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Tetragonal BaTiOz powders were synthesized by the microwave-hydrothermal (MH) method. The
effects of the reaction time and temperature on the MH synthesis were investigated. Typical experi-
ments were performed with a solid state reaction for the system BaTiO3+Nb,O; at a high temperature.
In the MH method, at a shorter time and lower temperature, the rate of the formation of tetragonal
BaTiO; and of the growth of particles went down substantially. The microwave heating can be very
fast and uniform through a self-heating process that results from the direct absorption of the micro-
wave energy in the reaction mixture. The synthesis of Nb-doped BaTiO3; has been investigated under
MH conditions in the temperature range of 120-180°C for 1-3 hours using CisH3s04Ti,
BaH,0, - 8H,0, and NbCls as Ba, Ti and Nb sources, respectively. In the phase evolution studies, the
X-ray diffraction measurements and Raman spectroscopy were employed. The Transmission Electron
Microscope and the Field Emission Scanning Electron Microscopy images were taken for the detailed
analysis of the grain size, surface, and morphology. The MH method was applied for the synthesis of
Nb-doped BaTiO; via provided advantages of the fast crystallization and decreased crystallite size.
The nucleation rate should have been high because of a high heating rate in microwave heating pro-
Cesses.
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INTRODUCTION

Perovskite-type oxides have the general formula
of ABO; in which A is a rare earth or alkaline earth
metal and B is a transition metal. Applications of
this group of materials in electrochemistry [1, 2],
oxygen separation membranes [3], chemical sensors
for the detection of humidity [4], alcohol [5], gases
such as oxygen [6] and hydrocarbon [7], and of
nitric oxide [8] for over 30 years are the basis for
understanding their mixed conductivity by both ion
and electron migrations and their high nonstoichio-
metric composition. Since there is a strong depen-
dence of ferroelectric properties on the grain size
and compositional aspects, the microstructural
control has become very important [9]. BaTiOs—
based positive temperature co-efficient (PTC) ther-
mistors are widely used as over-current protectors,
motor starters for refrigerators and air conditioners,
temperature sensors, and so on [10-14]. The hydro-
thermal method is attractive for synthesizing BaTiO;
powder because the combined effects of the solvent,
temperature, and pressure on the ionic reaction equi-
librium can stabilize desirable products while inhib-
iting formation of undesirable compounds. Hydro-
thermal synthesis also makes it possible to prepare
BaTiO; powder in a single processing step and does
not require elaborate apparatuses or expensive rea-
gents However, just like in most convectional hydro-
thermal processes, BaTiOs; powders prepared by the

microwave-hydrothermal (MH) synthesis at tempe-
ratures below 200°C were cubic or pseudo cubic,
though the tetragonal structure is thermodynamic,
stable at room temperature. To convert hydrothermal
BaTiO; from the cubic to tetragonal shape, heating
at temperatures over 1000°C is required, which
always leads to the grain growth and particle aggre-
gation. Therefore, a direct generation of tetragonal
BaTiO; through the hydrothermal process is of a
considerable interest, both in science and in industry
[13-15].

It has been reported [15, 16] that the nanostruc-
tural and dielectric features of nano-sized Nb-doped
BaTiO; powders vary sensitively with their size and
preparation conditions. To the best of our
knowledge, there are few reports on the doped
BaTiO; metal-semiconductor transition on Nb
doping, in particular. Sintered bulk ceramics of
Nb-doped BaTiO3; show the semiconducting beha-
vior when doped with a small amount of Nb, but
when Nb concentration exceeds 0.4-0.5 mol %, the
specimens revert to the insulator state. The main
reason for the increase of resistivity when the donor
concentration exceeds a certain value is the fact that
the compensation mechanism changes from one that
mainly involves electrons to one that primarily
involves cation vacancies [15-18]. In the present
paper, we analyze the effect of incorporating diffe-
rent amounts of Nb on the microstructural develop-
ment of BaTiOs. A particular emphasis is placed in
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the morphology and composition of secondary
phases.

Compared to the traditional solid-state reaction
and other wet-chemical routes (including sol-gel
processing, oxalate route, and homogeneous precipi-
tation), the hydrothermal method is low-cost and
convenient to prepare BaTiO3; nanoparticles without
a following high temperature calcination process
[16-21]. In order to produce powders of a desired
size and shape, several researchers investigated a
variety of hydrothermal conditions, such as the pH
value, Ba/Ti ratio, reaction temperature as well as
various precursors [21-25]. Though many efforts
have been pulled to prepare BaTiO; particles, still
there is insufficient knowledge about the effects of
doping and solvent type on the size and shape under
hydrothermal conditions. A number of authors
[21-25] have synthesized BaTiO; by the MH
method at T below 200°C but the MH processing of
Nb-doped BaTiO; has not been reported so far with
other authors. We succeeded in our initial efforts to
synthesis of Nb doped BaTiOs in the temperature of
150°C for only 2 hours [26]. Therefore in this work,
we have investigated the effect of incorporating Nb
on the properties of BaTiO; via the MH conditions
in the temperature range of 120-180°C for 1-3
hours.

EXPERIMENTAL

The MH reactions were performed to synthezise
Nb-doped BaTiO;. For more details, please, refer to
our earlier manuscript [26]. The system was heated
in the temperature range of 120-180°C for 1-3
hours. The obtained powders were characterized by
the X-ray diffraction (XRD), with the Cu-Ka radia-
tion in the 20 range from 20° to 60° and Raman
spectroscopy (spectral range 80-3500 cm™). Micro-
structural characterization was performed by the

field emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy
(TEM).

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns for the MH
Nb-doped BaTiO3z powders prepared in the tempera-
ture range of 120-180°C for 1-3 hours. From the
XRD patterns it can be considered that the sample
prepared at 120°C for 1 h (MH-120-1) forms a pat-
tern similar to an amorphous product, but when the
time and temperature rise, the BaTiO; powder
becomes a structurally uniform crystalline with high
crystallinity. Except the sample prepared at 120°C
for 2 h (MH-120-2), the nanoparticles were pure
perovskite Nb-BaTiOs;, without some intermediate
carbonate phase that was observed at 26 28° and 34°
in the sample MH-120-2 [16]. The presence of
BaCO; can be accounted for either by an incomplete

reaction or by the presence of carbonate in the Ba
alkali source, or by the reaction of CO; in air [14].

It is clearly seen that with the enhancement of
time and temperature, the maximum of the peak
shifts towards higher 26 values and the intensity of
the peaks grows. According to the investigations of
some researchers [28, 29], the shift of peaks can be
related to the displacements of barium. In the tetra-
gonal phase, the optimization of the crystal geome-
try of BaTiO; after doping with Nb is attained by the
impurity-outward displacements of barium. The
movements are mainly in the ab plane while the mo-
tion along the c axis is practically negligible. In the
sample synthesis at the highest time and tempera-
ture, we have the highest intensity.

When the size of BaTiO; powders is below 1 um,
the full-width at half-maximum (FWHM) of the cor-
responding (110) XRD peaks becomes larger and
such broadening leads to the overlapping of two
peaks located close to each other [14, 23, 27]. The
structural changes associated with the phase transi-
tion usually have a large effect on the Raman
spectrum. The XRD studies produce data that are
consistent with an increasingly cubic structure at
smaller particle sizes, not distinguishing between an
average and a local structure. Thus, the XRD pat-
terns reveal the characteristics of cubic BaTiO;
without certain peak splitting while the Raman
results have supported the existence of a tetragonal
symmetry at small dimensions, even though it was
not discernible by XRD. The Raman spectra for the
obtained Nb-BaTiO; ceramic powder samples are
presented in Figure 2. The peaks at 185, 305, 518
and 715 cm™ are characteristics of the tetragonal
BaTiO; The peaks at 191 and 392 cm™ are assigned
to TiO, [30-33].

The dependence of the degree of the tetragonal
fraction on the particle size has been extensively
investigated for BaTiO; [23, 30]. A variety of ex-
planatory models were proposed and researchers
reported that the tetragonal distortion decreased
when the particle size was below 1 pum [23, 24].
Thus, a reasonable explanation for a larger tetrago-
nality in the sample synthesized at 180°C is the fact
that the particles grow faster under MH conditions
and at higher temperatures.

The FE-SEM images of Nb-BaTiO; powders
prepared at 150°C and 180°C for 2 h are shown in
Fig. 3 and Fig. 4, respectively. It is evident that the
powder prepared at 150°C consists of ultrafine, well
dispersed uniform particles with the average size of
45 nm, the particle size being distributed from 40 to
50 nm. Whereas for the powders synthesized at
180°C, the average particle size increases substan-
tially to the average size of 90 nm, with the particle
size distribution being from 70 to 110 nm.
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Fig. 1. XRD patterns of Nb-BaTiO5 nanoparticles at different time and temperature: (Up) Zoom in (110) and (200) planes (Down).

Fig. 2. Raman spectra of hydrothermal nanosized Nb-BaTiO; powders.

Fig. 3. Nb-BaTiO; powder prepared at 150°C for 2 h.

In the MH process, the microwave radiation can
be absorbed by BaTiOj; particles and smaller BaTiO;
particles will dissolve more quickly. According to
the dissolution/recrystallization mechanism, this will
lead to larger particles growing faster with time and
temperature [23, 32, 33].

The MH synthesis leads to the homogeneous
nucleation of a large number of tiny stable Nb-BT
particles, which further grow uniformly; the primary
Nb-BT particles form agglomerates [24, 28].

Fig. 4. Nb-BaTiO3; powder prepared at 180°C for 2 h.
The crystallite size of the particles was calculated
with the XRD using the Scherrer equation as in [35]:

K (1)

" B._cosf’

size

where D, is the crystallite size, K is a constant
whose value is 0.9, A is the X-ray wavelength; the
width of the peak, B, was determined as the full
width at half-maximum. The crystallite size was 52
and 95 nm for the Nb-BaTiOs; powder prepared at



150°C and 180°C for 2 hours, respectively. These
results are in good agreement with the FE-SEM data,
too.
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Fig. 5. Nb-BaTiO; powders prepared at 150°C for 1 h.
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Fig. 6. Nb-BaTiO; powders prepared at 180°C for 1 h.

The TEM images taken to estimate the size of the
particles and the morphology of the particles for
powders prepared at 150°C and 180°C for 1 h are
shown in Fig. 5 and Fig. 6, respectively. The
decreased crystal size in MH-150-2 might be related
to a high heating rate in MH processes. At the
microwave frequency of 2.45 GHz, the changes of
plus/minus in the waveguide occur 2450 million
times in 1 s. Depending on the characteristics of the
dielectric, it tends to modify the alternating electric
field through structural changes. When a water sam-
ple is placed in a reactor and subjected to an alter-
nating electric field, the electric deviation (electric
dipole) of the water molecule tends to follow the
alternating electric field. However, since water con-
sists of clusters of water molecules through hydro-
gen bonding, not all can follow the alternating
electric field. The result is the dielectric heating of
water by the irradiating microwaves. Moreover, as
for the case of ions in solution, the Joule heating
takes place by space-charge polarization. When
microwave heating, an electrolyte—water solution
dielectric heating, and the Joule heating occur simul-
taneously, compared with pure water, then exother-
mic efficiency becomes remarkably high. Accor-
dingly, dielectric heating by orientation polarization
of water and resistance heating by the Joule process
are enhanced in electrolyte — water media. This rapid
homogeneous heating, not possible by convectional
heating, provides a uniform nucleation [36].

CONCLUSIONS

The present investigation shows that nanosized
particles of Nb-BaTiO; powder can be crystallized
via a rapid and cost-effective MH process without
the temperature gradient and uneven nucleation and
growth of particles of various sizes. The MH can be

very fast and uniform through a self-heating process
that arises from the direct absorption of the micro-
wave energy in the reaction mixture. When micro-
wave heating an electrolyte—water solution dielectric
heating and the Joule heating occur simultaneously
compared with pure water, and thus exothermic effi-
ciency becomes remarkably high. Accordingly, die-
lectric heating by orientation polarization of water
and resistance heating by the Joule process are
enhanced in electrolyte — water media. This rapid
homogeneous heating, not possible by convectional
heating, provides a uniform nucleation. Because of a
homogeneous nucleation, uniformly-sized particles
can be prepared. But according to the dissolu-
tion/recrystallization mechanism, both the extent of
tetragonality and the particle size increase quickly
with time and temperature. When the reaction tem-
perature goes down, the formation of the tetragonal
structure and growth of particles are slowed down
substantially, showing a critical effect of the reaction
temperature on the MH processing of tetragonal
BaTiO3.
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Pedepar

Iopomiku TerparonamsHoro BaTiOz Osuid cHHTE3H-
posausl CBU-rumporepmansibiM MeTogoM (CID). Beumu
HCCIIeOBAaHBI A(PPEKTH BPEMEHHN PEakIii U TEeMIIeparTy-
pet Ha CI' cumHTe3. B sKcmepuMeHTax OCYIIECTBISUTH
TBEPIOTEIbHYIO peakiuio B cucreme BaTiO; + Nb,Os
npu BbICOKOI Temneparype. CkopocTh (HOpMHPOBaHUS
terparonanbHoro BaTiOz u pocra wacTuil npu npumeHe-
nuu CI” Meroa ¢ 6oj1ee KOPOTKUM IEPHOJIOM 00paboTKH
u npu OoJiee HU3KOW TeMIiepaTrype CYIIECTBEHHO CHHU3H-
nack. CBU-HarpeB MOXeT ObITh OUY€Hb OBICTPBIM U OJTHO-
POIHBIM BCIIEICTBHE TPOIIECCa CaMOpPa3orpeBa B Pe3yiib-
TaTe HemocpeacTBeHHoro mornomieHuss CBY-sneprum B
peakuuonHoit cmecu. Cunrez BaTiOs;, nerupoBaHHOTO
Nb, uccrenoanu B ycnosusx CI'-mporiecca B HHTepBaje
temneparyp 120-180°C B Teuenue 1-3 4acoB ¢ UCTIONb-

28

30BaHUEM C16H3604Ti, BaH,0,8H,0 u NbC|5, KakK Huc-
tounuku Ba, Ti u Nb, cootBercreenno. Ilpu uccnenona-
HUM 3BOJIONMUA (Pa3 MPUMEHSUIH PEHTICHOAUGPAKIIMOH-
HBIA METOJ M CICKTPOCKOIUI0 KOMOMHAITMOHHOT'O pacce-
sHust. MI300paxkeHust, MOJyYeHHbIE METOJIaMU TPaHCMUC-
CHOHHOMW JIJICKTPOHHON M aBTO3MHUCCHOHHON CKaHHPYIO-
e DIIEKTPOHHOH MHUKPOCKOIHH, OBLTH HCIIOJIH30BAaHEI
JUTSL IETANBHOTO aHAK3a pa3Mepa 3epHa, MOBEPXHOCTH U
mopdosorun. CI' mMetoj ObLT HNPUMEHEH Ui CHHTE3a
BaTiOj3, neruposanroro Nb, ¢ menpio peannsanuu mpe-
HMMYIIECTB OBICTPOH KPHUCTAJUTM3ALMN W YMCHBIICHHS
pa3mepa KpucTauiuToB. CKOPOCTh 3apOXKIACHUS KPUCTAI-
JUTOB JIOJDKHA OBITH BBICOKOW HM3-32 BBICOKOW CKOPOCTH
HarpeBa B mporieccax CBY Harpesa.

Kniouegvie cnosa: kepamuxa, Xumuyeckuil cuHmes,
CBY-2udpomepmanvuvitl  cunmes,  KpUCMALIUYECKASL
CMpYKmypa, nepogcKumol.



