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Nanocrystalline Barium stannate (BaSnO3) was synthesized through auto-ignited combustion technique.
The X-ray diffraction studies of BaSnO3 nanoparticles reveals that the nanopowder is single phase, crys-
talline, and has a cubic perovskite structure with a lattice constant a = 4.115 Å. The average particle size
calculated from full width half maximum (FWHM) using Scherer formula is ∼25 nm. The phase purity of
the powder was further examined using Fourier transform infrared spectroscopy, Raman spectroscopy
and transmission electron microscopic techniques. XRD pattern of BaSnO3 was refined for atomic coordi-
ombustion Synthesis
arium stannate
anoparticles
TIR
aman
ptical studies

nates, lattice parameters and occupancies using Rietveld analysis. Vibrational analysis of sample shows
that there is a phase transition from distorted cubic to ideal cubic structure during heat treatment. The
thermal stability of BaSnO3 nanopowder has been confirmed using thermo gravimetric analysis (TGA)
and differential thermal analysis (DTA). The particle size of the as-prepared powder from transmission
electron microscopy was found to be in the range 20–30 nm. The absorption spectra and photolumines-
cence spectra of the sample were also studied. The band gap determined was 2.887 eV and found to be a

semiconductor.

. Introduction

Synthesis of advanced functional materials as nanometer sized
rains has gained tremendous attention in the recent period. Prop-
rties of nanocrystals deviate from those of single crystals and
oarse-grained polycrystals due to their reduced size and numerous
nterfaces between adjacent grains. High surface to volume ratio
f nanocrystals lead to enhanced mechanical, electrical, dielectric,
agnetic and optical properties.
The double oxides of the general formula, ABO3, formed

etween the oxides of alkaline-earth metals (A = Ca, Sr and Ba)
nd those of some of the group IV elements are of great industrial
nd technological importance. Barium stannate, BaSnO3, belongs
o the family of analogous alkaline-earth stannates (MSnO3 where

= Ca,Sr and Ba) which is an n-type semiconducting material.[1,2].
t has been widely investigated on its dielectric, thermal, and photo-
atalytic properties as an important ceramic material in pure as well
s in doped forms. These stannates have also been studied for their

otential applications as sensor materials for host of gases, includ-

ng CO, HC, H, Cl, NO [3–7]. Recently, Ostrick et al. [8] have reported
he results of Hall measurements on BaSnO3 at high temperatures
o elucidate the nature of defects prevailing in the material. The
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band gap of barium stannate was reported to be 3.1 eV, generally
desired for gas sensor materials [9]. Additionally, the results by
Borse et al. [10] and Yuan et al. [11] suggest that BaSnO3-based
systems could be good candidates for photo catalytic applications.
Mizoguchi et al. [12] reported that BaSnO3 exhibits strong near-
infrared luminescence at room temperature. Suggestions have also
been made that, by combining BaTiO3 with BaSnO3 (BTS), multi-
functional ceramic sensors which can detect temperature, relative
humidity and gases such as prozylene, acetylene and ethylene at
the ambient temperatures and pressures can be engineered [13].

Generally conventional solid-state ceramic route was used for
the preparation of stannate based compounds. It requires pro-
longed calcination at about 1200 ◦C for several hours along with
intermediate grinding in order to obtain reasonable phase purity.
The coarse-grained powders synthesized using the conventional
solid-state route have the disadvantages of larger particle size,
high temperature processing and lower phase purity [14]. In the
last few years many preparation procedures have been reported
to obtain fine-grained BaSnO3 powders at relatively low tem-
peratures. Different hydrothermal methods or sol–gel processes
have been developed and reported in literatures [15–20]. Recently,

a lyothermal synthesis at 250 ◦C has been reported by Lu and
Schmidt [21]. Various precursor complexes, co-precipitation and
polymerised complex methods have also been developed to obtain
barium stannate powders [22–25]. Based on the exothermic reac-
tion of suitable solids, self-propagating high temperature syntheses

dx.doi.org/10.1016/j.jallcom.2010.10.056
http://www.sciencedirect.com/science/journal/09258388
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atmosphere. The DTA and TGA curves of the as-prepared BaSnO3
powders obtained directly after combustion is shown in Fig. 2. The
TGA curve shows a weight loss of 10% at about 100 ◦C, which may
be due to the expulsion of adsorbed moisture present in the sample.

Table 1
Structural details of BaSnO3.

Atomic co-ordinates of BaSnO3

Atom Site x y z Occ.

Ba 1b 0.5 0.5 0.5 1
Sn 1a 0 0 0 1
O 3d 0 0 0.5 0
A.S. Deepa et al. / Journal of Alloys

re also used to prepare BaSnO3 [26,27]. Most of these method
ither required high temperature treatment or encountered dif-
culty in obtaining single phase BaSnO3.

In this paper we report for the first time the optimal condi-
ions to prepare phase pure perovskite semiconducting BaSnO3
y a modified auto-igniting combustion route. The structure, ther-
al behavior, vibrational spectroscopic and optical studies of the

anopowder is also reported.

. Experimental

The basic step for the preparation of BaSnO3 by the modified combustion method
s to prepare a solution containing ions of Ba and Sn. In the typical synthesis, aqueous
olution containing ions of Ba and Sn were prepared by dissolving stoichiometric
mount of Ba(NO3)2(99.99%, CDH, India), and SnCl4·5H2O(99.9% Sigma Aldrich)in
ouble distilled water (200 ml) in a glass beaker. To get the precursor complex, this
toichiometric solution was mixed with citric acid solution, keeping the citric acid
o the cation ratio unity. Concentrated HNO3 was then added to the precursor. The
roduct was stirred well for uniform mixing and a clear solution with no precipitate
r sedimentation was obtained. Liquor ammonia was added to the solution to adjust
he oxidant fuel ratio to unity. The solution containing the precursor mixture at a
H of ∼7.0 was heated using a hot plate at ∼250 ◦C in a ventilated fume hood. The
olution boils and undergoes dehydration followed by decomposition leading to a
mooth deflation producing foam. On persistent heating the foam gets auto-ignited
iving a voluminous fluffy pale yellow powder of BaSnO3 due to self propagating
ombustion.

In the preparation of samples by combustion process, the earlier workers have
sed poly vinyl alcohol and urea as the complexing agent and fuel respectively. In
uch case high temperature annealing of the as-prepared powder was required to
et a phase pure BaSnO3 powder [28,29]. But in the present modified combustion
ethod, citric acid was used as the complexing agent instead of poly vinyl alco-

ol and urea was replaced with ammonia. By this change of complexing agent and
xidant fuel system it was possible to obtain BaSnO3 nanoparticles through the
odified combustion process and the usual calcinations for prolonged duration at

igh temperature is not needed.
Structure of the as-prepared powder was examined by powder X-ray diffraction

XRD) technique using a Bruker D-8 X-ray Diffractometer with Nickel filtered Cu K˛

adiation. The differential thermal analysis (DTA) and thermo gravimetric Analyses
TGA) were carried out using Perkin–Elmer TG/DT thermal analyzer in the range
0–1000 ◦C at a heating rate of 20 ◦C/min in nitrogen atmosphere. The Infrared (IR)
pectra of the samples were recorded in the range 400–4000 cm−1 on a Thermo-
icolet Avatar 370 Fourier transform infrared (FTIR) spectrometer using KBr pellet
ethod. The Fourier transform–Raman spectrum of the nanocrystalline BaSnO3 was

arried out at room temperature in the wave number range 50–1200 cm−1 using
ruker RFS/100S Spectrometer at a power level of 150 mW and at a resolution of
cm−1. The samples were excited with an Nd:YAG laser lasing at 1064 nm and the

cattered radiations were detected using Ge detector. Particulate properties of the
ombustion product were examined using transmission electron microscopy (TEM,
odel-Hitachi H-600 Japan) operating at 200 kV. The samples for transmission

lectron microscope (TEM) were prepared by ultrasonically dispersing the pow-
er in methanol and allowing a drop of this to dry on a carbon-coated copper grid.
he photoluminescence spectra of the samples were measured using Flurolog®-3
pectroflurometer. The photons from the source were filtered by an excitation spec-
rometer. The monochromatic radiation was then allowed to fall on the disc samples
nd the resulting radiation was filtered by an emission spectrometer and then fed
o a photomultiplier detector. The variation of intensity was recorded as a function
f wavelength. The absorption spectra were also measured using a Jasco UV–visible
pectrophotometer.

. Results and discussion

The XRD pattern of the as-prepared powder obtained directly
fter combustion synthesis is shown in Fig. 1a. All the peaks are
ndexed for cubic structure having the calculated lattice constant
s 4.115 Å and it agrees very well with the reported XRD data in
he JCPDS file (JCPDS card No. 15-0780), for BaSnO3 which indi-
ate that the formation of BaSnO3 phase was complete during the
ombustion process itself without a need for a calcination step. The
rystalline size calculated from full width half maximum (FWHM)
sing the Scherrer formula for the major (0 1 1) reflection is found

o be ∼25 nm. It may be noted that a single phase BaSnO3 mate-
ial can be obtained through solid-state reaction route only after
rolonged calcinations of the reaction mixture at 1200 ◦C with
ultiple intermediate grindings [28,29]. In the XRD pattern of as-

repared sample, reflections of very small intensity can also be seen
Fig. 1. XRD patterns of (a) as-prepared BaSnO3 (b) BaSnO3 annealed at 1200 ◦C and
(c) powder pattern obtained from Rietveld analysis.

at 34.076◦ and 54.679◦. On examining the JCPDS files it is seen that
SnO2 (71-652) posses peaks at 33.874◦ and 54.752◦ and BaCO3 (45-
1471) posses peaks at 34.096◦ and 54.698◦. These reflections are
likely due to traces of barium carbonate present in the sample. Since
the combustion process takes place in very short duration of time
these impurities may remain in the as-prepared sample. The XRD
of the sample annealed at 1200 ◦C is shown in the Fig. 1b. It is clear
from the XRD pattern that no above mentioned peaks are present.
The particle size calculated from the XRD of the annealed sample
is about 65 nm.

Based on the Rietveld analysis and SpuDS prediction the struc-
tural parameters of BaSnO3 were found to be cubic perovskite
structure with space group #221 (Pm3m) and lattice parame-
ter 4.109 Å. Fig. 1c shows the powder pattern obtained from the
Rietveld analysis. The similarity between the experimental and
simulated pattern shows that the as-prepared nanoparticles posses
cubic symmetry. The inset figure shows the primitive cubic struc-
ture of the BaSnO3 perovskite material. It can be noted that Ba2+ ions
occupy the cube centre whereas the Sn4+and O2− ion are at inter-
mittent edges of the cube. Table 1 summarizes atomic coordinates,
lattice parameters and occupancies of BaSnO3.

The thermal characterization of the nanoparticles of BaSnO3
synthesized through the combustion process is carried out using
differential thermal analysis (DTA) and thermo gravimetric anal-
ysis (TGA) up to 1000 ◦C at heating rate of 10 ◦C/min in nitrogen
Crystal Structure: Cubic.
Space group: Pm3m (#221).
Lattice parameters: a = b = c = 4.109 Å, ˛ = ˇ = �= 90◦ .
Volume of unit cell = 69.38 Å3.
Theoretical density: 7.277 g/cm3.
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Fig. 3. Raman spectra of BaSnO3 nanoparticles (a) as-prepared (b) heated at 1200 ◦C.

phase present in the as-prepared sample is that of BaCO3.
The Raman spectra of heated sample up to 1200 ◦C shows no

first order Raman bands which confirms that on heating the crystal
has changed to ideal cubic perovskite. In the IR spectra no bands

Table 2
Band assignments.

Raman IR Band assignment

690m v1A1g

629vs v3F1u

570w, 549vw 568s, 579vw v2Eg

225m v4F1u
Fig. 2. The DTA and TGA curves of as-prepared BaSnO3 nanoparticles.

hereafter there is a very small weight change of ∼2% occurring in
he sample around 1000 ◦C, which may be due to the decomposi-
ion of BaCO3 traces present in the sample. No weight loss other
han those mentioned above implies that the combustion is com-
lete and no organic matter is present in the sample. The enthalpy
hanges observed in the DTA curve at different temperatures can
e attributed to surface reactions taking place in BaSnO3. There is
lso no evidence of any phase transition-taking place in the sample
p to this temperature.

The nanocrystalline BaSnO3 has cubic structure with space
roup Pm3m(Oh), with one formular in the unit cell [30,31].The fac-
or group analysis using the standard correlation method [32,33]
ives the irreducible representation at k = 0 as

= 3F1u (IR) + F2u (silent)

The irreducible representation shows that the sample has no
aman active modes and hence does not give a first order Raman
pectrum. However, the recorded Raman spectrum shows certain
ell defined bands. The spectrum obtained for the BaSnO3 powder
repared through the modified combustion method in the present
tudy, is similar to that reported by Cerda et al. [31] where the
ample is prepared by the sol–gel method. In order to eliminate the
arbonate peaks the sample was heated up to 1200 ◦C. The observed
aman bands can be assigned on the basis of the modes of vibra-
ions of SnO6 octahedron, which has Oh symmetry, in the distorted
erovskite structure. The six fundamental vibrations of SnO6 octa-
edron are the symmetrical stretching mode v1A1g, asymmetric
tretching modes v2Eg and v3F1u, asymmetric bending mode v4F1u,
ymmetric bending mode v5F2g and the inactive mode v6F2u.

Figs. 3 and 4 shows Raman and IR spectra of as-prepared and
eated nanocrystalline BaSnO3 respectively. The observed Raman
nd IR bands, their relative intensities and the band assignments
re shown in Table 2.

The three Raman active modes v1A1g, v2Eg and v5f2g are
bserved as medium or highly intense bands at 690, 570 and
37 cm−1, respectively. The Eg mode is broadened and shows a dou-
let structure with the other component at 549 cm−1. The IR active
3F1u mode appears as a very strong absorption band at 629 cm−1

n the spectrum. The Raman active v2Eg mode has become active in

he IR spectrum and is observed as a doublet at 568 and 579 cm−1.
he splitting of the degenerate modes and the appearance of inac-
ive modes in the spectra suggest a lowering of symmetry due to
istortion.
Fig. 4. FTIR spectra of BaSnO3 nanoparticles (a) as-prepared (b) heated at 1200 ◦C.

The intense sharp peak at 1060 cm−1 in the Raman spectrum is
due to the presence of BaCO3 in the combustion method product.
The IR spectrum also shows the presence of BaCO3 in the sample.
The absorption bands at 856, 1050 and 1450 cm−1 are the charac-
teristic bands of BaCO3. Thus from the vibrational analysis and the
XRD patterns it can be concluded that the trace of the additional
182m v6F1u

154, 137vs v5F2g

84s Lattice mode

vs – very strong; vw – very weak m – medium; w – weak; s – strong.
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ig. 5. Absorption spectra BaSnO3 nanopowder obtained through combustion syn-
hesis

orresponding to BaCO3 can be identified. However, in the IR spec-
rum the F1u mode is observed as a very strong and sharp band at
32 cm−1which indicates that the BaSnO3 which had a distorted
ubic structure, on heating at 1200 ◦C for 4 h, has transformed to an
deal cubic structure. Thus Raman spectroscopy serves as an effec-
ive tool to explore the loss of symmetry and formation of defects
uch as oxygen vacancies and F-centers.

Absorption spectra of the sample measured in the range from
00 to 800 nm is given in the Fig. 5. From the absorption spectra it

s clear that sample absorbs heavily within the UV region but mod-
rately in the visible region. The absorption spectrum of BaSnO3
xhibits typical optical behavior of a wide-band gap semiconduct-
ng oxide having an intense absorption band around 425 nm with

steep edge. It reveals that BaSnO3 nanomaterials can readily
espond to ultraviolet. The optical absorption in the wavelength
egion shorter than 400 nm is mainly attributed to the electron

ransition from the top of the valence band to the bottom of the
onduction band [34]. Also the reflectance spectrum as shown in
he Fig. 6 indicates the maximum reflectance in the visible region
hich substantiates our interpretation of maximum UV absorp-

Fig. 6. Reflectance spectra BaSnO3 obtained through combustion synthesis.
mpounds 509 (2011) 1830–1835 1833

tion. Such materials found applications in filters and sensors for UV
radiation.

There is a small degree of visible attenuation which gives the
sample a slight colour cast. When white light passes through or
is reflected by a colored substance, a characteristic portion of the
mixed wavelengths is absorbed. The remaining light will then
assume the complementary color to the wavelength(s) absorbed
and the substance will appear to be in that colour. Thus, absorp-
tion of 420–430 nm which corresponds to violet region of visible
spectra renders the substance a pale yellow colour which is the
complementary colour of violet.

A semiconductor is characterized by its electronic band struc-
ture. The energy difference between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
is termed as bang gap energy (Eg). The band gap energy is deter-
mined by extrapolating the wavelength of the onset absorption in
UV region as illustrated in the Fig. 5 and solving the relation E = hc/�.
The corresponding band-gap for the wavelength 429.669 nm is
2.891 eV.

In semiconductors the absorption coefficient near the funda-
mental edge depends on photo energy. In high energy absorption
region dependence on photon energy is expressed by the Tauc’s
equation [35]. According to the Tauc relation, the absorption coef-
ficient, a, for direct band gap material is given by

˛(h�) = B(h� − Eg)m

where B is an energy independent constant is the absorption coef-
ficient Eg is the optical band gap energy, h is the Planck’s constant,
� is the frequency of incident photon and m is an index which
depends on the nature of electronic transition responsible for the
optical absorption. Values of m for allowed direct and non-direct
transitions are 1/2 and 2, respectively.

Optical transitions of BaSnO3 are known to be an indirect one.
Fig. 7 shows a Tauc’s plot of the optical absorption spectrum mea-
sured at room temperature for BaSnO3 nanopowder. The indirect
optical energy gap can be obtained from the intercept of the result-
ing linear region with the energy axis at (˛h�)2 = 0. Thus determined
band gap of BaSnO3 is 2.887 eV which is approximately equal to
what we got from the absorption spectra. This experimentally

obtained band gap is found to be lower than the standard one
[36]. The obtained value is similar as that obtained by Koferstein
and Yakuphanoglu [37] which they reported for germanium doped
BaSnO3. Such a change in band gap can be partially attributed to the
quantum size effects, i.e. increased electronic energy levels when

Fig. 7. Plot of (h�˛) 2 and h� of BaSnO3 nanoparticles.
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[7] U. Lumpe, J. Gerblinger, H. Meixner, Sens. Actuators B 24/25 (1995) 657–660.
ig. 8. Photoluminescent spectra of as-prepared BaSnO3 nanopowder obtained
hrough combustion synthesis.

he dimensions of materials are below a certain size. Also opti-
al band gap of the samples is related to the crystalline nature.
his establishes that the BaSnO3 nanoparticles posses good crys-
alline structure. This is an added advantage that the pure sample
howed decrease in band gap which is an indication of improved
onductivity.

The photoluminescence spectra obtained at the excitation
avelength 350 nm of the sample is given in Fig. 8. The sample has

ntense emission in the visible region. The transition of the con-
tituent elements of compounds causing emissions are identified
n the basis of the data by Payling and Larkins [38]. The strong line at
65 nm is due to the transition 3F0

2–3F2of barium. The broad lines
t 545 nm is due to the transitions 3P0

0–3D1.The transitions at 499
nd 485 nm corresponds to 3P2

0–3D3 of barium and 3P0
1–1D2 of tin

espectively. The intense lines at 443 and 422 nm are the result of
ransitions of barium which are 3P0

0–3D1 and 3P0
0–3P1. Medium

ntense peak at 459 nm is due to the transition 3P0
1–3D1 of tin.

The transmission electron microscopy (TEM) studies on the
owder morphology of the as-prepared BaSnO3 nanopowder
btained by the combustion synthesis shows that the nanopar-
icles are of submicron size 20–30 nm as shown in Fig. 9. The

easured nanocrystalline grains are in the range from 20 to 30 nm
ith a majority particle size is 23 nm. Both agglomerates and
anocrystallites are of cuboidal shape. Individual crystallites in the
gglomerates appear well bonded with few voids in between. About
5% of the particles in the powder had an average size of 20 nm and
he remaining 15% of the particle had an average particle size of
0 nm. TEM shown as inset (a) in Fig. 9 clearly substantiates this.
urther investigation of TEM images shows the presence of trace
aCO3 [17]. The stick like BaCO3 particles are shown in inset (b)
f Fig. 9. Inset (c) of Fig. 9 shows a selected area electron diffrac-
ion (SAED) pattern recorded at an accelerating voltage of 200 kV,
hich corresponds to an electron wavelength of 2.508 pm, and at a

amera length of 915 mm. The BaSnO3 nanocrystals exhibit sparser
ings in the electron diffraction pattern. This is indicative of the poly
rystalline nature of the crystallites, but the spotty nature of the
AED pattern can be due to the fact that the finer crystallites having
elated orientations are agglomerated together resulting in a lim-
ted set of orientations. SAED pattern indexation shows that most of

he diffracted spots information belongs to the BaSnO3 crystalline
tructure. The (h k l) values corresponding to calculated d-spacings
1.466, 1.692 and 2.071 Å – are (2 2 0) (2 1 1) and (2 0 0) respec-

ively and these are of BaSnO3. A few diffuse spots can be seen

[
[

Fig. 9. The TEM micrographs of as-prepared BaSnO3 nanopowder (a) HRTEM and
(b) the corresponding electron diffraction pattern.

which point to the presence of trace BaCO3 as observed in XRD and
Raman Spectra of the as-prepared sample. The lattice image of the
nanocrystalline particle showed very little distortion.

4. Conclusions

Nanocrystalline semiconducting BaSnO3 was synthesized
through a modified combustion process. The X-ray diffraction
studies have shown that the nanopowder was single phase,
crystalline, and has a cubic perovskite structure with a lattice
constant a = 4.115 Å. The average particle size calculated from
FWHM is ∼25 nm. The thermal stability of BaSnO3 nanopow-
ders has been confirmed using thermo gravimetric analysis (TGA)
and differential thermal analysis (DTA). Fourier transform infrared
spectroscopy (FTIR) and FT-Raman studies showed that samples
heated up to 1200 ◦C posses an ideal cubic perovskite structure. The
nanocyrstalline BaSnO3 is found to be a photoluminescent material.
The band gap determined from the UV–vis spectrum is 2.887 eV.
TEM and SAED pattern confirms the nanocrystalline nature of the
sample.
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