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ABSTRACT

The homogeneous bi smuth titanate single-phase nanoscal ed ceramic pow-
ders have been prepared by means of metal organic decomposition. The
thermal decomposition/oxidation of the pre-heated precursor, as investi-
gated by differential thermalgravimetric analysis, X-ray powder diffraction,
and environment scanning el ectron microscope, lead to the formation of a
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well-defined orthorhombic bismuth titanate compound. Formation of the
layered perovskite-like bismuth titanate occurs via intermediates with se-
guential changesin the coordination polyhedron of bismuth. The chemical
reactions of precursor powder in heat treatment process have been inves-
tigated further by Raman and Fourier transform infrared spectra, and the
reaction mechanism was tentatively proposed thereafter.
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INTRODUCTION

Bismuthtitanate (Bi, Ti O,,, BTO) belongstothe
family of ferroel ectric materia swith layered structures,
which can be written as a general formula of
(Bi,0,)*(Bi,Ti,O,)*. Thelayered structure is con-
structed by dternativestacking of atriplelayer of TiO,
octahedra (perovskite slab) and a monolayer of
(Bi,O,)* dongthec-axis. Singlecrystal BTO haslow
dielectric permittivity and avery high Curietempera-
ture (T_= 675°C), which makesit useful for various
applicationssuch asmemory eements, opticd displays,
and piezoel ectric convertersof pyrodectric devicesin
awidetemperaturerangefrom 20to 600°C. BTOce-
ramicshave been used in capacitors, transducers, sen-

sors, etc.2, Thetuning of electric propertiesby com-
positiond modification aswell asthesizeeffect canmeet
commercia specificationsfor Curietemperature, con-
ductivity, coercivity, compliance, etc.*4.

Although BTOisnormally prepared by solid-state
reaction of Bi,O,and TiO, at elevated temperaturesup
to 1100°CH, owing to someinherent limitationsof the
processthat yieldslarge grain size of product phase,
several dternate chemical synthesesrouteshave been
proposed. Theseinclude coprecipitation, sol-gel, hy-
drotherma and molten salt synthesi %9, Metdorganic
decomposition (MOD) employed in the study offers
theadvantages of low cal cining temperature, smplify-
ing process, better homogeneity, stoichiometric com-
position control, and low cost. Theformation mecha:
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nismof the BTO prepared using M OD method, there-
fore, wasproposed in order to get better understand-
ing of thereaction process.

EXPERIMENTAL

The required amounts of bismuth nitrate
[Bi(NO,),.5H,0] wasdissolvedinglacial aceticacid
(CH,COOH) by stirring at 60°C up to achieve com-
plete dissolution. Stoichiometric tetrabutyl titanate
[Ti(OC,H,),] wasslowly dropped into the above solu-
tion under constant rate stirring. Acetylacetone
(CH,COCH_,COCH,) asreagent was used to stabilize
tetrabutyl titanate. And the solution wasdiluted with 2-
methoxyethanol (CH,OCH,CH,OH) to adjust viscos-
ity and surfacetens on. Theresultant solutionwasstirred
at room temperaturefor 1 h andfiltered whereafter to
form the stock solution, which wasyellow, clear, and
transparent.

The precursor solution thusobtained wasdried in
anovenat 90°Cfor 10 h, resultingintheformation of a
fineyellowish powder. After ground in an agate, the
powder wasannealed at varioustemperatures between
450 and 750°C. Thermal reactions taking place during
the calcinations of the powder wereanalyzedinair by
thermo-gravimetricand differentia thermd andyss(TG/
DTA, Netzsch STA 449c). Theexisting phasesin the
calcined sampleswere studied by X-Ray diffraction
(XRD, RigakuD/MAX-yA). Crystalitesizeof cacined
powderswas determined by X-ray linebroadening us-
ing the Scherrer equation®. Theevolution of the pow-
der morphology with the calcination temperaturewas
studied by anenvironment scanning € ectron microscope
(ESEM, Quanta200). The Raman measurementswere
performed in the backscattering geometry using a
Ventuno21 NRS-1000DT instrument a room tempera-
tureto study thelattice dynamicsand structura variety.
Theinfrared (IR) spectrawere measured from 400-
4000cm*with aBruker Tensor 27 FT-IR spectrom-
eter to monitor the chemical reaction.

RESULTSAND DISCUSSION

Thermal analysis

Therddiveweight |0ss(44%) and differentia ther-
mal analysisof the pre-heated precursor, asshownin
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figure 1, indicate that heat beginsto evolveat about
300°C and the second weight loss occurs around
600°C. It is seen from the curve of the DTA in this
figurethat two exothermic effects appear at about 350
and 750°C, respectively. Combined with TGA data, it
isobviousthat the endothermic effect at about 350°C
isdueto the decomposition and decarboni zation of or-
ganic and inorganic compounds. It also demonstrates
that theweight | osstakes placein theendothermic pro-
cessi ng between 270 and 420°C, which is about 24%.
The DTA curve showsthe exothermic effect at about
350°C, which probably also corresponds to the first
nucl eation events and the solid-state reaction, and it
will bediscussedin XRD data With anincresseintem-
perature, the second exothermic effect, which appears
to belocated at ~750°C is also present. Although no
previous thermodynamic datahave beenfoundinthe
literature, the second exothermic effect may be attrib-
uted to theformation of small agglomerateof pureBTO
ceramic powders, and the crystallization process of
BTO iscompleted before 750°C. At that temperature
theweight lossisfinished. Thecrystdlization process
takes place s multaneoudy with the combustion of re-
sidua organic productsand/or carbon.

XRD study

Diffractionisan appropriatetechniquewhenfol-
lowingtheformation of acrystdlinesolidto obtain quai-
tative information about the course of areaction and
phaseidentification at each step. Thisinformationisthe
firs stepin being ableto postul ate reaction mechanisms.

The X-ray diffraction studieson the samplescal-
cined at different temperaturesfor 5minareshownin
figure 2. The XRD pattern of initial powder confirms
theamorphousnature, indi cating that the powder isnon-
crystdline. Theprecursor showsevident crystalization
asthetemperaturesincreasesto 450°C, and thethree
strong peaks correspond to Bi , TiO,, and Bi, Ti.,O,,,
respectively. Inthe short temperatureinterval of 450-
550°C the precursor converts completely into the bis-
muthtitanatecompound (BTO and Bi, TiO, ). Between
550 and 750°C all the amorphous phases react rapidly
withtheBi , TiO,, intermediate phaseleading to thefor-
mation of theBTO compound. Itisalsofound fromthe
XRD spectrathat BTO powder hasorthorhombic phase
sructurewhentheanneding temperatureis 750°C. The
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Figurel: TG/DTA curvesfor stock precursors

crystallite sizes of the powder heated at 750°C for 5
min are determined to be ~40nm from the hal f-width of
the X-ray diffraction peaksusing Scherrer’s equation.
_ kx

"~ BcosO

where 6 isthediffraction angle, A theaverage wave-
length of X-ray, k the shapefactor, and 3 istaken as
haf-maximum|inebreedth.

Anincreasein the grain size of BTO powder is
observed astheanneding temperatureincreased up to
650°C but decrease remarkably thereafter. Figure 3
shows the ESEM micrographs of bismuth titanate
nanoparticlesat temperature of 750°C. Thegrainsizes
estimated from SEM observationsweredifferent from
those done by means of Schereer’s equation. The
Scherrer’s equation assumes that all the crystallites are
of the same size, but in an actual specimen, thesize
range and distribution affect . Additionaly, incoherent
scattering fromdomains, distortionsintheperiodicity in
thefilms, and micro-stress contribute to theline broad-
ening and, hence, errorsin thegrain size estimation.
Becausethe X-ray linebroadening yieldsrelaivecrys-
talitesize, if absolute Sizesare necessary then e ectron
microscopy must be used to establish abasisfor com-
parison.

Raman spectra

Tofurther confirmthe crystallization procedure of
BTOinthe MOD method, the powder precursorscal-
cined at severa temperatureswere characterized using
aRaman spectroscopy.

The Raman dataon thepowderscacined at 750°C
showninfigure4(e) agreed with the published results,
eventhoughitisnot quite exact for the mode counting
in polycrystalline materia dueto possible symmetry
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Figure?2: X-ray diffraction patternsof BT O precur sor cal-
cined at varioustemper atur esof 90 (a), 450 (b), 550 (c), 650
(d), and 750°C (e)

breaking, low peak intensity and overlap of vibration
modes. In accordance with Raman dataof Bi,Ti O,,,
BaTiO,, and PoTiO,™*¥, ashorter bond length of Ti-
Othanthat of Bi-O, suggeststhat the Raman phonon
modes of thecorresponding higher wavenumbers, such
asthemodes at 610 and 847 cm?, originated mainly
fromthevibrationsof aomsinsdethe TiO, octahedra.
Thepesk at 847 cm i sattributed to the symmetric Ti-
O stretching vibration, whilethe 610 cm* to asymmet-
ric one; the 266 and 223cm™* modes are ascribed to
the O-Ti-O bending vibration. Although the mode at
223cm* isRaman inactiveaccording tothe O, sym-
metry of TiO,, itis often observed because of thedis-
tortion of octahedron. Themode at 326cm*isfroma
combination of the stretching and bending vibrations.
Thetwo modes at 533cmrt and 564cm'* correspond
to the opposing excursions of theexternal apical oxy-
gen atomsof the TiO, octahedra. The TiO, octahedra
exhibit considerabledistortion at room temperature so
that some phonon modes e.g. at 326, 533, 610, and
847cm’, appear wide and weak, which are expected
toinduceferroelectric anomaly of BTO. The Raman
modes of the corresponding lower wavenumbers, such
asthemodeat 117cn?, originated mainly fromthevi-
brations between Bi and O atoms, which can be con-
firmed by the shift to higher wavenumber dueto the
modification of alighter Smatom at aBi sitewithin-
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Figure3: ESEM micrographsof nanocrystallineBTO cal-
cined at 750°C for 5min
creasing doping concentrationi*19,

In Raman spectra of powders calcined at 450-
750°C for 5 min, figure 4, a few extra peaks or shoul-
ders not identified with BTO were detected at 152,
319 and 538cm* at 450°C, and 158, 251, and 326cm™
at 550°C. In the samples annealed at 650°C three broad
peaks at 339, 501 and 635cn* were observed.

Fromtheaboveresults, thefollowing can bepointed
out. (8) Thesharpincreaseintheintensity of the265cm?
band and the appearance of aband at 538cm™ along
with three other peaksat 152, 319 and 849cm™inthe
samplecalcined at 450°C, indicated the rearrangement
of abinary Bi,O,-TiO, intermediate structure before
theformation of BTO phasg'®. Such abinary inter-
mediate phase, according to the X -ray diffractionre-
sults, seemsto correspondtothe B, TiO,, compound,
abait thisisnot clearly established. The Raman spectra
arein agreement with thedatareportedintheliterature
withintheexperimentd errord*Y. Themgjor linesasso-
ciated to crystalline Bi ,TiO, wereidentified in the
sample. However, it hasto emphasizethat thedatafrom
theliteraturewas obtai ned from Raman scattering us-
ing singlecrystals, and the measurements were per-
formed in powdered polycrystalinesamples. Thiscould
explain thelargebandwidth and minor frequency-shift
of theoptica linesassociated to polycrystalinesamples.
(b) Although the spectrum for the sample heated at
550°C was similar to that after 650°C except for the
almost disappearance of the bandsat 538cm?, but the
appearance of aband at 158 and ashoulder at 515 cm?
indicated the coexistence of thetwo Bi , TiO,,and BTO
phases, whichisinagreement withthe DTA and X-ray
diffraction results. (¢) The complete disappearance of
all theRaman bands correspondingtotheintermediate
phase and, onthe other hand, theincreasein theinten-
sity of the peaks at 266, 533 and 847cm?, which are
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representative of atypical mixed-layered perovskite
structure®?, indicated the formation of anot well crys-
tallized BTO ternary phase closetotheBi, Ti,O,, com-
position.

From the aboveresults, we can suggest that, ina
first step, theformation of Bi, TiO, particlesmight be
cons stent with an Avrami-type nucl eation and growth
mechanism*3, inwhich thepartidescontinuoudy nucle-
ated three-dimens onally within the amorphous poly-
meric precursor matrix below 550°C. After the nucleus
of crystal appears, the primary particlesizegradually
increasesfrom therandomly distributed nucle withthe
increas ng temperature. Theamount of theintermediate
Bi,, TiO,, phaserapidly decreased with the BTO for-
mation and, findly, crystal growth of BTO by asolid-
state reaction as the heat-treatment temperature in-
creased takes place.

FTIR measurements

ThelR spectracf theinitid and post-anned ed pow-
dersof BTO areshowninfigure5. After dryingat 90°C,
the spectrum iscomplex dueto the existence of |ots of
organic compounds. Band at 3500~3200cmtisachar-
acteristic group frequency from the stretch vibration of
-OH™, Thestretch -CH, of located at 2930cm™. The
broad band around 1750cm™* comesfrom C = O stretch
vibration. The peaksof 1385, 1024, and 731cm* are
thecharacteristic onesof NO, group. Theband a 1285
cm* can beassigned to bending/stretching vibrations of
-COOH. Theband at 1100 cmt isthe stretching mode
of C-O group, and the broad one around 700~400cm
! originates from the metal -oxygen (M-O) vibration.
After annealing at 450°C, many vibration lines disap-
pear because of the evaporation of most solventsand
decomposition of theorganicingredient. Thestrong and
characterigtic band of 1385cntisfromthenitrategroup.
Thepeak a 2336cm isacharacteristic patternfor the
-COOH group. Theonly featurein spectraof 550, and
650°C heated powders is the band at around 600cm™,
originating fromM-O bonds. ThelR resultsindicated
that most decomposition could beachieved by heating
above 650°C.

Reaction mechanism

InBi-Ti solution system, Ti(OC,H,), reactseasily
with CH,COOH toyield Ti(OC H,), . (CH,COOQ), that
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Figure4: Theevolution of theBT O Raman bandswith tem-
perature: (a) 90, (b) 450, (c) 550, (d) 650, and () 750°C

hasavery dow hydrolysisratein astrong acidity solu-
tion:
T|(0C4H9)4 + XCH3COOH

)
Ti (OC4H9)4_X(CH3COO)X + XC4H90H

Ontheother hand, H* of acetic acid easily attacks
akoxy group (-OC,H,) of Ti(OC,H,),, whichwill ex-
peditethe hydrolysisreaction:

ETi_OC4H9 + H++ Hzo

Y

=Ti-OH* C,H, + H20 )

Y

=Ti—OH + C4H90H + Ht
=Ti-OH + =Ti-OC4Hg —» =Ti—0—Ti= €)

=Ti—0—Ti= +=Ti—OH

v

=Ti—O—Ti(OC4Hg),—O—Ti= 4

/

=Ti—0—[Ti(OC4Hg),],—O—Ti=

Bl(N03)3 + CH3OCH2CH20H
©)
CH30CH,CH,OBI(NO3), + HNO4
Ti(OC4Hg)s + CH3OCH,CH,0BI(NO3),

(6)
Ti(OC4Hg)30CH,CH,0Bi(NO3), + C4HgOCH3
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Figure5: FTIR spectraof BTO precursor post-annealed at
temper atur esof 90 (a), 550 (b), 650 (c), and 750°C (d) for 5 min
According to the above-mentioned analysesand
theexperimentd results, thefollowing reaction scheme
isthemost reasonabl e to describethe decomposition
Process.
Ti(OC4Hg)30CH,CH,0Bi(NO3),

()

Bi,O5 + TiO, + CO,} + H,0 + NO,!

BismuthtitanateBi , TiO, iscrystalochemically re-
lated toy-Bi,O,; these compoundshave similar struc-
tural frameworksand amost identical cubic cell pa-
rameters®.. Inview of thisfact, formationof Bi ,TiO,,
intheBi,O,-TiO, system can be considered asaphase
transition from a-Bi, O, to y-Bi, O, initiated by incor-
poration of atitanium dioxideadmixtureintotheBi.O,
sructure,

Thesolid-phasesynthesisof Bi, Ti,O,, involvesoc-
currenceof both rearrangement and trangport processes,

thus, formation of Bi, Ti O , occursby the mechanism
of successverearrangements.

Bi,O3 + TiO, —»= Biy,TiOn )
Biy,TiOpo + TiOp —» Bi,Tig0;, 9)

This transformation pattern reflects the
crystallochemical genesisof thestructureinthe course
of thesolid-phasereaction. Thestructureformationin-
volvesasuccessiveincreasein the number of the near-
est atoms adjacent to Bi, with thelast, high-tempera-
ture stage being accompanied by aconsiderably larger
changeinthebismuth coordination number thanthefirs,
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CONCLUSIONS

In summary, homogeneousand fineBTO ceramic
powders have been prepared by meta orgainc decom-
position method. Based on TGA/DTA, and XRD re-
aults, we concludethat the synthesisof theBTO com-
pound takes placethrough theformation of aninterme-
diate phaseof composition Bi , TiO,,,, whichisformed
during the heating between 350 and 550°C. Prolonged
heat treatment between 550 and 750°C promotearapid
consumption by solid-statereaction of theintermediate
phasewith theformation of BTO, without any indica:
tion ontheformation of other different phasesor segre-
gation of theindividua metal oxides. Theseresultssup-
port the contention for the metal organic precursor syn-
thesismethod as useful to prepare ceramicswith com-
plex composition such asthose of bismuth titanates.
The postulated mechanismsarefurther confirmed due
tothestructural variety asshowninRamanand FTIR
sudies.
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