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Abstract

Here we present the synthesis of Ba-doped-CuO and BaCuO, nanoparticles. Doped
material was synthesized by hydrothermal method while BaCuO, was prepared by
Citrate pyrolysis method. Characterization was accomplished by XRPD, SEM and EDS.
Peaks of doped material and BaCuO, were also confirmed by phase analysis through
XRPD analysis which confirmed the single phase synthesis of Ba-doped CuO and
BaCuO, with the crystallite sizes,30-53nm and 70nm, respectively. Samples
morphology was studied by SEM and oboserved spherical morphology for undopedCuO
and BaCuO,, cubical morphology for Bag,CuggO, and rod-like morphology for
Bag4CupsO. Absorbance was measured by using UV-Vis spectrophotometer. UV-Vis
spectroscopy revealed band gab between 5.74eV for undopedCuO, the band gap for
BaoCupsO was greater than 6eV, and for Bay4CusO was 5.8.eV while the band gap
for BaCuO, was 5.77eV.From these results it was observed that least concentration of
dopant gave the highest band gap. Dielectric loss, dielectric constant, ac conductivityand
tan loss was evaluated. It was seen that the materials with least concentration of dopant
shows best current storing ability as in case of Bag2CuggO values of dielectric constant,
tan loss, ac conductivity and dielectric loss were 7 x 10° 10, 0.4 Sm™and7 x10’,
respectively. Physical properties of composites anticipate them good potential
candidates for supercapacitor applications. TGA studies for thermal properties
represented high stability of undoped and Ba doped materials without any phase change.
And BaCuO; show slightly different behavior of absorbing oxygen from the
environment. The total mass loss observed during TGA was about 4% to 12%.
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Chapter 1 Introduction

Chapter 1: Introduction

Nanoscience
Nanoscience is a word comprises of two parts; “nano” and “science”. The word “nano”

has been derived from GREEK word “nanos” meaning “dawarf” and is a well-known as
a prefix in nano-second, nano-ampere, and nanometer etc. with a mathematical
representation of 10°. Whereas the word “science” covers a variety of fields
likechemistry, biology, physics, electronics and superconductors etc. Hence it can be
deduced that the study of any object in nanometer range is called nano-science.The
concept of nanotechnology was announced by a physicist Richard Feynman in 1959 in
his speak “There's Plenty of Room at the Bottom”[1]by definitionits “The manipulation

of matter on an atomic and molecular level”[2].

Approachesfor the synthesis of nanomaterials
Nanomaterials can generally be prepared by two methods i) Top down approach, where

macrostructures are milled or etched form bulk materials, and b) Bottom up approach
where the nanomaterialsare synthesized by self-assembly and chemical synthesis
method.The different methods for the synthesis of nanomaterial are summarized in Fig
1.1

© Atomic/ Molecular
Condensation

o Vapour Deposition Sputtering

up

(] Sol-gel Process Chemical etching

(-] Spray Pyrolysis

° Chemical/Electrochemical

o
L]
® Thermal/Laser ablation
8]
o

Deposition Nuclel Powder Mechanical/Ball missling
® Acrosol Process ? Explosion Process
° Bioreduction L. 5
o @
Atoms/Molecules U ‘*

AuNPs

Figure 1.1. Methods used for the synthesis of nanomaterials
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Nanoscience and nanotechnology are helping to improvemany technologies and

industries.

Nanomaterial and their Classification
Nanomaterials have at least one dimension less than 100mn,mostly occur naturally e.g.

lipoproteins, viruses and ferritin etc.On the basis of dimension, nanomaterials can be

classified into three classes as shown in figure 1.2.

1.3.1. 0-Dimensional Materials.
The materials wherein all the dimensions are measured within the 100nm, e.g.
nanoparticles, quantum dots, and nano shells are called 0-D materials. The movement of

electron in 0-D material is confined in all three dimensions.

1.3.2. 1-Dimensional Materials.

Materials having at least one dimension out of the nanoscale range. This leads to needle
like shaped nanomaterials with movement of electrons only in one dimension, e.g.
nanotubes, nanorods and nanowires.

1.3.3. 2-Dimensional materials.

In 2D materials electron are confined only in one dimension while free to move in other
two directions. 2-D materials exhibit plate-like shape. In this type of materials the
electronic movement is confined only in one dimension and is allowed in remaining two
dimensions, e.g. thin films, nanolayers and nano belts etc.

1.3.4. 3-Dimensional Materials.

The bulk materials that are composed of nanoparticles electrons are free to move in all
dimensons and above 100 they have arbitrary dimensions. In these materials electrons
are free to move in all dimensions and the movement of electrons is highly available
because of their porosity. Certain types of nano structures and nano clusters are
embedded in them due to which they show amazing properties[3, 4].
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Nanomaterials Classification

spheres and nanofibers, thin films, plates bulk nanomaterials
clusters wires and rods

Figure 1.2. Classification of Nanomaterials

On basis of structural configuration.
The synthetic nanomaterials are again of six types. Based on structural configuration
nanomaterials have four classes as discussed below.

a. Carbon based nanomaterials: The main component of these materials is carbon.
These materials could be ellipsoidal, hollow or tubes. For example; fullerenes are
ellipsoidal, and nanotubes are cylindrical.

b. Metal basednanomaterials: metal nanomaterials are are composed of metal
particles like Au, Ag and metal oxides like TiO, and closely packed
semiconductors like quantum dots.

c. Dendrimers:Dendrimers are actually the polymers which are of nanometer
size.On their surface there are so many chain ends which could be used for
catalysis. They also have internal cavities in which new species could be carried
and this property could be used for drug delivery.

d. Composites:In composites different nanomaterials are combined to enhance their

thermal, electrical, flame retardant and mechanical properties[5][6].

Properties of nanomaterials
Thenanomaterialsproperties are usually changed from their bulk complements and are

highly reliant on upon their grain shape, size and atomic composition. Nano materials
have the enhanced surface area and consequently high reactivity and the surface
energy[7]. The unique properties of purposelymanufacturednanomaterials give them
innovative capability in almost every field like medical, commercial, military and

environmental sectors. Different properties of nanomaterials are explained below.
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1.5.1. Magnetic Properties
Magnetic nanoparticlesare used for in vitro diagnostics, drug delivery, MRI imaging

therapeutic treatment, as contrast agents for, bio-separation, [8]. These nanoparticles are
super-paramagnetic in nature, this propertyof nanomaterialsresulting from their petite
size that is a few nanometers, a division of the width of a human hair (nanoparticles are
about 1/1,000 reedier than human hair). Nanoparticles show Super-paramagnetic
behaviorwhen external magnetic field is applied and become nan-magnetic in zero
magnetic field. When returned to a zero magnetic field they quickly revert to a non-
magnetized state. Super-paramagnatism is one of the most important properties of

nanoparticles used for bio-magnetic separation.

1.5.2. Optical properties
As the particle size reaches nano-scale the optical properties of materials get change

from their bulk correspondent due to the following factors,

Meager material effect

L

Quantum confinement effect

Surface plasmons

o o

Escalation of band energy

@

Discrete band gap formed(quantized level)

f. Formation of surface state

Nanomaterials show different optical properties then bulk because in nanoparticles
electrons are not much free to move in any direction, because of their size.As electrons
are not free to move in any direction so they behave differently at nano level. The optical
properties the the materials also changes at naoscale level.i.e. gold show yellow in color

at bulk level while atnanoscale gold look red in color.

1.5.3. Mechanical properties
Mechanical properties of materialsalso show great difference at nano level like physical

properties i.e.strength, melting point etc. also shows drastic change at nano scale level.
For example at bulk level steel is very strong than carbon (graphite) but at nano-
levelnanotubes of carbon are 100 times tougher than steel and show high flexibility.
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1.54. Electrical properties
Electrical conductivity increases with enhanced surface scattering and it reduces with

limited dimensions. The electrical properties of nano-materials make them suitable for
many technology applications [9]. Electrical properties are briefly described below.
Resistivity.The reluctance to the flow of electrical current is called resistivity. It is

measured in Qm and mathematical expression is given below

P=RT

Where | is the path length,Ris the resistance,andAis the cross-sectional area of the
material. Now a day the target is to synthesize the materials with the fewer value of the
resistivity for the establishment of low-cost electronics. Daniel Huang et al synthesized
the low resistance gold nanoparticles [10].

Conductivity. The compatibility of a material for electrical current is called conductivity.

Mathematically it can be expressed as follow,

1
o=-
p

The gold nanoparticles show 70% enhanced conductivity as compared to the bulk [10].
The DC conductivity of NiO nanoparticles has been enhanced in order of six to eight
times as compared to nickel oxide single crystal [11].

Dielectric strength. The capability of a material to tolerate the applied voltage expressed
in kV/cm. It is inversely proportional to sample thickness, operating temperature and
applied frequency. Nickel oxide nanocrystals with 2-3nm size show elevated values of €’
and &’ at fewer applied frequencies because of viable dielectric amplification. All this
can be credited to an existence of covering of conducting grain boundaries over the
insulating grains [11, 12].

Temperature coefficient of resistance.Temperature coefficient of resistance is the
variation of resistance with a change of temperature.and it is measured in per °C. The
resistance increases with increase in temperature for the metals, e.g., temperature

coefficient for silicon is -0.007 per °C.

Thermoelectricity.The materials which show thermoelectric effect are called

thermoelectric materials. Thermoelectricity can be defined as the production of electric



Chapter 1 Introduction

voltage due to temperature difference and vice versa. The ability for thermoelectricity is
measured by the figure of merit zT

o T
=k

Where o is Seebeck coefficient, p is electrical conductivityand k is the thermal

zT

conductivity. The thermoelectric materials can be n-typeand p-type. For example, Al-
doped ZnO (Al0.02Zn0.980) is an n-type thermoelectric material with zT=0.3 at 1000K
[13].

1.5.5. Dielectric Properties
Doping of a material by another material changes its dielectric properties, because their

dielectric response is different from that of individual components and varies with the
amount of dopant material. Materials having low dielectric loss, high dielectric constant,
high breakdown strength and ease of processing are considered as ideal material.
Polymers show the mentioned characteristics but their dielectric constant is very low (2-
5). On the other hand some materials have high dielectric constant but their dielectric
loss is also high which limits their application e.g. BaTiO3 has dielectric constant value
in hundreds to thousands range but its high loss value reduces its applications.
Therefore, to harness the advantages of polymers and ceramics, high k materials have
been developed using various techniques one of which is core-shell strategy. High k
materials have been used in energy storage devices such as capacitors. Solid
CaCu;3TisO1, (CCTO) ceramics have been developed as a supercapacitor due to high
dielectric constant (104 - 105 at room temperature) which is stable over a wide range of
temperature. Doping of materials that can enhance the boundary resistance is another
important technique to reduce the dielectric loss. Semiconducting grains and insulating
grain boundaries make a heterogeneous structure which leads to high dielectric
values[14-16].

1.5.6. Thermal Peroperteis
A possible control over thermal conductivity and thermal expansion (CTE), by

regulating initial composition and reaction conditions lead to the multifunctional
applications of doped materials. The CTE knowledge of material is a prerequisite while
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calculating dimensional changes and internal stress buildup upon exposure to
temperature gradient. Thermal conductivity strongly depends on the corresponding
properties of matrix and reinforcement. CCCs have been reported to show high thermal
conductivities (5 times that of Cu) and can be excellent for electronic packaging
applications to dispel the heat generated by the device. Particulate composites,
comprising of heat conducting fillers and polymer matrix, have been used for this
purpose because in addition to high thermal conductivity, they preserve the electrical
insulation ability of the composites. Recently nanoparticles (Cu nanoparticles and
carbon nanotubes) have been added to increase the thermal conductivity of composites
[17].

Applications of nanomaterials
Nanomaterial exhibit astounding properties and a number of applications in various

fields of chemistry, electronics biology and physics etc. Nanotechnology has put great
and advanced products in numerous engineering fields because of their distinctive and

satisfyingproperties like chemical, physical, and mechanical properties.

Sensors

Conductors

Applications Medicines

of
Nanomaterials

Magnetics

Figure 1.3.applications of nanomaterials

One of the property of nanomaterialsis that they have large surface area to volume ratio
and this property make them suitableapplicant for wide range of fields. Large surface
area to volume ratio and greater number of dangling bonds are required for the catalytic
applications of nanomaterials in order to ensure their high reactivity.Many types of

7
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nanomaterials like Au, NiO, and bimetallic Ni-Fe have been used in electro-oxidation of
methanol, themal decomposition of ammonium perchlorate and hydrodechlorination of
trichloroethylene to hydrocarbon respectively.Nanomaterials also show great
involvement in bio-medicinal applocations, e.g. nano-biotechnology is used for tissue
engineering for the purpose of scaffolding the injured and smashed tissues. They also
exhibit promising properties in tissue repairing and regeneration. Nanotechnology has
also been used to synthesis sensors to sense harmful pollutants and gases in air and

environment e.g. CNTs, ZnOnanorods and SnO2nanowires.

Characterization techniques
1.7.1. X-Ray Diffraction spectroscopy (XRPD)

It is a swift analytical method mainly used for limpidness and phase identification of a
material. It provides information on unit cell dimensions, crystal system and crystallite
size by measuring the intensities and angles of the beam diffracted by the sample.The
basic principle behind XRPD is constructive interference between the crystalline sample
and the monochromatic X-rays. The leading effect during this phenomenon is the
scattering of X-rays which is known as diffraction. The diffraction of X-rays by the

crystal has been elucidated by Bragg’s law.

According to Bragg’s Lawwhen an X-ray interacts with the crystal it is reflected from
two points, surface of the substance and atomic planes inside the substance. The distance
travelled by the X-ray, reflecting from the atomic planes depends upon the angle (0) at
which it enters the material and the separation between the atomic planes (d). For
constructive interference the two reflected X-rays must have travelled an integral
multiple of the wavelength (nA). Mathematical Expression of Bragg’s law is given

below,

nA=2dsin0
A = Wavelength of incident light,
6 =diffraction angle

d =line spacing
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as shown in figure 1.5.

A [
el wsved 2 gy DridEraes iesl =-rays
A 3 C
M
B
1 (5] IS
d
L
1 B
d ! .
Atomic-scale erystal lattice planes

Figl.4. Schematic diagram of XRD

Arrangement of atoms effect the intensity of diffracted waves, while the angle depends
upon the shape and size of the unit cell of the substance. Most of the materials do not
consist of single crystals rather they have polycrystalline powder with randomly oriented
crystallites. The X-ray beam analyzes all the possible interatomic planes at different
angles thereby detecting all the diffraction peaks.

1.7.1.4. Instrumentation of X-Ray diffractrometer.
The three main components of diffractrometer are as following,
a. X-Ray tube or Cathode ray tube.
b. Sample holder.

c. Detector.

The filament in Cathode ray tube is heated to produce X-ray beam, consisting of
electrons which are then accelerated by applied voltage and directed to the target area as
a result characteristic X-rays are produced. The X-ray generated by target material(Mo,
Cu, Fe, Cr) are collimated and oriented toward the sample. And finally detector record
and processes the signals[18].

1.7.1.5. Sample Preparation.
The steps for sample preparation are given below:

a. Few mgs of sample is taken.
b. Placement of sample onto the sample holder.
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Figure 1.5. Instrumentation of XRD

1.7.1.6.  Uses and Applications of XRPD.
XRPD is a non-destructive technique which efficiently determines the crystal structure,

crystallite size, phases present in the sample, atomic arrangement, lattice parameters and
many other properties of the material. It is used in almost all the fields due to its

versatility and accuracy in giving maximum structural information about the sample[19].

1.7.2. Scanning Electron Microscopy(SEM)
“The scanning electron microscope was invented by Manfred von Ardenne in 1938.”In

SEM a beam of high energy electron is used to form a 3D image of the material under
investigation with a resolution down to 1 nm. Itprovide information about, morphology,
topography, compositional differences, phase distribution, and presences of electrical

defects.

1.7.2.1.  Construction and working of SEM.
The main components of SEMare listed below:
a. Electron gun.
b. Electromagnetic lenses.
c. Object chamber.
d. Secondary electron detector.

e. Display unit.

The electron gun consists of a tungsten filament which emits a stream of monochromatic
electrons upon heating which are focused by the electromagnetic lenses. A beam is
produced by condenser lens which condense the electron and also bounds the extent of
current which regulates the diameter of the beam. While the electrons are focused by the

second lense into a coherent, thin beam and high angle electrons are eliminated from it

10
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by an objective aperture. The beam is scanned in a grid fashion by scan coil and finally
the beam is focused on the sample by objective lens. The conducting sample is placed on
the sample holder which can be inserted into the high vacuum chamber. The holder can
be moved along X and Y directions.In addition it can be tilted, rotated and moved in Z
direction for better resolution and specific area analysis. At the rear of the sample
holder, secondary electron detector is located. The velocity and angle of the secondary
electrons is related to the surface structure of the material. When these electrons reach
the detector, an electronic signal is produced that is amplified and transformed into a

digital signal observed on the display unit for further processing[20].

Electron
eam

Ao . -

Back Scattered |

~_
Secondary Electron

Detector

Figure 1.6. Schematic Illustration of SEM

1.7.2.2.  Principal.
The interaction of electron beam with the sample results in the emission of various

signals which include
1. Back scattered electrons (BSE).
2. Secondary electrons (SE).
3. Auger electrons (AE).
4. Characteristic X-rays.

All these signals yield different information about the sample under investigation. BSE
and SE are commonly used for imaging. SE are important for evaluating the

morphology and topography on samples while BSE are important for phase

11
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discrimination and are more sensitive to heavier elements than SE. and they can detect
image up to 10 to 15 nm. AE are specifically used for surface analysis in auger
electronspectroscopy while the characteristic X-rays are used in EDX for sample’s

elemental and compositional analysis. [21].

Electron beam
Characteristic X-rays Backscattered electrons

Secondary electrons
Auger electrons

Figure 1.7. Different types of radiations emitted from SEM

1.7.2.3.  Applications of SEM
SEM is a non-destructive technique, so the same material can be analyzed repeatedly. It

can be used in almost all the fields for observing structures up to 1 nm, mainly used for
the topographic details of the object. BSE produced in SEM are used for phase
discrimination of sample. SEM equipped with EDS can be used to find the elemental

composition of the sample along with electron mapping at specific points.

1.7.3. Energy Dispersive X-ray Spectroscopy
EDXis based on the principle that atomic structure of each element is unique in its own.

That permit x-rays to identify the atomic structure of that element.It is most commonly
tool chemical analysis tool in failure analysis. It is mostly used as an attachment to SEM.
In EDS analysis can be performed within minutes and spectra can easily be interpreted.

Its spatial resolution is very good[22].

When an incident beam is allowed to fall on a sample it excites inner shall electrons,
which creates a hole after ejection. As a result to fill the vacancy an outer shell electron
falls into the inner shell. X-rays are emitted as a result of energy alteration between the
higher and lower shell. An instrument, energy dispersive spectrometer, is used to

quantify the energy and number of the X-rays,discharged from the sample. As X-rays
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have specific energy an element so it allows the measurement of elemental composition

of a specimen.

1.7.4. UV-Visible Spectroscopy
Band gap of a material can be studied by two spectroscopic methods:UV-visible

spectroscopy and 2- DRS. UV-visible spectroscopy uses lights in visible and adjacent
ranges. Atoms and molecules endure electronic transitionsin this region of the
electromagnetic spectrum,. DRS is use to obtain molecular spectroscopic data. It is an
optical phenomenon commonly used in UV-visible and infrared (near IR; NIR, mid IR;
DRIFTS) regions. Powdered samples are usually used to obtain spectra and it requires
small amount of sample preparation. When electromagnetic radiations are reflected from
the surface a reflectance spectrum is obtained, which is collected as a function of
frequency (wavenumbers cm™) or wavelength (nm).

After the interaction of the radiation with the sample, a combination of reflection,

diffraction, refraction and absorption of incident radiation takes place (figure 1.13) [23].

© T~ Detector

Light

Specular

Diffused Reflectance
Reflectance

O X /\@ ff 5
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Figure 1.8. Pictorial Representation of UV-DRS Principle
Where F(R) is the
Kulbelka-Munk function, and R is the reflectance. The band gap of the material can be
obtained by multiplying the coefficient with the energy (eV)
E; = [F(R) X hv]Q

Where exponent n is 0.5 in case of indirect bandgap transitions and 2 in case of direct
band gap transitions [24].
Tauc Plot
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In UV-DRS the graph is plotted against percentage reflectance and wavelength.100 % R
implies that sample reflect 100% of UV wavelengths of light that interact with it. Graph
between energy and Eg(F(R))? is also plotted.Ey is calculated by KubelkaMunk
equation:

F(R) = (1-R) 2/2R=K/S

2= 100 -

80 -
60 -
A1) -
20 -

II_.-“

Reflectance (f

400 S00

Figure 1.9 General Reflection Spectra

1.7.4.1.  Factors affecting the reflectance
Following are some factors which affect the reflectance are:

e Particle size:Smaller particle size gives improved spectra.Size should be 50 um
or less.

e Refractive index. The spectra of vastly reflected constituents will be more
slanted due to specular reflectance constituent. This upshot could be abridged
by sample attenuation.

o Homogeneity: Sample for diffusivity measurement should homogenous and
well assorted otherwise sample is difficult to quantify.

e Packing. The sample should be loosely and evenly packed with min depth of 1.5
mm.

1.7.4.2.  Uses and Applications of UV-Visible
It is primarily used to calculate the band gap of materials. It is utilized in quality control

of products in factories and is a refined tool for characterizing catalytic surfaces. The

efficacy of solar cells can be resolute by quantifying the amount of reflected light flux.
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Physical Properties

1.8.1.  Dielectric properties

Dielectric properties of materials can be studied by using LCR meter.LCR meter is
named so because it can measure Inductance (L), Capacitance (C) and Resistance (R)
of electronic devices.

1.8.1.1 Construction and Working of LCR meter

There are two common techniques used for LCR meters;

Wheatstone bridge method

The bridge method can be employed for measuring lower frequencies up to 100 kHz. A
balanced bridge is used in this method so that at the balance point, the bridge
constituents can define the assessment of constituent under observation. Commonly
DUT is configured by wheatstone bridge and the DUT is positioned in a bridge circuit
(figure 1.16). The impedance of DUT is denoted by Zy in the circuit while the
impedance of Z; is variable until no current flows through Zy whereas, the impedances
of Z, and Z, are well-known. The oscillator circuit works at frequencies that can be
selected before the test and it normally lowers down up to 100 kHz. This is the balance

spot of the bridge i.e. all four impedances obey following equation
Zy 13
Z, 7,

Hence the impedance of DUT can be determined by using equation
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. Oscillator

Figure 1.10 Circuit Diagram for Wheatstone Bridge

Current voltage measurement

For high frequency solicitations current-voltage measurementsare used. It is a precise
measurement technology which can be operated at wide range of frequencies. In this
technique, the current and voltage are measured for which two types of voltmeter and
ammeter arrangements are used; one is for low impedance while the other is for high
impedance. These measurements are made by a phase sensitive detector and the relative
phase of current and voltage can be used to find out the impedance of DUT in terms of
inductance, capacitance and resistance. These values are separately displayed on the
screen. Sometimes, a transformer is used to isolate and enable these measurement but it
limits the frequency range over which the measurements are made [25, 26].

1.8.1.2. Uses and Applications of LCR meter

LCR meter is used for fault finding in electrical devices. It can be used to find quality

factor, dissipation factor, tan loss (tand), and dielectric properties of the material.

1.8.2. Thermogravimetric Analysis

Thermogravimetry is an oldest thermal analytical technique and is still in use for
studying the thermal behavior of materials. In TGA) deviations in weight of a sample

can be measured as a function of time and temperature. A small amount of desired

sample is required for analysis and the results are obtained in the form of a TG curve
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with steps, depressions or hills at certain areas, describing the mass variation with
temperature.

1.8.2.1. Construction and Working of TGA

A TG analyzerentails of a pan braced by a precision balance, furnace programmed for a
linear change in temperature with respect to time and an inlet for gases. The sample pans
used in TGA depends upon the temperature conditions; commonly used pans include
alumina crucible or platinum pans. TGA requires very small amount of sample (in mg)
heated or cooled at desired rates during the experiment. The experiment can be carried
out in air, inert gases (N», He, Ar), CO, or O, atmosphere depending upon reaction
conditions. The corpus of sample is repeatedly monitored during the experiment a loss in
it indicates degradation of the sample or removal gases and moisture from the sample
which appears as a step in the TG curve and if the mass is increased, it is attributed to
oxidation or reaction with the surrounding substances if any indicated by a hill in the

curve. Figure 1.17 illustrates instrumentation of a simple TG [27].

Microbalance

10 —
E A LY 1 oS
mpty sample
holder u u
Thermocouple Gas Regulator
= computer

Samnle holder

Nz

|/,

Exhaust gas

e —

Furnance b ]

Y,

Figure 1.11. Instrumentation of a Simple TG
1.8.2.2. Uses and Applications of TGA

TGA has wide applications in determining the thermal behavior, thermal stability and
quality of the material. The purity of the sample, gas adsorption and desorption can be

observed by this technique.
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Chapter 2:Literature Review

Synthesis of inorganic materials especially oxides, carbonates and their compounds and
doping of Barium and other earth alkali metals into TMO have gained importance due to
their thermal, magnetic, electrical, mechanical, optical and industrial applications. Earth
alkali metal oxides and TMOs will form compounds ABO,, ABOs;where the transition
metal ion is smaller in size while earth alkali ion is large. In general practice precursors
for the synthesis of doped materials and of perovskites i.e. ABO,, ABO5 includes
, BaC0O; and TMO which may be obtained by the reaction of required metal salts or can
be used as such in the high purity form obtained from the dealers i.e. Sigma Aldrich,
Deajung etc. Different methods of synthesis of doped materials and of Barium-
Transition-Metal-Oxides, their precursors, properties and applications have been

discussed in this chapter.

2.1. Precursors
Precursors which are generally involved in the synthesis of Earth Alkali doped TMO and

of ABO,, ABO5 are, BaC0O3 and TMO are described in the following sections.

2.1.1. Barium Carbonate
BaCO3 has three polymorphic forms namely orthorhombic, hexagonal and cubic. The

orthorhombic phase, also known as Witherite, is the only stable form at ambient
conditions. The name Witherite was given in honor of William Withering who was the
first to recognize it in 1784 as a chemically distinct mineral from barites (BaSO,) [28].
It undergoes transformation to hexagonal phase first (~1079 K) and then to cubic phase
(~1237 K) upon thermal analysis [29]. In 2006, metastable monoclinic BaCO3; was
synthesized by rapid quenching during the flame spray pyrolysis method, it was reported
that the monoclinic phase gets transformed to stable orthorhombic phase after few days

at room temperature [30].

2.1.2. Transition Metal Oxides

Transition metal oxides are composed of oxygen atoms attached to transition metals.
They are generallyconsumed for their semi-conductive and catalytic properties. TMOs
are also commonly used as pigments in plastics and paint industry, particularlyTiO,.
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Transition metal oxideis a class of materials with fascinating properties like, chemical
mechanical and electronic properties. They retain tunable electronic and photon
conveyance properties and also stable at high temperature. In general they have high

thermoelectric properties.[31].

2.2. Synthesis

2.2.1. Doping of Earth Alkali Metals in TMO
2.2.1.1. Mg Doped Iron Oxide

William B and Shahed Khan in 2004 reported the synthesis of stable Mg-doped iron (111)
oxide thin film electrodes by spray pyrolytic method. As synthesized Mg doped Fe,03
showed p-type behavior. The sample of Mg-doped p-Fe,O3; prepared at optimal
temperature of 390 °C at 0.2 V/SCE showed the highest photocurrent density of 0.22
mA/cm?. For the Mg-doped p-Fe,O3 thin films, XRD results showed mixed structures
(o and y-Fe,O3 and MgO) [32]. In 2014 Reza Zamiri et al reported low cost wet
chemical method for successfull synthesis of Mg doped ZnOnano-plates. XRD, SEM,
EDS and UV-Vis spectroscopy techniques were used for material analysis. XRD used
for phase identification and crystallite size was about 30.3mn measured from XRD data.
SEM for morphological analysis, EDS for elemental composition and UV-Vis
spectroscopy for determining the band gap were used. They reported that band gap was
decreasedby Mg doping. They also reported that These Mg-doped ZnOnanomaterials
showed great applications in the optoelectronic devices[33].

2.2.1.2. Ba doped TiO,
Jae Ek Son et al in 2009 reported the synthesis of Ba doped TiO,catalyst with hollow

sphere morphology, with various compositions. In acidic media they evaluated their
electrocatalytic activity. TiO, hollow sphere were synthesized by using poly (styrene—
methacrylicacid) latex as template, and BaCl, was used precursor during barium doping
above spheres. BET, XRD, TGA and SEM analysis were usedfor characterization of
Ba/TiO, hollow sphere. XRD confirmed BaTiO3 and rutile TiO, phases in the catalysts.
TEM results showed the formation of hollow sphere formation with even layer of

barium arround the spheres. rRgardless of the deviation in calcination temperatures 0.4—
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0.5 mm diameter of Ba-doped TiO; hollow sphere was found. il acidic solution Barium
doped titania hollow spheres showd long time electrocatalyticpermanency[34]. In 2016
K. Vijayalakshmi and D. Sivarajreported the microwave assisted method for the
synthesis of TiO, and Ba doped TiO,. They reported the use of these materials in
antibacterial activity. XRD, SEM,EDX FTIR and UV-vis spectroscopic techniques were
used to characterized the material.. XRD results showedthat, after Ba**doping,
differently oriented (101) TiO,anatase phase, was changed to anatase—rutile mixed
phase. With Ba addition in TiO,, a significant shift was observed in vibrational spectra
show significant shifts in the peaks. The optical spectra discoveredincreased band gap
with Ba doping, thereby permitting the deferral in recombination rate, supporting
antibacterial activity. After Ba doping, the surface morphology with sphere-shaped
grains with amplified porosity of TiO, was observed. Phase purity of prepared material
was confirmed by EDS analysis. Ba doped TiO, exhibited greater antibacterial activity
than pure TiO, nanoparticles[35].

2.2.1.3. Ba doped ZnO
In 2014 GunjanSrinet et al reported thermal decomposition methodology for the

production of Ba-doped-ZnO. They deliberated the consequences of Ba doping on
structural, optical and ferroelectric properties of ZnO NPs. ZnOrevealed Wourtzite
structure in XRD results which confirmed that replacement of Ba on Zn sites have
occurred. SEM was used for morphological identification. In UV-Vis spectra redshift in
band gap was observed as a result of Ba-dopingwhich was buoyed by PL spectra which
showed that defects states have been increased by Ba doping. High value of transition
temperature at (~330°C) and large value of dielectric constant were observed in
dielectric studies[36]. In 2015 KekeliN’Konou et al successfully synthesized Ba-doped-
ZnO NPs by microwave hydrothermal methodology. They explored the consequences of
Ba-doping on optical and physical properties of ZnO NPs. XRD analysis exposed that
ZnO NPs were polycrystalline. The diameter crystallite size found to fluctuated from 20
to 21.5 nm. SEM analysis was done of surface morphology and reported that the sample
was influenced by Ba impurities[37]. In 2016 Reza Zamiri et al used precipitation
process for Ba doping inZnO and investigated their optical properties. XRD was used to

determine the lattice parameters like lattice strain and crystallite size by Williamson Hall
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method. This method reported that average crystallite size was increased by Ba doping.
The temperature dependence of PL emission reported that at lower temp the sample
showed sturdier emission than at room temp.in both UV and visible region[38]. In the
same year KekeliN’Konou et al studied the effect of Ba-doping on structural, optical and
morphological applications of ZnO NPs. They reportedsonochemical process for the
synthesis of Ba-doped-ZnO nanoparticles. The FTIR and XRD results showed that ZnO
NPs were polycrystalline with customary hexagonal wurtzite crystal structure. SEM was
used for morphological analysis. And elemental analysiswas done by EDX which
confirmed the incorporation of Ba. [39]. In 2017 BehnazShirdel and Mohammad A.
Behnajady synthesized Ba doped ZnO by a facetious sol-gel method without using
surfactant. They investigated the effect of calcination temperature and Ba-doping on the
performance of Ba/ZnO NPs. They stated that extremephotocatalytic activity was
attained by 0.1% dopping of Ba inZnO NPs at 400°C annealing temperature. XRD,
EDS, TEM, SEM,DRS and nitrogen physisorption methods were employed for
determining the properties and structure of Ba/ZnO NPs. XRD results did not exhibit
any peak concerning to Ba in Ba/ZnO NPs. SEM analysis determine the spherical
morphology for Ba/ZnO nanoparticles. DRS patternshowedthat by Ba doping a
reduction in band-gap energy can be observed as comparedtopureZnO[40].

2.2.2. Synthesis of Barium Transition Metal Oxides
2.2.2.1. Barium Scandate

The hydration performance of the barium scandateswas studied in 2006 by
TakahisaOmata, in comparison with oxygen-deficient perovskite-related structures of
tetragonal Ba,Sc,0s and cubic BaScO3-5. Two methods were followed for the synthesis
of polycrystalline samples (Ba,Sc,0s). One was the solid-state reaction of two
precursors i.e. barium and scandium oxalates, The other was the thermal decomposition
of the complex hydroxide. XRD patterns of the samples synthesizedvia the solid-state
reaction between barium and scandium oxalate exhibited that the acquired sample was
having a trace of Sc,03. While the XRD results of the sample acquired by the
putrefaction of BasSc,(OH);, at 1073 K for 20 h in air exhibited that the diffraction lines
were indexed as those for a cubic perovskite structure[41].
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2.2.2.2. Barium Titanate

In 1989 expeiments were performed by A Beaguretal to obtained the desired
metatitanate BaTiOs. They discussed the part of reaction conditions and effect of
transformation time and i.e. in air existence of BaTiO3 was in rivalry with that of
orthotitanate Ba,TiO4. And presence of Ba,TiO4troubles the electrical properties of high
dielectric constant ceramic of which BaTiOs; was the chief component[42]. In 1997 S.
Urek& M. Drofenik hydrothermally synthesizedfine powder of BaTiOs. BaTiO3 powder,
displayed BaCO3 impurities synthesized from Ba(OH),. while, powders synthesized
from Ba(CH3;COO),, Ti(OC,Hs), and tetramethylammonium hydroxide did not show
any malfunction and the smallest average grain size [43].Table 2.1 shows the outcome
of precursors on the crystalline and grain size of the particles.

Table 2.1.effect of precursors on the crystalline and grain size of the particles

Sample code Precursors Crystallite size(nm) | Grain size(um)
BT Ba(OH), and Ti(OC,Hs), 20.8 35
BTA Ba(OH),, Ti(OC;Hs), and NH,OH 20.3 4.3
BTH Ba(OH),, Ti(OC;Hs), and N,H;OH 19.0 3.3
BTT Ba(OH),, Ti(OC;Hs), and (CH3),NOH | 20.7 4.5

In 2000 Xiuling Jiao and Dairong Chen from Shandong University of China synthesized
single phase BaTiOzand found that the synthesis of BaTiO3 powders via solvo-thermal
reaction was more challenging, in contrast to hydrothermal processing.Cubic BaTiO3
powders were synthesized solvo-thermally[44]. In the same year Song Wei Lu et al
tailored BaTiOsnano crystals from polyoxyethylene(20) and sorbitanmomooleate
(tweent 80),which were used as surface modifier, by hydrothermal at 230°C for 0.5 to 2
h. By TEM analysis the mean particle size they obtain was 77.8 £ 23.5nm and the
particle size calculated with, laser scattering particle size analyzer, was 83 = 19 nm.
They reported that additionaldevelopment and accumulation of nanocrystals have been
delayed by surface modifier as the size distribution was narrow. XRD and DSC
identified these nanocrystals as metastable cubic phase BT. While Raman spectroscopy

identified the tetragonal phase which was Raman active.[45]. IN 2005 L. Simon-
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Seveyrat et al re-investigated BaTiO3 synthesis via by predictable solid state reaction
and oxalate co-precipitation process and the attained powder showed high piezoelectric
and dielectric properties[46].

In 2007 Tomoaki KARAKI fabricated the lead free piezoelectric ceramics, Barium
titanate (BaTiOs.Thebiggest grain size was less than 3 mm and the average grain size
was about 1.6 mm [47].

In 2010 Che-Yuan Chang et al reported modified solid-state method to synthesize
submicron BaTiO; particles. BaTiO; powders were synthesized
vianewproductionmethod. SubmicrometricBaCO3; NPs were coated over TiO; particles
which were separated by urea disintegrationprocess. BaTiOsnanoparticles were
efficaciouslyacquired after heat curing at 1000 °C for 1 h. The size of the attained
particle was arround 150-200 nm, which was in contract with the original size of the
TiO, core[48].

S. Fuentes et al in 2010 introduced a novel synthetic method to synthesize higher
limpidness barium titanate, (BaTiO3). They synthesized BaTiOz via sol-gel-
hydrothermal process from TiCl4 and BaCl2 solution which were used as starting
materials, in an oxygen enviroment. By employing this method spherical nanoparticles
of BaTiO3; were obtained, with grain size of about 50nm at synthesis temperature of
200°C, which was determined by XRD. The composition and microstructure of as
synthesize BaTiO3 nanoparticles was determined by XRD, HRTEM, AFM EDS and
Raman spectroscopy[49]. In 2011 Sonia et al synthesized Barium titanate ferroelectric
system,at lower temperature, by using powderresulting from modified solid state
reaction (MSSR) and sintering was done via microwave (MW) processing method. [50].
In 2012 Yao-Feng Zhu et al synthesied the BaTiO3z nanotubes by simple wet chemical
method at lower temperature (50°C).Cubic phase was exhibited by BaTiO;
nanotubes.Average diameter of these particles was about ~10 nm and wall thickness
was about 3 nm[51].In 2015 Xia Zhao et al, employed solid state route for the synthesis
of BaTiO3 ceramic from fine powder.the average particle size of these materials was

400nm and witetragonality of this material was 1.0103[52].
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2.2.2.3. Barium Vanadate

In 1993 Guo Liu and J.E.Greedan synthesizedBal 0, gin a very hagh purity hydrogen
gas, by reducing Ba,V,0-at 1350°C[53]. In 1995 Yoshio Oka et al reported the
hydrothermal synthesis of Bal;0g from VO(OH), and BaCl,that resulted in the
formation of black crystal rod like shape which exhibited the monoclinic system[54]. In
2008 ParveenKbhatri et al synthesizedpolycrystalline sample of BasV,0g by solid state
method at very high-temperature. That result in the production of single phase
materialwith hexagonal crystal system[55]. In 2011 Jing Xureported composite
hydroxide mediated for the synthesis of barium vanadate at 200°C, from V,0s and
BaCl,for 13 h. Synthesized materials exhibited flower-shaped morphology [56]. In 2014
Kousuke Nishimura et al reportedhigh-pressure synthesis method for a new cubic
perovskiteBaV 05[57].

2.2.2.4. Barium Chromate

In 1968 B. L. CHaMBERLAND prepared several hexagonal BaCr05 polytype at high
temperature and high pressures in a tetrahedral anvil apparatus[58].In 1979 Paul S
Haradem et al synthesized Twenty-seven-layer barium chromium oxide.BaCr05, was
synthesized at 60-65 kbar and 1200°C by reaction of Cr0, and Ba,CrO4[59]. Then again
in 1982 and 1983 B. L. Chamberland synthesized the 4 and 6-layer hexagonal BaCr0;
polytype, at high pressure and high temperature. BaCr0sobtained in these method were
hexagonal black crystals[60, 61]. In 2014 and 2015 Angel M. Arevalo-Lopez et al
synthesized BaCrOzwith 6-layered hexagonal polymorph structure at 900-1100 °C under
9-22 GPa pressure. This hexagonal structure showed stability when cooling down to 5
K[62, 63].

2.2.2.5. Barium Manganite

In 2006 C.G.Hu et al reportedbarium manganite (BaMnQOs3) nanorods/nanowires via size-
manipulable synthesis of single-crystalline of by using the composite-hydroxide-
mediated approach. This method synthesized hexagonal perovskite structure and which

showed nanorods morphology with width ranging between 50-100nm[64].
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2.2.2.6. BaFeOs

In 2007 a photocatalyst BaFeO3; was synthesized via citrate—nitrate combustion method
by Yang Yang et al. and this photocatalyst was used for the photodegradation of methyl
orange under UV light irradiation[65]. In 2011 Naoaki Hayashi et al prepared a new
perovskite was prepared, BFO(BaFeO3;) which showed a new cubic (Fe*"). This
perovskite was synthesized by low-temperature oxidation reaction using ozone.While
any application of a verysmall external field encouraged ferromagnetism with a higher
atomic moment of 3.5 mB per Fe* ion. BFO was thus the first reported iron oxide

which showed ferromagnetism at ambient pressure[66].

2.2.2.7. BaCoO3

In 2004 by V.G. Milt studied that BaCoO3_smixed oxide can be used for combustion of
diesel soot and for the ofNOxas well. Nitrates of Ba and Co were used as starting
materials and stoichiometric mixture was prepared[67]. In 2015 QiuwanShen et al
synthesizedBaCoO3_5 perovskite powders by using microwave-assisted EDTA
technique[68].

2.2.2.8. BaNiO3

In 1974 Yasuo Takeda et al reported that single crystal of BaNiO;wereprepared under
oxygen pressure of 2000 bars. And their unit cell was reported to be hexagonal[69]. In
2016 Jin Goo Lee et al synthesized BaNiOzwhich showed hexagonal perovskite
structure. Thickness of nanostructure was 100 um. BaNiO3 exhibited hexagonal rod

shaped morphology.BaNiOs;wasmanufactured by flux mediated crystal evolution. [70].

2.2.2.9. BaCuO,

In 1991 Ch. KRUGE et al reported that different methods were developed to optimize
the synthesis of BaCuO,. BaCuO,was synthesized by wet chemical method.Co-
precipitation method was followed for this synthesis. Oxalates or hydroxycarbonates
were characterized and their reactivity was related with the conventional ceramic
method. In which BaCO, and CuOwere used as starting material and firingof a mixture
of theis precursors gave the product. DTA, XRD and IR-investigations were carried out
to characterize these materials. This became imaginable because the disintegration of

these precursors to BaCO, and CuO was finished up to 600 °C. thus, the same reaction
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was monitored for the formation ofBaCuO,[71]. In 1993 Wu Mingmei et al reported that
the compound BaCuO, swas attainedby using BaO,and CuO as starting material. This p-
type semiconductor belongs to orthrombic system and paramagnetic in nature, following
Curie’s Law inthe measured temperature range from 77-220 K [72].

2.2.2.10. BaZnO,

In 1959 U Spitsbergen investigated the system Ba-M-O, where M represented the Co,
Ni, Mn, Zn and Be. In experimental section they weighed BaC0; and M''0, M'"' C0O5 in
1 ratio 1 (1:1) and ablazed in high vaccum or in a flow of a suitable gas in a resistance
furnance at temperature upto 1100°C. by Weight loss confirmed the completion of the
reaction [73]. In 2018 Yi-Chai Chiang, et al reported the fabrication and characterization
of Ba-deficient BaZnO0, (Ba,_,Zn0,) nanowires. They developed a flippantproduction

method of Ba,_, Zn0, by pH modulation using solvothermal synthesis[74].

2.3. Properties

2.3.1. Electrical properties

Electrical properties of Barium Scandate were studied in 2006 in dry and wet
atmosphere respectively[41]. In 1989 JukichiHombo et al studied perovskitesSrFeO;_s
and BaFe03_s and measured their conductivities and the Seebeck coefficients in air, O,
and N, the temperature was ranged from 650°C to room temperature[75]. S. Fuentes et
al in 2010, reported sol-gel-hydrothermal for the synthesis of BaTiOs. TiCl, andBaCl,
were used as precursors . and the reaction was carried out in an oxygen atmosphere.

They obtained particles with grain size of 50nm[49].

1.3.5. 2.3.2. Dielectric properties

In 2005 L. Simon-Seveyrat et al presented that BaTiO3 have piezoelectric d33 constant
higher than 260 pC/N at about 25.8°C. This rate was higher than frequently reported
ones for BaTiOsceramics: at room temperature the values of €, (1kHz) and d33; were
around 1700 and 190 pC/N respectively. The piezoelectric and electrical properties were
also largely superior to the other perovskite lead-free materials[46]. In 2007 Tomoaki

KARAKI et al fabricated the lead free piezoelectric ceramics.The values of dielectric
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constant €755 of the poled model was 5000 and 42%. electromechanical coupling factor
which was represented by k,,.[47].

In 2011 Sonia et al synthesized of microwave sintered BaTiO3z ceramics and studied its
dielectric, ferroelectric and piezoelectric properties. At room temperaturedielectric loss
(tan &) and dielectric constant (g,) were found to be ~2500 and 0.03 respectively. [50].
In 2015 Xia Zhao studiedthat BaTiO3 ceramics show improved of g, 12,000 at Curie
temperature of 125 °C, and studied its properties[52].In 2008 ParveenKhatriand her co-
workers calculateddielectric properties of BazV,0g and they studied dielectric properties
of the compoundat different temperatures (25-400 °C),in wide range of frequency (102—
106 Hz), found that these properties were temperature reliant. The electrical behavior of
this material wasstrappingly dependent on temperature and frequency. The activation

energy, in high temp region, was 0.23eV at 50 kHz[55].

2.3.3. Thermal properties

The impurity phases present in the high temperature superconductors largely effect the
physical properties of ceramic high Tc. | Halasz et al in 1988 investigated Ba,Cu3Os.q ,
synthesized at different temperature, by TG-DTA connected with XRD. They reported
that at lower temperature tetragonal phase with large oxygen content appeared[76].In the
YBa,Cu307.y system (YBaCuO)scums with varied phases of BaCuO,.x(BaCuO) were of
prodigioussignificance. T. KOPTE and E. HEGENBARTH studied these properties of
BaCuO in 1989[77]. In 1993 A.F.Miorova et al reported thermal analysis (TG-DSC) of
Ba,Cu30s.5(023), which was a pure compound, at 25-970°C temp range and oxygen
pressures of 0.21 and 1 atm. They investigated that the compound (023) disintegrated at
a temperature of 758°C at 0.21 atm oxygen pressure and in 1 atm O; it disintegrated at
806°C.[78]. In 2009 NehaTopnani et al synthesized the CuOnanopowder by wet
synthesis method. They performed various characterization techniques to study the
material i.e. XRD, SEM-EDS, TEM ,FT-IR, BET UV-Vis, TGA/DSC. To have an idea
about the crystallinity temp TGA was performed. In both nanomaterials (Cu,O and
CuO), the first mass loss was attributed to the removal of H,Oat about 150-C and were
represented by endothermic peaks in DTA curve. At 850-C second mass loss occurred
that can be credited to the removal of organic moieties. No more mass loss was observed

at high temperatures, thus supporting the crystallinity with high purity[79].
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2.3.3. Microwave absorption properties

In 2012 Yao-Feng et al synthesized the BaTiOs; nanotubes. Theystudied microwave
absorption properties nanotubes of BaTiO3; at microwave frequencies ranging from 0.5
to 15 GHz. The minimum reflection loss of the BaTiO3; nanotubeswas, at 15 GHz, that
was extended to 21.8 dB. The outstanding absorption capability of BaTiO3 nanotubes at
very high frequency designated that these nanomaterials could be proved as auspicious

microwave-absorbing materials[51].

2.3.4. Magnetic Properties

In 2011 Jing Xu synthesizedBaV O3 with flower-shaped morphologyand studied that the
ferromagnetic performance of BaVOsnanoflowerswas due to the coercivity of 18.89
Oemagnetization of about 83.50x 1073 emu/g, and remnant magnetization of 4.63x
1073 emu/g, which was chiefly due to the occurrence of a non-orthovanadate phase with
S =% spin [56]. In 2014 Kousuke Nishimura et al reportedBaVOs for the first time[57].
While its magnetic properties were studied by V.V. Bannikov in 2015[80]. In 2014
Angel M. Arevalo-Lopez et al synthesizedBaCrO3 with 6-layered hexagonal polymorph
structure. They observed that, below Curie temperature TC = 192 K, ferrimagnetism
with a very small saturated magnetization of approx. 0.1 puB[62]. In 2011 Naoaki
Hayashi et al studied magnetic properties of BaFeO3; and found that ferromagnetism
could be induced due to the presence of a very small external field which was about 3.5
puB per Fe ion[66]. In 1974 Yasuo Takeda et al reported BaNiO; and found that
magnetic susceptibility of BaNiO; was nearly temperature independent down to 4.2 K,

showing diamagnetic behavior ofBaNiO5[69].

2.4. Application Of Barium-Transition metal-oxides
Several applications of Ba-TMO have been studied. The most commonly studied

applications arethat the BaTiOswas an important ferroelectric material with wide range
of utilization in resistors, transducers, piezoelectric devices and semiconductors. It exists
in five altered crystallographic forms asl-cubic, 2- orthorhombic, 3-hexagonal,4-
rhombohedral, and 5-tetragonal. The two forms i.e. cubic and hexagonalwere
paraelectric (temporary polarization) on the other hand orthorhombic,rhombohedraland
tetragonal were ferroelectric in nature. The strongly basic nature of BaCO3; modifies
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titania and improves its dye sensitized performance in solar cells. It basically changes
the direction of conduction band of TiO, toward negative direction ultimately increasing
its conversion efficiency. Doping is important for attaining required characteristics for
certain applications and the perovskite structure of BaTiO3; makes it easier to incorporate
ions of different sizes thereby allowing variety of dopants to be easily accommodate e.g.
ZrO, doping improved the dielectric properties of BaTiO3[81-87].

Barium Ferrites is another important material synthesized via mechanical alloying in
which grain size is important in determining the magnetic properties. BaCO3; enhances
the magnetization of nano-ferrites which makes them useful for hard magnetic
applications. It induces phase transformation which modifies the structure and also
transforms the magnetic response (ferromagnetism). This method is useful for
synthesizing eternal barium hexaferrites which are appropriate for magnetoelectric
devices. By carefully controlling the dielectric properties Barium Ferrites can be used as
supercapacitors and in microwave applications.Apart from these, they are also used in

barcode and recording devices [88-91].

Barium Niobate (BaNbO3), synthesized via composite hydroxide mediated method using
BaCO; and Nb,Os, has been found to be an excellent candidate for humidity sensing
electronic devices. It acts as a superconductor at 18.6 K and has been used as a precursor
for the synthesis of SryBa;—xNb,Ogperovskites(0.25 <x< 0.75) which is a ferroelectric
ceramic material. BaNbO3; possess higher anticorrosion performance and higher
stability, and is also used in chemical and nonvolatile memories, capacitors,chemical
sensors,and multilayer ceramic[92-97].Barium Zirconate (BaZrOs), like other Barium
composites, exhibits perovskite structure and is of great importance in high temperature
applications. It is thermally stable and does not undergo phase transition from 1327 °C
down to -269 °C which makes its suitable for thermal barrier coating applications. It is
also used as a container for growing crystals of high Tc like YBCO because of its
chemical inertness with them[98, 99]. Along with BaZrO3, Barium Cerate (BaCeOs3) is
used for better protonic conduction. BaCeOs is unstable in CO, atmosphere so BaZrOs is
added to improve its stability. Due to high temperature ionic conduction, it is used in
hydrogen gas sensors, and hydrogen production[100, 101]. BaCO3; and CuO have been
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used for the synthesis of BaCuOy based high Tc namely commonly known as YBCO. It
was found that in synthesizing YBCO, CuO acts as a catalytic agent for the
decarbonation of BaCO3 and results in the formation of BaCuO,. The effect of carbon on
YBCO was demonstrated and it was reported that increasing amount of carbon in the
samples resulted in highly microporous structures. Shogo et. al. fabricated CO, sensors
using CeO/BaCO3/CuO ceramics which have high resistance to humidity and can be

used in indoor quality monitoring systems [102-104].

Aims and Motivations
The detailed literature survey led the attention to synthesis of Ba doped CuO and
BaCuO,nanomaterials due to their wide applications. Until now BaCuO, have been
synthesized in bulk with wide range of applications in superconducting materials.
Litrature is also available on alkali metals doping in TMOs. There is a limited literature
available for the synthesis of this BaCuO,, Ba-doped CuO in nanophase via wet
chemical approach. There was a thirst to develop a feasible and economic wet chemical
process for the synthesis of Ba-doped materials and BaCuO,with the control of size,
morphology and composition.
The main goals of the research work are given below,

1. To develop a feasible and economic wet chemical synthesis methodology for

single phase nanomaterial.
2. To characterize the product.
3. To investigate the optical, dielectric and thermal properties of synthesized

materials.
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Chapter 3: Experimental

This section includes the synthesis and characterization of Ba doped CuO and
BaCuO,nanomaterilas, followed by physical properties measurements.The chemicals
used in the experiments were: BaCOg3, and CuO both were of analytical grade purchased
from Deajung, Korea andCu(NO3),.3H,O and Ba(NOs),were purchased from
Merck.Whereas Citric Acid,HNO3 and Ethylene glycol of high purity were purchased
from Sigma Aldrich.

3.1. Hydrothermal Synthesis of Ba doped CuO Nanoparticles
A modifiedversion of [105] reported protocol was followed for the fabrication of Ba

doped CuO. For the synthesis of Ba doped CuO nanoparticles (with a.1:2 and b. 1:1 for
Ba:Cu ratios), Cu(NO3),.3H,0 and Ba(NOs),were added directly into the two separate
autoclaves which were already having required DI water in order to get the desired
solutions. After immediate addition of 5M NaOH aqg. Solution, autoclaves were kept at
180°C for 6h. After 6h the autoclaves were placed at room temperature for several
hours, in order to cool down naturally. Black precipitates of obtained nanomaterials
were then subjected to centrifugation for the washing purpose,for numerousintervals
with distilled water and then placed in vacuum oven for at 80°C for 24h. The product

was pulverizedafterward and further calcined at 500°C for 3h.
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1M Cu(NO,),.3H20

e o \ IMBa(NOy),

20 ml Distilled H,0 \

SM NaOH

Heating at 180°C for
6hrs

IIIO

E—

Grinding to get fine Calcination at 500°C Drying at 80°C for 24 Washing 3 times with
powder for 3 hrs hrs Distilled water

Figure 3.1. Flow sheet diagram for the hydrothermal synthesis of Ba doped CuO

Synthesis of BaCuO; by Citrate Pyrolysis Method.

Another  modified[106]protocol was  followed for the fabrication of
BaCuOjnanomaterial. In typical procedure, solid BaCOz; and CuO were mixed
thoroughly for 5-10 minin agate pastel and mortarand then the resulting precursors were
dissolved in HNOj3 at about 80°C to get 0.01M solution. After that 0.3 Maqueous
solution of citric acid and 0.1 Maqueous solution of ethylene glycol wereadded to HNO3
solution withconstant stirring. The resulting mixture was heated at90°C with continuous
stirring. Afterwards itwas dried at 150°C for 24h followed by pulverization and
calcinations at various temperatures in order to optimize synthesis condition for BaCuO,

nanoparticles.
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0.3M citric
acid soln
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Stirring for 3
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I Final grinding | foi 2hifs Pulverized 24 hrs

Figure 3.2. Flow sheet diagram for the synthesis of BaCuO;, NPs by
Citrate pyrolysis method

3.1.Characterization

XRD patterns for the synthesizedCuO, Ba-doped CuO and for BaCuO, were recorded
using a X-ray diffractometer D8 Discover with CuKao with A=1.5405Ain the scan range
of 20°<26>80°.Rietveld refinements were performed for the lattice parameters
refimenetsvia Fullprof[107] FESEM and EDSwere performed at Model VEGA 3
TESCAN for morphological studies of the prepared samples and to analyze the
elemental composition of the undoped, Ba-doped CuO and BaCuO;
nanoparticles.Samples were prepared by sonicating 1mg of prepared material in 5ml of
distilled water. Then put a drop of this solution on glass slide and oven dried at 80°C for
15min. Later on standard coating procedures were performed over these samples.UV-
Vis (single beam) spectrophotometer model T60 PG instruments UK, was also
employed to check the transmittance for band gap calculations. Samples were prepared
by sonicating 1mg of material in 5ml of distilled water. For dielectric properties, pellets
of 10mm diameter and 2-3mm thickness were kept between electrodes of Wayne Kerr
model 6500 B LCR meter with frequency range 100 Hz to 5SMHz.Thermogravimetric
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analysis (TGA) was done using DTG-60H System. The samples werethermally treated from
25 °C to 1000 °C at the rate of 10 °C/min under nitrogen,at a flow rate of 50ml/min, in

alumina crucibles.
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Chapter 4:Result and Discussion

This chapter deals with the result details and discussion over these findings.

Characterization
1. XRPD

XRPD data of pure nanoceramics was recorded and crystal structures were confirmed by
comparing with literature, all peaks for pure and doped CuOnanomaterials are indexed
with JCPDS card no. 01-089-5897 and BaCuO; is perfectly matched with the JCPDS
card # 01-088-1851. The average crystallite sizes are calculated as 30to 53nm for pure
CuO, Bap2CupgO, Bap4CupsO and 70nm for BaCuO ;,calculatedby using Scherrer
formula.Table 4.1 depicts the lattice parameters, density and cell volume obtained with

generalized harmonic description during Rietveld refinement.

Table 4.1 phase density, unit cell volume and crystallite sizes of pure and doped
CuOcrytalised in space group c2/c, #15

Sample Lattice parameters (A) B () Density Cell Crystallite
(g/cm®) | Volume | size (nm)
a b C (A%
Pure CuO | 4.6830(3) | 3.4231(3) | 5.128(4) | 99.501(3) | 6.517 81.07(1) 53
Bay,CupsO | 4.6824(6) | 3.4266(6) | 5.1279(7) | 99.431(5) | 8.975 81.16(2) 42
Bay4CupcO | 4.6807(5) | 3.4199(4) | 5.1266(5) | 99.501(4) | 8.927 80.94(2) 30
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Figure 4.1 Comparison of XRD pattern of C1(CuQO), BC1(1:2), BC2(1:1)
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Figure 4.2 XRD Pattern of BCO1 (BaCuOy)
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4.2. SEM
For morphol

Figure 4.4a shows SEM image of pure CuO nanoparticles having spherical morphology

in which the

average particle size was found to be ~70 nm. Fig 4.4b shows that Bay»CusO exhibit
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s 4.3 Figure showing Rietveld refinements for the pure and Ba doped

nanomaterials.

ogical analysis, the prepared samples were subjected to SEM analysis.

particles are agglomerated due to hygroscopic behavior of the sample. The

cubical morphology which has average particles size of about ~54 nm. Fig 4.4c shows

SEM image

of Bap4CupsO which shows rod like morphology with average ~67nm

37

3 T {1
=]



Chapter 4 Result and Discussion

daimeter. While the Fig 4.4d is for BaCuO; nanoparticles with average particle size of
~33nm.This type of doped TMO was observed in Ba-doped-ZnO. In 2016 Kekeli N
Konounoticed that the crystal became compact by increasing the dopant level. However,
the crystallite sizes of the nanoparticles decrease[39].In the same year they reported that
the morphology of TMOs (transition metal oxide)became modified with Ba-doping.
They observed that the undopedZnO morphology has been changed upon modification

with Ba. This morphological change can be attributed to the presence of the Ba element,

which modifies the raspberry-like structure of undopedZnO to the flower-like structure
of ZnOBa,[37].

Figure 4.4. SEM images of a) CuO b)Bay ,Cug O c) Bag4Cuy 0 d) BaCuO,

4.3. Energy Dispersive X-Ray Spectroscopy (EDX)

The elemental analysis was carried out by EDX equipped with FESEM. Figure 4.5a-d
show EDX spectra of pure CuO, Ba doped CuO and BaCuO;nanomaterialsrepresenting
that the samples contain only O,Cu and Ba. EDX data of CuO, Bay»,Cug sO, Bag 4Cug¢O,
BaCuOais given in the figure 4.5 and table 4.1.
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Figure 4.5 EDX pattern ofa) pure CuO b) Bap 2CupgO ¢) Bag 4Cup O d) BaCuO,
Table 4.2.EDX data of a) pure CuO b) Bag2CupsO ¢) Bap4Cup 6O d) BaCuO,

Sample Element Average wt %
o] 30.06
Cuo Cu 60.94
o] 23.5
Ba.o_2CUO_go Cu 74.64
Ba 1.86
o] 33.44
Bag 4Cug 6O Cu 62.43
Ba 4.13
0 23.28
BaCuO, Cu 22.65
Ba 54.2

Physical Properties

Optical properties were investigated for band gap calculation and dielectric properties
for dielectric loss, dielectric constant, AC conductivity and tan losscalculations. Further
TGA was also performed to find out the average weight loss of synthesized materials as

a function of temperature.
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1. Optical Properties

UV-Vis spectroscopy is used to investigate the absorbance spectra of synthesized
materials was recorded.Principle:When a sample is exposed to light energy, that
matches the energy difference between possible electronic transitions. A fraction of
light energy would be absorbed by the molecules. A spectrometer records the degree
of absorption by the sample at different wavelength, and the resulting plot between

absorbance and wavelength is known as absorption spectrum.

3o 204 (Bc2)

2.5 - 204

1.5 -

Absorbance

1.0 -
(BC1)

0.5 - 205

r"\ (C1)
0.0

L] L] L] L] L}
200 225 250 275 300
Wavelength (nm)

Figure 4.6 Absorbance spectra of a) C1 b) BC1 ¢) BC2
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Band Gap

A band gap is the distance between valance band and the conduction band of an
electron. The optical band gap of the material can be determined by a tauc plot. UV-Vis
spectroscopy revealed band gab between 5.74 eV for undopedCuO, the band gap for
Bay ,Cup O was greater than 6 eV, and for Bay4CupsO was 5.8.eV while the band gap
for BaCuO, was 5.77eV. These results indicated that least concentration of dopant gave

the highest band gap.
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I
04 5.77eV

Figure 4.7 Band gap calculation of CuO, Bag 4Cug 0, and BaCuO,

(ahv)*2

Dielectric Properties

To study the application of prepared materials as capacitors, dielectric properties were
carried out using LCR meter and processing the obtained data by using different
equations discussed in upcoming sections. Different parameters investigated are AC

conductivity, dielectric loss, dielectric constant, and tangent loss.

Dielectric parameter could be represented as[108].
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*

€ =g — ig

e'is the real part which is dielectric constant and i€’ is an imaginary part which is

dielectric loss. This part explain the ability to transfer the charges or ability to store the
charges of material. The real part could be calculated as,

., C.d
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Figure 4.8 Dielectric constant of a) CuO b) Bay 2Cug O ¢) Bag 4Cug O d) BaCuO,

Where, C is capacitance, d refers to thicknes (nm), A referst to surface area (m?), €, is
the permitivity of free space (8.85 x 10™*%). It was perceived that as the frequency
increases dielectric constant of the material decreases BC1 shows higher dielectric
constants values that are 7 x 10°. It was seen that dielectric constant shows the frequency
dependent behaviour as frequency increases dielectric constant decreases. Dielectric
constant is actually dependent on grain boundries that are created with in the material
when external electrical charge is applied and high polarization achieved at low

frequency as the frequency increases the priviously formed dipole fail to arrange
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themselves with fluctuating current so dielectric constant decreases and after certain
value it become constant. It was seen by Fig 4.8. That as we increase the amount of
metal oxides in material dielectric constant decreases it is due to poor separating
boundries formation and also due to the porosity and defects. Dielectric loss is

imaginary part that shows the heat dessipation and methematically can be calculated as,

g" = € X Dissipation factor
8x10’ . C1
7x10’ e BC1
o BC2

Dielectric Loss

-
b
-
o
~

6 . 8 ) 10 12 14 16
Ln f (Hz)

Figure 4.9 Dielectric Loss of a) CuO, b) Bag»Cug g0, ¢) Bag4CugsO

Fig 4.9. shows the dielectric loss of values of pure and Ba doped CuO nanomaterials. An
unexpected behaviour was observed in case of dielectric loss. Where BC2 shows the
lowest dielectric constant which is contradictory to dielectric constant trend. As
frequency increases atom did not show rapid electron transfer due to which dielectric
loss value also decreases. As the frequency increases less energy consumed for hopping
of electrons and heat loss also become less at higher frequency [109]. BC1 shows

highest dielectric loss values 7 x 10’.
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Figure 4.10 shows the dielectric loss measurements of all synthesized materials that is
actually the heat loss expressed in terms of tan loss, mathematically it can be expressed

by following formula

n

tand = —
€

Tan loss (tan 9) is relative measure of energy loss. Resonance peaks of BC1 was
observed with increasing amplitude at low frequency it is actually the point at which
frequency of hopping electrons resonanate with external electric field as shown in Fig
4.10 [110].Values observed in case of tan loss were low and same periodic trend was

observed as for dielectric constant.

Tan Loss

6 8 10 12 14 16

Ln f (Hz)
Figure 4.10 Tan Loss of a) CuO, b) Bag»Cup g0, ¢) Bag 4Cu O

AC conductivity of the material is its ability to allow the passage of current. When the
external field is applied on the material they allign themselves and their hopping

frequency resonate with the external frequency it could be measured as [111]
04, = 2mf€'e,tand
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AC Conductivity

6 8 10 12 14 16
Ln f (Hz)

Figure 4.11 AC Conductivity ofa) CuO, b) BagCuggO ) Bag4CupsO

Fig 4.11. shows that BC1 shows higher AC conductivity at low frequency as charge
carrier easily allign themselves according to external applied field and it decreases as
frequency increases as charge carrier did not get enough time to arrange themselves they

move rendomly due to which AC conductivity decreases.
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Figure 4.12 DC, DL, TL, and ac Conductivity of BaCuO,

values.The value of dielectric constant is 1.6 x 10* value of dielectric loss is 1.4 x 10°
and the value of tan loss is 8.While ac conductivity shows an unusual trend which first
decreases from 7 x 10 upto 1 x 10™with increase in frequency then become constant for
short interval and it again tend to increases at higher frequency from 1 x 10 upto 9 x
10°,

Thermogravimetric Analysis (TGA)
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Thermal analysis was carried out to find the decomposition temperature of synthesized
materials. It was carried to investigate the decomposition temperature of undoped and
Ba-doped-CuO and BaCuO,. TG curve represented by red line is for pure CuO. No
upward or downward peaks can be observed in DTA curve which means that no exo or
endothermic reaction taking place and hence no phase transformation is happening.
Which means the sample is not degraded. The mass of sample is gradually decreasing
with temperature. The results exhibited that there was no prominentmass lossin the TG
curves, evidencing the presence of CuO, which does not disintegrate within this

temperature range.The total mass loss is 4%.which might be due to removal of moisture.
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Figure 4.13 TG/DTA curve of CuO

TG curve with for Bag,CuggO is represented by blue. The mass loss in this is 9%.

Which means the stability of CuO decreases with Ba doping.
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Figure 4.14 TG/DTA curve ofBag, CuggO

TGA curve of Bap4CuggO is represented by green. DTA curve show the same trend as

for Bag »Cup 0. the total mass loss in this case is 5%.
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Figure 4.15 TG/DTA curve of Bag 4Cu O
of BaCuO, shows totally different behavior. We can observe a sharp mass loss at 275°C.
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From DTA curve we can observe an exotherm at the same temperature which means
weight loss. After that there is an increase in mass which might be due to absorption of
oxygen from the environment. Then at 800°C TG curve shows sharp decrease in mass.
12% mass loss can be observed in this case. There is a substantial scatter of the data in
the literature on the melting temperatures and mechanisms for BaCuO,. BaCuO; melts
congruently at 1020°C [112], via a complex mechanism at 1000-1010°C [113],
congruently with oxygen loss at 1005°C [114], and incongruently with decomposition to
BaO at 975°C [115] and to Ba2CuO3 at 988°C [116], and with the formation of two
liquids at 1016°C [117]. So according to this literature mass loss can be due to one of the

following conversions

1-BaCuO, BaO + CuO

2- 2BaCuO, Ba,CuO3+ CuO

DTA (uV)
(Bw) wy

T . T . . . . v H-3.6
200 400 600 800 1000

Temperature (-C)

Figure 4.16 TG/DTA curve of BaCuO,

Following graph shows the % mass loss of undoped, Ba doped CuOand BaCuO,
respectively
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Figure 4.17 % mass loss of a) CuO b) Bag2CugsO ¢) Bag 4Cug O d) BaCuO,
Conclusion
UmdopedCuO and Ba-doped-CuO (0.2< x <0.4)nanomaterials has been synthesized via

simple, feasible and economical hydrothermal method and BaCuO ;nanoparticles has
been synthesized by citrate pyrolysis method. Successful synthesis was confirmed with
the help of XRD, SEM and EDX techniques.A peak shift was observed for Ba-doped
materials in XRD pattern. XRD also confirm the successful synthesis of single phase
BaCuO, nanoparticles. Average crystallite size calculated by Sherrer formula decreases
with Ba-doping from 53.5nm to 30nm. And crystallite size for BaCuO, was 70nm.SEM
was performed for morphological analysis and EDX for elemental analysis. The results
of SEM depicted that morphology changes from spherical to cubical to nanotubes from
Undoped to Bag»CupgO to Bag4Cug O respectively. This change in morphology is also
attributed to Ba-doping.EDX results confirm the doping of Ba in CuO nanoparticles with
2 to 4 average weight percent respectively. Optical dielectric and thermal properties of
the synthesized materials were studied. UV-vis was used to study band gap of
synthesized material which shows that the band gap increases with Ba-doping in CuO
nanoparticles. 2% Ba-doping show highest band gap, greater than 6 eV. While band gap
of BaCuO , nanoparticles is 5.7 which was approximately equal to that of

CuOnanoparticles. Dielectric constant of 2% doped material was highest of 7 x 10° all
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which means that it has more ability to store more charge than 4% Ba-doping thus have
higher capacitive nature. While BaCuO, showed lowest band gap1.6 x 10* While the
dielectric loss or synthesized material show unexpected results then dielectric constant.
Which shows that 4% Ba-doped material showed lowest dielectric loss. Which means
that it loss less energy during AC fluctuation. TGA results showed that our synthesized
materials are thermally stable upto 1000°C as very less % mass loss was observed 4% to
12% only. So the results showed that 2 % Ba doping show best dielectric properties and

can be used as capacitors.

o1
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