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Abstract

The influence of barium and strontium starting reactants used in different mole ratios, BaCl, and Ba(OH),, SrCl, and Sr(OH),, on the chemical
and structural properties of Ba;_,Sr,TiO3 (x=0—1) (BST) nanoparticles prepared via sol-gel-hydrothermal synthesis in an oxygen atmosphere is
discussed. The effect of the type of reactant on the relative amount of Sr incorporated in BST compound was also analysed. The synthesised BST
nanoparticles showed differences in their structural and chemical characteristics, which were attributed to the presence of CI~ or OH™ anions
during the synthesis of the compound. The structure, morphology and oxidation state of the samples were studied by X-ray diffraction,
transmission electron microscopy and X-ray photoelectron spectroscopy, respectively. In addition, theoretical calculations using cluster models
were carried out to understand the possible phases formed of BST, the effect of the Sr incorporation and the possible presence of oxygen

vacancies inside the BST structure.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ferroelectric materials are used in many modern devices,
such as piezoelectric actuators and electro-optic modulators.
Materials of the ABO5 family (A and B are cations and O is
oxygen), such as BaTiO;3, PbTiO5 and SrTiO3, have received a
significant amount of attention due to their ferroelectric and
electro-optic properties [1-3]. The properties and behaviour of
macroscopic ferroelectric materials are well known.

More recently, the investigation of properties has been
extended to the electronic structures of the impurities, surfaces,
and electron-doped SrTiO; (ST) or BaTiO; (BT) [4,5].
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However, the atomic structure and the electronic properties
of the grain boundaries in BaTiO; or SrTiOj; are the subject of
great interest due to their technological implications. There are
various reports on the effects of impurity doping on the
properties of this interesting system [6].

Among other materials, barium strontium titanate, BaSrTiO3
or BST, is the most extensively studied perovskite ferroelectric
oxide. This material is invaluable for the electronics industry,
due to its high dielectric constant, low dielectric loss, good
thermal stability and high frequency characteristics [7,8]. BT
and BST are commonly used in a number of electronic devices
such as transducers, piezoelectric actuators, thermal switches,
passive memory storage devices and dynamic random access
memories (DRAMs) [9,10]. The properties of BST strongly
depend on the composition and characteristics of its constituent
materials; therefore, efforts are still in progress to synthesise
BST compounds with excellent properties.
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Barium strontium titanate, Ba,Sr;_,TiO3, is a solid solution
of BaTiO3 and SrTiO;. At room temperature, BaTiO; and
Ba-rich Ba,Sr;_,TiO3; compounds have a tetragonal lattice and
are ferroelectric, whereas SrTiO; and Sr-rich Ba,Sr;_,TiO3
compounds are cubic and paraelectric. The substitution of Ba
by Sr will result in a decrease of the Curie temperature and an
increase in the dielectric constant of the material [11].

Several methods have been considered for the preparation of
BST in powder form, including the sol-gel method [12], a
solid-state reaction [13], spray pyrolysis [14], combustion
synthesis [15], a microwave method [16] and a hydrothermal
method [17,18]. The latter method is advantageous due to low
temperature processing, the non-vacuum requirement and a
low cost compared with others.

In ferroelectric fine particles, ferroelectricity decreases with
decreasing particle grain size and disappears below a certain
critical size [19,20]. Other physicochemical factors, such as the
density, shape, presence of impurities and structural defects,
also affect this property [21,22]. Moreover, Dutta et al. [23]
have proposed that a relationship exists between the tetragon-
ality in BT and the type of counter ion used in the synthesis.
Although the exact mechanism of this process is not yet
known, the authors suggested that most soluble salts can
promote the dissolution of BT, disturbing the dissolution—
recrystallisation process. Thus, a better understanding of the
structure-property relationship of perovskite nanocrystals is
highly desirable, which is also necessary for developing high-
performance electronic devices.

The structural and morphological characteristics of sol-gel-
hydrothermal BST powders often vary as a function of the
synthesis parameters, such as reaction time, reaction tempera-
ture, and composition. Thus, the study of how these parameters
influence the BST composition is considered important, first to
explain the fundamental crystallisation process and second to
optimise the material properties for potential technological
applications.

In the present study, we prepared barium strontium titanate
(Ba;_,Sr,TiO3, x=0-1) powders of nanoparticle size using
the sol-gel-hydrothermal method with tetrachloride titanate
and two sources of barium and strontium salts as the starting
material at a typical temperature of 180 °C and 24 h of reaction
time in an oxygen atmosphere. The effect of the synthesis
conditions (presence of chloride ions and alkali metal ions) and
the different mole ratios and on the characteristics of the
resulting compound is analysed. Finally, theoretical calcula-
tions were carried out to help with the interpretation of the
experimental results.

2. Experimental

Ba,_,Sr, TiO5 powders prepared using a different Ba:Sr mole
ratio (x=0, 0.3, 0.5, 0.8 and 1) were synthesised using the sol-
gel-hydrothermal process with tetrachloride titanate (TiCly, 1 M)
and two different salts of barium (BaCl,, Ba(OH),) and
strontium (SrCl,, Sr(OH),) as the starting materials using two
methods of synthesis.

Table 1
The preparing parameters of BST powders synthesized at 180 °C and 24 h.

Samples Method 1 Ba:Sr in Samples Method 2 Ba:Sr in
M1) reactant M2) reactant
Bl 1:0 S1 1:0
B2 0.7:0.3 S2 0.7:0.3
B3 0.5:0.5 S3 0.5:0.5
B4 0.2:0.8 S4 0.2:0.8
BS 0:1 S5 0:1

In method 1 (M1), a typical synthesis of sample (B2) used
BaCl,¢2H,0 (99.999%, Aldrich) and SrCl,e6H,O (99.995%,
Aldrich) as the reactants (Table 1). A 1.1 mL solution (A) of
TiCl, (1 M, Aldrich) was diluted in 2.3 mL of 2M HCI to
form a yellowish solution. The aqueous solution (B) was
prepared by dissolving 0.52 g of BaCl,e2H,0 and 0.4 g of
SrCl,02H,0 in 20 mL of deionised water. For preparing the
BaSrTiOs5 precursor, solution (B) was added into solution (A)
with vigorous stirring for 1 h. Under stirring and N, bubbling,
13 mL of 6 M NaOH were added to the barium strontium
titanium solution and a white homogeneous colloidal slurry
(barium strontium titanium) was formed.

The mixed solution was transferred into a 100 mL Teflon-lined
stainless steel reactor; the reactor was sealed and then heated for
24 h at 180 °C under a partial oxygen pressure of 60 psi. At the
end of the reaction, the autoclave was naturally cooled to room
temperature. The as-formed white solid powder that was attached
to the bottom and inner wall of the Teflon container was collected,
centrifuged, washed with distilled water and ethanol to remove the
remaining ions, and dried at 60 °C for 6 h in vacuum.

In method 2 (M2), similarly, Ba,_,Sr,TiO; powders using
the same Ba:Sr mole ratio were prepared using Ba(OH), and
Sr(OH), as the starting materials (Table 1).

2.1. Characterisation

X-ray diffraction (XRD) data were acquired using a Siemens
Advanced D-8 diffractometer with CuK, radiation at 40 kV
and 30 mA. Transmission electron microscopy (TEM) studies
were performed in a Jeol JEM-2011 operated at 200 kV under
diffraction and phase contrast modes. The surface chemical
information of the samples was obtained by the X-ray
photoelectron spectroscopy (XPS; Physical Electronics system
model 1257) using an AlK, emission. The binding energies
and oxidation states were obtained from high-resolution scans.
The energy scale was calibrated by assigning 284.8 eV to the
C 1s peak, corresponding to adventitious carbon.

3. Results
3.1. X-ray diffraction
Fig. 1 shows the XRD patterns of the BST sample synthesised

by the two methods (M1 and M2). As shown in Fig. 1a (M1) and ¢
(M2), the sharp and well-defined peaks revealed high crystallinity
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Fig. 1. XRD patterns of the product obtained with 24 h and 180 °C at different methods: (a) M1 in 26=20-70°, (b) M1 in 20=44-48, (c) M2 in 20=20-70, and (d) M2 in
20=44-48. The samples B1(S1) to B5(S5) of the Ba;_,Sr,TiO3 compound correspond to synthesized samples from method M1(M2) with x=0, 0.3, 0.5, 0.8 and 1.0.

for all as-prepared BST powders which were not submitted to any
heat treatment. The XRD Bragg's reflection was assigned to a
cubic perovskite structure of BST. The absence of multiple sets of
peaks, as suggested by other authors, indicated that not all the
samples were phase-separated (barium-rich and strontium-rich
phases), regardless of the Ba/Sr mole ratio and the method used
to synthesise the samples [24].

In fact, all of the main peaks for the samples B1 and S1 (BT), as
shown in Fig. 1, are apparently stabilised in the cubic lattice (space
group Pm3m) for the BT powders at room temperature. The
calculated lattice constants were in accordance with the tabulated
values (a=4.0260; JCPDS card no. 31-0174). Several reasons
have been proposed to explain the room temperature stabilisation
of the cubic phase of BT powders, such as the presence of lattice
‘defects’ caused by hydroxyl ions, which are associated with
powders formed via wet chemical methods, small deviations in
Ba/Ti stoichiometry, or excess surface energy associated with
ultrafine particles, among others [25]. Recently, our group reported
that BT synthesised under similar conditions showed a cubic lattice
and a strong peak at 307 cm™' in its Raman spectrum, which is
typical for the formation of a tetragonal or pseudo cubic phase with
a slightly tetragonal distortion, which contradicted the results given
by XRD [26].

Similarly, for samples B5 and S5, the peaks can also be
indexed as a cubic lattice (space group Pm3m) of ST powders,
and the calculated lattice constants were in good agreement

Table 2
Structural parameters of BaSrTiO; powders.

Samples Method 1 (M1) 26 (200) Samples Method 2 (M2) 26 (200)
Bl 45.25 S1 45.24
B2 45.80 S2 45.39
B3 45.94 S3 45.66
B4 46.31 S4 46.19
BS 46.45 S5 46.44

with the tabulated values (a=3.9112 A; JCPDS card no.
73-0661).

Fig. 1b and d shows the XRD patterns in the 44-48° 260
range for all of the samples. A single diffraction peak between
45° and 47° is observed that corresponds to the (2 0 0) Bragg
reflection, which is characteristic of the cubic lattice of BT
and BST.

The effect of Sr substitution on the BT structure (B1 and S1)
can be exemplified by the clear shifting of the (200)
reflection. In both methods of BST preparation (M1 and
M2), a shift was observed in the (2 0 0) peaks towards a high
angle, compared with the position of the peak for pure BT
(sample B1 and S1).

It is well known that this peak shift was due to the
substitution of larger Ba>* ions with smaller Sr** ions [17].
Table 2 shows that, under similar conditions, there is a greater
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shift in the BST prepared using chloride ions in comparison
with hydroxide ions of Ba** and Sr*™.

3.2. Transmission electron microscopy

TEM images of the BST particles from B4 and S4 samples
are shown in Fig. 2a and b. In general, the samples prepared
under methods M1 and M2 show agglomerates of particles,
120-140 nm and 250-300 nm, respectively, which are com-
posed of tight aggregates of several smaller nanoparticles.

Spherical particles of 120-300 nm were observed to gradu-
ally convert into aggregates of very fine particles. Notably, this
type of disintegration is usually related to the hydroxylation in
the sol-gel process in the early stage of hydrolysis. The
formation of BST crystallites then occurs inside these aggre-
gates because the diffusion distance is decreased and the
driving force is locally increased by the presence of particles
with a lower radius of curvature.

3.3. X-ray photoelectron spectroscopy

For a better characterisation of the local chemical environ-
ment of the BST compounds, high-resolution XPS spectra of
the photoelectron signals of Ba, Sr, Ti, and O elements were
acquired. Fig. 3(a—h) shows the spectra of Ba 3d, Sr 3d, Ti 2p
and O 1s levels for the B4 and S4 samples.

Fig. 3a and b shows the Ba 3d doublet with binding energies
of approximately 780 and 795 eV for the 3ds,, and 3d;/, peaks,
respectively. In both samples, the values of the binding energies
correspond to Ba atoms in the non-perovskite structure of BST,
which is also called the decomposed perovskite structure or
[-component of Ba [27].

Fig. 3c and d shows the Sr 3d levels, in which a more
defined doublet was found for the S4 sample. The best fit
assigned binding energies of 133.4 and 135.2 eV to the 3ds);
and 3dj,, peaks, respectively. These values for strontium in the
B4 sample are attributed to a §-Sr form, whereas the values of
the binding energies in the S4 sample of 132.7 and 134.5 eV
for the 3ds, and 3ds), levels, respectively, correspond to o-Sr
[27]. Here, the a-component corresponds to Sr atoms in the
‘perovskite-like superconductor phase” BST structure.

The Ti 2p spectra (Fig. 3e and f) reveals binding energies of
458.7 eV (2p3,) and 464.5 eV (2p,») for the sample B4, and
458.4 eV (2p3,) and 464.1 eV (2p,,,) for the sample S4. These
binding energies are close to the reported values for a-Ti atoms
in the perovskite structure of BST and correspond to Ti in the
+4 oxidation state [28]. The binding energies of the weak
peaks of 457.0 (2p3,) and 462.7 eV (2p,,,) of the sample B4
and 456.7 (2ps/») and 462.3 eV (2p,,») of the sample S4 were
attributed to Ti** ions [28,29]. These ions correspond to a
Ti,05 (Ti*™) compound, which is related to the non-perovskite
structure of BST. Peaks attributed to TiO (Ti2+) with binding
energy for Ti2p;, between 455 and 456 eV [28,29] were not
detected in either sample.

Fig. 3g and h shows the O 1 s peak, which was fitted with two
curves. The lower binding energy of 530.4 eV (B4) and 529.9 eV
(S4) is attributed to O’ ions in the perovskite structure of BST,
indicating that the oxygen ions remain coordinated in TiOg
octahedra [29]. On the other hand, the binding energies of 532.3
(B4) and 531.6 eV (S4) are attributed to a state O (0 <x <2),
corresponding to chemisorbed species as well as oxygen vacancies.
This variation in the chemical state of O is accompanied by that of
Ti and could be related to the intermediate compounds of Ti,O5
and TiO; oxygen atoms in O are also ascribed to the non-
perovskite structure of BST [30]. After the fit performed on the O
1 s signal from all of the samples, it is important to highlight that
more intense peaks associated with the oxidation state O*~ were
found in the M1 method-grown samples than in the M2 method-
grown samples. An example of that is revealed by Fig. 3g and h,
where a lower intensity ratio between the O*~ and O* peaks is
found for the B4 sample prepared using chloride ions compared
with the S4 sample using hydroxide ions.

It has been reported [28] that changes in the O oxidation
state are strongly associated with Ti oxidation changes (Ti** or
Ti*?), showing that a large concentration of O vacancies in the
structure of the compound can exit. In our case, XPS analysis
shows the presence of Ti+3; therefore, oxygen vacancies are
possible in the structure (see Fig. 3e and f).

The effect of the preparation methods (M1 and M2) on the
Sr/Ba ratios in the BST samples are shown in Fig. 4. These
values were calculated from XPS signals using the intensities
ratio, Iszq:lgaza, and the ratio of the areas under the
curve, Agzq:Agpaza- The M2 method is more effective in the

Fig. 2. TEM images of BST samples for both methods: (a) B4 and (b) S4.
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Fig. 3. XPS spectra of the elements for BST samples. Ba 3d doublet: (a) B4 and (b) S4; Sr 3d doublet: (c) B4 and (d) S4; O 1s: (e) B4 and (f) S4 and Ti 2p: (g) B4

and (h) S4.

incorporation of Sr?* cations in the network of BT (S2 and S3)
compared with samples B2 and B3 prepared under the M1
method (x<0.5).

However, in the final stage of incorporation (x>0.5) of Sr**
for Ba®", there was a difference between the two methods (B4
and S4). Sample B4 had a higher proportion of Sr vs. Ba
cations compared with sample S4. The higher ratios of
intensity (0.18) and area under the curve (0.14) would indicate

that the M1 method is now more effective in incorporating
strontium into the lattice of BT.

4. Experimental discussion
The existence of preferential incorporation of strontium into

the lattice of BT to form BST is well known. The formation of
ST is thermodynamically more favourable than that of BT,
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independent of the methods used. Another fact is that ST is
more stable than BT at lower M cation concentrations (M=Sr
or Ba) [31]. Our results indicate that the presence of anions in
the reactant composition significantly influences the incorpora-
tion of strontium into the lattice of BT when x >0.5.

Furthermore, Dutta et al. [23] reported that the presence of
anions in the reactant composition influences the particle size
and tetragonal content of BT during synthesis in the following
order: I'~Br~CI" > CH;COO™ > NO3;™ > OH". The anions
perturb the dissolution—recrystallisation process, although the
exact mechanism is not yet understood. Additionally, the
mechanism for the influence of OH™ groups or CI” ions in
the perovskite structure of BST under partial oxygen pressure
has not been reported yet.

On the other hand, it was reported [32] that a sol-gel
reaction between Ti(OPr), and OH™ gives rise to a hexahy-
droxo titanate species ([Ti(OH)s]*") as an intermediate, which
is then condensed into stable BaTiO3 with perovskite structure.

In agreement with Hua et al. [33], although without direct
experimental evidence in the formation of Ba[Ti(OH)g], the
formation of the hexahydroxo titanate species ([Ti(OH)¢]*")
under strong alkaline conditions is possible. Therefore, an
excess of OH™ will be required to produce the hexahydroxo
titanate species ([Ti(OH)ﬁ]z_), which is the backbone of the
TiOg octahedra. The different arrangements of the [TiOg]
octahedra produce different polymorphic forms with different
structures and properties, which could be related to the
coordination group of Ti (IV) complex ion.

In our work, the total concentration of hydroxide ions
present in the solution, using the M2 method (Ba(OH),,
Sr(OH), and NaOH), was high, which was responsible for
the formation of [Ti(OH)ﬁ]z_. This, in turn, plays an important
role in the formation of BaSrTiO; in an aqueous medium.

When using BaCl,, SrCl, and NaOH (M1), it may be
reasonable to assume that the Ti (IV) complex ion has the
formulas [TiClg]*~ and [Ti(OH),Cl,,]*~, where n and m are
related with the acidity and concentration of the C1~ ion from
the salts used. In our experiment, there was a decrease in the
concentration of OH™ ions in the solution, leading to a
decrease in [Ti(OH)G]z_ formation. Thus, a competition in
the formation of the intermediate species is expected.

Therefore, the nature of the salt has a direct influence on the
synthesis of BST. In the present experiment, the salts of
barium and strontium played an important role in the formation
of the hexahydroxo titanate species ([Ti(OH)s)*"), which
would be a determinant species in the formation of the
backbone of TiOg octahedra.

5. Theoretical calculations

To give better support to the experimental results, with
regard to the formed phase of Ba;_,Sr, TiO3, we proceeded to
carry out quantum chemical calculations to obtain the energetic
stability and the effective charges on the atoms for materials
with compositions of x=0, 0.5 and 1. To simulate the different
solid compounds, the cluster methodology [34—-36] was used,
i.e., a finite number of atoms were used to represent the
different phases of the material, as shown in Fig. 5. The energy
and electronic properties were calculated by solving the Kohn—
Sham equations in an atomic basis set formed by Gaussian
functions. The calculations were performed using the B3LYP
exchange correlation functional [37—40], which is of the hybrid
type. This functional consists of a careful mix of the Hartree—
Fock exchange, which is calculated with the Kohn—-Sham
orbitals, and the B88 exchange functional [37] plus the LYP
correlation functional [40]. For titanium and oxygen atoms, the
6-31G basis set [41,42] has been used. For barium and
strontium atoms, the pseudopotential of the Los Alamos group
[43] with a corresponding basis set has been used. For barium
atoms, the pseudopotential replaces 48 core electrons; thus,
only ten valence electrons are considered. For strontium atoms,
the pseudopotential replaces 28 core electrons; thus, only ten
valence electrons are considered. Crystallographic data were
used to represent the initial cubic phases for BT, ST and BST

a /Ba or Sr b

HH

*}q

Fig. 5. Cluster model structures: (a) cubic of perovskite type, (b) cubic BST,
similar to “a”, (c) tetragonal distortion and (d) oxygen vacancy.
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Table 3

Effective charges (Q) and binding energies per atom (E,) for structures: a) cubic of perovskite type, b) tetragonal distortion and ¢) oxygen vacancy.

Property ST BST BT

a b c a b c a b c
Q(Ti)e 3.292 3.256 2.096 3.292 3.256 2.061 3.275 3.241 1.981
Q(O)e —1.289 —1.333 —-1.177 —1.373 -1.370 —1.201 —1.405 —1.401 —-1.214
Q(Sr)e 1.510 1.513 1.631 1.538 1.541 1.655 - - -
Q(Ba)e - - - 1.549 1.552 1.660 1.576 1.578 1.682
Ep(eV) —19.25 —-19.24 -16.56 -19.02 -19.01 —-16.34 —18.81 —18.80 -16.17

reported in the literature [26,44,45]. Effective charges based on
Atomic Polar Tensors (APT) were used for the discussion of
the results [46]. All calculations were performed using the
Gaussian 09 program [47].

The binding energy per atom for the analysis of the
energetic stability for the different phases in Fig. 5 was
calculated as:

E;, = [E(phase)-mE(Ti)-nE(O)-oE(O)-pE(Sr)-kE(Ba)]/w (1)

E(phase), E(Ti), E(O), E(Sr) and E(Ba) being the energies of
the model cluster of the specific phase (cubic, tetragonal or
oxygen vacancy), titanium atom, oxygen atom, strontium atom
and barium atom, respectively; m, n, o, p and k are the specific
total number of atoms considered in each cluster model, and w
is the number of atoms in each cluster model.

5.1. Theoretical discussion

Fig. 5 shows the cluster models which represent the initial
cubic structure of the perovskite type (a), cubic BST, showing
the distribution of Ba and Sr in the structure (b), the distorted
cubic structure of the tetragonal type, shifting the TiO, plane
along the Z-axis by 0.1 A (c), and the structure for oxygen
vacancy (d) for compositions of x=0, 0.5 and 1. The effective
charges and binding energies per atom are collected in Table 3.
Analysis of the effective charges shows that the tetragonal
distortion does not significantly affect the effective charge on
the atoms in comparison with the cubic phase. Additionally,
the stability of the compound is not compromised, where the
binding energy suffers a variation of only 0.01 eV. The
distortion of the oxygen vacancy in the structure greatly affects
the stability and charge distribution, as we can see from
Table 3. The titanium atom is the one that suffers the greater
variation in the charge (AQ), between 1.196e to BST 1.231e.
These results suggest that oxygen vacancies can induce a
decrease in the oxidation state by almost one unit for the Ti
atom. Thus, assuming that the oxidation state of Ti is +4, then
the existence of Ti*? induced by oxygen vacancies is possible,
which is in agreement with the XPS results. On the other hand,
the analysis of the binding energies shows that the structure of
ST is more stable in comparison with BT, and the structure of
BST has an intermediate stability among both structures. These
results show that the incorporation of Sr into the structure of
BT confers greater stability to the compound. In addition, the
charge analysis show that in ST the charge on the oxygen and

Sr atoms is slightly less negative and less positive, respec-
tively, in comparison with oxygen and Ba atoms in BT. The
incorporation of the Sr atoms into the structure of BT produces
a slightly more positive charge on the Ti atoms, a less negative
charge on the oxygen atoms and a less positive charge on the
Ba atoms, showing that BST would tend toward the ST
properties. This behaviour can be explained due to the Sr
atom is slightly more electronegative than Ba (0.95 v/s 0.89,
using Pauling scale).

Based on the previous results, we can conclude that
deformation of the lattice structure is present in the synthesis
of the compound using both methods. To clarify which is the
main contribution to the structural deformation of the com-
pound, whether the tetragonal type or oxygen vacancy, it is
necessary to carry out a more detailed analysis of the
microstructure.

6. Concluding remarks

The effects of two different salts of barium (BaCl,,
Ba(OH),) and strontium (SrCl,, Sr(OH),) as the starting
reactants in the synthesis of Ba;_,Sr,TiO3 (x=0,1) nanopar-
ticles were analysed. According to our results, different
structural characteristics were produced due to the presence
of anions (ClI- and OH™) during the synthesis of the
compound. The M1 method, based on chloride ions, will have
better results for Sr incorporation when the Ba:Sr mole ratio
used in the reactant is < 1. The mechanism is complex and
requires in-depth research. On the other hand, XPS results
showed a different local environment for each element in the
BST. An analysis of the O Is signal revealed a higher
presence of chemisorbed species and oxygen vacancies in
the M1 method-grown samples than in the M2 method-grown
ones. Finally, the theoretical calculations showed that the
incorporation of Sr into the structure of BT confers great
stability to the compound, and the presence of Ti with a lower
oxidative state is possible due to the distortion of the lattice
structure of the compound, which is most likely caused by
oxygen vacancies.
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