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Abstract It is the first time that the undoped and Eu’*-
doped barium stannate nanocrystals with definite morpho-
logies are synthesized using a new combustion method.
This method offers several attractive advantages such as:
currency for any reagents, simple process, surprisingly
short calcination time, availability of mass production and
good repeatability with low cost. The characteristics of the
as-synthesized nanocrystals are described with X-ray dif-
fraction, transmission electron micrograph and lumines-
cence spectrum.

Introduction

Barium stannate (BaSnO3) is a typical compound with a
cubic perovskite lattice. The space group is Pm3p. In the
ambient conditions of temperature and oxygen partial
pressure it behaves as a pure, n-type semiconductor below
900 °C [1, 2]. These stannates have been investigated in
pure as well as in doped forms as potential sensor materials
for a host of gases, including CO, HC, H,, Cl,, NO,, and
liquefied petroleum gas [3-7]. Due to these noteworthy
applications, considerable amount of research have been
devoted to the study of synthesis of such materials, such as
co-precipitation method [8], low-temperature aqueous
syntheses (LTAS) [9], solid-state reaction route [10, 11],
self-heat-sustained (SHS) route [12, 13], modified sol-gel
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route [14], polymerized complex method [15], hydrother-
mal method [16], chemical precipitation method [17],
thermal decomposition [18], and new wet chemical route
[19].

All these methods mentioned above use many starting
and intermediate chemical components, have many treat-
ment steps, or consume very long time. In this paper, we
report a simple BaSnO; synthesis method, which claims
short reaction time, low calcination temperature, simple,
mass-produced and has a high level of repeatability.
Combustion synthesis which leads to a nearly instanta-
neous reaction, is an efficient, quick and straightforward
method for the preparation of oxide materials, such as
aluminates [20-23], chromites [24-27], ferrites [28, 29],
manganites [27, 30], titanates [31, 32] etc. It offers several
attractive advantages such as process simplification, sur-
prisingly short calcination time, availability of mass pro-
duction and good repeatability with low cost.

Experiment

All reagents were analytical reagent grade and used
without any further purification. The Eu®* ions solution
was obtained by dissolving Eu,O5 in nitric acid with the
concentration of 0.1 mol L™, Stannic chloride pentahy-
drate (SnCly-5H,O) and barium nitrate [Ba(NOj),] with
Eu’" ions in molar ratios from 3 to 7 mol.% were dissolved
in distilled water with the concentration of 0.5 mol L™! for
Ba”* and 1 mol L' for Sn**, respectively. The mixture of
the two solutions had a Ba:Sn molar ratio that corre-
sponded to the stoichiometric (1:1) ratio in BaSnOj; or
to different quantities of barium in excess to the stoichi-
ometric amount (Ba:Sn = 1.5:1 and 2:1, respectively)
and was added dropwise into ammonia (NH3-H,0)
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aqueous solution with the concentration of 5.2 mol L™
(VNH,-H,0:VH,0 = 2:3) under magnetic stirring. The final
mixture was alkalescence with a pH value around 9
to ensure the complete reaction of the reagents. The as-
synthesized precipitation was filtered and washed with
distilled water to remove undesirable anions such as CI”
and NOj3. Then the precipitation was stirred in a solution
consisting of ammonium nitrate (NH4NO;3) and urea
[CO(NH,),], and heated at 100 °C to minimize the amount
of water. Finally, a crucible containing the reagent mixture
was placed in an oven kept at 600 °C for 10 min to obtain
the Eu**-doped BaSnO; nanocrystals. The undoped BaS-
nO; nanocrystals were obtained by the same process except
for the addition of Eu®* ions.

The crystal phase of the product was determined by
X-ray diffraction with Cuk, radiation (RigaKu RIN2200).
Transmission electron microscope (TEM) images were
taken with a JEM-100CX transmission electron micro-
scope. The photoluminescence properties of the powders
were measured with a Hitachi 850 fluoresce spectrometer.

Results and discussion

The X-ray diffraction (XRD) patterns of the as-synthesized
nanocrystals are shown in Fig. 1. The XRD signatures of
the samples obtained with the initial molar ratio of Ba/Sn
less than 2 show a mixture of peaks corresponding to a Sn-
rich phase, viz. SnO, (JCPDS No: 41-1445), in addition to
ones consisting with the intended compound BaSnOs.
Nevertheless, that of the sample obtained with the initial
molar ratio of Ba/Sn up to 2 only shows the peaks of the
phase of BaSnO3; (JCPDS No: 15-0780), indicating that a
pure crystal phase of BaSnO; exists. This phenomenon
suggests that barium is provided with volatility during the
strong instantaneous reaction. A small amount of the doped
ions in the nanocrystals does not change the purity of the
nanocrystals since there is one peak related with other
compounds including Eu®* ions, as seen from the insert of
Fig. 1. It is somewhat surprising to see that there is only
one strong shapeliness peak in the XRD pattern of 7 mol.%
Eu’*-doped BaSnOs nanocrystals. This phenomenon indi-
cates that the as-synthesized 7 mol.% Eu’*-doped BaSnO;
nanocrystals tend to be one-dimension crystals.

The synthesis progress of the as-burnt BaSnO; nano-
crystals can be described as follows. During the combus-
tion synthesis, the intermediate product BaSn(OH)g are
used as cation sources of preparation, urea as sacrificial
fuel and ammonia nitrate as an additional substance which
is able to react with urea, thus increasing the heat released
without altering the chemical composition of the final
product [27]. For sample preparation, the reactions among
the reactants possibly agree with the following equations:
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Fig. 1 XRD patterns of the samples synthesized with different ratios
of Ba/Sn: (a) 1:1, (b) 1:1.5, (¢) 2:1 (Inset: 2:1 doped with 7 mol.%
Eu*")

Ba(OH), + Sn(OH), — BaSn(OH), (1)

BaSn(OH), + CO(NH,), — BaSnO; + CO, T +2NH; 1
+2H,0 T + Oy
(2)

3NH,NO; + CO(NH,), — CO, 1 +4N, 1 +8H,0 | +0,.
(3)

As stated, Q stands for the heat away from the corre-
sponding exothermic reaction.

Figure 2 presents the transmission electron microscope
(TEM) images of the as-synthesized nanocrystals with
different magnifications. The morphology of the undoped
BaSnO; nanocrystals is belt. While the 3 mol.% Eu’*-
doped BaSnOj; nanocrystals is the mixture of short belt
with the size of several tens of nanometers and nanopar-
ticles with the size of several nanometers (Fig. 2b), and the
number of the latter is much more than that of the former.
When the concentration of the doped ions is up to 5 mol.%,
the as-synthesized nanocrystals become quasi-sphere with
size under nanoscale (not shown). Then, these super-small
particles choose the best orientation to develop to fibers as
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Fig. 2 TEM images of the as-
synthesized (a) undoped, (b)

3 mol.% Eu**-doped, and (c)
7 mol.% Eu**-doped BaSnOs.
(Inset: the corresponding TEM
images with the large
magnification)

“‘the leaves of pine’’ as seen from Fig. 2c, which accords
with the result of XRD very well. It is reasonable to believe
that the growth orientation runs along (110) according to
what has been shown in XRD patterns.

BaSnOj; is a typical cubic perovskite structure with
space group Pm3m whereby the morphology of the
BaSnO; compound is cube. But why are the morphologies
of the undoped and 7 mol.% Eu®*-doped nanocrystals
synthesized by combustion belts and fibers? The explana-
tions are advanced as follows. As mentioned before, there
is a possibility to form an intermediate product BaSn(OH)g
because the hydroxide can be synthesized with a small
quantity of energy. The morphology with belts accords
well with the possible grown morphology of BaSn(OH)e
with the space group P2,/n, which also supplements
the formation of BaSn(OH)s. The synthesis progress of
undoped BaSn(OH)g can be displayed as follows:

at
I = ©)
A B

From the figure above, A is the BaSn(OH)¢ nanocrystal
synthesized primitively where else B is the grown lamel-
liform BaSn(OH)g nanocrystal.

The addition of the Eu’ ions restricts the growth of a
and b orientation, while enhances the growth rate of ori-
entation c (a vertical line of a and b). This limiting effect is
intensified by the addition of Eu™* ions. This progress is
shortened sharply with the addition of the doped ions after
the doped concentration level is up to 7 mol.% in this

experiment. These progresses are described in Fig. 3. C
and D represent the grown BaSn(OH)s nanocrystals with
different [Eu3+]. The letter ¢ stands for the vertical growth
orientation of a and b. The crucible temperature mush-
rooms because the combustion progress is an instantaneous
exothermic progress just as the depiction of the reaction (2)
and (3). At this transitory high temperature, BaSn(OH)g
nanocrystals are dehydrated to form the BaSnOj3, and re-
serve the quondam morphology simultaneously. The sim-
ilar progress can be seen with the formation of SrSnOj;
[33].

The luminescence spectrum of 3 mol.% Eu**-doped
BaSnO; nanocrystals is displayed in Fig. 4. The most intense
transitions observed in the luminescence spectrum originate
from the °D, level, which is not split by the crystal field
(J = 0). When excitated at 257 nm, all luminescence lines can
correspond to the characteristic transitions from °Dy to
7FJ =0, 1, 2) states at around 560, 593, and 620 nm,
respectively. Although either the hypersensitive "Dy —’ F,
transition (Eu®" site without inversion symmetry), or the
magnetic-dipole allowed 5Dy —’ F; transition (Eu’" site

fe
[Eu*1<6mol% @
/ C

1 c
A

\
[Eu**]>6mol% ' b

Fig. 3 Description of the morphology changes
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Fig. 4 Emission spectrum of the 3 mol.% Eu**-doped BaSnO;

with inversion symmetry) can be dominate transition of Eu**
in the BaSnO; host, no site symmetry is known where the
Dy —’ Fy transition has the highest intensity in the spec-
trum. On the other hand, the emission intensity of the
Dy —’ Fy transition does not change obviously with the
change of the doped concentration (seen from Fig. 5).
Therefore, it is unlikely that the yellow emission at 560 nm
here is caused by the 5Dy —’ Fj transition of Eu’" in a dif-
ferent site. A more likely explanation is that this emission is
caused by Eu®* according to the former reports [34, 35]. The
fact that Ba®* and Eu”* ions have very close ionic radii ex-
plains why Eu®* ions introduced in the Ba* sites of BaSnOs
are easily reduced to Eu2+, which accords well with the
experimental result of Clabau et al. [36]. The emission
intensity of Eu** can hardly change because the luminescence
of Eu** mainly relies on the coordination number, covalency,
and crystal field strength at Eu?* site [37]. The existence of
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Fig. 5 Emission intensity curves of the as-synthesized nanocrystals
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Eu** emission may be caused by the fact that part of Eu** is
oxidized to Eu** in ambient atmosphere.

However, there is an interesting phenomenon that with
Eu’*-doped nanocrystals especially from 4 to 6 mol.%, the
intensity of the peak corresponding to the Dy —’ F;
transition goes up rapidly and is even higher than the
emission intensity of Eu®* ion. The reason may be that
there is a possibility of oxygen loss in accordance with the
reaction [38]:

0, — Oy + V! + 2¢". (5)

On the other hand, the substitution between Eu>* ions
and Ba®* ions is of an exchange between the inequi-value
ions. Thus, barium loss and abundant positive charges will
exist in the as-synthesized doped nanocrystals in accor-
dance with the reaction:

]Eu;;a + ED — Eu];a + Vga (6)

At room temperature, associations among the forenamed
resultants, viz. Vg, Eug,, and Vga, will occur, and transfer
energy to the Dy —’ F; transition, and then enhance its
intensity. The decrease of the intensity with the doped
concentration up to 7 mol.% is due to the concentration
quenching, which contains two types of contributions [39]:
(i) energy migration through the lattice; (ii) clusters of
activators, which play the role of the killer site.

Conclusions

A strong luminescence emission of Eu** jons occurs in the
doped nanocrystals because Eu®* ions introduced in the
Ba®" sites of BaSnO; are easily reduced to Eu®* with the
instantaneous reaction at a low temperature. On the other
hand, part of Eu”* ions is oxidized to Eu* ions. With the
increase of the reaction temperature, the crystallinity of the
as-synthesized nanocrystals increases, resulting in a great
increase in the emission intensity of the nanocrystals. At
room temperature, associations among the defects will
occur, and transfer energy to the 5Dy —7 Fy transition, and
then enhance its intensity.
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