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Abstract Ternary oxides containing Sn*' are rare and
difficult to prepare by the conventional solid state reactions
due to the disproportionation of Sn** to Sn** and Sn at high
temperatures. In this article, Sn2+-d0ped barium titanate,
Ba;_,Sn, TiO3 (x = 0.00,0.02, 0.05, and 0.10) nanopowders
were successfully synthesized at a moderate temperature by
a microwave-assisted solvothermal reaction (MSR) and a
solvothermal reaction with rolling (SRR). The powders
obtained using the MSR and SRR consisted of nanoparticles
0f 20-50 nm and 100-120 nm in diameter, respectively. The
dielectric constant of the sample increased by doping with a
small amount of Sn** (x < 0.05), but decreased by doping in
excess amounts of it.

Introduction

Transition metal oxides containing Sn*" show some
unique properties such as being visible light responsive
photocatalytic, piezoelectric, etc. However, the formation
of Sn*"-containing compound by a conventional solid
state reaction is difficult due to the disproportionation of
Sn** to Sn** and Sn at high temperature [1-5] and only
several compounds such as SnWOg [6], SnNb,Og [7],
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Sn,TiO4 [8], and some pyrochlore compounds [1, 9] have
been reported. In a previous article [10], we succeeded in
preparing Sn>*-doped barium titanate for the first time
by a microwave-assisted solvothermal reaction under
moderate reaction conditions such as 200 °C for 1 h to
avoid the disproportionation reaction of Sn*" at high
temperatures.

Barium titanate (BaTiO3) is a well-known lead-free
dielectric and piezoelectric material [11-14]. It is well
known that the dielectric and piezoelectric properties of
BaTiO; change by doping with metal ions such as Sr*™,
Caz+, etc., and it may be expected that the dielectric and
piezoelectric properties of BaTiO; can be modified by
doping with a Sn*" possessing lone-pair-electron-like Pb*"
[15, 16]. Therefore, in this article, a microwave-assisted
solvothermal reaction (MSR) [17] and a solvothermal
reaction with rolling (SRR) [18] were implemented in an
attempt to synthesize a single phase of perovskite-type
Sn**-doped BaTiOs, Ba;_,Sn,TiO5 (x = 0.00, 0.02, 0.05,
and 0.10) under mild reaction conditions.

Experimental
Synthesis techniques

Reagent grade BaCl,, SnCl,-2H,0, and Ti(i-C3H,0)4 were
used as starting materials. Initially, a SnCl,—BaCl, mixed
aqueous solution and a Ti(i-C3H,0), i-propanol solution
were mixed under stirring, where the molar ratio of
(Sn 4 Ba)/Ti was fixed at 1:1. KOH was added into the
solution as a mineralizer. Then, the suspended solution
was diluted with water to adjust the concentrations of
Sn** + Ba*", Ti*", and KOH to 0.2, 0.2, and 2.0 M,
respectively, and treated via two different routes.
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Microwave-assisted solvothermal reaction

The solution of 40 cm® was transferred to a Teflon®-lined
reaction vessel with 70 cm® of internal volume and then
was irradiated by microwaves to start the solvothermal
reaction at 200 °C for 1 h using a microwave reaction
apparatus (ACTAC Co., MWS-2).

Solvothermal reaction with rolling

The solution of 70 cm® was transferred to a Teflon®-lined
stainless steel vessel with 100 cm?® of internal volume and
5.5 cm in outer diameter with 10 Teflon® balls of 1.1 c¢m in
diameter. Then, the vessel was sealed and heated at 200 °C
for 12 h in an electric oven, where the vessel was rotated at
100 rpm during the reaction.

After the reaction, the precipitates obtained by both the
methods were collected with a centrifuge and rinsed with
ethanol, deionized water, and acetone for three times,
respectively, and dried overnight at 60 °C in a vacuum
oven.

Characterization

Thermogravimetric analysis (TG-DTA, Rigaku, TG8101D)
was performed for the powders from room temperature up
to 1200 °C with a heating rate of 10 °C/min in air. The
particle morphology was observed using a transmission
electron microscope (JEOL, JEM-2000EX). The X-ray
diffraction (XRD) analysis of the obtained powder samples
was carried out using CuKo radiation with a pyrolytic
graphite monochromator mounted on a powder diffrac-
tometer (Shimadzu XD-D1).

After adding 0.1-wt% Li,CO3z and 0.5-wt% V,05 as
sintering aid, the powders were uniaxially pressed at
20 MPa in a steel die to form pellets of x mm in diameter
and y mm thick and then isostatically pressed at 200 MPa.
The pellets were then sintered at 1200 °C for 5 h. The
morphologies of the sintered bodies were observed for the
polished surfaces after thermal etching at 1150 °C for 1 h
by a scanning electron microscope (SEM. Hitachi S-4100).
The densities of the sintered pellets were measured by
Archimedes’” methods. The dielectric constants were
determined using an Agilent 4294A precision impedance
analyzer.

Results and discussion
Thermal decomposition process

Figures 1 and 2 show the TG-DTA curves of the Ba;_,
Sn, TiO5 (x = 0.00, 0.02, 0.05, and 0.10) samples obtained
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Fig. 1 TG-DTA curves for the (a) BaTiOs, (b) BagogSng,TiO3,
(c) BagosSngo5TiO5, (d) BagopSng 19TiO; powders as prepared by
MSR at 200 °C for 1 h in 2-M KOH aqueous solutions
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Fig. 2 TG-DTA curves for the (a) BaTiOs, (b) BagogSngp,TiO3,
(C) Ba0‘955n0.05Ti03, (d) BaOAgosﬂo‘loTiO;x pOWdeI'S as prepared by
SRR at 200 °C for 12 h in 2-M KOH aqueous solutions

at 200 °C for 1 h by MSR, and at 200 °C for 12 h by SRR,
respectively. All samples showed weight loss to some
extent until 1000 °C and then the weights were almost
constant. The weight loss in the temperature range from
room temperature to 200, 200-800, and above 800 °C
might be attributed to the release of physisorbed water, the
dehydration of hydroxyl groups in the lattice, and release
of CO, coming from the decomposition of BaCO3; which
might be formed by the reaction of Ba®" in the solution and
CO, in air during the treatment of the reaction solution,
respectively [19].

The weight loss of Ba;_,Sn, TiO3 (x = 0.00, 0.02, 0.05,
and 0.10) prepared by two different routes in each tem-
perature range are summarized in Table 1. It can be seen
that the weight loss of the sample from MSR was greater
than that of SRR. It may be due to the difference in the
microstructure, i.e., since the sample by MSR was quickly
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Table 1 Weight loss of the samples for each temperature range

~200 °C 200-800 °C 800 °C~

MSR

BaTiO; 1.4 2.7 0.3

Bag 0gSn 01 TiO3 1.4 2.8 0.6

Bay.95Sn0,05TiO3 1.8 3.1 0.8

Bag 9oSng.10Ti03 2.3 3.0 0.6
SRR

BaTiO; 0.6 15 -

Bag.0gSng o, TiO3 0.7 1.6 _

Bag 058M0,0sTiO5 0.7 1.9 -

Bag 9pSng 19TiO3 1.4 2.0 _

formed, it consisted of smaller particles with low crystal-
linity and might possess greater adsorption abilities of
water and organic molecules than those by SSR. The
weight loss of both the samples in the temperature range of
200-800 °C increased a little with an increase in the
amount of Sn(II) added in the sample, indicating that the
amount of OH group incorporated in the lattice increased
with an increase in the amount of Sn(I). It is notable that
the samples by MSR showed a little weight loss in the
temperature range of 800—1000 °C, but the weight loss of
the sample by SRR was negligibly small.

Crystal phases of samples

XRD patterns of the samples obtained by both MSR and
SRR are shown in Figs. 3 and 4. It is seen that the samples
prepared by SRR consisted of single perovskite phase,
but a little diffraction peak around 24° corresponding to

V---BaCO,
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Fig. 3 XRD patterns for the (a) BaTiO;, (b) BagogSng o TiO3,
(c) BagosSngo5TiOs, (d) BaggpSng 19TiO3 powders as prepared by
MSR at 200 °C for 1 h in 2-M KOH aqueous solutions

Solvothermal reaction with rolling, 200°C, 12h, [KOH] 2.0M
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Fig. 4 XRD patterns for the (a) BaTiO;, (b) BagogSng 2 TiO3,
(c) BagosSngo5TiO5, (d) BagopSng 19TiO; powders as prepared by
SRR at 200 °C for 12 h in 2-M KOH aqueous solutions

BaCOj; appeared in the samples by MSR, which is con-
sistent with the result of the TG-DTA analysis shown in
Fig. 1.

Morphology of the powders

In a previous article [10], it was reported that the particle
size of Sn*"-doped barium titanate prepared by MSR
increased, whereas the crystallinity decreased with an
increase in the amount of doped Sn**. Similar profiles
were also observed for Sn**-doped barium titanate pre-
pared by SRR as shown in Fig. 5; although, the reasons of
such change on the morphology and crystallinity of the
grains were not clarified. One can suppose that the doped
Sn** segregates at grain boundaries, which would decrease
the crystallinity of the particles. It was also seen that the
particle size of the samples prepared by MSR were smaller
than that of SRR.

The sinterability

The samples were sintered at various temperatures for 5 h.
Figure 6 shows the density of the sintered bodies from SRR
as a function of the sintering temperature. The densities of
all samples increased with an increase in sintering tem-
perature up to 1200 °C, and then decreased probably due to
the excess grain growth, which means that 1200 °C for 5 h
was the optimum condition to sinter the present samples. It
can be seen that the density decreased with an increase in
the Sn*" content. These results agreed with the TEM
observations indicating that the crystallinity of the powder
decreased with an increase in the Sn** content. The den-
sities of the ceramic bodies sintered at 1200 °C for 5 h are
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Fig. 5 SEM images of the a BaTiO; by MSR at 200 °C for 1 h, b BaTiO3, ¢ Bag9gSng 2Ti03, d Bag 95Sng 0sTiO3 by SRR at 200 °C for 12 h in

2-M KOH aqueous solutions
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Fig. 6 The density of Sn’"-doped BaTiO; sintered at various
temperatures using the powders prepared by SRR at 200 °C for
12 h in 2-M KOH aqueous solutions

Table 2 The densities (g cm™) of the samples sintered at 1200 °C
for 5h

MSR SRR
BaTiO3 5.44 5.58
Bay 93Sn( 0, TiO3 5.35 5.47
Ba0A958n0_05TiO3 532 539
Bag 9pSng.19TiO3 5.20 531

tabulated in Table 2. The samples prepared by MSR
showed a similar trend, and also lower sinterability than
those of SRR.

Phase and morphology of ceramics body
Figures 7 and 8 show the XRD patterns of the sintered

bodies of BaTiO3, Baovggsn0_02TiO3, Ba0_95Sn0,05TiO3, and
BaggoSng 19Ti05. All peaks could be attributed to the
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Fig. 7 XRD patterns of (a) BaTiO3, (b) Baoggsn()'()zTiO& (C) Ba0_95
Sng o5TiO3, (d) Bag 9oSng 10Ti03 ceramics sintered at 1200 °C for 5 h
using the powders obtained by MSR
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Fig. 8 XRD patterns of (a) BaTiO3, (b) BagggSng0,TiO3, (¢) Bagos
Sng 05Ti03, (d) Bag 9oSng,10TiO3 ceramics sintered at 1200 °C for 5 h
using the powders obtained by SRR
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Table 3 Lattice parameters, a (nm), of the samples perovskite type BaTiO; and no other impurity phase
appeared. Table 3 tabulated the lattice parameters of the
prepared powders and sintered bodies. Compared with the
powders, the lattice parameters of the sintered bodies

Sample ag(MSR)/nm ag(SRR)/nm

Powder Sintered body Powder Sintered body

BaTiOs 0.4037 0.4023 04031 0.4024 decreased a little, probably due to the dehydration of OH™
BagosSng 0o TiO;  0.4036  0.4018 04025 04021 in the lattice at high temperature. Furthermore, the splitting
BagosSngosTiOs  0.4033  0.4015 0.4022 04019 of the peak around 45° of 20 indicating the existence of the
BapooSng 1oTiOs  0.4031  0.4011 0.4021 04017 tetragonal phase appeared for the sample Bag 9gSng 02 TiO3

by MSR (Fig. 7b).

Fig. 9 SEM images of the
fracture surfaces of samples
sintered at 1200 °C for 5 h.

a BaTiO3, b BaOAggsnvozTio:;,
¢ Bag 95Sn0,05TiO3,

d BaOAgosnoAloTiO3 by MSR at
200 °C for 1 h in 2-M KOH
aqueous solutions, e BaTiOj,
f Bag 9gSnp 02 TiO3,

g Bag.95Sng 05TiO3,

h Ba0‘90$n0'10T103 using the
powders obtained by SRR at
200 °C for 12 h in 2-M KOH
aqueous solutions
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Figure 9 shows the scanning electron micrographs of the
polished and thermal etched surfaces of the sintered bodies
using the powders by MSR and SRR. The grain sizes of the
samples by both MSR and SRR increased from 1 to 2 pm
by doping with 2 and 5 mol% of Sn*" (x = 0.02 and 0.05),
but those doped with 10 mol% of Sn** (X = 0.10)
decreased to less than 1 um. These results suggest that the
grain growth of BaTiO; is promoted by doping with small
amount of Sn*", but excess amount of Sn** doping
depressed the grain growth probably due to the segregation
of tin oxide at the grain boundary.

Dielectric properties of sintering body

Figures 10 and 11 show the temperature dependence of
relative dielectric constants and loss of BaTiO; with dif-
ferent Sn*" contents at a frequency of 1 kHz. The undoped
BaTiO; ceramic showed a Curie temperature, T, of 135 °C
as reported, but the addition of a small amount of Sn?*
resulted in the decrease of the Curie temperature to 130,
125, and 120 °C for x = 0.02, 0.05, and 0.10, respectively.
Generally, it is accepted that the microstructure, especially

the grain size, has a significant effect on the dielectric
property, and a smaller the grain size can improve the
dielectric constant at room temperature [20-22]. Present
results suggest that an increase in the Sn>* content results
in an increase in the grain size and decrease in the
dielectric constant below the Curie temperature. However,
the Curie temperature also decreases with increase in the
Sn?* content, indicating that the Curie temperature is more
strongly influenced by the Sn®* content than the grain size.
But at Curie temperature, the value of the dielectric peak is
larger for the sample with a larger grain size due to the
“grain size effects” [23-25].

The samples obtained by MSR exhibited lower dielec-
tric loss than those obtained by SRR. The values reached a
minimum around the Curie temperature, and then increased
above 225 °C. In both the cases, the samples with x = 0.2
and 0.5 showed relatively higher values of dielectric loss,
which may be concerned with the increase in a second
phase at the grain boundary. There is a possibility that Sn*™
was partly oxidized to form BaTi;_,Sn,O; during the
sintering, which may affect the dielectric properties. The
details are now under investigation.

Fig. 10 Dielectric constants
and dielectric loss of
Ba,_,Sn,TiO3 (x = 0, 0.02,
0.05, and 0.10) sintered bodies
using the powders by MSR

at 200 °C for 1 h
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Fig. 11 Dielectric constants 10000 -
and dielectric loss of - O BaTio,
Ba,_.Sn,TiO3 (x = 0, 0.02, 9000 = © Ba, SN, ,TiO,
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Conclusion 3. Konishi Y, Ohsawa M, Yonezawa Y, Tanimura Y, Chikyow T,

Nanoparticles of Sn*"-doped BaTiO; were obtained as a
single perovskite phase using both MSR and SRR at a
moderate temperature such as 200 °C. From the changes in
the various properties obtained by doping with Sn*™, it
was confirmed that the Sn*" entered into the lattice of
the BaTiO;. A small amount of Sn*" doped in the BaTiO3
(x <0.05) led to the increase in the grain size of the sintered
body and decrease in the Curie temperature and dielectric
constant below Curie temperature. However, doping with
excess amount of Sn>" led to a decrease in the sinterability.
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