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bstract

reparation of a very fine BaSnO3 powder by calcination of a barium tin 1,2-ethanediolato complex precursor and its sintering behaviour are
escribed herein. A rate controlled calcination process to 820 ◦C leads to a nm-sized BaSnO3 powder with a specific surface area of S = 15.1 m2/g
dav. = 55 nm). The powder has a slightly larger cell parameter of a = 412.22(7) pm compared to the single crystal value, which decreases with
ncreasing calcination temperature and reaches the reference value above 1000 ◦C. The sintering behaviour is compared between fine and coarse-
rained BaSnO powders. Corresponding powder compacts of the nano-sized BaSnO achieve a relative density of 90% after sintering at 1600 ◦C
3 3

or 1 h and at 1500 ◦C and a soaking time of 30 h, whereas coarse-grained powder compacts reach only 80% of the relative density at 1650 ◦C
10 h). Furthermore, the shrinkage mechanisms of fine and coarse-grained powder compacts have been investigated and are discussed.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Barium stannate and its solid solutions (e.g. BaTi1−xSnxO3)
ave found important applications in materials science and tech-
ology due to their dielectric properties.1–5 Pure and doped
arium stannate can be used as material for semiconductor gas
ensors. It has been reported that sensors based on BaSnO3 are
ensitive to a variety of gases, e.g. CO, O2, C2H5OH, CH3SH,
PG and NOx.6–12 Additionally, the results by Borse et al.13,14

nd Yuan et al.15 suggest that BaSnO3-based systems could be
andidates for photocatalytic applications. Mizoguchi et al.16

eported that BaSnO3 exhibits strong near-infrared lumines-
ence at room temperature.

The conventional mixed-oxide method requires high tem-
eratures and results in coarse-grained powders.17,18 Compacts
f those powders show moderate densification behaviours. In

he last years many preparation procedures have been published
o obtain fine-grained BaSnO3 powders at relatively low tem-
eratures. Different hydrothermal methods or sol–gel processes
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ave been developed.19–23 A peroxide method was reported by
faff24 to synthesise phase pure BaSnO3. Recently, a lyother-
al synthesis at 250 ◦C has been reported by Lu and Schmidt.25

arious precursor complexes, coprecipitation and polymerised
omplex methods have also been developed to obtain barium
tannate powders.26–29 Based on the exothermic reaction of suit-
ble solids, self-propagating high temperature syntheses (SHS;
lso described as self-heat-sustained synthesis) are also used to
repare BaSnO3.30,31

In our previous works,29,32 we have reported on the prepara-
ion and structure of a precursor complex − [Ba(HOC2H4OH)4]
Sn(OC2H4O)3]—and its conversion into BaSnO3. This
recursor is suitable to form solid solutions of the
ype [Ba(HOC2H4OH)4][Ti1−xSnx(OC2H4O)3], which can
e decomposed to phase pure fine-grained BaTi1−xSnxO3
owders.33

This publication reports on the preparation of a nm-sized
aSnO3 powder, prepared by the decomposition of a barium
in 1,2-ethanediolato complex precursor, the sintering behaviour
nd mechanism of resulting powder compacts. For compara-
ive purposes, coarse-grained BaSnO3 powders (mixed-oxide

ethod) have also been studied.

mailto:roberto.koeferstein@chemie.uni-halle.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.026
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ders were mixed with 5 mass% of a saturated aqueous solution of
polyvinyl alcohol (PVA) as a pressing aid, then the powders were
pressed to discs with a green density of about 3.4 − 3.6 g/cm3.
Fig. 1. SEM images of powders 1a (a,

. Experimental

.1. Material preparation

The preparation procedure for [Ba(HOC2H4OH)4][Sn(OC2

4O)3] (1) has been described elsewhere.29,32 For a better
eproducibility we modified that procedure. SnCl4 (0.10 mol;
aborchemie Apolda) was slowly added to ice-cold water

800 mL), and then a concentrated ammonia solution was
dded to adjust a pH value of 7–7.5. The precipitate was
lowly filtered off and washed with water until the filtrate was
lmost free from Cl− ions. A suspension of this wet precipi-
ate (SnO2 · nH2O) with Ba(OH)2 · 8H2O (0.10 mol; Fluka) and
00 mL 1,2-ethanediol was stirred overnight at room tempera-
ure in argon atmosphere. Thereafter the suspension was heated
o remove water. Afterwards the reaction mixture was heated
t 120–130 ◦C for 8 h. About 2/3 of the solvent was removed
nder reduced pressure at about 80 ◦C. The reaction mixture was
hen cooled and diluted with propan-2-ol. The crystalline pre-
ipitate of [Ba(C2H6O2)4][Sn(C2H4O2)3] (1) was filtered off,
ashed with acetone and dried at room temperature. About 1.5 g
f precursor 1 was calcined at 1200 ◦C and the resulting BaSnO3
owder was dissolved in a 5 M HCl solution at 35 ◦C. Chemical
nalyses revealed a Ba/Sn ratio of 1.007.34,35 Calcination of 1
t 820 ◦C in static air led to a very fine BaSnO3 powder (1a).

Additionally, BaSnO3 powder was also prepared via a con-

entional mixed-oxide method. BaCO3 (Sabed VL 600, Solvay)
nd SnO2 (Merck) were milled with a molar ratio of 1:1 for 24 h
sing ZrO2-balls in water (mpowder:mballs:mwater = 1:1:4). After
ltering off and drying the mixture was calcined in static air

F
a
a

2 (c, d) with different magnifications.

rate 10 K/min) for 2 h at 1150 ◦C (2), at 1200 ◦C for 4 h (3),
nd at 1400 ◦C for 4 h (4) respectively. The Ba/Sn ratio of these
ixed-oxide powders is 0.999.34,35

For the shrinkage and sintering behaviour the calcined pow-
ers (1a, 2, 3, 4) were milled with ZrO2-balls in propan-2-ol
or 2 h (mpowder:mballs = 1:4). After filtering and drying the pow-
ig. 2. X-ray powder diffraction patterns (recorded at 25 ◦C) of powders 1a (a)
nd 2 (b), as well as corresponding ceramic bodies of 1a (c) and 2 (d), sintered
t 1500 ◦C for 1 h (rate: 10 K/min).
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tice parameter of a = 411.70 (15) pm ( 4.1085 kx), which
was also confirmed by Smith and Welch.43 For powder 2 a
lattice parameter of a = 411.69(4) pm was calculated, whereas
a slightly larger lattice constant was found for powder 1a
Fig. 3. TG–MS diagrams of powders 1a (a) and 2 (b). Weig

.2. Analytical methods

X-ray powder diffraction (XRD) patterns were recorded by
STADI MP diffractometer from STOE at 25 ◦C using Co K�1

adiation. The powder patterns were indexed and refined with
he software suite WinXPOW36 using the TREOR method.37

ourier transform attenuated total reflection infrared (ATR-IR)
pectra in the range 4000–200 cm−1 (resolution: 4 cm−1) were
btained using a Tensor 27 FT-IR spectrometer from Bruker with
n ATR unit (MVP 2 Series from Harrick). Simultaneous ther-
ogravimetric and mass spectrometry analysis (TG–MS) were

arried out in flowing argon/oxygen (4:1) atmosphere using a
TA 409C equipped with a quadrupole mass spectrometer Balz-
rs QMS 421 (Netzsch, Al2O3-crucible, heating rate 20 K/min).
ilatometric investigations (shrinkage) were performed in a
MA 92–16.18 unit from Setaram and the densities of the discs
ere calculated assuming isotropic shrinkage behaviour. The

pecific surface area was measured using nitrogen three-point
ET (Nova 1000, Quantachrome Corporation). The average par-

icle size was calculated assuming the powder particles were
pherical or cubic in shape. Crystallite sizes were determined
y XRD line broadening using the Scherrer equation38 and the
ntegral peak breadth. Scanning electron microscope images and
nergy dispersive X-ray analyses (EDX) were recorded by a
hilips XL30 ESEM (Environmental Scanning Electron Micro-
cope) and an embedded energy dispersive X-ray spectrometer
rom Edax.

. Results and discussion

.1. Powder characterisation

In our previous work,32 we have reported on a barium
in 1,2-ethanediolato complex precursor − [Ba(HOC2H4OH)4]
Sn(OC2H4O)3] (1) – and its decomposition to BaSnO3 in detail.
aSnO3 powder with a high specific surface area was obtained
y decomposition of 1 by the following thermal treatment: heat-
ng to 500 ◦C with a heating rate of 10 K/min, slow heating with

K/min to 820 ◦C, dwelling time 180 min, followed by cool-

ng at 3 K/min. The resulting white BaSnO3 powder (1a) has
specific surface area of S = 15.1 m2/g and an average parti-

le size of dav. = 55 nm. Crystallite-size measurements by XRD

F
b
(
(

amples: 1a, 41.53 mg; 2, 30.52 mg; heating rate 20 K/min.

ine broadening38 of the BaSnO3 reflexions reveal a lower value
f about dcrys. = 26 nm. Discrepancies between the crystallite-
particle size estimated by the XRD line broadening and the
pecific surface area are reported and explained elsewhere.39

he conventional white mixed-oxide powder 2 has a specific
urface area of 4.6 m2/g (dav. = 180 nm). SEM images of powder
a and 2 are shown in Fig. 1a–d, respectively. Both powders
onsist of cuboid-like particles.

XRD patterns of powder 1a and 2 show reflexions of
aSnO3

40 (Fig. 2a,b). The diffraction pattern of powder 1a
eveals also traces of BaCO3.40 IR measurements (not shown)
lso reveal that powder 2 contains small traces of BaCO3. XRD
ata (corrected by an internal standard) were indexed on the
asis of a primitive cubic unit cell and the cell parameters were
etermined by least-square refinements. The reported reference
attice parameter for BaSnO3 from XRD pattern is a = 411.63
m.40 Single crystal measurements by Megaw revealed a lat-

41,42
ig. 4. Shrinkage behaviour (non-isothermal, heating rate 10 K/min) of green
odies of 1a, 2, and 3, respectively. The inset shows the relative shrinkage rate
d(�L/L0)/dt) of these bodies (the green densities are; 3.3 g/cm3 (1a), 3.6 g/cm3

2), and 3.5 g/cm3 (3)). Every 100th data point is marked by a symbol.
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Fig. 5. Isothermal dilatometric investigations of powders 1a, 2, 3, demonstrated
a
p
v

e
can be observed at 1489 ◦C (rate: −0.50%/min). The sample
achieved a relative density of 69% (4.99 g/cm3) up to the end of
the heating process.
320 R. Köferstein et al. / Journal of the Euro

a = 412.22(7) pm). Thermal treatment (analogue procedure as
escribed for 1a) of precursor 1 at 900 ◦C results in a lattice
imension of a = 412.02(4) pm, at 1000 ◦C of a = 411.77(5) pm,
nd at 1100 ◦C of a = 411.63(6) pm. Ceramic bodies of 1a and
, sintered at 1500 ◦C for 1 h (Fig. 2c,d), have lattice parameters
f 411.64(1) pm (1a) and 411.67(3) pm (2), respectively. It can
e seen a thermal treatment above 1000 ◦C leads to parameters
hich do not significantly change with increasing temperature.
uscaglia et al.23 investigated the decomposition of BaSn(OH)6

o BaSnO3 and observed a decreasing cell parameter with
ncreasing annealing temperature, too. By Raman spectroscopy
hey found that the powders, calcined at very low tempera-
ures, retain a lot of hydroxyl groups inside the lattice, which
ause the larger cell parameter. Our IR investigations (ATR-
R) do not reveal a clear evidence for O H absorption bands.
owever, TG–MS measurements (Fig. 3) in an argon/oxygen

tmosphere of powder 1a and 2 show the release of CO2 and
2O during the thermal treatment to 1100 ◦C in both samples.
he powders contain few amounts of BaCO3 (see above), which
ause the release of CO2. Single thermogravimetric measure-
ents up to 1100 ◦C in air (not shown) reveal mass losses of

bout 4.6% (1a) and 0.86% (2), respectively. The mass losses of
he TG–MS measurements (see Fig. 3) are less than of the sin-
le thermogravimetric measurements. At the beginning of the
G–MS measurement the equipment (including sample) was
owed through with argon/oxygen gas for 1 h. The mass loss
uring this time was not recorded.

As can be seen, the release of H2O takes place in two steps.
he first peak at 227 ◦C (1a) and 211 ◦C (2) is attributed to

he evolution of adsorbed water from the surface of the sample,
hereas the second peak at about 380 ◦C (1a) and 477 ◦C (2) is

aused by the dehydroxylation of OH groups inside the lattice
protonic defects).44,45 The amount of the detected CO2 and

2O in powder 2 is lower than in powder 1a. Therefore, the low
mount of OH lattice groups in powder 2 does not significantly
nfluence the lattice constant. We suppose the low amount of
rotonic defects in powder 2 is created during the cooling phase
n a furnace at ambient atmosphere. The amount of lattice OH
roups in powder 1a leads to an increase of the lattice parameter.
ven a calcination time of 50 h at 820 ◦C results only in a very
light decrease of the lattice parameter to 412.10(4) pm. Protonic
efects are investigated for BaTiO3 and other titanates, very
ell.44,46–49 According to Waser49 and Hennings et al.,50,51 the

attice OH groups, located on regular oxygen ion sites, cause a
ositive charge excess compensating by metal vacancies.

.2. Shrinkage and sintering behaviour

Fig. 4 shows the dilatometric (non-isothermal) investigations
o 1500 ◦C (heating rate 10 K/min) of powder compacts of 1a, 2
nd 3. The theoretical density (single crystal density) of BaSnO3
eramics is 7.24 g/cm3.40

The shrinkage process of powder compacts of 1a starts at

bout 980 ◦C. A significant increase of the shrinkage rate is
bserved at 1130 ◦C and reaches a maximum at about 1183 ◦C.
second pronounced shrinkage process occurs at 1220 ◦C with

rate maximum at 1321 ◦C (−0.48%/min). On the verge of the

F
p
(
d

t 1400 ◦C; (a) plot of the whole shrinkage curve (illustrated by the example of
owder 1a); (b) double logarithmic plot of the isothermal segments (the initial
alues of �L/L0 were set to zero).

nd of the heating period a last maximum of the shrinkage rate
ig. 6. Final densities of ceramic bodies of 1a and 2 after an isothermal sintering
rocess at various temperatures at the indicated soaking times in a muffle furnace
heating rate: 10 K/min). The relative densities are related to the theoretical
ensity of 7.24 g/cm3.
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ig. 7. SEM micrographs of the surfaces of ceramic bodies of 2 after various sin
h; (d) 1600 ◦C, 10 h.

Sample 2 slowly starts to shrink at 1055 ◦C, however a sig-
ificant shrinkage process appears at about 1190 ◦C and shows
wo maxima of the shrinkage rate at 1365 ◦C and 1462 ◦C. The
hrinkage rates at these maxima are −0.32 and −0.34%/min.
he shrinkage curve of 2 reveals an increasing densification to

he end of the heating period and reaches 64% (4.65 g/cm3) of
he theoretical density. Powder (3) (S = 2.6 m2/g; dava. = 319 nm)
hows analogous shrinkage behaviour, however the whole
hrinkage is lower. The maxima of the shrinkage rate appear at
bout 1430 ◦C (−0.20%/min) and 1489 ◦C (−0.21%/min). Up to
500 ◦C the relative density reaches a value of 54% (3.90 g/cm3).

The observed shrinkage rates at the maxima of 1a, 2 and 3
d(�L/L0)/dt = −0.20 − −0.50%/min) cannot be explained by
iffusion processes alone. Diffusion as the dominant process
auses shrinkage rates of about 10−4–10−1%/min.52 Therefore,
he observed shrinkage rates hint that the shrinkage is also caused
y sliding processes of whole grains (also described as super-
lastic deformation52,53).

Isothermal dilatometric investigations allow to determine the
ominant shrinkage mechanism, depending on the sintering
ime. The samples for these investigations were heated with a
ate of 20 K/min. The heating rate was lowered to 10 K/min 50 K
elow the isothermal plateau was reached. The investigations for
ompacts of 1a were carried out at several isothermal plateaus
etween 1150–1550 ◦C. The temperature ranges for powder

and 3 were set between 1220–1550 ◦C and 1400–1550 ◦C,

espectively, because we did not observe a sufficient shrink-
ge below these ranges. The general approach of the isothermal
nvestigations is reported elsewhere.39,54 A representation of the

a
d
c
f

temperatures and soaking times. (a) 1550 ◦C, 1 h; (b) 1600 ◦C, 1 h; (c) 1650 ◦C,

ogarithm of�L/L0 versus the logarithm of time (t) of the isother-
al part (150 min) allows to verify the dominating shrinkage
echanism.54,55 Fig. 5 exemplarily shows the isothermal curves

or compacts of powder 1a, 2 and 3 at 1400 ◦C. The isothermal
hrinkage process is divided into two sections (different slopes)
epresenting different shrinkage mechanisms55 (see following
quation).

�L

L0

)m/2

= − H

2mRn
t (1)

ere, �L/L0 is the relative shrinkage, H is a function contain-
ng material parameters, R is the radius of the particles, t is the
ime, n and m are numerical exponents depending on the shrink-
ge mechanism (m = 2 → viscous flow; m = 5 → lattice diffusion
rom the grain boundary; m = 6 → grain boundary diffusion).

The first segment of the isothermal curves has a slope accord-
ng to a shrinkage exponent of m = 2 indicating viscous flow
s the major shrinkage mechanisms. The slope of the second
egment is of the order of 0.32–0.5 and m is calculated to 4–6.
onsequently, the shrinkage in the second stage is dominated by
rain boundary diffusion and volume diffusion from the grain
oundaries. It can be seen that the beginning of the shrinkage
rocess is always dominated by viscous flow process, similar to
he shrinkage behaviour of BaTiO3-based ceramics.39,54,56 Even
very coarse-grained mixed-oxide powder (4) (S = 1.02 m2/g,
av. = 812 nm), investigated at 1550 ◦C, revealed also sliding pro-
esses in the first stage of shrinkage. A necessary presupposition
or such sliding processes of whole grains is the existence of
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F s sin
1 , 10 h;

a
o
p
p

ig. 8. SEM micrographs of the surfaces of ceramic bodies of 1a after variou
600 ◦C, 1 h; (d) 1650 ◦C, 1 h; (e) 1550 ◦C, 10 h; (f) 1600 ◦C, 10 h; (g) 1650 ◦C
morphous or defect-rich contact boundaries.52,57–59 By means
f the higher shrinkage rates and the better densification, sliding
rocesses in compacts of 1a are more dominant than in com-
acts of 2 and 3. Powders with small particle sizes have a large

a
f
t
c

tering temperatures and soaking times. (a) 1450 ◦C, 1 h; (b) 1550 ◦C, 1 h; (c)
(h) 1500 ◦C, 30 h.
mount of (defect-rich) grain boundaries, which are responsible
or the appearance of sliding processes.57 Dror et al.56 described
he grain boundaries as amorphous areas surrounding crystalline
ores, which promote the sliding processes.
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The above-mentioned classification of the appearing mech-
nisms (first → viscous flow, second → diffusion processes) is
ound for all investigated BaSnO3 powders and temperatures.

Fig. 6 shows the final bulk densities of ceramic bodies of
a and 2 (calculated from their weight and geometric dimen-
ions) depending on the sintering temperature and soaking time.
n agreement with the results of other authors,17,60 green bod-
es of 2 show an insufficient shrinkage behaviour. Even at
650 ◦C and a soaking time of 10 h we do not obtain dense
eramic bodies of ≥90% of the relative density. SEM images
f these bodies reveal a porous microstructure and show typical
ubic-like grains61 (Fig. 7a–c). However, from a temperature
f 1600 ◦C and 10 h sintering, we observe a gradual change
o globular-like or irregular grains (Fig. 7d). After sintering at
450 ◦C and a soaking time of 1 h the ceramic bodies consist
f grains between about 0.5–1.1 �m, which grow to 0.8–2.4 �m
t 1650 ◦C. A prolonged soaking time of 10 h only leads to a
rain growth to 1.3–7 �m at 1650 ◦C. In contrast, ceramic bod-
es of 1a show a considerable better densification behaviour.
ven at 1450 ◦C the ceramics have relative densities of 78%

5.64 g/cm3) and 83% (6.01 g/cm3) after sintering of 1 and 10 h,
espectively. A soaking time of 1 h and a sintering tempera-
ure of 1600 ◦C lead to ceramic bodies with a density of 90%
6.50 g/cm3) and a soaking time of 10 h raises the density to
2% (6.69 g/cm3). At a sintering temperature of 1650 ◦C we
bserve a slight increase of the densities to 6.67 g/cm3 (92%)
nd 6.75 g/cm3 (93%) after 1 and 10 h, respectively. Sintering
or 1 h leads to grain sizes of 0.65–2 �m (1450 ◦C), 0.9–2.8 �m
1550 ◦C), and 1.6–4 �m (1650 ◦C). After sintering of 10 h the
rains grow from 0.9–2.6 �m (1450 ◦C) to 3–21 �m (1650 ◦C).
ense ceramic bodies, with grain sizes of 3–13 �m, can be also
btained after sintering at 1500 ◦C for 30 h (6.53 g/cm3, 90%
el. density). SEM images (Fig. 8) of ceramics of 1a show, that
hese ceramics consist of cubic-like grains up to about 1550 ◦C,
owever higher temperatures and soaking times gradually lead
o an irregular shape of the grains (see Fig. 8f,g).

In particular at sintering temperatures of 1600 and 1650 ◦C
nd longer soaking times, we observe a considerable mass loss
f our ceramic bodies. Sintering at 1650 ◦C of green bodies of
(disc, ∅ ≈ 6 mm, shortly preheated to 1650 ◦C to remove the
VA binder and possible traces of carbonates) for 10 h show a
ass loss of about 16%, which increases with raising sintering

ime (20 h) to 34%. Samples of powder 1a exhibit comparable
ass losses. XRD patterns after these investigations reveal the

amples consist of BaSnO3 as the only crystalline phase. No sec-
nd phases, e.g. Ba2SnO4, could be detected. EDX analyses of
eramics (2) sintered at 1550 ◦C for 1 h, 1650 ◦C for 1 h and 20 h
id not show any significant change in the Ba/Sn ratio. Therefore
he mass loss primarily results from the evaporation of BaSnO3
nd is not caused by the evaporation of SnO2 (decomposition)
s observed at temperatures above 1800 ◦C.17

. Conclusion
The shrinkage behaviour and mechanism of fine and
oarse-grained BaSnO3 powder, prepared via a precursor and

mixed-oxide method were investigated. Calcination of a
Ceramic Society 29 (2009) 2317–2324 2323

Ba(HOC2H4OH)4][Sn(OC2H4O)3] (1) precursor at 820 ◦C
eads to a very fine BaSnO3 powder (1a) with a specific sur-
ace area of 15.1 m2/g (dav. = 55 nm) and a slightly larger cell
arameter of a = 412.22(7) pm in comparison to the reference
arameter. Coarse-grained samples (2), prepared by the mixed-
xide method (S = 4.6 m2/g, dav. = 180 nm), show an insufficient
intering behaviour. Up to 1650 ◦C and a soaking of 10 h the
ompacts reaches a relative bulk density of 80%. The porous
eramics consist of cubic grains. In contrast the fine-grained
nm-sized) powder 1a reveal a considerable improvement of
he sintering behaviour. Ceramics with at least 90% of the sin-
le crystal density can be obtained at 1600 or at 1500 ◦C and
ery long soaking time. Ceramic bodies with cubic grains are
bserved up to a sintering temperature of 1550 ◦C, higher tem-
eratures leads to an irregular shape.

Isothermal dilatometric investigations show that the shrink-
ge of the investigated fine and coarse-grained powder compacts
s characterized by sliding and diffusion processes. In particu-
ar, the beginning of the shrinkage process is always dominated
y viscous flow, independent from the particle sizes of the
owders. On the basis of the maxima of the shrinkage rates (non-
sothermal), it can be seen the influence of the sliding processes
ecreases with increasing grain sizes of the powders.
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