO12 5971 (Singh et al. 2013)
13. Y2/3Cu3Ti3.95In0.05012 5068 (Singh et al.2016)
14 Bio.sNao.sTiO;3 5000 (Lin et al. 2004)
15. (Bao.95Cap.05) 3910 (Yang et al. 2011)
(Ti0.96Z10.04)O3
16. StTiO3 2150 (Penn et al. 1997)
17. Bi4Ti3012 1400 (Xiang et al. 2006)

HIT (BHU) Varanasi Page 31




Introduction

Where, W=/ Ho (1.14)

Here in equation 1.13, pr is the symbol for relative permeability. As expressed in
equation 1.14, relative permeability L is the ratio of permeability of the material (i) to
the permeability of free space (uo). The degree or extent to which a material can be
magnetized is measured by this ratio. Applications of magnetic materials can be seen in
a variety of appliances, a few of them are microwave devices, magnetic recording
media, data storage tunnel junction, video recorders, etc. (Hamid et al. 2006). Physical
properties such as magnetic coupling, high electrical resistivity and low loss are
associated with the magnetic materials. As per requirement, these properties can be
altered by altering the structure and composition. Along with-it magnetic behavior is
much affected by the particle size, morphology, chemical composition as well as
synthetic routes. However, it should be pointed out that if the particle size is below 100
nm, the concentration of atoms on the surface will be high. Thus, even by changing the
structure in the nanoscale, magnetic properties can be changed (Richerson and Lee

1992; Chu et al. 2002; Chaudhuri and Mandal 2012).

1.14.1 Origin of magnetism

The origin of magnetism in a material lies in the motion of negatively charged electrons.
The overall magnetic moment is the resultant of the magnetic moment generated by the
spin motion of electrons around its axis and the orbital motion of electrons around the
nucleus. The former referred as spin magnetic motion (us) and later referred to as orbital
magnetic motion (p). However, they may or may not be magnetic. The magnetic
quantum number (Ms) values are either +1/2 or -1/2, which signifies the direction and
the value of the spin of an electron. When two electrons are paired in the orbital, their

spin motion is equal and opposite, thus, magnetic moments cancel out each other,
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causing a very weak magnetic field. However, the material exhibits considerate
magnetic behavior when the electrons in the orbitals are unpaired. Transition metals
have a higher tendency of being magnetic as they possess unpaired electrons in their d

orbitals.

Origin of magnetism in the materials

A moving electric charge , microscopically or macroscopically is
responsible for magnetism in the materials

——— o — ]

Origin : -
5 Unpaired electrons required for
- —»[*Spm of electrons |_’ net magnetic moment
Magnetism

—DIOrbital motion of electrons I—DlThis effect is strong

*Magnetic Moment resultant from the spin of a single unpaired electron
Bohr Magneton = 9.273% 102* A/m’

Figure 1.14 Flow chart for the origin of magnetism in the materials.
1.14.2 Magnetic Domain

Magnetic domains are a small region within the magnetic material, where all
magnetization happens to be in a uniform direction. It should be noted that in material,
the magnetic moment (or spin of the electron) of all the atoms in a region are arbitrarily
oriented. In the magnetic domains at a certain area, approximately billions of atoms are
found in a millimetre size. In the absence of a magnetic field, the spinning of electrons
in ferromagnetic materials is random, resulting in a soft substance. In the case of
ferromagnetic material magnetized easily, but no time of period retain (Chu et al. 2002;
Chaudhuri and Mandal 2012). In the presence of a magnetic ficld, the magnetic domains
are aligned parallel in the same direction. As a result, the material's net magnetic

moment is non-zero and exhibits high magnetization. These materials are hard and have
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Table 1.7 Various types of magnetic behavior at glance.

Types of Susceptibility Atomic/Magnetic behaviors Example
magnetism
Diamagnetism Small & Atoms Au, Cu,
negative, -10° | have no Hg etc.
tol magnetic
moments OO0 OOM
0000
00000
O0000
Paramagnetism | Small & Atoms 02, NO
positive, +10° | have
to +107307° randomly | ¢SSP meM Bs,etc.
oriented g g ?D gg
magnetic eneed
moments
Anti- Small & Atoms g dbododM Mn, Cr,
ferromagnetism o have OXOROX!
Positive mixed dOdd | _|— MnO, NiO
+10% 0 +103 | parallel LLEL.
and anti etc.
parallel
aligned
magnetic
moments
Ferrimagnetism | Large & Atoms ddd oM Ba ferrite
positive (~3) have anti- dddodd
(below Tc), parallel dddodd
Function of aligned ddddd
applied field, magnetic
Microstructure | moments
dependent
Ferromagnetism | Large & Atoms dbdpddOM™ Fe, H,
positive (below | have ddddd
Tc), Function | parallel OXOXOXOX) Co, Ni etc.
of applied aligned dbdddd
field, magnetic
Microstructure | moments
dependent
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a permanent magnetic moment, which means that their magnetization continues even
when the magnetic field is removed (Zhao et al. 2004; Andres et al. 2012 Jan 1).

The first person to classify chemical substances on the basis of their magnetic
properties was Michael Faraday in the nineteenth century. Faraday's distinction basis
was the force experienced by the materials when an external inhomogeneous magnetic
field was applied to them. All the category of magnetism is shown in table 1.7.

1.14.3 Hysteresis loop

Magnetic characteristics of the material can be determined by studying the
relationship of the magnetizing force (H) with the induced magnetic flux density (B).
The plot of this relationship is referred as the B-H curve, also termed the hysteresis

loop. A typical hysteresis loop of a ferromagnetic materials is illustrated in figure 1.15.

BFlux density |

» Saturation
Retentivity

H
Magnetising
Force

Magnetising Force in
opposite direction

Saturation in(
opposite direction -B Flux density in_
opposite direction

Figure 1.15 Hysteresis loop or B-H curve

When an external magnetizing field is applied to a ferromagnetic material, such as
nickel, cobalt, or iron, alignment of the atomic domains occurs, and once aligned

magnetic property is developed in the material, that remains conserved eternally even if
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the external magnetizing field is removed. If it is needed to demagnetize the material, an
external magnetizing field in the reverse direction must be applied (Makar and Tanner

1998).

The parameters required to define a magnetic material that can be evaluated from the

hysteresis loop are provided below (Goll 2007).

(i) Retentivity —A degree of the residual flux density at the saturation induction in
the magnetic material. it measures the ability of the material to retain a finite
magnitude of the residual magnetic field when the external magnetizing force is
eliminated after reaching saturation, represented by point B on the hysteresis
curve.

(i) Residual Magnetism or Residual Flux - some of the magnetic domains retain a
degree of orientation relative to the magnetic field that was applied to the core.
This phenomenon is known as residual magnetism. The magnetic flux density
that remains a material when the magnetizing force is zero. It is remarked that
both retentivity and residual flux density have the same value when the material
has been magnetized to the saturation point. It is observed that when the
magnetizing force does not attain the saturation level, the level of retentivity
may be greater than the value of residual magnetism.

(iii) Coercive Force — The magnitude of the magnetic field required in the opposite
direction to return the value of magnetic flux to zero.

(iv) Permeability — The ease with which a material can generate magnetic flux in

its component is referred to as its permeability.
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(v) Reluctance - the resistance that a ferromagnetic material displays to the creation
of an internal magnetic field. The resistance offered by the electrical circuit is

analogous to reluctance.

A Magnetization e Ferromagnetisme

s Paramagnetisme

M- M-

s Superparamagnetism

p— Magnetic Field

Figure 1.16 shows the M-H hysteresis curve for paramagnetism, superparamagnetism,
and ferromagnetism.

1.15 Dye Degradation an Overview

Heterogeneous photocatalysis has been an extensively pursued research study for over
the last two decades, which is widely applied for the degradation of the dyes. In the
materialistic world of today, the demand depends on the outer appearance of products
like leather, clothes, plastic products, accessories, or furniture, and for coloring these
products, synthetic dye is needed. Unfortunately, in the process of dyeing,
approximately 20% of the dye is lost as waste and enters the environment (Naresh and
Mandal 2014). Subsequently, a substantial amount of synthetic dyes is released as
wastewater discarded from the industry. Thus, to ensure a constant supply of clean

water, recycling and reclaiming wastewater is a must. Conventional methods of
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reclaiming water chemically, physically or biologically have been applied excessively
for treating waste water having synthetic dye molecules. However, these processes have
some drawbacks, such as the requirement of high energy, cost-ineffective as well as in
the treatment process generates secondary pollutants (Barlow 1999).

However, Photocatalytic degradation of pollutants in wastewater is one of the efficient
and inexpensive methods leading to complete deterioration into non-toxic molecules
such as water and carbon dioxide. In this process mainly electrons are transferred to the
conduction band from the valence band of a material surface (mostly chalcogenides) on
irradiation with solar light of appropriate wavelength (Kong et al. 2019)This
phenomenon generates excitons which react with oxygen or water molecules to produce
hydroxide radicals and superoxide anions. The latter species exhibits a very high
oxidizing tendency which can degrade a wide variety of organic pollutants, including
synthetic dyes. This decontamination method via these reactive species comes under the
forms of Fenton processes, also termed as Advanced Oxidation Process (AOP) (Rana et
al. 2005).

The photocatalyst that is exhaustively studied for the photocatalytic degradation of dye
is titanium dioxide, but its efficiency is yet to reach. TiO; has three prominent phases,
namely Bookite, Rutile and Anatase, among which the anatase form of TiO:> have
reported to display higher photon absorption characteristics due to the triangular
arrangement of the oxygen ions on the surface of anatase, allowing considerable
adsorption of organic pollutants, along with in the anatase phase, the orientation of
titanium ions favors reactions with the adsorbed molecules. Intriguingly, small
proportion of rutile phase present in pure anatase has proved to be favorable for the

adsorption of dye even though the former lacks the favorable arrangements of the ions.
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The reason of it can be attributed to mesoporosity in the structure of the rutile phase
(Viswanathan 2018).

The intensity of exposed light is another deciding factor that governs the percentage
dye degradation in the waste water. The process of recombination of the excitons has an
inverse effect with the intensity of irradiation, at higher intensity of irradiation, the
recombination process slows down, on the contrary at low intensity, the electron hole
recombination predominates (Sunkara and Misra 2008; Venkatasubramanian et al.
2008).

The crucial parameter deciding the efficiency of photocatalytic activity is the band gap
of the material. Band gap helps in resolving the appropriate wavelength of solar
radiation required for the catalytic activity (Huijben et al. 2006).

Primarily photo assisted degradation is still limited by the wide bandgap, which shows
UV light responsive characteristics. The UV-responsive single metal oxide
photocatalysts are categorized as first-generation photocatalysts. But lately, there has
been a need to develop photocatalytic materials that are responsive to visible light
irradiation. Thus, the latest research is devoted toward designing photocatalysts with
minimum bandgap, responsive in the visible region, and categorized as second-
generation photocatalysts. Moving towards the aim of shifting the irradiation
wavelength in the visible light range, modification in the structure of already existing
photocatalysts or coupling photocatalysts to reduce band gap is needed (Lachheb et al.
2002).

1.15.1 Mechanism of Photocatalytic Dyes Degradation

The main steps involved in the mechanism of photocatalytic degradation of dyes
through the radical species formed due to photoexcitation of the photocatalyst are

expressed in the following steps.
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Photoexcitation:

Photocatalyst + photons (hv) — e (CB) + h"(VB) (1.15)
Charge-carrier trapping of e:

e (CB) — ¢ (tr) (1.16)
Charge-carrier trapping of h*:

h"(VB) — h'(tr) (1.17)

Electron—hole recombination:

[e(tr)] + [h"(VB) + h'(tr)] — heat (1.18)
Oxidation of hydroxyls:
OH + h'" — eOH (1.18)

Photogenerated e scavenging:

(02)ags + € — 02" (1.20)
0" + ¢ — HOO- (1.21)
Photodegradation of organic by eOH:

Organics + e¢OH — CO; + H20 (1.22)
Photodegradation of organic by h+:

Organics + h" — CO> + Hx0 (1.23)
Photodegradation of organic by Oz / HOOs:

Organics + 02" /HOOs — CO; + H:0 (1.24)
Here, e (tr) denotes the surface-trapped VB electron and h” (tr) is the surface-trapped
CB hole, O;" is the superoxide radical and hydroperoxyl radical is represented as
HOOe-. As expressed in equation (1.17), the recombination of photogenerated ¢ with h*
occurs in nanoseconds (ns) with simultaneous heat energy dissipation, thus for an
efficient photocatalytic degradation, this step is prevented (Viswanathan 2018; Kong et

al. 2019).
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Figure 1.17 The pictorial representation of Photocatalytic Dyes Degradation.
1.15.2 Photocatalysts used in Dyes Degradation

A wide variety of photocatalysts have been synthesized and employed to date,
however, within the perovskite-related family, it is observed that as compared to bulk
non-layered perovskite photocatalysts, layered perovskite-related photocatalysts are
better suited for the separation as well as diffusion of photogenerated electron-hole
pairs.

The most prominent layered perovskites, as already discussed earlier, are namely
the Ruddlesden-Popper phases having the general formula An+1BnOsni1 (e.g.,
Li,CaTa207), the Dion-Jacobson phases given by general formula An.1BnOsn+1 (e.g.,
RbLaNb2O7), and the Aurivillius phases having the general formula ((An-
1BuO3n+1)*(A202) 2. Here, in all three cases, n denotes the number of layers of the

perovskite structure. According to the reported work, it is established that among these
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layered perovskite-related family, Aurivillius phases exhibits the most promising results
in photocatalytic activity (Hwang et al. 2017).

The Aurivillius phases have unique intergrowth structures constituted of alternating
layers of (Bi202)*") units with perovskite-related ((An-1BnO3n+1)*) blocks. The
alternating layered arrangement, along with providing better polarization of charge
species, also provides a better possibility for the diffusion and separation of the
photoexcited hole—electron pairs compared to other non-layered photocatalysts (Naresh
and Mandal 2014). The separation is possible as the reduction and oxidation lattice sites
reside in an isolated manner on the edges and faces of the unit ultrathin sheets. The
holes generated in the layered photocatalysts are trapped by water molecules present in
the interlayer while diffusing to the sheet surface. This accelerated trapping method of
holes causes electrons to be easily and efficiently diffused within the unit sheets before
getting to the edges of the sheets (Liu et al. 2014). Additionally, bismuth (Bi) is a p-
block element with filled d orbital, and s-orbital of the valence shell (Bi 6s) can
hybridize with p-orbital of oxygen (O 2p) generating hybridized valence band (VB),
which facilitate the mobility of holes in the VB generated by the photons and improves
the photocatalytic efficiency of the Aurivillius oxide (Zhang et al. 2011 May).
Bi4Ti3012, a parent Aurivillius oxide (where n = 3) is well explored as a visible-light-
driven photocatalyst in all forms such as BisTi3012 films, BisTi3012 particulates and
even in platelets form (Hou et al. 2013: 1). Regrettably, individual phase of BisTizO12
nanomaterials shows low photocatalytic efficiency due to fast rate of electron—hole pairs
recombination. As discussed above, to reduce the band gap or in other words to increase
light harvesting property, coupling of photocatalysts or hybrid photocatalysts is
preferred over one individual photocatalyst. This hybrid photocatalysts displays

synergistic effects of the each species, providing prolonged carriers lifetime, better
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chemical stability and enhanced catalytic performance (Venkatasubramanian et al.

2008).

1.16 Aim of the present work

This aim is mainly focused on the crystal structure analysis of Aurivillius
oxides. The structural distortions and the driving force behind them will be discussed.
The cation doping effects, site mixing between cations inside the perovskite block and
Bi ion in the bismuth oxide layer, as well as the perovskite layer effect, will be studied
to investigate the trend for structural features. The structural features tracked here
primarily direct to the local environments around Ti and the interface between
perovskite block and bismuth oxide layer. The second major part is aimed at linking the
crystal structure features with their electrical and magnetic properties. So, the material
properties can be optimized with careful control of crystal structures from different
compositions.

Barium Titanate BisTi3012 is one best-known typical compounds of Aurivillius
oxides owing to its credible application in ferroelectric memories and optical devices
and it has been intensively studied as a photocatalyst for water splitting and for
degradation of organic pollutants. Regrettably, the conductivity of BisTi3O12 hinders the
polarization and low photocatalytic efficiency of individual phase BisTi3012
nanomaterials is obtained due to the rapid recombination of photoexcited electron-hole
pairs (Liu et al. 2014). Thus, to improve the polling processes by structural
modification, various other perovskites have been added. BaTiOs3, one such perovskite
with colossal polarization spawning excellent ferroelectric and dielectric properties, is
opted to add in BisTiz012 to yield a new ceramic material BisBaTisO15 (BBTO) in the

present work. BBTO belongs to the Aurivillius family where m = 4, which suggests it is
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even layered and thus, polarization only exists in the a-b-axis and missing along the c-
axis. A-site in the perovskite is occupied by Ba and Bi ion while B-site by Ti ion. Due
to its peculiar crystal structure, BBTO exhibits anisotropic ferroelectricity and novel
electrical properties and with increased light harvesting, the prolonged lifetime of

carriers enhances catalytic performance as well as higher chemical stability.

(i) The thesis focuses on the synthesis and characterization of ceramic materials, as well
as various types of applications such as dielectric and magnetic characteristics.
(ii) Grain and grain boundaries, morphological structure, particle analysis, temperature
and frequency influence on dielectric and electrical characteristics have been
investigated extensively.
(iii) This work deals with the method of synthesis of Bismuth Layered Aurivillius
oxides and some experimental procedures carried on these ceramic materials. In general
ceramic materials are hard and brittle, shows immense stability due to its inherent
quality of being heat and corrosion resistive. Their interesting properties are further
enhanced by employing different compositions and synthetic routes. Purity of the
synthesized materials is of utmost importance; hence single-phase formation of the
materials was controlled by reaction conditions and sintering temperature.
Characterization of synthesized materials to obtain information regarding microstructure
and particle size were obtained using various physicochemical techniques. Few physical
properties such as dielectric, impedance, magnetic and hetero-photocatalytic were
investigated too at a few selected temperatures and frequencies. In the present work,
following Bismuth Layered Aurivillius oxides were synthesized.

i.  BisTi3012-BaTiO3; (BTO-BT) by modified solid-state route

ii.  BisBaTisO15 (BBTO) by chemical route

iii.  BisSrTisO15 (BSTO) by chemical route
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Different types of physiochemical characterization of the following above materials
in the sequential steps:
I.  X-ray powder diffraction (XRD) study was used for the identification of phase
formation and the crystal structure of the materials.
II.  Scanning electron microscope (SEM) analysis has been performed for the
detailed morphological study of the fractured surface of the materials.
III.  Transmission Electron Microscopy (TEM) is wuseful for particle size
determination.
IV.  The dielectric properties, dependent on both temperature as well as frequency,
have been investigated.
V.  The magnetic properties of the ceramics studied.
VI.  The thermal behavior of the ceramic was studied with the help of
Thermogravimetric analysis (TGA).
VII.  The oxidation state of the element was to be examined with the help of X-ray
Photoelectron Spectroscopy (XPS).
VIII.  Metal oxygen bond was to be examined with the help of FT-IR.
IX. Grain and grain boundaries were also studied with the help of Raman

spectroscopy.
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