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Abstract: Barium—samarium titanate nanopowder (Bag gs
Smg;TiO;) was synthesized through tartrate precursor
route. The effect of annealing temperature on the
formation, crystalline size, morphology and magnetic
properties was systematically studied. The annealing tem-
perature was varied from 600°C to 1,100°C. Thermal ana-
lysis measurement (TG-DSC, thermogravimetry-differential
scanning calorimetry) was carried out on the precursor to
characterize the thermal decomposition behavior. The
results showed that the precursor of Ba—Sm-Ti mixture
decomposed thermally in multistep weight loss up to
about 480°C and perovskite BaggsSmg;TiO; started to
form at ~520°C. X-ray diffraction and Fourier transform
infrared (FTIR) spectroscopic measurements showed that
the synthesized Bag gsSmg ;TiOs has a tetragonal dominant
structure with the presence of intermediate SmTi,O; at
lower annealing temperature. The ratio of SmTi,0; was
decreased and completely disappeared at higher anneal-
ing temperatures. The tetragonality, the theoretical density
and the crystalline size were increased by increasing
annealing temperature. The crystalline size is still in
nano-range of 12.4-19.9 nm even after annealing at
1,100°C. The morphology of the produced sample trans-
ferred from nano-cubes to nano-whisker to nano-mace
(nano-aggregates) with the increase of annealing
temperature.
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Introduction

Piezoelectric materials are keys to many modern technol-
ogies. Computers use piezoelectric memories, security
systems use pyroelectric sensors, cell phones use better
dielectrics to improve antenna reception, optical commu-
nication components require electro-optic films and
piezoelectric transducers are used for many purposes,
ranging from microspeakers to medical ultrasound [1-3].
Among which the perovskite group is the most important
and thus most widely studied because of its superior
electrical properties [4—7]. Perovskite is usually expressed
as ABOs. Lead zirconate titanate (PZT) family ceramics
are widely used as piezoelectric materials, due to their
high piezoelectric response. Lead is a very toxic element
and is now being progressively removed from industrial
processes [8] because of its toxicity and environmental
risks.

Among the available lead-free ferroelectric ceramics,
barium titanate BaTiO; (BT) [9-12] is the most widely
studied lead-free material due to its potential applica-
tions as multilayer ceramic capacitors. The dielectric
characteristics of barium titanate ceramics with respect
to temperature, electric field strength, frequency and time
(aging) are very dependent on the substitution of minor
amounts of other ions, on microstructure, and in particu-
lar on fine grain size. When doped or substituted with
some rare earth oxides, BaTiO; powder could achieve a
high dielectric constant and breakdown electric field
strength. The ferroelectric properties of BT can be effi-
ciently controlled by doping or substituting with different
elements [13-15]. It has been known that a high dielectric
constant and good temperature stability can be achieved
through addition of rare earth oxides.

The materials’ performances are closely related to the
ways they are processed. Synthesis method played a sig-
nificant role in determining the microstructure, electrical
and optical properties of ferroelectric ceramics [16-18].
Fully dense ferroelectric ceramics (> 95% of theoretical
density) are required by most applications, because of
several reasons. The dielectric constant of ferroelectric
ceramics usually increases with increasing density and
the presence of pores is generally a cause of high loss
tangent. Ferroelectric powders were conventionally
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synthesized via a solid-state reaction process, using con-
stituent oxides as the starting materials [19-21]. Due to
their relatively rough grains, these powders require
relatively high sintering temperature to obtain ferroelec-
tric ceramics with designed compositions and desired
performances. The high sintering temperature worsens
the electrical, optical or other useful characteristics.
Thus, the preparation of piezoelectric materials powder
with fine particle size, narrow particle size distribution
and minimum particle agglomeration has received con-
siderable attention in order to improve the material prop-
erties and to reduce the sintering temperature. It is
necessary to use powders of ferroelectric compounds
with small grain size and narrow size distribution. Wet-
chemistry methods in the last decades, including
chemical co-precipitation [22], organic acid precursor
[23, 24], sol-gel process [25, 26], hydrothermal synthesis
[27-29], microemulsion [30, 31], etc., have been shown
that some ferroelectric materials can be synthesized
directly from their oxide precursors in the form of nano-
sized powders, without the need for the higher or inter-
mediate calcination temperatures. This study focused on
developing and understanding the synthesis behavior
of nanosized barium-samarium titanate powders via
organic carboxylic acid precursor methods.

The advantages of organic acid process are that the
low-cost starting materials, low synthesis temperature,
fine microstructure, high performance, homogeneity, nar-
row particle size distribution and friendly environment
procedure [32-34]. From our knowledge, no many data
mentioned in literature about the synthesis of barium
titanate nanopowders via organic acid precursors using
titanium dioxide as a source of titanium.

The present study aims at synthesizing barium-
samarium titanate (Bag g5Smg 1TiO3) nanopowders via tar-
trate precursor methods. Thermal analysis of the unan-
nealed precursors was carried out. The effects of
annealing temperature (600-1,100°C) on the phase for-
mation and microstructure will be investigated. The
formed powders will be characterized by X-ray diffraction
analysis (XRD), transmission electron microscope (TEM)
and Fourier transform infrared (FTIR) spectroscopy.

Experimental

The tartrate precursor method was applied for the pre-
paration of nanocrystalline titanate precursors for the
synthesis of Bag gsSmg TiOs. Pure chemical grade of bar-
ium chloride (BaCl,), samarium nitrate (Sm(NO;);) and
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titanium dioxide (TiO,) in the presence of stoichiometric
amount of tartaric acid (C,H¢Oq) were used as starting
materials. The mixtures of Ba-Sm-Ti solutions firstly
prepared and then stirred for 15 min on hot plate mag-
netic stirrer, followed by addition of an aqueous solution
of tartaric acid to the mixture with stirring. The solution
was evaporated by heating at 80°C with constant stirring
until dryness and then dried in a dryer at 100°C over-
night. Thermal analysis of the formed compound (desig-
nated here as unannealed precursor) was carried out to
characterize the thermal decomposition course up to the
perovskite formation. The rate of heating was kept at 10°
C/min between room temperature and 850°C. The mea-
surements were carried out in a current of nitrogen
atmosphere.

Phase composition and structure were determined
using XRD analysis. The analyses were performed on a
Brucker axis D8 diffractometer using Cu-K, (A = 1.5406)
radiation and secondary monochromator in the range 260
from 10° to 80°. Identification of the phases was deter-
mined by matching the experimental pattern with stan-
dards compiled by the Joint Committee on Powder
Diffraction Standards (JCPDS). The shape and particle size
were studied using TEM operated at 120 kV accelerating
voltage (JTEM-1230, Japan, JEOL). The samples were pre-
pared by making a suspension from the powder in distilled
water using ultrasonic water bath. Then a drop of the
suspension was put into the carbon grid and left to dry.

Results and discussion

Thermal analysis

Thermal decomposition studies of the precursors were
analyzed using the TG-DSC technique in air atmosphere
at 10°C/min. Figure 1 displays TG-DSC curve for Bag gs—
Smy ;. titanate tartrate precursor. The absorbed water was
removed by heating the tartrate precursor up to 165°C,
which led to a weight loss of ~1.2 wt% in TG curve. After
dehydration of the tartrate precursor, the tartrate metal
complex decomposition involves mainly two steps. The
first exothermic peak (2) occurred in the temperature
range of 170-260°C along with an observed weight loss
of ~33 wt% in TG curve, which was caused by the decom-
position of the tartrate precursor into both metal oxides
and gases (CO, and CO) through different steps. The third
exothermic peak then occurred between 270°C and
460°C, resulting in a further weight loss of ~19.5 wt%,
was most likely caused by the decomposition of
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Figure 1: Thermo-gravimetric analysis (TG-DTG-DSC) for Bag. g5-Smg 1-
titanate tartrate precursor.

carboxylates. Thereafter (480°C), a further slight weight
loss (~3%) was evident in the TG curve, indicating the
completion of the tartrate-chain decomposition process.
However, the DSC curve showed a minor exothermic peak
at temperatures of 495°C. This peak corresponds to the
solid-solid interaction of BaO, Sm,05 and TiO, to form a
nanosized perovskite Bag gsSmg 1TiOs. In this case, nano-
sized BaggsSmg TiO; can be obtained at much lower
temperature as compared to conventional ceramic
method.

XRD analysis

Figure 2 shows the XRD patterns of the perovskite struc-
ture Bag gsSmg 1TiO5 at different annealing temperatures
(600°C, 700°C, 800°C, 900°C, 1,000°C and 1,100°C) for
2 h. The figure shows strong broadening peaks which
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Figure 2: XRD patterns of Bag gsSmg 1TiO3 from barium-smarium-
titanium tartrate precursor thermally treated at different annealing
temperatures for 2 h.
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represent the BaTiO; phase. The presence of (002) peak
in all composition suggests tetragonal symmetry at room
temperature tetragonal symmetry showing splitted (001/
100),(101/110),(002/200) and (112/211) peaks. Shifting of
peak toward higher angle indicated the decrease in the
lattice parameters with increasing the annealing tempera-
ture. It is obvious that the substitution of barium of the
higher radius (1.6 A) with samarium of the smaller
radium (1.24 A) resulted in decrease in cell parameters
and hence cell size.

The tetragonality factor (c/a) for the prepared sam-
ples at different annealing temperature is shown in
Figure 3. This factor increased by increasing annealing
temperature which confirms the fact that the tetragonal-
ity increase and the other phases decrease by increasing
annealing temperature. Similar results have already been
reported for Samarium doped BaTiO; ceramics [35-37].
The XRD also indicated the presence of many phases
beside tetragonal phase for the samples annealed at
(600°C, 700°C and 800°C). On the other hand the sam-
ples annealed at 900°C, 1,000°C and 1,100°C have a pure
tetragonal phase and the other phases disappeared. The
intensity and the sharpness of the perovskite BaTiO5 are
highly increased by increasing annealing temperature.
The broadening of the different peaks decreases by
increasing annealing temperature without any change in
the present phase.

The theoretical densities for Bagy gsSmg 1TiO5 at differ-
ent annealing temperatures were calculated using the
Dy, = MJ/NV where M is the molecular weight, N is
Avogadro’s number and V is the unit cell volume = a’c
are given in Table 1. The theoretical density increased as
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Figure 3: Tetragonality (c/a) for prepared sample at different
annealing temperature.
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Table 1: Physical parameters of prepared Bag g5Smg ;1TiO3 samples at different annealing temperatures.

Annealing Lattice parameter  Crystalline size Dy, (g/cm?)? Porosity M = 248.4553
temperature
a c

600 3.957103 4.064109 12.426 6.4852 0.625763

700 3.96233 4.074138 15.31 6.452 0.623838

800 3.931177 4.07426 16.32 6.555 0.629748

900 3.946691 4.054274 16 6.535 0.628615

1,000 3.94669 4.04735 19.87 6.547 0.629296

1,100 3.96233 4.044175 18.8 6.5 0.626615

Note: *Theoretical density.

the annealing temperature increased. The values of the
crystallite size at different annealing temperature were
calculated using Scherrer’s equation:

0.9
Bcos 0

Bcrys =

where B is the full width at half maximum in radians. It is
noticed that the crystalline size for the composition
increased by increasing annealing temperature as
shown in Figure 4. The crystalline size is still in nano-
range after annealing at 1,100°C.

The XRD patterns indicate that the synthesized mate-
rials show good agreement with the conventional tetra-
gonal BaTiOs structure (JCPDS data no. 05-0626) with no
impurity peaks. The lattice parameters (@ = 3.9945 A and
¢ = 4.0241 A). The XRD pattern of the synthesized BaTiO5
powder shows peak splitting at 45° correspond to the
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Figure 4: The crystalline size as a function of annealing temperature.

miller index (002 and 200) whereas a cubic BaTiO; has
one single peak corresponding to (002). Therefore we can
conclude that the synthesized BaTiO; powder by tartrate
method shows a tetragonal dominant structure [38]. The
peak at 260 = 28.67° indicates the formation of intermedi-
ate phase (SmTi,0;) co-existing with the major phase
which is an unstable intermediate [1, 39, 40]. This
phase became in lower ratio and completely disappeared
at higher annealing temperature.

Fourier transform infrared (FTIR)
spectroscopic analysis

FTIR spectroscopic measurements were used to investi-
gate binding in the prepared Sm doped BaTiO; powders.
FTIR spectra in the range of 200-5,000 cm™ for the
sample Bag g;Smg 1TiO5 at different annealing tempera-
ture are shown in Figure 5(a)-b and Table 2. The
absorption band at 3,418 cm™' is assigned to the vibra-
tion of intermolecular hydrogen bond. The two peaks at
U1 =592 and v, =443 cm™" are assigned to Ti—O octahe-
dron. Beside the absorption strength of Ti—O octahe-
dron another peaks appeared which attributed to M-O
where M is the metal ions as Sm ion. The two broad
peaks v; and v, are the characteristic peaks for the
formation of the perovskite structure [37, 41, 42]. The
intensity of these peaks increases by increasing anneal-
ing temperature. The several peaks appeared near v, are
collimated in one broad peak at 900°C and only the
broad peaks v; and v, are appeared in the samples
those annealed at 900°C, 1,000°C and 1,100°C indicat-
ing the formation of the single phase perovskite struc-
ture. These findings are in agreement with the above
mentioned XRD results. The characteristic absorption
peak at 1,426 cm™! is assigned to symmetric stretching
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Figure 5: FTIR spectra for Bag gsSmg 1TiOs at different annealing
temperature.

Table 2: FTIR data analysis.

Annealing Temperature

600 700 800 900 1,000 1,100
Uy 443 441 438 414 - -
Uy 592 599 593 575 573 573
Us 859 858 857 858 847 858
Uy 1,426 1,429 1,427 1,425 1,431 1,426
Us 1,751 1,751 1,752 1,750 - 1,750
Ue 1,980 1,983 - - - -
Uy 2,449 2,450 2,450 2,448 - 2,449
Ug 2,854 - - 2,817 2,834 -
Ug 2,923 2,924 2,924 - - 2,926
Ujp 3,418 3,420 3,420 3,422 3,422 3,445

vibration of C-O bond. The intensity of the peak
decreases by increasing temperature and becomes
small peak at 1,100°C due to the decomposition of any
organic phases in the sample at high temperature.
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Absorption peaks at the same mode of vibration for
composition (x = 0.1) are obtained at 599, 593, 575, 573
and 573 for samples annealed at 700°C, 800°C, 900°C,
1,000°C and 1,100°C, respectively. A shift toward lower
wave number and high energy is observed. This indicates
that distance between Ti and O become shorter by
annealing which enhancing the bond strength. It has
been already reported that the variation of Ti-O is only
related to the force constant [37]. In general the FTIR
spectrum displays several types of vibration at 1,060,
1,751 and 3,000 cm™* and they were assigned to Ti-O
stretching Ti-OH and Ba—-OH, respectively.

Morphological characterization

TEM images of Bagg;Smg;TiO; at different annealing
temperatures are shown in Figure 6(a)—(f). It can be
seen that the annealing temperature has an important
effect on the morphology of the produced barium-samar-
ium titanate. It is found that the morphology of the
produced sample transferred from nano-cubes to nano-
whisker to nano-mace (nano-aggregates) as the anneal-
ing temperature increase. At 700°C (Figure 6(a)-(b)), the
Bag gsSmg ;TiO; nano-cubes were obtained and discrete
cubes could be observed. At 800°C, nano-whiskers
Bag.g5Smg ;TiO; were obtained (Figure 6(c)-(d)). Nano-
maces (nano-aggregates) were observed by increasing the
annealing temperature up to 1,000°C (Figure 6(e)—(f)).
Based on the TEM morphological evolution, it can be
concluded that Baggs;Smg;TiO; nano-cubes initially
observed in this work were directly transferred from
the nanostructures tartarate precursor with the same
morphology at relative low annealing temperature.
Therefore they are single crystals. The nano-whiskers
are formed at limited thermodynamics condition and
finally will develop into nano-aggregates. Based on the
TEM morphological structure, Bag g5Smg ;TiO5 with con-
trollable nanostructure can be obtained by controlling
the annealing temperature.

Conclusion

Nanocrystalline Bag gsSmg ;TiO; has been synthesized
via tartarate precursor route. The effect of annealing
temperature on the formation, crystalline size and mor-
phology was systematically studied. The results showed
that:



The tartarate precursor of Ba-Sm-Ti mixture decom-
posed thermally in multistep weight loss up to about
480°C and perovskite Bag gsSmg ;TiO; was started to
form at ~520°C.

Perovskite Bag g;Smg TiO; was started to form at
much lower annealing temperature (> 500°C).

The synthesized BaggsSmg  TiO; has a tetragonal
dominant structure with the presence of intermediate
SmTi,03 at low annealing temperature.

The tetragonality, the theoretical density and the
crystalline size were increased by increasing anneal-
ing temperature.

The morphology of the produced sample transferred
from nano-cubes to nano-whisker to nano-mace
(nano-aggregates) with the increase of annealing
temperature.
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Figure 6: Different magnification TEM images of Bag gsSmg 1TiO3 nanostructures as function of annealing temperature: (a—b) 700°C, (c-d)
800°C and (e—f) 1,000°C.
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