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CHAPTER 1

INTRODUCTION

1.1 Overview

Many researchers have focused recently on the lead-free ceramic materials and
their applications in various electronic devices because of environmental and human
health issues [1-4]. Barium titanate (BaTiOs) was the first of lead-free piezoelectric
ceramic material to be studied widely since its discovery in the 1940s [5]. It is well
known that the improved performance of the material in electroceramics can be done
by doped of a compound which.isgh.effectiveway; espeeially substitution of Ti** with
Zr**in BaTiOs, which has ree€iv€d much attehtiorybecause ofthair electrical properties
and tunable structurg’t6” specifie-applications// The-formation Shthe solid solution
Ba(Zr,Ti1.)05 with péufial substitutidh-of i (ionic fadius 0-7451m) byAZw** (ionic radius
0.86 nm) resultedyin ar-intrease-inr theikattice p’ara'm'eter andichanges that occur with
crystalline, the/dielectric;propertiasiand pha.se tradsitionftemperaturesscompared with
pure BaTiO; [§]/Preyviods fesesren have Been studied the shmicronssized of\Ba(Zr,Ti;.
«03 powders have-suggested that BatZ% T, J@%is stitt [iragonal.at Zrsubstitutions up
to 0.2 mol%, then changes!td gseudo-manaalinic i the range-betveen 0.2 to 0.6
mol% beforejchanging 1= Thomohedat af Ztcontent a8 20 mot%s. The BalZr, Ti1,)Os3
is a cubic at raom tempefatinehen increase 7r cc_:intént more tham=20'mal% [7]. The
phase transition| ok pure "85 “flom tétragonaL. 17 cubic homal gerddlectric to
paraelectric) at 430 °G: Thefe ape alsozhehavioralchangds such as phase transition
temperature from\80 %g, 110 ™ at tHe tomposition 10-mol%Nof Zi Ba(Zr,Ti;,)Os
ceramics. In addition, $0&B(ZTi;.,)05 ceraricsexhibit Tc shifte to hiéher temperature
with increase in frequen®y, &t arcung=30; malds ofZr SubstitUtitns, which is typical
diffuse paraelectric to ferrodtecttic phase...transitiBnetehavior [8]. The Zr-rich
compositions (at above 30 mol%) exhibit like relaxor ferroelectric behavior, showing a
diffuse phase transitions and dielectric dispersion [9]. Since these phase boundary
compositions and phase transition temperatures will hinge on the size of crystalline
primary particles, it is expected that nanopowders might behave differently [10]. While
the particle size is reduced, this may influence in the size of domains around tens of
nanometers. The particles tend to be stable, presumably due to the high surface
energy, because the crystal structure nearest a high symmetry (cubic). This observation
was reported perovskite structured suchBaTiOs, PbTiOs, and Pb(Zrys;Tigs)Os; (PZT)
have in a range of critical particle size different [11]. Moreover, the critical particle size



is important that this occurs is still unknown, and it seems to vary depending on the
route for the synthesis.

The production of high performance ceramic materials with functional devices
requires the highest purities, homogeneity powders, well controlled particle
morphology and narrow size distribution. Thus, many research groups have focused
on the quality of processing for synthesis of Ba(Zr,Tii»)05 (BZT) high performance
product powders. The conventional solid state method, is a traditional way of
preparing Ba(Zr,Ti; )O3 ceramics, is the reaction between BaCOs, ZrO5 and TiO; at high
temperature. The complete phase formation of BZT by This fabrication method is
required calcinations at high temperature and repeated cycles of mixing respective
oxides. Nevertheless, this fabricatiopsr&thod has severakdrawbacks such as low purity
[16, 17], long processing #ifpe™12, 13]; frequent héed for grindligessteps [17), multiple
calcinations [14, 15] afdSubmicrometar size crystals142,13,-18]. SAhis method is not
suitable for obtaining narw particle-size-distribution 12, 14, 18]. In'2005, J. Bera et
al. [14] have uséd solid state:reaction meéthod. for formation the Ba(ZHi;..)O3 solid
solution. They freportedithatsformation rigchanish®f the. BatZr, it Orsolitl solution
can be explaineddby mdltisteprdactions. At:a temperature ltower thar”1,3000C, the
raw material§ which ey BatiOd-anthBaZrOsndid not ferm:B8aZrairi0; selid solution
directly. In thelinjtial stagestha-temperatiire Faneing\ fronT7001to800%C displayed the
formed sepafatelyZof th& raidmaterials: Subseguiently, @ single ‘perovgkite phase of
Ba(Zr,Ti1)O0s was formBy-tha difftlsion of Ba KOs| inta/the’BaXr@s at a temperature as
high as 1,600 °G, In &rder to Elitninate Fhe defaets of conventional solidl state reaction
method by mag néws, wet-chamicat Syathesizing methods shich /have been
developed such as\sel-¢@\_method 119, 20p ageHEDUs Jco-precipitation’ method [21],
hydrothermal method\22, 23} combustion method (24}, and gireCt synthesis from
solution (DSS) [25], are the PhQ8tyopiilar méethodsts'ds that Aewever, although these
chemical methods are suitable “for pIEparing=hith.euality BZT nanopowders, the
synthesis process is complicated and takes a very long time. In addition, the
calcinations process is still required to achieve complete phase formation. It is really
difficult to get the nanoparticles with uniform size under the calcination process [12,
18]. So the calcination process should be undesirable step during the fabrication
process of nanopowder. This research provides an interesting sonochemical method,
which is one of the wet chemical processes technique that fulfills the requirements
for synthesizing extremely fine particles with spherical morphology and a narrow size
distribution [26, 27]. The sonochemical method can be employed to synthesize
metallic and organic covers, and especially almost all inorganic nanoparticles, in a

short period of time [28-31]. It also can use the acoustic cavitation from an ultrasonic



wave to accelerate or generate the chemical reaction. The creation, growth and
collapse of a bubble, which are formed in liquid, are the main event of sonochemistry.
At the initial stage, the solute vapor diffuses into the volume of the bubble that leads
to bubble growth. Subsequently, the bubble growth until its size reaches maximum
value and is collapsed in the last stage. During ultrasonication, the small bubble
generated in aqueous solution collapses which caused an extremely high pressure of
~20 MPa, temperature of about 5,000 K and a very high cooling rate of ~ 10" K.S? in
a much localized space. Then, it is expected that all is unique properties of the
sonochemically synthesized particles [32-34]. In the previous research such as simple
metal oxides [35, 36], core/shell nanocompaesites [37, 38], metals [39, 40], carbides
[41], nitrides [35], sulfides [35¢#2)=aRa precious netals 43, 44] were synthesized
successfully by this metheQeOntil now; stutlies have reported thdnmulticationic oxides
based on a perovskite” structure tABONWHicH syathesized by “le sonochemical
method quite a feffand thepe Ts o raport td thelestiof authors’ kn@wledge on the
'direct sonochergligal synthesizing ofABaZ. T 05503 000 =060 powdets!

In this stédya syintiesis naRosizéd gomptexX perovskite Ba(Zr, T )0 with x =
0.00 - 0.60 has jbeen donducted. usigl Righsintensity. Ulitasounds irradliation by varying
the synthesis parariateis,“including-the (oticent/atiof-of predipitating agent, the
synthesis atmosphere; the-eancenty ation Bt the stanting Sotution, senication time, the
power of ultrasounid irradiationy, and ZrZfimolar ratio. I atidition, all foducts were
investigated carefully mPordertid Understand theit-effdct binthe morpholgey and the
perovskite phase, formation=6f the paWders® THeS prétedtre of the Ba(Zr,Ti;, )05
nanopowders formatioir by sonoehemical methed @153 was examin®d.

1.2 Scope of this work

The aim of this research was to synthesize a complex perovskite Ba(ZryTi1,)05
nanopowders (where x = 0.00, 0.05, 0.20, 0.40 and 0.60) using high-intensity ultrasound
iradiation via varying the synthesis parameters, including the synthesis atmosphere,
concentration of precipitating agent, concentration of the starting solution, sonication
time and Zr/Ti molar ratio. In this process, barium chloride dihydrate (BaCl,.2H,0),
zirconium oxychloride octahydrate (ZrOCl,.8H,0) and titanium chloride (TiCly) were
employed as the starting material, and sodium hydroxide (NaOH) was used as
precipitating agent. The crystallographic information, inctuding phase purity crystal
structure, crystallite size and lattice constant of the product powders, were
determined using X-ray diffraction technique (XRD). The particle size and



morphological studies were carried out using scanning electron microscope (SEM).

Furthermore, the crystal structures and functional groups were confirmed using Raman
and Fourier transform-infrared spectroscopy (FT-IR).

1.3 Objectives of this work

This research emphasizes on the synthesis of a nanosize complex perovskite
barium zirconium titanate (Ba(Zr,Ti
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Ba(Zr,Ti1,)0s nanopowders “oBtained by obtained by sonochemical

process via varying the synthesis parameters, including the synthesis
atmosphere, concentration of precipitating agent, concentration of the
starting solution, sonication time and Zr/Ti molar ratio.



CHAPTER 2

LITERATURE REVIEW

2.1 Nanostructured materials

Nanotechnology is a technology related to small structures or small material

with generally dimensions ranging from subnanometer to hundreds of nanometers.

Generally, material in the micrometer often.display

"-»?""’qé»{\ ¢

The bulk gold did not show any catalytic properties.

Nanostructured materials, are a low dimensional materials composed of
building units of nanoscale or submicron size at least in one direction and exhibiting
size effects, as a part of nanotechnology. The dimensions of nanostructured materials
include zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) nanomaterials. They are the main types of nanostructured materials

based on the dimensions [45].



2.1.1 Zero-dimensional nanostructured materials (0D nanostructured materials)

The field of 0D nanostructured materials has been studied and developed
continuously significantly from 10 years in the past. There are many physical and
chemical methods have been developed for use in the fabrication 0D nanostructured
materials that can control the size and shape as well. The 0D nanostructured materials,
which was synthesized, have wide variety kinds such as heterogeneous particles arrays,
hollow spheres, uniform particles arrays (quantum dots), core-shell quantum dots,
onions and nanolenses [46-50]. Figure 2.1 shows the SEM and TEM images of different
types of OD nanostructured materials. Moreover, 0D nanostructured materials, such as

quantum dots has been widely studiee=ir e=eleg tron transistors [51], lasers [52],

Figure 2.1 The SEM and TEM image of OD nanostructured materials. (A) Quantum dots,
(B) nanoparticles arrays, (C) core~shell nanoparticles, (D) hollow cubes and
(E) nanospheres [45].



2.1.2 One-dimensional nanostructured materials (1D nanostructured materials)

1D nanostructured materials has been steadily increasing attention in the past
decade due to importance of their properties. And a variety of potential applications
of them. It is commonly recognized that the 1D nanostructured materials are ideal
systems for exploring many of novel phenomena at the nanoscale and to determine
the dependence of functionality properties, size and dimension. In addition, they also
play an important role in agencies in electronics manufacturing and interconnects,
electrochemical energy and optoelectronic devices with a nanoscale dimensions. The
field of 1D nanostructured materials have been the focus of research such as lijima
and co-worker [55] have conducted pioneering research on nanotubes have received

significant attention. The 1D nanostr g enaLs have a profound effect on

energy  resources,
% 2.2 shows the 1D
, Nanowires,

nanodevices, nanoelectron
nanocomposite materiglé,
nanostructured ma

hierarchical nan

Figure 2.2 The SEM image of 1D nanostructured materials. (A) nanowires, (B) nanorods,

(C) nanotubes, (D) nanobelts], (E) nanoribbons, and (F) hierarchical

nanostructures [45].




2.1.3 Two-dimensional nanostructured materials (2D nanostructured materials)

In recent years, the synthesis 2D nanostructured materials which have two
dimensions outside of the nanometric size range, has become a focus of research. Due
to their characteristics of many low dimensional as distinct from the bulk properties.
In the last few years, many research have focused much attention and development
of 2D nanostructured materials [73-75]. In addition, this 2D nanostructured materials is
interesting, especially for monitoring the use and development of new sensors
nanoreactors nanocontainers and photocatalysis. And continues to be attractive for a
basic understanding of the mechanism of nanostructure growth [76]. In Figure 2.3

shows the 2D

(continuous islands), nanog

(77-83l.

Figure 2.3 The SEM and TEM image of 2D nanostructured materials. (A) Junctions
(continuous islands), (B) branched structures, (C) nanoplates, (D)
nanosheets, (E) nanowalls and (F) nanodisks [45]



2.1.4 Three-dimensional nanostructured materials (3D nanostructured materials)

In the past 10 years, many 3D nanostructured materials have been synthesized
and given attracted considerable from a lot of research interest due to the large
specific surface area and other superior properties than their bulk counterparts that
arise from guantum size effects [84-98]. It is well known that an important factors in
the ultimate performance and applications of nanostructured materials, severe
depending on the size, shape, dimensions and morphology, which is indicative of the
behaviors of them. Thus, the synthesis 3D nanostructured materials with a controlled
structure and morphology have been very much interested. Furthermore, the
nanostructures of 3D nanostructured materials are important because of the variety of

materials [84-98]. Due to their hlgh&f surface area andv*suppLx enough absorption sites

for all relevant mo ECULQS i smaLL spat:es [99] *As;a/r,esut a Im of research has to pay

Figure 2.4 The SEM and TEM image of 3D nanostructured materials. (A) nanoballs
(dendritic structures), (B) nanocoils, (C) nanocones, (D) nanopillers and (E)
nanoflowers [45]
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2.2 Grain size effects on ferroelectric ceramics

Since the discovery of the high dielectric constant of ferroelectric barium
titanate in the 1940s, ceramic materials based on this compound have been widely
utilized in the manufacture of ceramic capacitors and related electro-ceramic

applications [5].

The dielectric constant of ceramic BaTiO3 depends strongly on the grain size.
Coarse-grained ceramics of pure BaTiO; (grain size & 20 ~ 50 um) show K & 1500 ~
2000 at room temperature (Kgy). In the past six decades, several investigators such as
H. Kniekamp and W. Heywang [107],.e=H"Jonkerand Wedoorlander [108], N. C. Sharma
and JE. R. McCartney [109)sfepBrted that the dielectric cOhstant increases markedly
with decreasing grain sfze] attaining.values:ofl 6000 .for ceramic bodigs with grain sizes

of 1 um or less. Ip the hot-pressed,BaNIOs with gfain Size A\1 um, Brahdmayr et. al.

[110] reported diglectric constantvaluékdiaf 26000 %at rdom temperatuge. At even
smaller grain size (<1 usd)howeVer, théisame alithoré.observed s stropg decrease of
dielectric constant, (Kqr)e " Was conetUded that the”/dieleciries coristantl at room
temperature of BaTi04 cefamics-réaches 4G ia makirumm va[ue at-a grain'size of about

1 pm.

G. Arlt efalCi1 11132 observad thatthelfidth of they90° doffaifs reveals a
dependence on\the“grain siz€ of BaTi); fing-craipedcefamics. The gbéervation of
domains, the measty&ments.f the dietecicednstantand elastiCeoeffidients (Young’s
modulus), and a theoretical @halysis confirm that the eguitibsifipd” domain width is
dependent on the grain size Withauatio Homain '~ (graipssi7e)*? as shown in Figure 2.5.
They have also repeated that the equiliBATFTE8Main width decreases with grain size
less than 10 pm and is effectively constant at grain size > 10 pm. Thus, they explained
that the high dielectric constant, Kzr & 5000 ~ 6000, of fine-grained BaTiOs is due to
the domain size effects. Recently, however, G. Arlt and N. A. Pertsev [114] have
reported again that, based on careful theoretical calculations, the high domain density
cannot cause the observed large dielectric constant in fine grained (grain size & 1 um)
BaTiO3 ceramics. Instead, they concluded the increase of dielectric constant with

decreasing grain size comes mainly from the internal stress. As shown on Figure 2.6,
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they believed that with grain sizes smaller than 1 um, the decreased dielectric constant

is due to ferroelectric structure changes.
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Figure 2.6 Dielectric constant versus grain size of BaTiOs ceramics [113].
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In grain size less than 1 pm, it is believed that there are other important factors
to be considered possibly the electric filed energy and the surface energy of the grain
can no longer to be neglected, and even the grain is forced by stress to become more
cubic structure. The crystallographic structure is modified and the lower is the value

of the crystallographic deformation (c2a -1).

The piezoelectric activities have shown an increase with increasing grain size in
BaTiO3 ceramics. As shown in Figure 2.7, the longitudinal strain level drops off as grain
size decreases from 50 pm to 1 um [115]. This is believed to be due to the clamping
of domain walls by internal stress during the E-filed cycling in fine-grained BaTiOs
ceramics. Furthermore, piezoeleetfic-actity shotte=dSappear when material cubic
because the volume of 98%#inned.demain degréases with decreasing grain size due

to the internal stressfeffects-en-fing erain-BaTiOsearamics:
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Figure 2.7 Electric field vs. longitudinal strains for coarse and fine grain sizes in

BaTiOs ceramics [115].
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In single crystal BaTiOs, the crystal transforms from cubic structure to tetragonal
(Te), orthorhombic (Trso), and rhombohedral (Ty.»t) on cooling at, 130 °C, 0 °C, and -
90 °C, respectively. K. Kinoshita and A. Yamaji [116] (Figure 2.8) have shown that above
the phase transition temperature (ferroelectric — paraelectric), T, grain size has no
. Observable effects on dielectric properties such as dielectric constant K, maximum of
dielectric constant (Kimnay), and variation of T. with a range of 1 um to 50 pum. In addition,
the tetragonal-to-orthorhombic and  orthorhombic-to-rhombohedral  transition
temperatures are raised by about 10 °C with the same range of grain size. W. R.
Buessem et al. [117] and A. J. Bel et al. [118] proposed the internal stress model and

calculated the modified Devonshire_eguations=imterms of compressive and tensile

stress. In addition to the high.ef€lectric constant in fine*svained (grain size ~ 1 pym)
ceramics at room temp€géture, they-havashown/thatthetransition W.o) temperature
between tetragonal @nd erthorhembic Structure Has-increased by 18,%C similar to 1
Mm fine-grained/haterials. Based Yonpthe/intermat\stressrmadel, the infernal stress
devélops only belew trafsitiomtemperatlredic) since it depentied on ctamping of the

ferroelectric tetragénality defomationidue4athe difficultiesino0® domain formations

in fine-grainad] (grdin_5iz€; = 1 & 1m)-.Cerarhics: Phus; this model]cahnat predict the
variation of feffoglectrigtparastestric phasé transition (Tez) temperature with varying

of grain size.

In summeary, g graif:size and/ot\stfass depenfenceofthe disleétfic constant
and transition pardiietefs-of Bati®s caiamies. were Yaviciled base@rop/theoretical and
experimental approachgs,as’lited in Table™?1. Generally, th@ dielécific constant, KRT,
of this system is made ‘W Migm e Gattinsic) dletectie”Cofistant resulting from
ferroelectric phenomena and is affected By EXEnalfattors such as electric field and
stress, the extrinsic dielectric constant that results from domain wall motion, grain

boundary, and defects such as space charges [119].

The observed increase of the tetragonal/orthorhombic transitioﬁ temperature
can be explained with respect to the earlier theories by the existence of internal stress
in the grains. In spite of the early results regarding the increase of T in the fine-grained
ceramic BaTiO;, it is believed that the variation of Curie point (ferroelectric-paraelectric
transition temperature,T.) with grain size is not related with the internal stress, but

with grain boundary phases associated with defects (space charges, etc.) [119].
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2.3 Fabrication of the barium zirconate titanate powders

The Barium zirconate titanate (Ba(Zr,Ti;.)Os; BZT) is a com plex perovskite which
has Zr™* and Ti* occupy in B-site. The BZT, which has tunable structurat and electrical
properties of specific applications, has received much attention. Characteristics of the
ferroelectric phase transition of Ba(Zr,Ti;.)Os ceramics depend strongly on Zr content
from normal ferroelectric to relaxor ferroelectric behavior [14]. The Zr** is an effective
substituent in Ba(Zr,Ti;.,)Os, which decreases and shifts the Curie temperature to below
room temperature [121]. Furthermore, the Zr** ion (0.86A) has a larger ionic size than
Ti** (0.745A) that expands the lattice and is more stable chemically. Therefore, the
substitution of Ti with Zr would depress the conduction by electron hopping between
Ti* and Ti** [122-124],

The conventional’sélid state method|is/a traditienal wawofpreparing Ba(Zr,Tiy.
xOs ceramics. In 2005¢). Bera-etql. [14] have Qsed sotid State reaction method for
formation the BalZs, Ti1x)O3._solid-sg\litiorn from BaCO3,‘Zr02 and_TiO\ They reported
that formation/miechanism tof the Ba(erﬁl.;}Os sotid Jselutign-can be ‘eXplained by
multistep reagtions. At dlteffiperatire l’ower'tha'n +,300%C the raviumaterialsiwhich are
BaCOs, ZrO; and FO,, didinot fort BalZ i fisO, Solid sotution directly Because the
formation of! Ba(ZeTil )03 require energy (133 Kealmotk higher than BaTiO3 (34.3
kcal/mol) angl BaZr©d (48 Akealmol). fthe injtialstages the temperature ranging from
700 to 800 °€ disptayed4hé fdrmed separatety of the/rawMaterals, Stibsequently, a
single perovskite phase of: Ba(erTn.x}_Og, wascformiZbyrthe diffiSien ofBaTiQs into the
BaZrO; at a terperatdre as high as 4,600 35 shotwiin Figure 2.9)~.

In order to\oktain perOVSIdte-'Ba(erﬁl.x)Og rgnopartictes Migh high quality.
Many new wet-chemitghsyhthesizing methods which havagbeen d'eveloped, such as
sol-gel method [19, 20], agueeys copredipitation methpd [213, hydrothermal method
[22, 23], combustion m'ethod [28afft~direet=syrithasis"from solution (DSS) [25], to
replace conventional solid state reaction method. The synthesis of the nanosized of
Ba(Zr,Ti1,)0s particles via the wet-chemical methods make the developing new
electronic nanodevices from Ba(Zr Tl1x)03 system very attractlve [24 125].
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Figure 2.9 XRD pattern of the BaTiOs- BaZrOs powders [14].
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In 2011, P. Julphunthong et al. [24] have used the combustion technique by

usage urea (NH2),CO as a fuel to reduce the reaction temperature for synthesis barium

zirconate titanate (Ba(Zr,Ti1,)Os ) powder. Unfortunately, after the combustion process

needed to be calcined the powder at 1,000°C for 5 h in order to obtain a pure

perovskite structure (as shown in Figure 2.10 and 2.11). Generally, after the calcination

process always observed submicron sizes with irregular morphotogy of the powder [18,

120]. It is really difficult to get the nanoparticles with uniform size under the calcination

process [18, 120]. So the calcination process should be undesirable step during the

fabrication process of nanopowder.
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Figure 2.10 XRD pattern of the Ba(Zr,Ti10)03 powders calcined at various
temperatures for 2 h: (@) BaCaOs; () ZrOy; (B) Ba,TiO, [24].
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M. Veitu et al. [19] has proposed an alkoxide sol-gel synthesis method for
synthesis the homogeneous BaZrysTiosOs nanopowders. By using [Ba(O Pr' ;)] and
[Tiz(OPr)s.Pr'OH]; as a precursor synthesized the hetero-trimetallic Ba-Ti-Zr framework
under CO:free argon (Ar) or nitrogen atmosphere. The most advantageous
characteristics of this method are the outstanding control of the composition of
resulting powders and high purity. However, in order to obtain the crystallize Ba(Zr,Ti;.
)O3 needs to be calcined the hydrolyzed dried gel at temperatures above 400°C
(Figure 2.12). In addition, morphology of the BZT system revealed well defined
crystallites in the range between 10-20 nm as shown in Figure 2.13.

Figure 2.13 TEM im3ecYef the B2 Z5eTio-0sk fetl at 800°C [19],

J. Q. Qi et al. [126] developed a new method, to prepare Bal(Zr,Ti; )O3
nanoscaled powders near room temperature under ambient pressure, which is called
direct synthesis from solution (DSS). The powders of Ba(Zr,Ti;.)Os nanocrystalline can
be obtained by mixing between a base solution of barium hydroxide which dissolving
into warm water, with hot base solution of tetrabutyltitanate and isopropanal solution
of zirconium isopropoxide-isopropanol. The particle size of the Ba(Zr,Ti;)O;
nanoparticles fell within the range of 25 to 120 nm from this synthesis method. (as
shown in Figure 2.14)
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temperature and precipitant concentration as a parameter play an important role for
increasing product purity [21]. Nevertheless, the particles obtained by this method
have a mixture of shapes such as cubes, elliptical, acicular and spherical with truncated
edges [21]. The shape and particle size are not being control. The widerange particle
size distribution and difference shape morphology have been the important problem
to create the abnormal grain growth in the sintering process [18].
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Figure 2.16 TEM image of the Ba(Zr,Ti1,)Os powders prepared using 15 M NaOH [21],
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2.4 Sonochemical method

In order to obtain the spherical morphology with a narrow particle size
distribution of Ba(Zr,Ti;,)Os nanoparticles, the wet-chemical methods were developed
so far for eliminate abnormal grain growth during the sintering process [18, 19, 21, 126-
128]. A new technique that fulfills the requirements for synthesizing extremely fine
particles with a narrow size distribution and spherical morphology seems to be the
sonochemical synthesis at ambient temperature [26, 27]. The sonochemical method
uses ultrasonic irradiation to accelerate or generate the chemical reaction for create

an acoustic cavitation phenomenon. Acoustic cavitation phenomenon, is created from

the ultrasonic irradiation in a_li i 0 h, and implosive collapse
of bubbles. In this phe ON geneY: %‘ )ot s ith an extremely high
pressure of ~20 MP4, & temperatur, roxftaz 5:000K an ry high heating-
cooling rate of v Vo InEietre 17 a2.18. e ephemeral,
localized hot fspots fa\ D ic U mposition,
[4 L | \
dissolution, %‘Pn f] Nt 2693
3 3
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Figure 2.17 Acoustic cavitation phenomenon from ultrasonic irradiation [129].
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By using these-trapstent extreme conditions; varietsikindshor novel materials,
organic, inorganic @nduwith wndsual proper‘tfes stchyds sinplé metal ©xides [35, 36],
core/shell nandcemposites [37, 38%; metals [39p 40/ Earbitles 1], nitddes/[35], sulfides
[35, 42] and preciglis etals [43 @47 Wera synthesjzed suctessfulles§Until now, studies
have reported the miilticatidnic oxides-based: a2 pefovskitesstruetute (ABOs) which
synthesized by the sonde¢femical method quitesa fewgiand théeis no report to the
best of authors’ knowledge ontliesdirect sonochermieat synthesizing of (BaZr,Ti;-xOs)

powders.

Many researchers pay attention to sonochemical method and have to take this
method to the synthesis nanoparticles. T. Akita et al [131] have succeeded in preparing
the gold - Palladium (Au-Pd) nanoparticles by the sonochemical method at 20 minutes
of the reaction time. The TEM images (as shown in Figure 2.19) showed that the
particles have a spherical in shape with a narrow size distribution. The average particle

size is approximately 13 + 3.2 nm.
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Figure 2.20 The steps in the synthesis of lithium cobalt dioxide (LiCoO;) nanoparticles
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JP. Park et al [132] synthesized lithium cobalt dioxide (LiCoO,) nanoparticles,
which is commonly used as cathod material in a rechargeable lithium batteries,
successfully by the sonochemical method. The steps in the synthesis, as shown in
Figure 2.20, the first step will be preparation of cobalt oxide (Cos0s) particles in the
nanometer scale, as shown in Figure 2.21 (b). The substrate is prepared from sodium
hydroxide (NaOH) and cobalt chloride (CoCl,) or cobalt sulfate (CoSOa) by the
sonochemical process at 20 kHz 220W for 20 minutes. The second stage will take the
lithium hydroxide (LiOH) coated onto cobalt oxide nanoparticles (Cos0q) by the same
method above. The XRD results showed phase of lithium hydroxide (LiOH), which is a

precursor to remain, as shown in Fig B §

c hen, the product powders was
Calcined at 500°C for 1-3 f e XRD results showeshiliat the phase purity of the
@00, \K\N 7%//{‘“//0‘!1

f - ets r!:’

lithium cobalt dioxide

own in Figure 2.22

(a)) and a particle sfg R (b).

(@)

L

Intensity (Arb. Units)

Figure 2.21 (a) XRD results and (b) TEM images of lithium cobalt dioxide (LiCoO,)
nanoparticles [132].
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Figure 2.23 SEM images of BaTiOs nanoparticles at the difference reaction time [133].
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In 2010, F. Dang et al [133] were synthesized barium titanate (BaTiOs)
successfully by sonochemical method. Using barium chloride (BaCl,) and titanium
tetrachloride chloride (TiCly) as a substrate. The results of the study in the reaction
time with 3, 7.5, 20 and 120 minutes as shown in Figure 2.23. At 3 minutes, the barium
titanate particles begin integration of small spherical particles occurs. After that
increase thg reaction time to two hours, the particles are spherical shape with an
average particle size of approximately 200 nm and has a narrow size distribution, as

shown in Figure 2.24.
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Figure 2.24 Size distri m of BaTiO3 nq'nop urs of reaction
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CHAPTER 3

EXPERIMENTAL PROCEDURES

In this chapter presents the details of the experimental procedures adopted
for the synthesis and characterization of the éomplex perovskite barium zirconium
titanate (Ba(ZrcTi1)Os; BZT) nanopowders. Fii'StLy, the complex perovskite barium
zirconium titanate nanopowders were synthesized by the sonochemical method via
varying the synthesis parameters, including the concentration of precipitating agent,
synthesis atmosphere, concentration of the starting solution, sonication time, Zr/Ti
molar ratio and the power of ultrasoundsi

iatien, Then, the process to investigate

Zirconium oxychloride Inframat Advanced

octahydrate Materials, USA
Sodium hydroxide . NaOH 9770 Carlo Erba Reagenti
. SpA Company, France
Formic Acid HCOOH " 85.00 _ Carlo Erba Reagenti
SpA Company, France
Argon gas Ar >99.998 Praxair Company, Ltd.,

Thailand -
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3.2 Laboratory equipment and instruments

3.2.1 Beaker (50, 100, 250, 500 and 1000 ml)

3.2.2 Pipette (1, 2, 5and 10 ml)

3.23  Cylinder (25, 50 and 100 ml)

3.23 Volumetric Flask (100, 250, 500 and 1000 ml)
3.2.4 Sonication Vessel 250 ml

3.25 Weighing Papers

3.2.6 Watch Glass
3.2.7 Dropper Tube
3.2.8 Stirring Rod
329 Centrifuge Tube
3.2.10 '
3.211
3212
5213
3.214 §

olghiisim
Ol .i'l W

ofe! Johs
ag eﬂ%}mm x“{&jt 8 g),; i ard, Germany)
: emigeit Rl Benizan P 20, Cepiof

> b?’esh@odel Spectrafuge KSA)
3.2.24 Ultrasonic 3"}’?

3.2.25 X-ray diffractometer{Randlyticatmedel ™ Part®, The Netherlands)

3.2.26 Field emission scanning electron mlcroscope (JEOL Model JSM-6335F,

Japan)

3.2.27 Fourier transform infrared spectrometer (Perkin Elmer Model Spectrum
GX, USA)

3.2:28 Raman spectrometer (Thermo scientific.Model DXR Raman
Microscope, USA) - 5
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3.3 Solution preparation

[ DI Water ]
b

[ Boiling for 15 min. ]

L

[ Clear solutiors ]

¥

[ Stock of Ti** solution ]

B Figure 3.1 Schematic flow chart of Ti** solution preparation. o B
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Figure 3.2 Schematic flow chart:of solution preparation.

In this research, all the reagents used in experiments are analytical reagent
grade (AR grade) and high purity. The barium chloride dihydrate (BaCl,*2H20, >99.8%
Sigma-Aldrich), zirconium oxychloride octahydrate (ZrOCl,*8H20, 299.5% Inframat

Advance material) and titanium tetrachloride (TiCla, =99.9% Wako) were used as the
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rawmaterials. Sodium hydroxide (Carlo Erba 97.7%) was used as the precipitating agent.
The deionized water used in this experiment should be boiled previously at 100°C for
15 minutes to remove the CO, dissolved in it. In order to obtain the stock of Ti**
solution, TiCly was dripped very slowly into deionized water at a temperature below
than 5°C and stirred vigorously until the solution was clear. Then, the separate
stoichiometric amounts of BaCl,"2H20 and ZrOCl,"8H20 were dissolved typically in
deionized water in order to obtain the bariura (Ba%*) and zirconium (Zr*) solution,
respectively. These stocks of precursor solution were prepared freshly for each part
of experiments. In order to acquir€ the precipitating aeentef sodium hydroxide (NaOH)
solution, NaOH was disSetved .nmto d&lonized’/ water. The, solution preparation

procedures of all solG#ion inthis-experiment showdr Fisure 3.1 and, Figure 3.2.

3.4 Synthesis «of @&y complex perovskite ‘barium;-zinconiom, \titanate
(Ba(ZrTi1-O5BZT) - nandpowders.

The domplex parovakite-bagumlzirconatetitanateABalZ, Jiy)O-BZT) powder
products, with the-compesitions(x) = 8100;70:05¢0120;0.04an 07060, wete synthesized
by the sonoghemical method . without the ealdhationdprotess,@vhicgh was in
accordance with, the®feaction-(3y1 ):

BaC(z-ZHEO(aq) + (l-XJTfC{c_(aq) .+ XZFOC(Q'BHzO(aq} S (6—2x)NaOH(aq) >

Ba(Zi, T DOng 62N oy + (1350H 069 (3.1)

In this study, the synthesis process used was divided into five sections according to
the synthesis parameters that include the concentration of precipitating agent,
synthesis atmosphere, concentration of the s%arting solution, sonication time, Zr/Ti
molar ratio and the power of ultrasound irradiation.
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3.4.1 The concentration of precipitating agent

This section study the effect of the concentration of precipitating agent on the
Ba(Zr,Ti1)O3 (x = 0.0) phase formation. The 1 mol.L? of barium and titanium solution
were used as the stock of precursor solution in this section. The mixture targeted the
ratio of Ti and Ba ion in the solution constantLy at 1:1. Firstly, the appropriate
proportions of titanium and barium solution was pipetted from the stock solution, in
order to obtain a homogeneous mixed solution by mixing the stock solution together
with continuous stirring. Subsequently, setting up the sonication equipment for the
sonochemical process. The sodium hydroxide (NaOH) solution, use as the precipitating

agent, was loaded into a sonication vessel after setting up the equipment. In order to

fhat, th \%c&;;lc tion ves

' j \“:
; ")

than synthesi

(1 f‘. l"*} =..-‘.-__ !

F"‘ .ﬂt""l{ ,
v‘nv ¢

LU Uy Ll

could be a sce

washed with 0.1%mol. @fo Phicmacid i

contamination (CO5* d&@ff)mze SNG4

mol.L? of AgNO; solutleq asgﬁs%t&’chec%ﬂ:\eb@%a netlA

supernatant with no white sedinggm g Ol '

was not retained. Eventually in order to"0Btain the powder products, the washed
precipitates were dried in an oven overnight with the temperature about 80°C. The

process of the synthesis in this section was shown in Figure 3.3
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[ IMTiCkoo | W | 1 MBaCL.2H0 wo (5, 12, and 20M)
‘ Drop ‘
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| wixture precursor |  NESMEEP | Sonication Vesse!
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J
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i
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(0: 14 HCOOH' & DI water)

§

Drying

Figure 3.3 Schematic flow chart of BZT powder synthesis with varies concentration of
NaOH(aq).
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3.4.2 The synthesis atmosphere

This section study the effect of the synthesis atmosphere on the Ba(Zr,Ti;,)O03
(x = 0.0) phase formation. The 1 mol.L™! of barium and titanium solution were used as
the stock of precursor solution in this section. The mixture targeted the ratio of Ti and
Ba ion in the solution constantly at 1:1. Firstly, the appropriate proportions of titanium
and barium solution was pipetted from the stock solution, in order to obtain a
homogeneous mixed solution by mixing the stock solution together with continuous
stirring. Subsequently, setting up the sonicat'ién equipment for the sonochemical
process. Regarding the synthesis system, the effect of synthesis atmosphere on the
phase formation was studied J#He.poWder synthedizeauia.closed system with Ar gas
was compared with that“is”open -air. ke 20 friolL” of sedip hydroxide (NaOH)
solution, use as the pfe€ipitating agent,pvas {oagjed ihtoa sonication Wiessel after setting
up the equipmentf And then,the sphication yesselwhigh contained thg NaOH solution,
was added theffixed preciutsor S61LAGH With drep '8y diep at a ratk Yof about 25
mlmin™. Thegeforea high jpitvaltie Teachéds 1d dlnne, thesprodess:Fheny ultrasonic
iradiation for 30 #indtes By pulse Altrasonication- (Sonics MEX-750) 20-kHg, 1750 W) in
the 2 s modeg;and a pause in-t-s;mode .wa"s performed in thissexperiment,in order to
obtain bettar lqualit &f mapopartic(@s/ sikeshe puse tifrasonic ode. far synthesis
the powder lgivds-a namowgm particte size distribution than synthesized) powder in
continuous ultfasefhic MOde, Ags been: reported {4417 This=gould De a scene from an
uneven distribution’ef ultrasonic en_'ergly in the-_..uttra:s'on'ic' vesselrdd]f The white
precipitation was\fermed instantaneouﬁly during the p’fc'acess of ad@ingffuixed solution.
The precipitate, whith E8atained i thensomication vassel whén tefirradiation time
was over, was cooledNIB,100Mm; temperature by immersing, inftap water. Then, the
centrifugal filtration used touter oltithi recov.ered. ;jfecipitate, and washed with 0.1
mol.L™! formic acid (HCOOH) to refove.any possibkecarbonate contamination (CO5%)
and deionized water until the pH value reduced to 7. The 0.1 mol.L ! of AgNOs solution
was used to check the remained chloride ion by the supernatant with no white
sediment remained, which confirmed that the chloride ion was not retained.
Eventually in order to obtain the powder products, the washed precipitates were dried
in an oven overnight with the temperature about 80°C. The process of the synthesis

in this section was shown in Figure 3.4

L
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Figure 3.4 Schematic flow chart of BZT powder synthesis with study the effect of

synthesis atmosphere.
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3.4.3 The concentration of the starting solution

This section study the effect of the concentration of the starting solution on
the Ba(Zr,Ti1.JOs (x = 0.0) phase formation. Firstly, the appropriate proportions of
titanium and barium solution was pipetted from the stock solution, in order to obtain
a homogeneous mixed solution by mixing the stock solution together with continuous
stirring. In order to study the effect of Ti and Ba ion concentration on the perovskite
phase formation, The concentrations of titanium and barium solution were varied from
0.01 molL? to 1.5 mol.L™. The mixture targeted the ratio of Ti and Ba ion in the
solution constantly at 1:1. Subsequently, setting up the sonication equipment for the
sonochemical process in the close system with Ar gas. The 20 mol.L™ of sodium
hydroxide (NaOH) solution, use as_the=préCipitatifit“asent, was loaded into a sonication
vessel after setting up the equiprﬁent. And,then, the sonicatignyessel which contained
the NaOH solution, was aflded.the 'm{xed_.preﬁti_fsor'.solution Wihndrop by drop at a
rate of about 25 mtpdin™. Therefofe,_ a hfgh pHvalue¥€ached 14 duting the process.
Then, ultrasonic jfradiation-fon 30 minutes by pelsa u{tra_s_ohiéation_(Sonics VCX-750, 20
kHz, 750 ‘W) igf ghe 2.symMOde~and @ péuse_-in 15! frade Was.perforfped in this
experiment, In/ order /o 'Obtai'n'_ bettar quality £of nanopaitictes, Using the pulse
ultrasonic mode for_synihiesisthe oW erraives a marrofver-partitle size distribution
than synthesized-powden in;contihuQus _ult:a_ébnic mdde, has been r_epc:fted [44]. This
could be a scené,frortan’yneven d[str-ib_l;l‘tion ofultraseric)Bngtgy in‘thel dltrasonic
vessel [44]. The white precioitation Was'féhhed:'Iﬁéﬁan'faneousty duringthe process of
adding mixed solutiop. Thé precip[ta’té,\fWhich coptained in-the4onicafi@nféssel when
the irradiation time Was overywas-cooled teproomn te%n’pefatUre bysimmersing in tap
water. Then, the centr’?fu_gat ﬁltratioh L_;séd to filker OLP_E- the! recoveréd precipitate, and
washed with 0.1 rho'l.Lf1 {6wnic adid (HCOOH-j"to femove any Hassible carbonate
contamination (CO,*) and dejoffizegl water untit the Bl Valgeiebuced to 7. The 0.1
molL™ of AgNO, solution Waselised.to check the=r&fmaihed chloride ion by the
supernatant with no white sediment remaified, which confirmed that the chloride ion
was not retained. Eventually in order to obtain the powder products, the washed
precipitates were dried in an oven overnight with the temperature about 80°C. The

process of the synthesis in this section was shown in Figure 3.5
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Figure 3.5 Schematic flow chart of BZT powder synthesis with varies concentration of

starting solution.
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3.4.4 The sonication time

This section study the effect of the synthesis atmosphere on the Ba(Zr,Ti1 )O3
(x = 0.0) phase formation. The 1 mol.L"! of barium and titanium solution were used as
the stock of precursor solution in this section. The mixture targeted the ratio of Ti and
Ba ion in the solution constantly at 1:1. Firstly, the appropriate proportions of titanium
and barium solution was pipetted from the® stock solution, in order to obtain a
homogeneous mixed solution by mixing the stock solution together with continuous
stirring. Subsequently, setting up the sonication equipment for the sonochemical
process in the close system with Ar gas. The 20 mol.L™" of sodium hydroxide (NaOH)
solution, use as the precipitating agent, was loaded into a sonication vessel after setting
up the equipment. And then, the sgpieatiBiVasset which contained the NaOH solution,
was added the mixed pregefser”solution, with drop by“eidp,at a rate of about 25
mlmin™. Therefore, a g pH value reached A dufing the proegss. Then, ultrasonic
irradiation under apafient Ar gas for-a given time ih-this section (5,0, 15, 30 and 60
minutes) by pulsé Altrasonidation, Senids VXT38 20 KHZ, 5756-\W) in\the 2 s mode;
and a pause inflf's modey was jpeformetsin this'experlment, Inarder to‘oltain better
quality of nangparticles. Using, the pulse dltrasonio) foedesfer syathesis the powder
gives a narrgwer,parti efsizetistipution than | synthesized=pewder Jh tdntinuous
ultrasonic motle~has been reported)/fa4is This could besa scene)fram an uneven
distribution affultrasonic_enereyin-the 'u’ktr’aso_nf_c'"v_ess_et {4gh-The white-precipitation
was formed \ihstantangeusly Jdurine/ithe: process: of cadding-mixed, Soltfion. The
precipitate, whigh -contained in’ the *Sonitation veésé[ whep tae” irradidtion’ time was
over, was cooled to room temperatire by imrpersing i iap water. Then, the centrifugal
filtration used to\flitereouyt the recoered. precipitate and wasked Mith 0.1 mol.L?
formic acid (HCOOH\ Yo rerhove a'hy pos'sibl'e carbofate coptamihdtion (COs%) and
deionized water until thepi valdeyreduced to¥7,.The 0% el of AgNO; solution
was used to check the remfaingdschloride ion bythE sdpernatant with no white
sediment remained, which confirmed ™ that e chloride ion was not retained.
Eventually in order to obtain the powder prod LéCtS, the washed precipitates were dried
in an oven overnight with the temperature about 80°C. The process of the synthesis
in this section was shown in Figure 3.6.
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Figure 3.6 Schematic flow chart of BZT powder synthesis with varies sonication time.
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3.4.5 The Zr/Ti molar ratio

This section study the effect of the Zr/Ti molar ratio on the Ba(Zr,Ti; )O3 with
the composition (x) = 0.00, 0.05, 0.20, 0.04 and 0.60 phase formation. The 1 mol.L™ of
barium zirconium and titanium solution were used as the stock of precursor solution
in this section. The appropriate proportions of titanium zirconium and barium solution
was pipetted from the stock solution, in order to obtain a homogeneous mixed
solution by mixing the stock solution together with continuous stirring. Subsequently,
setting up the sonication equipment for the sonochemical process in the close system
with Ar gas. The 20 mol.L? of sodium hydroxide (NaOH) solution, use as the

precipitating agent was loaded into a sopicati : ftersetting up the equipment.

order to obtain the

powder products, the washed precipitates were dried in an oven overnight with the

temperature about 80°C. The process of the synthesis in this section was shown in
Figure 3.7.
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Figure 3.7 Schematic flow chart of BZT powder synthesis with varies Zr/Ti molar

ratio.
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3.4.6 Power of the ultrasound irradiation

This section study the effect of the Power of the ultrasound irradiation on the
Ba(Zr,Ti1,)O3 with the composition (x) = 0.00 and 0.40 phase formation. The 1 mol.L™
of barium, zirconium and titanium solution were used as the stock of precursor solution
in this section. The appropriate proportions of titanium zirconium and barium solution
was pipetted from the stock solution, in order to obtain a homogeneous mixed
solution by mixing the stock solution together with continuous stirring. Subsequently,
setting up the sonication equipment for the sonochemical processin the close system
with Ar gas. The 20 molL? of sodium hydromde (NaOH) solution, use as the

precipitating agent was loaded into a sonicadbi

\
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1

oNO5 solution

sediment remained, which confirmed that the chloride ion was not retained.

Eventually in order to obtain the powder products, the washed precipitates were dried
in an oven overnight with the temperature about 80°C.
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3.5 Characterization

The crystal structure, phase nucleation and influence of the fuel-to-oxidizers
molar ratio, calcination temperatures and dwell times of calcination to phase
formation of as-synthesized and calcined powders, were studied and characterized by
the X-ray diffraction technique (XRD), Fourier transform infrared (FTIR) and Raman
spectrometer spectroscopy. The particle size and morphology of the powders
obtained were investigated through a field emission scanning electron microscope (FE-
SEM).

3.5.1 X-ray diffraction_jeChrifQue (XRD\

-\

Figure 3.8 The X-ray diffractometer (Panalytical Model X’Part’)

The perovskite phase formation, structure and crystallite size of the products
were carried out by X-ray powder diffraction using an X-ray diffractometer (Panalytical
Model X’Part’, The Netherlands) (as shown in figure 3.8) with Cu KOl radiation
(A=0.15406 nm). The acceleration voltage was 35 kV with a 150 mA current flux. X-ray
diffraction {(XRD)was takeni of the  powders attached to a glass slide, and| data-were
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collected in the 20 range from 20° to 60°, with a scanning rate of 1°/min and sample
interval of 0.02°. Crystallite size and microstrain were calculated by the X-ray line
broadening method using Scherrer equation [134]. The Scherrer equation relies on
utilizing the following equation:

D = KA/BcosH, (3.2)

1.5406;& B is the full width at haft-

maximum (FWHM) in radian and Qs thesseatt s the shape factor (a

where A is the CuKg radiation of wavelength

The Ranfaf
identification €

vibrations of at«

structure identifl

Figure 3.9 The Raman spectrometer (Thermo scientific Model DXR Raman
Microscope)
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3.5.3 Fourier transform infrared (FTIR) spectroscopy

The Fourier transform infrared spectrometer (FT-IR) (as shown in figure 3.10)
was used for characterizing the final powder product and confirm phase identification,
which determines the adsorption of infrared radiation, due to characteristic vibrations
and rotations of atoms in molecules and compound. The FT-IR spectra were recorded
in the range of 4,000-400 cm’l, with 8 scans on a Perkin Elmer, FT-IR SPECTRUM GX
and a resolution of 4 cm’! using KBr pellets (KBr, spectroscopy grade, Merck) at room

temperature.
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3.5.4 Field emission scanning electron microscope (FE-SEM)

The Field emission scanning electron microscope (JEOL Model JSM-
6335F) (as shown in figure 3.11) used to characterize initially the particle size and
morphology of the resulting as-prepared products, equipped with energy-dispersive X-
ray spectroscopy (EDS) capabilities. The powders were dispersed firstly in ethyl alcohol
using an ultrasonic bath for 15 min. Then, dispersion was dropped on copper tape and
dried. In order to minimize charging effects under FE-SEM imaging conditions, these
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samples were coated conductively with gold by sputtering for 15 s. The average
particle size of powders obtained was examined using the linear intercept method.
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In this chapter discusses the results of experiments, including characterization
and analysis of the complex perovskite barium zirconium titanate (Ba(Zr,Ti;.)Os; BZT)
nanopowders were synthesized via sonochemical method. The results of the influence
of the synthesis parameters (the concentration of precipitating agent, the synthesis
atmosphere, the concentration of the starting solution, sonication time, Zr/Ti molar
ratio and the power of the ultrasound irradiation) were presented and discussed. Then,
the crystal structure, morphology, particle size and phase formation of barium
zirconium titanate nanopowders are described. In order to know the optimum
conditions for the synthesis of barium zirconium titanate powder by sonochemicat
method. The barium zirconium titanate (Ba(Zr,Ti;.,)Os; BZT) nanopowders that must

be of high purity and small size in the nanometer respectively.

The complex peroyskitesSarium zirconium titanate%Ba€Zr, Tii)Os; BZT) powder
products, with the comp6sition_(3)=0.00,| 0/05,/0:20;"0.04 afd“Q.60, Which was in
accordance with tifefreaction (@:2)—Thay were jsynthiesized by th®&, sonochemical
method without ghe calciration process:

BaClg-ZHgO.;aq] + (1-X)TiCL4{aq) + XZFOCQ'BHQO(BQ) o (6—2x}NaOH(an i

Ba(Zn 1 )i k622 Na @l HH I 3-xH50 65 (4.1)

4.1 The effect'of«the precipitating @Gent ¢oncentration en thé complex
perovskite bagium, zircomium titanate-(BalZrsTil.,) Qsphdsé formation.

To change the“garametgrs have a dramatic &ffect ‘opth€ perovskite phase
formation. In this section stadythe effeet! off the! concentriieh of precipitating agent
(NaOH) with 5, 12 and 20 mol.L™ ontheBalZidissn@5 X = 0.0) phase formation in the

1 of barium and titanium solution were used as the stock of

open air. The 1 mol.l
precursor solution. The Ba, Ti and Zr ion ratio in the mixed solution targeted constantly
at 1:1:0. The mixture solution was irradiated with an ultrasonic horn for 30 minutes at
80% of the maximum ultrasound irradiation amplitude. This study exposed the
concentration of NaOH with a striking effects on the Ba(ZrcTi1,)Os (x = 0.0) phase

formation.

Figure 4.1 shows the XRD pattern of Ba(Zr,Ti1.JOs (x = 0.0) powders that was
irradiated with an ultrasonic horn for 30 min in the open air system with a different

NaOH concentrations. It can be seen that the powders synthesized with 5 mol.L* NaOH
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illustrate only X-ray peaks of the unwanted phase correspond with the literature [128]
that is BaCQs and Ba(OH),(H,0)s phase. No perovskite structure characteristic diffraction
peaks could be discerned, indicating that no reaction was yet been trigeered for
synthesis with 5 mol.L™! of NaOH concentration. Moreover, the XRD pattern did not
display any explicit of Ti-precursor phase indicated that the Ti-precursor phase in this
condition is in the amorphous form [135]. The perovskite phase was developed at a
NaOH concentration as high as 12 mol.L, accompanied by the unwanted phase of
BaCOs (JCPDS file no. 41-0373) and Ba(OH),(H,0); (JCPDS file no. 77-2333). In addition,
the perovskite phase prominently displayed with increasing NaOH concentration to 20
mol.L?, the BaCO; and Ba(OH),(H,0); phase decreased dramatically. This observation
suggests that the unwanted phase of BaCOz.and Ba(OH),(H,0); were also decreased
with escalating NaOH concentratiomDiffraction Peaks, Ofwthe perovskite phase are
indexed with the BaTiOs€UlTC strusttne in \the' £mdm spacégraup from JCPDS card
No. 31-0174. Intensity’ of the-perovskitepatterm/ingreased: significagtly with increasing
NaOH concentragion. TRE jAincregsingy of rperovgkiteé _phase at “high hydroxide
concentration rgight be dueke-ificredsmg famation) of theeomplex pdlfineric chain
network of biretali€BasT| hydroxides 136}

Nevertheless) @ low intensityypgak of BaCOsWas stillpresentin produics syathesized
with 20 mol.L'} of-Na®F condentation/indopenair system.

The problemiof fermingBa€0%)at 2\ figheNaOHEBAC MtTation Should besattibuted to
using the open air synthegissystem, imwhich the Bashydrogdelin the sotutidn can react
easily with CO,\in\air @i caryOriate Spediesdnsthe sotution. ¢

The volume\raction. of-the pérevskite~phase/forfnatiof™ wak/considered at
various ‘NaOH concehiratioh Zfhe amourtts” oF*pberovskitesB8aCO4 ahd Ba(OH),(H,0)s
phases relate with a volUmésfraction @fsthe Rerovskit® phaséfOrmation which were
approximated by calculating th&afforefithe.main-XeTaypEak intensities of perovskite
BaTiOs, BaCOs, and Ba(OH),(H,0); phase using the following equation [137]:

/

perov

% perovskite = x100 (4.2)

lperov+gaco; HBa(OH)(H,0),

where loo, lgaco, and /Ba(OH)z(HZO)3 stand for the intensities belonging to the

strongest reflection peak of (110) perovskite, (BaCOs, and Ba(OH),(H,0)s, respectively.

A volume fraction increase of the perovskite BaTiOs phase formation, resulting from
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the sonochemical process at various the concentration of precipitating agent, is shown
in Table 4.1.

Table 4.1 Fraction of perovskite phase formed and lattice parameter (a) as a function of

the concentration of precipitating agent

NaOH concentration Lattice parameter (a) _
4 . % perovskite
(mol.L™) (A)
5 - 0.00
12 4.0328 + 0.0057 73.14
20 4,0317+-0.0039 89.96

Note: The lattice pdrameter-(a)-of, thé BaTiOi' swhich Jis-eubic struetlre in the Pm3m
space grofip/ from JCPDS-eaitl Nos 3170174520310 A,

Figure j8.22ShoWs, the=RT- IR/ spettroscopicistudicssofsthe Powder products at
various NaOH corcentrationsthat was irradiated with antitrasanic_horr for|30 minutes
in the openfair systém¢ ThelBiIRMand forthe all protlucts wera ‘obisafved at around
3,500 cm?, dde fo Q-Headymmetyit stretchin'g {(U)atid bendinenmnode(0s)lof O-H at
around 1,600\ctn *respedively,, arisingifram_the Water Braseht in the stiface of the
barium titanantey nafoparticle [138]. As ghown jishigure 4.2, FT-IR, spégtrum of the
powder synthesized With 5 molk. (Na@H_indicated peaking-of the* characteristic band
at around 1,450, 1,3Q0y,1,100.and 890 €M whicH torfespondgd te'the anti-symmetric
carbonate group stretchigewibration of BaCO; (39, 148]. Ant«did not appear the Ti-O
vibrations band of the perovski{i& phase Same with XRPerEsutf. The absorption band at
around 600 cm™, represents the charaeteristi® infrared absorptions of the Ti-O
vibrations. The TiOg stretching vibration connected to the barium which situated band
around 603 cm™" [141-143]. By increasing the NaOH concentration, the absorption bands
of about 603 cm™ became increasingly stronger, indicating that the BaTiOs phase was
created initially at about 12 mol.L”! NaOH and the asymmetric stretch vibration of the
carbonateigroups decreased significantly. In addition, the perovskite phase prominently
displayed with increasing NaOH concentration to 20 mQLL'l, the BaCO; phase decreased
dramaticatly. This result indicated that, BaTiOs; crystallites grew increasingly by
increasing the NaOH concentration, which was also consistent with the XRD determined

previously.
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Figure 4.1 The XRD pattern of Ba(Zr,Ti; ,)O3 (x = 0.0) powders that sonicated for 30
minutes at various NaOH' concentrations 'in the open air system.
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Figure 4.2 The FT-IR spectrum of Ba(Zr,Ti1,J)Os (x = 0.0) powders that sonicated for
30 minutes at various NaOH concentrations in the open air system.
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Raman spectroscopy is a highly sensitive spectroscopic technique generally
used for probing structure in atomic scale on the basis of vibrational symmetry [144].
Cubic BaTiOs has no inherent Raman-active modes, which are however, expected for
non-centrosymmetric tetragonal structure. Raman spectra of as-synthesized powders,
synthesized at different NaOH concentration, are presented in Figure 4.3. It can be seen
that the powders synthesized with 5 mol.L™ NaOH display the symmetric stretching
mode of C — O bond from minimal BaCOs traces, which correspond at around 134, 155
and 808 cm [145, 146]. The perovskite phase started to form with increasing NaOH
concentration, the BaCOs phase decreased dramatically, which consistent with the XRD

(Figure 4.1) and FT-IR (Figure 4.2) results, respectively.

It is well known that BaTiQsshas fiVE atomswand fifteen degrees of freedom
divided into the optical repreSertations, 3F;, + Fa,, Whil8agbther Fi, symmetry mode
corresponds to the acalstical branch~Toe\Balids spectra revealéd the presence of a
tetragonal structurg! ghainly charagterized by, the ALTO), A(TO,), ’RO,), A(TO3) and
A(LOY/E(LO) Rargadt modes; white Ne Ratran-actives miode-was-predicted, for the cubic
phase (Pm3m)A147]. The-Ratar, shift-Peakief, the"polwderBroducts (with 12 and 20
mol.LY), is logated at ardufhdd81 /2957 521 and 707 erh Yandassigried to tha transverse
optical (TO) fodes of JAs [syramietrysTHe Deak at-IBL/Cr™arises [due o interference
from harmoni¢ celipling/between the) threeATO)/phonons.| The peak-at 1707 e s
related to the highest' frégutneyy of AherAongitudinal,optical aprodé= (LO) with A
symmetry [147]. «Regaiding | the ) other: compositions, .theé /Raman ~spectra nearly
corresponds t@ thdse of Balils thatiprasedia cabic struetlre; Whichals jnfagreement
with the XRD result.

Then, the pewder products thatarefosexdmine the morphGidey using a field
emission scanning micrQseoP€ (FE-SEM). FE-SEM micrographs of all powder products,
sonochemically synthesizethfor30 rintitdsTafel(trasonie”fpaliation at various NaOH
concentrations in the open air syStemgale. demonstfated in Figure 4.4. As shown in
Figure 4.4, two type of morphological particles were observed at 5 mol.L™ NaOH (Figure
4.4 (a)), a small one with agglomerated form and large particle with irregular
morphology. The morphology of the particle changed significantly with increased NaOH
concentration to a narrow size distribution, and a more spherical shape was observed
clearly. Figure 4.4 (c) shows the histogram of particle size distribution which illustrates
a narrow size distribution of the nanoparticles. The average particle size decreased
significantly with increasing NaOH concentration, and when measured by FE-SEM was
found to be 172 + 11 nm and 84 + 16 nm powder synthesized with 12 mol.L™ and 20

mol.L™" of NaOH concentration, respectively.
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Figure 4.3 Raman spectrum of Ba(Zr,Ti;,)O3 (x = 0.0) powders that sonicated for
30 minutes at various NaOH concentrations in the open air system.
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Figure 4.4 FE-SEM images of Ba(Zr,Ti;,)Os (x = 0.0) powders that sonicated for

30: minutes at-various. NaOH concentrations, in. the open air system,



58

Figure 4.5 shows FE-SEM image and the energy dispersive X-ray (EDX) patterns
of Ba(Zr,Ti;.JOs (x = 0.0) powders that sonicated for 30 minutes in the open air system
with 5 mol.L" NaOH, indicated that the agglomerated cluster was the Ti-amorphous
phase, while the large particle was the BaCO; phase. The results corresponded well
with the XRD pattern (Figure 4.1).

BaCO,
l Ba(OH),(H, 0)
Ti amorphous phase

-1
5 mol.L.  NaOH L

BaCO,
Ba(OH),(H,0),
orphous phase

m Wi , 15\
1f u?i‘

PNV 0 A

L

Figure 4.5

that the 20 mol.L" Naa{"aﬁ Iﬁﬁiﬂgw i the Ba(Zr,Ti; )O3

powders with the sonochemica

This is consistent with the research of R. Vijayalakshmi et al. [148] have
succeeded in the synthesis of barium titanate (BaTiOs) with hydrothermal method. It
uses 240 ° C for 20 hours and then studied the concentration of NaOH was changed
to 1%, 2% and 3% respectively. The particles made from synthetic 1% NaOH was
found that the particles are spherical and have a relatively uniform distribution. When
the concentration was increased to 2% NaOH showed that the particles are spherical,
and begin to change into rod structure mixed in the products. However, the 3% NaOH
found that the deformation is characterized by small rods. The diameter of 20-30 nm
and a length of more than 90 nm. Moreover, it also found that the particles that are
larger -when_the concentration of-NaOH_increases. The result would be -inconsistent
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with this research is that when the concentration of sodium hydroxide increases the
particles that are smaller and the particles can be characterized sphere, as shown in
the Table 4.2. In addition, a study by W. Wang et al. [149] have sisthesized the (BaTiOs
by sol-gel - hydrothermal method. As a result of the influence of the concentration of
potassium hydroxide (KOH) different at 0.5, 1, 4 and 8 mol.L !, respectively, the
concentration of KOH is 0.50 mol.", the characteristics of the particles. It will be larger
and there does not appear to be homogeneous. The concentration of KOH increased
to 1 mol.L! found that the particles are spherical and have a uniform dispersion of
the particles have a size of around 375 nm. When the concentration of KOH increased
the size of the particles that are smaller and have a narrow distribution. This results
will be consistent with this research, which is the particle size decreased with increasing

the NaOH concentration.

Table 4.2 show thegesults of the BaTiO; which synthesized by the different method

Sol-gel-HydrotHemal Hydrothermat Sonochemical
méthod methied method
Stating Qi eHaeOL T and Bacl-and~Tidl4 BaGlz» 2830 and TiClg
materials Ba(EH:0,)3
Conditions 120 a2, h. 240 °\€f6¢ 20, /0 Y 20 maghl § 9f NaOH,
0.5 mol bt KK\ (P T5% 6F NaOi gas 1Y = 1:1,
reaction time for 30
min
Shape Sphere Nariored Nanosphere
Particle size 120-375 nm. Fhe-diafeter of 83.85 + 11.38 nm.
20-30 nm and a
length of more
than 90 nm.
Distribution narrow distribution narrow distribution  narrow distribution
Researcher  W. Wang et al. [149]  R. Vijayalakshmi et This research

al. {148]
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4.2 The effect of the synthesis atmosphere on the complex perovskite

barium zirconium titanate (Ba(Zr,Tii)Os phase formation.

In this section study the effect of the synthesis atmosphere on the Ba(Zr, Tiy.
)05 (x = 0.0) phase formation in the open air and Ar atmosphere. The 1 mol.l" of
barium and titanium solution were used as the stock of precursor solution, and used
20 mol.L! NaOH as the precipitating agent. The Ba, Ti and Zr ion ratio in the mixed
solution targeted constantly at 1:1:0. The mixture solution was iradiated with an
ultrasonic horn for 5, 30 and 60 minutes at 80% of the maximum ultrasound irradiation
amplitude. This study exposed the synthesis atmosphere with a striking effects on the
Ba(Zr, Ti;)O3 (x = 0.0) phase formation.

Figure 4.6 shows tE.evBlution of XRD pattermof Ba(Zr,Ti1)Os (x = 0.0)
powders obtained aftgr’sehication fer 5; 30 and 60 minutes 28 mol.L”! NaOH in the
open air system (a)fald closed-sysiem with Argasilo)_In-the operigiy system, the XRD
pattern shows thgMmixed phase-efithidperovskite;,BaGhs-and Ba(OH),430); phase. The
unwanted phasé of BaCOsfEICPDY filéshd, @i-03%3). and Bat®H),(H.0); UEPDS file no.
77-2333) dedréased significatity- with-increasing- sonigationttinte. Nevartheless, the
BaCO; remained<at 60 minttes \Senicatisnitimer For/theipowder synthesized in Ar
atmospherg, [The BaCOphase;tisappeared: after ofly-fivesmifdtes sanigation time.
The relativaly shalt’™XR0 pafitein shows good agreement With the perovskitestructure.
However, thelintensity-6f fhe perduskite-phase'isguiie Tow indlicating that/the product
has a low crystallinity. Jiyelerystalipitpof the pfbduct wasJdpprovedssignificantly with
increasing thels@nication time. AlsharpiXRp-patteriiyas jobsetyed clearly at 60 minutes
sonication time\ Rh&XRD pattérn indicates thatithe| syfthesizedpowder shows good
agreement with the wuBIgBaTIO; StuetQrewith/Pra3m spacggroypd WCPDS file no. 31-
0174). Based on XRD Yedults, Rietveld refinement anglysisisives a’lattice parameters a
= 4.0415+0.0004 A, which WaSslightly rget than thatefthe’reported value a = 4.031
A (JCPDS file no. 31-0174). This slichtexpansion-eftattice parameters (a) might be due
to the presence of a trace amount of the OH group trapped in the crystal lattice, which
can be confirmed by solvothermal treatment with Dimethylformamide (DMF). The
intensities and positions of the peaks match very well with those data reported in the
literature [25, 126]. No peaks of any other phases are detected, indicating the high
purity of. the product. The results indicated that the impurity BaCOs; phase can be
reduce or eliminate when product was synthesized at high concentration of
precipitating agent (20 mol.L"! NaOH) and in the closed system with Ar atmosphere.



61

~ Ba(OH),(H,0)3 (a) '8 (b)
®BaCO <
BaTi :
% 3’\ 60 min _ = 60 min
g = = = g =
*s o~ 8 = = -l <
3 = %~ & 8§ H =
o pe = ol
e t g 1 ’. | ,l “ ¥ ﬂ

Intensity (a.u.)

30 min 30 min
N\
* - N é: - * . %
— ‘_:' e ;/, § o :'_“ —
Py < o o B 5 min
P " > \ D %\
* D’ ~ -
2
> WP / / \ %, h?a
-
e ) E;g; )
-
2, ¥ci i €03 %31 3 BaCO3
v
JCPDS Ne.77:2333 Ba(OHY( ]
?p’ a Jf{)&s@-f' 3 Ba(OH),(H,0)3

“P23nan

JCPDS No.31-0174 BaTiO3
50

40 60

JCPDS No.31-0174 BaTiO3

]

20 30 40 50

60

20

30

260/degrees

20/degrees

Figure 4.6 The XRD pattern of Ba(Zr,Ti;.,JOs (x = 0.0) powders that sonicated for 5,
30 and 60 minutes with 20 mol.L"* NaOH in the open air (a) and Ar

atmosphere (b).
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Figure 4.7 The FT-IR spectrum of Ba(Zr,Ti;,JOs (x = 0.0) powders that sonicated for 5,
30 and 60 minutes with 20 mol.L " NaOH in the open air (a) and Ar

atmosphere (b).
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Figure 4.7 shows the evolution of FT-IR spectroscopic of the powder products
obtained after sonication for 5, 30 and 60 minutes in 20 mol.L"! NaOH in the open air
system (a) and closed system with Ar gas (b). The FT-IR band for the all products were
observed at around 3,500 cm®, due to O-H asymmetric stretching (Us) and bending
mode (0,) of O-H at around 1,600 cm™, respectively, arising from the water present in
the surface of the barium titanante nanoparticle [138], as shown in Figure 4.7 (a) and
(b). In the open air system (Figure 4.7 (a)), FT-IR spectrum of the powder products
indicated peaking of the characteristic band at around 1,400 and 1,000 el which
corresponded to the anti-symmetric carbonate group stretching vibration of BaCO3[139,
140]. The absorption band at around 600 cm™, represents the characteristic infrared
absorptions of the Ti-O vibrations, which is due to TiOs stretching vibration connected
to the barium [141-143]. By jnef@asii® the sonicationtime, the absorption bands of
about 600 cm™' becameAhefeasingly 'strongen And the asynmétyic stretch vibration of
the carbonate groups” decreased-Significantly.”|n_addition, theperovskite phase
prominently displéyed with jticreasingsonication twhieto 60AMnuteshthe BaCO; phase
decreased dranhatically. Thi§aresuly mdicatad, that,BaTiOs-ctystallites gheW increasingly
by increasing/ thesr€actionstimeMNevertheless, e Bal@ssremalfied. at 10 minutes
sonication time. awhichdwas;atso| consistent-witnthe XRDdetermined-previously. For
the powder/synthesizedin-Ar-atmosphere (Figure 47 4b)); the BaCOs(phdse disappeared
after only five minutes sopication time, FhetETIR SpEctraRshoW the absorption band
at around 600 €', “réprésents thecharacterstie, infrargdyaBsdrptigns lof the Ti-O
vibrations, whichejs*8be 18 W04 stretching |vibration sconnected (to jthe barium.
Furthermore, the ‘absorptidéalbands of(1i-O_stretciaing/yibfations begargefincreasingly
stronger with ingreasingsthe sonicatiortimdskonthisrefults coutd conélude that the
impurity BaCOs phase €an<e Teduce’ ot Ehinfilnate-wier” prodtict wag synthesized at
high concentration Sf\Preciptating agent™(20 Tol.L " ;NaOl) dng’lp'the closed system

with Ar atmosphere, as the,Same XRBJrasults:

Raman spectra of powders prodtetsysyrthiesized at different ultrasonic reaction
times with 20 mol.L”! NaOH in the open air system and closed system with Ar gas, are
presented in Figure 4.8 (a) and (b) respectively. In the open air system (Figure 4.8 (a)),
all powder products display the symmetric stretching mode of C - O bond from
minimal BaCO3 traces, which correspond at around 134, 155 and 808 cm[145, 146]. It
is well khown that BaTiOs has five atoms, fifteen degrees of freedom per unit cell,
octahedral rotational symmetry in the cubic phase, and fifteen degrees of freedom
divided into the optical representations, 3Fy, + Fa,, while another Fy, syrﬁmetry mode
corresponds to the acoustical branch. The BaTiOs spectra revealed the presence of a
tetragonal structure, mainly characterized by the A{(TO4), Ai(TO,), E(TO,), Ai(TOs) and
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A(LOYE(LO) Raman modes, while no Raman-active mode was predicted for the cubic
phase (Pm3m) [144]. When the reaction time at 5 minutes, the Raman shift peaks
located at'around 181, 295, 521 and 707 cm™! match well with the typical Raman peaks
of BaTiOs [150]. The bands around 295 and 521 cm™ are assigned to the transverse
optical (TO) modes of A; symmetry, whereas the peak at 181 cm™ arises due to
interference from anharmonic coupling between the three A,(TO) phonons. The peak
at 707 cm™ is related to the highest frequency longitudinal optical mode (LO) with A,
symmetry [151]. With increasing reaction time, the symmetric C - O stretching vibration
becomes weaker. The decreasing of symmetric C - O stretching vibration band in Raman
is corresponded well with FT-IR spectrum. For the powder synthesized in Ar
atmosphere (Figure 4.8 (b)), the BaCO; phase disappeared after only five minutes
sonication time. When increasga”the=sofiiCation time.to=30 minutes, the Raman shift
peaks located at around #81¢295, 521 and Y07/ _cm‘l__was appeared, which match well
with the typical Rarpdp”peaks of-BaTiQsThe Bands-around 298%and 521 cm! are
assigned to the transVerseopficat (FO)¥nadesof Aysymimetry; Whereas the peak at 181
cm™* arises dueftd int&fferefge-frémpanhatmonie ct:uplfng between the\three A(TO)
phonons. The peakat™7Q7 iz ishélatad 'tb the highest freguendy ongitidinal optical
mode (LO) with Apsyrfimiefrz :

The mMQrphology end particlesize were studigdialso by @ fieldlemission scanning
microscope (FE-S_EM).' FE-SEM r'nlcrogra'phso'f ~all\powder-products, $enachemically
synthesized at different attrasonic reaction tirmes with: 20.ppelL*NaOH icl@sed system
with Ar gas, are 'demonstrated, in [Figtire 419.@As shown inFigure’®.9 (a)iza lafge amount
of BaTiOs nanodrystals, was ‘ereated inftiaU.y from fthe/Ba ang-Fi-based pfecursor under
ultrasonic iradiatigbefose aggrégation ofBaTiOs, p_é_rticles. ffém latde pafticles. Sphere-
like particles were Ohfained after 30"MinLEEs=and te parti€le” sizedncreased slightly
after 60 minutes under UtigasQni¢ irrgdiation. The:BaTi(3 par.ticl'es. Showed a monosized
spherical shape that was diffei@ntafrom that  inothEr Preparation methods. The
products had a spherical or very close 0 sphefical morphology, and the particle size
distribution was rather narrow. In addition, the average grain size was increased from
100 £ 11 nm to 123 £ 13 nm in diameter by increasing the reaction times from 30 min
to 60 min, respectively, as seen in Figure 4.9 (a-c).
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Figure 4.8 Raman spectrum of Ba(Zr,Ti;.)Os (x = 0.0) powders that sonicated for 5,
30 and 60 minutes with 20 mol.L™ NaOH in the open air (a) and Ar

atmosphere (b).
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Figure 4.9 FE-SEM images of Ba(Zr,Ti;.,)JOs (x = 0.0) powders that sonicated for 5, 30
and 60 mindtes:with 20, mol.L NaOH in Ar. atmosphete;
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4.3 The effect of the starting solution concentration on the complex

, perovskite barium Zirconium titanate (Ba(Zr,Ti1,)Os phase formation.

To change the parameters have a dramatic effect on the perovskite phase
formation, In this section study the effect of the starting solution concentration (Ba**
and Ti** solution) with 0.01, 0.1, 0.2, 0.5, 1.0 and 1.5 mol.L™! on the Ba(Zr,Ti1x)0s (x =
" 0.0) phase formation in the close system with Ar gas. The Ba, Ti and Zr ion ratio in the
mixed solution targeted constantly at 1:1:0. The mixture solution was irradiated with
an ultrasonic horn for 30 minutes at 80% of the maximum ultrasound irradition
amplitude in 20 mol.L"! NaOH. This study exposed the starting solution concentration
with a striking effects on the Ba(Zr,Ti1.,)Os (x = 0.0) phase formation.

'Fi':g:UFé 4.10 sh:ows' the”ARD pattern of Ba(Zr,T11)@s = 0.0) powders that was
iradiated ‘with an ulp#sehic hor™or 30| minutes in diffefegty, precursor solution
cancentrations with#20° mol T NaQH i the cldse §ystem with Ar gas VAt low precursor
concentration (¢/ 0.2 mol E5-the" XBD, patteen disptayedlthe BaC®; phase and
Ba(OH),(H,0)s plase; the pérdvskite phasé was Aot ebsernéd at 0.01'mALL! precursor
concentration. At 0.1 moll: thé perovskitelphase-stantedito form and thelunwanted
-phase BaCOs [arid’ BA(OHtHz0):\! phase decredsed IVith=increased—the \precursor
concentration| ta.0.5 (Mot -tha Bato); paakidisagpears; and Pure pérovskite phase
was obtainedfin“tHis\condition’_Icfeasingiof prachirsst concentratibn o 1.6 mol L,
the intensityl of the XBB-paftern, detreasad-white: the ULl width at Aaftimaximum
(FWAH) valueWasancreas&d indlicating the n‘anocrystats tend torbecame/smaller. The
average 'crlyl_stallite siZe of the pewdsrs, gbtained:can be determiped frém the XRD
pattern acttﬁfding te Seherrer’'s aquation [134]:

B KA/ Bcose (4.3)

where A is the CuKa. radiation of wavelength (1.5406A), 3 is the full width at haft-

maximum (FWHM) in radian and © is the scattering angle. Also, K is the shape factor (a
constant-equ)al to 0.94) and D is the crystallite size normalized to the reflecting planes.
The crystalline size calculated form Scherrer equation is summarized in Table 4.3 and
conﬁrme("":lit}'ﬁis assumption.

I
|

i
i
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Figure 4.10 The XRD pattern of Ba(Zr,Ti;.)Os (x = 0.0) powders that sonicated for 30
minutes at various the starting solution concentrations in 20 mol.L"* NaOH
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Figure 4.11 The FT-IR spectrum of Ba(Zr,Ti;,)Os (x = 0.0) powders that sonicated for
30 minutes at various the starting solution concentrations in 20 mol.L*!
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Figure 4.12 Raman spectrum of Ba(Zr,Ti;)Os (x = 0.0) powders that sonicated for
30 minutes at various the starting solution concentrations in 20 mol.L
Na©H in/Ar:atmosphere.
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Figure 4.11 shows the FT-IR spectroscopic of Ba(Zr,Ti; 003 (x = 0.0) powders that
was irradiated with an ultrasonic horn for 30 minutes in different precursor solution
concentrations with 20 mol.L™ NaOH in the close system with Ar gas. The FT-IR band
for the all products were observed at around 3,500 cm™, due to O-H asymmetric
S‘E?etching (Us) and bending mode (U,) of O-H at around 1,600 cm™, respectively,
arising from the water present in the surface of the barium titanante nanoparticle [138].
As shown in Figure 4.11, at low precursor concentration (< 0.2 mol LY, the FT-IR
spectrum displayed the anti-symmetric carbonate group stretching vibration of BaCOs
" at around 1,450, 1,300 and 850 cm! [139,7/4). At 0.1 mol L, the perovskite phase
started to form and the unwanted BaCO; phase decreased. The absorption band at
around 600 cm™, represents the charactesistic infrared absorptions of the Ti-O
vibrations [8/4, 9/4, 10/4]. The*Barnd Situated around"66dem " is due to TiOs stretching
vibration connected te”#ife barjum\By: incrédsing the pre®urser concentration, the
absorption bands of about-600_cm=" pecame’ineasingly-strongdy, ndicating that the
pure BaTiO; phasefwas Obtained lat-about 0.5 rdolL3¥of precursor cencentration and
the asymmetgcsStretch vibkaiion of tHE.CatBonate groups decreased significantly. This
result indicafed #hat, BaTiOztrystallites créw incieasielybylinéfeasing the precursor
concentration, which,Wag also consistentamiti.the XRD /determined Rréyiously.

Rarnan -spectroscopy!isiia Aighly sensitive sPeCtroscopic jtechpique generally
- used for probing.structure in aternic scaleion the\basis-of Vibratidnal symrhetry [11/4].
Cubic BaTiQsthas na_ipherentiRamansactive Imaodes; which arehewever, expected for
non-centrosymmetric téfragemal. structire CRanan Spectra oi-as-synthesized powders,
synthesized a différent NaOH, cantcent@tion, are gresented in Figuref/d12. it can be
seen that the paWiders syntfesizedwith-0.0 Lasti?! ofprfecursor solution display the
symmetrfc___ =_5tretching mote of C== @=bepd from minifdal Ba€O; traces, which
correspond at around-:134, 155%8d:808 c ™ [12/4,.13/4], anddighot appear the Raman
peak which a characteristic ®fthe«BaTiOs phase._Lhe*ferdVskite BaTiOs phase started
t5° form with increasing the precurs8r=sotlfion concentration, the BaCOs; phase
decreased dramatically, When the precursor solution concentration increased to 0.5
mol.L", the BaCO; phase disappeared, and the pure perovskite phase was obtained

which consistent with the XRD (Figure 4.10) and FT-IR (Figure 4.11) results, respectively.

It is well known that BaTiOs; has five atoms, and fifteen degrees of freedom
divided in:to the optical representations, 3Fy, + Fa,, while another £y, symmetry mode
corresponds to the acoustical branch. The BaTiOs spectra revealed the presence of a
tetragonal structure, mainly characterized by the Ay(TOy), A{(TO,), E(TO,), A«(TOs) and
Al(LO)/E(LO) Raman modes, while no Raman-active mode was predicted for the cubic
phase (Pm3m) [14/4].; ' The Raman shift peak of the powder products (with > 0.1 mol.L”
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! of the precursor solution cincentration), is located at around 181, 295, 521 and 707
cm’ and assigned to the transverse optical (TO) modes of A; symmetry. The peak at
181 cm'! arises due to interference from harmonic coupling between the three A;(TO)
phonons. The peak at 707 cm™ is related to the highest frequency of the longitudinal
optical mode (LO) with A; symmetry [14/4]. Regarding the other compositions, the
Raman spectra nearly corresponds to those of BaTiOs that present a cubic structure,
which is in agreement with the XRD result.
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jo_ X-raydiE patterns of

Figure 4.13 FR- P@ﬁ?mage ;
' O) glowdes that sof @ inutes at 0.01
mol.L re&somr solution concentration, @ ol.L' NaOH in the

Figure 4.13 displayed the morphology of the powder product synthesized with
0.01 mol.L! of precursor concentration. As shown in Figure 4.13, two types of
morphology particles were observed clearly; small particle with agglomerated from and
large particle with irregular morphology. The EDX indicated that the agglomerated
cluster was Ti-amorphous phase while the large particle was the BaCO; phase. The
results correspond well with the XRD pattern.
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With increase the precursor concentration, the morphology of the particle
changed s‘igniﬁcantly, as shown in Figure 4.14. The particles morphology shows more
spherical in shape. And harrow size distribution was observed clearly with increasing
the precursor concentration. The particle size distribution histrogram in Figure 4.14 (c)
illustrationsithat the nanoparticles have narrow size distribution ranges with the average
particle dispersity (Dsi:;Mgg/DSEMso) of 1.54. Average particle size decreases significantly
Wlth increasing the precursor concentration. The average particle sizes measured by

: FE SEM were found to be 123+43 nm for powder synthesized in 0.5 mol.L™ of precursor
concentration and decreased to 50+11 nm for 1.5 mol.L™? of precursor concentration,
respectively. As shown in Table 4.3, The crystallite size of powderﬁ was found to be
37£14 nm and 16+01 nm when synthesized in 0.5 mol.L! and 1.5 mol.L™? of precursor

" concentration, respectively. It jsdrfferestifiS to notethattheparticle size becomes close
to the crystallite size wjiH ifCreasing-thi \preqursor concerftrgtion indicating that the
particles synthesizegd’ &t high precursor.\cancentration _are "composed of fewer
crystallites. Genepdlly, the~sizeof the) partitles Eatfpracipitate obitNof solution be
influenced by the' relafive rates af nuete) farmation ‘and-cpystallite growth. The high
nucleation faté condition camsprodUce e amga.namberof small drystatiitas\[120, 22/4].
At higher values af précursor concentrationya [arger number of cation fons'ate diffusing
in the solution leadig; fethisher'degree oOf Shpersaturation-of perovskite and higher
nuicleation rafe £48, 039 |=Asraresllr/ thesizevor\ the finatrpartiétés dedaases with
increasing precutsor cofcentiation. white:a targe ‘numbef | of srall @rystallites are
formed. The styucturatfand morphologtcat characterizations \dorVeree in démonstrating

_that the sondchefiigal synthesis, prdcessteadsstol the=formation of the cubic

| BaTiOs; phase with\ 0€:nm grade-nanopowdars,and @\narfow size Mistribution.

Table 4.3 Fraction of Crysta'lee size and Particled size bysSch€rrer method and SEM,

respecttvely as a function of the slarting.settition concentration.

Starting solution Scherrer method

. SEM
concentration Crystalline size i i
B Particle size (nm)
(mol.L™) (nm) _
0.5 37 + 14 123 + 43
1.0 2929 . | 94 + 28

1.5 16 +1 50 + 11
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Figure 4.14 FE-SEM images of Ba(Zr,Ti;,)Os (x = 0.0) powders that sonicated for
30 minutes at various the precursor solution concentrations with 20
mol.L ! NaOH:in the Ar atmosphere.
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4.4 The effect of the sonication time on the complex perovskite barium
zirconium titanate (Ba(Zr,Ti;.,)Os phase formation.

In this section study the effect of the sonication time on the Ba(Zr,Ti;,)O3 (x
= 0.0) phase formation in the Ar atmosphere. The 1 mol.l"* of barium and titanium
solution were used as tHe stock of precursor solution, and used 20 mol.L™" NaOH as
the precipita'.ting agent. The Ba, Ti and Zr ion ratio in the mixed solution targeted
constantty &t 1:1:0. The mixture solution was irradiated with an ultrasonic hom for 5,
10, 15, 30 and 60 mir;utes at 80% of the maximum ultrasound irradiation amplitude.
This study exposed the sonication time with a striking effects on the Ba(Zr,Ti;,)Os (x =
0.0) morphotogy and size distribution.

Figure 4.15 shows the€Veletion of XRD pattern ok Ba6ZTi)0s (x = 0.0) powders
obtained after sonicatjghsfor 5, 10;:15,)30 \and’ 60 minutes iM2Bumol.L" NaOH in the
" closed system with/Apkas. The-pure perovskité’stiticture-was obsenvad clearly at 5 min

sonication time Byfusing a strongibase’solution 20 etk BNaOH) ahd\high precursor
concentration £ £.0 mol L )JEwith fhe povder, synthesizedsin -a ,closed ‘syistem with Ar
gas. The BaC4pHase Or.unWanted\piase' Were netfound atialk. Howeves, the intensity
of the perovskitephase isiquites lavindlicatingthatthé/ product has atawl drystallinity.
The crystaliifity_of theFproduct was /improved Signtficarttywith ) increasing time of
ultrasonic ifradietion) A SHalg_XRD ! patterm was slisened clearly (gt 60 minutes
sonication tifne. “The XBD pattern indicates that the synthesized powderfshows good
agreement With the cubicBali®s; sfRiCtUre with\Zm3m siase Sreup @EPPS file no. 31-
0174). Increasing\of sOnication time, the intensityzofthe XRD pattetn ifgreased while
the full width \at Raft-maximuid Q(EWAH) Vvalus ) was decreased, indicating the
nanocrystals tend ¥Oz\beéoie latger~TheéradbraserCrystallite size’ of the powders
obtained can be detemined flom.the XRD pattern agtording 6 Scherrer’s equation
(Equation 4.3). The crystallifegize.calc\tated &t Scheffor equation is summarized in

Table 4.4 and confirmed this assumption

Raman spectra of powders products, synthesized at dffferent ultrasonic reaction
times wit'hy 20 molL" NaOH in the closed system with Ar gas, are presented in Figure
4.16. As shown in Figure 4.16, the BaCO; phase disappeared after only five minutes
sonication time. When increased:the sonication time to 10 min, the Raman shift peaks
lozated at around 181, 295, 521 and 707 cm™! was appeared, which match well with
the typlcal Raman peaks of BaT|O3 The bands around 295 and 521 cm™ are assigned
to the transverse optical (TO) modes of A; symmetry, whereas the'peak at 181 cm™
arises due to interference from anharmonic coupling between the three Ay(TO)
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phonons. The peak at 707 cm ™! is related to the highest frequency longitudinal optical

mode (LO) with A; symmetry. Raman results are in agreement with the XRD result.
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Figure 4.15 The XRD pattern of Ba(Zr,Ti; )O3 (x = 0.0) powders synthesized at different
ultrasonic reaction times with 20 mol.L"' NaOH in the closed system with
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Figure 4.16 Raman spectrum of Ba(Zr,Ti;,)Os (x = 0.0) powders synthesized at different

ultrasonic reaction times with 20 mol.L"! NaOH in the closed system with

Ar gas.
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The morphology and partic%e size were studied also by a field emission scanning
microscope (FE-SEM). FE-SEM micrographs of all powder products, sonochemically
synthesized at different ultrasonic reaction times with 20 mol.L™ NaOH in closed system
. with Ar gas, are demonstrated in Figure 4.17. As shown in Figure 4.17 (a), nanocrystals
of Ba(ZrTi1,)0s (x = 0.0) was firstly formed under ultrasonic irradiation, and then
nanocrystals readily agglomerated into aggregated particles in a short period of time
in order to minimize the high surface energy. The particle size and shape of the cluster
are difficult to identify. With increase the sonication time, the spherical in shape and
uniform parthe are observed clearly (Figure 4.17 (b-e)). Sphere-like particles were
achieved ev:dentiy after 10 minutes of the sonication time, and the particle size slightly
increased after 60 minutes under ultrasonic irradiation. In addition, the average grain
size was increased from 68 +,26 pa=to~T32"F20=n{T™in, diameter by increasing the
reaction times from 10 mpifiutes tc;'-'oO minutes/ respectivelysassseen in Figure 4.9 (b-e)
and summarized in TaDI€ 4.4. FUrthermore, the particlesshowed aghonosized spherical
shape that was diffefent fromy-thatiin ether wet chiemicat-syfthesizing Rpethods [19, 20,
+ 17/4, 25]. Thefprodutts had-e- slighity spherical morphology, and tha, particle size
distribution was' ratheT narrow; Moreover, with, inereasing ithe son'eation, time further,
the formation jofeneck Hetween LI particlesivas observeds Thé- formsatian of neck is
coursed by high-vetetitiiidiinterparticle collision/ gentrated-by Ailtrasonic lirradiation
[Fig. 4(d)]. The high velocity-of intefparticte 'collision(Can-makersurface Eiffusion, as the
melting po_]o; stafted fromdhe sufaceares of naneparticlgs [32]. Surfage diffusion is a
typical mass tranSportin the sintefing Mechanism that préduices surface sraqothing [39],
particle joining, [7:223/4], ¢faihy boundary formation 327234, neck giowth [23/4], and
pore rounding. However, volumie\@rinkage and densififation was mot griginate, due to
the sonochemical\thethdd gererated e tocsl therral énergywhi€hf difference from
thermal energy of thasmtering process [26]. -

Table 4.4 Fraction of Crystalline size and Particle size by Scherrer method and SEM,

respectively as a function of the sonication time.

Scherrer method

Sonication time SEM
i ' Crystalline size
F{min) Particle size (nm)
. (nm)
10 \ 21 + 16 68 + 26
15 26 + 11 86 + 24
30 ’ 29+9 94 + 28

60 31+7 132 + 20
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Figure 4.17 FE-SEM images of Ba(Zr,Ti;.JOs (x = 0.0) powders synthesized at different
ultrasonic reaction times with 20 mol.L' NaOH in the closed system with

Ar gas.
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4.5 The effect of the Zr/Ti molar ratio on the complex perovskite barium
zirconium titanate (Ba(Zr,Ti;.)Os; phase formation.

NaOH.

(©)

Intensity (a.u.)

In this section study the effect of the Zr/Ti molar ratio on the Ba(Zr,Ti;.)Os (with
x = 0.00, 0.05, 0.20, 0.40 and 0.60) phase formation in the close system with Ar gas.
The 1 mol.l? of barium, zirconium and titanium solution were used as the stock of
precursor solution. The mixture solution was irradiated with an ultrasonic horn for 5 to
60 minutes at 80% of the maximum ultrasound irradiation amplitude in 20 mol.L"
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Figure 4.18 The XRD pattern of Ba(Zr,Ti;,)Os, with x = 0.00, 0.05, 0.20, 0.40 and 0.60
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The evolution of XRD patterns of Ba(Zr,Ti;JOs; x = 0.00, 0.05, 0.20, 0.40 and

0.60 powders synthesized in different sonication times is shown in Figures 4.18. Figure
4.18 (a) (x = 0.00) shows the XRD pattern of the perovskite phase as observed at 5
minutes sonication time. There was no detection of the BaCO; phase or unwanted
phase, which indicated that powder synthesized in Ar-gas can eliminate formation of
the BaCOs phase. However, intensity of the perovskite phase was quite low, which
meant that the powder had low crystallinity. High crystallinity was achieved by
increasing sonication time. Sharp peaks of perovskite phase were observed for powder
synthesized at 60 minutes sonication time. A similar trend was observed for the
composition, x = 0.05 (Figure 4.18 (b)). By increasing the composition, x = 0.20 and 0.40,
the XRD pattern of perovskite phase with low intensity started to form at 10 and 15
8] and (d)). Intensity of the

XRD results indicated

T vig

unm nas
\L

high enough to rupture chemical bonds and induce a variety of reactions [153]. If the
reaction takes place inside the collapsing bubbles, the final product obtained is

amorphous as a result of the extremely rapid cooling rate (>10' K.s') which occurs

curing the collapse. On the other hand, if the reaction occurs within the interfacial
region, one would expect to get nanocrystalline products. In the present case, since
amorphous powders were obtained at high Zr/Ti ratio, we propose that the formation
of Ba(Zr/Ti)Os at high Zr/Ti ratio probably occurs inside the collapsing bubbles
meanwhile the formation of Ba(Zr/Ti)Os at low Zr/Ti ratio probably occurs at interfacial
region of the collapsing bubbles. Similar behavior was observed in stibnite (Sb,Ss)

nanorod that syntheSized by sonochemical method [155]. Besides, another factor
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might relate to the difference in formation constant of the complex metallic hydroxide
network. At high Zr concentration, hetero-trimetallic Ba-Ti-Zr-hydroxide may have
difficulty in forming a network [152]. All compositions of powders synthesized at 60
minutes sonication time were selected in order to identify the crystal structure.
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Figure 4.19 Rietveld refinemen i ith x = 0.00, 0.05, 0.20 and 0.40

nanoparticles synthesized at 60 minutes ultrasonic irradiation time.

Figure 4.19 displays the XRD pattern of Ba(Zr,Ti;..)Os, with x = 0.00, 0.05, 0.20
and 0.40 nanoparticles, synthesized for 60 minuites sonication time. Characteristics of
the tetragonal perovskite structure such as splitting (002) and (200) in a range from 44°
to 46° were not observed in all of the samples. One symmetric peak observed at 20
~ 44° to 46° in all of the samples confirmed that all compositions had a cubic
symmetry. This agreed well with previous reports that used a solid state and co
precipitation method.[40, 145, 156-157]. Furthermore, the XRD, pattern displayed a
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progressivé peak shift toward the lower diffraction angle with increased Zr**. This
. phenomenon can be explained qualitatively with respect to the unit cell volume
caused by the substitution of Zr** at the Ti-site. According to Shannon’s effective ionic
radii, with a coordination number of 6, the ionic radius of B-site ions (Zr**) has a radius
of 0.86 A, which is close to the radius of Ti** (0.745 A) [157]. Therefore, Zr** can enter
into the six fold coordinated B-site of the perovskite structure to substitute Ti**, due |
to radius’ matchlng Rietveld refinement using data from 20° to 60° of the XRD results
was conducted to achleve lattice parameters and the calculated unit cell volume (v)
of Ba(Zr,Ti;)0s,; x = 0.00, 0.05, 0.20, and 0.40 powders are also reported in Table 4.5.
These values increase with increased Zr** content by replacing Ti**-site (0.745 A) with
targe Zr*™* (0.86A) ions, respectively. When_compared with previous. results of BZT
powders prepared by a mixed*Oxide*fMethod, asrepgfted by Chen et al. [156], the
sonochemical BZT powdestransition from tetragonal to clibitsphase did not occur,
whereas the solid stat€ reaction-power\phasetransition occurredsat x = 0.20. The
absence of phasg'tfansition i BZIF, pawder synthesizéd By the sonoghemical method
might be relatgd/to some gntrapped,nydraxyl groupsion-the crystal srface or in the
crystal latticef It isWElknows that many wet.cherficalisyntheses seneratelOH species
in the solution @uringsthe pracess,\and GHerotps 'dre Incorporated-easily into the
perovskit'e__ lattice; dS)aefects-are 'shown o be similapteatoosePacked! structure.
Ordinarily, Rydregyl F-OHYyeroups play/anfimportant fole-imthe-syntiesis of perovskite
nanopowdetsivig-wet-cheplical processesyespeciatly in‘a Mery high OH=-cancentration
(H > 12) (127, 138"160:[63L " The powder products” can.containtmuch chemical
bonding with the twontypesief OH- spacies, Weaklybonded@H- spéeieg’are adsorbed
on particle surfaces,swhile strondly hondeds@i+ spécies are entappgd/in the crystal
lattice, to form lattice OH* defects [_1271. Lhese deféectsican affeCbthé stability of lattice
" vibration and decrease tetragBnality to form a metastable@ubig/Dinase, which leads to

the absence of phase trafsition [127F

According to the literature [1587"159] the quality of data from structural
refinement i; checked generally by R-values (Ry, Rexp, Rup), and the appropriate fit (G),
which is deﬂped by G%=X?. X or “Chi squared” can be determined from the expected
and Weighfefd profile of R factors ¢ = Wp/Rexp Additionally, the difference between
experimental proﬁles: of XRD patterns and calculated data varies slightly in scale of
intensity,fas illustrated by the line, Yobserved-Ycalculated- FUrthermore, the crystalline size
of all corhpositions was calculated using the Scherer equation from the FWHM of thé
110 planes in the XRD pattern, which is shown in Table 4.6. The crystalllne size
decreased with increasing the Zr*™* content.
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Table 4.5 The lattice parameter, Unite cell volume and X? of Ba(Zr,Ti1,)0s, with x =
0.0, 0.05, 0.2 and 0.4 nanoparticles.

Lattice parameter (@)  Unite cell volume (v)

Composition & &) X?
x = 0.00 4.0295; 0.0004 65.43 1.1770
x = 0.05 4.0432 + 0.0003 66.10 1.0293
x =0.20 4.0641 + 0.0004 67.12 1.2619
x'= 0.40 © 14,0931 + 0.0011 68.57 1.3481

The Raman spétra were Cteattyshowed/in Fieure 4.20. Al Raman peaks of
the composition x/50.00, 0703, 0:20"ang 040 Were Sifiairly observed. The 4 broadening
peaks at around /186,303, 522 dnd 1715 (i \are assigriegato the [A{MO) + E(LO)],

[A(TO), [E, AUTONand Ay ELO Rafran active Jmodes of tetfagopal (P4mm)
symmetry [160]. ft)is foteworthy: fhat -Jespitesthé XRD) data (Eigwe 4718)\shows the
cubic (Pm3m)| symmistis-vwhereasstha /Raftan spécire sHofirthe tetragonal (P4mm)
crystal structure-This is because-of the hydfoxyl defectfrom -'high basic-envifonment.
The OH’ groups can substitutesin sub~_laﬁice tasform tetastable cubic phiase. However,
hydroxyl defact existed &s.thesifiterstitial defects/inlmany-tmit“cetls but/not all. So,
some unit cell\can“StabilizeGn tetraganat structure_.' Nevérthetess, théwcharacterization
by using XRD gives,the-rasults it a-statid andayerage symmetry vihilefthe result in a
cfynamfc and local\symfidetry could Be chardcterzed by Ramar speétroscopy [160]1.
Therefore, the Ramarw@sultsfivere not correlated with thé\results”from XRD data in
this situation. In fact, the Crystakstruciuré of, groguct PowderssMay exhibit the mixture
between tetragonal and cubic crystal.stitictare=HoweveT, the hydroxyl defects could
be removed by chemical treatment with DMF [127, 163]. From the literature, the OH"
species on particle surfaces could be eliminated by thermal heat treatment above
300°C, and above 1,100°C for eliminating the lattice OH™ species [127, 162-163].
Moreover, this Figure also revealed that all of Raman peaks disappeared when the
composition '(x) of Zr/Ti ratio was increased to 0.60. The present of very broad hump
demonstrated the predominantly amorphous phase character. This result can confirm

that the product powder at this condition was stabilized in the amorphous phase.
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Figure 4.20 Raman spectrum of Ba(Zr,Ti;,)Os, with x = 0.00, 0.05, 0.20, 0.40 and 0.60

powders synthesized at 60 minutes sonication time.
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Figure 4.21 FT-IR spectrum of Ba(Zr,Ti;,)Os, with x = 0.00, 0.05, 0.20, 0.40 and 0.60

pawders synthesized at 60 minutes sonication time.
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Fuftpﬁérmore, the FT-IR spectrum of product powders at various Zr/Ti ratios
were studied and repbrted in Figure 4.21. The appearance of the band at around 3,600
and 1,600 cm™ for all composition are attributed to O-H stretching and O-H bending
vibration, respectively. For the corresponding of previously result, it may believe that
the O-H vibration bands in composition of 0.00 - 0.40 Zr/Ti ratios come from the OH
defects, which existed on surface particles and in sub-lattice. On the other hand, the
- O-H vibration band in 0.60 composition of Zr/Ti ratio may from the mixture between
OH" species defects and -OH groups from amorphous phase. Moreover, the absorption
peak at around 520 cm™ was used to indicate the difference of trimetallic Ba-Ti-Zr
hydroxides amorphous and crystalline BZT phase. This peak mainly assigned to the
characteristic peak of perovskite structure, associating with the absorption vibration of
Ti-O and Zr-O asymmetric stretChime=if=BOz=ecidhedra [20, 138]. The 0.00-0.40
composiﬂoﬁ showed thesSleng of thiswibrationyband, thuS*edhfirming that the product
powders at these cghditions Wwere fermed | of BZT-solidSolutiomWwithout the impurity
ahd/or the otherphiases=tnterestinely,‘the BO; viliiatién-band-was disdppeared for 0.60
composition of Zr/Ti-ratioc whilelthe' Q41/absorptiar Band exhibit large\intensity. This
suggested that/the-BZ [ solid:Solutiomphaseiwas motifdund.ai thisseendition. So, it can
confirm that jthe, produdt-powvden maystabilized (i thé>form lef, trithetallic Ba-Ti-Zr
* hydroxides famérpheusiphaseil The Yesulisfrom, FTEIR spectiashiowed. corresponding
well with the resaltf fera-XRD (Figlresdd9iand Raman-spectra (Fioure 4.20).This
observation ¢legtly demionstrates thatthe mutticaticnic pesovskite BalZri1.,)0s3; x =

0.0 — 0.4 solid sQlaution Was| forrfied €ompletely dtritie the.sondtRemical process itself,
without the need®f furthgrcaltinatiafor.a heéting process:

The :'rﬁorpho[ogy and\paiticle?size_werestudied Also by FESEM, and FE-SEM
micrographs of all aégregated partitle\produets, “sbnochefpicaldySynthesized for 60
minutes of ultrasonic wdeiati®n, are,demonstrateddn Figurés#l.22, with the average
particle size shown in Table“kgFhe _difference betweeri"the XRD crystallite size and
SEM particle size is thought to associateé WIth the existence of a hierarchical structure
[145]. The SEM particle size may stem from a secondary mesostructure consisting of a

. primary crystallite size. A large number of BZT nanocrystals were created initially from
the Ti- and Zr- based precursor under ultrasound irradiation before aggregating BZT
particles from large particles. The BZT particles showed a monosized spherical shape
different from that in other preparation methods [8, 156, 164]. The products showed a
spherical or almost spherical morphology, and the particle size distribution was rather

Narrow.
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1040 powders

Table 4.6 The crystallite size a

and 0.4 nanoparticles.

Composition Crystallite size (nm) Perticle size (nm)
x = 0.00 29k 9 94 + 28
x= 005 30+ 7 96 + 14
x =0.20 33 +13 108 + 19

x = 0.40 34+ 12 136:% 11
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Figure 4.23 FE-SEM image~dnadsthe enereyegiepesive X-ray (EDX) patterns of
Ba(ZrXTf;_,,)O'j, withx=\Q.40 )povyders synthgsiged at 60 min sonication

tipha?

The JENMAEDX analys S at drfferent pomts on the surface efindi%dual particles
was perfgfinegin order e conf-rm thé homogenetty of the powder praducts. Figure
4.23 (a) ahg (B dtspkay fhe X speclfa andiferant p@mts i the un‘ace of individual
particlesi|f cam be seen from these frgures ’chat thié concentratmms of variol§ elements
(Ba, Ti, Arjana@ O) mvoived n the mdnvldual pamc[e Aterverl ciose tg @ach other
indicating} to the homogenelty of the powder products Ihe reSuLt frgh SEM/EDX
spectra shipWeas good correspondence ith the Fesulf frorn XRD (F|gure 2.19). This
observation dearly demonstrates that ffhe mLJUIIC&tIODI(_ perovsk|te Ba(/ 11,03, with
x = 0.0-0.4 sOU8, soLutaon Was formied compLeteLy Gl thes 50nochem|cal process
itself, without th&iged for further calcmatson ore heatmg RIoCess

4.6 The effect of the power of uUltfasound irradiation on the complex
perovskite barium zirconium titanate (Ba(Zr,Ti;«)O3 phase formation.

In this section study the power of ultrasound irradiation on the Ba(Zr,Ti;.,)O3
(with x = 0.00 and 0.40) phase formation in the close system with Ar gas. The 1 mol.l
! of barium, zirconium and titanium solution were used as the stock of precursor
solution. The mixture solution was irradiated with an ultrasonic horn for 30 min at 20%,

40% and 80% of the maximum ultrasound irradiation amplitude in 20 mol.L™* NaOH.
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Figure 4.24 The XRD pattern of Ba(Zr,Ti;,)Os, with x = 0.00, nanoparticles at different

power of ultrasound irradiation.
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The evolution of XRD patterns of Ba(Zr,Ti;,)Os with x = 0.0 and 0.40 powders,
respectively synthesized in different poWer of ultrasound irradiation is shown in Figures
4.24 and 4.25. Ficure .4.24 shows the XRD pattern of the Ba(Zr,Tii,JOs with x = 0.00
powders as observed at 40% of the maximum ultrasound irradiation amplitude that
the samples are composed of an amorphous phase. One is the inside of the collapsing
bubbles and the other is the interfacial region between the cavitation bubbles and the
surrounding solution. The inside of the collapsing bubbles generate extremely high
temperature, pressure and very high cooling rates, where the temperature in the
interfacial region is much lower than the interior of the collapsing bubbles, it is still
high enough to rupture chemical bonds and induce a variety of reactions. At 40% of
the maximum ultrasound irradiation amplitude. There was no detection of the BaCOs
phase or unwanted phase, whiCh=iftlicCated that“pewder_synthesized in Ar-gas can
eliminate formation of #he”BaCO;-phase)\ Howeéver, intensityOf the perovskite phase
was quité tc_ﬁ_av, whighsfMeant that-the powtiér hadlew crystallinitys, High crystallinity
was achieved by’ increasingApower of Lttrasound giradiation t6 8090\3f, the maximum
ultrasound irradiation"ampLitude. Forithe BalZn iy )05 wWithix = 0.40 powders, as shows
in- Figure 4.25) the™XRD pattern® O perovskiteBhase. as=abservedwat, 80% of the
maximum tlfragoundy iradiation’, amplitudes. XRD S resulfs7indicated~that when Zr
concentration incredses,the'amplitude of the ultraseundiradiation mist e increased
in order ta obtain & ptirespeiovskite’ phase Sharp| wett-defined jp€aks were evident
clearly in all préductsZyrithesizaddat:B0% smaximum amiplitude ofgthe tiltrasound
irradiation. As'showrif Figlie d4%24:andi25, no strong crystali phases’cdn be found from
the XRD ‘pattenn forsthe cormposition (¥ = 000 872096 ofthe maximuni ultrasound
iradiation amplitude.and at <{@0% ‘ofithe maxinatm dlirasound jrradigtion amplitude
of the composition % = 940, meaningthat the samptes/aré composed 6f an amorphous
phase. T'h_e__,formation of amB@ihous phase might berelated tothé difference regions
of sonochemical activitys [t hasebgen rknovih bthatthefe are two regions of
sonochemical activity, as postitated™ by=Sustiek=afid-e6-workers [26, 154]. One is the
inside of the collapsing bubbles and the other is the interfacial region between the
cavitation bubbles and the surrounding solution. The inside of the collapsing bubbles
generate extremely high temperature (>5000 K), pressure (>20 MPa) and very high
cooling rates (excess of 10" K.s™), where the temperature in the interfacial region is
~ much lower than the interior of the collapsing bubbles, it is still high enough to rupture
chemical ‘bonds and induce a variety of reactions [153]. If the reaction takes place
inside the collapsing bubbles, the final product obtained is amorphous as a result of
the extremely rapid cooling rate (>10'° K.s) which occurs during the collapse. On the
other hand, if the reaction occurs within the interfacial region, one would expect to

get nanocrystalline products. In the present case, since amorphous powders were
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obtained at low power of the ultrasound irradiation, we propose that the formation of
Ba(Zr,Ti1)0s probably occurs inside the collapsing bubbles meanwhile the formation
of Ba(ZrTi1)Os at high power of the ultrasound irradiation probably occurs at
interfacial region of the collapsing bubbles.
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Figure 4.26 The tramSient Cavitation 11657,

This study expesedthe power ofltraseund rradiati®n withs@ striking effects on
the Ba(Zr,Ti1.,J0s (x = 09) phase fosmation. The*sonedherical miethod uses an acoustic
cavitation phenomenon fromylttrasgnic irradiatiefo#8enerate or accelerate the
chemical reaction. Acoustic cavitation 15 the formation, growth, and implosive collapse
of bubbles in a liquid, which generates a localized hot spot, with a temperature of
approximately 5,000 K, pressure of 20 MPa, and heating and cooling rates that exceed
10 K.s? [166]. These transient, localized hot spots can drive many chemical reactions,
such as, decomposition, dissolution, oxidation, reduction, and promotion of
polymeriéation [166], as shown in Figure 4.26. Thus, the use high power of the

ultrasound irradiation, spend less time at the lower power of the ultrasound irradiation.
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Figure 4.27 The Raman spectrum of Ba(Zr,Ti;.JOs, with x = 0.00, nanoparticles at

different power of ultrasound irradiation.
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Figure 4.28 The Raman spectrum of Ba(Zr,Ti;JOs, with x = 0.40, nanoparticles at

different power of ultrasound irradiation.
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The Raman spectra were clearly showed in Figure 4.27 and 4.28. All the Raman
peaks of the composition x = 0.00, and 0.40, respectively were similarly observed. The
4 broadening peaks at around 186, 303, 522 and 715 cm™ are assigned to the [A(TO) +
E(LO)], [A,(TO), [E, A{(TO)] and [A,, E(LO)] Raman-active modes of tetragonal (P4mm)
symmetry at 80% of the maximum ultrasound irradiation amplitude. From the XRD and
Raman results indicated that increasing the Zr** substitution in Ba(Zr,Ti;,)0s
compound, the maximum amplitude of the ultrasound irradiation must be increased
in order to obtain a pure perovskite phase.

Figure 4.29 Schematic diagrams illustrating formation of the crystal growth mechanism.
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The first stage of the synthesis is the formation of complex network of
'amorphous phase. The formation of complex network of amorphous phase was
assumed to be as flows: barium cations formed Ba(OH)* species in the NaOH
concentration. Furthermore, titanium and zirconium cations were readily hydrolyzed
in NaOH solutions to form soluble Ti(OH)® and Zr(OH)s anions. The formation of
hexahydraxy titanate(lV) and pentahydraxy zirconate (IV) [Zr{OH)s] in the presence of
strong alkaline condition Were described also by N.C Pramanik et al [135] and Boshini
et al [168] respectively. The reaction between Ba(OH)* Zr(OH)s and Ti(OH)s* initiated
thé formation of gels composed of entangled complex network of polymeric chains
of trimetallic Ba-Ti-Zr hydroxides. Thessketetem=ef.the polymer corresponds to Ba, Ti

and Zr atom linked by brideihgs® atoms.

The secondgSidte of-synthesisyisithe acceterated-the formiation of tiny primary
particulates (crystallization) (of-BZW byrulirasopie Wradiationt) The results presented in
the previous fs¢ction_indi¢ate ~stronely that \ fofation. . of BAL s doplinated by a
nucleation and growth Mechanishia, Wien the complex netwerk 6f agrorphous phase
was irradiated byouldsenic; the formetion, Stawthy and implosive gollapsg of bubbles
(microjet effect)-in Liqmd medipm generate'extremel synthesisscondifion (ladalized hot
spot with high temperatufe|af éa. 5000:K,-pressure; of qal| 20 WMPa, and/a very high
cooling rate 1off cas 10" JgST)=Alsoxdue | tovapgrization of the. solvent jnfo bubbles,
solubility of the teaetants was enhanced, thuis elevating/supersaturation/of the reactant
solutions. In the\cenveptional ewystattization proeess o a selutighf two steps are
involved; nucleatioh, apd¥cpystal growthofswhich™ both.faVe Subersaturation as a
common driving force. CryStals hithe supersaturated solutior can neither form nor
grow. The nucleation rate in the“erystattizationpioeest is small and only few nuclei
can be generated at the initial time of growth. Then, nuclei grow in spatial orientations
fixed by éql_u,_te crystallized structures. However, nucleation in the sonocrystallization
process waé accelerated by the implosive collapse of bubbles, while the crystal growth
process was inhibited or delayed by shock waves and turbulent flow created by
Qi;frasonici radiation [26, 39]. This effect promoted nucleation over grain growth to form
tiny primary particulates (crystalline), which tended to aggregate into large particles
due to tremendous surface energy; and stability of the particles can be expressedas

-[169, 170]:
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o) v(c)]dcC
S=(Rs+Ry) fRa_Rb exp [k( 73] (4.9)

where S is the stability factor of the particles, R, and Ry are the radius of the two
particles, respectively, VC) is the function of potential energy interaction, C is the
distance between the two particles, kg is Boltzmann’s constant (1.3806 x 10% JKhand
Tis the terriperature (K). When the distance between particles is decreased to a certain

extent, short-range reactions (van der Waal’s forces and existence of an electrostatic

The third stage @ les with a narrow size
distribution. The t microjet impact and
shock waves bubbles under

uid medium {32,

1541, which imy _--.---- as. Microjets
with a high ve iractions [128,
136], and : S speeds, thus
mducmg effective el t ! DO “ 1T némena generate

particles, ca

irradiation [153)

er
Uquid and not fro

which differed from thermal energy of the sintering process.



CHAPTER 5

CONCLUSIONS AND SUGGESTION

5.1 Conclusions

The complex perovskite structure Ba(Zr,Ti1,)O3 nanopowders were synthesized
directly under ultrasonic irradiation in the sonochemical synthesis method without any
calcination step. The concentration of NaOH, concentration of precursor, synthesized

~atmosphere and ultrasonic irradiation time played a key role in the formation of

5.2.2 Study the pre

the Ba(erTll 4003 nanopowders

5.2.3 Should study the electrical properties of Ba(Zr,Ti;.,)O3 nanopowders;

stich as properties of the dielectric, piezoelectric and ferroelectric.
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Abstract. Nanocrystalline bafiym zirconiun tifanate; BaZrg 4 TiosO3, was Synthesized successfully
via the sonochemical procgssi The effects=of reaction timeron \the precipitation of Ba(Zr,T)Qs
particles were investigated /brigflyThe -crystal) struetdre as . well jas—molccular, vibrations and
morphology were investigated. X-ray diffiaction indicated that the” powders céxhibited a single
phase perovskite structure, without'the presence of pyrechlore or, unwanted phases at the reaction
time of 60 min. Nanocrystals Weresformed before being oriented and aggregated ity lasge particles
in aqueous solution under wlttasoni¢ irradiation. A seahning &lectron microscopy (SEM) phiotograph
showed the BZT powder as sphtrical in-shape with uniform nanesized features:

Introduction

Due to environmental eoncerns;icad free ceramics, gor example, KNIN; BNI andBT[I]
have growing interest in \applications spel’ as! eapacitors, actuators; andsensors, withybarinm
zirconium titanate (Ba(Zr, Tiy)O3 »BZT) being, the mostattraCtive because it is-based on'the solid
solution of barium titanate (BaTiO4) ahd barium. zirconate(BaZrOs). This) ceramic has been studied
widely owing to its very high and, bréad t¢lafive \permitfivitysaximum at e Curiestemperature
point [2-4]. However. It is know, that tHe; ferroeleefric-retatedproperties of thevBa(@idTi1..)Os
system were significantly dependent’op ‘the Zr ontents [5]. When the Zr éontentiin lesS than 10 mol
%, The BZT ceramics show normak, ferroeledtric) behavioroandbthie diel€cific anomalies
corresponding to the cubic to tetragonal (T.)effagenal to orthorhombic.P5),.afd orthorhombic to
rhombohedral (T3) phases have been clearly obserVedwALatound 2Zmei*%, Zr-concentration BZT
ceramics exhibit typical diffuse paraelectric to ferroelectric phase transiton behavior in which T¢
shifts to higher temperature with increase in frequency [6], which is caused by the inhomogeneous
distribution of Zr ions on Ti sites and mechanical stress in the grain [7]. When increase of Zr (=30
mol %) content the BZT materials exhibit like relaxor ferroelectric behavior. In this case of
Ba(Zro4Tio )O3 ceramic, it is of great interest due to its high dielectric constant, low dielectric loss
broad dielectric curve and the relaxor ferroelectric phase can be stabilized below the freezing
temperature [8].

Conventional preparation of this ceramic is based on solid state reaction employing
respective oxides, and requires repeated cycles of mixing and heat treatment to achieve complete
phase formation. In contrast, chemical processing methods provide atomic level mixing of
individual components, and they reduce the diffusion path in the nanometer scale to form

All rights reserved. No part of contents of this paper may be reproduced or transmitted in.any form or by any means without the written permission of TTP,
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nanocrystalline materials at a much lower temperature than that from solid state reaction. While
chemical processing methods such as sol-gel [9-10], hydrothermal [11-12], combustion [13-14] and
co-precipitation techniques [15] have attracted great attention, these methods often require
expensive precursor materials, longer processing time, complex procedure and a relatively high heat
treatment temperature of the prepared powders to obtain single phase material.

The sonochemical technique is an effective method for improving the properties of
synthesized nanoparticles. The main event in sonochemistry is the creation, growth and collapse of
a bubble that forms in liquid. The stage that leads to bubble growth occurs through diffusion of
solute vapor into the volume of the bubble. The last stage is collapse of the bubble, which occurs
when its size reaches maximum value. An extremely high temperature of about 5,000K, pressure of
~20 MPa and a very high cooling rate of ~ 10'° K/S occur in a very localized space, when the small
bubble generated in aqueous solution collapses during ultrasonication. Then, unique properties of
the sonochemically synthesized particles are expected [16].

In this study, nanocrystalline barium zirconium titanate (Ba(Zro4 Tig6)O3) was synthesized
under uitrasonic irradiation. The effect of reactjon=timie™on thefommation of Ba(Zros Tios)O;3
particles was identified.

Experimental Procedure

Barium zirconium titandte/ nanoparticles; swithl, a~composition—of Ba(Zro4 Tigg)Os, were
synthesized by a sonochemigalfprocess i a stiong ‘alkaline( solution. {Chemigal routes had the
advantage of mixing constitfients on-am atomic seale, with’ good cantrol (of stoichiometry thetefore
being possible. Appropriate jproportions-0f-high purity»BaCla.2Hi0.(99%;- Merek)s. ZrOCly.8H>0
(99.5%, Advance Matherijal) and"TiCL; (99:5%, Wako) were weighed and usedras:iaw materials for
preparing precursor solution. Firstly, ong-eoncentation /of  molan’ precursor,solstion ‘ecomprising
titanium tetrachloride (I M “FiCly"y was-prepared by slowly ‘addiig, concentrated, Ti€l, {0 near
freezing distilled water (~ 278K),~While stirring, constanthy: «Secondly, /both- ZrOCHL.8H,O and
BaCl,.2H,0 were diss@lyed=in distilled waterito one/congentration| of molar precurson solution
comprising zirconium (I'V) oxychloridet(1MZrOCL), and oue concentration of miolar precursor
consisting of barium chloride-f1M Ba€h)s Then, | M Ti€liand IM-ZIOCl, were mixedithoroughly
before 1M BaCl, was added fo-this muxturé. The, precursor sofutions were mixed gountinuousty for
15 min. Twenty molat ‘conééntrations. ofssodium. hydroxide (20M NaOH)..were used for
precipitation. After that, AR gassbubbledthe20M N4OH for-30 [miny and) thégprecursor, Selution
mixture was added to 20M WaQH. During the'addition,sPi=based/ sol,suspersion began to form
immediately. The suspensionywas~imadiated [with’ afr) ultcasenic | horn/fos)15, 30 amd 607 min,
consecutively. After the synthegisf the precipitate Wwas-separated centrifugally aod washed in
deionized water, before drying at.80°C for.24 hr.

Characterization of the Ba@rsy Tiog)Os particles was condubfed by X ray/diffraction
(XRD), fourier transform infrared spectrestepy(FT3R)jand scanningreléefron miefos€ope (SEM).

Result and discussion

The XRD patterns of Ba(Zrg4 Tigs)O3 particles, synthesized under irradiation of ultrasonic
sound, with various reaction times (15, 30 and 60 min), are presented in Figure 1(A), in which low
crystallinity and a small amount of amorphous material also are observed. This indicates (a) that the
crystallization process remains incomplete for up to 15 min, after which the cubic Ba(Zry 4 Tip6)Os
phase can be identified clearly by the Ba(Zrg 4 Tig )O3 cubic structure from. the JCPDS file No. 36-
0019. However, in (b) the crystallization process renders the existence of intense diffraction in the
Ba(Zrg 4 Tipe)Os3 phase for 30 min during the sonochemical process together with a few impure
peaks corresponding to BaCOs; from the JDPDS file No. 45-1471. At 60 min of the sonochemical
process, (c¢) displays a complete crystallite of perovskite structure that is formed without the
presence of an impure or unwanted phase. By increasing the reaction time from 15 to 60 min, the
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yield of perovskite phase is significant until it reaches 60 min. This study also reflects the growth of

powder crystallinity with increasing reaction time. The crystallite size can be estimated from the
KA

Bcos6
wavelength of X-ray radiation (0.15418 nm for Cu Kg), K is taken usually as 0.89, B is the line
width at half-maximum of the 011 plane in the XRD pattern, and @ is the diffraction angle. With
properly indexed peaks, a lattice parameter was determined using the UnitCell, which is a linear
least squares refinement program. The calculated lattice parameter and crystallite size of Ba(Zrg 4
Tiog)O3 particles are presented in Table 1.

XRD result using Scherrer’s equation : L = Where L is the crystallite size, 4 is the

> BaCO, (c) 60 min) (B)

{¢) 60min

{b) 30 mid
(b} 3min
. 1

(a) 15 min
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Figure. 1 (A) XRD pafterns of Ba(Zio 4 Thox) Qs powders withy diffeceny teaction-times, (BYFTAIR
' spectrums ofBa(Zrg4Tigs)O3 powdets with/different reaction times.

20 i

The result of FT-IR, spectréscopy-supports the XRD paticrns (Figure-1{A))in that the
perovskite phase is formed withodt the-presence of la/ BaCOx phase, at-60 imin _of the sonochemical
process. The FT-IR speetrufi of Ba(Zro/lios)0s powders,with diffsrentereaction/times, jare shown
in Figure 1(B). All of the FI-IR spectrams show. metalzoxygen-absorption of the, perovskite phase
in the region of 450-640 e [17) @nd\hydregensoxygen vibration at 3450, and 14650, et [13].
Furthermore, the vibration band at 1:450°and 850 anrof the'BaCOs-phase [18] was obseryed in'the
reaction time of 15 and 30 mifiinsthe XRDTesvlt, {

Formation of Ba(Zh.Tios)Os ageregated jpasticlesgin the senochemical’synthesis process
was investigated. As shown, in SEM photogréphs' (Figure 2Y"Ba(Zro4Tigs)©3 nanopatticles formed
under ultrasonic irradiation before dhic Ba(Zi {Fug)O4 flanoparticles were-aggregited bysa short
period under ultrasonic irradiation, Only sphere-like particles werc ebtained afteto30 nis, and the
particle size increased after 60%mnin. uhders ultrasonic irradiation. The size of Ba(?r4Tioe)O3
particles is shown in Table 1.

Table 1 Preparatory condition and powder propeitics of the-Ba(Zr) 4 Ligs)O3 particles synthesized
by the sonochemical process.

Reaction time Lattice .constant XRD Crystaliite size SEM Particle size
(min) (4) (nm) (nm))
15 - - -
30 4.061710.0268 38.16 34.3140.29

60 4.0867+0.0229 40.79 41.18+0.01
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Summary
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with perovskite phase
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Spheri¢al moneosized bariti ghiconare_titanate\ ngnopariicles _(Ba{Zr_,-Ti-;__J)O_; (BZT)
whenlx = 0.25,0.36\and 035) ‘have-beéri prepared by co-precipitation in a Strongly
alkalinessalutionf(20-M-NaOH T at 80°C. The phase formation-of-the as-precipitated
powders.was chargétevizedbyXRD, FT-IR and Raman spéctioscopy.as & single=phase
BZT with'cubié-perovskite-bxidesstructure Thig indicares thas Crystalling BZF powdels
canibe obtainedfrom the co-precipitafion i 20 MNaQH withoutdhereqiirement of cal-
cinarioll process. SEVanalysis showed that BZF had nanosized sphéricalmorphology
with uniform shdpeand sizesPhecrysialisizés obtained by d Bl analysis joere 2040 nm.

Keywords, Cosprecipitations bariim zirconate titﬁn_aié.; fiangparticles

Introduction

Barium zirconate fitdnaté eeramics (Ba(Zn /It )O3 (BZE)is oné'of.the mes{*promising
microwave tuneable‘dielectiic. materials o be dcveloped for tunable microvaye devices
such as tunable filters, phase SHifters, an{€finas ‘andactudtors'1-3). BZL Wity perovskite-
type oxide structure (ABO4) s, formedeby, a solid solutign of barium titanaté (BaTiO;) and
barium zerconate (BaZrOs). The Substitution of isovalent €ations, 74+ fof Ti*t results in
altering the crystal features togetheraith=broadening and_shiftiffgdn"the phase transition
(Curie temperature, T.) [3-3]. The dielectrie-properties-and*flinability of Ba(ZrT! 11-x)O03
ceramics can be optimized by manipulating the Zr:Ti concentration. BZT with x in the
compositional range of 0.26 < x < 0.42 was reported to exhibit relaxor-like behavior
(diffuse phase transition) with high thermal stability, high electric field tunability and low
dielectric loss constant [4, 6].

Nanocrystalline BZT with homogeneous distribution of composition and uniform par-
ticle size and shape are required in order to improve the sinterability and dielectric properties

Received December 11, 2012; in final form March 13, 2013.
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of electroceramics [4, 7]. To produce materials with the desired properties, many factors
need to be taken into consideration e.g. nature of starting materials and processing routes.
Various wet chemical methods including co-precipitation [7], sol-gel [8], hydrothermal 91
and sonochemical techniques [10] have been reported for preparing BZT powders. Com-
paring to the others, a co-precipitation is seemed to be a simplest and effective method to
produce BZT nanoparticles. As a strong alkaline environment is favored for the chemical
equilibrium of reaction of the BZT formation, BZT can simply be precipitated in a solution
containing highly hydroxide ion (OH™) concentration [7]. In addition, this method does not
require expensive reagents, complex procedures, sophisticate instruments and high tem-
perature calcination treatment steps. Reddy et al. has reported that nanocrystalline BZT
(Ba(Zr,Ti;_x)O; for x = 0.10, 0.20 and 0.30) with mixture of shapes including spherical,
elliptical, acicular and cube with truncated edged shapes can be obtained by co-precipitation
in 15 M NaOH [7]. As increasing of hydroxide concentration was suggested to increase the
purity [11] and decreasing the particle sizes,@F BZT [10)wkhis study*fecused on the inves-
tigation of the phase formation and miétostritture BZT (Ba(Zry Ti|—x)OsWhen x = 0.25,
0.30 0.35) prepared by co-precipifatiofi in highly-aqueous basic/solution (20 MalNaQH).

Experimental Procedure

BZT nanoparticles (Bal(Zr, Tire)©3f0r x 5025, 0730 and 0.35) were prepated.by_co-
precipitation in 20’ M NaOH at Jows{empgrature 80°@) The. sfoichionietrie. amounts
of barium chloride Mdihydrate, (BaCly.2H,0, Fluka,. 99%) purity)«gifeonium axychloride
octahydrate (ZrQCl,.8H,0, Sigma-Aldrich; 09,5%, purityy and gitanitm) ehloride~(TiCls,
Waka, 99% purity) were dissolved in de-iomzed. wates, The mikedsolution-was slowly
dropped into a 20 M(toldl) sodium ydroxide selution’ (NaOH, Catla’'Erbar97% purity)
at a constant raté of 10 mi/min-Thereactiol was catried out at 30°C under-flowing-6f
argon gas and @ pH of thg synthesis solution Was ‘maintaned at pHa#l 4 After'the adding
process was complefed, the-selution was congindotishy srirced at constant raie for 15 min
The precipitates wete-separated by|centrifuge ‘at 4000 rpmrand washed'with de-fonized
water until the Wwashed solfutioffvas netmalized (PHAT) followed by ‘washing with-fermic
acid (HCOOH, Qatla Bba, 98%{purity) to remove any possible’carbonato eontamination
[12]. The as-precipitates:were therbdied in.ovendat 100°Esfor 24 Hours; Pliase formation
and crystal structute of thie synthesis-powdersywas swidied using X-pdy difffaction (XRD,'
Bruker DS Advance, GuEe, 26 = 20-80°% the measusements (Wefre tiade relative to.an
external silicon standded‘andthephaseSswere identified-usingdhe ICPDSACHD) indeX, the
crystal sizes was calculated'basedon the Debye-Seherrer equation (D =KA/(Bcosh), whefe
D is a crystal size, K is a ConStant taken.as 0.9, A is the wavelength of the Xsray radidtion
(CuKe radiation 1.5418 A), Buis'afull Widthrat half maximum of intensity ofthe"diffrac-
tion peak and ¢ is the Bragg’s angle) [34, Fouriét-trant forfr) ifftarad Spectros€opy (FT-TR,
Perkin-Elmer GX 8500, KBr mixing, fheastifing.in the range of 400=4000¢m ") and Ra-
man spectroscopy (Thermo scientific DXR, ieasusing.di.thesrange of 100-1000 em™h).
The microstructure was studied using scanning electron microscopy (SEM, Hitachi 54700)
and transmission electron microscopy (TEM, Phillips TECNAI 20).

Results and Discussion

XRD studies of the as-prepared powders with different zirconium concentrations
(Ba(ZryTi;_5)O3 when x = 0.25,0.3 and 0.35) obtained by co-precipitation in 20 M NaOH
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Figure 1. XRD patterns of as-precipitated Ba(er'I’i;Jx)(); forx=40: 25 0.3 and 0.35 obtained from
co-precipitation in 20 M NaOH aqueous-sotution:(Color figure-aydilable online )

solution are shown in thurc 1 The XRD pattems ofall samples showed\Welldefincd
diffraction peaks/with thebphases-identified o be cubi¢ perofskite BZI phase (JCPDS
no. 36-0019). N¢ other difiraction’peak§ wete observed-in all samples. This indicates that
single phase ¢rystatline"BZT can bé obtained/ by ‘precipitatioin 20. MINa®H solation,
By increasing of zirconjam concentration, the’ XRD: peaks ar¢ appeared;to shift to slzahtly
lower angles. This shiftin angléis consistent with the i increasing.of zitconjum Concentration
indicating the réplaccment oF smaller titanjum cations by larg::r Zifconiunteations (ionie
radii (8-fold coordimation).ofFitt = 0745 Aiand Zr'" = 0,860 A). [3)¢Fhe calcutated
crystallite sizesusingDebyeSeherrer equatien werei36.8, i 0.02 nmy28.3.L 0.02 fim and
18.9 & 0.02 nm for Ba{ng 95T10 230033 Ba(ng a0Tig.70)03 and Ba(Zro 35Tig 65)03 powders
respectively.

The phase formationofthe as- prac1p1tated BZT (Ba(erTll x)03 forx = @25, 0.3/and
0.35 was further studied bysPT-IR and Raman-$peetrostopy: IR spectra obBZTpowders
(Figure 2) showed the chatactésistic absorption bands: of the perovskite pliase (vibration of
BOjg octrahedra, when B = Tivor Zr)at540 cm™! [13]. It should be Hoted.that'absorption
bands observed at 3400 cm~ "amd600 ciit & canybe attributdddd'the asyfaietric vibration
of O—H stretching and O—H ben@ing of-physically absorbed-m6isiufe containing in the
samples or in KBr during sample preparations

Figure 3 shows room temperature Raman spectra of BZT powders prepared by a
co-precipitation in 20 M NaOH aqueous solution. The Raman spectra of all samples are
comparable with those have been reported in literatures [4, 5]. The characteristic Raman

modes of BZT associating with the asymmetry within the BOg octrahedra were observed
at 185, 220, 300 and 512 cm™! (A(TO) modes) along with the modes corresponded to
zirconium substitution (locally distorted ZrQOg octrahedra) and a signature of the ferro-
electric relaxor phase at region 600-800 cm~L. The weak bands assigned to BaCOs were
observed at 135, 155 and 694 cm~! [14, 15], this carbonate contamination was probably
formed during storing the samples. The results from XRD, FI-IR and Raman spectroscopy



86/[790] P. Seeharaj et al.

x=035 /K\ A

% Transmittance

confirmed that hig
20 M NaOH sol
The micros
Figure 4. The B
with respect (0
0.3 and 0.35) wi
study supporte

* Raman Intensity (a.n.)

OIS ——————— - -
100 200 300 400 500 600 700 600 900 1000
Raman Shift (cm )

Figure 3. Room temperature Raman spectra of Ba(Zr,Ti, )O3 for x = 0.25, 0.3 and 0.35. (Color
figure available online.)
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Figure 5. TEM images and size distributions of Ba(Zr,Ti; )O3 for x = 0.25, 0.3 and 0.35. (Color
figure available online.)
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distribution. The BZT with spherical shape obtained from this study is different from that
has been reported by Reddy et al. [7]. As the dispersive force and electrostatic interactions of
ions are important factors to control the crystal formation, increasing hydroxide ion (OH™)
concentration of medium solution (20 M NaOH) could lead to the isoelectric condition
which is favored for the spherical shape formation [16]. The average crystal sizes observed
by TEM (26 & 5 nm, 36 = 8 nmand 31 £ 6 nm, for Ba(Zrg 25 Tio.72)03, Ba(Zro 30Tio.70)03,
Ba(Zr.35Tip.75)03 respectively) were in that same ranges with those calculated by XRD.

Summary

This study investigated the preparation of spherical monosized barium zirconate titanate
nanoparticles (Ba(Zr,Tij )O3 for x = 0.25, 0.30 and 0.35) by co-precipitation in a highly
basic solution (20 M NaOH) at 80°C using BaCl,.2H,0, ZrOCl,.8H,0 and TiCly as the
precursors. The phase formation of the as-precipitated powders characterized by XRD,
FT-IR and Raman spectroscopy exhibitedsingl€-phase Ctibie perovskite BZT. These results
indicate that high purity nanocrystalliae'BZT can be preparédrdireCtly, by co-precipitation
in 20 M NaOH without the n€ed?6f any furthex galc¢ination treatmenits The microstructure
examined by SEM and FEM showed that BZT powders had spherical thefphology with
uniform size and shape! Bhe crystatsizes 0f BZTobtained by TEM analysis werg 20-40 nm.
This study exhibits/thét spherical-nangerystalline BZT-yith untiform size and'shape can
simply be preparedl ¥ia cospreeipitation in 20VEN aOH selotion. This-simple, effective and
Jow cost procedfize could probably be applied{or/producing some other perovskite oxide
materials. \
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Supamas Wirunchit,® Thitirat Charoonsuk®® and Naratip Vittayakorn**®

The multicationic oxides of perovskite Ba(Zr.TiJOs were synthesized successfully by the sonochemical
method without a calcination step. Detailed exploration considering the role of sodium hydroxide
(NaOH) concentration, synthesis atmosphere, ultrasonic reaction time and precursor concentration on

the perovskite phase formation and particle size was presented. It was found that nanocrystals were
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aZr,Ti, 0, system
nanodevices.'”'® P.
zirconate titanate

yTiy 05 solid solutin directly because it Ita
iation of energy (133 keal mol™') than BaTiO; (37"8=kca s very difficult to obtain nanoparticles of
1) and BaZrO; (48.4 kcal mol ™ !). The formation mecha- e under the calcination process,'""" which would
1 can be explained by multistep reactions as follows: at the ~ therefore be an undesirable step during the fabrication process
al stage, BaTiO; and BaZrO; are formed separately at a of nanopowder. M. Veith et al' reported the synthesis of
perature ranging from 700 to 800 °C. Subsequently, the ~homogeneous BaZr, sTio ;0; nanopowders that derived from a
i0, diffuses into the BaZrO; to form a single perovskite alkoxide sol-gel route. The hetero-trimetallic Ba-Ti-Zr frame-

work was synthesized from [TiZr(OPr');- Pr'OH], and [Ba(OPr,')]

and used as a precursor. The processing was performed under
roceramics Research Laboratory, College of Nanotechnology, King Mongkut's ~CO,-free argon (Ar) or nitrogen atmosphere. The most advan-
ute of Technology lLadkrabang, Bangkok 10520, Thailand. E-mail:  tageous characteristics of this method are the high purity and
Spepnuiiakos. cont - o outstanding control of the composition of resulting powders.
:;; f:; iﬁ;:ﬂir;zzm;}ﬂ;{; me' King Mongkut's Institute of Technology  Neyertheless, the hydrolyzed dried gel needs to be calcined at

temperatures above 400 °C in order to crystallize BaZr,Ti, ,0;.

nced Materials Research Unit, Faculty of Science, King Mongkut's Institute of X . .
1ology Ladkrabang, Bangkok 10520, Thailand J. Q. Qi et al.'* developed a new method called direct synthesis
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solution (DSS) to prepare BaZr,Ti;_,O; nanoscaled
er§ near room temperature under ambient pressure. By
lving barium hydroxide into warm water as a base solu-
nanocrystalline BaZr,Ti;_,O; powders can be obtained by
1g isopropanal solution of zirconium isopropoxide-iso-
inol and tetrabutyl titanate with hot base solution. When
r this, the particle size of the nanoparticles fell within the
: of 25 to 120 nm. Recently, single phase nanocrystalline
er of BaZr,Ti,_,O; was obtained successfully by the
dus co-precipitation method at a temperature <100 °C.'
yrocess was as follows: a mixed chloride solution of Ba, Ti
Zr ions was dripped slowly into a heated strong base
ion (pH > 12.0). The nanocrystalline BaZr,Ti;_,O; favored
ing a strongly based concentration at a temperature of
t 80 °C. The as-prepared powders showed an average
zle size of 30 nm. The precipitant concentration and
\esis temperature play an important role as a parameter for
asing product purity.'® However, the particles have various
s such as spherical, acicular, elliptical, and cubic with
:ated edges.'® The particle size and shape are not eontrolled
iis method. The different morphologic shape“and wide
: of particle size distribution have been thekey problem.to
e the abnormal grain growth in the gintéring precess,™

order to eliminate abnormal grain growth-during, the
ring process, BaZryTi, ,0; nangparticles are-éxpected to
spherical morphology with a narrow particle size distris
n.'* Among the wet-chemical methods developed o
162021 gonochemical synthesis at ambient femperature
s to be a new technique that fulfills the requifements for
lesizing extremely fine partieles viith spherical tnorphalogy
1 narrow size distribution.*# The sonochemical methed
an acoustic cavitation phenomenon from ultrasonic irra-
n to generate or accelerate the chemicalreaction, Acoustic
ition is the formation, growth, and implosive collapse of
les in a liquid, which generates a ldcalized hot spot, with.a
erature of approximately 5000 K, pressure of 20/ MP4; and
ng and cooling rates that exeeed 10"° K s7.2%** These
fent, localized hot spots can drive manhy.chemical reae-
, such as decomposition, dissolution;oxidation, reduction;
sromotion of polymerization.”** By'using thése transient
me conditions, various kinds of organicy.inorgdnic and
| materials, with unusual properties suchs,asumetals,5#¢
ous metals,”*® simple metal oxides,>" “nitrides,*
des,* sulfides®” and core/shell nanocomposites®** weze
iesized successfully. Up until now, few studies on the
chemical synthesis of multicationic oxides based on a
lex perovskite structure [A(B'B")O,] have been reported,
o the best of the authors’ knowledge, there is no previous
't on the direct sonochemical synthesis of (BaZr,Ti;_,03); y
~0.6 powders. )
1is study used high-intensity ultrasound irradiation to
iesize nanosized complex ternary metal oxide (BaZr,Ti;_,-
y = 0.0-0.6. Various key synthesis parameters such as
lesis atmosphere, concentration of precipitating agent,
sntration.of the starting solution, sonication time and Zr/Ti
r ratio were investigated carefully in order to understand
effect on the perovskite phase formation and morphology

2 | RSC Adv, 2015, 5, 38061-38074
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of the powders. The procedure of the sonochemical formation
of nanosized BZT powders also was examined.

2. Experimental procedure
2.1 Solution preparation

In this study, all the reagents used in experiments were of
analytical purity and used without further purification. The
barium chloride dihydrate (BaCl,-2H,0, 99.8% Merck), zirco-
nium oxychloride octahydrate (ZrOCl,-8H,0, 99.5% Advance
material) and titanium tetrachloride (TiCly, 99.9% Wako) were
used as the starting materials. Sodium hydroxide (Fisher
Scientific 97.7%) was used as the precipitating agent. In order to
obtain the stock of Ti-solution, TiCl, was dripped very slowly
into deionized water at a temperature lower than 5 °C and
stirred vigorously until the solution was clear. Then, the sepa-
rate stoichiometric amounts of BaCl,-2H,0 and ZrOCl,-8H,0
were dissolved typically in de-ionized water in order to obtain
the bariufii {Baé) and zirconium (Zr**) solution, respectively.
These stocks of Stantingsolution were prepared freshly for each
set\of lexperiments. :

2.2 Synithesis-of Ba(ZeyFi,_,)O5\powders

The barium zirconate titanate (Ba(ZryTi,_,)O;; BZT) powder
products;, with the /compesition+{y) = 0.00, 0.05, 0.20, 0.04 and
0.60; were synthesized by the sonochemical method without
the .calcination process;=which waswin accordance with the
reaction (1): )

BaClz-ZHzO(aq) + (1 A y)TiCl.;(&q, iF ‘VZTOClg‘SHzo(aq)
+ (6 —1 2y)Na0H(‘.,qJ =3 Ba(Zr}.Til__,.)Og,(s)
o (6 — 2}’)N3C1{MU i1 (13 - y)HzO(ﬂq) (1)

Firstly, the appropriate_preportions of titanium and zirco-
nium (withdrawn fronkthe.stock solutionusing a pipette) were
mixed-together'to form asolution to which/the barium solution
was then addedy with continuous-stirring in order to obtain a
homogeneous mixed solution. The goncentrations of barium
andtitanium solution.were vatied from 0.01 mol L™ to 1.5 mol
L inordertosmidy the effect of Badnd Ti ion concentration on
the perovskite phase.formation. The Ba and Ti ion ratio in the
mixed_solutien) was targeted” constantly at 1:1. After that,
sonieation equipment was set up for the sonochemical process.
Regarding the synthesis system, the effect of synthesis atmo-
sphere on the phase formation was studied. The powder
synthesized in open air was compared with that in a closed
system with Ar gas. After setting up the equipment, the sodium
hydroxide (NaOH) solution was loaded into a sonication vessel
for use as the precipitating agent. The concentration of NaOH
solution was varied from 5 to 20 mol L™" in order to study its
effect. Then, the mixed starting solution was added into the
sonication vessel, which contained the NaOH solution, drop by
drop at a rate of about 25 ml min~". Therefore, a high pH value
reached 14 during the process. In order to obtain nanoparticles
of better quality, pulse ultrasonication (Sonics VCX-750, 20 kHz,
750 W) was conducted in the 2 s mode; and a pause in 1 s mode
was performed in the experiments that followed. It has been

A
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ted that synthesized powder in pulse ultrasonic mode
a narrower particle size distribution than that in contin-
ultrasonic mode.® This may be related to the uneven
bution of ultrasonic energy in the ultrasonic vessel.®
1g the process of adding mixed solution, white precipita-
vas formed instantaneously. After the irradiation time was
the sonication vessel that contained the precipitate was
d to room temperature by immersing in tap water. Then,
zcovered precipitate was filtered out by centrifugal filtra-
and washed with de-ionized water until the pH value
'ed to 7. The supernatant was checked with 0.1 mol L™ of
); solution until no white sediment remained, which
rmed that the chloride ion was not retained. Finally, the
ed precipitates were dried at 80 °C in an oven overnight in
' to obtain the powder products.

Characterization

ierovskite phase formation, structure and crystallite size of
roducts were carried out by X-ray powder diffraction using
ray diffractometer (Philips PW3040, The Nethérlands) with
z radiation (A = 0.15406 nm). The acceleration voltage-was
7 with a 150 mA current flux. X-ray diffraction-(XRD] was
1 of the powders attached to a glass slide,.and data were
:ted in the 26 range from 20° to 60° ,with a scanning-rate of
r min and sample interval of 0.02°. Crystallite. size and
strain were calculated by the X-ray~line broadening
od using Scherrer* and Hall-Williamson methiods® The
Ter equation relies on utilizing the)following equation:

D = KNBicos 6. @)

2  is the CuK,, radiation of wavelerigth {15406/ A)/g is'tHe
vidth at haft-maximum (FWHM]}-in radian and+@ is thé
rring angle. Also, K is the shape factor(a€onstant gqual to
and D is the crystallite size normalized to'the Teflecting
's. The Hall-Williamson method pfovides a teéhnique for
1g an average size of coherently diffracting domains and
)strain.  Strain-induced peak breadening arises dug 6
tfect crystal and distortion, which'is'caleulated by using
llowing formula:

_ B
T 4tand ©)

» estimate microstrain from the XRD pattern, Hall and
amson proposed a formula as follows:

A
B cOs 8 = % +4¢sin 6 @

2 ¢ is the elastic strain. When By cos 6 is plotted versus
ent diffraction planes, a linear fit is expected. Lattice
1s were obtained from the slope of this line. Raman
ra were recorded in the 100-1000 cm™' wave number
s in order to support the crystal structure identification of
esized powders with a Thermo Scientific DXR Raman
»scope (532 nm excitation of the laser). The vibration
: of the bond in molecules was obtained from Fourier

[
2
o
A
@
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transform infrared (FT-IR spectrum Gx, Perkin Elmer, America)
spectra. The morphology and particle size of the resulting as-
prepared products were characterized initially by using a
scanning electron microscope (SEM, Hitachi 54 700), equipped
with energy-dispersive X-ray spectroscopy (EDX) capabilities.
These samples were then coated conductively with gold by
sputtering for 15 s in order to minimize charging effects under
SEM imaging conditions. Regarding the study of phase transi-
tion, a differential scanning calorimeter (DSC 2920, TA Instru-
ment) was used, and DSC curves were recorded in a
temperature range from 30 °C to 200 °C with a scanning rate of
10°C min~%.

3. Results and discussion

3.1 The effect of NaOH concentration on the perovskite
phase formation

Changing the synthetic parameters greatly affected the perov-
skite phase formation. This study exposed the concentration of
NaOH that had™asnotable effect on the perovskite phase
formation,/ Fig. 1 shows the XRD patterns of BaZr,Ti;_,Og; y =
0:0 powdersthat evolved after'sonication for 60 min in different
NaOH concentrations.in-the openaitsystem. As shown in Fig. 1,
only X-ray peaksof-whiterite-BaC@;%and Ba(OH),(H,0); are
present. in ‘powder synthesized with's ‘mol L™ NaOH. These
kinds of unwanted phase.correspond well with the literature.?

St i et R s Y R R R TN

#BaTiOg
= 0Ba(OH),(11,0)3
‘l‘” A g | Neomzem
& = * = 5
- 5 2
i | % f
L) ® * L @ > i\
4 NaOH 12 M
2
-
N. J‘, f‘P } ,}\0 x.f
v
E NaOHSM
e
& o®? o
~
5 JCPDS No.41-0373 BaCO3
[ ||” ol Il'[ ![ il paellh 1
‘ JCPDS No.77.2333 ﬁa(OfI)z(IIZO)s
I | Il |n|| ".::”i A TSP R
l JCPDS No.31-0174 BaTiOsA
i | | il l
20 30 40 50 60

20/degrees

Fig.1 XRD patterns of BaZr,Ti;_,Os; y = 0.0 powders evolved for 60
min at various NaOH concentrations in the open air system.

RSC Adv., 2015, 5, 38061-38074 | 38063



\dvances

erovskite structure was characteristic of diffraction peaks,
indicating no reaction had yet been triggered for synthesis
5 mol L™" of NaOH concentration. Interestingly, the XRD
rn presented no evidence of a Ti-precursor phase, indi-
g that an amorphous phase might be formed.*”> When the
/skite. phase started to form with increasing NaOH
entration, the BaCO; and Ba(OH),(H;0); phase decreased
1atically. Diffraction peaks of the perovskite phase are
ted with the BaTiO; cubic structure in the Pm3m space
p from JCPDS card no. 31-0174. Intensity of the perovskite
rn increased significantly with increasing NaOH concen-
. The increase in perovskite phase at high hydroxide
entration might be due to increasing formation of the
slex polymeric chain network of bimetallic Ba~Ti hydrox-
2 Nevertheless, in the open air system, a peak of BaCO;
low intensity was still present in products synthesized in 20
L ™! of NaOH concentration. The problem of forming BaCO;
1igh NaOH concentration should be attributed to use of the
. air synthesis system, in which the Ba-hydroxide in_the
ion can react easily with CO, in air or carbonate species’in
olution.

Effect of synthesis atmosphere onthe perovskite phase
\ation

«der to study the influence of synthesis atmosphere onsthe
vskite phase formation, the /powder.was synthesized in
i-air and Ar atmosphere. Fig, 2 shows XRD)patterns of
yTi;_y0s; y = 0.0 powders thatevalved after sonicationfor 5
) min in 20 mol L™" of NaOH ¢oncentrations in the (a) Open
ystem and (b) closed systemwith At gas. The XRD patternin
pen-air system showed a mixed phase of perovskite;BaCO;

Paper

and Ba(OH),(H,0); phases. The BaCO; and Ba(OH),(H;0);
phase remained in the pattern with increasing sonication time,
indicating that the formation of BaCO; and Ba(OH),(H,0);
phase are not related directly with the sonication irradiation
time. Regarding powder synthesized in Ar atmosphere, the
BaCO; phase disappeared after only five minutes sonication
time. The relatively small XRD pattern agreed well with the
perovskite structure. However, intensity of the perovskite phase
was quite low, indicating that the product has low crystallinity.
The crystallinity of the product was improved significantly by
increasing the sonication period, and a sharp XRD pattern was
observed clearly at 60 min sonication time. The observations
clearly show that the BaZr,Ti; _,O3; y = 0.0 phase formation was
completed during the sonochemical process itself, without the
need of further calcination or a heating process. The XRD
pattern indicated that the synthesized powder agreed well with
the cubic BaTiO; structure in the Pm3m space group (JCPDS
data no. 31-0174). Based on XRD results, Rietveld refinement
afialysis gavedattice parameters of a = 4.0415 + 0.0004 A, which
were slightly lafgeg, than those reported to value a = 4.031 A
(JGPDS data no. 31-0374)%This slight expansion of lattice
parameters (@) might be dueio'the presence of a trace amount
of the OH group frapped in the erystal lattice, which can be
confirmed by selvothermal-treatmentwith dimethylformamide
(DMF). The intensities-and. positions of the peaks match very
welliwith thoge data repetted in the literature.”*® No peaks in
any other phasewwere détected;thus indieating high purity of
the'product: These results indicate that impurity of the BaCO;
phase can, be reduced’ or| elitninated when the product is
synthesized with”a high coneentration' of precipitating agent
(NaOH)and\in' the closed’ system with' Ar atmosphere.
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> XRD patterns of BaZr, Ti;_,Os: y = 0.0 powders obtained after sonication for 5 to 60 min in 20 mol L~* of NaOH concentrations in the (a)

1 air system and (b} closed system with Ar gas.
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Effect of precursor concentration on the perovskite distribution was observed clearly. The histogram of particle size
: formation distribution in Fig. 3(d) illustrates nanoparticles with a narrow
size distribution that ranges within the average particle dis-
persity (Dsgamoo/Dsemso) Of 1.54. The average particle size
decreased significantly with increasing precursor concentra-
tion, and when measured by SEM was found to be 123.2 +
42.8 nm and 49.6 + 11.2 nm for powder synthesized in 0.5 mol
L " and 1.5 mol L' of precursor concentration, respectively.
The intensity of the XRD pattern decreased when the precursor
concentration increased to 1.5 mol L', while the FWHM value
was increased, thus indicating that nanocrystals tend to
become smaller. The Hall-Williamson plot of 8, cos(#)/4
versus 4 sin # gives the value of strain from the slop of the fit, as
shown in Fig. 4(a)-(f). The crystalline size calculated from the
Scherrer and Hall-Williamson methods is summarized in Table
1, where this assumption has been confirmed. The crystallite
i und to be 36.61 + 13 96 nm and 16.40 +
0.5mol L " and 1.5 mol L ' of
LIt is mterestmg to note
¢ pecomes ¢ he crystallite size with

yration ich indicates that
a

ffect of Ba and Ti ion concentration in the starting solu-
m the perovskite phase formation was observed. The Ba
) Ti ion ratio in the solution was kept constantat 1 : 1. The
rsor concentration varied from 0.01 to 1.5 mol L'
i(a) illustrates the XRD pattern of BaZr,Ti, ,O5 y = 0.0
ers at different precursor concentrations synthesized for
in with 20 mol L' of NaOH in Ar atmosphere. The XRD
rn displayed the BaCO; and Ba(OH),(H,0); phase at a low
irsor concentration (0.1 mol L '), the perovskite phase
10t observed. The perovskite phase started to form at
0ol L', When the concentration increased to 0.5 mol L ',
:aCO; peak disappeared, and the pure perovskite phase
obtained. Fig. 3(b)-(d) display the morphology of the
1ct synthesized with different precursor concentrations.
ypes of morphological particles were observed clearly at a
recursor concentration (0.01 mol L™'); i.e. a large parti
irregular morphology and small one with aggl
. The energy dispersive X-ray (EDX) analysi

TeECUrs ncentration are

l:xes.-. enerally, icle sizes that
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)(RD pattern (a) and SEM images (b) to (d) of BaZr,Tiy_ Os: y = 0.0 powders synthesized for 60 min at various precursor concentrations in
ol L' of NaOH in Ar atmosphere.
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ction

le Seherrer method Hall=Williamson method SEM
Conc. (mol L™) Crystalline size (nmy) Crystalling size (nm) e (103) Fartiele size (nm)
0.50 366 £ 135 285 2,01-40:002 123.2°+ 42.8
1.00 28.8.+09.4 264 2.68 - 0.001 930 + 28.2
1.50 16,4 % 01.4 15,0 163 £ 0.003 49.6 = 11.2
1.00 29.8 +'07.4 18:6 3.87 & 0.002 96.3 % 14.0
1.00 33.2 + 12 199 3.56 £ 04003 108.1 = 19.3
1.00 33.5 £ 12.3 19.4 3.55 £0.002 115.5 + 11.0

can produce a large number of small crystallites,**** A
r number of cations at higher values of precursor
entration diffuse in solution, thus leading to a higher
ze of supersaturation and higher nucleation rate.’*** As a
t, the size of the final particles decreased with increasing
irsor concentration, while a large number of small crys-
es were formed. The structural and morphological char-
izations converged when demonstrating that the
chemical synthesis process leads to forming the cubic
0, phase, with 100 nm grade nanopowders and a narrow
listribution.
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3.1" Effect.of sonication time on the morphology and particle
size distribution

To investigate the details of sonochemical conversion from
precursor to the final perovskite phase, a series of experiments
employed different sonication times, without changing the
conditions of other preparations. Fig. 5(a) shows the XRD
pattern of as-prepared BaZr,Ti,_,O3; ¥y = 0.0 powders synthe-
sized by 1 mol L™" of precursor concentration with 20 mol L™" of
NaOH in Ar atmosphere at different sonication times. The pure
perovskite structure was observed clearly at 5 min sonication
time by using a strong base solution (20 mol L™ NaOH) and
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inted phase was found, bu nsnty g i

e was quite low. This indic dg he'produety 'il'k
illinity, which improved Signi

sonic irradiation time. A sharp ¥ tern was, Wad, 0B

ly at 60 min sonication time. "':. ateERh
dary electron images of BaZr, T é 0.0 synfh i
fferent sonication times. Fig. 5(b) and

ils of BaZr,Ti,_,0s y = 0.0 were
sonic irradiation, and then readily a%
'gated particles in a short period of timé
mize high surface energy. The particle size and
luster are difficult to identify. However, the spherical shap 5
uniformity of the particle were observed clearly with
ased sonication time [Fig. 5(d)-(f)]. Sphere-like particles
achieved, evidently after 20 min sonication time, and the
cle size increased slightly after 2 h under ultrasonic irra-
on. The particles showed a monosized spherical shape that
different from that in other wet chemical synthesizing
wds."'"*"*  The products had a slightly spherical
shology, and the particle size distribution was rather
»w. Furthermore, by increasing the sonication time further,
formation of neck between the particles was observed,
h is caused by high velocity interparticle collision gener-
by ultrasonic irradiation [Fig. 5(d)]. The high velocity of
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ratio on the perovskite phase

of XRD patterns of BaZr,Ti, ,0;; y = 0.0, 0.2, 0.4
and 0.6 powders synthesized in different sonication times is
shown in Fig. 6(a)-(d). Strong influence of the Zr/Ti ratio was
observed clearly on perovskite phase formation, which started
for the composition, y = 0.0, at 5 minutes sonication time
[Fig. 6(a)]. Otherwise, formation of the perovskite phase started
to form at 10 and 15 minutes sonication time for the compo-
sition, y = 0.2 and 0.4, respectively [Fig. 6(b) and (c)]. However,
as shown in Fig. 6(d), no strong crystal phases can be found
from the XRD pattern for the composition, y = 0.6, meaning
that the samples were composed of an amorphous phase, of
which its formation might be related to different regions of
sonochemical activity. Two regions of sonochemical activity are
known to exist, as postulated by Suslick and co-workers.*”*** One
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=00, (bly=0.2(c)y=04and (dy = 0.6

e inside of collapsing bubbles and the other the‘interfacial
m between the cavitation bubbles and surrounding.golu-
.The inside of collapsing bubbles generates extremelyhigh
serature (>5000 K), pressure (>20 MPa) and very high cool-
rates (excess of 10'° K s™'), whereas the interfacial region
:rates a much lower temperature, which is still high enough
ipture chemical bonds and induce a variety of reactions.*
n a reaction takes place inside collapsing bubbles, the final
luct is amorphous, as a result of the extremely rapid cooling
(>10"° K s7') that occurs during the collapse. Conversely, if
iction occurs within the interfacial region, nanocrystalline
lucts are expected to materialize. Since amorphous powders
: obtained in this study at a high Zr/Ti ratio, the authors
ulate that the formation of Ba(Zr/Ti)O; at a high and low
i ratio probably occurs inside and at the interfacial region of
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collapsing bubbles, respéctively. Similar behavior was observed
ih Stibnite (Sh,Sz) Manerod thatwWasynthesized by the sono-
chemical method.”” Besides) another factor might relate to the
differerice=im™formatien™constant of the complex metallic
hydroxide network. At a high Zr concentration, hetero-
trimetallic Ba-Ti-Zr-hydroxide may have difficulty in forming
a network.** All compositions of powders synthesized at 60 min
sonication time were selected in order to investigated the solid
solution and identify the crystal structure. The XRD pattern of
BaZryTi; _,O3; y = 0.0, 0.2, and 0.4 nanoparticles, synthesized
for 60 min sonication time are presented in Fig. 7(a). All
powders exhibit a pure perovskite structure without a trace of
impurity, indicating that Zr** has diffused into the host lattice
to form a solid solution. One symmetric peak observed at 26
~44° to 46° in all of the samples confirmed that all

This journgl s © The Royal Society of Chermni
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Mtionally, the XRD pattern demonstrated a progressi
toward the lower diffraction angle with increased Zr"'
7(b)]. This phenomenon can be explained qualitatively
respect to the unit cell volume caused by the substitution

at the Ti-site. According to Shannon's effective ionic
, with a coordination number of 6, the ionic radius of B-site
(zr*') is 0.86 A, which is close to the radius of Ti*'

%5 A).** The calculated lattice parameters (a) and unit cell

mme (v) of BaZr,Ti, ,0;; y = 0.0, 0.2, and 0.4 powders are
rted in Table 2. These values increase with increased Zr

went by replacing Ti**-site (0.745 A) with large Zr** (0.86 A)

. The Raman spectra are shown clearly in Fig. 7(c). All
an peaks of the composition y = 0.00, 0.20 and 0.40 were

)t

+

syl U ahig]wlsic
J?‘f*“ ite the sub-&&u’ce
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can stabilm T

yositions had a cubic symmetry. This agre c\ ﬁhelebs, charactq;lz.atl&

ous reports that used the co-precipitation he

v 1metry cou}d be i
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8-34°. (b)

6, 303,
A,(10))
@ragonal
JRD data
Raman
. This is

Vironment.
Orm a meta-

fect existed as
all. Therefore,
structure. Never-
sults in a static and
in a dynamic and local
ed by Raman spectroscopy.®
1 Raman did not correlate with those
from XRD data in this situation. In fact, the crystal structure of
powder products may exhibit a mixture between the tetragonal
and cubic crystal structure. However, the hydroxyl defects could
be removed by chemical treatment with DMF, which is dis-
cussed later. Furthermore, Fig. 7(c) also reveals that all of the
Raman peaks disappeared when the composition (y) of the Zr/Ti
ratio was increased to 0.60. The presence of a very broad hump
demonstrated a predominantly amorphous phase character-
istic. This result confirms that the condition of powder products
was stabilized in the amorphous phase. Furthermore, the FT-IR
spectrum of powder products at various Zr/Ti ratios was studied
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:eported in Fig. 7(d). The band appearing for all compo-
1s at around 3600 and 1600 cm ™ is attributed to O-H
‘hing and O-H bending vibration, respectively. In corre-
ding with previous results, it could be said that the OH
tion bands in the 0.00-0.40 compositions of the Zr/Ti
; come from the OH-defects, that existed on the surface
-les and in the sub-lattice. On the other hand, the O-H
tion band in the 0.60 composition of the Zr/Ti ratio may
: from the mixture between OH™ species defects and -OH
»s from the amorphous phase. In addition, the absorption
at around 520 cm ™! was used to indicate the difference of
stallic Ba-Ti-Zr hydroxides amorphous and crystalline BZT
es. This peak is assigned mainly to the characteristic peak
e perovskite structure, while associating with the absorp-
vibration of Ti-O and Zr-O asymmetric stretching in BOg
tedra.'**® The 0.00-0.40 compositions showed the strong
ymmetric stretching in BOg octahedra, thus confirming
the powder products in these conditions were formed as
solid solution without the impurity or the other phases:
estingly, the BO, vibration band disappeared at the 0.60
>osition of the Zr/Ti ratio, while the OH absorption band
sited large intensity, thus suggesting that the BZF-solid-
ion phase was not found at this condition. Therefore,.it
»e confirmed that the product powder may stabilize in.the

of trimetallic Ba-Ti-Zr hydroxides in the amorphous
e. The SEM/EDX analysis at different points onthe surface
dividual particles was performed in erder to confirm the
ogeneity of the powder products. Fig, 5(e)and (f) display
:DX spectra at different points on the surface’of individual
cles. It can be seen from these figures thatthe.concentra-
i of various elements (Ba, Ti, Zr and O) invelved i the
ridual particle are very close to eachiother indicating to the
ogeneity of the powder products.: The result from SEM/EDX
tra showed good correspondence with the result from XRD
7(a)]. This observation clearly  demonstrates that the
icationic perovskite BaZr,Ti,_, @53y = 0.0-0.4"solid sohu;
was formed completely during the sonethemical precess
,, without the need for further calcination or a heating
ess.

Effect of chemical treatment on the crystal structure/by
g dimethyl formamide (DMF)

narily, hydroxyl (-OH) groups play an important rolesin the
aesis of perovskite nanopowders via wet-chemical
esses, especially in a very high OH concentration (pH >
049-53 The powder products can contain much chemical
ling with the two types of OH species. Weakly bonded OH™
ies are adsorbed on particle surfaces, while strongly
led OH species are entrapped in the crystal lattice, to form
e OH™ defects.”® These defects can affect the stability of
ze vibration and decrease tetragonality to form a metastable
¢ phase, which leads to the absence of phase transition.?
a the literature, the OH™ species on particle surfaces could
liminated by thermal heat treatment above 300 °C, and
'e 1100 °C for eliminating the lattice OH™ species.?***% This
¢ investigated sonochemical Ba(Zr,Ti;_,)O; powder
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products and found hydroxyl defects similar to those in the
BaTiO, reported in the literature.?®* Nevertheless, in this work,
lattice hydroxyl defects could be removed completely by sol-
vothermal treatment with DMF solution at only 170 °C. In
studying the effect of DMF on the crystal structure, a selected
region of XRD patterns in 26 = 42° to 48° of Ba(Zr,Ti, )O3 (y =
0.00) powder products was compared between before and after
treatment, as shown in Fig. 8(a). The results clearly show the
difference of tetragonal versus cubic crystal structure. Before
treatment, the powder products showed a single peak of (200)
reflection, which agreed well with the characteristic of a cubic
crystal structure. When the powder products were treated with
DMEF solution at 170 °C for 24 h, splitting of (200) reflected at a
higher region, with a (002) shoulder at the lower region, and this
corresponded to the characteristics of a tetragonal crystal
structure. In accordance with a large amount of lattice OH™, a
high amount.of protons (H") can link and exist in an oxygen
stib-latticeTherefore, thewunit cell volume was enlarged with
close correlation, and distertiomn, of the tetragonal crystal
structure was obsérved. Consequeéntlypa cubic crystal structure
was-presented;?? thenywhen the lattice,OH~ was removed, the
tetraganal struct(re yeturnfied to stabilize it. FI-IR spectroscopy
was dsed torinvestigate.the functional group,of Ba(Zr,Ti,_,)O;
(y =\0.00) powders\yThelspeetrum is shown in Big. 8(b). O-H
stretehing vibration‘ofithe‘hydroxyl group and TisOg stretching
vibration /of in BOQg octahédra) of BaTiO; were'detected on
Ba(ZryTi,_¢)02(3 =0.00)/ powderssbeforg treatment, Then, the
bdnd,of/0-H stretehing disappeared, while,TiOgstretching was
still present after the treatment-process. it could. belseen that
the ‘hydroxyl specias were desorbed more: effectively after the
treatment . progess. | However,» 1t; 157 difficult to_ distinguish
between the surfaced-adsorbedand—tattice, hydroxyl groups
because the pealk position of two OH “speeiés 1s very simjlar.®>*
Furthermore,“Ramansscattering ‘spectroseopy alge was studied
for'furthier investigations The Raman speetra of Ba(Zr,Ti,_, )0,
(3=0.00) €ompared beforesandiafterechemical trgatment are
shown“in_Fig.’ 8(c).f4ll Rafnan=aetive modgs, infthe powder
products after chemical treatment-clearly ¢orrespond to those
i the AE(TO + 10) %34, (PO #LO).+ B,(T@y* LO) of a tetragonal
{Pdmm) Crystal“Structure; ¥ However,cthiere Are’ 3 broadening
pealks ‘at.around 803;=522 and 715\¢m #indpowder products
before treatment, which are (gssigned 0 the Raman-active
mhodes of tetragonal (Pdmm) symmetty, indicating that the
crystal®stmcturé>'of powdersproducts before treatment may
exhibit-a.mixturesbetWeenst€tragonal and cubic crystal struc-
ture. HoweverpwheT! the chemical treatment was preceded by
DMF, the cubic crystal structure changed completely to be
tetragonal. In addition, it is well known that the existence of
OH™ defects leads to loss of phase transition in ferroelectric
materials.*®® Therefore, DSC measurement was used for
further investigation of Ba(Zr,Ti;_,)O; (y = 0.00) phase transi-
tion. The DSC data are shown in Fig. 8(d). The powder products
before treatment show only the baseline, without the change of
enthalpy (AH), while those after treatment clearly show the
exothermic transition on cooling at temperatures of about
127.1 °C, which correlates to the phase transition temperature
of tetragonal to cubic crystal structure. The relating change in

ounal s @ The
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nalpy (AH) value of this transformation is 593
esponds to 650 mJ g~ ' of the commercial BaT]O3
cture. On the other hand, the Curie temperature obse d
n DSC data can be used to confirm the 1: 1 stoichiometry
(i ratio in Ba(Zr,Ti, _,)O; (y = 0.00) powder products, which
imilar to reports from F. Baeten.®' Finally, all the results
n this part of this study indicate that the use of chemical
tment with DMF solution possibly eliminates OH™ defects
n the oxygen sub-lattice. The tetragonal crystal structure was
woved, and the phase transition observed at 127 °C. In
lition, the chemical treatment with DMF had no significant
ct on the particle shape, size or size distribution. The
ticle size changed slightly from 97.4 + 19.2 nm to 103.5 +
} nm with a narrow size distribution. The SEM micrographs
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3.7 Mechanism of crystal growth formation

Based on the results achieved with different synthetic parame-
ters, perovskite phase formation of the BaZrTiO, spheres
involved the crystallization process and was similar to
mechanical stirring.** A plausible mechanism that explains all
these data is shown in Fig. 9. The first stage of the synthesis is
forming a complex network of the amorphous phase, which is
assumed to be flows: ie. barium cations that form Ba(OH)'
species in the NaOH concentration. Furthermore, titanium and
zirconium cations were hydrolyzed readily in NaOH solutions to
form soluble [Ti(OH)s]*~ and [Zr(OH);] ™ anions. The formation
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Trimetallic compound N““;’;?;:“.;e -19am)
Ba®*, Zr** and T lons in Ba-Ti-Zr hydroxyl network of 7Th4)0s
starting aqueous solution amorphous phase

& ‘T
® ( :0’ oo (C

Necking

Schematic diagrams illustrating for

ribed also by N. C Pramanik
sctively. The reaction betwee
H);]  initiated the formati 1 [ % a : i A0e e A i stabili %Ie dles can
agled complex network of po! frymetaitc ISet 711\
i-Zr hydroxides. The skeleton
ie Ba, Ti and Zr atom linked
nd stage of the synthesis is ac
primary BZT particulates (cry :
iation. The results presented in sectiop=efthis il pfdCles) fespeets inction of

growth, and implosive collapse of bubbles (mi dﬁf ect) “deefeascd fona

: nﬁ - Waal's forces and existemce tic barrier) lead to
lized hot spot with high temperature of ca. 500 Suré- @r mﬂracti%m@ The third stage of
* 20 MPa, and a very high cooling rate of ca. 10™ sygz i km ng spheriedl]_pértticles with a narrow size
due to vaporization of the solvent into bubbles, solubi diStribution.kheturbdlcn and mechanical effects, such as
e reactants was enhanced, thus elevating supersaturation —micro na shock waves that generate from the
1e reactant solutions. In the conventional crystallization implosive collapse of bubbles under ultrasonication,** can
ess from a solution, two steps are involved; nucleation and  create a relatively uniform reaction in fluid medium,**** which
al growth, of which both have supersaturation as a improves the spherical shape of monodispersed BZT particles.
mon driving force. Crystals in the supersaturated solution Microjets with a high velocity of over 400 km h™' crush the
neither form nor grow. The nucleation rate in the crystal- aggregated cluster in all directions,**** and nanocrystalline
ion process is small and only few nuclei can be generated at  particles are driven together at extremely high speeds, thus
nitial time of growth. Then, nuclei grow in spatial orien- inducing effective melting at the point of impact.**** These
ns fixed by solute crystallized structures. However, nucle- phenomena generate relatively monodispersed particles with a
1 in the sonocrystallization process was accelerated by the narrow size distribution. Furthermore, when increasing the
osive collapse of bubbles, while the crystal growth process  sonication time further, neck formation was observed between
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articles, caused by high velocity of the interparticle colli-
generated by ultrasonic irradiation.** Suslick et.al*>*
»sed that the effects of cavitation in the phenomenon of
»article collisions come from the shock waves released into
1 and not from the temperature of the localized hot-spot
>d within the collapsing bubble. It is interesting to note
rolume shrinkage and densification did not originate, due
e sonochemical method that generated local thermal
vy, which differed from thermal energy of the sintering
‘58,

Conclusion

icationic oxides based on the complex perovskite structure
{(Zr,Ti;_;)O5; y = 0.0-0.4 nanoparticles were synthesized
tly under ultrasonic irradiation in the sonochemical
\esis process, without a calcination step. The concentration
IOH, the precursor and synthesized atmosphere play a key
in forming the perovskite structure. Strong and high
antration of NaOH and the precursor, respectively;notonly
ite nucleation, but also eliminate the formation‘of BaCOs.
icrystalline was formed in a short period of time and then
:gated to form large particles. Narrowsize distribution was
ired for the aggregated particles under ultrasenie-irradia-
However, the synthesized powder had some’of-the OH
p trapped in the crystal lattice, which was caused by streng
concentration during the synthesis.pracess, A plausible
al growth mechanism was proposed by this“study.
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Abstract

The sonochemicall technigueuis ‘a/powerful synthetic | methedfor \the production/of
nanostructured inorganicy, potders. (Monosized,\ sphefical //barium _Zirconium! titanate
[Ba(Zr:Ti14)O03; BZT], withx 5 0.00, 0.05,0.20:811d=0.40-nanoparticles, wesg synthesized
successfully through sonochemicalreaction s The phase formation as welléas cpystdl structure
and morphology were investigated. ThewaS*psepared powders wer€ adéntified by X-ray
diffraction (XRD). The cubic perovskite structure of BZT was formed completely in a short
irradiation time without the calcination process. The lattice parameter (a) of the samples
increased with increasing zirconium concentration. Furthermore, when the concentration of
zirconium increased, the reaction time must be increased in order to obtain phase-pure

perovskite. The BZT nanoparticles showed a monosized spherical shape that was different



from that in other preparation methods. The morphology of the products was very close to
o ,

spherical, with the particle size distribution being rather narrow.
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1. Introduction

Many rescarchers “haveyfoetsedy vecootly <Ontlead-free/ ceramic ‘materials and their
applications in various electronic devices beeanse of environmental ‘and hiumari‘health issues
[1-4]. Barium titanate (BaTiOs) wés |the firstilead-free piezaelectric teramic ‘Maferial to be
studied widely since its\isc@very inGhe 19405 ]5]. It i®wellknewn that doping is an effective
way to improve the perforgiance of mafcsal inselectroceramics.<lnpartiéitlag! substitution of
Ti*" with Zr** in BaTiOs; hds. teceivéd. much attention, due tQ¢the fdndble structure and
electrical properties of specific applicatiens, Characteristies=of” the ferroelectric phase
transition of Ba(Zr:Ti1x)O3 (BZT) ceramics depend strongly on Zr content from normal
ferroelectric to relaxor ferroelectric behavior [6]. When the Zr content is less than 10 mol%,
BZT ceramiés show normal ferroelectric behavior. and dielectric anomalies that correspond to
rhombohedral to (fsrthorhombic (Tr-0), orthorhombic to tetragonal (To.r), and tetragonal to
cubic (Tc) phases‘z—n‘e observed clearly. The transition temperatures of BZT ceramics (Tr-o,
To-rand Tc) became closer with increasing Zr content and merged near room temperature at

15 mol% Zr concentration. When Zr content increased further to around 27 mol%, the sample



showed typical diffuse paraelectric to ferroelectric phase transition behavior, in which Tc
shifted to a higher temperature. with increased frequency caused by the inhomogeneous
distribution of Zr ions on Ti sites. and mechanical stress in the grain {7-8]. When Zr content
increased to more than 27 mol%. the BZT materials exhibited similar relaxor ferroelectric
behavior. In a paraelectric state, which is juét above Tc, BZT ceramics are attractive
candidates for dynamic random access memories (DRAM) and tunable dielectric dévices. The
below room temperature [9]. Furthermore, the Zr‘f+ OH(0:864). is more stable chemically than
Ti** (0.745A) and has a larger iopiCsiZe that expands the Iattice. Therefore. the conduction by
electron hopping between Pi# and Ti°" wouldlbe depresséd-by the substitition of Ti with Zr
[10-12]. The productighfof high perfoimmie® coramidrmiateriatgwith funclignal devices
requires the highest plifities, homogeneity powders, welll control led particle merphology and
narrow size distribution:; Thusp=many--research/ groups |havtsiocused con the |quality of
processing for the synthesis' 0#BZT high perforiaanee product powiders’yConventional BZT
powders are obtained\by solid-state.teaction between BaC@Qs, ZrO3 and T10Qa2. However, the
powders prepared by this'method consist of vather éoarse, podrly uniforméd parficles. with a
broad particle size distribution apd*very high=¢alcmation-femperatute refufring more than
1,600°C for the synthesis of BZT powders [¥31 In ordertoeliminate’defects, a number of wet
chemical synthesis methods are very populai“sueh=as=sot=gel [14-15], hydrothermal [16-17],
combustion [18-19] and co-precipitation techniques [20]. However, although these cheinical
methods are suitable for preparing high quality BZT nanopowders, the synthesis process is
complicated and takes a very long time. In addition, the heat treatment step is still required to
achieve completei phase formation. This research provides an interesting sonochemical
method. which is one of the wet chemical processes. The sonochemical method can be

employed to synthesize metallic and organic covers, and especially almost all inorganic



nanoparticles, in aj short period of time [21-24]. It also can use the acoustic cavitation from an
ultrasonic wave to generate or accelerate the chemical reaction. The main event in
sonochemistry is the creation, growth and collapse of a bubble that forms in liquid. The stage
that leads to bubbie growth occurs through diffusion of solute vapor into the volume of the
bubble. The last stage is collapse of the bubble, which occurs when its size reaches maximum
value. An extremely high temperature of about 5,000 K, pressure of ~20 MPa and a very high
cooling rate of ~ 101° K/S occur in a very localized space, when the small bubble generated in
aqueous solution collapses during ultrasonieation==Then, unique properties of the

sonochemically synthesized particlés-afe expected [25]. /

Previous work frofyf the—authors§ sustessfully= gynthesized-BaTiQ3, BaZrO; and
Ba(Zr0.4Ti0.6)O3 nanoparticles by the sonochemical method<without=a-heat treatiment process
[26-28], which showgd asmonosized spherical \shape)at (a short irradiation time and narrow
size distribution. Thewefore, the sonochemical /méthod is\a” suitable™way fo synthesize high
performance particle products. Tirthis work, BaZe:Ti15103 powders, with x = 0:00; 0.05, 0.20
and 0.40, were synthesized-Succes§iully/ by the sonachemical method, Wvithoutthé £alcination
process. The effect of Zx' <ens the formation, “structure ‘and inm*phology, including the

irradiation time, lattice constanty pattigle sizé"and'shape Wasdiscussed.

2. Experimental procedure

2.1 Powder synthesis

The Ba(Zr;Ti1x)O3 powders, with x = 0.00, 0.05, 0.20 and 0.40 nonoparticles, were
synthesized by sonochemical synthesis in aqueous solution according to the overall reaction

of



[

BaCl2.2H20 (aq) + (1-x)TiCls (ag) + xZrOCl2.8H20 (ag) + (6-2x)NaOH (aq) — Ba(Z1r,Ti1-+)O3

H6-26NaClag + (13-1H:0 (1)

where (aq) denotes a species in solution. This process is similar to the method described by
Reddy et al. [20], except when applying powerful ultrasound irradiation. Appropriate
proportions of high purity BaCl.2H20 (99%, Merck), ZrOCl:.8H2O (99.5%, Advance
Material) and TiCls (99.5%, Wako) were weighed and used as raw materials. The deionized
water used in this fesearch had been boiled previously at 100 °C for 15 min in order to remove
the CO;z dissolved in it. Then, the dilution-procedure-involved adding 1 M of concentrated
TiCls slowly into deionized walef gt a temperature Iowér than 5 °CGy While stirring until it
turned into a homogeneous/Selution.-Equalgnotar-concentiatedisolutions of dituted TiCls (1M
solution) and ZrOCl> (M solution)iwere mixed-thoroughly af {irst=and 1 M BaCl, solution
was added to this mixXtire, Thése solttions weré miXed' Copintoftsty-for }0 minttes. NaOH
with different molar eoncentrations wasmsed\for precipitation. NaOFH"solutionwas heated to
75 °C, with pH being imeintained” at|s [4. "Thenintiiealiplectirson.saflition-was fadded to
NaOH at the rate of 25,ml’min", b€forheing exposed to/high-intensify ultrasennd Arradiation
under ambient Ar gas fon & given time. Ultrasound.iradiation’ as accomplished with a high
intensity ultrasonic probe (3 mm diameter; Pi=hora, - 20-KH7)#hmersed dizeCily in the reaction
solution. Sonication was conducted, Withotteedoling) il Ordler _thaf.the temperature of the
solution increased gradually from sonication to the ehd of the reaction. After the reaction had
finished and cooled to room temperature, the precipitate was separated and washed with

-

deionized water. The products were then dried in an oven at 80 °C for 24 hrs.

i
2.2 Powder characterization

The crystallographic information, including phase purity crystal structure and lattice
constant of the powder products, was identify by the X-ray diffraction (XRD) technique using

Ni-filtered Cu K, radiation (A = 0.1546 nm). The crystalline size (nm) was determined by



api)lying full-width half-maximum (FWHM) of the characteristic peak, according to
Scherrer’s equation: dwa = kA/Bcosf, where A is the X-ray wavelength (0.154 nm), k is the
constant value (0.89), /8 represents the corrected peak width at half-maximum intensity, and 6
is the diffraction angle. Furthermore, crystal structures also were identified by the Rietveld
refinement method [28]. Then, Raman spectroscopy was the secondary technique used to
investigate the crystal structure and ensure a single phase of powder products. Spectra of each
sample were taken over a range from 100 to 1,000 cm’'. Powder morphology and grain size
were imaged directly using a field emissiOn=s€anning electfon=miergscope (SEM) and

transmission electron microscope (TEM).

3. Results and Discussion

Figures 1(a) tof (d)Showthe- KR \besults of BT \potvulbrsavith vafous_Z i’

concentrations synthestzed " 200 | NaOH Htoron ¥ /tofef it sotucativn) fimel Figurard (4)
shows the XRD patternjof the perovskiie|phase gsiobsgtved@iibimin sGuedtioniime. Fheie
was no detection of thg Ba€Qs pheSelocunwanicdy pliase, wadith indicafed «that fgwder
synthesized in Ar-gas can'glunigate, formationiof H1gWBaCOs phaseiHiowever, intensity of
the perovskite phase was quite Mow. Sylich meapi=that Hheypowder had lagy Ccryfiallinity.
High crystallinity was achieved by“Sacreasing §paication tinie. ASlakp peaks 01 perovskite
phase were observed for powder synthesized 60 a1 Someationstiric. A similar trend was
observed for the composition. x = 0.05 [Figurel(b)]. By increasing the composition, x = (1.2
and 0.4, the XRD pattern of perovskite phase with low intensity started to form at 10 and 15
min sonication i‘inﬁma—:_ﬁ respectively [Figure 1{c) and (d)]. Intensity of the perovskite structure
increased with inérczxsing sonication time. XRD results indicated that when Zr concentration
increases, the sonication time must be increased i order {o obtain a pure perovskite phase.

Sharp well-defined peaks were evident clearly in all products synthesized at 60 min



1

sonication time. When compared to traditional solid state synthesis. the result indicated that

the BZT phase was formed completely during the sonochemical synthesis, without further

heating or calcination. All compositions of powders synthesized at 60 min sonication time
were selected in order to identify the crystal structure. Figure 2 displays the XRD pattern of
Ba(Zr Ti1.0)03, wéth x = 0.0, 0.05 0.2 and 0.4 nanoparticles, synthesized for 60 min
sonication time. Characteristics of the tetragonal perovskite structure such as splitting (002)
and (200 in a range from 44° to 46" were not observed in all of the samples. One symmetric
peak observed at 20 ~ 44" to 46° in all of the"samPles co nﬁr:med tasal®empositions had a
cubic symmelry. This agreed well #ith previouSsreports/ Abar uSed a solid s{itg and co
precipitation method [6, 26-281/ Furthermore; the XR D patters digplayed rowressivepeak
shift toward the lower difffaction_angleqwith| in€eeasediy ¥ Fhis phémdmanon ca be
explained qualitatively with wespe¢tio thetnit cellolime Caused hynhe Fubst tution af %"
at the Ti-site. Acc&din ¢ to ShannonlSetieative 1omio radiavith i e@88mationsnimberof 6,
the ionic radius of B-sifelions (Zrid hasa'tagding of 08674 Wwhisch is-eloSeito.dlie radivs of
Ti* (0.745 A) [28]. Thetefare, ## can/onter 1ntolihe six fold sgordinatéd B¥He 6T the
perovskite structure 1o subistitiie Ti*", dug to\radins\ maEhing //Ridiveld refinemeil ufide
data from 20° to 60° of the WRD"m@sults was)conducted joachicid/Tatfice pafameflofs. as
shown m Table 1. Lattice pardm®ers¥imprease in direct_propdftionSte ifCrasing Zr
concentration. When compared with previoug Tesulis of BZT powder€ préhared by a mixed
oxide method, as reported by Chen et al. [6]. the sonochemical BZT powder transition from
tetragonal to cubic phase did not occur, whereas the solid state reaction power phase
transition occurred at x = 0.20. The absence of phase transition in BZT powder synthesized
by the semx:hemiicai method might be related to some entrapped hydroxyl groups on the

crystal surface or in the crystal lattice. It is well known that many wet chemical syntheses

generate OH species in the solution during the process, and OH groups are incorporated



easily into the perovskite lattice, as defects are shown to be similar 0 a “loose packed”

strugture.

According to the literature [29, 311, the quality of data from structural refinement is
checked generally by R-values (Rp. Rexp, Rop). and the appropriate fit (G), which is defined
by G*=X°. X* or “Chi squared”, can be determined from the expected and weighted profile of
R factors (A7 = (Rup/Rexp)?). Additionally, the difference between experimental profiles of
XRD patterns and calculated data varies slightly in scale of intensity. as illustrated by the
line, Yobserved- Y caleutared. Furthermore, the€tystdlline size of all composimgisgvas calculated
using the Scherer equation from gl WHM oL he 1 thplangsin e XRD patichgwhich is
shown in Table 1. The crygtalline size fecreaged With intreagide the-Z:"f\ content. \Since
Raman spectroscopy or the Raman.s¢étteringtechnique is efficientfor,measuring-the lattice
vibration in discriminating the symmetry aﬁd asy St yyotaciystal Spudiie it Can bétsad
as a power tool that supporis.the idenfification of phase formation And sfracture-of inorgahic
materials. Therefore. thel Raman seatfoting Yechpigueonnesed) t8oafhor| with the xalay
diffraction method to confinmzihe phase bormation-0f .B.Z"i" ps_m.'dcr'm‘odu;ts U], Raman
spectra of as-synthesized BZT powders; synthesiie'd atffdifferent] egmpositions 6F x4 are
presented in Figure 3. It is wellNkn6Wnsthat BaTiO3 has fite atomsL/and fiftedh degrées of
freedom divided into the optical réprésentations, 3F1, + Fruewhile-another g symmetry
mode corresponds to the acoustical branch."Fhe BaFiQs.spectra-réVealed the presence of a
tetragonal structure, mainly characterized by the Ai(TO1), Ai(TO2), E(TO2), Ai(TO3) and
A(LOYE(LO) Raman modes, while no Raman-active mode was predicted for the cubic
phase (Pm3m) [30}. The Raman shift peak at the composition. x = 0.00 (BaTiO3), is located
at around 181, 295, 521 and 707 cm™ and assigned to the transverse optical (TO) modes of

A symmetry. The peak at 181 cm™ arises due to interference from harmonic coupling

between the three A1(TO) phonons. The peak at 707 cm™! is related to the highest frequency



of the longitudin?ll optical mode (LO) with A; symmetry [30]. Regarding the other
compositions, the Raman spectra nearly corresponds to those of BaTiOs that present a cubic
structure, which is in agreement with the XRD and Rietveld refinement result. The vibration
of Ti atoms in octahedral oxygen creatéd. a peak at around 181 ecm™ (A((TO4) mode), which

broadened and decreased in intensity with increasing Zr content.

The morphology and particle size were studied also by FE-SEM. and FE-SEM
micrographs of all aggregated particle products, sonochemically synthesized for 60 minutes
of ultrasonic irradiation. arc demonstrated=i_Ligures=4=(a). 0~¢h), with the average particle
size shown in Table 1. The diffesénce betwednthe | XRD Crystallite sideand SEM particle
size is thought to associgi€ Avith-the -existencd of @ hieggrehical-strueture 2¢]. The SEM

- particle size may stemyfffom a_seedmdary [mesostii€itire ednsisting=¢fa_primagy\crystallite
size. A large number/of BZT fanderystals Were created initiglly fromithe Ti-@nd\ Zr- based
precursor under ultrasound irfadiation before aggregating BZT particlesfrom large particles.
The BZT particles showed a_moendsized spherical: shape ‘different from that in other
preparation methods| |6-8]. The ‘products  showed ya: Spherical <or alfost fspherical

- morphology, and the particléssize distribiition | was=rather narrow. Figute 5 shows TEM

micrographs of the BZT naneparticles. TheYargesphenteal BZ | partighés Mefe characterized
as aggregates of 5-10 nm of nanoctys{Bls,

4. Conclusion

The Ba(Zr;Ti1x)Os, with x = 0.00, 0.05, 0.20 and 0.40 nanoparticles, was
synthesized successfully by the sonochemical method without the calcination process. The
as-prepared powdiers were identified by X-ray diffraction (XRD). The cubic perovskite
structure of BZT “was seen to form completely in a short irradiation time, and the lattice
parameter (a) of the samples increases with increased zirconium concentration. Furthermore,

when the concentration of zirconium increased, the reaction time must be increased in order



to obtain a phase-pure perovskite. The BZT nanoparticles showed a monosized spherical
morphology and the particle size distribution was rather narrow. A TEM image indicated
that the large spherical BZT particles were characterized as aggregates of 5-10 nm of

nanocrystals.
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Table Heading
Table 1 The lattice parameter, crystallite size and particles size of Ba(Zr,Ti1..)03, with

X = ;0.0. 0.05, 0.2 and 0.4 nanoparticles

Figure Legends
Figure 1 The XRD pattern of Ba(ZnTi1:)Os. with x = 0.0 0.05, 0.2 and 04

nanoparticles at different ultrasonic reaction times; (a) x = 0.0, (b) x = 0.05, (¢)

x=0.2.and (d) x = 0.4,

Figure 2 Rietveld refinement that fiis”Ba@? T1.)03, WITT T
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Table 1

Lattice parameter (a) Crystallite size Perticle size (nm)
Composition X
Y (nm)
x=0.00 1 4.0295 + 0.0004 1.1770 30.0 1284+ 18
x=0.05 4.0432 +0.0003 1.0293 28.4 1293+ 17
x=0.20 4.0589 £ 0.0004 1.2619 24.5 133.5+22

x=0.40 4.0931+0.0011 1.3481 224 145.8 £ 46
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