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a  b  s  t  r  a  c  t

BaTi0.87Sn0.13O3 (BTS13) nanopowder  was  prepared  by  low-temperature  aqueous  synthesis  (LTAS)
method.  The  evolution  of the  structure  and  microstructure  of the  precursor  precipitate,  heated  at  tem-
peratures  up  to  1000 ◦C was  studied  by  TGA,  FT-IR,  SEM  and  XRD  techniques.  The  dried  precipitate
showed  a  microstructure  consisting  of  nano-sized  grains  (∼40 nm)  with  great  tendency  to agglomeration.

◦

eywords:
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rain size
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erroelectric properties
aTiO3 and titanates

BaTi0.87Sn0.13O3 single  phase  was  obtained  at  800 C. The  ceramics  prepared  from  as-obtained  BTS13 pow-
ders  (60–70  nm)  show  good  dielectric  and  ferroelectric  characteristics.  The  dielectric  constant  was  about
4800  and the  dielectric  loss  (tan  ı) was  0.229  at 1 kHz  and  at the  Curie  temperature  (31 ◦C).  The  remanent
polarization  (Pr)  and  the  coercive  field  (EC)  of  Ba0.97Ho0.03TiO3 ceramics,  at  1 kHz,  were  Pr =  13  �C/cm2

and  EC =  0.89  kV/cm.  The  ferroelectric  parameters  EC and  Pr decrease  with  increasing  frequency  in  the
domain  100  Hz  to 10  kHz.
. Introduction

BaTiO3 doped with SnO2, (Ba(Ti1 − xSnx)O3; x ≤ 0.3) exhibit
erroelectric properties and is used for capacitors and ceramic
oundary layer capacitors [1–4]. In these ceramics, the isovalent
n-substitution on the titanium (Ti) site reduces the tempera-
ure dependence and controls the room-temperature values of the
ielectric characteristics [5–7], the relaxor behavior and its sensor
pplications [8].

Fine powders with uniform grain sizes are required to
btain dense ceramics with enhanced electrical properties [9].
s a result, chemical precipitation processes, alternative to

he solid state reaction, have been developed. However, few
eports on Ba(Ti1 − xSnx)O3 synthesis by wet chemical methods
s, hydrothermal method [2],  synthesis from glycolate-precursor
9], precipitation method [10], and synthesis from precursor com-
lexes [11] were published. Up to date, no work on preparation
f Ba(Ti1 − xSnx)O3 solid solution by low temperature aqueous
olution method has been reported. Some papers regarding the
ynthesis of BaSnO3 using LTAS method were published [12,13].

In this paper, precipitation of barium, titanium and tin precur-
ors in strong alkaline solution and, characterization of the resulting

owders and ceramics are presented.

∗ Corresponding author. Tel.: +40 21 369 0170/130; fax: +40 21 369 0177.
E-mail address: mcernea@infim.ro (M.  Cernea).
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2. Experimental procedure

The LTAS procedure requires relatively low temperature and can be carried out
at  atmospheric pressure, either in air or in an inert gas. BTS13 precursor precipi-
tate was prepared by LTAS method starting from TiCl4, SnCl4 and Ba(OH)2. Aqueous
solutions of barium hydroxide Ba(OH)2 (1 M),  titanium (IV) chloride TiCl4 (1.95 M)
and  tin (IV) chloride SnCl4 (1.95 M)  were prepared. All reagents (Merck) are of ana-
lytical grade purity. TiCl4 and SnCl4 mixture solution was slowly dropped into the
solution of Ba2+, while keeping it stirred, at 80 ◦C. In general, an increase of tem-
perature produces a higher conversion rate and smaller particles. The molar ratio of
Ba(OH)2:TiCl4:SnCl4 used was  1:0.87:0.13 for Ba(Ti1 − xSnx)O3, x = 0.13. A 1.5 molar
stoichiometric excess of NaOH was added in order to neutralize HCl formed by TiCl4
and SnCl4 hydrolysis and to keep the batch at high pH value (pH = 13). At this pH, the
solubility of Ba(Ti,Sn)O3 is exceeded and appears the precipitate [14]. The method
is  based on the following reaction:

Ba(OH)2 + 0.87TiCl4 + 0.13SnCl4 + 4NaOH = BaTi0.87Sn0.13O3 + 4NaCl + 3H2O

The  synthesis was  carried out in argon, under atmospheric pressure. After 2 h,
the suspension was  cooled down and washed with distilled water by decantation
until the Na+ and Cl− ions were removed and the neutrality of the system was
reached. The precipitate was dried at 100 ◦C and then heated up to 800 ◦C to obtain
Ba  (Ti,Sn)TiO3 single phase. The ceramic samples were prepared by uniaxial pressing
method at 200 MPa. The pellets with 12 mm diameter and 1.5 mm thick were sinter-
ized at 1300 ◦C, for 2 h in air. Samples with apparent densities of 92% from theoretical
density were obtained. The density of the pellets was measured by Archimedes’s
method (in water) using a density balance.

The thermogravimetric analysis was performed with SETARAM Setsys Evolution
18 in TG-DSC mod  Thermal Analyzer. The sample was  measured in an open cylindri-

cal alumina crucible and the experiment conducted in synthetic air (80%N2:20%O2)
at  a flow rate of 16 ml/min. The temperature was calibrated with bismuth, aluminum
and  silver; temperature range of the experiments was  between 275 and 1000 ◦C, and
the heating rate was 10 ◦C/min. The enthalpies for endothermic and exothermic
peaks were calculated with the CALISTO software.

dx.doi.org/10.1016/j.jallcom.2011.07.101
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mcernea@infim.ro
dx.doi.org/10.1016/j.jallcom.2011.07.101
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A  mixture of the precipitate powder and KBr powder was used for infrared spec-
roscopy studies. FT-IR spectra were recorded using a Shimadzu FTIR spectrometer.
article microstructures were investigated using a Hitachi S2600N scanning electron
icroscope.

The  identification of the phases formed during calcinations was  carried out
sing XRD analysis, in the range 20–80◦ (2�), in a Bruker-AXS tip D8 ADVANCE
iffractometer. For powder diffraction, CuK�1 radiation, (wavelength 1.5406 Å), a
iF crystal monochromator and Bragg–Brentano diffraction geometry were used.

The microstructure of the samples was investigated using a FEI Quanta Inspect
 scanning electron microscope.

The temperature dependence of dielectric constant and dielectric losses were
valuated in the temperature range from −20 to 160 ◦C at 1 kHz, 10 kHz and 100 kHz
sing an Agilent 4263B LCR meter equipped with a thermostat. The electrical mea-
urements were carried out in the metal–ferroelectric–metal (MFM)  configuration
here, M is silver and F is the ferroelectric sample (BaTi0.87Sn0.13O3).

P–E  loops were measured using aixACCT System with a modular designed elec-
rical characterization system: the TF Analyzer 2000HS series. The dependence of the
olarization P on an alternating electric field E with 5 kV/mm amplitude was  mea-
ured at frequencies of 1 kHz and 10 kHz, with the aid of a Sawyer–Tower circuit. A
riangular waveform was chosen for the electric field cycle.

. Results and discussion

.1. Thermal analyses

Thermal behavior of the Ba(Ti,Sn)O3 precipitate precursor from
75 to 1000 ◦C is presented in Fig. 1.

The removal of the moisture takes place from the room tem-
erature to 378 ◦C. An endothermic peak of 50.2 J/g, centered at
45 ◦C, is associated to this process. The second endothermic reac-
ion 5.7 J/g, take place from 445 and 500 ◦C and can be ascribed
o the decomposition of barium carbonate also observed by XRD.
aCO3 is always present in the powders prepared in alkaline condi-
ions due to the partial carbonatation of barium hydroxide with CO2
rom the atmosphere. The exothermic effect of 4.3 J/g, observed at
80 ◦C, corresponds to the forming reaction of Ba(Ti, Sn)TiO3 solid
olution. A continually weight loss up to 900 ◦C can be related to
he elimination of OH groups, as observed by IR spectroscopy. The
H groups are present in the crystal lattice [15] and at the grains

urface [16].

.2. Infrared spectroscopy

The Fourier transform infrared spectroscopy (FT-IR) spectrum of
he BaTi0.87Sn0.13O3 (BTS13) precipitate was recorded on the dried
recipitate at 100 ◦C. As shown in Fig. 2, the sample presented IR

−1
bsorption bands at 3600–3200, 1445, 858, 693 and 550 cm .
The dried precipitate presents a large band at 3400 cm−1

ttributed to adsorbed water molecules [17,18]. The bands at 1445,
58 and 693 cm−1 correspond to BaCO3 which is always present

Fig. 1. Thermal analyses of the BaTi1 − xSnxO3, x = 0.13 precipitate precursor.
Fig. 2. FTIR spectrum of BaTi0.87Sn0.13O3 precipitate dried at 100 ◦C.

when barium hydroxide is used. The bands below 900 cm−1, are
due to metal-oxygen bonds [19,20]. The band characteristic to the
octahedron O6 vibration, located at 550 cm−1, is approximative
symmetrical and suggests the cubic structure of the grains.

3.3. SEM analysis

The SEM micrograph of Ba, Ti and Sn oxalate precipitate dried
at 100 ◦C (Fig. 3a), shows a microstructure consisting of very fine
grains of about ∼40 nm in diameter.

The precipitate heated at 800 ◦C presents homogenous sized
particles of about 60–70 nm (Fig. 3b). However, the powders
present a rather strong degree of agglomeration due to the inter-
actions of OH− groups present on the grains surface. Fig. 3c shows
the surface microstructure of BaTi0.87Sn0.13O3 pellets, sintered at
1300 ◦C, 2 h in air. To obtain the SEM micrograph of sintered
ceramic, the surface of BaTi0.87Sn0.13O3 pellet was coated with a
thin layer of gold. The ceramics have a dense structure with sub-
micronic grains. There is a distribution in which small grains of
∼100 nm coexist with grains of 200–300 nm.

3.4. XRD analysis

Fig. 4 shows the X-ray diffraction patterns of BTS13 precursor
fired at 100 ◦C and 800 ◦C and also, of pellets sintered at 1300 ◦C,
2 h in air. The XRD diagram of the precipitate heated at 100 ◦C,
showed all the peaks of BaCO3 orthorhombic phase [21] and very
small peaks of BaTiO3 cubic phase.

The precipitate powder heated at 800 ◦C, 2 h in air, presented a
single phase with the perovskite structure of cubic BaTiO3 (Fig. 4)
[22]. The result is similar to the previous work [5].  The cubic BaTiO3
phase can be correlated with the very fine grained BTS13 powder
(40–70 nm).

3.5. Dielectric properties

Fig. 5 shows the dependence of the relative dielectric constant
(a) and dielectric loss (b) versus temperature and frequency for
BTS13 sintered ceramic.

The pellets show permittivity peaks corresponding to their
ferroelectric to paraelectric phase transition. Dielectric peaks are
observed in the temperature range of −20 to 160 ◦C, and it is noted
that the maximum of the dielectric constant (εm) reaches reason-
ably high values in BaTi1 − xSnxO3 solid solution, εm = 4800 at 1 kHz
and Tm = 31 ◦C, εm = 4850 at 10 kHz and Tm = 32 ◦C and, εm = 4780

at 100 kHz and Tm = 33 ◦C. With increasing frequency, the tempera-
ture with the maximum dielectric constant (Tm) increases (Table 1).
The frequency dependence of dielectric constant indicates that the
higher dielectric constant was obtained for frequency of 10 kHz.
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Fig. 4. X-ray diffraction patterns of the BaTi1 − xSnxO3, x = 0.13, powders heated at
100 ◦C and 800 ◦C, and, sintered pellets.

the relaxor tendency grows with increasing frequency, which also
are proved by the P–E behavior.

Table 1
Curve fitting results for Ba(Ti0.87Sn0.13)O3 ceramic, at various frequencies.
ig. 3. SEM photomicrographs of the BaTi1 − xSnxO3, x = 0.13 powder heated at 100 ◦C
a) and 800 ◦C (b), and sintered ceramic (c).

ielectric losses tangent (ı) of Ba(Ti0.87Sn0.13)O3 ceramics were
.167 at 100 kHz, 0.234 at 10 kHz and, 0.229 at 1 kHz, at the Curie
emperatures (Fig. 5). These results indicated good dielectric char-
cteristics of BTS13 which are comparable with the literature data
16,19].

The dielectric curves of Ba(Ti0.87Sn0.13)O3 ceramic show notable
iffused phase transition behaviors (DPT). Martirena [23] and
chino [24] proposed the following empirical relation for the tem-
erature variation of ε, for DPT:

�
1
ε

= 1
εm

+ (T − Tm)
C ′ (1)

here � is the critical exponent and C′ is the Curie–Weiss-like con-
tant. It is believed that the power factor � close to 1 suggests
Fig. 5. Temperature and frequency dependence of (a) dielectric constant and (b)
loss  tangent (ı) of BTS0.13 ceramics.

normal ferroelectrics, while close to 2 suggests relaxor ferro-
electrics. The experimental dielectric constant data was fitted to
Eq. (1) very well and the obtained � values are shown in Table 1.

The results suggest that BTS solid solution within the investi-
gated frequency range exhibits reasonable relaxor behaviors and
Frequency, (kHz) Tm, (◦C) εm �

1 31 4800 1.536
10  32 4850 1.597

100 33 4780 1.622
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ig. 6. P–E dynamic hysteresis loops measured at 100 Hz to 10 kHz for BTS13 ceramic.

Fig. 6 gives polarization–electric field (P–E) data determined at
arious frequencies for BTS13 ceramic, sintered at 1300 ◦C, in air.

The polarization hysteresis loops were obtained for
a(Ti0.87Sn0.13)O3 solid solution at various frequencies and at
oom temperature, and gradually became smaller and weaker with
ncreasing frequency. The aim of the measurement is to highlight
he ferroelectricity through the P–E hysteresis loop. Dynamic
ysteresis implies continuous integration of the current that goes
hrough a ferroelectric capacitor during a complete variation cycle
f the AC voltage.

As it can be seen from the data plotted in Fig. 6, the ferroelectric
ysteresis loops of BTS13 do not show a true saturation branch. The
amples exhibit very small hysteresis with almost linear depen-
ence of P–E. Several possible causes result in a strong suppression
f macroscopic ferroelectric character and, consequently, in the
bserved slim and nearly linear P–E loop [25], with increasing fre-
uency. Both parameters EC and Pr decrease with the increase of
requency. The Pr was 34 �C/cm2 at 100 Hz, 13 �C/cm2 at 1 kHz,
nd 5.3 �C/cm2 at 10 kHz, while the EC was 1.24 kV/cm at 100 Hz,
.89 kV/cm at 1 kHz, and 0.41 kV/cm at 10 kHz. These results are

n good agreement with literature data [26]. Frey et al. [27], and
akeuchi et al. [28] had reported progressive lowering of remanent
olarization and hysteresis with decreasing grain size.

. Conclusions
Sn-doped BaTiO3 precursor precipitate has been prepared by
TAS method at 80 ◦C, in strong alkaline solution. The thermal
nalyses and X-ray diffraction indicated that Ba(Ti, Sn)TiO3 solid

[
[
[
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solution is obtained, as single phase with the perovskite structure
of cubic BaTiO3, by heating the precipitate at 800 ◦C. BTS13 powder
obtained at 800 ◦C presents homogenous sized particles of about
60–70 nm.  The ceramics obtained from this powder shown dense
structure with submicronic grains (100–300 nm). At the Curie tem-
peratures (31–33 ◦C) the dielectric constants were between 4800
and 4780 while the dielectric losses (tan�) were in the range
0.229–0.167 at frequencies of 1–100 kHz interval. The dielectric
curves of Ba(Ti0.87Sn0.13)O3 ceramic, at various frequencies, shown
diffused phase transition behaviors. The ferroelectric parameters
EC and Pr decrease with the increase of frequency in the domain
100 Hz to 10 kHz. These dielectric and ferroelectric properties of
BTS13 prove that the LTAS method is able to prepare nanopowders
and ceramics with applications in electronics field.
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