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CHAPTER 1

INTRODUCTION



1.1 General introduction

Why “nano”?  In the quest for this, a substantial research
attention has been focused over the past few years on the development
of ‘nanomaterials’. 1t is part of the new materials invented. ‘New
materials’ refers to all those novel materials capable of bringing about
revolutions the current material world and can provide new colours to
material chemistry. They are with specific features and are considered
as the backbone of modern devices. The discovery and design of ‘new
materials’; i.e., new alloys, composite materials, optical fibers,
polymers and plastics, nano materials, biomaterials, newer
semiconducting materials, ceramic materials, dielectric materials,
smart materials etc. are utilized for technological development [1].
Many scientists and researchers still focus on these materials which
form the most challenging area of scientific and technologic research
because of their fabulous potentials associated with them [2]. These
new materials often possess unique electric, magnetic, optical,
catalytic, sensing, super conducting and plasmonic properties that

provide for biomedical purposes also [3-5].

Recently, a synthesis on ‘nanomaterials’ has become a focal
area in materials research, due to their many superior properties than
the bulk properties: mechanical strength, thermal stability, photo
catalytic activity, electrical conductivity, magnetic properties and
optical properties [6]. These properties of ‘nanomaterials’ can be
different at the nano scale for the reasons: ‘nanomaterials’ have a
relatively larger surface properties when compared to the same mass of

material produced in a larger form. Nanoparticles can make materials



chemically more reactive and affect their strength, and also quantum
effects can begin to dominate the behavior of matter at the ‘nanometer
length scale’ and exploitation of novel properties (physical, chemical,
biological) at that length scale. These particles have special physical
and chemical properties as compared to their bulk materials due to
their large reactive and surface area. They are broadly used in many
fields such as chemistry, electronics, photochemisty, and in

biomedicine [7-8].

Nanoparticles are promising multifunctional molecules; and
are used for wide range of imaging and therapeutic functions [9-10].
Nanoparticles deal with a wide area including electronics, medicine,
food industry, environmental, cosmetics applications, etc. [11].
Generally, a physical approach is required to modify or to pick up the
pharmacodynamics and pharmacokinetic property of drugs. Scattering
of preformed polymerization of monomers and ionic gelation or
coacervation of hydrophilic polymer, polymers are a variety of
techniques used for synthesis of nanoparticles [12-13]. Nanoparticle
plays a vital role in opportunities and possibilities for the growth of
sensing tools. In last decade, sensing of selective biomolecules using
functionalized gold nanoparticles has become a major research power.
Gold nano particles based on biosensors are likely to alter the very
basics of sensing and detecting biomolecules [14]. Nanoparticles are
used for different purposes, from medical treatment, used in a mixture
of branches of industry fabrication such as oxide fuel batteries for
energy storage and solar, large range materials on a daily basis life

such as cosmetics and textiles [15]. Large surfaces of nanoparticles



are capable to join, absorb, transmit further compounds for example
drugs, proteins, etc. They might be chemically more reactive because

of their surface, compared to their well analogues [16-18].

Thermal decomposition of alkaline earth metal titanyl oxalate
yields—titanate nanoparticles. Hence metal titanyl oxalates act as
precursors for the synthesis of titanate nanoparticles. Further, these
titanates have industrial uses and many analytical applications. The
new developments in modern industries have generated an increasing
need for new types of materials. In this respect, the application of
mixed metal oxides as catalytic, photo catalytic, photoelectric, and
dielectric materials has shown tremendous promise [19-22]. Metal
oxides exhibit very diverse properties, including optical, electrical,
magnetic, efc. They have high hardness, high chemical resistance, and
high thermal stability. These oxides have been widely used as
ceramics, electronics, catalysts, and coatings. It has found numerous
applications because of its use as an optical material, thermal and
electrical insulator, and material with high hardness and chemical

stability.

Ferroelectric and dielectric oxides of perovskite structure
(MTi0O;) are widely used in electronics. The perovskite lead zirconate
titanate (PbZr;TixO3) is a ferroelectric and piezoelectric material.
SrTiO; is used for high Curie temperature superconducting films.
Highly porous oxide materials like silica [23] and titania [24, 25]
synthesized by sol gel process have also received much attention
recently because of their application in low-loss dielectrics, catalysis,

filtering and photonics. High surface areas of the porous materials



yield good agents for catalysis. These materials have very low density
and can be used for low-loss electronic devices due to a very low
dielectric constant. Semiconducting oxides have band gaps in the UV
light spectrum. Titanium oxide (TiO;) is one of the most promising
wide-band-gap (respectively 3.2 and 3.0 eV for anatase and rutile
phase) materials which has been used as a pigment because of its
refractive index, absence of absorption of visible light, stability, and
nontoxicity [26]. Titania did not find applications for structural
ceramics due to its poor fracture toughness. However, it is widely used
as the catalyst support for different oxides such as molybdena, tungsta,
and vanadia [27]. This catalyst has been used for selective oxidation of
hydrocarbons, decomposition of isopropanol, ammoxidation of
aromatic hydrocarbons, and reduction of nitric acid [27, 28]. UV light
illumination of the TiO, surfaces using light with higher energy than
the TiO, band gap (shorter than 410 nm for rutile phase and 385 nm
for anatase phase) causes the photoexitation of electrons from the
valence band (O* 2p-orbitals) to the unoccupied conduction band (Ti*"
3d-orbitals) [26]. Light irradiation causes a production of the highly
active holes and increases the photocatalytic and photooxidative
activity of titanium oxide. Some mixed-metal oxides (BaCeO”,
Banl_xBiXO3 ", CaTiO3) can conduct ions and transport oxygen due to
oxide ion mobility [29]. They conduct electrons and oxide ions and
supply oxygen from the oxide to surface which allows for oxidizing

different hydrocarbons [30, 31].

Currently, researchers in the area of chemistry, physics,

biochemistry, and engineering explore a new class of nanosized



catalysts for applications in various fields [32]. These nanocatalysts
have many applications in our daily life which are more useful for
human beings. Salini et al., discussed the various application of nano
sized catalyst in water purification; fuel cell; energy storage; in
composite solid rocket propellants; bio diesel production; in medicine,
in dye; application of carbon nano tubes in biological fields, ezc. [33].
Gobara et al., prepared alumina- supported metal nano catalyst via the
microwave method and it could be applied in different petrochemical

processes [34].

A growing knowledge in nanocrystals research allows the
production of different materials on the nanometer scale, a better
understanding of their properties, and control of their synthesis. The
novel and unique properties of nanomaterials are a result of the finite-
size effect when the electronic bands are converted into molecular
orbital with the decrease in particle sizes. In nanoparticles, a high
number of particle atoms are located on the surface of the grains or
interface boundaries, and hence the physical and chemical properties
of nanomaterials are different from the isolated atoms or bulk
materials. One of the specific properties of nanomaterials is the
surface-to-volume ratio. This size dependent effect includes a high
percentage of surface atoms. The high distribution of electrons
confines the quantized energy levels. This quantum confinement is
used in semiconductors and optoelectronics. A high percentage of
surface atoms lead to an increase in surface activity. In addition, the
highly exposed surface stimulates the chemical reactions and promotes

the catalysis.



Recently, an increasing number of studies have been focused
on the exploitation of nanoparticles especially barium titanate nano
particles (BTNPs) in the biomedical field, owing to the high
biocompatibility of BTNPs and their peculiar non-linear optical
properties that have encouraged their use as nanocarriers for drug
delivery and as label-free imaging probes [35]. The exploration of
BTNP potential in biomedical/therapeutic applications, such as cancer
therapy through hyperthermia, and drug/gene delivery, has recently
started in nanomedicine, based on the encouraging results observed in
the biocompatibility assessments [36]. In another study, Stidler et al.
[37] investigated cellular responses to five non-linear active
nanomaterials, including BTNPs, in order to discover the best

candidate for biomedical imaging.

There are many methods which can be employed for the
preparation of BTNPs such as so-gel [38], combustion [39], crystal
growth [40], thermal decomposition [41] and different chemical route
[42]. Among these, thermal decomposition using oxalate precursor has
been widely used due to its simplicity and the precise stoichiometry of
the produced BT phase. Barium titanyl oxalate is the best precursor for
the preparation of BTNPs via thermal decomposition. Thermal
decomposition studies on oxalates seem pertinent because they have
industrial uses, many analytical applications and because in many
ways their thermal stability and decomposition serve as examples for
the decompositions of many other oxysalts. A review on the thermal
decomposition of some solid oxalates has been given by Harris and

colleagues [43]. The aware of kinetic parameters, the reaction rate and



activation energy of the thermal decomposition reaction is used to
determine the reaction mechanisms in solid-state phases. When
changes in the mechanisms are observed, this can lead to a unique
characteristic and hence a better knowledge of the materials. Besides
this, there are also more practical reasons to know the reaction rates
and their temperature dependence. Using an appropriate approximation
method, the thermo-analytical experiments can be applied for the
tuning of industrial thermal processes. The outputs of the kinetic study
of thermo-analytical reactions in the solid state can also be applied to
problems such as useful lifetime of certain components, oxidative and

thermal stability and quality control.
1.2 Review of literature

The thermal decomposition of a large number of bivalent metal
titanyl oxalates has been studied [44]. At higher temperatures, these
compounds yield the corresponding metal titanates, the compounds of
technical interest because they have industrial uses, many analytical
applications. The kinetics and mechanisms of thermal decomposition

of solids have been reviewed by L’vov [45].

Muraleedharan et al. [46] investigated the kinetic studies on the
thermal decomposition of potassium titanium oxalate, K,TiO (C,04),
2H,0 by using thermogravimetry (TG), differential thermal analysis
(DTA) and the kinetic parameters were estimated using
isoconversional methods [47]. Potassium titanium oxalate has many
chemical and pharmaceutical applications. Prajic ef al. used potassium

titanyl oxalate as analytical reagents for micro quantitative



determination of quercetin in pharmaceutical formation [48]. Kuntic
et al. determined the quercetin in pharmaceutical formations via its
reaction with potassium titanyl oxalate, and also determined the
stability constant of that particular complex [49]. Broadbent ef al. [50]
reported thermal decomposition of potassium titanyl oxalate,
potassium aluminium oxalate and the related oxalates using
thermogravimetry and differential thermal analysis under non-
isothermal conditions in air, nitrogen and carbon dioxide atmospheres,
well explained the dehydration of the potassium titanyl oxalate starts at
343 K and proceeds in several stages until completion at 473 K. The
anhydrous oxalate is not stable although only 1 % mass loss is
observed between 473 and 548 K, but the decomposition is rapid
above 548 K. The titanate formed as the final product is the result of

the initial decomposition of the anhydrous complex at 1373 K.

Sharma et al. [51] described the preparation, characterization
and thermal investigation of zinc and cadmium titanyl oxalates. The
TG and DTG curves of the thermal decomposition of zinc and
cadmium titanyl oxalate hydrate proceed through three major steps,
viz. dehydration followed by the decomposition of the oxalate to the
carbonate and finally the decomposition of the carbonate to the
respective metal titanate. Gopalakrishna Murthy et al. [52] prepared
lead titanyl oxalate tetrahydrate and the thermal decomposition was
investigated by employing thermoanalytical and evolved gas analysis
techniques. The decomposition in air or oxygen proceed through three
main steps; dehydration, decomposition of the oxalate to carbonate and

decomposition of the carbonate to lead metatitanate as the final



product.

Thomas et al. [53] reported the studies on the thermal
decomposition of calcium copper titanyl oxalate and in a similar way
for alkaline earth metal titanyl oxalates by Murthy et al. [54]. In this
case, the decomposition product, calcium copper titanate, a well
known electroceramic is associated with giant dielectric constants
which have increasing demand in electronic devices owing to the
miniaturization [54]. Galwey et al. identified and discussed studies on
the thermal decomposition of silver oxalate [55]. Kinetic studies on the
thermal decomposition of cobalt oxalate, and manganese (II) oxalate
dihydrate and manganese (II) oxalate trihydrate using TG, DTA and
X-ray diffraction techniques were reported [55]. Padmanabhan et al.
have reported the thermal decomposition of some metal oxalates [56].
Dollimore and Nicholson reported the variations in the surface areas of
the solid products which occur when heavy metal oxalates are heated

at various temperatures [57].

Balyaev et al. [58] reported the preparation and thermal
decomposition of cobalt titanyl oxalate, a molecular precursor for
CoTiO; obtained when CoCl,.H,O was reacted with potassium titanyl
oxalate solution, crystallization of CoTiOs occurres at temperatures as low as
923 K. Dhage et al [59] camed out a detailed work on the preparation of
PbTiO; using potassium titanyl oxalate and pointed out that the anionic
species TiO(CzO4)22', obtained by dissolving potassium titanyl oxalate
in water, is stable over a narrow range of pH and is destabilized by the
addition of PbCl, solution to produce the mixed metal oxalates,

PbC,04 and TiO(C,04). Brown et al. reported the TG analysis of



several metal oxalates in various atmospheres [60]. Dollimore
reviewed the thermal decomposition and stability of many metal
oxalates and explained their characteristic features [61]. In non-
isothermal analysis, the temperature at which decomposition takes
place depends on the heating rate. It is observed that the thermal
decomposition of oxalates is associated with a considerable induction

period especially at lower temperatures [62].

The importance for the preparation of pure and fine-grained
stoichiometric metatitanates of bivalent metals which leads to the
development of chemical kinetic and thermodynamic methods in
research fields [63]. These metatitanates can be prepared by the
thermal decomposition of the corresponding metal titanyl oxalates.
They are mainly prepared by the chemical reaction between suitable
reagents; chemically prepared materials have better sinter ability than
those prepared by other ceramic methods. Chemical reactivity, particle
size and sinter ability of the metatitanates are influenced by the
calcination temperature of the metal titanyl oxalates. This has
necessitated the investigation of the decomposition characteristics of

titanyl oxalates [64].

The alkaline earth metal titanyl oxalates can be prepared by
simple precipitation technique and various kinds of mesoporous metal
oxides with good crystallinity can be prepared by thermal
decomposition method. Using thermal decomposition method, particle
size and shape can be effectively controlled. It can produce highly
homogeneous and crystalline nano particles. It requires shorter

preparation time and fewer impurities in the final product.

10



1.2.1 Thermal decomposition of alkaline earth metal titanyl

oxalates

The research, technological and industrial importance of
alkaline-earth metal titanyl oxalate has given fast movement to the
development of chemical methods for preparing them as high-purity
materials. Thermal decomposition of alkaline earth metal titanyl
oxalates gives metal titanates. Since metal titanates have interesting
electrical properties that are strongly influenced by the temperature of
calcinations, a systematic kinetic study has been made on the thermal
decomposition reaction of metal titanyl oxalate leading to the
formation of titanates. The requirement for pure, fine-grained
metatitanates of bivalent alkaline earth metals, led to the development
of chemical methods for their preparation. Ultrafine and stoichiometric
metatitanates can be prepared by the thermal decomposition of the

corresponding titanyl oxalates.

Strizhakov et al. have reported the thermal decomposition of
the titanyl oxalates of alkaline earth metals and lead [65]. Gallagher et
al. have investigated the mode of decomposition of barium and the
thermal decomposition of some substituted barium titanyl oxalates and
its effect on the semiconducting properties of the doped materials [66].
Chemically prepared materials have better sinterability than those
prepared by ceramic methods. Chemical reactivity, particle size and
sinterability are influenced by the calcination temperature of the
precursors, viz., the corresponding titanyl oxalates. This has
necessitated the investigation of the decomposition characteristics of

titanyl oxalates. The decomposition is a multistep kinetic mechanism,

11



and it can be summarized as: (i) dehydration, (i1) decomposition of the
anhydrous oxalates to the carbonate (iii) the carbonate decomposition

with formation of the metal titanates [67].
1.2.1.1 Thermal decomposition of beryllium titanyl oxalate

Sharma et al. prepared beryllium titanyl oxalate tetrahydrate
[68] and the thermal behavior under non-isothermal conditions was
investigated by thermogravimetric and differential scanning
calorimetric techniques. The decomposition is a multi step reaction,
including dehydration of the hydrate, decomposition of the oxalate to

carbonate and decomposition of the carbonate to oxide.

BeTiO(C,0,), 4H,0 —=%— BeTiO(C,0,), + 4H,0
2BeTiO(C,0,), —*— Be,Ti,0.CO,+ 4CO + 3CO,

Be,Ti,0.CO, —2252BeTiO,+ CO,

1.2.1.2 Thermal decomposition of magnesium titanyl oxalate

Gopalakrishna Murthy et al also studied the thermal
decomposition of magnesium titanyl oxalates in flowing oxygen,
nitrogen, carbon dioxide and vacuum using thermo analytical
techniques like DTA and TGA. The thermal decomposition of
magnesium titanyl oxalate heptahydrate, consists of four steps;
dehydration, two steps of oxalate decomposition to give a carbonate,
and decomposition of the carbonate to yield MgTiO; which has the
ilmenite structure [69]. In the temperature range 293-533 K, the

12



dehydration takes place in three steps with the elimination of 2, 3 and 2
water molecules per mole, respectively. The first stage of oxalate
decomposition occurs in the range 523-653 K, isothermal heating of
magnesium titanyl oxalate at 573 K for 48 h produces the intermediate
Mg, Ti,04(C,04)CO;. The second stage of oxalate decomposition
occurs in the range of 653-793 K, in this endothermic reaction, carbon
monoxide and carbon dioxide is evolved in equal proportions.
Isothermal heating of magnesium titanyl oxalates at 673 K produces
the intermediate Mg,T1,05sCO3; which decomposes between 793 and
973 K giving crystalline MgTiOs of ilmenite structure with a = 5.03
and ¢ = 13.44 A’ compared to the reported values of 5.95 and
13.90 A for ‘a’ and ‘¢’ respectively [70]. The following step is

proposed for the decomposition of magnesium titanyl oxalates in air:

MgTi(C,0,),. 7TH,0—222 5 MeTiO(C,0,), +TH,0
2MeTi(C,0,), —2K 5 Mg Ti,0,(C,0,)CO, +3C0O+2CO,
Mg,Ti,0,(C,0,)CO,—=* 5 Mg Ti,0,CO, + CO+CO,
Mg, Ti,0.CO,—222X 52 MeTiO, +CO,

Miao et al [71] synthesized nano-crystalline magnesium
titanate materials at low temperatures by the sol-gel method, using
butyl titante and magnesium nitrate as precursors. Thermal
decomposition behavior of the gel was analyzed by thermogravimetry-
differential thermal analysis. Crystallinity of MgTiOs; powders was
examined by transmission electron microscopy. The surface
morphology was observed by scanning electron microscopy. The

average grain size of MgTiO; crystals was between 10 and 30 nm at

13



873 K and MgTi,0s disappeares completely at 973 K. Yanovskaya
et al. [72] also prepared sintered MgTiO; using alkoxy derived
powders. The precursor powders prepared from Mg(OBu),Ti(OBu) in
butanol under reflux. The sintered MgTiOs particles were obtained at

the temperature range 1413-1493 K.
1.2.1.3 Thermal decomposition of calcium titanyl oxalates

Gopalakrishna Murthy et al. studied the thermal decomposition
of cacium titanyl oxalate hexahydrate using TG, DTA in different
atmospheres. The decompositions proceed through three major steps:
dehydration, decomposition of the oxalate to a carbonate and the
decomposition of the carbonate to yield CaTiOs. In the initial stage,
cacium titanyl oxalate hexahydrate dehydrates into the tetrahydrate and
then to anhydrous oxalate. The carbonate Ca,;Ti,04(CO3), decomposes
in the temperature range of 723-873 K to give Ca,Ti,0sCO; and
carbon dioxide. The final crystalline residue CaTiOs is formed by the
release of CO; from the intermediate Ca,;T1,0sCOs3, in the temperature

range of 813- 933 K [73].

CaTiO(G,0,), 6H,0—2=5,CaTiO(C,0,), 4H,0+2H,0
CaTiO(C,0,), 4H,0—"225_, CaTiO(C,0,), +4H,0
2CaTiO(C,0,), —Z2K 5 Ca,T1,0,(CO,), +4CO+2C0,
Ca,Ti,0,(CO,), 2%, Ca, T1,0,C0, + CO,

Ca, Ti,0.C0, —¥2K_52CaTio, +CO,
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Mallik et al. [74] prepared nano calcium titanate powders from
the equimolar solution of calcium oxide, ethanol and Titanium (IV)
isopropoxide. The phase analysis and morphology of powder particles
were studied by XRD which confirms the presence of phase pure
crystalline CaTiO; nanoparticles with stoichiometric ratio can be
prepared through sol-gel process after drying at 373 K for 24 h, while
TEM analysis confirms about 13 nm sizes of CaTiO; particles and
some agglomerated particle of 20-30 nm. Gralic et al. [75] evaluated
the quantity of the formation of calcium titanate with perovskite
structure from alternative sources of titanium [76]; the precursors were

sintered at high temperatures in the range 1273-1673 K.
1.2.1.4 Thermal decomposition of strontium titanyl oxalates

Thermal decomposition of strontium titanyl oxalate
tetrahydrate was studied by employing TG, DTA in flowing oxygen,
nitrogen, vacuum, cabon dioxide gas and chemical analysis. Thermal
decomposition of anhydrous metal titanyl oxalate proceeds through
multi step complex reactions to form titanates [77]. The three major
steps: dehydration, decomposition of the oxalate to a carbonate and the
decomposition of the carbonate to yield the final product, metal
titantes. Gallagher ef al. have investigated the mode of decomposition
of strontium titanyl oxalates [78]. It was prepared by the method of
Clabaugh et al. [79) by substituting strontium chloride for barium
chloride. The yield of STO was only around 50 %, owing to the
solubility of STO in acid medium.
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Sairam Patra et al. [80] studied the thermal decomposition of
anhydrous strontium titanyl oxalate, and found that the thermal
decomposition proceeded through a series of complex reactions to
form strontium metatitanate at high temperatures. Among them the
decomposition of oxalate is the first major thermal event. A kinetic
study of oxalate decomposition in the temperature range 553-593 K
has been carried out by the authors under cooled gas pressure, in
vacuum. The results has been fitted to the Zhuraviev equation for
almost the entire a-range (0.05-0.92) indicating the occurrence of a
diffusion-controlled, three-dimensional rate process. The activation
energy has been calculated to be 164+10 kJ/mol. Results from
elemental analysis, TGA, IR and SEM studies of undecomposed and
partially decomposed samples have been used to supplement kinetic

observations in formulating the mechanism for oxalate decomposition.

SrTiO(C,0,), AH,0—225 5 §yTi0(C,0,), +4H,0

2810 (C,0,), — 2% §1,T1,0

4+x

(co,), .(co,).+4co+2c0,

S Ti,0,

4+x

03-843 -
(CO3 )z_x (CO2 )x — R 81 Ti,0,CO, +(C02)
Sr,Ti,0,CO, —"% 525 TiO, + CO,

Fan et al. [81] prepared strontium titanate using strontium
titanyl oxalate as precursor; it is synthesized from chlorides of Sr and

Ti and oxalic acid. Thermal decomposition of STO was studied by

means of TG and DTG and compared to X-ray diffraction
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measurements. Highly crystalline strontium titanate can be obtained by
heating the STO precursor in air at 1173 K. Roy et al. [82] prepared
SrTiO; powder from Sr-oxalate and TiO; precursors, instead of using
titanyl oxalate. The crystallization and formation were investigated by
thermal analysis using TGA and DTA which reveals that upon heating;
it dehydrates in two stages (due to the presence of two different types
of Sr-oxalate hydrates) during the temperature range 1073-1173 K.
The nanosized (90 nm in size) SrTiO; crystallites are produced at 1373
K, due to the lower calcination temperature [83]. Rout et al. [84]
prepared SrTiOs; and Ni doped SrTiO; by solid state reaction route, and
studied the electrical properties of these samples using impedance
spectroscopy and mentions the important applications. Lee et al. [85]
used a simple chemical route and synthesized highly sinterable SrTiO3
as a porous powder with a particle size of 300 nm and recognized the

phase transition at 1573 K.
1.2.1.5 Thermal decomposition of barium titanyl oxalate

Solid state reactions are carried out to obtain more important
solid and to gain understanding of the factors influencing these
reactions [86-93]. The process of forming titanates in crystalline
mixtures has become very important in the ceramic industry and other
technologies. Many reports are available for the preparation of barium
titanyl oxalate [94-98]. Yen et al. [99] reported that a high purity
barium titanate could be prepared by precipitating barium titanyl
oxalate and subsequently converting to barium titanate by calcinations.
Balek et al. [100] also reported the optimum conditions for the
formation of BTO in detail and the formation of BaTiOs; by thermal
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decomposition of BTO and the kinetic parameters are investigated by

thermal analysis (TG-DTA) and EGA.

Ragulya et al. synthesised and dicussed the sintering of
nanocrystalline barium titanate powder under nonisothermal conditions
and also the control of dispersity of barium titanate during its synthesis
from barium titanyl oxalate [101]. Fang et al. repored the thermal
analysis of precursors of barium titanate prepared by co-precipitation
method and discussed the factors affecting the preparation of barium
titanyl oxalate tetrahydrate [102]. Amala sekar et al. [103] synthesised
the fine-particle of titanates by the pyrolysis of oxalate precursors and

repored the morphology of these titanates.

The decomposition kinetics of barium titanyl oxalate
tetrahydrate has been extensively studied by many researchers [104-
106]. Otta et al. studied the kinetics and mechanism of the thermal
decomposition of barium titanyl oxalate [107]. Gallagher and
Thomson [108] suggested that the first stage in the thermal
decomposition is the loss of four moles of water in the temperature
range 293-523 K. After the loss of water of crystallization, oxygen is
adsorbed to form active BaCO; and TiO, which reacts to form BaTiO;

in the temperature range 773-973 K and CO; is released.

The thermal behavior of BaTiO; prepared in the temperature
range 873-1173 K was studied by Swillam and Gadalla [109]. They
have shown that when lower temperature was used for the calcination
of BaTiOs, samples with extremely fine pores are formed, whereas

higher temperature agglomerates to shrink to form too much smaller
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particles, eliminating these pores. The formation of barium titanate by
the thermal decomposition of barium titanyl oxalate was shown to
proceed in several steps; the role of H,O and CO; removal in barium
titanyl oxalate and the effect of doping and the mixing conditions of

reactant molecules on reactivity in this system was described [110].

Dutta et al. [111] studied the formation of barium titanate from
barium titanyl oxalate precursor by thermal decomposition method and
also the molecular structure of the mixed oxalate determined by
Raman spectroscopy consist of a Ti4O4 ring which contains a titanyl
(Ti=0) unit. The mixed oxalate was heated from room temperature to
1073 K, and the structural changes that occurred were followed by
Raman spectroscopy at ambient temperature. When temperature
increases, the bidentate oxalate ligand changes to a bridged oxalate,
followed by decomposition to ligated carbonate and then to ionic
carbonate. All traces of the ligand disappear beyond 1073 K. The
intermediate that exists in the temperature range 523-873 K is a Ba-Ti

amorphous complex and BaTiO3 forms above 973 K.

Gopalakrishna Murthy et al. [112], have investigated the
thermal decomposition of barium titanyl oxalate by employing gas and
chemical analysis techniques. The decomposition is not affected much
by surrounding gaseous atmosphere and it proceeds in five steps. Step
one, which is dehydration of the tetrahydrate, is followed by a low
temperature decomposition of the oxalate groups. In the temperature
range of 453-523 K, carbon monoxide is evolved with the formation of
a transient intermediate substance containing both carbonate and

oxalate groups. The oxalate groups are completely destroyed in the
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temperature range 523-723 K, resulting in the formation of a carbonate
which retains free CO, in the matrix. The trapped CO; is released in
the temperature range 723-873 K. The final decomposition of
carbonate takes place in the temperature range 873-1023 K and yields
barium titanate. Thermal decomposition reaction of barium titanyl

oxalate can be brought through the following schemes:
BaTiO(C,0,), 4H,0 —>**5 BaTiO(C,0,), +4H,0

BaTiO(C,0,), —=2*-Ba,T},0,(C,0,), CO, +CO
Ba,Ti,0,(C,0,), CO,—="5— Ba,Ti,0,CO,(CO,) + 2CO,+ 3CO
Ba,Ti,0,CO, (CO,)—225— Ba,Ti,0,CO, + CO,

Ba,Ti,0,CO,—"X 32 BaTiO, + CO,

Barium titanate formation from BTO comes through the
evolution of H,O, CO and CO,. Initial low temperature reaction is
known as the dehydration (<500 K) and low temperature
decomposition occurs >500 K forming the carbonate intermediate.
Succeeding steps involves the decomposition of carbonate intermediate
with the evolution of CO and CO,. Barium titanate, the “first
ferroelectric ceramic”, is a good candidate for various applications in
electronic industry as a capacitor material due to its super conductivity,
excellent dielectric, ferroelectric and piezoelectric properties, catalytic
properties, etc. Many of these properties strongly depend on material
defects like wvacancies, dislocations, stacking faults, subgrain
boundaries, etc. These defects affect local oxygen bonding which can

be achieved by doping and mechanical mixing. The thermal
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decomposition of mixed metal titanyl oxalates yield mixed metal oxide
nano particles that have wide range of applications in electronics and

opto-electronic field.
1.2.2 Thermal decomposition of mixed metal titanyl oxalates

Thermal decomposition of mixed metal titanyl oxalates is one
of the important methods of preparation of pure or mixed metal
titanates having multi functional properties. The thermodynamic and
kinetic aspects of solid state decomposition reactions can be complex
and multistep reactions and posses a large number of parameters to
investigate. The calculated thermodynamic kinetic parameters indicate
the multi-step nature of the process and the decomposition stage is a
high energy pathway and reveals a very hard mechanism [113]. Celis
et al. [114] have reported in detail the kinetic analysis of the thermal
decomposition of calcium and strontium oxalates and the mixtures of
both. Thermal decomposition of titanyl oxalate, barium oxalate and a
mixture of these two have been carried out, using various thermo
analytical methods, to verify the scheme of thermal decomposition of
barium titanyl oxalate proposed [115]. Muraleedharan et al. [113]
investigated the kinetics of the thermal decomposition of potassium
doped barium titanyl oxalate by using differential scanning calorimetry
(DSC) and kinetic deconvolution procedure was utilized to perform the

overall kinetics of formation of pure and doped BaTiOs.

Thermal decomposition of mixed Ce and Gd oxalates and the
thermal properties of mixed Ce and Gd oxides were studied by

Ubaldini et al. [116] and concluded that, the mechanisms of
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decomposition of Ce and Gd oxalate are different, and mixed oxalates
(Ce1xGdx)2(C204)3.nH,O  behave in an intermediate way. The
dehydration stages are more similar to those of Gd oxalate, as not all of
the water molecules are equivalent as in the case of cerium oxalate.
The decomposition leads to (Ce;_xGdx) Oz x» (X is close to 0 or 1) two
solid solutions exist, for the central composition; the presence of a

biphasic region cannot be excluded.

Deb et al. [117] has investigated on solid-state pyrolytic
decomposition of barium trihemiaquatris (oxalato) lanthanate (III)
decahydrate using TG-DTA in air and DSC in nitrogen. Deb also
synthesized mixed metal oxalate precursors, calcium (II) bis (oxalato)
cobaltate (II) hydrate, strontium (II) bis (oxalato) cobaltate (II)
pentahydrate and barium (II) bis (oxalato) cobaltate (II) octahydrate for
determining their thermal stability [118]. Hwu et al. [119], examined
whether barium titanyl oxalate tetrahydrate [BaTiO(C,04),.4H,0],
known as the precursor of BaTiOs, can be prepared by homogeneous
precipitation. The morphology and particle size of BaTiO(C,04)s,.
4H,0 was controlled by reaction temperature, pH and solvent ratio and
further BaTiO; was obtained by the calcination of barium titanyl
oxalate tetrahydrate above 873 K or hydrothermally in a basic solution
at 473 K. This highly pure BaTiOs; was used in a polymer-ceramic

composite for embedded capacitor application.

Khollam ef al. [120] prepared barium—strontium titanyl oxalate
(BSTO): Baj«SrxTi0O(C;04),.4H,0 (x = 0.25) by a simple one-step
cation-exchange reaction between the stoichiometric solutions of

ammonium titanyl oxalate (ATO), barium hydroxide and strontium
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nitrate at room temperature. The pyrolysis of BSTO at 1003 K/4 h in
air produces barium—strontium titanate (Ba;.xSryTiO3; BST) powders.
The characterization of BSTO and BST powders by various physico-
chemical techniques: micro and chemical analysis, DTA, TG, XRD,
FTIR, X-ray fluorescence (XRF) and SEM reveals that the powders
formed are cubic, highly pure, stoichiometric and sub-micron in size
with nearly uniform size and shape distribution. The ceramic compacts
obtained by sintering the BST pellets at 1573 K/4 h shows comparable
dielectric properties [121].

The quantitative precipitation of barium—strontium titanyl
oxalate: (Bag¢Srp4TiO (C,04),.4H,0) precursor powders prepared by
Li et al [122] through oxalate co-precipitation method. The
decomposition of BSTO at 1073K/4h produces the barium—strontium
titanate (BST) (Bag¢Sr94Ti0O3) powders. Two kinds of dispersants
namely ammonium salt of poly mathacrylic acid (PMAA-NH,) and
polyethylene glycol were added respectively during the co-
precipitation procedure. The powders were characterized by XRD,
SEM, etc. Experimental results show that the addition of the
dispersants reduces the yield of BST powders. The BSTO and BST
powders obtained by above mentioned technique without dispersants
were homogeneous with quasi-orbicular morphology. The particles
grew into spindle shape with the effect of polyethylene glycol. The
barium—strontium  titanyl  oxalate  (Bag ¢Sro.4T10O(C,04),.4H,0)
precursor powders was also prepared by the modified oxalate co-
preparation method [123], which was based on the cation-exchange

reaction between the stoichiometric solutions of oxalotitanic acid
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(H,TiO(C,04),), barium and strontium nitrate solution containing
stoichiometric quantities of Ba and Sr ions. The pyrolysis of BSTO at
1073 K/4 h in air produces the homogeneous cauliflower-like barium—

strontium titanate (Bag ¢ Sro4 TiO3) powders [ 124].
1.2.3 Applications of mixed metal oxides

Doping or mechanical mixing of barium titanyl oxalate with
other elements (K, P, La and Sm) enhances the oxygen ion
conductivity and the mechanical properties. The mixed metal oxides
have wide range of applications in optics, electronics, catalysis, etc.
The properties and applications [125] of perovskite phase mixed-metal
oxides, MTiOs, (Ba,Sr)TiOs;, Pb(Sr,Ti)Os;, K((Ta,Nb)O;, Pb(Mgi;
Nby;3)03, efc., are based on their intrinsic dielectric, ferroelectric,
piezoelectric, and pyroelectric properties of relevance in corresponding
electronics  applications such as electromechanical devices,
transducers, capacitors, actuators, high-k dielectrics, dynamic random
access memory, field effect transistors, and logic circuitry [126-127].
Another area attracting a good deal of interest has been the use of
ferroelectric mixed-metal oxide thin films as nonvolatile computer
memories. The use of ferroelectric materials as electro-optic switching
devices for optical computers is an important application currently
under investigation [125]. These mixed-metal oxides, which are
capable of high oxygen transport fluxes at elevated temperatures
(T >873 K). SrCeO; and SrTiO; have been successfully used for
oxygen transport. The stability and high oxygen flux potential at high
temperatures of these materials have provided for their consideration in

a number of high-temperature membrane reactor applications,

24



including in oxidation reactions [128-129]. Perovskite type oxides with
typically very high melting points also exhibit a number of interesting
chemical properties including heterogeneous catalytic activity and they
are often utilized for CO oxidation, oxidation of hydrocarbons and
chlorinated volatile organic compounds, partial oxidation of methane
to synthesis gas, N,O decomposition, NOy reduction, hydrogenation
reactions of alkenes, SO, reduction, as well as in various types of

electro and photocatalytic reactions [130-131].

Mixed alkaline earth metal titanates, a perovskite ferroelectric
material, finds extensive application in electronic industry as a
capacitor material. Because of the considerable variation in its
structural and physical properties this material has great interest both
in ceramic and in single crystal forms. Due to their high dielectric
constant, large polarization and high breakdown voltage, ferroelectric
materials have a wide range of applications such as in high density
dynamic random access memories, non-volatile ferroelectric random
access memory and infra red detectors and also in several high
frequency devices such as filters, resonators, oscillators, frequency
multipliers and tunable microwave devices, various microwave
communication and optoelectronic devices. [132]. Perovskite-based
(ABO;) structures are of significant interest in the field of
photocatalysis and photovoltaics [133]. The development and
utilization of solar energy in environmental remediation and water
splitting is being intensively studied worldwide. Perovskite materials
can be used as photocatalysts for water splitting reaction for hydrogen

production and photo-degradation of organic dyes in wastewater as
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well as for photoanodes in dye-sensitized solar cells and light
absorbers in perovskite-based solar cells for electricity generation
[134]. Xee et al. reviewed to provide a current summary of recent
progress in perovskite materials for use in important areas and to
provide some useful guidelines for future development in these hot

research areas [135].

The metal titanates such as SrTiO; /BaTiO; have shown
excellent photocatalytic activity is of particular interest in the
production of hydrogen from water using solar energy because of their
structural simplicity and flexibility [136]. Shi et al. reported a general
review of perovskite photocatalysts active under UV and visible light
[137]. Further, conversion of CO; to hydrocarbons (fuels) is also of
significant interest, as it is a solution to reduce CO, emissions across
the globe [138]. Apart from the clean energy generation, photocatalysis
has several promising applications in the environmental field. Some of
the applications include degradation of volatile organic compounds for
water treatment [139], germicide and antimicrobial action [140], de-
coloration of industrial dyes [141], nitrogen fixation in agriculture

[142], and removal of the air pollutants NO,/SOy [143].

The compounds such as CaCu3TisOp;, BaEuBiOg,
Ba,SmBiOg, and Ba,CeBiOg showes high photocatalytic activity [144]
and also the compounds, Ba,CoWOQOs, Ba,NiWOgs, Sr,CoWOs and
SroNiWOg are stable perovskites compounds for O, evolution using
sacrificial agents [145]. W doping in Sr,FeNbOg has also been studied
and demonstrated enhancement to hydrogen evolution under visible

radiation [146]. Oxynitride compounds such as CaNbO,N, SrNbO;N,
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BaNbO,;N, and LaNbON, belong to the perovskite type crystal
structures [147], photocatalytic hydrogen evolution has been reported
under visible light from methanol solution. Compounds such as
CaTaO,N and BaTaO,N were loaded with Pt co-catalyst and coupled
with Pt/WO; used for water splitting [ 148]. Solid solution of BaTaO,N
and BaZrO; was formulated for hydrogen and oxygen evolution, and it
showes improved performance compared with the individual

photocatalysts under visible light [149].

Sarkas et al. [150] shared the preliminary evidence for catalytic
activity by unsupported mixed metal oxide nanocrystlline materials.
The results of this study show that a nanophase form of Li-MgO has
begun to exhibit catalytic activity by 573 K which is at least 200
degrees below the temperature at which conventional Li-MgO
catalysts exhibit comparable activity. Furthermore, at higher
temperatures, the same nanophase composition shows enhanced
activities and somewhat improved hydrocarbon selectivities over
conventional Li-MgO catalysts. The rational design and efficient
synthesis of nanostructured mixed metal oxides with controlled shapes,
sizes, compositions and morphology, improves the performance of
electrochemical energy conversion and storage devices along with
their applications as electrode materials for lithium-ion batteries and
electrochemical capacitors, and function as efficient electrocatalysts
for the oxygen reduction reaction in metal-air batteries and fuel cells

[151-152].

Gawande ef al. studied the role of mixed metal oxides in

catalysis science and explained its versatile applications in organic
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synthesis such as reduction, oxidation, multicomponent, Mannich
alkylation, condensation, deprotection, cycloaddition, hydroxylation,
dehydration, dehydrogenation, trans-esterification reactions involving
biomimetic oxygen-evolving catalysts and other important C—C bond
forming reactions on the surface of mixed metal oxides under a variety
of reaction conditions [153]. They were also be used for selective
reduction of C=0O in a, f-unsaturated carbonyls through catalytic
hydrogen transfer reaction [154], study of chemical structures and
performance of perovskite oxides [155], epoxidation on MoO3/TiO;
oxide [156] and study of the effect of phosphate ions on the textural
and catalytic activity of titania—silica mixed oxide [157]. The recent
applications of mixed metal oxides are in important organic reactions,
industrial applications, and green chemistry and are also used as
essential components in most refining and petrochemical processes

[158].

Mixed metal oxides have been widely used for various
applications such as pigments in coatings. Mixed metal oxide pigments
help to achieve an opaque coating by pigment mixing to achieve the
desired color [159]. Strontium titanate of perovskite structure is a
highly efficient and promising anticorrosion pigment. Kantorova et al.
[160] synthesized strontium titanate and are used to prepare solvent
type epoxy-ester resin based coatings with varying pigment volume
concentration (15-20 vol. %) of the strontium titanate pigment which
exhibit high anticorrosive efficiencies. The physical-mechanical
properties of the paints with the SrTiO; content have more advantages

than in pigmentation with other compounds. It has been reported that
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CaTiO; pigment of perovskite structure has also shows high
anticorrosion efficiency [159]. The anticorrosion properties of the paint
that contains mixed metal oxides-based pigments, TiO,.ZnO, SrTiOs,
Zn,Ti04, MgTi03, CaTiO3, Ti0,.Zn0.MgO, and Ti0,.ZnO.SrO were
synthesized as potential anticorrosion pigments and shows high

physical-mechanical properties [161].

Kulkarni et al. [162] investigated the structural and dielectric
properties on BST-BZT composites. Barium StrontiumTitanate system
is well known ferroelectric materials for a variety of applications in the
tunable microwave devices, high permittivity capacitors, pyroelectric
sensors and piezoelectric transducers, efc. Piagai et al. prepared
magnesium-calcium titanate (Mg 9sCa0sT103) powders and was used
as microwave dielectric ceramics by alkoxide precursor method. Its
thermal decomposition behavior has been investigated using thermal

analysis, XRD, FT-IR, and SEM [163].

Arunachalam et al. synthesized manganese-doped barium
titanate, which exhibit high electrical resistivity and high dielectric
constant with an increasing insensitivity to temperature and therefore
suitable as dielectric for multilayer capacitors with base metal
electrodes [164]. Lin et al. studied the magnetic behavior in Fe doped
BaTiO; and Ba(Tig3Fep7)O3; a multifunctional ceramic material was
prepared and the effect of annealing atmosphere on magnetism has
been investigated [165]. Takin et al. [166] explored the applications of
barium titanate core—gold shell nanoparticles for hyperthermia
treatment against cancer cells and proposed that these nanoshells have

suitable cytocompatibility at concentrations up to 50 ng/L.
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Azim Araghi et al. synthesized barium strontium titanate
(Bag.cSrp.4T1i03) nanocrystalline powder by a modified sol-gel process
[167]. Enhessari et al. [168] prepared nanostructured barium strontium
titanate by improved methods; barium strontium titanate (Ba; Stk TiOs,
BST) ferroelectric materials have attracted considerable attentions due
to their chemical stability, high permittivity, high tunability and low
dielectric losses [169]. The physicochemical properties of these
nanomaterials are highly sensitive to their size, shape, and composition

[170].

Dong et al. [171] investigated barium strontium titanate (BST)
solid solutions with high dielectric susceptibility under the DC electric
field due to their potential applications in tunable microwave devices,
such as phase shifters, resonators, capacitors and phased array antennas
[172-173]. And also in a variety of electronic applications in multi-
layer and voltage-tunable capacitors, dynamic random access
memories, tunable filters, oscillators, uncooled infrared sensors, etc.,
due to the moderate dielectric constant, good dielectric temperature
stability, nonlinear variation of dielectric constant with the electric
field, ferroelectricity, pyroelectricity and high tunability of tunable
materials required for these applications [174]. Zhang et al. [175]
studied sintering temperature effects on the energy-storage properties
in barium strontium titanate glass—ceramics by polarization hysteresis
measurements, found that with increase in sintering temperature, the

crystallinity degree of primary ferroelectric phase increases.

Elmer N. Bunting [176] studied the properties of calcium-

barium titanate dielectrics, which was valuable for the production of
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capacitors for use at temperatures above 1773 K. Singh et al. discussed
the structural and electrical properties of barium calcium titanate
(BCT) thin films prepared by sol-gel method. The dielectric
measurements of thin films shows that dielectric constant decreases
with the substitution Ca and also the ferroelectric character of BCT
thin films which decreases with increase in the concentration of Ca
content on barium titanate [177]. Kuper et al. [178] discussed the
photorefractive properties of ferroelectric barium-calcium titanate
crystals such as high Bragg selectivities, large two-beam coupling
efficiencies, reversibility and large refractive index changes even for
low power illumination with fascinating applications like volume
holographic memories or self-pumped phase conjugators. Kotlyarchuk
et al. [179-180] synthesized calcium doped nanocrystalline barium
titanate powder by oxalate route. Varatharajan et al. [181] studied the
ferroelectric properties of barium calcium titanate single crystals, and
proved that dielectric constants decreases with increase in the
concentration of Ca due to the doping of non-ferroelectric calcium

titanate in ferroelectric barium titanate [182].

George et al. [183] discussed the preparation and properties of
barium-magnesium titanate dielectrics and found that the addition of
magnesium to barium titanate resulted in high electrical losses, so
these materials are wused for electrical communications and
instrumentation. Lee et al. [184] studied the microwave dielectric
properties of magnesium calcium titanate thin films prepared by the
metal organic solution deposition technique (MOSD). Samyuktha ef al.
[185] synthesized Mg, Ca,TiO3; by conventional solid state diffusion
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method, the calcium doped magnesium titanate ceramic materials of
different compositions shows that the dielectric constant and dielectric
loss increases with temperature and decreases with frequency and
enhances the dielectric constant. The dielectric loss was constant at
high frequency, so these materials can be used for high frequency
devices. Mg(1xCaxTi03(x=0.1, 0.3 & 0.5) ceramic materials are

suitable for microwave device applications [186].

Dong et al. [187] synthesized compositionally inhomogeneous
barium strontium calcium titanate ceramics with weak dielectric
temperature sensitivity and retain high tunability by phase-mixed
method. Addition of Ca decreases the dielectric constant from ~2800
to ~1500 and enhances the dielectric temperature stability and also the
tunability. The temperature-dependent dielectric constants of BSCT
ceramics also depend on the method of addition of Ca; BSCT ceramics
are potential materials for tunable microwave applications. Gomma et
al. [188] reported that the electrical and mechanical properties of alkali
BaTiO; alumino—borosilicate glass ceramics contain Sr or Mg and its
micro hardness depends on SrO/BaO or MgO/Al,0O3. The measurement
of mechanical properties, hardness and elastic modulus of sintered
BaTiO; ceramic shows the grain size dependence of densification, and
found that the micro hardness increases with decrease in grain size

[189].
1.2.3.1 Applications of Alkaline earth metal titanates MTiO;

Alkaline earth metal titanates MTiO; (M = Ba, Sr, Ca, Mg)

have become very important which are widely employed in the
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ceramic and electronic industries [190]. These electroceramic
substances have numerous applications due to their specific structures
and physical properties, such as interconnect, packaging and substrates
materials for microelectronics or as individual circuit components,
particularly as capacitors or sensors [191-192]. Perovskites with
general formula, ABX3 due to their excellent electric and magnetic
properties are extensively used for electronic devices and gas sensors

[193].

BaTiO; have been extensively applied in various fields such as
multilayer ceramic capacitors (MLCCs), integral capacitors in printed
circuit boards (PCB), dynamic random access memories (DRAM),
resistors with positive temperature coefficient of electrical resistivity
(PTCR), temperature-humidity-gas sensors, electrooptic devices,
piezoelectric transducers, actuators, and thermistors [194]. Xue ef al.
[195] reported a room temperature synthesis of Ba/Ti oxides mixtures,
by milling under nitrogen which contains several technologically
important electronic materials and electro-optic components [196].
Ferroelectric properties and a high dielectric constant make BaTiO;
useful in an array of applications such as gate dielectrics, waveguide
modulators, IR detectors, and holographic memory [197]. Recently, an
increasing number of studies have been focused on the exploitation of
BTNPs in the biomedical field, owing to their high biocompatibility
and peculiar non-linear optical properties that have encouraged their
use as nanocarriers for drug delivery and as label-free imaging probes
[198]. The exploration of BTNP potential in biomedical/therapeutic

applications, such as cancer therapy through hyperthermia, and
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drug/gene delivery, has recently started in nanomedicine, based on the
encouraging results observed in the biocompatibility assessments
[199]. Hsieh et al. [200] investigated the bioconjugation of barium
titanate nano-crystals with immunoglobulin G antibody for second

harmonic radiation imaging probes.

SrTiO; a highly technologically important perovskite electro-
ceramic material, is widely used in PTC resistors, capacitors and
sensors, etc. [201]. Poth et al. [202] have devised a combustion-
synthesis of SrTiO;, the important applications are its use as grain-
boundary barrier layer capacitor (GBBLC) materials [203], as thin film
in dynamic random access memories (DRAM’s) [165], as substrate for
the hetero-epitaxial growth of high Tc-superconductors [204], as
oxygen gas sensor [205], as varistor [206] and as material in low-

voltage electron-excitation display [207].

CaTiOs; is a material of perovskite structure with considerable
interest in geology, metallurgy and ceramics [208]. CaTiOs; shows
distinct structural, electrical and optical properties and, therefore, is of
great scientific and technological interest. This material can act as a
noble candidate for next generation communication devices [209], and
is a key component of synroc (a type of synthetic rock used to store
nuclear waste) [210-211]. Calcium titanate has high dielectric constant,
low dielectric loss and large temperature coefficient of resonant
frequency, making it a promising component in the production of
communication equipment operating at microwave frequencies (ultra
high frequency (UHF) and super high frequency (SHF)), which in turn

are used in microwave dielectric applications as resonators and filters
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and finds applications in manufacture of ceramic capacitors, PTC
thermal resisters, microwave antennas, filler and stainless steel
electrode [212-214]. Also, it is a material that can be employed as a
thermally sensitive resistor element due to its negative temperature
coefficient, and for the immobilization of highly radioactive products
[215], and is a refractory material with high resistance to caustic

corrosion [216].

Calcium titanate containing mold compositions and methods
for casting titanium and titanium aluminide alloys are also find
extensive application in solar cell manufacture and holds big promise
in the world markets [217]. Recently, visible photoluminescence
properties at room temperature in disordered structurally perovskite
calcium titanates and highly emissive red-emitting phosphors have
been reported [218-223]. Currently, nanosized calcium titanate is used
for biomedical applications [224]. In this regard, calcium titanate
nanoparticles were reported as good substrate for apatite growth in
vitro with the potential to enhance osseointegration and
osteoconductivity [225-226]. The beneficial effect of addition of
CaTiO; to HA encourages the development of electrically active

biomaterial for bone replacement [227-228].

MgTiO; is a well-known microwave low loss dielectric
ceramic material [229] with wide applications such as multilayer
capacitors [230], band-pass filters [231-232], antennas for
communication [233], direct broadcasting satellite and global
positioning system operating at microwave frequencies [234-235]. In

addition, MgTiO3 could also be used for optical communication in
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planar light-wave circuits (PLC) as a buffer layer for sapphire and
LiNbO; [236]. Dharmaraj et al. [237] pointed out that, MgTiO3 exists
most frequently in nature as the mineral geikielite with the ilmenite
structure, is an oxide ceramic material possessing a relatively low
dielectric constant that varies only slightly with temperature and
frequency [238]. Magnesium titanate has many useful applications
such as in dew sensors, resonators, cellular telephones, radar, pigments
and in the electrical and electronic industries as a dielectric material for
manufacturing on chip capacitors, high frequency capacitors and
temperature compensating capacitors [239]. Generally, the choice of
the synthetic procedure has a direct influence on the formation and the
properties of MgTiO;. The nanostructured MgTiOs materials exhibit
particular catalytic properties [240-241] due to the extremely low

crystallite sizes and morphology.

Potential growth of the BaTiOs; nano particle is due to the
unique physical and chemical properties, they possessed wide variety
of applications in material science including catalysis, electronics,
sensors, etc. The emergence of these nano particles became great
importance to nanomedicines and the researchers to think about the

unknown biological effects underlying the nanoparticles.
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1.2.4 Computational Approach

Computational material science, which describe quantum
mechanical computational calculations used to study the different
properties of solids within the density functional theory (DFT).
Density functional theory is a powerful tool for predicting material
properties of matter such as structure, optics, color, electric and
magnetic, vibrational properties, etc., using theoretical methods.
Kotochigova et al. used DFT to compute the ground state energies of
every atom in the periodic table to six significant figures [242]. In the
DFT approach, the most successful method for studying the electronic
structure of atoms, the molecules and solids was formulated by
Hohenberg and Kohn [243] in such a way that knowing the average
density of electrons at all point in space is enough to uniquely
determine the total energy, and therefore all of the other properties of
the system. DFT is used to solve the many-body Schrodinger equation
numerically, and allows the derivation of properties like ferroelectric
polarization, structure, magnetic properties, etc., on length scales that

can be difficult to achieve experimentally.

Recent studies have shown that interfaces between different
nanostructure metal oxides can show new electronic and magnetic
properties. These nanostructures and interface engineering has many
potential applications and is a large area of research [244]. Quantum
mechanical computational calculations were performed to study the
ground state electronic structure of barium titanate within the density
functional theory [245]. The static and dynamic properties of BaTiO;

characterized by theoretical calculations especially structure, equation
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of state, phase stability, and phase transformations was studied in
Generalized Gradient Approximation using Density Functional
Theory. The structure and equation of state of stable phase of BaTiO;
were investigated and computed results were compared with the
available experimental data and theoretical calculations. Vienna
Ab-initio Simulation Package (VASP), commercial software, was used
for DFT calculations to solve the quantum mechanical problem of
materials. The program and the techniques have been used successfully
for a large number of different systems (liquid and amorphous
semiconductors, liquid samples and transition metals, metallic and
semiconducting surfaces, phonons in simple metals, transition metals,
and semiconductors) and turned out to be very reliable, uses pseudo
potential method with a plane wave basis set which can modeling the
systems with maximum number of atoms in the range of 100-200
[246]. VASP has also been used for the calculations of electronic

structure of states (EOS), and structural optimization [247].

Jiang et al. [248] presented the different ferroelectric behaviors
of MTiOs; on the basis of theoretical and experimental techniques.
Meyer et al. [249] have performed plane-wave calculations within
DFT using ultrasoft pseudopotentials for surfaces of the cubic
perovskite MTiO; compounds. Feng et al. have performed the first
principle calculations to study the ground state electronic properties of
barium titanate within the density functional theory. The band
structure, total density of states (TDOS) and partial density of states

(PDOS) have been conducted to investigate the electronic
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configuration of this prototype ferroelectric perovskits compound

[250].

Schimka et al. have reported the lattice constants and cohensive
energies of alkali and alkaline earth metals, introduction to density
functional theory and its implementation within the plane-wave VASP
code [251]. Theoretical analysis of the properties of crystal structure
and bonding in relation to thermal decomposition process in chosen
anhydrous metal oxalates are discussed [252]. The experimental and
theoretical studies of doped metal titanates, their structure, electrical
properties and chemical stability are well explained by Kolezynski et
al. [253] and reported the theoretical analysis of the electronic and
crystal structural properties and bonding in relation to thermal
decomposition process in anhydrous calcium oxalate. The proposed
theoretical approach can be considered as hopeful and consistent tool
for theoretical analysis, allowing explanation and prediction of the
properties of the structure and bonding and can explain the most
probable way of thermal decomposition process to take place in such

structures [254].
1.3 Aim and scope of the work

The present investigation aims at the synthesis and
characterization of binary titanyl oxalate mixtures of potassium and
barium and the study of their multi stage thermal decomposition
behavior by different techniques of thermal analysis, the knowledge of
which helps in the modification of the properties of the decomposition

products by suitably altering the properties of the oxalate precursor.
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The effect of doping on multistage decomposition kinetics, the overall
reaction kinetics parameters calculated via kinetic deconvolution
analysis of the non isothermal data using different kinetic model
functions for solid state decomposition reactions. So far, nobody
appears to have reported on the multi stage thermal behavior of barium
titanyl oxalate and their mixed oxalates by applying kinetic
deconvolution principle. The study also intends to carry out some
application studies of the as prepared mixed metal oxides. Theoretical
studies was performed by density functional theory and VASP to
identify the convergence of lattice parameter, k-point grid, and plane
wave energy cut off for BaTiO; and K doped BaTiOs. The plane wave
basis sets with proper exchange correlation functional GGA+LDA
method is accurate to predict the electronic structures and found that

the observations are in good agreement with the experimental results.
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CHAPTER 2

THERMAL DEHYDRATION KINETIC
STUDIES OF BARIUM TITANYL OXALATE
TETRAHYDRATE



2.1 Introduction

Thermal decomposition of alkaline earth metal titanyl oxalates
is an important field of material chemistry [1-6]. Thermal
decomposition of alkaline earth metal titanyl oxalate yield—titanate
nanoparticles. Hence metal titanyl oxalates act as precursors for the
synthesis of titanate nanoparticles. Further, these titanates have
industrial uses and many analytical applications. The new
developments in modern industries have generated an increasing need
for new types of nano materials [7]. High purity metal titanyl oxalates
can be made by precipitation techniques, in which the metal ions are
simultaneously precipitated in the probable stochiometric proportions
and provide the possibility of controlling the physical and chemical
properties of the final products. Most of the single phase solid solution
precipitates assure homogeneity. Though there is a chance of
segregation during precipitation, the degree of mixing is far superior to

that obtained with conventional mixing techniques [8].

The preparation of barium titanyl oxalate has been done by many
authors [9-11]. Clabaugh et al., [9] reported that high purity barium
titanate could be prepard by precipitating barium titanyl oxalate and
subsequently converting to barium titanate by calcinations. Kudaka et
al. [10] also reported the optimum conditions for the formation of BTO
in detail. Yamamura et al. [11] employed a revised Clabaugh method
to prepare BTO, in which the ethanol solution of the oxalic acid was
added to the mixed starting solution of Ba(NO); and TiO(NO3),. The
dehydration and decomposition kinetics of solid state substances has

been extensively studied by many researchers [12-16]. Gallagher et al.



[14] studied the thermal dehydration of barium titanate hydrate. Four
moles of water are lost in the temperature range 293 — 523 K upon
heating. After the loss of water of crystallization, oxygen is adsorbed
to form active BaCO3; and TiO, which react to form BaTiOs in the

temperature range 773 — 973 K and CO; is released.

Dehydration rate and activation energy are important kinetic
parameters to determine the reaction mechanism in solid phase. The
use of thermo-analytical data to evaluate the kinetic parameters of solid
state reactions has been investigated by many workers [17-21].
Successful and deliberate attempts to evaluate kinetic and
thermodynamic parameters were made by Kotru et al. [22] and
Schaube et al. [23]. Kinetic parameters can be calculated from the
kinetic data by applying integral and differential equations [24-25],
which are proposed by different workers on the basis of different

assumptions to the kinetics of the reaction and the Arrhenius law.

In the present investigation the kinetic parameters of the
thermal dehydration of incorporated water molecule from barium
titanyl oxalate tetrahydrate (BTO) was studied at four different heating
rates under linear non-isothermal conditions. The reaction kinetics was
performed on the results obtained from DSC; the curves obtained were
analyzed using different isoconversional model free equations viz
Bosewell, Tang, Starink'*’and Starink'®>. These methods have been
used to elucidate the thermal stability, the nature and extent of the
dehydration of barium titanyl oxalate tetrahydrate in nitrogen
atmosphere. The values of kinetic parameters calculated for the

samples by these methods were used to identify the dependence of the
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E, on the extent of conversion and the most probable Sestak-Berggren
(m, n) empirical kinetic model. The prepared sample was identified and

characterized by means of FT-IR, XRD, SEM and TEM.
2.1.1 Kinetic analysis

Model-free methods are the most consistent methods for
calculating the activation energy of thermally activated reactions [26-
35]. The benefit of analyzing kinetic data using model-free methods is
that they do not assume any model or mechanism to calculate £,, even
at different ranges of temperatures. The main assumption of these
methods is that the reaction mechanism does not change with reaction
conversion (a), temperature and heating rate. Isoconversional methods
are model-free methods that evaluate kinetic parameter E, at
progressive conversion values, a. The isoconversional methods
describe the kinetics of the process by using multiple single step
kinetic equations, each of which is associated with a certain extent of
conversion and allows a complex and multi stage processes to be
detected via a variation of E, with a. Conversely, independence of E,
on a is a sign of a single-step process. The isoconversional methods
allow the effective activation energy of a process to be definitely
estimated as a function of the extent of conversion [36, 37]. The
method can be effectively applied to the overall as well as species-
specific rate data. The analysis of the resulting dependence provides

important clues about changes in reaction mechanism [38, 39].

Model fitting methods are also used during thermal analysis

kinetics in which TG and DSC experimentation determine mass or heat
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change as a function of temperature or time. In model fitting method,
it fits different reaction models f{a) or g(a) into various general kinetic
equation and the values of the activation energy and pre-exponential

factors are calculated by regression analysis.
2.1.2 Isoconversional Methods

The kinetic analysis of solid state decomposition is described
by two functions, one of the reaction temperature and another of the
extent of conversions i.e., k(T) and f(a) respectively. The mathematical

equations used to model kinetic reactions generally take the form of

da
——=k(T)/(a)

dt 2.1)
Where ¢ is the time and 7 the temperature and o is the extent of
conversion, which can be determined from DSC as a fractional heat

release. In general & (7) is described by an Arrhenius equation:
k(T) — Ae_Ea/RT
The rate of solid state reaction can generally be expressed by:
d_a:Ae(—Ea/RT)f(a)
dt (2.2)

Where a is the fraction reacted at time ¢, f(a) is the function
representing the reaction model as shown on Table (1). Reza et al.
[40] and Khawan et al. [41] used different kinetic model functions for

treating the conversions (&) versus time for solid state reactions. A4 is
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the pre-exponential factor of the Arrhenius equation, R is the gas
constant, 7 is the absolute temperature, and £, is the activation energy

of the reaction.

Equation (1.1) can be put in the integral form as follows:

td ¢t -E
-([f(—oal): A!exp( sz’ )dt

¢ da
A e
g(a)=A4 ! exp(—_)dt

The different expressions for g(a) are given in Table 2.1.

In non-isothermal reaction kinetics, which proceeds upon heating the

reactants at a constant heating rate 5, where:

_dr

P=ar

Then equation (2.1) can be written as

da
P k(1) f (@)
dar (2.3)
From the data of o and T obtained upon heating the reactants at
different heating rates, values of da/d7T could be calculated at a

constant temperature. Then plotting the values of fdo/dT versus f(o)

according to equation (2.3) for different reaction models (from Table
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2.1), straight lines will be obtained for the model equation £ (a), which

describes the reaction kinetics [42].

Then for the determination of the activation energy, equation (2.3)

-E,
RT

g(@) %iexp( )dT

can be solved by introducing the function:

—X

e
2
X

P(x) =

Using Doyle approximation [43]:
P(x)=-5.331-1.052x

Coats and Redfern [44], derived the following equation:
In l:g(asz =In AE, |\ _E,
T Rp | RT

The predetermined f{a) which describes the reaction

(2.4)

according to equation (2.3) corresponds to a g(a) equation from
Table 2.1. Then using this g(a) in equation (2.4), Arrhenius plot
could be obtained by plotting In g(a)/T° versus 1/T, and the

activation energy £, could be calculated.
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Table 2.1 Different kinetic model functions for solid state reactions.

Model (Symbol) | fla) | 2(a)
Nucleation models

Power low (P2) Qa)"” ()"

Power low (P3) (Ba)™? ()"

Power low (P4) (40)™ ()"

Avarami-Erofeyev (A2) 2(1- a)[-In(1- a)]"* [-In(1- a)]"

Avarami-Erofeyev (A3) 3(1- )[-In(1- a)]*° [-In(1- a)]"”

Avarami-Erofeyev (A4) 4(1- a)[-In(1- a)]™* [-In(1- )]

Prout-Tompkins (B1) a(l-o) In(o. /1- a)]+c”

Geometrical contraction models

Contracting area (R2) 2(1- )" [1-(1- )"

Contracting volume (R3) 3(1- o)™’ [1-(1- o)
Diffusion models

1-D Diffusion (D1) 1/(2a) (0)

2-D Diffusion (D2) [-In(1- )] [(1- a)In(1-

)t a

3-D Diffusion-Jander [3(1-a)*°)/[2(1-(1- [1-(1- o))

(D3) 0)'")]

Ginstling-Brounshtein 3/2((1- oy -1)] 1-2 0/3)~(1-

(D4) 0)*’]
Reaction-order models

Zero-order (FO/R1) 1 o

First-order (F1) (1- o) -In(1- o)

Second-order (F2) (1- )’ (1-a)'-1

Third-order (F3) (1- o)’ 0.5(1- o) -1
Empirical models

Systak- a"(1-o)" a"(1-0)"[m/a-

Berggren[SB(m,n)] n/1-a]

Johnson-Mehl-Avrami m(1-a)[-In(1-a)]""™ -In(1-a)"™

[IMA(m)]

2.1.3 Calculation of activation energy by isoconversional methods
2.1.3.1 Bosewell method

The Bosewell method [45] is a conventional integral
isoconversional method which enables the calculation of activation
energy of a solid state decomposition process without the knowledge

of the reaction order.
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Bosewell equation:

=In - 2.5
T (2.5)

Where, a corresponds to the degree of conversion. The values of slope

obtained from the linear least-squares plots of lng versus 1/T enables
the calculation of £,

2.1.3.2 Tang Method

The Tang method [46] allows the activation energy to be determined
by plotting In (8/T"***%") versus 1/T over a wide range of conversions.

The equation is:

ln( 154661): In—2Ee_ 1363504095 -1.8946611n E, —1.00145033(Eaj
T g(a)R RT

(2.6)
2.1.3.3 Starink"** method

The Starink method is based on the Starink approximation [47]:

-0.95
In f’;s =In L(Ej —0.235-La (2.7)
T g(a)\ R RT

B

T1A95

Linear least squares plot of In against /T enables the calculation

of E, from the value of slope can be obtained.
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2.1.3.4 Starink"*? method

-0.92
In lﬂ”:ln 4 (Ej ~0.312-1.0008 s
T" g(a)\ R RT

(2.8)

The values of slope obtained from the linear least-squares plots of

B

ln T1.92

against //T enables the calculation of E,.

2.2 Experimental
2.2.1 Materials

AnalaR grade barium nitrate (Ba(NOs),) (Merck, India; assay >
99.9 %) and potassium titanyl oxalate (K,TiO(C,04);) (BHO
Laboratory England; assay > 99.9 %) were used in the present

investigation.

Barium titanyl oxalate tetrahydrate (BTO) was synthesized by
the precipitation reaction of mixing of aqueous solution of barium
nitrate and potassium titanyl oxalate with constant stirring. The white
BTO precipitate obtained was filtered, washed with deionised water
and dried in an air oven at 323 K for 24 h, powdered in an agate mortar
and sieved through the mesh and fixed the particle size in the range 45-

53 pm.
2.2.2 Methods

The infra-red (IR) spectrum of the samples in KBr pellet was
recorded using a JASCO FT-IR-4100 instrument. The sample was first
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compressed with KBr into pellet and analyzed as KBr disc from 400 to
4000 cm™'. The instrument offers high sensitivity, maximum resolution

(0.9 cm™) and high signal to noise ratio (22,000:1).

The X- ray diffraction (XRD) measurements of the samples
were performed on a RIGAKU MINI FLEX - 600 X-ray diffraction
spectrophotometer using Cu K, (1.5418 A”) radiation.

The Scanning Electron Microscope (SEM) analyses of all the
samples studied were performed using a Hitachi SU6600 Variable
Pressure Field Emission Scanning Electron Microscope (FESEM). The
instrument offers a resolution of 1.2 nm/30 kV, 3.0 nm/1 kV and
magnification of 500,000 x. For the present investigation, the imaging
techniques employed were Secondary electrons (SE), Back scattered

electrons (BSE) and Energy dispersive X-ray analysis (EDXA).

The Transmission electron microscopy (TEM) analysis of the
particles was achieved by using a JEOL 2100 field emission
transmission electron microscope operated at 200 kV with a 0.18 nm
resolution. The differential scanning calorimetric (DSC) measurements
of the samples were taken on a Mettler ToledoDSC822e. The
operational characteristics of the DSC system are as follows:
atmosphere: flowing N, at a flow rate of 50 mL min™'; sample mass:

5.1 mg; and sample holder: aluminium.

The thermogravimetric (TG) analysis of the samples were made
on a T.A. thermal analyzer, model: TGA Q50 V20.2 Build 27 at four
different heating rates, viz., 2, 5, 7 and 10 K min™. The operational

characteristics of the TG system are; flowing nitrogen atmosphere, at a
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flow rate of 20 mL min™, sample mass: 5.1 mg, sample pan: silica.
Duplicate runs were made under similar conditions and found that the

data overlap with each other, indicating satisfactory reproducibility.
2.3 Results and Discussion

Fig. 2.1 shows the XRD pattern of the hydrated and dehydrated
samples at 26 values ranging from 10 to 80°. The crystallite sizes ()
of prepared samples were estimated from the peaks of XRD patterns,
using Debye Scherrer’s equation, d = KA/ fScos@ where, K is the
shape coefficient (value between 0.9 and 1.0), 4 the wave length
(1.5418 AO), [ is the full-width at half-maximum, and 6 the diffraction

angle shows the structural characteristics of the sample.

Fig. 2.1a shows the XRD pattern of barium titanyl oxalate
tetrahydrate at 26 values at 19.71, 24.16, 31.78, 34.52, 45.11, 56.96
and 69.22°. The reflections from the sample indicate that BTO show
slightly amorphous phase due to the presence of the carbon atoms and
the water in the mixture. Fig. 2.1b represents the XRD pattern of the
dehydrated sample (510 K) at 26 values 22.47, 31.78, 39.17 and 45.74,
51.46, 56.52, 66.27, 70.92, 75.37, 79.39". After calcinations, at 510 K,
the crystalline phase with cubic structure (a = 4.0073 A) was appeared
[48]. From the XRD results, it was clear that the peak intensity and
crystalline nature enhances with the calcinations of the sample. The
average crystallite size of the hydrated and dehydrated barium titanyl

oxalate tetrahydrate was in nanometer range of 15-29.5 nm.
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Fig. 2.1 XRD pattern of sample Fig. 2.2 IR spectrum of sample
(a), sample calcined at 510 K for (a) sample calcined at 510 K for 1
1 h (b). h (b)

Fig. 2.2 represents FT-IR spectrum of the hydrated and
dehydrated sample. Fig. 2.2a represents FT-IR spectrum of barium
titanyl oxalate tetrahydrate. The broad band extending from 2800 to
3600 cm ' can be assigned to the symmetric and asymmetric stretching
modes of the water molecules. The strong band appearing in the IR
spectrum around 1615 cm ' can be identified as the asymmetric
stretching vibrations of CO groups of the C,04> ions together with the
bending mode of water [49]. The IR spectrum of BTO heated to 510 K
in vacuum for 1 h presented in Fig. 2.2b. The strong peak around
1316 cm ' can also be assigned to the asymmetric stretching of CO

groups.

Fig. 2.3 show the SEM images of the synthesized sample
calcined at 450 and 510 K for 1 h, indicating porous microstructure of
the sample and the pore size found varying from 1 to 10 um. Some
particles exhibit slightly sharp edges whereas most of the particles

have smooth surface and slight depressions presenting different
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morphologies, having spherical grain agglomerations with smaller

grain size and a porous bone like shape.

Fig. 2.3 The SEM images of the sample calcined at 450 (1) and 510 K
(2) showing the surface microstructure of the sample at 20 (a), 10 (b),
2 (c¢) and Tpum (d).

The TEM images also yield the information such as particle
size, size distribution and morphology of the sample when it is heated
to 510 K for 1 h, (Fig. 2.4). The samples under study exhibits uniform
grain size distribution, confirm that the particles were nearly spherical

in shape.

(a)

50 nm 30 nm

Fig. 2.4 The TEM images of the sample calcined at 510 K for 1 h 50
(a), 30 (b), and 20 nm (c¢).
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Fig. 2.5 shows the TG curves recorded during the
decomposition of BaTiO(C,0,),.4H,0 at different heating rates under
nitrogen gas, the results of thermogravimetric analysis of the sample,
which confirm the mass change in the various stages on the heating up
to 1200 K. TG curve shows five different mass loss stages involving
dehydration and decarboxylation. The first major mass loss, of about
16.25 % is within the temperature range from 300 to 463 K, which
may be attributed to the dehydration of BaTiO(C,04),.4H,O to
BaTiO(C,04). The second mass loss of about 3.45 % appearing in the
temperature range 460-530 K, can be attributed to the initial low
temperature decomposition of BTO. The third major mass loss of
about 20.75 % is set up in the temperature range 530-750 K ascribed to
the complete decomposition of the oxalate groups, resulting in the

formation of a carbonate with CO, and CO.

The fourth stage of mass loss of about 6.42 %, observed at 750-
900 K, is due to the evolution of CO,, the final decomposition of
carbonate takes place between 900-1200 K with a mass loss of about
7.4 %, which is due to the formation of BaTiOs. The calculated mass

loss of BTO is in good agreement with the theoretical value [50, 51].

The DSC is an effective tool in the investigation of phase
transformations and enables very accurate determination of the
temperature range and reaction heat in all transformations. It is used
for recording the kinetic rate data of the thermal decomposition. The
sample of 5.01 mg was weighed in an aluminum pan (6 mm in
diameter and 2.5 mm in depth). A reference sample was made under

the similar conditions. This method measures the difference in the
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amount of heat supplied to the examined sample and reference sample
when both are subjected to controlled changes of temperature. The
DSC curve of sample was recorded using a DSC instrument in N,
flowing atmosphere at a rate of 50 mL min™', samples were subjected
to controlled heating in the range 337-510 K at a different heating
rates 2, 5, 7, and 10 K min™ (Fig. 2.6).

2 K min”

80 5K min]
7 K min”

10 K min™

Mass loss (%)

Heat flow / m W

200 400 600 800 1000 1200 1400
TK)

320 340 360 380 400 420 440 460 480 500 520 540
T (K)

Fig. 2.5  The TG curve for the Fig. 2.6 The DSC curves for the
thermal decomposition of sample thermal of dehydration of sample
at different f at different f

The kinetic analysis, using the kinetic data for different f,
apparent £, as a function of the reacted fraction can be determined
from isoconversional methods (Table 2.2). All isoconversional
methods take their origin in the isoconversional principle that states
that the reaction rate at constant extent of conversion is only a function
of temperature [52]. The analysis of reaction kinetic parameters was
performed on the DSC curves, obtained between 337-510 K using the
non-isothermal isoconversional methods are Bosewell, Tang,
Starink'”®, Starink'®* method. Linear least squares plots of all the

samples by the above four isoconversional methods at different
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conversions are shown in Fig. 2.7. The slopes of these straight lines
have been used to calculate activation energy E, and their intercepts
were used to calculate frequency factor (log A). The variation of the
apparent E, values as a function of @ was almost similar for the above

four methods.
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Fig. 2.7 Typical linear least-squares plot for Bosewell, Tang,
Starink'*® and Starink'*> method of the sample at different conversion
values.
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Table 2.2 Values of activation energy (£,) and correlation coefficient
(r) obtained from different integral isoconversional methods for the
thermal dehydration of barium titanyl oxalate.

Bosewell Tang Starink ' Starink'*
*  EJ E,/ ) E,/ E,/
kJ/mol kJ/mol kJ/mol kJ/mol
0.05 1224 09980 1179 0.9971 118.01 0.9986 119.1 0.9999
0.1 159.1 09881 156.3 0.9981 112.75 0.9962 157.1 0.9987
0.15 1184 09938 112.8 0.9962 89.57 0.9934 112.7 0.9962
0.2 9195 09958 89.71 0.9934 87.18 0.9833 89.64 0.9833
0.25 77.69 0.9997 7238 0.9834 80.69 0.9843 76.29 0.9994
030 6495 09895 7696 0.9836 78.08 0.9960 78.51 0.9981
035 7495 09986 69.88 0.9972 76.64 0.9902 70.87 0.9998
0.4 72.84 09909 6697 0.9990 72.53 0.9956 68.32 0.9866
0.45 7031 0.9923 64.21 0.9962 68.21 0.9993 64.72 0.9983
0.5 66.06 09929 61.86 09744 65.08 0.9961 61.76 0.9997
0.55 62.75 09938 56.66 09772 60.75 0.9936 59.87 0.9931
0.6 5893 09942 5339 09930 58.02 0.9894 56.64 0.9852
0.65 5558 0.9962 50.88 0.9938 56.05 0.9947 54.63 0.9894
0.7 5462 09834 4895 09782 54.05 0.9854 53.75 0.9981
0.75 5246 09918 49.26 0.9895 52.04 0.9973 50.71 0.9964
0.8 52.81 09841 51.08 09914 50.65 0.9857 5224 0.9824
0.85 54.41 09951 5478 0.9821 50.21 0.9894 55.58 0.9867
0.9 5821 09912 59.88 0.9934 50.79 0.9992 59.02 0.9872
095 5997 09836 7694 0.9852 5453 0.9883 64.58 0.9934

The dependence of activation energy obtained from DSC data,
on conversion for the four isoconversional methods are shown in Fig.
2.8. The activation energy values calculated by using the four methods
are compatible with each other and show similar trend. The E, values
obtained for above four methods show decrease with conversion,
passes through a minimum at a = 0.8 and then increases with the

increase in conversion. The kinetic rate data indicated systematic
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shifts to higher temperatures with increasing S, as indicated from the a-
T curve (Fig. 2.9) of the dehydration reaction for barium titanyl
oxalate. The kinetic methods of Bosewell, Tang, Starink'” and
Starink'? gives an average value of E, are 75.18, 73.20, 70.31 and
74.01 kJ/mol (0.05 < a < 1) respectively. In the dehydration step, the
value of activation energy obtained from Bosewell is close to that
obtained from Tang and Starink*> method. The values of activation
energy calculated using all the methods studied show similar trend.
The variation of activation energy during thermal decomposition

reflects the changing mechanism during the course of the reaction.

Bosewell
160 2N T 1.0 _/“;;-
5 7
—e— Starink &
140 —=— Starink"% 0.8 %‘/
= I
5 120 06 _{*?/"/ 1
= s > o —u—2Kmol”
2100 = Pt .
= <04 ."4** o —<—5Kmol”
801 A —x—7Kmol™!
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Fig. 2.8 The dependence of Fig. 2.9 o—T curves for the
activation energy on conversion thermal dehydration of BTO
of BTO for different methods.

For the determination of all the kinetic parameters in equation
(2.2), Sestak-Berggren [53] SB (m, n) nuclear kinetic model functions
were employed in order to accommodate possible mechanistic feature

of the reaction process.

fla) = a"(1- a) (2.9
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Where m and n are characters for the dehydration process, which
correspond to empirically obtained kinetic exponents for the reaction
steps set to =0-1. The average calculated kinetic parameters obtained

are given in Table 2.3.

Table 2.3 Kinetic parameters used for the thermal dehydration of

sample under linear nonisothermal conditions.

Methods | E, (kJmol™) | 4 (s™) fla)
SB (m,n)
Bosewell | 75.18 8.21x10" | m=0.99, n=0.90
Tang 73.20 7.86x10" | m=0.11, n=1.10
Staring "** | 70.31 6.82x10"" | m=0.30, n=1.12
Staring'”? | 74.01 7.65x10" | m=0.41, n=0.99

2.4 Conclusion

The dehydration kinetics of BTO under linear non isothermal
condition has been studied using DSC. The kinetic parameters and the
suitable kinetic model were suggested. The activation energies of the
thermal decomposition were calculated using model free equations;
Bosewell, Tang, Starink'®” and Starink'*? and the values were found to
be compatible with each other. The activation energy values of the
decomposition reactions obtained from Bosewell is close to that
obtained from Tang and Starink'*? method. The comparison of the
results obtained with these procedures; Bosewell, Tang, Starink'*° and
Starink'“*shows that they strongly depend on the choice of model
function of the process, by Sestak-Berggren (SB) method. The results
show that the two-parameter SB (m, n) is the most suitable for
quantitative description of the dehydration process of the sample
studied.
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CHAPTER 3

THERMODYNAMIC AND KINETIC STUDIES
ON THE FORMATION OF BARIUM
TITANATE NANO PARTICLES FROM
BARIUM TITANYL OXALATE VIA MULTI-
STAGE THERMAL DECOMPOSITION



3.1 Introduction

The thermal decomposition of barium titanyl oxalates is
studied, in view of the application of its decomposition products,
barium titanate nanoparticles (BTNPs) on various fields. The BTNPs
have been extensively applied in various fields such as multilayer
ceramic capacitors (MLCCs), integral capacitors in printed circuit
boards (PCB), dynamic random access memories (DRAM), resistors
with positive temperature coefficient of resistivity (PTCR),
temperature-humidity-gas sensors, electro-optic devices, piezoelectric
transducers, actuators, and thermistors [1]. Ferroelectric properties and
a high dielectric constant make BaTiO; useful in an array of
applications such as gate dielectrics, waveguide modulators, IR
detectors, and holographic memory [2]. Recently, an increasing
number of studies have been focused on the exploitation of BTNPs in
the biomedical field, owing to the high biocompatibility of BTNPs and
their peculiar non-linear optical properties that have encouraged their
use as nano carriers for drug delivery and as label-free imaging probes
[3]. The exploration of BTNP potential in biomedical/therapeutic
applications, such as cancer therapy through hyperthermia, and
drug/gene delivery, has recently started in nanomedicine, based on the
encouraging results observed in the biocompatibility assessments [4].
In another study, Stadler et al. [5] investigated cellular responses to
five non-linear active nanomaterials with nanoparticles are the best

candidate for biomedical imaging and sensing.

Many synthetic methods have been utilized to produce fine

BaTiO; nanoparticles including using a solid-state reaction [6], co-



precipitation (e.g., citrates) [7], oxalates [8]), hydrothermal synthesis
[9], a solvo thermal method [10], alkoxide hydrolysis [11], a
catecholate process [12], and metal-organic processing [13], low-
temperature combustion synthesis [14]. The preparation of BTNPs has
been done by many authors [15-28]. Anuradha ef al. [15] reported the
combustion synthesis of cubic nanostructured barium titanate, various
samples of BaTiOswere prepared by the solution combustion of three
different barium precursors (BaO,, Ba(NOs),and Ba(CH3COO), and
fuels such as carbohydrazide, glycine or citric acid in the presence of
titanyl nitrate. Zhong and Gallagher also prepared cubic BaTiO3 by
igniting the spray-dried mixture of Ba(NO; ),, TiO(NOs; and alanine
[16]. Sangjin Lee et al [17] studied the preparation of BaTiO;
nanoparticles by combustion spray pyrolysis, by mixing barium nitrate,
Ba(NOs), and titanyl nitrate, TiIO(NOs), in distilled water. Shaohua
Luo et al [18] studied the nanosized tetragonal barium titanate
powders, by the reaction between TiCl, Ba(NOs),, citric acid and
NH(NOy)s. Simon-Seveyrat et al. [19] reinvestigated the synthesis of
BaTiO; by conventional solid-state reaction and oxalate co

precipitation route for piezoelectric applications.

Wang et al. [20] used two typical wet-chemistry synthesis
methods, in the first method, barium acetate, tetrabutyl titanate,
isopropyl alcohol and glacial acetic acid were starting reagents. The
average particle size of obtained BaTiO; nano powder was 50-80 nm.
For the second method, the starting reagents were barium stearate,
tetrabutyl titanate and stearic acid; the obtained nano-crystallites of

BaTiO; were in the range 25-50 nm. Wada et al. [21] reported the
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preparation of BaTiOs nanoparticle of varying size using a hot uniaxial

pressing method and Curie point for a grain size of 58 nm.

Boulos et al. reported an average particle size 40-70 nm of
BaTiO; powders obtained from TiO, at 423 or 523 K [22]. Li et al.
[23] described the oxalic acid precipitation method which is very
similar to the sol-gel acetate method. The particle size prepared by this
method was 38.2 nm. Recently, a sol-precipitation process was
developed, which is quite similar to the sol-gel method. The advantage
of this route is that it requires no further thermal treatment of the
product, such as calcinations or annealing to enhance the homogeneity
of crystals and crystal growth. Prasadarao et al. [24] also investigated
on the formation of a stoichiometric co-precipitated precursor for
BaTiO; from potassium titanyl oxalate and barium chloride. A simple
and cost-effective method for obtaining BTNPs with tetragonal
structure with a particle size in the range and 40-80 nm has been
described by Bai et al. [25]. They used barium carbonate for the first
time as a precursor. Gléisel et al. [26], used barium titanium
methacrylate as a monomeric metallo-organic precursor of BTNPs,
starting from metallic barium, titanium (IV) isopropylate and
methacrylic acid in boiling methanol. Solid state polymerization and
pyrolysis were allowed to occur simultaneously at temperatures over
473 K. Nucleation and growth of BTNPs was achieved at
temperatures between 873 and 1673 K and under inert atmosphere.
Depending on temperature and atmosphere, BTNPs could be obtained

with size ranging from 10 nm (low T and inert atmosphere) to 1 um.
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In a work from Ashiri et al. [27], stoichiometric quantities of
barium chloride (in CO,-free water) and titanium chloride (in ethanol)
were mixed, kept at pH = 14 by the addition of sodium hydroxide, and
sonicated at 323 K for 45 min in a water bath (53 kHz, 500W), cubic
BTNPs with ~10 nm size and spherical shape were obtained, and no
carbonate contaminants were found after synthesis at mild temperature.
An emerging method for perovskite nanomaterial synthesis is
represented by chemical vapour synthesis (CVS). This method enables
the obtainment of highly pure, size-controlled and loosely aggregated
nanoparticles in a time-effective and scalable manner. In a work of
Moji¢-Lanté et al. [28], BTNPs were produced for the first time in the
literature using laser assisted CVS. The set-up for BTNP synthesis
comprised a CO, laser flash evaporator, a hot-wall tubular reactor, a
thermophoretic particle collector, and a gas supply system. BTNP solid
precursors were titanium di (1-propoxide) bis (2,2,6,6,-tetramethyl-3,5-
heptanedionate) and barium bis (2,2,6,6,- tetramethyl-3,5-
heptanedionate) anhydrous. By varying the reactor length and
temperature, partially crystalline, spherical particles with a size of a

few nanometers could be achieved.

The decomposition kinetics and the formation of BaTiO; have
been extensively studied by many researchers [29-35]. Otta et al.
studied the kinetics and mechanism of the thermal decomposition of
barium titanyl oxalate [29] and they were suggested that BaTiO; was
formed in the temperature range of 773 — 1073 K. Balek et al. [30]
were studied the decomposition reactions of barium titanyl oxalate and

behavior of the reaction product — BaTiOs during heating in oxygen,
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carbon dioxide, argon, and helium during heating up to 1773 K by
thermal analysis, TG, DTA and EGA. Kim et al. [31] studied the
tetragonality of BaTiOs derived from barium titanyl oxalate (BTO),
various treatments were carried out by considering the thermal
decomposition mechanism of BTO in air. The thermal behavior of
BaTiO; prepared at temperatures of 873 — 1173 K was studied by
Swillam et al. [32]. They have shown that when lower temperatures
are used for the calcination of BaTiOs; compacts, samples with
extremely fine pores are formed, whereas higher temperatures cause
the agglomerates to shrink too much smaller particles, eliminating
these pores. Ragulya et al. [33] studied the process of synthesis of
barium titanate powder from barium titanyl oxalate precursor under
nonisothermal conditions and the effect of the heating rate on the
specific surface area of the powder and established the advantages of
nonisothermal conditions, especially the possibility of flexible control
over the barium titanate grain size. Gopalakrishna Murthy et al. [34]
also investigated the decomposition kinetics of the formation of barium
titanate in the temperature range 873-1023 K. Jung et al. [35]
examined the formation mechanism of BaTiO; from the thermal

decomposition of barium titanyl oxalate.

This work focuses on the kinetic and thermodynamic studies on
the formation of barium titanate nanoparticles by means of differential
scanning calorimetry (DSC) analysis under non-isothermal heating
conditions. The experiments were performed in the temperature range
873 - 1173 K at the heating rates of 5, 7, 10 and 15 K min™ in nitrogen

gas atmosphere. Ozawa and Coats Redfern methods were used to
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determine the apparent activation energies of the multi step thermal
decomposition processes. Kinetic deconvolution analysis was used to
perform the overall kinetics of formation of BaTiOs; nanoparticles. In
order to predict the physico-geometrical reaction mechanism,
empirical kinetic model functions such as phase nucleation and
growth-type model, RO (n) were employed. The prepared BTNPs were
identified and characterized by means of FT-IR, XRD, SEM and TEM.

3.2 Materials and methods
3.2.1 Materials

AnalaR grade barium nitrate (Ba(NOs),) (Merck, India; assay >
99.9 %), potassium titanyl oxalate (K,TiO(C,04);) (BHO Laboratory

England; assay > 99.9 %) were used in the present investigation.
3.2.2 Preparation of BaTiO; nanoparticles

Barium titanate nanoparticles were prepared via chemical
precipitation method. Barium titanyl oxalate (BTO) was synthesized
by the precipitation reaction of mixing of equi molar aqueous solution
of barium nitrate and potassium titanyl oxalate with constant stirring.
The white BTO precipitate obtained was filtered, washed with
deionised water, and dried in an air oven kept at a constant temperature
of 323 K for 24 h. Barium titanate nanoparticles were obtained by the
thermal decomposition of BTO in a vacuum oven at 1173 K for 1 h,
followed by powdering using an agate mortar. The obtained barium
titanate nanoparticles were sieved through the mesh and fixed the

particle size in the range 45-53 pm.
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3.2.3 Experimental methods
3.2.3.1 FTIR spectral analysis

The infra red (IR) spectrum of the samples in KBr pellet was
recorded using a Perkin Elmer Spectrum GXA FTIR spectrometer. The
sample was first compressed with KBr into pellet and analyzed as KBr

disc from 400 to 4000 cm™.
3.2.3.2 XRD Analysis

The X-ray diffraction (XRD) measurements of the samples
were performed on a RIGAKU MINI FLEX-600 X-ray diffraction
spectrophotometer using Cu K, (1.5418 A”) radiation.

3.2.3.3 Thermal analysis

The thermo gravimetric (TG) analysis of the samples was made
on a T.A. thermal analyzer, model: TGA Q50 v20.2 Build 27 at
different heating rates. The operational characteristics of the TG
system are as follows: atmosphere: flowing air, at a flow rate of 60 mL
min™'; sample mass: 5.6 mg; and sample pan: silica. Duplicate runs
were made under similar conditions. The differential scanning
calorimetric (DSC) measurements of the samples were taken on a
Mettler ToledoDSC822e at different heating rates of 5, 7, 10, 15 K
min” from 973 to 1173 K with sample of mass 5.1 mg. The
atmosphere was flowing nitrogen with flow rate of 50 mL min™ and
the sample container was made of aluminum. Duplicate runs were
always made under similar conditions and found that the data overlap

with each other, indicating satisfactory reproducibility.
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3.2.3.4 SEM analysis

The Scanning Electron Microscope (SEM) analyses of all the
samples studied were performed with SEM-EDS combination using
JEOL Model JSM - 6390LV, JEOL Model JED — 2300 used to study
specimen topology and morphology.

3.2.3.5 TEM analysis

The Transmission electron microscopy (TEM) analysis of the
particles was achieved by using a JEOL 2100 used to study the particle

size in nano meter range.

3.3. Results and Discussion
3.3.1 Characterization of sample

3.3.1.1 XRD Analysis

XRD analysis was employed to affirm the composition of as
prepared oxide nanoparticles. Fig. 3.1 shows the structural
characteristics of barium titanate and their oxide nanoparticles calcined
at different temperature obtained from XRD. The prepared sample
clearly indicates the presence of crystalline phase indices, the peak
positions with 26 values of 29.4, 36.4, 42.2, 61.3 and 73.4° are indexed
as (110), (111), (200), (220) and (311) planes, according to the JCPDS
file 05-0626. Furthermore, the tetragonal symmetry does not change
when the calcinations temperature increases to 1023 K and 1173 K
(Fig. 3.1b & ¢).  The relative crystalline sizes are determined from
the XRD line broadening using the Scherrer equation: d = 0.94/fcos0,
where d is the crystallite size, 4 is the wavelength used in XRD (1.5418
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A%), 0 is the Bragg angle, A is the pure diffraction broadening of a peak
at half height, i.e., broadening due to crystallite dimensions. It has been
observed that the size of the BTNPs are in the range 22 — 50 nm

according to the Scherrer equation [36].
3.3.1.2 FT-IR Analysis

The FTIR spectrum (Fig. 3.2a) at 510 K shows a broad
absorption in a wide range from 2400 to 3800 cm™ indicates the
presence of H,O and OH™ in the BaTiO3 nanoparticles. The absorption
bands observed near 1600 cm™ are due to CO group, the sharp bands
observed near 1400 and 1100 cm™ are due to C-O bonded to Ti ions.
The IR spectrum of BTO heated to 1173 K in vacuum for 1 h
presented in Fig. 3.2 b shows the absorption band at 800 cm™ is due to
metal-oxygen ion stretching vibrations and the band observed near
1200 cm™ is due to metal bonded to Ti ions. The IR bands at 588.5 and
433.5 cm™ are observed corresponding to pure tetragonal phase of

perovskite structure [37].
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Fig. 3.1 XRD pattern of sample Fig. 3.2 FT-IR spectra of sample
calcined at 973 K (a), 1023 K (b), calcined at 510 K (a), 1173 K (b)
1173 K (¢) for 1 h for1 h
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3.3.1.3 DSC-TG Analysis of samples

Differential Scanning Calorimetric (DSC) investigations indicate
many endothermic transformations taking place in the prepared
sample. The physico-geometrical kinetic behavior and the reaction
mechanism under linear non-isothermal condition were illustrated
through kinetic analysis. The sample of 5.01 mg was weighed in an
aluminium pan (6 mm in diameter and 2.5 mm in depth), a reference
sample was made under the similar conditions. This method measures
the difference in the amount of heat supplied to the examined sample
and reference sample when both are subjected to controlled changes of
temperature. The DSC curve of sample was recorded using a DSC
instrument in N, flowing atmosphere at a rate of 50 mL min™, in the
range 873-1173 K at different heating rates; Fig. 3.3a. Fig. 3.3b
shows the result of thermo gravimetric (TG) analysis of the sample,
which confirms the mass change in the various stages when the sample
heating up to 1173 K. TG curve shows a sequence of five steps
corresponding to different mass loss involving dehydration and
decarboxylation. The first major mass loss, of about 17.4 % is within
the temperature range from room temperature to 469 K, which may be
attributed to the dehydration of BaTiO(C,04),.4H,0 to BaTiO(C,04).
The second stage of mass loss of about 2.09 % appearing in the
temperature range 469-529 K, can be attributed to the initial low
temperature decomposition of BTO. The third major mass loss of
about 17.12 % is found in the temperature range 529-758 K may be
attributed to the complete decomposition of the oxalate groups,

resulting in the formation of a carbonate with CO, and CO as gaseous
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products. The fourth stage of mass loss of about 6.23 %, observed in
the temperature range 758-873 K, is due to the evolution of entrapped
CO,, the final decomposition of carbonate takes place between
873-1173 K with a mass loss of about 6.9 % , which is due to the
formation of BaTiO; [38]. The a-T curve (Fig. 3.3c) shows the
multistep thermal decomposition reaction and the formation of barium

titanate nanoparticles, considered to have three steps.
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Fig. 3.3 The DSC (a), TG (b) curves for the thermal decomposition of
sample and a—T curve (c)

3.3.2. Kinetic Analysis

The DSC curve for the thermal decomposition of BTO recorded

under linear non-isothermal conditions at the temperature range
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873-1173 K (Fig. 3.3a) was separated into three partially overlapping
peaks with satisfactory fit using Fraser-Suzuki function, it is an
effective tool in the investigation of phase transformations and enables
very accurate determination of the temperature range and reaction heat
in all transformations. It is used for recording the kinetic rate data of

the thermal decomposition (Fig. 3.4).

o \////////// ._
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e \4 % i=1

E-o-ﬁ' > T Cateuled
850 950 . (K;OSO 1150

Fig. 3.4 The kinetic rate data at different f derived from the
mathematically separated DSC peaks: first (i= 1), second (i= 2) and
third peak (i= 3)

To evaluate the overall kinetics of the formation of BaTiO;
nanoparticles by thermal decomposition of BTO, we assumed the
following derivative kinetic equation for a single step in a
physicol geometrical mechanism with constant apparent Arrhenius
parameters during the reaction. The deconvoluted DSC curve for the
thermal decomposition of the sample at different f were subjected to

the formal kinetic analysis by using the fundamental kinetic equation:
[39]
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@ZAe(_E“/RT)f((Z)
dt (3.1)

where ¢ is the time, 7 the temperature, R the ideal gas constant, 4 the
apparent Arrhenius prell exponential factor, £, the apparent activation
energy, and f(a) the apparent kinetic model function used to describe
the physico-geometrical reaction mechanism as a function of the
fractional reaction, a. Using the kinetic data for different S, apparent
E, as a function of the reacted fraction can be determined from the

Ozawa [40] and the Coats & Redfern methods [41].

3.3.2.1 Calculation of activation energy by integrated

isoconversional methods
3.3.2.1.1 The Ozawa Method

The Ozawa method has been widely used for kinetic data analysis [42].
This integral method compared heating rates with temperatures under
the same conversion rates. The kinetic parameters of decomposition

process were evaluated by using Ozawa equation.

AE
Logp = Log( R"

E
—2.315—0.4567( ”]—Log a
j RT () (3.2)

Where f is the heating rate (K min'), 4 is the pre-exponential factor
(s, R is the gas constant (8.314 J mol 'K "), E, is the energy of

activation, and « is the fraction of decomposition.

By plotting graphs between log f versus 1/T a straight line at

different conversion rates as shown in Fig. 3.3, the activation energy
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E, and frequency factor log 4 could thus be obtained from the slope

and the intercept respectively.

3.3.2.1.2. The Coats & Redfern method
Coats & Redfern method is an integral method [43, 44]; the

kinetic parameters of decomposition process can be evaluated by using

the relation as [41]

w2 o222 o]

—log(1— a)}
TZ

To determine the value of activation energy, a plot of[

versus 1/T (Fig. 3. 3), a straight line graph is obtained. The value of
activation energy can be calculated from the slope of a linear plot. The
value of frequency factor also obtained from equation (3.3). The
average calculated activation energy, frequency factor were depicted in
Table 3.1. The other kinetic analysis parameters such as enthalpy of
activation (4H*), entropy of activation (45*) and free energy change

of decomposition (4G *) were evaluated [45] using equations
AH* (k] mol') =E+ AnRT (3.4)

Where 4n = Number of moles of product — number of moles of

reactant in the reaction

AS*(JK 'mol™) =2.303R {log (:—;ﬂ

(3.5)
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AG* (kJ mol™") =AH*-TAS* (3.6)

where A4 is (Arrhenius constant) determined from the intercept, & is

Boltzmann constant and 4 is Plank’s constant.
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Fig. 3.5 Typical linear least - squares plot for Ozawa and Coats&
Redfern method of the sample at different conversion values (a), the
dependence of activation energy on conversion for two different
methods (b)

Fig. 3.5a is the best linear least squares fit obtained using
equations (3.2) and (3.3) for Ozawa and Coats & Redfern methods.
The slopes of these straight lines have been used to calculate the
activation energy (E,) and their intercepts were used to calculate
frequency factor (log 4). The variation of the apparent £, values as a
function of a was almost similar for the above two methods (Fig.

3.5b).
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Fig. 3.6 Comparison of E, values calculated by Ozawa and Coats &
Redfern methods at different stages.

Fig. 3.6 shows comparison of activation energy needed for the
each resolved stage of the thermal decomposition was calculated by
Ozawa and Coats & Redfern methods in the temperature range 873-
1173 K by column graph. From this graph it is shown that, during
each step the estimation of E, values by these methods are very close

to each other.

The other thermodynamic parameters such as enthalpy of
activation (AH*), entropy of activation (AS*), and free energy change
of decomposition (AG*) were calculated using equations (3.4)-(3.6).
The calculated thermodynamic parameters were also depicted in Table

3.2

Since the thermal decomposition is an independent kinetic
process, the overall reaction consists of multistep thermal
decomposition which is expressed by the following cumulative kinetic

equation under linear non-isothermal conditions [46—49].
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-E,,
da n a,l

— =3 ¢4, ( ) 3.7
o= 2 Ao —— /i (3.7)

d i=lll i
n n
> c.=1 Y cca.=a
S i ) il
with =1 and =1

where n and ¢ are the number of component steps and the contribution
ratio of each reaction step to the overall process, respectively, and the
subscript i denotes each component reaction step. A; and E,; are the
Arrhenius pre-exponential factor and the apparent activation energy
respectively, of the process i. The kinetics of each component process
of the overall reaction can be characterized by optimizing all the
kinetic parameters in equation (3.6) using nonlinear least-squares
analysis. Empirical kinetic model functions such as RO (n) [50] were
employed for fi(o;) in equation (3.7) in order to accommodate any

possible mechanistic feature of each reaction process.

fd =(1-d (3.8)

Where n is the character for a particular decomposition process, which
corresponds to empirically obtain kinetic exponents. The number of
component steps for all the samples are obtained through kinetic
deconvolution of DSC peaks. The initial values of the kinetic
parameters were determined through a formal kinetic analysis of the
kinetic data, first subjected to mathematical deconvolution using a
statistical function known as Fraser-Suzuki function. From the ratio of

the peak areas for the separated first, second and third peaks, the
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contribution ¢; of each peak to the overall reaction was determined as
(c1, c2 and ¢3) = (0.45 = 0.03, 0.40 + 0.03, 0.15 + 0.03). The
mathematically separated peaks at different § were used as the kinetic
rate data. For all peaks, the kinetic rate data indicates systematic

shifts to higher temperatures with increasing g (Fig. 3.7).
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Fig. 3.7 Kinetic rate data at different f derived from the
mathematically separated DSC peaks: first (i= 1) (a), second (i= 2) (b)
and third peak (i=3) (¢)

The dependent in the apparent activation energies (E,)
determined by applying the Ozawa and the Coats & Redfern methods:
were found for the kinetic rate data of the separated first, second and
third DSC peaks (Fig. 3.5 b), for the first and second DSC peak, a
systematic decrease in the £, value during the course of the reaction
was observed, and for the third DSC peak, increase in the £, value was

obtained. The systematic change in the £, value with a observed for all
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peaks indicate that the integration isoconversional relationship is one
of the best method to point out the changes in the self-generated
conditions as the reaction advanced and depending on . In these
methods Ozawa and the Coats & Redfern, the average values for E, are
58.79 and 57.20 kJ/mol (0.05 < a < 0.4) respectively was tentatively
used for the first peak. The average value for E,, for the second peak
was 39.14 and 38.80 kJ/mol (0.45 < a < 0.85) and also third peak was
52.29 and 51.80 kJ/mol (0.9 < a < 0.99) respectively. During the first
stage, the value of activation energy obtained by Ozawa method is
close to that obtained by Coats & Redfern method, and in the second
and third stages, the values of E, obtained by these methods show
small variation. The values of activation energy calculated using these
methods studied show similar trend. These E, values are nearly
coincident with one another and also in agreement with that
determined for the overall reaction under isothermal and controlled
rate conditions. For the thermal decomposition reaction, the empirical
kinetic deconvolution of the overlapping reaction steps, all the kinetic
parameters in equation (3.7) should be determined by graphically
comparing (do/d?) oxp versus time (do/d¢) ca versus time. The data from
thermal analysis curves in the decomposition range 0.05 < a < 0.4 for
first step, 0.45 < o < 0.85 for second step and 0.9 < a < 0.99 for third
steps were used to determine value of kinetic model functions of this
multistep process, by using the linear form of modified integral Coats

and Redfern equation

1{“?}:1%“)—5 (3.9)
T BE) RT
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The integral form of the conversion function g(a) which
depends on the kinetic model of the occurring reaction, which describe
specific solid state reaction mechanism. The plots of In [g (@)/T*] vs
1/T were drawn for each model by the linear regression method. The
model giving the best fit ie., maximum correlation coefficient
(approximately to unity) is taken as the best model describing the
mechanism of the reaction. The straight line plot with suitable model

and regression values are represented in the Fig. 3.8.
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Fig. 3.8 Typical model fitting least-squares plot for i=1, i=2 and i=3

The initial values of kinetic parameters are provided in Table
3.1. According to this the activation energy (E,), frequency factor (4)
calculated from Ozawa and the Coats & Redfern methods and the
values are found to be compatible with each other [45]. And the
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thermodynamic parameters from Table 3.2, the positive value of AH*

show that the decomposition processes are endothermic in nature and

AG* values are positive, thus the processes are non-spontaneous [51].

The negative values of AS* indicate that the activated complex has a

high ordered structure than the reactants and further the high values of

A indicate the fast nature of the reaction [45, 52].

Table 3.1 Initial values of kinetic parameters used for the kinetic
deconvolution analysis of the thermal decomposition of sample under
linear nonisothermal conditions.

Methods

Ozawa

Coats &
Redfern

i

W = L =

G

0.45
0.40
0.15
0.45
0.40
0.15

E .

(kJ/mol)

58.79
39.14
52.29
57.20
38.80
51.80

A;
(s™
0.47x10®
0.88x10"
0.24x10*
0.75x10®
0.42x10*
0.12x10*

V()
ROMm)
n=1
n=1.01
n=0.99
n=1
n=1.01
n=0.99

Table 3.2 Thermodynamic parameters of thermal decomposition of
sample under linear nonisothermal conditions.

Methods

Ozawa

Coats &
Redfern

i

W NN = W N =

AH

(kJ/mol)

52.88
33.68
47.03
52.88
33.68
47.03

AS
(J/mol)

-106.96
-190.13
-192.61
-114.11
-166.56
-177.63

AG
(kJ/mol)

147.03
222.71
259.21
142.93
200.32
245.45

After setting all of the initial
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parameter optimization was carried out to minimize the squares of the
residues (F) when fitting the calculated curve (da/df)c, versus time to

the experimental curve (da/df)ey, versus time [53].

2
F = l:(d_aj _ (d_“j }
Jj=1 dt exp, j dt cal,j

Where 7 is the number of data points. To determine the initial values

(3.10)

for all kinetic parameters, a statistical deconvolution method [54] was
applied to the experimental kinetic rate data, and the separated kinetic
rate data were analyzed using the formal kinetic analysis method on
the basis of each single-step reaction under linear non-isothermal
conditions using the mathematical peak deconvolution procedure. Fig.
3.9 shows the result of the kinetic deconvolution analysis for the
thermal decomposition of sample using Ozawa and the Coats &
Redfern methods on the basis of equation (3.10) after establishing the
initial values for the kinetic parameters (Table 3.1), through
mathematical deconvolution and the subsequent formal kinetic analysis
of each resolved reaction step.  Under the linear non isothermal
conditions, for the sample was studied by Ozawa method (Fig. 3.9a)
was resolved into three steps and similar way by Coats & Redfern

method (Fig. 3.9 b), both go through more complex reaction pathways.
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Fig. 3.9 Results of kinetic deconvolution analysis for the thermal
decomposition of the sample using Ozawa (a), and Coats & Redfern
method (b) under linear nonisothermal condition at #=5 K min™

The average values of the kinetic parameters optimized for the
each reaction stage at different § values are summarized in Table 3.3.
For each resolved reaction steps, the value of E, calculated for each
reaction step are nearly in agreement with the respective corresponding
values estimated by the Ozawa and the Coats & Redfern plots for the
overall reaction under non isothermal conditions [55-56]. The
physico-geometrical behavior of each sample was best described

empirically by the RO (n) kinetic model functions are also shown in

the Table 3.3.

Table 3.3 Average values of kinetics parameters optimized for each
reaction step of the thermal decomposition of sample under linear
nonisothermal conditions.

. E, 4; )
Methods i G (kJ/mol) ) RO ()
1 0.45+0.01 58.21+0.48 (0.31+0.51)x10° 140.1
Ozawa 2  0.40+0.10  39.31+0.02 (0.11+0.02)x10* 1.01£0.1
3. 0.15+0.81 52.51+0.20 (0.22+0.20)x10* 0.99+0.10
Coats & | 045£0.04  57.16+0.42 (0.86+0.50)x10® 120.1
Redfery 2 0:40+0.18 38.61+0.02 (0.39+0.02)x10* 1.1+0.48
3. 0.15+0.08 51.42+0.21 (0.12+0.20)x10* 0.99+0.20
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The required average value of E, in Ozawa and the Coats &
Redfern methods are 58.214 0.48 kJ/mol, 57.16 + 0.42 kJ/mol (for i=1)
, 39.31 £ 0.02 kJ/mol, 38.61 £ 0.02 kJ/mol, (for i=2 ) and 52.51 + 0.20
kJ/mol, 51.42 + 0.21 kJ/mol, (for i=3 ) respectively. Using the
respective E, values, experimental master plots of (da/df) versus
temperature for the separated first, second and third DSC peaks for
each methods were drawn (Fig. 3.9) and satisfactorily fitted the RO (n)
model were used as the empirical kinetic model function [57]. The
values for the pre-exponential factor 4 for the first and second and
third peaks determined through nonlinear regression analysis for the
fitting using the RO (n) model for each methods, Ozawa and the
Coats & Redfern were 4;= (0.31 + 0.51) x 10%, (0.86 + 0.50) x 10® (for
i=1), 4,=(0.11 + 0.20) x10* , (0.39 + 0.02) x 10* (for /=2 ) and
A3=(0.22 +0.20) x 10", (0.12 £ 0.20) x 10*s™ (for i=3) respectively.

3.3.2.1.2. SEM Analysis

Fig. 3.10 shows the SEM images of BaTiO; synthesized at
different temperatures resulted in BaTiO; particles with a spherical
shape however, some particles exhibit considerably pointed edges, and

also most of the particles have smooth surfaces.

From the SEM images it is evident that the particles with
different morphologies showed spherical grain agglomerations with
smaller grain size with a porous surface containing particles with

spherical shape.
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Fig. 3.10 SEM images showing the surface microstructure of the
sample calcined at 1173 K for 1 h at 10 pm (a), 5 um (b), 2 um (c) and
1 pm (d)

3.3.2.1.4. TEM Analysis

(a)

50 nm 20 nm

Fig. 3.11 The TEM images of the sample calcined at 1173 K for 1 h at
50 nm (a), 20 nm (b) and SEAD pattern (c).
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TEM image (Fig. 3.11) of BaTiO3 shows a small reduction in
the size of nano spheres, which points out the complexity of formation
of the BTNPs with 50-10 nm. Thus, the synthesized BaTiO;
nanoparticles can be used for the wide range of applications in the

electronic as well as opto-electronic field.
3.4 Conclusion

The kinetic, thermodynamic behavior of the formation of
BTNPs from barium titanium oxalate via thermal decomposition under
linear non isothermal condition has been studied using DSC. The
decomposition shows multistage kinetics through complex reaction
pathways. The comparison of the results obtained with different kinetic
procedures, Ozawa and the Coats & Redfern methods depend on the
empirical kinetic model function known as phase- boundary-
controlled model RO (n) of the process. The kinetic deconvolution
method is used to yield the dependency of E, on the extent of
conversion and it is established that, the final stage of decomposition
of the sample show three stages and can be described by Reaction
order RO (n) method. From the result of kinetic deconvolution of the
sample the different phase changes of the reactant mixtures and the
kinetic parameters of the respective thermal decomposition stages are
evaluated accurately. The average calculated activation energy, pre-
exponential factor and other thermodynamic parameters were

calculated.
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CHAPTER 4

EFFECT OF DOPANT ON THE MULTISTAGE
THERMAL DECOMPOSITION KINETICS OF
BARIUM TITANYL OXALATE



4.1 Introduction

Solid-state kinetic data are of practical interest for the large and
growing number of technologically important processes, a number of
reports regarding the kinetics mechanism of these processes [1-4].
The chemical and catalytic reactivity of a solid depends on its method
of preparation, so that structural and electronic imperfections may have
important effects on the behaviour of a solid state reaction. Chemical
processes involving the chemical transformation of solids play an
important role in research technology, as sophisticated solids can be
produced by thermal decomposition reaction of precursor materials.
The decomposition atmosphere, crystal shape, size, presence of defects
and various pre-treatments such as irradiation, mechanical grinding,
doping, etc., play an important role in the decomposition, especially in

determining the kinetics of oxalate decomposition [5].

Normally, defects mainly refer to point defects, including
vacancies, interstitial, electrons, and holes, which can be created easily
by doping. Doping is a highly complex subject, as there are quantities
of paper to explore the doping properties and several mechanisms to
achieve charge balance [6—7]. Taking the perovskite BaTiOs3, doping
with higher valence cations, the charge may be compensated by ionic
mechanism by the creation of vacancies on either of the cation
sublattices or of oxygen interstitials [8]. Moreover, electronic
compensation is possible in which the valence of Ti reduces from 4" to
3". Conversely, on doping BaTiOs with lower valence cations, the
dopants may substitute onto either of the cation sites or in some cases

onto a mixture of both sites depending on dopants size. The charge
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compensation mechanism involves primarily the creation of oxygen
vacancies as ionic compensation [9-10]. Also, sintering at high
temperatures can create point defects due to the reduced atmosphere in
which the samples would lose a small amount of oxygen and thus

oxygen vacancies would be created. [11].

The thermal decomposition processes of metal titanyl oxalates
are relatively complicated because of the reduction property of C,04%;
the thermal decomposition of metal oxalates involves the cleavage of
the C-C bond, since the products are CO and CO; which contain only
one carbon atom each. In many cases the C-C bond cleavage is the
rate determining step [8]. The cleavage may be heterolytic to produce
CO, and COzz' or homolytic to produce two CO, anions [9].
Decomposition of metal oxalate, a chemical change believed to involve
a small number of relatively simple steps occurring in and between the
components of the crystalline reactant and the product, both of known
lattice structures. In metal oxalate, the transfer of an electron from the
C2042' to the cation is the first stage of the decomposition which leads
to the rupture of the C-C bond [12]. Pre-treatment such as irradiation,
mechanical grinding, doping, efc., affect the rate and temperature of
decomposition of oxalates [13-15]. The first two factors generally
increase the rate and decrease the decomposition and dehydration
temperatures. In some cases even the treatment itself brings about
dehydration and decomposition [16]. Doping with metal ions or other
pre-treatment of samples may have important effects on the reactivity
of solids and might alter the kinetics of a reaction and help to clarify

the reaction mechanism [17]. It has been reported that the effect of
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doping depends on the nature of dopants [18]. Gallagher et al.
reported that the thermal decomposition of substituted barium titanyl
oxalates and its effect on the semiconducting properties of the doped

materials [19].

The effects of several pre-treatments on the kinetics and
mechanism of the thermal decomposition of Na,C,Os have been
studied [20-21]. A comparative differential thermal analysis (DTA)
study of some oxalates in N, and O, atmosphere has been reported
[22]. The onset temperatures of dehydration and decomposition
reactions are reported and the influence of atmosphere upon the
temperatures and products of decomposition is discussed. The
activation energies of solid state reactions could vary between
relatively large limits depending on the nature and the method of
preparing the starting materials [23-24]. Guha et al. studied barium
titanate doped with Nb impurities, the chemically processed material
with high dielectric constant have become an important for the

electronic industry [25].

Kotlyarchuk et al. synthesized calcium doped nanocrystalline
barium titanate powder by oxalate route. Addition of Ca on the surface
of the samples of semi decomposed barium titanyl oxalate reduces
lattice parameter for samples that related with replacement of barium
by calcium which is confirmed by characterization of the semi
decomposed barium titanyl oxalate and doped barium titanate carried
out by specific surface area measurements, TEM and XRD [26].
Yangsheng Liu et al. synthesized chromium doped barium titanyl

oxalate particles via a facile chemical co-precipitation method and
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their morphologies, structures as well as dielectric and electro
rheological properties were studied [27]. The synthesis,
characterisation and dielectric properties of Ni-doped BaTiO; and the
effect of magnetic field on the dielectric properties studied by
Yogeswar Kumar et al. [28]. Upon doping A" or B sites in barium
titanyl oxalate or their oxides, the catalytic activity, ionic and
electronic conductivity and flexible physical and chemical properties
can be altered, that lend a hand for utilization in various applications
[29]. Different cations with different sizes and charges can be hosted
in the A” and B'sites of these metal oxalates or their oxides; thus many
studies can be performed to utilize doped perovskites in various

applications.

In the present study, the peculiarity of K ions to intrude into
the BTO lattice due to its small size made us to consider K ions as a
promising candidate to study the effect of doping on the thermal

decomposition kinetics of BTO.
4.2 Experimental
4.2.1 Materials

AnalaR grade barium nitrate (Ba(NOs),;) (Merck, India; assay >
99.9 %) and potassium titanyl oxalate (K,TiO(C,04),;) (BHO
Laboratory England; assay > 99.9 %) were used in the present

investigation.
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4.2.2 Preparation of doped BTO

K" doped samples of BTO were prepared as per the following
procedure; 10 g of BTO was dissolved in 230 mL of distilled water at
boiling temperature in a 500 mL beaker. 10mL of a solution containing
the desired quantity of K™ was added to the hot solution so as to
achieve a total volume of 240 mL. The solution containing the desired
quantity of dopant was then cooled slowly to room temperature. The
beaker containing the solution was covered using a clean uniformly
perforated paper and kept in an air oven at a temperature of 323 K over
a period of 67 days to allow the slow crystallization of doped sample
by evaporation. The resulting crystals were removed; air dried and
powdered in an agate mortar. The samples prepared were sieved
through the mesh and fixed the particle size in the range 45-53 um and
kept in a vacuum dessiccator. The doped samples were prepared at
different concentrations, viz., 100, 1072 and 10 mol % and are named
as BTO;, BTO, and BTOs respectively and control (pure) compound as
BTO.

4.2.3 Methods

The Fourier Transform Infrared (FT-IR) spectrum of the
samples in KBr pellet was recorded using a JASCO FT-IR-4100
instrument. The sample was first compressed with KBr into pellet and
analyzed as KBr disk from 400 to 4000 cm™. The instrument offers
high sensitivity, maximum resolution (0.9 cm™) and high signal-to-
noise ratio (22,000:1). The X-ray diffraction (XRD) measurements of
the samples were taken on a RIGAKU MINI FLEX-600 X-ray
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diffraction spectrophotometer using Cu Kq (1.5418 A°) radiation. FT-
Raman spectroscopy of the samples were taken on MultiRAM
spectrometer, range 3600 to 50 cm’, laser excitation 1064 nm
(standard) or 785 nm (optional). It is equipped with Rayleigh filters,
primary filters, room temperature ‘InGaAs’ detector and ‘Si’ avalanche
detector. The Scanning Electron Microscopic (SEM) analyses of all the
samples studied were performed with SEM-EDS combination using
JEOL Model JSM - 6390LV, JEOL Model JED - 2300. The instrument
offers a resolution of 3 nm (Acc V 30 KV, WD 8 mm, SEI) , 8 nm(Acc
V 3.0 KV, WD 6 mm, SEI) and magnification of 5 % to 300, 000 x
(Both in high and low vacuum mode). For the present investigation,
the imaging techniques employed was secondary electrons (SE),
backscattered electrons (BSE) and energy-dispersive X-ray analysis
(EDXA). The transmission electron microscopy (TEM) analysis of the
particles was achieved by using a JEOL 2100 field emission
transmission electron microscope operated at 200 kV with a 0.18 nm
resolution. The thermo gravimetric (TG) analysis of the samples was
made on a T.A. thermal analyzer, model: TGA Q50 v20.2 Build 27 at a
heating rate 10 K min™. The operational characteristics of the TG
system are as follows: atmosphere: flowing air, at a flow rate of 60 mL
min”'; sample mass: 5 mg; and sample pan: silica. Duplicate runs were
made under similar conditions and found that the data overlap with
each other, indicating satisfactory reproducibility. The differential
scanning calorimetric (DSC) measurements of the samples were taken
on a Mettler ToledoDSC822e. The operational characteristics of the
DSC system are as follows: atmosphere: flowing N, at a flow rate of

50 mL min™'; sample mass: 5 mg; and sample holder: aluminium.
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4.3 Results and Discussion

4.3.1 Sample Characterization
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Fig. 4.1 The FT-IR spectra of sample BTO (a), BTO calcined at 628 K
for 1 h (b), BTO calcined at 1023 K for 1 h (c), sample BTOs (d), BTO;
calcined at 628 K for 1 h (e) and BTOs; calcined at 1023 K for

1 h ().

Fig. 4.1 represents the FT-IR spectra of pure BTO, BTO
calcined at 628 and 1023 K for 1h, sample BTO; and BTO; calcined at
628 and 1023 K for 1 h. For the sample BTO (Fig. 4.1a), the principal
band (s, -C=0) occurs at 1686 cm™. The FTIR spectrum of the
sample calcined at 628 K (Fig. 4.1b) in vacuum for lh shows the
appearance of an intense band at 2339 cm™ which can be attributed to
the asymmetric stretching frequency of free CO,. The FTIR spectra of
the sample calcined at 1023 K was presented in Fig. 4.1c, which
represents the pure BaTiO;. The FT-IR absorption spectrum of K'
doped BTO crystalline particle (sample BTOs3) is shown in Fig. 4.1d.
The broad band extending from 2800 to 3600 cm ' is assigned to the
symmetric and asymmetric stretching modes of the water molecules.
The strong band appearing in the IR spectrum around 1615 cm™' can

be identified as the asymmetric stretching vibrations of CO groups of
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the C,0,% ions together with the bending mode of water. Fig. 4.1e
displays the FTIR spectrum for the doped sample, BTO; calcined at
628K. The strong peak around 1316 cm'is also assigned to the
asymmetric stretching of CO groups. The strong bands around 495 and
796 cm ' are due to the combined effect of the in-plane deformation
mode of OCO and MO bond and the weak one around 582
cm ' observed in the spectrum represent the wagging mode [30-32].
The FTIR spectroscopic analysis of crystals of
Ba ;| xKTi0(C,04),.4H,0 confirms the presence of functional groups
associated with the oxalate ligands and the metal-oxygen bond.
Fig. 4.1f represents the FT-IR spectrum of K* doped BaTiO;. FTIR
spectra displays two strong absorption peaks at 441 and 563 cm™ for
control (pure) BTO (Fig. 4.1c); and 430 and 557 cm™ in doped sample
(Fig. 4.1f). The former peaks (441 and 430 cm™) were assigned to
Ti-O bending vibrations along the polar axis whereas the latter peaks
(563 and 557 cm™) were assigned to Ti-O stretching vibrations. These
peaks suggest that both doped and control sample had pure tetragonal
phase [33, 34]. Further, the peaks at 868 cm™ in control and doped
sample were assigned to stretching vibrations of metal-oxygen. The
peaks displayed at 1724 and 3429 cm™, in control and doped sample
were attributed to moisture absorption by samples. All other doped

samples have same FT-IR characteristics of BTOs.
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Fig. 4.2 The XRD pattern of sample BTO(a), BTO calcined at 773 K
(b), BTO calcined at1023 K (c), sample BTO; (d), BTO; calcined at
773 K (e), BTO;calcined at1023 K for 1 h (f), sample BTO, (g), BTO;
calcined at 773 K (h), BTO, calcined at1023 K (i), sample BTOs (j),
BTO; calcined at 773 K (k), BTO; calcined at1023 K for 1 h (1)

Powder XRD was used for the phase identification and the
relative percentage of different phases of the prepared samples. The
diffraction patterns were recorded over the angular range 26 from 20 to
80°.  Using the XRD data of the samples, particle size and lattice
parameters were estimated. Fig. 4.2a exhibits the XRD pattern of
sample BTO and sample BTO calcined at 773 and 1023 K (Figs. 4.2b
& 4.2c respectively). Before the calcination of the sample BTO, slight

amorphous phase was observed due to the presence of carbon atoms
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and water in the mixture. After calcination at 773 K, the crystalline
phase with cubic structure (¢ = 4.0073 A°) was appeared (Fig. 4.2b).
The calcinations of sample BTO at 1023 K for 1h tend to produce the
crystalline phase with tetragonal phase (¢ = b = 3.999 and ¢ = 4.0053
A% (Fig. 4.2¢).

Figs. 4.2 d, g, j displays the XRD pattern of K doped BTO
(sample BTO;, BTO, & BTOs;) and its decomposed products at 773
and 1023 K (Figs. 4.2 e, f, h, 1, k, & 1 respectively). It was observed
that the formation of BaTiO3; from BTO completes at about 773 K. The
products of the samples BTO and doped samples calcined at 773 K
consist of pure cubic BaTiO; (Figs. 4.2 b, e, h & k respectively). The
products of the samples BTO and doped samples calcined at 1023 K
(Figs. 4.2 ¢, f, 1 & 1) indicate that the cubic form possibly transforms to
tetragonal structure. This was revealed by the asymmetry introduced
in the peaks at the 26 values corresponding to 45.26, 50.90, 56.14,
74.89 and 79.5° respectively, which confirms the transformation of the

cubic phase to the tetragonal phase [35].

Figs. 4.3 a & b shows the FT-Raman spectra of the sample
BTO and BTO; at room temperature. Sample BTO exhibits the

tetragonal structure belonging to the space group Cy, symmetry [36].
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Fig. 4.3 The FT Raman spectra of sample BTO (a), BTO; (b) BTO
calcined at 1023 K (c), BTOj; calcinedat1023 K (d) for 1 h

The peak observed at 305 cm! corresponds to the E (TO,)
phonon mode of tetragonal BTO. The A; (TO,), A; (TOy), A; (TO3)
and A; (LO3;) modes were observed at about 180, 270, 516 and 720
cm ! respectively [36]. The FT-Raman spectra obtained for the sample
BTO; did not show any remarkable shift in wavelength. This can be
attributed to the effective doping of K ion into the lattice structure of
BTO. It was also seen that all Raman modes are weaker and broader
with change in the concentration. Figs. 4.3b & d show the FT-Raman
spectra of decomposed product (calcined at 1023 K) of both the sample
BTO and doped samples. For the sample BTO, the spectrum consists
of peaks at 52, 174, 260, 306, 547 & 717 cm’! and for the doped
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samples BTO;, BTO; and BTO; the spectrum made up of peaks at
185, 308, 515, 728 cm’'. This confirms that all are characteristic bands
of the tetragonal phase BaTiOs. The strong peaks at 174 and 547 cm™
were due to the TO, and TO4 phonons respectively and the weak peak
at 260 cm™ to the silent TO; mode. The appearance of a peak at
305 cm™ [A; (TO,) mode] indicates the asymmetry within the TiOg
octahedra of barium titanate phase with the particle size of 50 nm [37,
38]. According to Kaiser ef al. [39] the weak shoulder below 300 cm™
belongs to an A; (TO) phonon mode. The peak at ~307 cm’
corresponds to the E (TO+LO) phonon mode of tetragonal BaTiO3 [40]
and the strong band at ~515 cm’ can be attributed to the A; (TO)
phonon mode of the tetragonal phase [41, 42]. The weak peak at
~718 cm™ has been associated with the highest-frequency longitudinal

optical mode (LO) of A symmetry.
4.3.2 Thermal decomposition behaviour

Fig. 4.4 shows the result of thermo gravimetric analysis of the
samples BTO, BTO; BTO, & BTO; which confirms the mass change
in the various stages upon heating up to 1373 K (Table 4.1). TG curve
shows the sequence of five steps with different mass losses involving

dehydration and decarboxylation.
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Fig. 4.4 The TG curves for the thermal decomposition of samples (my
=53 mg)at 10 K min’'; sample BTO, BTO, (10° mol %), BTO, (107
mol %) and sample BTO; (10'4 mol %)

Table 4.1 Mass loss data of samples

Decompo- Temperature Mass loss (%)
sition range (K)
steps BTO BTO;  BTO, BTO,
1 308-463 17.62 16.21 16.94 17.02
2 463-523 02.79 03.18 03.25 03.75
3 523-753 20.52 18.93 19.34 19.94
4 753-893 05.13 05.96 06.13 06.77
5 893-1053 06.99 07.68 07.06 07.92
308-1053 53.05 52.46 52.72 55.40
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For the sample BTO, the first major mass loss, of about
17.62 % is within the temperature range from room temperature to
463 K, which may be attributed to the dehydration of
BaTiO(C;04),.4H,0 to BaTiO(C,04). The second stage of mass loss
of about 2.79 % appearing in the temperature range 463-523 K, can be
attributed to the initial low temperature decomposition of BTO. The
third major mass loss of about 20.52 % observed in the temperature
range 523-753 K is attributed to the complete decomposition of the
oxalate groups, resulting in the formation of a carbonate with CO, and

CO:
Ba,Ti,0, (C204)3. co, —» BazTi205C03(C02) + 2CO,+3CO (4.1)

The fourth mass loss of about 5.13 %, observed in the
temperature range 753-823 K, is due to the evolution of entrapped
CO,, the final decomposition of carbonate takes place between 893-
1023 K with a mass loss of about 6.9 % , which is due to the formation
of BaTiO; [43, 44]. From Table 4.1 it is clear that the mass loss
percentage of each step is increased with increase in the concentration

of the dopant.
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Fig. 4.5 The DSC curves for the thermal decomposition of sample
BTO (m=5.01 £ 0.01 mg) (a), sample BTO; (m;= 5.01 £+ 0.02 mg) (b),
sample BTO; (my=5.01 £ 0.01 mg) (¢), sample BTO3 (m3=5.01 £ 0.02
mg) (d) at different f in N, (50 mL min™).

DSC technique was used for the elucidation of kinetics of
thermal decomposition of doped and undoped sample. Each sample of
~5 mg was weighed in an aluminium pan (6 mm in diameter and
2.5 mm in depth). A reference sample was made under the similar
conditions. This method measures the difference in the amount of heat
supplied to the examined sample and reference sample when both are
subjected to the controlled changes of temperature. Figs. 4.5a,b,c & d
respectively show the DSC curves for the thermal decomposition of

BTO from RT-873 K and K™ doped BTO samples (sample BTO,
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BTO, & BTO;) in an atmosphere of N, (with a flow rate of
50 mL min'l) at a heating rates of 2, 5, 7, and 10 K min™. These
calorimetric  investigations indicate that many endothermic
transformations takes place in both doped and undoped samples. The
DSC curves of both the samples were separated into five reaction
process. The reaction below 500 K corresponds to the dehydration of
four moles of water associated with BTO. Low temperature
decomposition of sample BTO and doped samples occur within the
temperature region 550-650 K, third stage of decomposition, i.e.,
complete decomposition of oxalate occurs within the temperature
range of 523-753 K. The evolution of entrapped CO; occurs within the
temperature range 753-873 K. Finally the formation of BaTiO; occurs
in the temperature range 893-1023 K. It was noticed from the DSC
curves that the curves are shifted towards right with increasing the
value of f. At a 8 value of 2 K min” the DSC curves for both the
sample depicts the intermediate stages. The a-7 curve (Fig. 4.6) shows
the multistep thermal decomposition reaction for both pure and doped
barium titanyl oxalates. The a-T curve for BTO (Fig. 4.6a) shows five
steps while the -7 curves for BTO;, BTO, and BTO; show six steps
goes through more complex reaction pathways during the
decomposition reaction. The physico-geometrical kinetic behavior and
the complex multistage reaction mechanism under linear and non-
isothermal condition were illustrated through kinetic analysis using the

kinetic deconvolution method.
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Fig. 4.6 oa—T curve for the thermal decomposition of BTO (a), BTO,
(b), BTO, (c) and BTO; (d) at different £ in N, (50 mL min™).

4.3.3 Kinetic behavior

The kinetic analysis of solid state decomposition is described
by two functions, one of the reaction temperature and another of the
extent of conversions i.e. k(T) and f'(a) respectively. The mathematical

equations used to model kinetic reactions generally take the form of

da
LK1 (e) o

Where ¢ is the time and 7 the temperature and a is the extent of
conversion, which can be determined from the DSC as a fractional heat

release. In general k (7) is described by an Arrhenius equation:
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(T = Ao 5/RT
( ) ‘ (4.3)

d_a:Ae(—Ea/RT)f(a)
dt (4.4)
Where o, 4, E,, and R are the fractional reaction, Arrhenius pre
exponential factor, apparent activation energy, and the gas constant
respectively. The kinetic model function f(a) proposed is the physico-

geometrical reaction mechanism of the reaction.

Kinetic analysis of thermal decomposition of BTO and doped
BTO was executed with DSC data taken under linear non-isothermal
heating program at different values of f: 2, 5, 7 and 10 K min™. Heat
flow (dQ/dt) by the reaction and overall heat of reaction obtained from
the experimentally resolved DSC curve after subtracting the baseline.

The overall reaction rate can be expressed as

d_“:(ﬁjl
dr \dt)Q (4.5)

DSC curves for the thermal decomposition of BTO and doped
BTO are resulted through five component processes such as
dehydration, formation of carbonate, decomposition of oxalate ligand,
evolution of entrapped CO, and formation of barium titanate. The
direct application of the kinetic equation and the optimization of the
composition of the reactant mixtures and the kinetic parameters of the
respective reaction steps known as kinetic deconvolution, is a simple

and rapid mathematical procedure of peak fitting for the deconvolution
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of partially overlapped thermal decomposition processes of solids. The
deconvolution of the kinetic rate data determined via DSC into the
initial and established reaction stages should enable the discussion of
the kinetics of the reaction stages from the physico-geometrical
reaction mechanism, the different reaction stages were approximately
treated as kinetically independent. Thus, the different partially
overlapping reaction stages were separated through the mathematical
deconvolution in order to elicit the kinetic behaviour of the respective
reaction. The overall process of the thermal decomposition is
composed of n independent kinetic processes, is expressed by the
summation of the respective kinetic processes i by considering their
contribution ¢;, the following cumulative kinetic equation can be

applied [45-52].

-F
da I ai
E—izlcl,Al, exp 7T fl.(al.) (4.6)
n n
> c.=1 > cl.al.za

. l .
with =1 and =1

where n and ¢ are the number of component steps and the contribution
ratio of each reaction step to the overall process, respectively and the
subscript i denotes each component reaction step. The contribution

Cendo ANd Cexo can be defined as

Qendo < O

C =

endo Q and exo Q (4 . 7)
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where Qs and Q. are the heats of endothermic and exothermic

process respectively.

The kinetics of each component process of the overall reaction
can be characterized by optimizing all the kinetic parameters in
equation (4.6) using nonlinear least-squares analysis. In order to
predict the physico-geometrical reaction mechanism, empirical kinetic
model functions such as phase-boundary-controlled model, RO (n) [53]
and the nucleation and growth-type model, JMA(m) were employed
[54, 55].

RO (n): f(a)=n(1-a) " (4.8)

IMA (m): f(@) = m(1- @) [-In(1- )] " (4.9)

where n and m are the kinetic exponents.

By allowing the non-integral values for the kinetic exponents in both
equations (4.8) & (4.9), possible reaction mechanisms for each
component process can be found. For both the samples, BTO and
doped samples, RO (n) and JMA (m) functions with n=/ can be

utilized.

The Kissinger-Akahira-Sunose (KAS) [56] method (Eq. 4.10) is a
possible method to determine the apparent activation energy for the

overall reaction from the DSC curves recorded at different f:
[ '5/ } Ea
Ea " RT
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The plots of In[B/T] versus T"', E, and A can be obtained from the

slope and intercept respectively. The isoconversional plots indicate a

linear relationship irrespective of a and this was observed for samples

with different S values (Fig. 4.7).
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Fig. 4.7 Typical linear least-squares plot of KAS method for the
samples, BTO (a), BTO; (b), BTO, (c) and BTO; (d).
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Fig. 4.8 The plot of E, vs a for the samples BTO (a), BTO; (b), BTO,
(c), BTOs (d)

The variation of the apparent £, values as a function of a was
not almost similar for the prepared samples (Fig. 4.8). For the sample
BTO, although a small deviation of the slope of the KAS plot was
observed during the initial stage, the £, value was found to decrease
from 055.83 to 039.80 kJ/mol (0.05< a < 0.6) approximately. In the
decomposition part of the reaction, the average values of £, was found
approximately 119.58 (0.61< a < 0.92), 179.97(0.92 < a < 0.944) and
041.34 kJ/mol (0.95 < a < 0.99) respectively. While the apparent E,
values for the sample BTO; was 111.37 kJ/mol (0.05 < a < 0.4) which
decreases to 062.21 kJ/mol (0.485 < a < 0.56), 158.01 (0.58 < a
<0.78), 266.12 (0.785 < a < 0.83), 350.31 (0.835 < a < 0.945) and
075.66 kJ/mol respectively. For the sample BTO; it was 094.00 kJ/mol
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(0.05 <0< 0.4) which was found decreased to 054.80 kJ/mol (0.485 <
a < 0.56, 131.30 (0.58 < o <0.78), 253.00 (0.785 < a < 0.83), 335.00
(0.835 < a < 0.945) and 067.08 kJ/mol respectively. For the sample
BTO; it was 085.63 kJ/mol (0.05 < a < 0.4) which was found
decreased to 043.31 kJ/mol (0.485 < a < 0.56, 114.92 (0.58 < 0. <0.78),
236.07(0.785 < a < 0.83), 325.68 (0.835 < o < 0.945) and 053.98
kJ/mol respectively. This indicates that the doped samples BTO,,
BTO; and BTO; which made large deviation to the slope of the KAS
plot and the contribution of doping to the overall kinetics is a plausible

explanation for this variation in E,.

The initial values of the kinetic parameters were determined
through a formal kinetic analysis of the kinetic data, first subjected to a
statistical deconvolution [57, 58] using Weibull function. The number
of component steps for both samples are obtained through kinetic
deconvolution of DSC peaks. After setting all initial values of kinetic
parameters (Table 4.2) for each reaction stage, a parameter
optimization was performed to minimize F (Eq. 4.11), defined as the
squared sum of the difference between the experimental kinetic data

(da/dt)exp versus time and calculated kinetic data (do/dt)ca versus time

[59-62].
(4 d 2

). (5).

j=1 dt exp,j dt cal,j

where » is the number of data points

(4.11)
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Table 4.2 Initial kinetic parameters used for the thermal decomposition

of samples under linear non-isothermal conditions.

Sample i G
BTO 1 0.560
2 0.113
3 0.250
4 0.022
5 0.055
BTO, 1 0.350
2 0.09
3 0.060
4 0.240
5 0.050
6 0210
BTO, 1 0.400
2 0.080
3 0.078
4 0.230
5 0.052
6 0.160
BTO; 1 0400
2 0.085
3 0.075
4 0220
5  0.060
6 0.160

E,(kJ/ mol)
055.83
039.80
119.58
179.97
041.34
111.37
062.21
158.01
266.12
350.31
075.66
094.00
054.80
131.30
253.00
335.00
067.08
085.63
043.31
114.92
236.07
325.68
053.98

A (s™)

6.34 x 10*'
2.33x 10°
1.78 x 10"
1.15x 107
5.71x 10"
1.05 x 10
1.15x 10°
1.50 x 10*
4.60x 10"
1.01x 10"
2.49x 10"
9.40 x 10*
6.60 x 10°
4.10x 10°
6.09 x 10"
1.92x 10"
7.40 x 10!
1.85 x 10%®
2.70x 10°
1.70 x 10
1.52x 10"
9.64x 10"
530 x 10%

fi (@)

R (n);n=1

R (n);n=0.99

R (n);n=1.1
JIMA (m);m=1
JIMA (m);m=1.2
R (n);n=1

R (n);n=0.98

R (n);n=1.01
JMA (m);m=1
JIMA (m);m=1.02
JMA (m);m=0.9
R (n);n=1.3

R (n);n=0.99

R (n);n=1

JIMA (m);m=1
JIMA (m);m=1.2
JIMA (m);m=0.9
R (n);n=1

R (n);n=0.995
R (n);n=1.2
JIMA (m);m=1
JIMA (m);m=1.3
JIMA (m);m=0.98
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Fig. 4.9 Typical results of kinetic deconvolution of the thermal
decomposition of the samples BTO (a), BTOs (b), BTO; (¢) and BTO,
(d) under linear non-isothermal condition at = 5 K min™
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Formation of barium titanate from barium titanyl oxalate via
thermal decomposition reaction can be brought through the following

scheme (Eq. 4.12-4.16):
BaTiO(C,0,), 4H,0 —=35- BaTiO(C,0,),+ 4H,0  (4.12)
BaTiO(C,0,), —=—**Ba,Ti,0,(C,0,), CO,+ CO (4.13)

Ba,Ti,0,(C,0,), CO, —2725_, B4 Ti,0,CO,(CO,) + 2C0, + 3CO

(4.14)
Ba,Ti,0,CO, (CO,)—2=25— Ba,Ti,0,CO, + CO, (4.15)
Ba,Ti,0,CO,— "% 52 BaTiO, + CO, (4.16)

Barium titanate is formed from BTO through the evolution of
H,0, CO and CO.,. Initial low temperature reaction is known as the
dehydration and low temperature decomposition occurs and forming
the carbonate intermediate. Succeeding steps involves the
decomposition of carbonate intermediate with the evolution of CO and

CO,.

Fig. 4.9 shows the result of the kinetic deconvolution analysis
of the thermal decomposition of the samples BTO and doped samples
BTO;, BTO; and BTO; on the basis of equation (4.6) after establishing
the initial values of the kinetic parameters through mathematical
deconvolution and the subsequent formal kinetic analysis of each
resolved reaction step [63]. Under linear non isothermal conditions, for

the sample BTO the overall reaction was resolved into five steps (Fig.
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4.9a) and that of doped samples into six overlapping reaction steps
(Fig. 4.9b, ¢ & d). The first low temperature reaction observed is
considered as the dehydration reaction [64, 65]. Both undoped and
doped samples take one independent step for the removal of water
molecules, whereas in the high temperature reaction, both go through

more complex pathways.

The average values of the kinetic parameters optimized for
each reaction stage at different § values are summarized in Table 4.3.
For each resolved reaction steps, the value of E, calculated for each
reaction step are nearly in agreement with the respective corresponding
values estimated by the KAS plots for the overall reaction under non
isothermal conditions [66]. The data from thermal analysis curves in
the decomposition range 0.05<a<1 were used to determine the kinetic
parameters of the process, the integral method of a linear form of

modified Coats and Redfern equation

1n[g(f‘)}=1n(A—Rj—i (4.17)
T BE) RT

The g(a), the integral form of the conversion function which
depends on the kinetic model of the decomposition reaction. If the
correct form of g(a) is used, the plot of In(g(a)/T* against /T should
give a straight line. For the sample BTO, the straight line plot with
suitable model and regression values are represented in Figs. 4.10.
4.11, 4.12 & 4.13 represents typical model fitting least-squares plots
for the samples BTO,, BTO, & BTO:s.
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For BTO the required average values of E, for each resolved
steps are 56.30 £0.01 (i=1), 40.1 £ 0.2 (i=2), 120.5 £ 0.1 (i =3), 180.21
+ 0.09 (i=4) and 40.92 £ 0.01 kJ/mol (i=5) respectively.
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Fig. 4.10 Typical model fitting least-squares plot for the different steps
of thermal decomposition of BTO

145



For the sample BTO,, thermal decomposition occurs via more

complex reaction strategies i.e., through six overlapping stages. The

average values of energy needed for the respective stages are 111.37 +
0.11 (=1), 62.21 £ 0.04 (i=2), 158.01 £+ 0.21 (i=3), 266.12 + 0.08
(i=4), 350.31 £ 0.03 (=5) and 76.66 £ 0.31 kJ/mol (i=6) respectively.
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Fig. 4.11 Typical model fitting least-squares plot for the different steps

of BTO,
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For BTO,, the average values of energy needed for the
respective steps are 94.01 £ 0.02 (i=1), 54.80 £ 0.01 (i=2), 131.30 +
0.02 (i=3), 253.01 + 0.03 (i=4), 335.02 + 0.03 (i=5) and 67.08 + 0.02
kJ/mol (i=6) respectively.
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Fig. 4.12 Typical model fitting least-squares plot for the different steps
of BTO,

For BTO;, the average values of energy needed for the

respective steps are 85.71 + 0.02 (i=1), 44.12 + 0.05 (i=2), 115.23 +
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0.02 (i=3), 236.81 £ 0.04 (i=4), 326.43 + 0.03 (i=5) and 55.14 + 0.44
kJ/mol (i=6) respectively
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Fig. 4.13 Typical model fitting least-squares plot for the different steps

of BTO3

The physico-geometrical behaviour of each sample was best

described empirically by the RO (n) and JMA (m) kinetic model

functions as shown in the Table 4.3.



Table 4.3 Average kinetic parameters optimized for each reaction step
of the thermal decomposition of samples under linear non-isothermal
conditions.

Sample i G (k] ﬁlé)l‘l) 4 (s ﬁ}ﬁ’i{(%()n)

1 0.57£0.04 56.30+0.01 6.34+0.09 x 10* n=1.0+0.1

2 0.13£0.02  40.10£0.20 2.33+0.05x 10°  1n=0.99+0.02
BTO 3 0224023 120.50+0.10 1.78+0.04x 10'® n=1.1+0.4

4 0.02£0.12 180.21+0.09 1.15+0.08 x 10* m=1.00+0.13

5 0.06+0.01 40.92+0.01 5.71+0.02x 10" m=1.2+0.1

1 0.35£0.02 111.37+0.11 1.05£0.21x 10®* n=1

2 0.09+0.11 06221+0.04 1.15£0.11x10° 1n=1.10+0.11
BTO, 3 0.06:0.07 158.01£0.21 1.50+0.09 x 10‘1‘5 n=0.99+ 0.02

4 024+0.01 266.12£0.08 4.60+0.05x 10" m=1

5 0.05+0.04 350.31+0.05 1.01+0.01x10"° m=0.98+0.01

6 021£041 075.66:031 2.49+0.02x10° m=1.1£0.2

1 0.40+£021 094.01+=0.02 9.40+0.31x 10** 1n=0.98+0.10

2 0.08£0.11 054.80+0.01 6.60+0.08x10° 1n=1.20+0.01
BTO, 3 0.08£0.05 131.30£0.02 4.10+0.41x 10?3 n=1

4 0.23+0.31 253.01+0.03 6.09£0.11x10° m=1.0+0.1

5 0.05+0.09 335.02+0.01 1.92+0.08x10"® m=0.99+0.20

6 0.16:£0.01 075.66+0.04 7.40+0.02x 10*" m=1.2+0.3

1 036+0.00 085.71+0.02 1.85+0.05x 10®* n=1

2 0.08+0.02 044.12+0.05 2.71+0.01 x 10°  n=0.99+ 0.02
BTO, 3 0.07£0.05 115.23+0.02  1.73 £0.02x 10?5 n=1.20+ 0.03

4 023+0.07 236.81£0.04 1.52+0.03x 10° m=1.0+0.1

5 0.04+0.03 326.43+0.03 9.64+0.07x 10'"® m=1.3+0.2

6 0.22+0.92 055.14+0.44 5.31+0.04x 10° m=0.98+0.42

It should also be noted that difference in the values of 4 for the
initial and final steps were larger for each of the samples indicating the

larger lags of reaction time and temperature.
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4.3.4 Morphological Analysis
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Fig. 4.14 The SEM micrographs showing the surface microstructure of
the sample BTO at 10 pm (a), 5 um (b), 2 um (c) and 1 um (d).

Figs. 4.14, 4.15, 4.16 and 4.17 show the SEM images of the
BTO and doped BTO, which confirm the bone shaped morphology of
BTO having smooth surfaces. Figs. 4.18 & 4.19 exhibit the SEM
images of BaTiOs; which was formed by the multistage thermal
decomposition of BTO. Bone like morphology of BTO was retained in
the decomposed product. Doping with K™ ion brought slight variation
in the bone like morphology of BTO and decomposed product. Doping
found to destroy the smoothness of the surfaces. Presence of pores and
holes, created by the increased internal gaseous pressure during the
process of thermal decomposition of doped BTO depicts the
complexity of the reaction upon doping. These holes and pores act as

diffusion channels for the removal of CO, and water.
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Fig. 4.15 The SEM micrographs showing the surface microstructure of
the sample BTO; at 10 um (a), 5 um (b), 2 um(c) and 1 pm (d).
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Fig. 4.16 The SEM micrographs showing the surface microstructure of
the sample BTO, at 10 um (a), 5 um (b), 2 um (c) and 1 pm (d).
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Fig. 4.17 The SEM micrographs showing the surface microstructure of
the sample BTO3 at 10 pum (a), 5 um (b), 2 um (c) and 1um (d).
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Fig. 4.18 The SEM micrographs showing the surface microstructure of
the sample BTO calcined at 1023 K for 1 h at 10 um (a), 5 um (b), 2
um (c) and 1 pm (d).
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Fig. 4.19 The SEM micrographs showing the surface microstructure of
the sample BTOj; calcined at 1023 K for 1 h; 10 um (a), 5 um (b),2 um
(c)and 1 um (d).

Figs. 4.20 & 4.21 show the TEM images of the BaTiOs and
doped BaTiOs calcined at 1023 K for 1h. The estimated particle size of
the both doped and undoped BT from the TEM image is in the range of
5-170 nm. The TEM image reveals that the particle exhibits as nano
sphere having uniform grain size distribution and these nano spheres
were underwent oriented growth to form the bone shaped morphology

of barium titanate as shown in Figs. 4.18 and 4.19.

TEM image of K" doped BaTiOs shows a small depression in
the nano spheres, which points out the complexity of formation of final
product upon doping. Formation of cracks and holes in the surface of
the product indicates the formation of surface product layer during the
early stages of the reaction. As the temperature increases, there occurs

change in the reaction condition at the reaction interface, leading to the
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complexity of the process. The cracks and holes act as the channels for
the diffusional removal of gaseous products such as H,O, CO,, CO,
etc. Thus the synthesized BaTiOs; nanoparticles can be used for the
wide range of applications in the electronic as well as opto-electronic

field.

() A (b (©

Fig. 4.20 The TEM images of the sample BTO calcined at 1023 K for
1 h at 100 nm (a), 50 nm (b) and 10 nm (c).

(a) i (& ®

Fig. 4.21 The TEM images of the sample BTOj3 calcined at 1023 K for
1 h at 100 nm (a), 20 nm (b) and 5 nm (c)

Figs. 4.22a & b displays the SEAD pattern of BTO and BTO;. These
images confirm the nano semi crystalline nature of the synthesized
barium titanate. Doping does not affect the semi crystalline properties

of the synthesised BaTiOs.
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Fig. 4.22 SAED pattern of BTO (a) and BTO; (b)
4.4 Conclusion

The effect of K ion doping on the thermal decomposition
kinetics of the BTO was investigated using kinetic deconvolution
method. The kinetic parameters and reaction model were revealed
under linear non isothermal condition using the DSC technique in N,
atmosphere. Both the samples went through multistage reaction
pathways. BTO takes five steps for the formation of barium titanate,
whereas K™ doped BTO samples go through six steps. Doping of K
increases the complexity as well as activation energy of the
decomposition reaction and hence enhances the thermal stability of
BTO. The physico-geometrical reaction behaviours of both the
samples were best described empirically by RO (n) and JMA (m)
models. Morphological analysis disclosed that the synthesized nano
spheres undergo oriented crystal growth forming the micro
dimensional bone shaped BaTiO;. The estimated size of the spheres is
in the range 5-170 nm. The SAED pattern of both samples of doped
and undoped BTO exposed the nano semi crystalline nature. The XRD
pattern reveals the transformation of cubic phase of barium titanate in

to tetragonal structure with increase in temperature.
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CHAPTER 5

SYNTHESIS, CHARACTERIZATION AND
APPLICATION STUDIES OF MIXED METAL
TITANATES PREPARED VIA THERMAL
DECOMPOSITION OF OXALATE
PRECURSORS



5.1 Introduction

The perovskite family mainly various titanates (metal oxide)
used in a wide range of applications in electronic, electro-optical, and
electromechanical modelling of ceramics. Perovskite compounds
become one of the hottest topics in Materials science due to their
special properties and potential applications. Precursors for metal
oxide have been continuously studied because they can often be
tailored structurally; certain precursors are known to transform into the
corresponding nano metal oxides with high degrees of shape retention
or similarity. BaTiO; with a perovskite structure, show exceptional
dielectric, piezoelectric, electrostrictive, and electrooptic properties
with corresponding electronic applications [1-3]. Barium titanate with
a high dielectric constant, widely utilized to manufacture electronic
components as multilayer capacitors (MLCs), PTC thermistors,
piezoelectric transducers, and a variety of electro-optic devices [4].
The ferroelectricity observed in barium titanate is utilized in memory
applications, i.e., in RAM. The pyroelectricity and piezoelectricity are
also used in the passive infrared detectors and Sonars (Sound
Navigation and Ranging). Besides PTCR properties, semiconductor
barium titanate is used for sensor applications [5]. Pure barium titanate

is an insulator whereas upon doping it transforms into a semiconductor

[6].

Various studies have been performed to obtain BaTiO; of better
electronic properties by doping different elements [7-10]. In order to
obtain BaTiOj; of low resistivity, Zhao et al. [11] prepared Ag" doped
into BaTiOs. Wu et al. [12] studied the influences on conductivity of
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doping different rare-earth elements into BaTiO;. Hao et al. prepared
BaTiO; ceramics doped with Nb,Os [13], Sm,O5 [14], Gd,O5 [15] and
La*" [16] by gaseous penetration method and resistivity was explained.
There are lots of reports on the structural, dielectric and ferroelectric

properties of modified BaTiO; ceramics via doping [17-20].

Recently many potential antibacterial agents, nanometer sized
metal oxides have been identified [21]. Some of these agents were
found to be cytotoxic against bacteria but not against human cells thus,
possible for many medical applications. The use of inorganic
nanoparticles has attracted lots of interest mostly because of their
reliable antimicrobial activity found to be effective at low
concentrations [22]. This is due to their high specific surface area
which allows a broad range of reactions with the bacterial surface.
Barium titanate nanoparticles exhibit bacteriocidal activity which is
highly dependent on the particle size and concentration and to act
against both Gram-positive and Gram-negative bacteria [23]. These
nanoparticles are considered as a promising novel antibacterial agent,
being harmless to human cells and the environment [24]. Gupta et al.
[25] investigated the antimicrobial activity of TiO, and Ag-doped TiO,
nanoparticles against Gram-positive (S. aureus) and Gram-negative (P.
aeruginosa, E. coli) bacteria and were found to be effective [26]. Raja
et al. [27] synthesized and discussed the remedial aspect of BaTiO;
nanoparticles against bacteria. Therefore, in the present study the
characterization of the hydrated and dehydrated products of the

prepared barium-potassium mixed titanyl oxalates and also the
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nanosized products were tested for conductance behaviour as well as

anti bacterial efficiency.

5.2 Experimental

5.2.1 Materials

AnalaR grade barium nitrate (Ba(NOs),;) (Merck, India; assay >
99.9 %), potassium titanyl oxalate (K,TiO(C,04);) (BHO Laboratory
England; assay > 99.9 %), Luria Bertani (LB) broth and agar plates,
glass speader, Escherichia coli, Staphylococcus aureus , Pseudomonas
aeroginosa and Staphylococcus pneumonia culture were used in the

present investigation.
5.2.1.1 Sample preparation for conductance study

The K'-doped BaTiO3 powders were prepared by precipitation
method well explained in Chapter 3. The samples were prepared at
different concentrations, viz. 10'4, 10'3, 10'2, 10" and 10° mol % are
named as a, b, ¢, d and e respectively and control compound as BT.
The prepared sample powders were calcined at 773 K for 1 h. The
samples were formed as pellets with 15 mm in diameter and 1 mm in

thickness. Finally, the pellets were sintered at 723 K for 2 h.
5.2.1.2 Sample preparation for anti bacterial study

Barium titanyl oxalate is prepared from Ba(NO;3), and
K,TiO(C,04);. The precipitate obtained was filtered, washed with
ethanol and water repeatedly and air-dried in an oven at 333 K for
24 h. Both barium titanyl oxalate (BTO) and potassium titanyl oxalate

(KTO) were powdered in an agate mortar and sieved through the mesh
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and fixed the particle size in the range 95-105 um. The samples are

prepared by physical mixting of potassium and barium titanyl oxalate

Different compositions: 100 m/m (%) barium titanyl oxalate
(AS)), 99 m/m (%) barium titanyl oxalate (AS;), 98 m/m (%) barium
titanyl oxalate (AS;), 95 m/m (%) barium titanyl oxalate (AS,),
93 m/m (%) barium titanyl oxalate (ASs), 90 m/m (%) barium titanyl
oxalate (ASs), 80 m/m (%) barium titanyl oxalate (AS;) and 100 m/m
(%) potassium titanyl oxalate (ASg), were prepared each by thorough
mechanical mixing in an agate mortar. The samples were decomposed

by keeping in a muffle furnace at about 1023 K for 1 h.
5.2.2 Methods

The resistivity of the prepared pallets was determined by using
a standard four-probe method (Keithley’s source meter, model 2400,
America). In vitro antibacterial activity of mixed barium titanate nano
particles was studied by agar disc diffusion assay method. The
structures of the calcined materials were determined by measurement
of XRD. The XRD analysis was carried out on a Rigaku-Dmax 2000
diffractometer with Cu Ko radiation (40kV, 30mA, L = 1.5405A).
Fourier Transform Infrared spectroscopic measurements were
performed by using an IR spectrophotometer (Nicolet AVATAR 320,
America) ranging from 400 to 4000 cm '. Absorption spectra were
scanned by using a UV-Vis spectrophotometer (Shimadzu, UV-2450)
with a deuterium lamp. SEM analyses of the samples studied were
performed with FE-SEM-EDS combination using Carl Zeiss Gemini
SEM 300.

165



5.3 Results and Discussion
5.3.1 Conductance study
5.3.1.1 XRD Analysis

Fig. 5.1 shows the XRD patterns; K™ doped BaTiO; possesses
the same perovskite structure as that of the pure BaTiO; material. It
can be concluded that no new substance was formed during the doping
and calcination process other than BaTiO; which implies that the
dopants have entirely entered the unit-cell maintaining the perovskite
structure of the solid. During doping K entered into crystal lattices of
BaTiO; leading to the increase of the conductivity of the samples [28].
The particle size of samples was calculated using Scherrer formula.
The particle size of the sample (a) is calculated and found to be 11.81
nm, while the particle sizes of sample (b), (¢), (d), (¢) and (f) are in the
range 20.31-18.29 nm.

(C)L lA.l As A

gﬁ (d) | N T
> (c)
z | o
= (@ 4 l l A A l A A A
BT | [
2I0 4IO 6IO 8I0 I(I)O
20 (deg)

Fig. 5.1 XRD patterns of the BaTiO; powders (BT) doped with10” (a),
107 (b), 107 (c), 107" (d) and 1mol % K (e), after the calcination at
1023 K for 1 h.
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5.3.1.2 FTIR Spectra Analysis

The FTIR spectra of samples are shown in Fig. 5.3. The

characteristic absorption at 3410 cm '

is assigned to—OH stretching
vibration, due to the water brought by KBr or absorbed on the powder
surface. The characteristic absorption at 1440 cm ™' is assigned to the
stretching vibrations of carboxylate [29]. All the three samples exhibit

1

strong absorptions around 550 and 450 cm ', which can be assigned to

the stretching and bending vibrations of the Ti-O bond in [TiOg]*"
octahedron. But the strongest absorption observed around 550 cm™'
varied slightly for all the five samples: 559.1, 552.2, 545.7, 553.1, and
621.7 cm ™' respectively for samples a, b, ¢, d, & e. Since the wave
number increases when infrared light of higher frequency and thus
stronger energy is absorbed, it can be concluded that the Ti-O bond
was strengthened after the doping and further strengthened after

calcination [30].

Transmitance (a.u )

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm’l)

Fig. 5.2 FTIR spectrum of samples: undoped BaTiO3 (BT),lO'4 (a) 107
(b), 107 (c), 10" (d) and 1 mol % K (e), after the calcination at 373 K
for 1 h.
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5.3.1.3 Four probe method

The electrical characteristics of any material can be analyzed
on electrical resistivity and based on this, materials are be classified as
conductors, semiconductors and insulators. The resistivity of the
conductors (metals) is very low because of the large number of free
electrons. In the case of semiconductors usually the sheet or surface
resistance of the thin layers are be considered. In any direct resistance
measurement the metal terminals when come into contact with the
layer, then there is a contact resistance similar to a rectifier due to
metal semiconductor interface. There is another resistance also
involved due to the spreading of charges into the semiconductor
material apart from the surface called spreading resistance. The
resistance observed in the direct measurement is the sum of actual
surface resistance, contact resistance, spreading resistance and the

resistance between the probes [31].

In order to eliminate the contact resistance as well as spreading
resistance [32], while taking the resistance measurement, the four
probe method is used to measure sheet resistivity. Here we are used
four probe measuring set up using Keithley’s source meter, model
2400. Along with four probe set up, each probe separated by a distance
of 0.6 cm and constant current (1 pA) is applied. The samples are
prepared as bare sample and five number of K' doped at various
concentrations in BaTiO; and pelletized and then sintered at 723 K for
2 h. The measured sheet resistance and the conductance of different

samples are given in the Table 5.1.
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5.3.1.4 Electric Properties of samples.

During the calcination process K;TiO (C,04), decomposes into
K,0, which entered BaTiO; lattice. Since K" possesses only one
positive charge and Ba?" possesses two, the substitution must be
charge-compensated to maintain charge neutrality by using defect
theory [33]. According to the defect theory the incorporation of K as

an acceptor dopant can be written as in equation (5.1):
K,0—2T% 52K, +V,"+0, (5.1)

The formation of oxygen vacancy is responsible for conducting
properties of the samples. Here the strength of Ti-O bond in the
[TiO]*~ octahedron is stronger in the sample doped with K than the
undoped BaTiO; sample. Since the 0>~ leaving the cell, the [TiO¢]*
octahedron was distorted and Ti*" gaines a stronger attraction of the

O”" left, rendering the Ti-O bond stronger [33].

The oxygen vacancy formed was in equilibrium with the

formation of hole:
V,"—>V,+ 2h (5.2)

So that the ultimate result, when doping with K;TiO (C;04),, would
render BaTiO; semi conductive. The electric resistivity of BaTiO; at
different K" concentrations is measured. In Fig. 5a, while increasing
the concentration of K,;TiO (C,04), the resistivity decreases since the

conductivity is proportional to the concentration of oxygen vacancy.
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However, we should also be aware that a high concentration of defect

would distort the crystal structure thus undermining conductivity.

ConductanceQ ~ 1m

| |
0 T T T T T T
BT  10*mol% 10°mol% 10°mol% 10"mol% 1mol%

Fig. 5.3 The variations of the conductance of BaTiO; powders (BT)
doped with 10, 107, 10?2, 10" and 1 mol % K after the sintered at
723 K for2 h.

ConductanceQ ~ 1 m

Fig. 5.4 The comparison of the conductance of BaTiO3 powders (BT)
doped with 10 (A),10° (B), 10?2 (C), 10" (D) and 1 mol % K (E),
after the sintered at 723 K for 2 h.
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Fig. 5.4 shows comparison of conductance calculated by four
probe method by column graph. It shows that, during doping the
conductance of the sample BT increases while the resistivity decreases

which is proportional to the concentration of the dopant (Table 5.1).
5.3.1.5 UV- Visible spectroscopic studies

For UV/VIS absorption analysis was carried out on a
Shimadzu, UV-2450 spectrometer capable of taking measurement in
the range 200-1100 nm. Analysis of samples in different forms, viz.,
film, solution and powder are possible with this spectrometer. For the
determination of optical properties, the band gap the UV—Vis diffuse
reflectance spectrum of BaTiO; and K doped BaTiOs; samples was
measured (Fig. 5.5). It absorbs the UV light below 400 nm. Fig. 5.6a
shows the UV—Vis diffuse reflectance spectrum of BaTiOs; and K"
doped BaTiO; samples and it show noticeable shift towards higher

wavelength, i.e., red shift, due to the presence of K" ions.

(©) (a)—BT+10_4mol% dopant
(b)-BT+10'3mol% dopant
(c)—BT+10'2m01% dopant
(d)-BT+10-1mol% dopant

(e)-BT+1 mol% dopant

Absorption (cm)
(=)
[38)

-2

300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 5.5 UV-Vis absorption spectra of BaTiOs + x mol % K (x =107,
10,1072 10" and 1).
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The concentration increased in K© doped BaTiO; when UV-Vis
absorption shifted to long wave region in K" doped samples. The red
shift of UV-Vis absorption was observed, the red shift effect was
enhances with increase of the concentration of K™ shown in Fig. 5.6a.
Absorption is expressed in terms of a coefficient a(hv), which is

related to the energy gap E, according to Tauc-equation
a hv =A(hv- Ep)" (5.3)

Where 4 is a constant, 4 is Plank’s constant; v the frequency of
the incident beam and 7 is equal to 2 for a direct gap and 2 for an
indirect gap [34]. Band gap measurements are mainly carried out by
this technique on the basis of Tauc plot as the intercept value of the
plot of (@hv)’ against light energy (hv). The optical band gap (Ey) 1s
estimated by the extrapolation of the linear portion to (a4v)*=0 in the
hv versus (ahv)* curve (Tauc-plot) is shown in Fig. 5.6b, and band gap
was found and tabulated (Table 5.1), which reveals that the band gap
decreases from 2.97 to 2.78 eV supporting the red shift. The reported
value of E, corresponding to BaTiOs is 3.1 eV [35]. The decrease in
the value of E, of a material reflects the increase of conducting
properties. It has been reported that electron donors accelerate thermal
process and electron acceptors retard the thermal process [36].
Therefore, the presence of K along with BaTiOj; causes an increase in

the conducting properties of BaTiOs.
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Fig. 5.6 UV-vis reflectance spectra (A) and Tauc-plot (B) of BaTiO; +
x mol % K (x = 10'4, 10'3, 10'2, 10" and 1) within the range of
wavelength.

The conductance increases with increase of K™ concentration in
the system, it was seen that the dopant decreases the band-gap energy
between the valence band and conduction band so that electrons could
jump from the valence band to the conduction band easily. The
understanding about the experimental results is helpful to reveal the
mechanism of doping. Moreover, it provides a possible way to modify
the optical property and the conductive property of the materials that

are potential candidate in electronic industry.

Table 5.1 Parameters obtained from Four probe method and UV-Vis.
spectroscopy.

Samples Conductance (Q'm™) Band gap (eV)
BT 0.549 2.97
BT+10* mol % K 4.167 2.91
BT+10" mol % K 4.545 2.81
BT+102 mol % K 5.347 2.79
BT+10" mol % K 5.405 2.73
BT+1 mol % K 5.649 2.68
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5.3.2 Anti bacterial Study
5.3.2.1 XRD analysis

XRD analysis was employed to affirm the composition of as
prepared oxide nanoparticles. Fig. 5.7 shows the structural
characteristics of pure barium titanyl oxalate, potassium titanyl oxalate
and their mixtures when heated to 973 K for 1h investigated by XRD.
The XRD results of the hydrated samples AS; and ASg show
significant amount of amorphous phase and the dehydrated mixed
samples AS,, AS;, AS4, ASs. AS and AS7, the peak positions with 26
values of 31.84, 39.17, 45.5, 51.21, 60.04 and 75.25° can be assigned
to (002), (111), (202), (020), (202) and (311) planes which matches
well with the values of tetragonal phase of BaTiOs reported with the
JCPDS file no. 05-0626 [37]. The relative crystallite sizes determined
from the XRD line broadening using the Scherrer equation:
d = 0.94/fcosf, where d is the crystallite size, 4 is the wavelength used
in XRD (1.5418 A", 0 is the Bragg angle, S is the pure diffraction
broadening of a peak at half height, i.e., broadening due to crystallite
dimensions. The crystallite size of the mixed oxides ranges from
28-35 nm and hydrated AS; and ASg obtained as 45 & 50 nm

according to the Scherrer equation [38§]
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Fig. 5.7 XRD pattern of barium titanyl oxalate tetrahydrate (AS;),
potassium titanyl oxalate dehydrate (ASg) and the different mixtures
AS2, AS3. AS4. AS5, AS6, AS7 heated to 973 K for 1 h.

5.3.2.2 SEM Analysis

Fig. 5.8 shows the FE-SEM images of AS;, AS,, AS;, AS, and
ASs respectively. From the images it is evident that all the mixed
BTNPs are highly porous, in addition to which, agglomeration of the
particles is also clear. Similar trend was observed for all other mixed
samples. SEM images reveals different morphology such as spherical

and rod shape particles with temperature of calcination.
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Fig. 5.8 FE-SEM image of AS; (a), mixed oxides AS; (b), AS; (c),
AS, (d) and ASs (e)

EDS Analysis

Energy dispersive X-ray spectroscopic analysis (EDS) carried
out to identify the purity of the mixed BTNPs synthesized by calcining
at a temperature of 750 K. From the EDS analysis, it is found that
mixed BTNPs did not contain any impurities (Fig. 5.9). The high
intensity peaks observed in the EDS patterns of the nanoparticles, in

Fig. 5.9, corresponds to Ba, K, O and Ti elements [39].
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Fig. 5.9 EDX spectrum of mixed oxides AS; (a), AS; (b), AS4 (c) ASs
(d) and AS¢ (e)

5.3.2.3 Agar- well diffusion method
The microbial toxicity of mixed metal oxide nanoparticles was
demonstrated using Gram-positive (G+) and Gram-negative (G—)

bacteria. The antibacterial activity of mixed metal oxide nanostructures

was evaluated by well diffusion method using four pathogenic bacteria
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Escherichia coli (G—), Staphylococcus aureus (G+), Pseudomonas

aeruginosa (G—) and Staphylococcus pneumonia (G+).
5.3.2.3.1 Antibacterial activity test

In order to investigate the antibacterial activity, mixed BaTiO;
nanoparticles along with standard antibiotic [Gentamicin (G)] were
tested against four bacterial strains: Escherichia coli (Gram-negative),
Pseudomonas aeruginosa (Gram-negative), Staphylococcus pneumonia
(Gram-positive) and Staphylococcus aureus (Gram-positive) by disc

diffusion methods.

Luria Bertani (LB) medium was prepared in distilled water and
sterilized. Sterile LB agar was poured into Petri dishes and allowed to
set in a laminar air flow cabinet. The plates were then stored in a
refrigerator for further use. A 24 h exponentially grown bacterial
culture further inoculated into LB broth and shake well in 310 K
incubator shaker till it reaches 0.5 Macfarlane’s turbidity. The culture
was then spread on LB agar plates already prepared, with sterile glass
spreader. On drying of the spreader layer, small wells were dug in the
plates according to the number of samples to be screened particles in 1
mg/ml concentration was pipette out into the respective wells and
incubated for 16 h at 310 K. The obtained zone of inhibition of
bacterial growth was then analyzed by measuring it and recorded in

mm.
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5.3.2.3.2 Observations

The antibacterial activity was assayed by measuring the
diameter of the inhibition zone formed around the well. The mixed
barium titanate nanoparticles exerted a fairly significant antibacterial
properties against four pathogens investigated when compared to
control (Fig. 5.10). The diameter of inhibition zones increased for the
test mixed metal oxide nanoparticles. The negative controls (N)

indicated the microbial growth profile in the absence of nanoparticles.

The inhibition data is tabulated in Table 5.2 and zone of
inhibition is shown in Fig. 5.11. The well diffusion test was conducted
as a qualitative test only and no inference of dosage details is
mentioned. The mixed metal oxides show remarkable antibacterial
activity against the four studied bacterial stains. The presence of
different concentration ratios increases the antibacterial activity of
barium titanate nanoparticles significantly. It can be hypothesised that
these nanoparticles form stable complexes with vital enzymes inside

the cells which hamper cellular functioning resulting in their death.

Fig. 5.10 The zones of inhibition against Escherichia coli (a),
Staphylococcus aureus (b), Pseudomonas aeruginosa (c) and
Staphylococcus pneumonia (d), when treated with Gentamicin.

(b) (c) (d)

(a
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(a) (b)

Fig. 5.11 The zones of inhibition against Escherichia coli (a),
Staphylococcus aureus (b), Pseudomonas aeruginosa (c¢) and
Staphylococcus pneumonia (d), when treated with the prepared mixed
metal oxides.

Table 5.2 Comparision of activities of samples on Gram-negative and
Gram-positive bacteria

Inhibition zone of samples

Bacterias AS; | AS; | AS; | ASy | ASs | ASs | AS7 |ASy | N | G
Eslciherlchla 24 | 23 | 32|26 | 30 | 28 (22|10 | - |22
Staphylococcus 25 | 24 | 30 | 28 | 26 | 31 | 23 | 12| - |20
aureus
Pseud_omonas 26 | 29 | 30 | 28 | 32 | 30 | 28 | 14 - |21
aeruginosa
Staphylogoccus 22 132130 1311271291191 13| - 120
pneumonia

5.4 Conclusion

. In conductance study, the addition of K" in BaTiOs system

increases the conductance. UV-Vis spectra reveal that it was
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attributed to the decrease of the energy gap. The red shift of
absorption edge observed in the K™ doped BaTiOs, confirms
that electrons possess a larger possibility for jumping from the
valence band to the conductance band. The decrease of
resistance was approving for the materials to assemble the
demand of electronic circuit. The red shift of absorption edge
made the materials available in a wider range of wavelength.
The information is important for the material to be applied in a
certain range of wavelength. The understanding about the
correlation between the conductivity and UV-Vis spectra in this
kind of functional material is helpful to improve performances
of related devices in electronic industry. The prepared samples

were characterized using XRD and FT-IR.

The microbial toxicity of mixed metal oxides was demonstrated
using Gram-positive (G+) and Gram-negative (G—) bacteria.
The antibacterial activity of mixed metal oxides nanostructures
was evaluated by well diffusion method using four pathogenic
bacteria Escherichia coli (G—), Staphylococcus aureus (G+),
Pseudomonas aeruginosa (G—), Staphylococcus pneumonia
(G+). The mixed metal oxides showed remarkable antibacterial
activity against the four studied bacterial strains. The
synthesized BTO, KTO and the series of mixtures of barium-
potassium titanyl oxalate were decomposed and characterized

using XRD and FE-SEM.
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CHAPTER 6

A COMPARATIVE ABINITIO DFT STUDY OF
ELECTRONIC STRUCTURE OF BaTiO; AND
K DOPED BaTiOs



6.1 Introduction

Theoretical chemistry is becoming an increasingly powerful
tool which allows researchers to understand the fundamental processes
underpinning the chemical reactions which are imperative for material
sciences, and it become most powerful when it is used to compliment

an experimental investigation.

First-principles calculation is one of the most feasible methods
to carry out the theoretical studies of the electronic properties of solids.
The first principles studies based on density functional theory within
local density approximation have been used to investigate the
structural, electronic and optical properties of solids [1]. Sanna et al.
conducted several first-principles calculations on BaTiOs; they had
focused more on the structural and electronic properties of the four
different phases [2]. Razak et al. used the first principle study to
explain the band structure of tetragonal barium titanate [3] while Cai
et al., investigated the optical properties of perovskite barium titanate
by using the first principles under scissor approximation [4]. Zhang et
al. [5] have carried out a theoretical work based on the first principles
study of bulk barium titanate, in the core-level spectra, under scissor
approximation (FLAPW-SAT) and they manage to explain the optical
properties. Salehi et al. [6] carried out a detailed study of the electronic
structure of Ni-doped BaTiO; powder using FP-LAPW method. They
had used the Large Unit Cell (LUC) approach [7, 8] with 40 atoms in

their periodic model.



Vienna Ab-initio Simulation Package (VASP) [9], is a package
performing ab-initio quantum mechanical molecular dynamics by
using pseudo potential or Projected Augmented Wave (PAW) method
and a plane wave basis set for atomic scale materials modeling like
electronic structure calculations and quantum mechanical molecular
dynamics. It approximates solution to the many body Schrodinger
equation either within the density functional theory (DFT) [10] or
within the HF approximation [11-12]. In VASP, for one electron
orbital, the electronic charge density has been expressed in terms of
plane wave basis sets. The interactions between electrons and ions are
described by using norm-conserving or ultra pseudo potentials or PAW
methods. To determine the electronic ground states, VASP makes use
of the elective iterative matrix diagonalisation technique like, residual
minimization method with direct inversion of iterative subspace
(RMM-DIIS) or blocked Davison algorithm and are reported to be the
fastest schemes currently available, which in turn enable efficient

calculations [13].

VASP was gifted for the electronic structure of states (EOS)
and structural optimization calculations, the structure and equation of
state of a stable phase of BaTiO; and doped BaTiOs. The static and
dynamic properties of BaTiOs; were characterized by quantum
mechanical calculations, especially the structure, equation of state,
phase stability, and phase transformations were studied in Generalized
Gradient Approximation implemented DFT [14]. Wahl et al. [15]
calculated the structural, electronic, and phonon properties of

tetragonal and cubic BaTiO; by use of the projected augmented wave
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method with several types of exchange correlation functional within
DFT. Khenata et al. [16] studied the structural parameters of BaTiO;
using the full-potential linear augmented plane wave (FP-LAPW);
compared the computed results with the experimental data and

theoretical calculations.

In this study the electronic structure of states (EOS), band
energy, band structure, and density of states (DOS) in BaTiO; and K
doped BaTiOs are studied by the first-principles calculation; Perdew
and Wang generalized gradient approximation (PWGGA) method
within the framework of density functional theory. The calculated
electronic structures, band energy, band structure, density of states are
in good agreement with the experimental results. Moreover, the
experimental order of conductivity has been retained in the computed

results also.
6.2 Methodology

Quantum mechanical calculations of EOS have been
performed in the general framework of DFT [17- 19] by using
projector augmented wave method [20]. In this DFT computation,
the generalized gradient approximation (GGA) exchange and
correlation energy functional as suggested by Perdew and Wang
have been used. The crystal structure of BaTiO; (Fig. 6.1a) and K
doped BaTiOs (Fig. 6.1b), are in cubic phase and belongs to the
space group Pm3m. This cubic unit cell contains one molecule with
the Ba sitting at the origin (0.0, 0.0, 0.0) a, the Ti at the body center
(0.5, 0.5, 0.5) a and the three oxygen atoms at the three face centers
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(0.5, 0.5, 0.0) a, (0.0, 0.5, 0.5) a, and (0.5, 0.0, 0.5) a; the lattice
constant is 7.57 a.u (1 a.u = 0.529 A°) [6, 9]. Fig. 1b shows the unit
cell of K doped BaTiO; in which one Ba is replaced by K sitting at
the origin (0.0, at the three face centers (0.5, 0.5, 0.0) a, (0.0, 0.5,
0.5) a, and (0.5, 0.0, 0.5) a) and the three oxygen atoms over the
Brillouin zone were summed on a Monkhorst-Pack mesh [21] of
10x10%10. The kinetic energy cut off of the electronic wave
functions was expanded in the plane waves up to 225 eV. The 557,
5p6, 6s* levels of Ba, 352, 3p6, 3d2, 4¢% of Ti, 252, 2p4 of O were
treated as valence states. The core of atoms was represented by the
pseudo potentials of the respective atoms. VASP was used for the
EOS and structural optimization calculations and to obtain response
function calculations within the recent advances in density functional
theory. Within ab-inito, GGA exchange-correlation formalism with
a norm-conserving pseudo potential approach [22-23] was used with
the same valence states defined above. The atomic crystal structures
of cubic BaTiO; and K doped BaTiO; used in this work are
illustrated in Figs. 6.1a and b respectively. The electronic wave
functions, expanded in plane waves are same for both systems which
is accurate enough to sample the Brillouin Zone. The band structure,
total density of states and partial DOS has been systematically
constructed to investigate the electronic configuration of this

perovskite compound.
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(a) (b)

Fig. 6.1 Crystal structure of BaTiOs (a) and K doped BaTiO; (b)
6.3. Result and discussion
6.3.1 Structural properties of BaTiO; and K doped BaTiO;

In the atomic crystal structures of BaTiO; and K doped
BaTiOs; the values of unit cell lattice parameter, volume and bond
length were computed from the geometry optimization calculation and
are listed in Table 6.1. In this calculation, the lattice constant ‘a’ of
both systems is 4.010 A’ and is in good agreement with the
experimental value [24] of 4.012 A’ 1t has been observed that for
BaTiO; the results obtained from the VASP are in good agreement
with those obtained from experiment [25-26]. The accuracy of the
lattice calculation and its atomic position become a significant factor
of the material stability and for further use in other calculations in
perovskite oxide. The K doped BaTiOs also got almost same values of
structural parameters which reveal the occurrence of an effective
doping. The reported BTO lattice parameters from experimental data

[27] are in good agreement with LDA obtained from the present work.
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Table 6.1 Structural parameters of BaTiO3 and K doped BaTiOs3

BaTiOs K doped BaTiOs3

a (A% 4.01 a (A”) 4.01

V(A" 64.483 V (A% 64.483
0,-Ti 2.005 O.-Ti 2.005
O,-Ti 2.005 0,-Ti 2.005
O.-Ti 2.005 O.-Ti 2.005
040y 2.8355 0,-0s 2.8356
04O, 2.8355 040, 2.8354
0,-O. 2.8355 0,-0. 2.8353
O.-Ba 2.8355 0.K 2.8354
O,-Ba 2.8355 0,-K 2.8356
O.-Ba 2.8355 O.-K 2.8354

6.3.2 Band structures and density of states of BaTiO; and K doped
BaTiO3

The calculated electronic band structures of BaTiO; and K
doped BaTiO; along the direction of high-symmetry points are shown
in Figs. 6.2a and b respectively.
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Fig. 6.2 The calculated energy-band structure for BaTiO; (a) and K
doped BaTiOs; (b)
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In both systems the band structure was separated by four portions in
the valence band [28]. In Fig. 6.2a the narrow band positioned at
-17.01 eV was derived from O 2s states and O 2p states, and the one
positioned at -9.94 eV was originated from the Ba 5p states. There is a
multiple peak in the valence band near Fermi level and also the
conduction bands near Fermi level have a strong Ti 3d characteristic.
These results could be confirmed by the partial density of states, the
calculated total density of states (TDOS) for BaTiO; in the valence-
band region is shown in Fig. 6.3 and spin resolved density of states are
also shown in Fig. 6.5. The band gap observed was 2.23 eV. In
experimental study, the band gap of BaTiOs has been reported around
3.40 eV and can be categorized as an indirect band gap [29-30]. Saha
et al. showed that the calculated fundamental gap of 1.2 eV is smaller
than the experimentally reported value 3.4 eV, because of the
discontinuity in the exchange correlation potential, which is not taken
into account [31]. In order to find the composition which determined
the band structure, the partial density of states has been employed with
consideration of the spin polarization. The O 2s states positioned at
-17 eV and Ba 5p states at -10 eV further confirms the band structure
(Fig. 6.5).
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Fig. 6.3 Partial density of states for Ba (a), Ti (b), O (c) and Total DOS
of atoms in BaTiOs (d)

In the case of K doped BaTiOs the results show a direct band gap of
1.92 eV at the point in the Brillouin zone. In Fig. 6.2b the narrow
bands positioned at -17.01 eV was derived from O 2s states and O 2p
states, and the one positioned at -9.94 eV was originated from the 3p
and 4s states of K. There is a shoulder peak in the valence band near
Fermi level and also the conduction band near Fermi level has a strong
Ti 3d characteristic. These results also confirm the partial density of
states, the total density of states in Fig. 6.4 and also spin resolved

density of states in Fig. 6.6. The band gap on comparing with BaTiO;
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system it has observed a decrease by 0.31 eV unit, while on doping the

conducting character is proven within this approach.
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Fig. 6.4 Partial density of states for K (a), Ti (b), O (¢), and Total DOS
of atoms in K doped BaTiO; (d)

195



6 3
(a) (b)
4 I Ba—5s 29
- Ba---5p %
5 29 R
g | 8 A
§ 0 I | Y g 0 A’}
2 [ | ’ 2 wv
< <
2 \ 2
@ -2 > -l
Q
2 g
4 L 24
-3 T T T T
-6 T T T T
20 10 0 10 20 30 20 -10 0 10 20 30
Energy (eV) Energy (eV)
10 0
© ——0-2s @ Total
_ ——0-2p —
5 35
: < | S
2 0 A
2 g V U T
8 \Z
3 z
7 © .54
o -5 Q
o) a
-104
-104
) ! . y 30 20 10 0 0
20 -10 0 10 20 30 - - -1 1
Energy (V) Energy (eV)

Fig. 6.5 Spin resolved DOS of Ba (a), Ti (b), O (c) and Total DOS of
atoms in BaTiO; (d)

196



20 ——k—3 | [——Ti~-3s
o B
|l | —Ti—3d

DOS
S
DOS

204

T T T Y T T T T
-30 20 -10 0 10 20 30 -20 -10 0 10 20

Energy (eV) Energy (eV)

—— O--2s

wA
! %) 0, “ AN (.
% w [ g 0 T 1‘ AN
Q |
A
® 10 '
10 -20
. , . 30 . . .
=30 -20 -10 0 10 -30 -20 -10 0 10

Energy (eV) Energy (eV)
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atoms in k doped BaTiO; (d)

In semiconducting material, the band gap is of two types, a
direct band gap or an indirect band gap [32]. The minimal-energy state
in the conduction band and the maximal-energy state in the valence
band are each characterized by a certain crystal momentum (k-vector)
in the Brillouin zone. If the k-vectors are the same, it is called a direct
gap. If they are different, it is called an indirect gap. For BaTiO3, the
highest y value (0.0) in valence band is at x = 0.63 and lowest y value
(1.6) in conduction band is at x = 0, so that BaTiOj; is an indirect semi

conductor. For K doped BaTiOs also, highest value of y in valence
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band and lowest value of y in conduction band is not at the same x

value, so it also an indirect semi conductor.
6.3.3 The Charge Density Distribution Plots

To describe the electronic structure in solids, the electron
density distribution studies were relevant. This can be achieved
through the analysis of electron density contour maps. Here the
electron densities are plotted from maximum to minimum in different
colour. The region of high electron densities had been plotted in red
colour while low density region were shown in blue colour. The
electron density distribution of a particular plane under investigation
can be easily understood from these kinds of two dimensional contour
plots [33]. Here the contour plots of both BaTiO3 and K doped BaTiO3
crystals along different crystalline planes i.e. (001), (100), (110) and
(111) crystalline plane have been shown in Figs 6.7 and 6.8
respectively. The difference in electron density distribution between
Ba, Ti and O shows that the bond between Ba and O was ionic while
that between Ti and O are partially covalent [31]. This covalent nature
of Ti-O bond has been attributed to the hybridization of 3d orbitals of
Ti with 2p orbitals of oxygen [34]. Even the charge distribution
projected on the (110) and (111) crystalline plane can find the bonding
between Ti and O, and this point further confirm the fact that the Ti 3d
orbitals interacted strongly with the octahedral oxygen to split into

bonding and antibonding states [28].
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Fig. 6.7 The charge density distribution along 001 (a), 100 (b), 110 (c)
and 111 planes (d) of BaTiO; crystal

199



© @

Fig. 6.8 The charge density distribution along 001 (a), 100 (b), 110 (c)
and 111 planes (d) of K doped BaTiOj crystal

6.4. Conclusion

In this study, structure and equation of state of cubic phase of
BaTiO; and K doped BaTiOs; were investigated by means of DFT.
Computed results were compared with the available experimental data
and theoretical calculations. Generalized gradient approximation
exchange and correlation functional as suggested by Perdew and Wang
within DFT has been used to study the ground states electronic

properties of barium titanate. From the band structure, the band gap
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obtained for BaTiO3; and K doped BaTiO; were 2.24 and 1.93 eV
respectively. These optical data compared with UV-vis diffuse
reflectance analyses which are in good agreement. The total DOS and
partial DOS have been described using the data calculated from the
computation, the O 2s states positioned at -17 and Ba 5p states at
-10 eV have confirmed the band within the band structure. The strong
interaction between O 2p and Ti 3d orbital can be confirmed from the
orbital-resolved DOS of Ti and O. In addition the Ti 3d (eg) states has
interplayed with the oxygen octahedral orbitals to split into bonding
and antibonding orbital. The topmost band structure was mostly
attributed to the Ba 6s states which can be obtained in the partial DOS
of Ba. Electronic maps along (001) and (100) planes proved the
covalent bonds between Ti and O, and the Ba-O bonds was found to be

metallic type.
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CHAPTER 7

CONCLUSION AND FUTURE
PERSPECTIVES



The thesis deals with the solid-state thermal decomposition
studies on barium titanyl oxalate mixtures, in view of the application of
its decomposition products; mixed metal titanates. Among the different
synthetic routes to prepare metal titanates, the thermal decomposition
of metal titanyl oxalates is important mainly due to the easiness in the
synthesis, phase purity, composition, efc., of the decomposition
products. The thermal decomposition of metal titanyl oxalate to metal
titanates with no interfering solid byproducts might be a highly
desirable outcome. An important conclusion that can be drawn from
this work is that the mixed metal titanates synthesized from respective
metal titanyl oxalates are highly desirable for applications than the

simple metal oxides.

As of the first, barium titanyl oxalate was prepared,
characterized and thermally decomposed. The first step, thermal
dehydration data were used to elucidate the kinetics of that reaction.
The differential scanning calorimetric data were analyzed by modern
kinetic investigation procedures: isoconversional/ model free methods
such as Bosewell, Tang, Starink'*and Starink'*? method, using multi
heating rates to find out the kinetic parameters of the thermal
dehydration and the values are found to be compatible with each other.
The activation energy (E,) values of the decomposition reactions
obtained by Bosewell method is close to that obtained by Tang method
and also Starink'*> method. The kinetic analysis of prepared barium
titanyl oxalate shows a considerable variation in average activation
energy with increase in the conversion value. The E, value is found to
increase with extent of conversion which indicates the complexity of
the reaction. The morphology of the prepared sample explained on the
experimental result obtained from SEM, TEM, FT-IR, XRD analyses.



The study presents an in depth analysis of the characterization
and the effect of doping of potassium titanyl oxalate with barium
titanyl oxalate (BTO) and the multistage thermal decomposition
kinetics and mechanism. Kinetic deconvolution procedure was utilized
to study the overall kinetics. The study indicates the transformation of
cubic BaTiOs into tetragonal phase and the introduction of K" ion into
the lattice of BTO enhanced the thermal stability. Subsequently, the
thermal decomposition of barium titanyl oxalate yields barium titanate
nano particles at the temperature range of 973-1173 K and that
particular stage was deconvoluted into three steps has been studied by
differential scanning calorimetric analysis under non-isothermal
heating conditions. Coats & Redfern and Ozawa methods were used to
determine the apparent activation energies of these multi step thermal
processes. The study details the characterization of synthesized BTNPs
and their oxalate precursors and to predict the physico-geometrical
reaction mechanism, empirical kinetic model functions such as phase

nucleation and growth-type JMA (m) model.

The study also presents the characterization and application
studies of the decomposition products of the as prepared mixed metal
titanyl oxalates of barium and potassium. The nano mixed metal oxides
of barium and potassium were tested for anti bacterial efficiency as
well as conductance behavior. The presence of different ratios of
mixed metal oxide nanoparticles increases the antibacterial activity
significantly. The conductivity studies using four probe methods
helped to reveal the influence of dopant which enhances the
semiconducting property of the perovskite material, and cost effective
semiconductor for electronic applications. The production method

adopted device fabrication is simple, cost-effective, and eco-friendly.
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Study of conducting property of doped samples and their
stoichiometry and conducting phenomena by experimental and
theoretical methods using VASP code is discussed. The aim of this
work is to develop an understanding of fundamental interactions which
underpin the use of metal oxide nano particles as multifunctional
applications. We obtained the lattice constant ‘a’, volume, band gap
which agree well with the experimental data for cubic phase, especially
for the band structure parameters. The role of band structure
calculation as regards the optical properties of BaTiO; is also

discussed.

The humidity control is essential for various fields of industry
as well as human life. BaTiO; is hygroscopic in nature, absorbs water
molecules, and it has humidity sensitive characteristics. Thus with its
high ease of process ability and also hygroscopic BTNPs has the
potential to form good humidity sensing element. As part of this work
we have a plan to fabricate humidity sensor and to study the electrical

characteristics of the samples.

The result of investigations presented here indicates that the
major objective of the work has been accomplished. This study also
reveals the scope for lot of future investigation possibilities in the
electronic applications of doped perovskite structure. Further the
conductivity measurements are to be evaluated to understand the
materials potential in electronic devices. These studies provide a
starting point for the exploitation of the particular oxalates for the

growing industrial world.
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1. Introduction

Nano-materials which form the most challenging areas of the
scientific and technological research are still being explored
because of their tremendous possibilities in generating novel
shapes, structures and unusual phenomena. Currently, researchers
in chemistry, physics, biochemistry, and engineering are exploring
a new class of nano sized materials for the applications in
electronics, optics, catalysis and for solar light conversion, etc [1].
The chemical and catalytic reactivity of a solid state material
depends on its method of preparation and the structural and
electronic imperfections. Chemical processes involving the chemi-
cal transformation of solids play an important role in research
technology, as sophisticated solids can be produced by thermal
decomposition reaction of precursory solids. The processes of
forming titanates, in crystalline mixtures have become very
important in the ceramic industry and other technologies. The
“first ferroelectric ceramic”, barium titanate (BT) is a good candidate
for various applications due to its excellent dielectric, ferroelectric
and piezoelectric properties [2]. It is the one member of perovskite
family having the general formula ABOs. The crystalline size of BT

* Corresponding author.
E-mail address: kmuralika@gmail.com (K. Muraleedharan).

http://dx.doi.org/10.1016/j.materresbull.2017.05.056
0025-5408/© 2017 Elsevier Ltd. All rights reserved.

determines the final crystal structure of BaTiOs. It has rhombohe-
dral, orthorhombic, cubic and tetragonal phases. The cubic
structures are paraelectric while rhombohedral, orthorhombic
and tetragonal phases are ferroelectric in nature [2]. Paraelectric
cubic phase can be transformed into ferroelectric tetragonal phase
at its Curie temperature (around 393K). The ferroelectric and
dielectric properties of BT are correlated with its size. Nano-sized
BT possessed higher activity, potential for device miniaturization
and enhanced dielectric properties. It is an important raw material
for electronic devices such as multi layered ceramic capacitors and
nonlinear resistors [3]. It finds vast applications in transducers,
actuators, capacitors and memories [2]. Takin et al. [4] explored the
applications of barium titanate core-gold shell nanoparticles for
hyperthermia treatment against cancer cells. They proposed that
this nano shells have suitable cytocompatibility at concentrations
up to 50mg/L. Recently, it has been extensively studied particularly
for its application as a capacitor material in down- sized portable
machines and dynamic random access memory (DRAM) devices.
BaTiOs-based ceramics have found their application in the design
of microwave tunable devices [5,6].

Many methods such as so-gel [7], hydrothermal [8], combus-
tion [9,10], crystal growth [11], thermal decomposition [12] and
other different chemical routes [13] were used for the BT synthesis.
Among these, thermal decomposition using oxalate precursor has
been widely used due to its simplicity and the precise
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Fig.1. The FT-IR spectra of sample A, (a), A; calcined at 628 K for 1 h (b), A; calcined at 1023 K for 1 h (c), sample A, (d), A, calcined at 628 K for 1 h (e) and A, calcined at 1023 K

for 1h (f).

stoichiometry of the produced BT phase. Thermal decomposition
of alkaline earth metal titanyl oxalate yield nano titanate particles.
The decomposition proceeded through five steps and was not
affected much by surrounding gaseous atmosphere. The first step
is the dehydration of the tetra hydrate which was followed by low
temperature decomposition of the oxalate groups. In the
temperature range of 393-453 K, carbon monoxide is evolved
with the formation of a transient intermediate substance
containing both carbonate and oxalate groups. The oxalate groups
were completely destroyed in the range of 453-523 K, resulting in
the formation of a carbonate which retains free CO, in the matrix.
The trapped CO, was released in the temperature range of 523-
723 K. The final decomposition of carbonate takes place between
873 and 1023 K and yield barium titanate. Gopalakrishnamurthy
et al. [14] investigated the evolution of water and CO, vapours
during the thermal decomposition of BTO and the effect of doping
and mixing conditions of the reactant molecules on the reactivity
of the system. Doping with the metal ions and other pre-
treatments of samples has important effects on the structural,
chemical and physical properties of the solids, which might alter
the kinetics of the reaction mechanism. Upon doping A* or B~ sites
in barium titanyl oxalate or their oxides, the catalytic activity, ionic
and electronic conductivity and flexible physical and chemical
properties can be altered, that lend a hand for utilization in various
applications [15-17]. Ni?* and Fe?* doped BaTiO5 showed enhanced
dielectric permittivity than undoped BaTiOs [18]. This can be
ascribed due to the change in the lattice parameters of the
specimen.

There are several studies concerning the determination of
kinetic parameters and possible physicochemical or physico-

geometrical reaction models through the formal kinetic analysis of
thermal decomposition process [19-21]. The kinetics of thermal
decomposition of solids are restrained by interactions between
concurrent and consecutive processes related with different
physicochemical events, including surface nucleation, destruction
of reactant crystals, crystal growth of the product solid and
diffusional removal of gaseous product[19]. The knowledge of
understanding the possible physicochemical events occurring
during thermal decomposition of BTO is essential for the tuning of
BaTiO3; nanoparticle.

This study focus on the elucidation of the kinetics and
mechanism of thermal decomposition of barium titanyl oxalates,
and K* — doped barium titanyl oxalates by the DSC technique
flowing N, atmosphere. The kinetic deconvolution procedure was
used to yield the dependency of the E, on the extent of conversion
and the most probable kinetic model.

2. Experimental
2.1. Materials

AnalaR grade barium nitrate (Ba(NOs),) (Merck, India; assay
>99.9%) and potassium titanyl oxalate (K,TiO(C,04),) (BHO
Laboratory England; assay>99.9%) were used in the present
investigation.

2.2. Preparation of doped and undoped BTO

Sample A;, barium titanyl oxalate (BTO) was synthesized by the
precipitation reaction of equi molar aqueous solution of barium

(c)

(b)

Intensity (a. u)

40 50
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Fig. 2. The XRD pattern of sample A; (a), A; calcined at 773 K (b), A; calcined at 1023 K for 1 h (c), sample A, (d), A, calcined at 773 K (e) and A; calcined at 1023 K for 1 h (f).



S. N.V, K. Muraleedharan / Materials Research Bulletin 94 (2017) 231-240

(b)

@

Raman intensity (a.u)

1000
v (cm’)

2000

233

(d)

Raman intensity (a.u)

1000

v (cm")

2000

Fig. 3. The FT Raman spectra of sample A; (a), A; calcined at 1023 K for 1h (b), sample A, (c) and A calcined at 1023 K for 1 h (d).
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Fig. 4. The TG curves for the thermal decomposition of samples (mo=>5.3 mg) at 10 Kmin~

nitrate and potassium titanyl oxalate. The white precipitate of BTO
was obtained, filtered and washed with deionised water and kept
in an air oven at 50 °C for 24 h. K*- doped sample of BTO (sample A;)
was prepared as per the following procedure; 10g of BTO was
dissolved in 230 mL of distilled water at boiling temperature in a
500 mL beaker. 10 mL of a solution containing the desired quantity
of K* (10~ mol%) was added to the hot solution so as to achieve a
total volume of 240 mL. The solution was then cooled slowly to
room temperature. The beaker containing the solution was covered
using a clean uniformly perforated paper and kept in an air oven at
a temperature of 50 C over a period of 6-7 days to allow the slow
crystallization of doped sample by the evaporation. The resulting
crystals were air dried and powdered in an agate mortar. The
samples prepared (doped and control) were sieved through the
mesh and fixed the particle size in the range of 45-53 pm.

2.3. Methods

The Fourier Transform Infrared (FT- IR) spectrum of the samples
in KBr pellet was recorded using a JASCO FT-IR-4100 instrument.
The sample was first compressed with KBr into pellet and analyzed
as KBr disk from 400 to 4000cm™ . The instrument offers high
sensitivity; maximum resolution (0.9cm™') and high signal-to-
noise ratio (22,000:1).The X-ray diffraction (XRD) measurements
of the samples were taken on a RIGAKU MINI FLEX-600 X-ray
diffraction spectrophotometer using Cu Ka (1.5418A°) radiation.
FT-Raman spectroscopy of the samples were taken on BRUKER
MultiRAM FT Raman spectrometer, range 3600 to 50 cm™, laser
excitation 1064 nm (standard) or 785 nm (optional). It is equipped
with Rayleigh filters, primary filters, room temperature ‘InGaAs’
detector and ‘Si’ avalanche detector. The Scanning Electron

T T T
800 1000 1200 1400

T(K)

1

; sample A; (a) and sample A, (b).

Microscopic (SEM) analyses of all the samples studied were
performed with SEM-EDS combination using JEOL Model JSM -
6390LV, JEOL Model JED - 2300. The instrument offers a resolution
of 3nm (AccV 30KV, WD 8 mm, SEI), 8 nm(AccV 3.0 KV, WD 6 mm,
SEI) and magnification of 5 to 300,000 x (Both in high and low
vacuum mode). For the present investigation, the imaging
techniques employed was secondary electrons (SE), backscattered
electrons (BSE) and energy-dispersive X-ray analysis (EDXA). The
Transmission electron microscopic (TEM) analysis of the particles
was achieved by using a JEOL Model JEM 2100 field emission
transmission electron microscope operated at 200kV with a
0.18 nm resolution. The thermo gravimetric (TG) analysis of the
samples was made on a T.A. thermal analyzer, model: TGA Q50
v20.2 Build 27 in the temperature range 303-1373 K at a heating
rate 10 min~ .. The operational characteristics of the TG system are
as follows: atmosphere: flowing air, at a flow rate of 60 mLmin™";
sample mass: 5.6 mg; and sample pan: silica. Duplicate runs were
made under similar conditions and found that the data overlap
with each other, indicating satisfactory reproducibility. The
differential scanning calorimetric (DSC) measurements of the

Table 1
Mass loss data of sample A; and sample A,
Decomposition steps Temperature Sample A, Sample A,
range (K) (Mass loss%) (Mass loss%)
1 308-463 17.62 16.94
2 463-523 2.79 3.75
3 523-753 20.52 19.94
4 753-893 513 6.77
5 893-1053 6.99 7.92
Total 308-1053 53.05 55.32
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Fig. 5. The DSC curves for the thermal decomposition of sample A; (m; =5.01+0.01 mg) (a) and sample A, (m,=>5.01-+0.02 mg) (b) at different 8 in N, (50 mLmin~').

samples were done in the temperature range 303-870K on a
Mettler Toledo DSC822e. The operational characteristics of the DSC
system are as follows: atmosphere: flowing N, at a flow rate of
50 mLmin~'; sample mass: 5.1 mg; and sample holder: alumini-
um.

3. Results and discussion
3.1. Sample characterization

Fig. 1 represents the FT-IR spectra of undoped BTO (A1), BTO
calcined at 628 and 1023 K for 1 h, sample A, and A, calcined at 628
and 1023 K for 1 h. For the sample A, (Fig. 1a), the principal band
(a5, —C=0) occurs at 1686 cm . The FTIR spectrum of sample A;
calcined at 628 K (Fig. 1b) in vacuum for 1 h shows the appearance
of an intense band at 2339cm™! which can be attributed to the
asymmetric stretching frequency of free CO,. The FT-IR spectra of
the sample calcined at 1023 K was presented in Fig. 1c, which
represents the undoped BaTiOs. The FT-IR absorption spectrum of
K*- doped BTO crystalline particle (sample A,) is shown in Fig. 1d.
The broad band extending from 2800 to 3600 cm ! is assigned to
the symmetric and asymmetric stretching modes of the water
molecules. The strong band appearing in the IR spectrum around
1615cm™! can be identified as the asymmetric stretching
vibrations of CO groups of the C,04%~ ions together with the
bending mode of water. Fig. 1e displays the FT-IR spectrum for
doped sample A, calcined at 628K. The strong peak around
1316cm! is also assigned to the asymmetric stretching of CO
groups (Fig. 1e). The strong bands around 495 and 796 cm™! are
due to the combined effect of the in-plane deformation mode of
0CO and MO bond and the weak one around 582 cm ™! observed in
the spectrum represent the wagging mode [22-24]. The FT-IR
spectroscopic analysis of crystals of Ba;_xKxTiO(C04)2-4H,0
confirmed the presence of functional groups associated with the
oxalate ligands and the metal-oxygen bond. Fig. 1f represents the
FT-IR spectrum of K*-doped BaTiOs. FT-IR spectra displays two
strong absorption peaks at 441 and 563 cm™! in control (Fig. 1¢);

and 430 and 557 cm™~! in doped samples (Fig. 1f). The former peaks
(441 and 430 cm™ ') were assigned to Ti-O bending vibrations along
the polar axis whereas the latter peaks (563 and 557 cm™~') were
assigned to Ti-O stretching vibrations. These peaks suggest that
both doped and control sample had pure tetragonal phase [25,26].
Further, the peaks at 868 cm ™! in control and doped sample were
assigned to stretching vibrations of metal-oxygen. The peaks
displayed at 1724 and 3429cm™}, in control and doped sample
were attributed to moisture absorption by samples.

Powder X-ray diffractometer (XRD) was used for the phase
identification and the relative percentage of different phases of the
prepared samples. The diffraction patterns were recorded over the
angular range 20 from 20 to 80°. Using the XRD data of the samples,
particle size and lattice parameters were estimated. Fig. 2a exhibits
the XRD pattern of sample A; and sample A; calcined at 773 and
1023 K (Figs. 2b & c respectively). Before the calcination of samples
A1 & A, (Figs. 2a & d), amorphous phase was observed due to the
presence of carbon atoms and water in the mixture. After
calcination at 773K, the crystalline phase with cubic structure
(a=4.0073A) was appeared (Fig. 2b). The calcination of sample A,
at 1023K for 1h tend to produce the crystalline phase with
tetragonal phase (a=b=3.999 and c=4.0053 A) (Fig. 2c).

Fig. 2d displays the XRD pattern of K* doped BTO (sample A;)
and its decomposed products at 773 and 1023 K (Figs. 2e & f
respectively). It was observed that the formation of BaTiO3 from
BTO completes at about 773 K. The products of the samples A; and
A, calcined at 773K consist of pure cubic BaTiO3 (Figs. 2b & e
respectively). The products of the samples A; and A, calcined at
1023K (Figs. 2c & f) indicate that the cubic form possibly
transforms to tetragonal structure. This was revealed by the
asymmetry introduced in the peaks at the 26 values corresponding
to 45.26, 50.90, 56.14, 74.89 and 79.5° respectively, which confirms
the transformation of the cubic phase to the tetragonal phase [27].
Figs. 3a & c show the FT-Raman spectra of the sample A, and A, at
room temperature. Sample A; exhibits the tetragonal structure
belonging to the space group C4, symmetry. The peak observed at
305 cm™! corresponds to the E (TO,) phonon mode of tetragonal
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Fig. 6. Typical linear least — squares plot of KAS method for the sample A; (a) and the plot of Ea vs « for the samples A; (b) and A, (c).
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Table 2
Initial kinetic parameters used for the kinetic deconvolution analysis of the thermal
decomposition of samples A; and A, under linear non-isothermal conditions.

Sample i G Ea; (kJmol ~1) A (sec™!) fi (o)
1 0.560  55.83 6.34 x 10?1 R (n);n=1
A 2 0113 39.80 2.33 x 10° R (n);n=0.99
3 0250 119.58 1.78x10'® R (n)n=11
4 0022 17997 115x10%*  JMA (m);m=1
5 0055 4134 5.71x10"  JMA (m);m=12
A, 1 0400 8563 1.85x10%®  R(n)n=1
2 0085 4331 2.70 x 10° R (n);n=0.995
3 0075 11492 1.70 x 10° R (n);n=12
4 0220 236.07 1.52x10"”  JMA (m);m=1
5 0060 32568 9.64x10"®  ]JMA (m);m=13
6 0160 5398 530x10%°  JMA (m);m=0.98

BTO. The A; (TO¢), A; (TO3), A; (TO3) and A; (LO3) modes were
observed at about 180, 270, 516 and 720 cm™! respectively [28].
The FT-Raman spectra obtained for the sample A, did not show any
remarkable shift in wavelength. This can be attributed to the
effective doping of K*- ion into the lattice structure of BTO. It was
also seen that all Raman modes are weaker and broader with
change in the concentration. Figs. 3b & d show the FT-Raman
spectra of decomposed product (calcined at 1023 K) of both the
samples A; and A,. For the sample A;, the spectrum consists of
peaks at 52, 174, 260, 306, 547 & 717 cm~" and for the sample A,,
the spectrum made up of peaks at 185, 308, 515, 728 cm™. This
confirms that all are characteristic bands of the tetragonal phase
BaTiOs. The strong peaks at 174 and 547 cm~! were due to the TO,
and TO, phonons respectively and the weak peak at 260cm™! to
the silent TO; mode. The appearance of a peak at 305cm™! [A;
(TO,) mode] indicates the asymmetry within the TiOg octahedra of
barium titanate phase with the particle size of 50nm [29,30].
According to Kaiser et al.[31] the weak shoulder below 300 cm™!
belongs to an A; (TO) phonon mode. The peak at ~307 cm™!
corresponds to the E(TO+LO) phonon mode of tetragonal BaTiO3
[32] and the strong band at ~515cm™! can be attributed to the
A1(TO) phonon mode of the tetragonal phase [33,34]. The weak
peak at ~718 cm~! has been associated with the highest-frequency
longitudinal optical mode (LO) of A; symmetry.

235
3.2. Thermal decomposition behavior

Fig. 4 shows the result of thermo gravimetric analysis of both
the samples A; and A,, which confirms the mass change in the
various stages upon the heating up to 1373 K (Table 1). TG curve
shows the sequence of 5 steps with different mass loss steps
involving dehydration and decarboxylation. For sample A, the first
major mass loss, of about 17.62% is within the temperature range
from room temperature to 463 K, which may be attributed to the
dehydration of BaTiO(C204),-4H,0 to BaTiO (C04). The second
mass loss of about 2.79% appearing in the temperature range 463-
523K, can be attributed to the initial low temperature decompo-
sition of BTO. The third major mass loss of about 20.52% is found in
the temperature range 523-753K attributed to the complete
decomposition of the oxalate groups, resulting in the formation of
a carbonate with CO, and CO:

BﬂzTizOz(CzO4)3.C03 — Ba, Ti,05CO3 (CO,) + 2€0, + 3C0O (1)

The fourth mass loss of about 5.13%, observed at 753-823K, is
due to the evolution of entrapped CO-, the final decomposition of
carbonate takes place between 893 and 1023 K with a mass loss of
about 6.9%, which is due to the formation of BaTiO5 [35,36].

DSC technique was used for the elucidation of kinetics of
thermal decomposition of doped and undoped sample. Each
sample of 5.01 mg was weighed in an aluminium pan (6 mm in
diameter and 2.5 mm in depth). A reference sample was made
under similar conditions. This method measures the difference in
the amount of heat supplied to the examined sample and reference
sample when both are subjected to the controlled changes of
temperature. Fig. 5a & b respectively show the DSC curves for the
thermal decomposition of BTO from 303 to 873 K (sample A;) and
K*doped BTO (sample A, ) in the atmosphere of N, (50 mL min~!) at
a heating rate of 2, 5, 7 and 10Kmin~'. These calorimetric
investigations indicate that many endothermic transformations
takes place in both doped and undoped samples. The DSC curves of
both the samples were separated into 5 reaction process. The
reaction below 500K corresponds to the dehydration of 4 mol of
water associated with BTO. Low temperature decomposition of
sample A; and A, occur within the temperature region of 550-
650K, third stage of decomposition, i.e., complete decomposition
of oxalate occurs within the temperature range of 523-753 K. The
evolution of entrapped CO, occurs within the temperature range
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Fig. 7. Typical results of kinetic deconvolution of the thermal decomposition of the samples A; (a) and A, (b) under linear non-isothermal condition at f=5Kmin~
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Table 3
Average kinetic parameters optimized by kinetic deconvolution analysis of the thermal decomposition of samples A; and A, under linear non-isothermal conditions.
Sample i C; Ea ; A; (sec™ ) fi (@) R?
(kJmol 1)
1 0.57 +0.04 56.3+0.1 (6.34+0.09) x 10! R(n); n=11=+0.1 0.9931
Aq 2 0.13+0. 02 40.1 £0.2 (2.33+0.05) x 10° R(n); n=0.99+0.02 0.9921
3 0.22+0.23 120.5+0.1 (1.78 £0.04) x 10'6 R(n); n=12+04 0.9813
4 0.02+0.12 180.21 +0.09 (1.15+0.08) x 10% JMA(m); m=0.99 +0.13 0.9966
5 0.06 40.92 +0.01 (5.71+0.02) x 10 JMA(m); m=1 0.9999
Ay 1 0.36 85.71 +0.02 (1.85 +0.05) x 10?8 R(n); n=1 0.9999
2 0.08 +0.02 4412 +0.05 (2.71+£0.01) x 10° R(n); n=0.995+0.021 0.9951
3 0.07 +£0.05 115.23 +0.02 (1.734+0.02) x 10° R(n); n=1.21+0.03 0.9958
4 0.23+0.07 236.81+0.04 (1.52+0.03) x 10® JMA(m); m=11+ 0.1 0.9901
5 0.04 £0.03 326.43+£0.03 (9.64+£0.07) x 108 JMA(m); m=13+ 0.2 0.9997
6 0.22+0.92 55.14+ 0.4 (5.31+£0.04) x 10%° JMA(m); m=0.98 +0.42 0.9831
753-873K. Finally the formation of BaTiOs; occurs at the
temperature range 893-1023K. It was noticed from the DSC dot
curves that the curves are shifted towards right with increasing the i Ae"E/RDf (o) (4)

value of B. At a $ value of 2Kmin~' the DSC curves for both the
sample depicts the intermediate stages. The physico-geometrical
kinetic behavior and the reaction mechanism under linear non-
isothermal condition were illustrated through kinetic analysis
using the kinetic deconvolution method.

4. Kinetic behavior

The kinetic analysis of solid state decomposition is described by
two functions, one of the reaction temperature and another of the
extent of conversions i e. K(T) and fla) respectively. The
mathematical equations used to model kinetic reactions generally
take the form of

do k@) @)

where t is the time and T the temperature and « is the extent of
conversion, which can be determined from the DSC as a fractional
heat release. In general K(T) is described by an Arrhenius equation:

K(T) = Ae~Ea/RT 3)

15kv X1,500 10pm 0000 1147 SEl

15kv X7,000 2pm 0000 1147 SEl

Where «, A, Ea, and R are the fractional reaction, Arrhenius pre
exponential factor, apparent activation energy, and the gas
constant respectively. The kinetic model function f(a), proposed
the physico-geometrical reaction mechanism of the reaction.

Kinetic analysis of thermal decomposition of BTO and doped
BTO was executed with DSC data taken under linear non-
isothermal heating program at different values of 8: 2, 5, 7 and
10K min~'. Heat flow (dQ/dt) by the reaction and overall heat of
reaction obtained from the experimentally resolved DSC curve
after subtracting the baseline. The overall reaction rate can be
expressed as

do dQ\ 1
i (a)e )
DSC curves for the thermal decomposition of BTO and doped
BTO are resulted through five component processes such as
dehydration, formation of carbonate, decomposition of oxalate
ligand, evolution of entrapped CO, and formation of barium
titanate. The direct application of the kinetic equation and the
optimization of the composition of the reactant mixtures and the

15kV  X3,500

15kVv  X10,000 0000 1147 SEI

Fig. 8. The SEM images showing the surface microstructure of the sample A; at 10 wm (a), 5 m (b), 2 wm (c) and 1 pm (d).
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15kV X1,500 10pm 0000 1147 SEl

15kV X7,000 2pm 0000 1147 SEI
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Fig. 9. The SEM images showing the surface microstructure of the sample A, at 10 wm (a), 5m (b), 2 wm (c) and 1 pm (d).

kinetic parameters of the respective reaction steps known as
kinetic deconvolution, is a simple and rapid mathematical
procedure of peak fitting for the deconvolution of partially
overlapped thermal decomposition processes of solids. The
deconvolution of the kinetic rate data determined via DSC into
the initial and established reaction stages should enable the
discussion of the kinetics of the reaction stages from the physico-
geometrical reaction mechanism, the different reaction stages
were approximately treated as kinetically independent. Thus, the
different partially overlapping reaction stages were separated
through the mathematical deconvolution in order to elicit the
kinetic behavior of the respective reaction. The overall process of

15kvV X3,500 Spm 0000 1147 SEI

the thermal decomposition is composed of n independent kinetic
processes, is expressed by the summation of the respective kinetic
processes i by considering their contribution c; the following
cumulative kinetic equation can be applied. [37-44].

?T? = ZCiAieXP (7:;‘i)fi(ai) ©
i-1

n n
with > ¢; = 1and ) “cjo; = awhere n and c are the number of
i=1 i—1
component steps and the contribution ratio of each reaction step to
the overall process, respectively and the subscript i denotes each

15kV X3,500 Spm 0000 1147 SEI

X10,000 1pm 0000 1147 SEI

Fig. 10. The SEM images showing the surface microstructure of the sample A; calcined at 1023K for 1h at 10 wm (a), 5pm (b), 2 wm (c) and 1 wm (d).
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15kV X7,000 2pm 0000 1147 SEI

15kV X3,500

15kV  X10,000 1pm 0000 1147 SEI

Fig. 11. The SEM images showing the surface microstructure of the sample A, calcined at 1023K for 1h 10 wm (a), 5pm (b), 2 wm (c) and 1 wm (d).

component reaction step. The contribution Cengo and Cexo can be
defined as

QCXO
Q

where Qengo and Qey, are the heats of endothermic and exothermic
process respectively.

The kinetics of each component process of the overall reaction
can be characterized by optimizing all the kinetic parameters in
Eq. (6) using nonlinear least- squares analysis. In order to predict
the physico-geometrical reaction mechanism, empirical kinetic
model functions such as phase- boundary- controlled model, RO
(n) [45] and the nucleation and growth- type model, JMA (m) were
employed [46,47].

_ Qendo

Cendo Q <0 and Cexo =

>0 (7)

RO(n) : f(a) = n(1 — )~ /n (8)

JMA(m) : f (@) = m(1 — &) [~In(1 — )]~/ )

where n and m are the kinetic exponents.

By allowing the non-integral values for the kinetic exponents in
both Eqgs. (8) & (9), possible reaction mechanisms for each
component process can be found. For both the samples A; and A,,

(a)

A
100 nm

RO (n) and JMA (m) functions with n~1 can be utilized. The

Kissinger-Akahira-Sunose (KAS) [48] method (Eq. (10)) is a

possible method to determine the apparent activation energy

for the overall reaction from the DSC curves recorded at different j:
AR Ea

The plots of In [8/T?] versus T~} Ea and A can be obtained from
the slope and intercept respectively. The isoconversional plots
indicate a linear relationship irrespective of o and this was
observed for samples with different S8 values (Fig. 6a).

The variation of the apparent Ea values as a function of a was
not almost similar for the two prepared samples A; and A, (Figs. 6b
& c). For the sample A;, though a small deviation of the slope of the
KAS plot was observed during the initial stage, the E, value was
found to decrease from 55.83 to 39.80 k] mol~! (0.05 < o < 0.60)
approximately. In the decomposition part of the reaction, the
average values of Ea was found approximately 119.58 (0.61 <a
<0.92), 179.97 (0.920 < <0.944) and 41.34kjmol! (0.95<a
< 0.99) respectively. While the apparent E, values for the sample A,
was 85.63kJmol~' (0.05< o <0.40) which was found to be
decreased to 43.31kJmol~! (0.485 <« <0.560), 114.92 (0.58 <«
<0.78),236.07 (0.785 < o < 0.830), 325.68 (0.835 < o < 0.945) and
53.98 k] mol~! respectively. This indicates that the sample A, made

(c)

Fig. 12. The TEM images of the sample A, calcined at 1023 K for 1h at 100 nm (a), 50nm (b) and 10 nm (c).
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(a)

100 nm 20 nm

(c)

Fig. 13. The TEM images of the sample A, calcined at 1023 K for 1 h at 100 nm (a), 20 nm (b) and 5nm (c).

large deviation to the slope of the KAS plot and the contribution of
doping to the overall kinetics is a plausible explanation for this
variation in Ea.

In the proposed work, the initial values of the Kkinetic
parameters were determined through a formal kinetic analysis
of the kinetic data, first subjected to a statistical deconvolution
[49,50] using a function (Weibull). The number of component steps
for both samples are obtained through kinetic deconvolution of
DSC peaks. After setting the all initial values of kinetic parameters
(Table 2) for each reaction stage, a parameter optimization was
performed to minimize F (Eq. (11)), defined as the squared sum of
the difference between the experimental kinetic data (do/dt)exp
versus time and calculated kinetic data (dot/dt).4 versus time [51-
54]

P S]()., (#).)] )

where n is the number of data points

Formation of barium titanate from barium titanyl oxalate via
thermal decomposition reaction can be brought through the
following scheme (Eqs. (12)-(16)):

BaTiO(C,04),.4H,0°" 4 BaTio(C,04), + 4H,0 (12)
BaTiO(C,04), "= Ba,Ti, 04(C;04)5.C05 + CO (13)
Ba,Tiy05(C204)5.C05°> % Ba, Ti, 05C05(CO,) + 2€0, + 3C0

(14)
Ba,Ti,05C05(CO5) =2 Ba, Ti, 05C05 + CO, (15)

873-1023K
—

Ba,Ti,05C0; 2BaTi0; + CO, (16)

Barium titanate formation from BTO comes about through the
evolution of H0, CO and CO,. Initial low temperature reaction is
known as the dehydration (<500K) and low temperature
decomposition occurs >500 K forming the carbonate intermediate.
Succeeding steps involves the decomposition of carbonate
intermediate with the evolution of CO and CO,.

Fig. 7 shows the result of the kinetic deconvolution analysis of
the thermal decomposition of the samples A; and A, on the basis of
Eq. (6) after establishing the initial values of the kinetic parameters
through mathematical deconvolution and the subsequent formal
kinetic analysis of each resolved reaction step [55]. Under the
linear non isothermal conditions, for the sample A; the overall
reaction was resolved into five steps (Fig. 7a) and that of sample A,
into six overlapping reaction steps (Fig. 7b). The first low
temperature reaction observed is considered as the dehydration
reaction [56,57]. Both the samples A; and A, take one independent
step for the removal of water molecules, whereas for the higher
temperature reaction, both the samples go through more complex
reaction pathways.

The average values of the kinetic parameters optimized for the
each reaction stage at different 8 values are summarized in Table 3.
For each resolved reaction steps, the value of Ea calculated for each
reaction step are nearly in agreement with the respective
corresponding values estimated by the KAS plots for the overall
reaction under non isothermal conditions [58,59]. The physico-
geometrical behavior of each sample was best described empiri-
cally by the RO (n) and JMA (m) kinetic model functions as shown
in Table 3. The required average values of Ea for each resolved steps
are 56.3+0.1 (i=1), 401+0.2 (i=2), 120.5+0.1 (i=3),
180.21+0.09 (i=4) and 40.92 +0.01 kjmol~! (i=5) respectively.
For the sample A,, thermal decomposition occurs via more
complex reaction strategies i.e, through six overlapping stage.
The average values of energy needed for the respective steps are

Fig. 14. SAED pattern of barium titanate (a) and K*- doped barium titanate (b).
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85.71+£0.02 (i=1), 44124+0.05 (i=2), 115.23+0.02 (i=3),
236.81+0.04 (i=4), 326.43 +0.03 (i=5) and 55.14 + 0.44 k] mol !
(i=6) respectively. It should also be noted that difference in the
values of A for the initial and final steps were larger for both the
samples A; and A,, indicating the larger lags of reaction time and
temperature.

5. Morphological analysis

Figs. 8 and 9 show the SEM images of the BTO and doped BTO,
which confirm the bone shaped morphology of BTO. It was noticed
that most of the bones have smooth surfaces. Figs. 10 and 11 exhibit
the SEM images of BaTiO; which was formed by the multistage
thermal decomposition of BTO. Bone like morphology of BTO was
retained in the BaTiOs. Doping with K* ion brought slight variation
in the bone like morphology of BTO and BT. Doped BTO and BT
destroy the smoothness of the surfaces. Presence of pores and
holes, created by the increased internal gaseous pressure during
the process of thermal decomposition of doped BTO depicts the
complexity of the reaction upon doping. These holes and pores act
as diffusion channels for the removal of CO, and water.

Figs. 12 and 13 show the TEM images of the BaTiO3 and doped
BaTiO3 calcined at 1023 K for 1 h. The estimated particle size of the
both doped and undoped BT from the TEM image is in the range of
5-170 nm. From the TEM image, it was revealed that the particle
exhibits as nano sphere having uniform grain size distribution and
these nano spheres were underwent oriented growth to form the
bone shaped morphology of barium titanate as shown in Figs. 10
and 11.

As the temperature increases, the morphology of the BaTiO3
does not varied. TEM image of K*-doped BaTiO; shows a small
depression in the nano spheres, which points out the complexity of
formation of final product upon doping. Formation of cracks and
holes in the surface of the product indicates the formation of
surface product layer during the early stages of the reaction. As the
temperature increases, there occurs change in the reaction
condition at the reaction interface, leading to the complexity of
the process. The cracks and holes act as the channels for the
diffusional removal of gaseous products such as H,0, CO,, CO, etc.
Thus, the synthesized BaTiO3; nanoparticles can be used for the
wide range of applications in the electronic as well as opto-
electronic field.

Fig. 14a & b display the SEAD pattern of BT and doped BT. These
images confirm the nano semi crystalline nature of the synthesized
barium titanate. Doping does not varied the semi crystalline
properties of the synthesized BaTiOs.

6. Conclusion

The kinetics and mechanism of formation of BaTiO3 via thermal
decomposition strategy was illustrated through the Kkinetic
deconvolution procedure. The effect of doping of K*-ion (10~*
mol%) on the kinetics and mechanism was studied under linear
non isothermal condition using the DSC technique in N,
atmosphere. Both the samples went through multistage reaction
pathways. BTO takes five steps for the formation of barium
titanate, whereas K* doped BT go through six steps for the
discharge of barium titanate. Doping of K" ion caused to increase
the complexity of the reaction process and hence enhances the
thermal stability of BTO. The physico-geometrical reaction
behaviours of both the samples were best described empirically
by RO (n) and JMA (m) models. Morphological analysis disclosed
that the synthesized nanospheres undergo oriented crystal growth
forming the micro dimensional bone shaped BaTiOs. The estimated
size of the spheres covers the range 5-170 nm. The SAED pattern of

both samples of doped and undoped BT exposed the nano semi
crystalline nature. The XRD pattern revealed the transformation of
cubic phase of barium titanate in to tetragonal structure on
increasing the temperature.
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Abstract

This study describes the physico-geometrical mechanism and overall kinetics for the multistep thermal dehydration of
barium titanyl oxalate tetrahydrate (BTO). The thermal dehydration kinetics of BTO was studied at four different linear
heating rates under non-isothermal conditions. The reaction kinetics was performed using differential scanning calorimetry
(DSC) and the curves obtained were analysed using different isoconversional model-free equations and the values are
found to be compatible with each other. The kinetic deconvolution principle is used for identifying the partially overlapped
kinetic processes of the thermal dehydration of BTO, and it occurs in two stages. The overall reaction kinetics parameters
calculated via kinetic deconvolution of the sample indicate the multistep nature of the process and the kinetic analysis of
the non-isothermal data of this reaction model shows that the reaction is best described by Sestak—Berggren (m, n) em-
pirical kinetic model. The prepared sample was identified and characterized by means of FT-IR, XRD, SEM, and TEM.

Keywords Dehydration kinetics - Kinetic deconvolution - Boswell - Tang - Starin

Introduction

‘New materials’ refers to all those novel materials capable
of bringing about revolutions in the current material world
and can provide new colours to material chemistry. They
are with specific features and are considered as the back-
bone of modern devices. The discovery and design of ‘new
materials’, i.e., new alloys, composite materials, optical
fibres, polymers and plastics, nano-materials, biomaterials,
newer semiconducting materials, ceramic materials,
dielectric materials, smart materials are utilized for tech-
nological development. Many scientists and researchers
still focus on these materials which form the most chal-
lenging area of scientific and technologic research because
of their fabulous potentials associated with them. These
materials often possess unique electric, magnetic, optical,
catalytic, sensing, superconducting, and plasmonic prop-
erties that provide for biomedical purpose also.
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- Starin

Thermal decomposition of barium titanyl oxalate yields
barium titanate nanoparticles, which have superior prop-
erties than the bulk substances: mechanical strength, ther-
mal stability, catalytic activity, electrical conductivity,
magnetic properties, optical properties, etc. It has a wide
range of applications: quantum electronics, nonlinear
optics, photonics, sensing, solar cells, information storage
and processing, as adsorbents, in catalysis, solar cells,
super-plastic ceramics, etc. [1]. Barium titanate (BT) is
considered as a promising ceramic material for a variety of
problems of techno-environmental factors due to its
excellent properties. It is a well-known and widely inves-
tigated dielectric material and is mainly used as a capacitor
due to its high dielectric constant. It is the first ferroelectric
perovskite-type ceramics and a good candidate for making
piezoelectric devices and semiconductors. Due to some
advantages such as high activity, potential for device
miniaturization, and improved dielectric properties, pro-
duction of BT in nano-size is of great significance. Many
methods such as sol-gel method [2], the hydrothermal
method [3], the Pechini processing using a citric or oxalate
complex as the precursor [4], the ball-milling method [5],
the polymeric precursor method [6], the soft chemical
process [7], the glycothermal method [8], the co-
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precipitation method [9], and the thermal decomposition
method [10] were used for the synthesis of BT. Among
these methods, the one with oxalate as a precursor has been
widely used due to its simplicity and the precise stoi-
chiometry of the produced BT phase. And also having the
advantage of being easy and low cost for material and
investment for facilities, the oxalate synthesis process was
first commercialized. However, the oxalate synthesis pro-
cess is disadvantageous in that it is difficult to control the
powder composition (Ba/Ti) and particle distribution. Also,
the particles have a strong tendency to aggregate upon
thermolysis, resulting in an incomplete pulverization, after
which there may remain aggregates as large as ones to tens
of um in size. Further, the particles are not well dispersed
upon subsequent mixing processes. In addition, the pres-
ence of aggregates may result in the formation of abnormal
crystal grains at sintering and shows poor crystallinity.
Recently, a new preparation method with crystal growth
under vacuum to prepare defect-free, impurity-free BaTiO3
nanoparticles (17-500 nm) was proposed by Wada et al.
[11]. Moreover, they developed a new measurement
method for dielectric constants of BaTiO; particles. A
combination between the powder dielectric measurement
method and the defect-free, impurity-free BaTiO;
nanoparticles resulted in the unique particle-size depen-
dence with maximum dielectric constant of 15,000 at
68 nm. Recently it has been widely studied due to its
important applications in nonlinear optics, multilayer
ceramic capacitors (MLCC), microelectromechanical sys-
tems (MEMs), ferroelectric random access memories
(FRAM), and high-density optical data storage, etc. Over
the past few years, the unique ferroelectric, piezoelectric,
and thermoelectric properties of barium titanate nanopar-
ticles have become increasingly important in the electronic
ceramics industry. The BaTiO; nanoparticles have been
extensively applied in various fields such as integral
capacitors in printed circuit boards (PCB), dynamic ran-
dom access memories (DRAM), resistors with positive
temperature coefficient of resistivity (PTCR), temperature—
humidity—gas sensors, electro-optic modulators, piezo-
electric transducers, pyroelectric detectors, actuators,
thermistors, ultrasonic devices, medical imaging detectors,
high-K dielectronics, and microwave dielectric ceramic. It
has the highest reflectivity of the materials used for self-
pumped phase conjugation (SPPC) applications [12].

The preparation of BTO has been reported by many
workers [13—18]. Clabaugh et al. [13] reported that a high-
purity barium titanate could be prepared by precipitating
barium titanyl oxalate and subsequently converting to
barium titanate by calcination. Kudaka et al. [14] also
reported the optimum conditions for the formation of BTO
in more detail. Yamamura et al. [15] employed a revised
Clabaugh method to prepare BTO in which the ethanol

@ Springer

solution of the oxalic acid was added to the mixed starting
solution of Ba(NO)3 and TiO(NOs3),. The decomposition
kinetics of barium titanyl oxalate tetrahydrate has been
extensively studied by many researchers [19-27].
Otta et al. [19] studied the kinetics and mechanism of the
thermal decomposition of barium titanyl oxalate and sug-
gested that BaTiO; was formed in the temperature range of
500-800 °C. Gallagher and Thomson [24] suggested that in
the first step of the thermal decomposition four molecules
of water are lost in the range of 20-250 °C. After losing the
water of crystallization, oxygen is adsorbed to form active
BaCO; and TiO, which react to form BaTiOs at a tem-
peratures range of 500-700 °C and CO, is released. The
thermal behaviour of BaTiOj; prepared at a temperature of
600-900 °C was studied by Swillam and Gadalla [25].
They have shown that at lower temperatures BaTiOj;
compacts during calcination, with the formation of extre-
mely fine pores, whereas at higher temperatures it
agglomerates to shrink too much smaller particles, elimi-
nating these pores. Gopalakrishnamurthy et al. [27]
investigated the evolution of water and CO, vapours during
the thermal decomposition of BTO, the decomposition
proceeded through five steps and was not affected much by
surrounding gaseous atmosphere. The first step is the
dehydration of the tetrahydrate which was followed by
low-temperature decomposition of the oxalate groups. In
the temperature range of 393-453 K, carbon monoxide is
evolved with the formation of a transient intermediate
substance containing both carbonate and oxalate groups.
The oxalate groups were completely destroyed in the
temperature range of 453-523 K, resulting in the formation
of a carbonate which retains free CO, in the matrix. The
trapped CO, was released in the temperature range of
523-723 K. The final decomposition of carbonate takes
place between 873 and 1023 K and yields barium titanate.

In kinetic studies, dehydration rate and activation energy
are important parameters to determine the reaction mech-
anism in solid state phase. The use of thermo-analytical
data to evaluate the kinetic parameters of solid-state reac-
tions has been investigated by many workers [28-32].
Successful and deliberate attempts to evaluate kinetic and
thermodynamic parameters are made by Kotru et al. [33]
and Schaube et al. [34]. The kinetics of dehydration of
gypsum [35], lithium sulphate monohydrate crystal [36],
and the kinetic and thermodynamic parameters of the
decomposition of chromium chromate in different gas
atmospheres have been evaluated [37]. Kinetic parameters
can be calculated from the kinetic data by applying integral
and differential equations [38—40], which are proposed by
different authors on the basis of different assumptions to
the kinetics of the reaction and the Arrhenius law.

In the present investigation, the kinetic parameters of the
thermal dehydration of incorporated water from barium
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titanyl oxalate tetrahydrate were studied by using different
isoconversional model free equations; the methods of
Bosewell, Tang, Starink'>, and Starink'*? have been used
to elucidate the thermal stability, the nature, and extent of
the dehydration of barium titanyl oxalate tetrahydrate in
nitrogen atmosphere. The values of kinetic parameters
were calculated for the kinetic deconvolution of the sam-
ple, and this method is used to yield the dependency of E,
on the extent of conversion and the most probable kinetic
model of the sample.

Experimental
Sample preparation

AnalaR grade barium nitrate (Ba(NOs),) (Merck, India;
assay > 99.9%) and potassium titanyl oxalate (K,TiO(C,.
04),) (BHO Laboratory England; assay > 99.9%) were
used in the present investigation.

Barium titanyl oxalate tetrahydrate was synthesized by
the precipitation reaction of mixing of barium nitrate and
potassium titanyl oxalate with constant stirring. The white
BTO precipitate obtained was filtered, washed with
deionized water and dried in an air oven kept at a constant
temperature of 50 °C for 48 h, powdered in an agate
mortar, and the particle size was fixed in the range of
45-53 pm.

Methods

The FT- IR spectrum of the samples in KBr pellet was
recorded using a JASCO FT-IR-4100 instrument. The
sample was first compressed with KBr into pellet and
analysed as KBr disc from 400 to 4000 cm™'. The instru-
ment offers high sensitivity, maximum resolution
0.9 cmfl), and high signal-to-noise ratio (22,000:1). The
X-ray diffraction (XRD) measurements of the samples
were taken on a RIGAKU MINI FLEX-400 X-ray
diffraction spectrophotometer using Cu Ko (1.5418 A)
radiation. The scanning electron microscope (SEM) anal-
yses of all the samples studied were performed with SEM—
EDS combination using JEOL Model JSM - 6390LV,
JEOL Model JED - 2300. The instrument offers a resolu-
tion of 3 nm (Acc V 30 kV, WD 8 mm, SEI), 8 nm (Acc V
3.0kV, WD 6mm, SEI) and magnification of
5-300,000 x (both in high and low vacuum mode). For the
present investigation, the imaging techniques employed
was secondary electrons (SE), backscattered electrons
(BSE), and energy-dispersive X-ray analysis (EDXA). The
transmission electron microscopy (TEM) analysis of the
particles was achieved by using a JEOL 2100 field

emission transmission electron microscope operated at
200 kV with a 0.18 nm resolution. The differential scan-
ning calorimetric (DSC) measurements of the samples
were taken on a Mettler Toledo DSC822e. The operational
characteristics of the DSC system are as follows: atmo-
sphere: flowing N, at a flow rate of 50 mL min~"; sample
mass: 5.1 mg; and sample holder: aluminium.

Results and discussion
Sample characterization

Figure 1 represents the FT-IR spectrum of the hydrated and
dehydrated sample. Figure la represents FT-IR spectrum
of barium titanyl oxalate tetrahydrate. The broadband
extending from 2800 to 3600 cm™' is assigned to the
symmetric and asymmetric stretching modes of the water
molecules. The strong band appearing in the IR spectrum
around 1615 cm™' can be identified as the asymmetric
stretching vibrations of CO groups of the C,O,> ions
together with the bending mode of water [41]. The IR
spectrum of BTO heated to 510 K in vacuum for 1 h
presented in Fig. 1b shows the appearance of an intense
band at 2339 cm ™' which can be attributed to the asym-
metric stretching frequency of free CO,. The strong peak
around 1316 cm™' is also assigned to the asymmetric
stretching of CO groups.

X-ray diffractometer (XRD) was used for the calculation
of particle size, lattice parameters a, b, ¢, etc. Figure 2
shows the XRD pattern of the hydrated and dehydrated
samples at 26 values ranging from 10° to 80°. The crys-
tallite sizes (d) of prepared samples were estimated from
the peaks of XRD patterns, using Debye—Scherrer’s equa-
tion, d = K1/Bcos where K is the shape coefficient
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Fig. 1 The FT-IR spectra of sample (a), sample calcined at 510 K for
1 h (b)
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(value between 0.9 and 1.0), 4 is the wave length (1.5418
/&), p is the full width at half maximum, and 0 is the
diffraction angle which shows the structural characteristics
of the sample. Figure 2a shows the XRD pattern of barium
titanyl oxalate tetrahydrate at 26 values 19.71°, 24.16°,
31.78°, 34.52°, 45.11°, 56.96°, and 69.22°. The reflections
from the sample indicate that barium titanyl oxalate shows
amorphous phase due to the presence of the carbon atoms
and the water in the mixture. Figure 2b represents the XRD
pattern of the dehydrated sample (510 K) at 20 values
22.47°, 31.78°, 39.17°, 45.74°, 51.46°, 56.52°, 66.27°,
70.92°, 75.37°, and 79.39°. After calcinations, at 510 K,
the crystalline phase with cubic structure (a = 4.0073 A)

(b)
3
)
)
®
| (@
20 40 60 80 100

20/°

Fig. 2 The XRD pattern of sample (a), sample calcined at 510 K for
1 h (b)

was appeared [42]. From the XRD results, it was clear that
the peak intensity and crystalline nature enhance with the
calcinations of the sample. From the calculation, the
average crystallite size of the hydrated and dehydrated
barium titanyl oxalate has been obtained in nanometre
region.

The surface morphological analysis of the synthesized
samples was conducted using a scanning electron micro-
scope and a high-resolution transmission electron micro-
scope. Figures 3 and 4 show the SEM images of the
synthesized sample calcined at 450 and 510 K for 1 h,
which indicates the porous microstructure of the sample;
the pore size varies from 1 to 10 um. However, some
particles exhibit slightly sharp edges, and also most of the
particles have smooth surfaces and slight depressions pre-
senting different morphologies shows agglomerations of
spherical grains with smaller grain size with a porous
surface containing particles with cylindrical shape. The
TEM could also yield information such as particle size,
size distribution, and morphology of the sample when it is
heated to 510 K for 1 h (Fig. 5). From the TEM image, it
seems that the samples exhibit uniform grain size distri-
bution. DSC is an effective tool in the investigation of
phase transformations and enables very accurate determi-
nation of the temperature range and reaction heat in all
transformations. It is used for recording the kinetic rate
data of the thermal decomposition. This method measures
the difference in the amount of heat supplied to the sample
and reference sample when both are subjected to control
heating. Figure 6 shows the DSC curves for the thermal
dehydration of BTO from 337 to 510 K in the atmosphere

Fig. 3 The SEM images of the sample calcined at 450 K showing the surface microstructure of the sample at 20 pm (a), 10 um (b), 2 pm (c),

and 1 pum (d)
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Fig. 4 The SEM images of the sample calcined at 510 K showing the surface microstructure of the sample at 20 pm (a), 10 um (b), 2 pm (c),

and 1 pm (d)

Fig. 5 The TEM images of the sample calcined at 510 K for 1 h 50 nm (a), 30 nm (b), 20 nm (c)

of N, (50 mL min_l) at a heating rate of 2, 5, 7, and
10 K min~".

Figure 7 gives the TG curves recorded during the
decomposition of BaTiO(C,04), 4H,0 at different heating
rates under nitrogen gas and the results of thermogravi-
metric analysis of the sample, which confirm the mass
change in the various stages upon the heating up to 1400 K.
TG curve shows the sequence of 5 steps with different
mass loss involving dehydration and decarboxylation. The
major mass loss of the sample, of about 17.42%, may be
attributed to the dehydration of BaTiO(C,04),-4H,O to
BaTiO(C,0,). The calculated mass loss of BTO is 16.03%,
which is in agreement with the theoretical value [19, 27].

Kinetic analysis

The direct application of the kinetic equation and the
kinetic parameters of the respective reaction steps are
kinetically analysed using kinetic deconvolution procedure
of peak fitting of the deconvolution of partially overlapped
thermal stages of the reaction. The deconvolution of the
kinetic rate data determined via DSC into the respective
reaction stages should enable the discussion of the kinetics
of the reaction stages from the physico-geometrical reac-
tion mechanism, the different reaction stages were
approximately treated as kinetically independent. The
thermal dehydration kinetics of a sample at different f§ was
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Fig. 6 The DSC curves for the thermal dehydration of sample
(m; = 5.01 & 0.01 mg) at different  in N, gas (50 mL min~ ")
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Fig. 7 The TG curves for the thermal decomposition of sample
(m; =5.01 £ 0.01 mg) at different p in flowing N, gas
(20 mL min™Y)

subjected to the formal kinetic analysis by assuming the
fundamental kinetic equation [43, 44]

L pe R (1)
dr

where «, A, E,, and R are the fractional reaction, the
Arrhenius pre-exponential factor, the apparent activation
energy, and the gas constant, respectively. The kinetic
model function f{x), proposed the physico-geometrical
reaction mechanism of the reaction. Using the kinetic data
for different f5, apparent E, as a function of the reacted
fraction can be determined from isoconversional methods.
All isoconversional methods take their origin in the iso-
conversional principle that states that the reaction rate at
constant extent of conversion is only a function of tem-
perature. The analysis of reaction kinetic parameters was
performed using the DSC curves, obtained between 337
and 510 K wusing the non-isothermal isoconversional
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Fig. 9 The dependence of activation energy on conversion of barium
titanyl oxalate tetrahydrate for different methods

methods such as Bosewell, Tang, Starink %> , and
Starink'*%. The value of enthalpy change of dehydration,
measured by DSC, is found to be 151.94 kJ mol .

Calculation of the values of E, by isoconversional
methods

Bosewell method

Bosewell method is an integral isoconversional method,
according to which [45]:
p AR E,

In = mE—ag o "’ (2)

The values of slope obtained from the linear least

squares plots of lnLTf versus 1/T enable the calculation of E,.
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Table 1 Initial kinetic

. . X . —1 gL ) _ n
parameters used for the kinetic Methods ! G E.i/kJ mol Als Ao = a1 = o)
. R SB (m, n)
deconvolution analysis of the
thermal dehydration of sample Bosewell 1 0.78 105.76 821 x 10 m=099, n=09
under linear non-isothermal o
conditions 2 0.22 56.55 6.01 x 10 m=0.05,n=1.3
Tang 1 0.78 101.35 7.23 x 102 m=011,n=11
2 0.22 55.76 5.42 x 10° m=0.04,n=0
Starink'° 1 0.78 98.13 6.84 x 10" m=03,n=112
2 0.22 52.39 3.86 x 10* m=022,n=0.19
Starink ' 1 0.78 102.06 7.67 x 10" m=0.41,n=0.99
2 0.22 52.51 491 x 10* m=025n=1
104 o The slope obtained from the linear least squares plot of
J /4//:”,*” ln% against 1/T enables the calculation of E,.
/
0.8- P /*/41/./
= .
s Starink'*? method
B A e
0.6 ’,4 *,f.ﬁ
3 ‘4 *,*.p 0.9
0.4 - et 2Kmol 1 B A (EN\" E,
d*x o 1 lnwz — = —0.312-1.0008— (5)
‘4**.,' —<— 5Kmol T g(o) \ R RT
0.2 1 <£;°/ —x—7Kmol ™! ) )
e e 10Kmol~! The values of slope obtained from the linear least
0.0 1 squares plots of ln% against 1/T enable the calculation of

340 360 380 400 42

440 460 480 500 520 540
TK

Fig. 10 o7 curve for the thermal dehydration of barium titanyl
oxalate tetrahydrate at different § in N, (50 mL minfl)

Tang method

The Tang method, proposed by Tang et al., according to
which [46]:

i AE,
1n<T1.894661 = lng<o<)R

— 1.00145033 (E>
RT

(3)

The values of slope obtained from the linear least

squares plots of In (TIAS/;’M) against 1/T enable the calcu-

lation of E,.
Starink'*> method
The Starink method is based on the Starink approximation

[47]:
—0.95
4 (5) ] Loms— By
R RT

B
tn g(x)

In—is =

+3.63504095 — 1.894661 In1n E,

E,.

Figure 8 is the best linear fit obtained using Egs. (2), (3),
(4), and (5) for Bosewell, Tang, Starink'®, and Starink'>
methods. The slopes of these straight lines have been used
to calculate Ea, and their intercepts were used to calculate
frequency factor (log A). The variation of the apparent E,
values as a function of o was almost similar for the above
four methods (Fig. 9). The average values of calculated
activation energy and frequency factor are depicted in
Table 1. The o-T curve (Fig. 10) shows the multistep
dehydration reaction for barium titanyl oxalate, which
shows two steps. For kinetic analysis, thermal dehydration
of incorporated water is an independent kinetic processes;
the following cumulative kinetic equation can be applied to
the overall reaction under linear non-isothermal conditions
[48-57]

do & _Eai> . -
— = CciA; exp (— fi(o;)  with ¢g=1 and
> RT 2

Z cio; = o
i=1
(6)

where n and ¢ are the number of component steps and the
contribution ratio of each reaction step to the overall pro-
cess, respectively, and the subscript i denotes each com-
ponent reaction step. A; and E, are the Arrhenius pre-
exponential factor and the apparent activation energy,
respectively, of the process i. The kinetics of each
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Fig. 11 E, versus o curves of thermal dehydration stage for barium
titanyl oxalate tetrahydrate: first peak (i = 1) (a) and second peak
i=2) ()

component process of the overall reaction can be charac-
terized by optimizing all the kinetic parameters given in
Eq. 6 using nonlinear least squares analysis. Empirical
kinetic model functions such as Sestak—Berggren [58] SB
(m, n) were employed for f;(o;) given in Eq. 7 in order to
accommodate any possible mechanistic feature of each
reaction process.

fla) = o™(1 = o) (7)

where m and n are characters for a particular dehydration
process, which correspond to empirically obtained kinetic
exponents. For kinetic analysis, the DSC data were first
subjected to statistical deconvolution procedure. During
this, the DSC curve for the thermal dehydration of BTO
recorded under linear non-isothermal conditions was sep-
arated into two partially overlapping peaks with satisfac-
tory fit using Weibull functions (Eq. 8) [59, 60]:
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From the ratio of the peak areas for the separated first
and second peaks, the contribution c; of each peak to the
overall reaction was determined as (c1, ¢;) = (0.78 £ 0.02,
0.22 £ 0.02). The mathematically separated peaks at dif-
ferent § were used as the kinetic rate data. For both the first
and second peaks, the kinetic rate data indicated systematic
shifts to higher temperatures with increasing f. The o-de-
pendent changes in E, determined by applying the Bose-
well, Tang, Starink %> s Starink'*°? methods were found for
the kinetic rate data of the separated first and second DSC
peaks. For the first DSC peak, a systematic decrease in the
E, value is observed during the course of the reaction and
the second DSC peak also shows the same variation. The
systematic change in the E, value with o observed for the
first peak and the second peak indicates that the isocon-
versional relationship is one of the best methods to point
out the changes in the self-generated conditions depending
on f as the reaction advances. In these methods, Bosewell,
Tang, Starink'%? s Starinkl'gz, an average value obtained for
E, is 105.76, 101.35, 98.13 and 102.06 kJ mol~'
(0.05 < o < 0.8), respectively, and was tentatively used
for the first peak. The average value for Ea, obtained for the
second peak was 56.55, 55.76, 52.39, and 52.51 kJ mol ™!
(0.82 < a < 1), respectively. During the first dehydration
step, the value of activation energy obtained by Tang
method is close to that obtained by Starink'°? method, and
also the values of E, obtained by Starink'*> and Starink'“>
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Fig. 13 Results of kinetic deconvolution analysis for the thermal dehydration of the sample using Bosewell (a), Tang (b), Starink’%° (c¢), and

Starink'%?

methods (d) under linear non-isothermal condition at f = 5 K min™

1

Table 2 Average values of kinetic parameters optimized for each reaction step of the thermal dehydration of sample under linear non-isothermal

conditions
Methods i (o E,/kJ mol™! As™! foy = o™ (1 — )" R?
SB (m, n)
Bosewell 1 0.79 £ 0.01 105.81 + 0.80 82+ 09 x 10" m=0.99 + 0.01,7=0.9 + 02 0.9980
2 0.21 £ 0.03 56.65 + 0.30 6.01 £ 0.62 x 10° m=0.05=+ 003 n=13+0.1 0.9971
Tang 1 0.79 £ 0.01 101.41 + 0.42 72 + 0.8 x 10'? m=0.11+012,n=11+03 0.9981
2 0.21 £ 0.05 55.81 + 0.22 54+ 02 x 10° m=0.04+001,n=0.1+04 0.9972
Starink!3 1 0.79 + 0.31 98.21 + 0.48 6.8 + 0.9 x 10" m=03%+03n=112+ 004 0.9986
2 0.21 + 0.42 52.42 + 0.08 3.8 £ 0.5 x 10* m =022+ 0.05, n=0.19 £ 0.08 0.9960
Starink!? 1 0.79 £ 0.07 102.15 £ 0.07 7.6+ 02 x 101 m = 0.41 £+ 0.51, n = 0.99 + 0.06 0.9987
2 0.21 £+ 0.11 52.55 + 0.09 49 + 0.3 x 10* m=025+002n=1+02 0.9931

are very close to each other in the second step. The values
of activation energy calculated using all the methods
studied show similar trend. These E, values are nearly
coincident with one another and also in agreement with that
determined for the overall reaction under isothermal and
controlled rate conditions (Fig. 11). For the thermal
dehydration, the empirical kinetic deconvolution of the
overlapping reaction steps, all the kinetic parameters in
Eq. 6 should be determined by graphically comparing the
plot of (da/df)., versus t. After setting those initial values
of kinetic parameters for each reaction stage (Table 1), an
optimization operations (kinetic deconvolution) were

performed to minimize F, defined as the squares of the sum
of the difference between the experimental kinetic data (do/
df)exp versus t and (do/df)c, versus ¢ calculated for the
linear non-isothermal kinetic data using Eq. (9) [61-63]

=3[, @]

where M is the number of data points.

The thermal dehydration of barium titanyl oxalate and
the removal of four molecules of water from BTO via
thermal decomposition reaction can be brought through the
following equation.

©)
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P28 BaTio(C,04), +4H,0

(10)

BaTiO(C204)2 '4H20

Figure 12 shows a comparison of activation energy
needed for each resolved stage of the thermal dehydration
as calculated by Bosewell, Tang, Starink %> , and
Starink'** methods in the temperature range of 337-510 K
by column graph. From this graph, it is shown that during
the first dehydration step the estimation of Ea values by
Bosewell method is comparatively higher than that of all
other methods and also activation energy obtained by Tang
is very close to that obtained by Starink'** method. In the
second step, the values of Ea obtained by Starink'*> and
Starink'? are very close to each other.

To determine the initial values for all kinetic parameters,
a statistical deconvolution method [64] was applied to the
experimental kinetic rate data, and the separated kinetic
rate data were analysed using the formal kinetic analysis
method on the basis of each single-step reaction under
linear non-isothermal conditions using the mathematical
peak deconvolution procedure. Figure 13 shows the result
of the kinetic deconvolution analysis for the thermal
dehydration of sample using Bosewell, Tang, Starink'®>,
and Starink'®? methods on the basis of Eq. (9) after
establishing the initial values for the kinetic parameters
(Table 1), through mathematical deconvolution and the
subsequent formal kinetic analysis of each resolved reac-
tion step. Under linear non-isothermal conditions, for the
sample at low temperature, the dehydration reaction was
resolved into two steps [65]. During these overlapping
processes for the removal of water molecules, all of the
kinetic parameters were simultaneously optimized, and SB
(m, n) model was used as the empirical kinetic model
function. The average kinetic parameters optimized for the
reaction at different f§ values are summarized in Table 2.
For each resolved reaction steps, the value of E, calculated
for each reaction step is in agreement with the respective
corresponding values estimated by the Bosewell, Tang,
Starink', and Starink'* plots for the overall reaction
under non-isothermal conditions.

For the sample, each overlapping steps of the dehydra-
tion process have been empirically described by SB (m,
n) kinetic model function as given in Table 2, the required
average value of E, in Bosewell, Tang, Starink !, and
Starink'®> methods is 105.81 + 0.80, 101.41 =+ 0.42,
98.21 =+ 0.48, and 102.15 + 0.07 kJ mol ™" (for i = 1) and
56.65 + 0.30, 55.81 £ 0.22,  52.42 £ 0.08, and
52.55 & 0.09 kJ mol ™' (for i = 2), respectively. Using the
respective E, values, experimental master plots of (do/dr)
versus temperature for the separated first and second DSC
peaks for each methods were drawn (Fig. 10) and satis-
factorily fitted using the Sestak—Berggren SB (m, n) model
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m and n =~ 0-1, respectively. The values for the pre-ex-
ponential factor for the first and second peaks determined
through nonlinear regression analysis for the fit using the
SB (m, n) model for each method, Bosewell, Tang,
Starink'%%, and Starink'?, were A; = (8.2 &+ 0.9) x 10'%,
(7.2 £ 0.8) x 10'%, (6.8 £0.9) x 10'", (7.6 £ 0.2) x
10"3 (for i = 1) and A, = (6.01 + 0.6) x 10%, (5.4 &+ 0.2)
x 10%, (3.8 £ 0.5) x 10* and (4.9 + 0.3) x 10* s™! (for
i = 2), respectively.

Conclusions

The kinetic behaviour, dehydration kinetics, and mecha-
nism of BTO under linear non-isothermal condition have
been studied using DSC, which show multistage kinetics
through complex reaction pathways. The comparison of the
results obtained with different calculation procedures,
Bosewell, Tang, Starink!*°, and Starink'*®? shows that they
strongly depend on the choice of model function of the
process and also used to elucidate the thermal stability. The
kinetic deconvolution method is used to yield the depen-
dency of the E, on the extent of conversion, and it is
established that the dehydration of the sample shows a two-
stage mechanism and can be described by Sestak—Berggren
(SB) method. The results show that the two-parameter SB
(m, n) is the most suitable for quantitative description of
the dehydration process for the studied sample. The kinetic
exponent m and n in SB (m, n) model for each reaction
steps were set to & 0-1 with expecting variation to a
suitable value through the subsequent optimization occurs.
From the result of kinetic deconvolution of the sample, the
different phase changes of the reactant mixtures and the
kinetic parameters of the respective thermal dehydration
stages are evaluated accurately. The reaction mechanism
was also proposed which depends on the morphology of the
prepared sample and on the experimental result obtained
from SEM, TEM, FT-IR, and XRD analyses.
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