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a b s t r a c t

Strontium stannate (SrSnO3) nanostructures were obtained by microwave-assisted calcination of a
SrSn(OH)6 precursor powder. Compared to other conventional calcination methods mentioned in the
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literature, this procedure led to a remarkable decrease of the reaction time and the synthesis temper-
ature owing to direct interaction of radiation with the material. X-ray diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM) and photoluminescence measurements were performed. A com-
parison of the characterisation results obtained by microwave and conventional methods was conducted,
and differences concerning the properties of conventionally high-temperature calcined SrSnO3 from that
obtained by microwave-assisted calcination were observed. Furthermore, two different morphologies

hes) w
hotoluminescence (nanosticks and nanobrus

. Introduction

Perovskite stannates MSnO3 (with M = Ca, Sr or Ba) are tech-
ically and industrially interesting ceramics. Besides their useful
ielectric properties, their applications as thermally capable capac-

tors and semiconductor sensors for humidity and gases have
lready been reported [1–5]. Due to its relevance, efficient synthesis
outes of stannates are of particular interest.

The stannates have already been synthesised successfully using
everal methods, such as high-temperature solid state reac-
ions of mixtures of M(NO3)2/SnO2 or MCO3/SnO2 powders at
000–1200 ◦C for SrSnO3 [6–8] and at 1000–1450 ◦C for other
tannates [9–11]. Apart from these ceramic routes, those stan-
ates can also be prepared via sol–gel techniques [12] or the
hermal decomposition of oxalates [13]. However, these two alter-
ative techniques also require temperatures of 800 ◦C or 1000 ◦C,
espectively. Despite the many syntheses and characterisations of
trontium stannate (SrSnO3) which have frequently been under
nvestigation in the literature [6–8], low temperature and short
ime synthesis methods are rare [14,15]. All above mentioned

eramic routes for the preparation of the stannates have in com-
on long synthesis times (up to 16 h). Therefore, an alternative

ost-efficient synthesis route using shorter times and lower tem-
eratures is clearly demanded.

∗ Corresponding author. Tel.: +55 16 3351 8214.
E-mail address: mlucio@liec.ufscar.br (M.L. Moreira).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ere obtained by a variation of the concentration of the reactants.
© 2009 Elsevier B.V. All rights reserved.

In general, microwave-assisted synthesis is an interesting
approach which is used to synthesise many inorganic com-
pounds such as metals, oxides, chalcogenides and phosphates
[16], demonstrating the scope of application of this technol-
ogy. Microwave-assisted hydrothermal syntheses (HTMW method)
have also been performed for several compositions [17].

We hereby report a novel and highly efficient approach for the
synthesis of strontium stannate at significantly lower temperatures
and shorter reaction times. This improved synthesis was realised
by introducing a microwave-assisted calcination method instead
of conventional high-temperature calcination. In this paper, we
present the results of XRD, FE-SEM and photoluminescence mea-
surements of strontium stannates, obtained by microwave-assisted
calcinations along with a comparison with results obtained by con-
ventional calcinations.

2. Experimental details

The synthesis of SrSnO3 consists in obtaining the precursor
SrSn(OH)6 by an aqueous chemical route, which was sequentially
submitted to a microwave-assisted calcination. The precursor was
synthesised using the following reagents: tin chloride (SnCl4·5H2O,
98%, Aldrich) and strontium chloride (SrCl2·6H2O, 99%, Aldrich).

Water was boiled before its use to reduce the amount of CO2.
Additionally, an inert gas atmosphere was used throughout the
synthesis, reducing the formation of by-products, such as SrCO3.
The syntheses were performed at room temperature. SrSn(OH)6
nanosticks were synthesised by preparing a mixture of SnCl4·5H2O

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mlucio@liec.ufscar.br
dx.doi.org/10.1016/j.cej.2009.09.004
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12 mmol) and SrCl2·6H2O (12.6 mmol) in 20 mL H2O, correspond-
ng to a 0.60 M (Sn4+)/0.63 M (Sr2+) solution. This mixture was
dded slowly to 20 mL of an 8 M solution of sodium hydroxide. Dur-
ng this step, continuous magnetic stirring was maintained, and a

hite powder was formed immediately. After filtering, washing
nd drying at 70 ◦C, the desired precursor SrSn(OH)6 was obtained.
nother morphology of the precursor, SrSn(OH)6 nanobrushes were
ynthesised reducing the concentration of the reactants. A mixture
f Sn4+ (3.8 mmol) and Sr2+ (4.0 mmol) in 25 mL H2O corresponding
o 0.15 M (Sn4+)/0.16 M (Sr2+) solution was added slowly to 25 mL
f an 8 M solution of NaOH. The slight excess of Sr2+ was used to
ompensate the formation of SrCO3 which is difficult to avoid com-
letely. The water content of the highly hygroscopic tin chloride
as determined by thermogravimetric measurements.

The precursors were exposed to simple microwave processing in
ceramic crucible at different times and temperatures. In all cases,
heating rate of 20 ◦C/min was used. To obtain highly crystalline

trontium stannate (SrSnO3), a calcination time of at least 10 min
t 500 ◦C was necessary.

All XRD patterns were collected using a Rigaku D/Max 2500PC
-ray diffractometer with a rotary anode using Cu K� (� = 1.5406 Å)
adiation operating at 150 kV and 40 mA in the 2� range from 5◦ to
5◦ with a step scan mode of 0.02◦ using Jade 5 software. Nanos-
ructures were characterised by field-emission scanning electron

icroscopy (FE-SEM) performed on a Zeiss SupraTM 35 device
sing Smart SEM 5 software. Photoluminescence emission was
etected using a Tharmal Jarrel-Ash Monospec 27 monochroma-
or and a Hamamatshu R446 photomultiplier. The Coherent Innova

ulti-line Krypton ion laser had an output power of 250 mW and
350.7 nm (3.54 eV) exciting wavelength. The microwave device

eatured a frequency of 2.45 GHz. UV–visible measurements for
and gap determinations were performed on a Varian Cary 500
V–visible NIR spectrophotometer using reflectance mode. All
easurements were carried out at room temperature.

. Results and discussion

Fig. 1 illustrates the XRD pattern identified by JCPDS No. 09-
086, confirming the formation of the precursor SrSn(OH)6. The

ystem is highly susceptible to the formation of by-product phases
18]. For instance, we observed that an excess of SnO2 can lead
o the formation of Sr2SnO4 during the calcination step (data not
hown). Moreover, the amount of the SrCO3 phase can be decreased

ig. 1. XRD pattern of the SrSn(OH)6 precursor. The marked peaks (X) indicate
mpurities caused mainly by a SrCO3 phase.
Fig. 2. XRD pattern of SrSnO3 samples M450/10, M500/10, M700/10, C700/300 and
C1100/360. The marked peaks (X) indicate the formation of a SrCO3 phase.

using cooked and N2-purged water. The marked peaks in Fig. 1 show
the presence of the additional phase SrCO3. SrSn(OH)6 features a
hexagonal structure in the Pn3m space group [19].

Fig. 2 compares the XRD patterns of SrSnO3 samples obtained
by calcinations in the conventional and the microwave oven at dif-
ferent times and temperatures. The formation of the SrSnO3 phase
was identified by JCPDS No. 22-1442. The treatment of the precur-
sor leads to the formation of a SrSnO3 phase by dehydration, as
shown in Eq. (1)

SrSn(OH)6
�−→

−3H2O
SrSnO3 (1)

The calcination of SrSn(OH)6 performed at 500 ◦C in the
microwave oven provided the desired phase SrSnO3 (sample
M500/10) after only 10 min. However, calcination temperatures
below 500 ◦C for 10 min in the microwave (e.g., 450 ◦C (sam-
ple M450/10)), did not promote the complete crystallisation of
the SrSnO3 phase. This sample M450/10 also featured SrCO3 as
a secondary phase. Considering the XRD results, the application
of higher temperatures than for sample M500/10 is not neces-
sary, as calcinations at 700 ◦C for 10 min in the microwave (sample
M700/10) and 300 min in the conventional oven (sample C700/300)
did not show noteworthy differences. Besides, sample M500/10
was completed successfully whereas other samples obtained by
conventional processing at 500 ◦C (e.g., after 210 min, data not
shown) did not feature a complete crystallisation process. We can
therefore confirm that, in this case, calcinations in the microwave
can be completed at comparatively shorter times than in the
conventional oven when the same temperature is considered.
Excluding sample M450/10, all samples report an orthorhombic
structure in the Pbnm space group (see Fig. 3) composed of octahe-
dral Sn and dodecahedral Sr sites. A typical conventional calcination
of SrSnO3 reported in the literature was performed at 1100 ◦C for
360 min [6]. This procedure was chosen as a reference sample
(C1100/360) in order to compare the results of conventional and
microwave-assisted syntheses.

The efficiency demonstrated by using microwave-assisted cal-
cinations is related to a more effective heat transfer process.
Thus, microwave radiation interacts directly with the crystallisa-

tion water of the SrSn(OH)6 precursor by irradiation, favouring the
permeation of the sample significantly faster and with a higher effi-
ciency than the thermal energy provided by the convection and
conduction process used by conventional ovens. In addition, as
microwave radiation is distributed more evenly within the sample,
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Fig. 3. Schematic model of SrSnO3 Pbnm orthorhombic structure, reporting octahe-
dral SnO6 and dodecahedral SrO12 clusters.

Fig. 4. FE-SEM images of SrSnO3 nanosticks by microwave-assisted (left: sample M500/10)

Fig. 5. FE-SEM images of SrSnO3 nanobrushes by microwave-assisted (left) and convent
under the same conditions like in Fig. 4 (10 min at 500 ◦C and 360 min at 1100 ◦C, respect
ing Journal 155 (2009) 905–909 907

high thermal gradients are avoided during the calcination. Conse-
quently, the introduction of microwave-assisted processing often
leads to a decrease in the reaction time and calcination temperature
[20,21].

As already mentioned, we have obtained two different mor-
phologies of nanoparticles by varying the ion concentration of the
reactants. The development of the particular morphology is deter-
mined during the formation of the precursor. Fig. 4 shows FE-SEM
images of SrSnO3 nanoparticles composed of nanosticks whereas
Fig. 5 illustrates FE-SEM images of SrSnO3 nanostructures self-
assembled on nanobrushes, obtained by microwave-assisted (left)
and conventional (right) calcinations processes, respectively. Those
self-assembled structures usually form a specific architecture by
aggregation; in the case of Fig. 5, a mesocrystalline brush-like mor-
phology is formed.

The nanosticks feature diameters of 200 nm up to 1.5 �m and
lengths of several �m each unit (Fig. 4, images a–f), irrespec-
tive of the calcination method. Concerning the surface of samples
M500/10 and C1100/360, mentionable differences can be observed
(see images c and f). The surface of SrSnO3 nanosticks obtained from
the microwave (a–c) is smoother than the material from the con-
ventional oven (d–f), where we observed the formation of small

crystals (f) which originate the single nanostick elements. Thus,
such peculiarities on the surface of the nanosticks are obviously
related to the calcination temperature, as we observed the forma-
tion of cracks on the surface of nanosticks of sample M700/10 (data

and conventional calcinations (right: sample C1100/360) at different magnifications.

ional calcinations (right) at different magnifications. The samples were obtained
ively).



908 J. Bohnemann et al. / Chemical Engineering Journal 155 (2009) 905–909

F sisted
(

n
t

s
(
a
s
a
o
v
f
w
n

B
(
S
t
t
a
i
T
p
b
c
t

i
o
o
c
t
i
c
s
s
p
d
m
l
s
[
o
w

a

ig. 6. Photoluminescence emission spectra of SrSnO3 nanosticks by microwave-as
right: samples C1100/360 and C700/300).

ot shown). However, the nanostick precursor does not feature
hese characteristics, as well as sample M500/10.

Nanobrushes (Fig. 5, images a–f) are obtained only by synthe-
es at comparatively lower ion concentrations, in this case 0.15 M
Sn4+)/0.16 M (Sr2+). The nanobrushes obtained by microwave-
ssisted processing at 500 ◦C for 10 min (a–c) show a scale-like
urface whereas the structures from conventional calcinations (d–f)
re made of many rod-like nanoelements, mainly showing a width
f approximately 200 nm. This mesostructure is obtained by con-
entional processing at 1100 ◦C for 360 min and appears to be
ormed of small crystals (f), comparable to sample C1100/360,
hich has been calcined under identical conditions. Thus, the
anoelements are self-assembled to originate the nanobrush.

Perovskite-based materials (ABO3) consist of a corner-linked
O6 octahedra network enclosed by large dodecahedral cavities
AO12). Strontium stannate is composed of SnO6 octahedral and
rO12 dodecahedral clusters [22,23], as illustrated in Fig. 3. For
hose materials, the photoluminescence (PL) properties are related
o the appearance of intermediated states (recombination centres)
s a consequence of a redistribution in the density of states concern-
ng both SnO6 and SrO12 clusters in the strontium stannate network.
he appearance of intermediated states are a result of distortions
rovoked in both clusters due to the direct network dependence
etween them; i.e., if any distortion occurs in one cluster, another
luster will be distorted as well, leading to new configurations of
he density of states for each sample.

In order to describe the PL properties of crystalline structures,
t is convenient to consider three different structural degrees of
rder–disorder: short, medium and long-range order. For ABO3 per-
vskites, the medium-range order is related to the distortion in the
lusters located in the network. The short-range order concerns
he local arrangements of each cluster and the long-range order
s represented by the three-dimensional periodic repetition of the
lusters within the network. The PL emission spectra of SrSnO3
amples obtained in the microwave and conventional oven are
hown in Fig. 6. It can be seen that samples M450/10 and C1100/360
resent the lowest PL emissions. These results may arise from the
ifferent structural order featured by these two samples. The for-
er underwent an incomplete crystallisation process whereas the

atter is highly crystalline (see Fig. 2). It is well-known that PL emis-
ion is a consequence of the ratio among an order–disorder degree

24–28]. From this point of view, high-ordered as well as low-
rdered structures avoid the formation of recombination centres,
hich are indispensable for the presence of PL emission.

Considering the microwave-assisted calcined samples M500/10
nd M700/10 (Fig. 6, left), it is noted that a long-range order
(left: samples M450/10, M700/10 and M500/10) and by conventional calcinations

is present, but also a certain disorder degree remains in their
structure as evidenced by their PL emissions. In this context, the
structural order of sample M700/10 is higher than in the case of
sample M500/10, therefore the PL emission is lower. This effect
can also be observed by considering conventionally calcined sam-
ples (Fig. 6, right), where sample C1100/360 shows a lower PL
emission than sample C700/300. Here again a higher calcination
temperature leads to a comparable lower PL emission. It is noted
that a long-range and short-range order is present in the case
of samples M500/10, M700/10, C700/300 and C1100/360 as indi-
cated by XRD patterns (Fig. 2) and Raman spectra (see Supporting
Information). However, according to the PL emission in some cases,
also a medium-range disorder can still be present in the crystalline
structures. The calcination time, temperature and the oven type are
regarded as important parameters concerning the PL behaviour.
Besides, the broad spectra observed in all samples are originated
from a multiphotonic process, in which several states are formed
inside of the band gap, allowing numerous different energetic tran-
sitions among them. Hence, the PL emission leads to a broad band
covering a large part of visible spectra.

As mentioned above, the PL emission can be ascribed to the
presence of medium-range order–disorder in the crystalline struc-
tures discussed and, therefore, the formation of states within the
band gaps. This approach is suitable because the excitation energy
(3.54 eV) normally is smaller than the original band gap, avoid-
ing a direct transition from the valence to the conduction band.
The band gap value of SrSnO3 reported in the literature is 4.1 eV
[29] which is 0.34 eV higher than the result obtained in our work
for sample C1100/360 (3.76 eV) and 0.47 eV higher for sample
M500/10 (3.63 eV). Therefore, we can conclude that the conven-
tional oven method has a larger capacity to eliminate the shallow
or more energetic defects while the microwave oven is unable
to eliminate them [25]. Furthermore, the microwave method is
highly efficient in the rapid crystallisation of the SrSnO3 network.
These behaviours are denoted by the displacement of the PL centre
from 444 nm (high energetic) for the microwave samples (Fig. 6,
left) towards 460 nm (less energetic) for samples heat treated in
the conventional oven (Fig. 6, right). Different PL emission bands
are observed considering the samples, and the necessary condi-
tions for the appearance of states within the band gap are present
[22,30]; e.g., sample M500/10 shows a more disordered structure

than sample C1100/360, denoted by the lower band gap values.
Besides, the asymmetry of the PL emission bands is possibly related
to electron–phonon coupling [31]. This leads to a decrease of
the thermal occupancy in high-ordered vibrational states of the
material.
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. Conclusion

In conclusion, the microwave-assisted calcination method
urned out to be a high-efficient approach to obtain SrSnO3 sam-
les at significant lower temperatures and shorter reaction times
hen compared to conventional calcination procedures. It was also

bserved that the calcination method plays an important role on
he photoluminescent properties as well as on the surface mor-
hology and the crystallisation time of the SrSnO3. The directed
ormation of different morphologies dependent from the reaction
onditions could be demonstrated; this was achieved by a varia-
ion of ion concentration. The high PL emission of samples obtained
y microwave-assisted calcination could be explained by the pres-
nce of medium-range disorder in their structures, whereas the
amples treated in the conventional oven showed low PL emission,
ue to the presence of highly ordered structures. Consequently,
he PL emission is a good approach to indicate the presence of

edium-range disorder in the crystalline structures, and, therefore,
he formation of intermediate states within the band gaps.
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