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Abstract The formation of solid solutions of the type

[Ba(HOC2H4OH)4][Sn1-xGex(OC2H4O)3] as BaSn1-x/GexO3

precursor and the phase evolution during its thermal decom-

position are described in this paper. The 1,2-ethanediolato

complexes can be decomposed to nano-sized BaSn1-x/GexO3

preceramic powders. Samples with x = 0.05 consist of only a

Ba(Sn,Ge)O3 phase, whereas powders with x = 0.15 and 0.25

show diffraction patterns of both the Ba(Sn,Ge)O3 and BaGeO3

phase. The sintering behaviour was investigated on powders

with a BaGeO3 content of 5 and 15 mol%. These powders show

a specific surface area of 15.4–15.9 m2/g and were obtained

from calcination above 800 �C. The addition of BaGeO3

reduced the sintering temperature of the ceramics drastically.

BaSn0.95Ge0.05O3 ceramics with a relative density of at least

90% can be obtained by sintering at 1150 �C for 1 h. The

ceramic bodies reveal a fine microstructure with cubical-shaped

grains between 0.25 and 0.6 lm. For dense ceramics, the sin-

tering temperature could be reduced down to 1090 �C, when

the soaking time was extended up to 10 h.

Introduction

Pure and doped barium stannate (BaSnO3) as well as its

solid solutions (e.g. BaTi1-xSnxO3) have found important

applications in materials science and technology due to its

dielectric properties, semiconducting behaviour and high

thermal stability [1–3]. Because of these characteristic

properties, BaSnO3 based ceramics are becoming more and

more important in materials technology. For example,

BaSnO3 can be used to prepare thermally stable capacitors

and to fabricate ceramic boundary layer capacitors [4–12].

Furthermore, BaSnO3 can be also used as a functional

material for semiconductor gas sensors and photocatalytic

applications [13–20]. BaSnO3 crystallises in the perovskite-

type structure and has a band gap of 3.4 eV [21]. Apart from

the mixed-oxide method, which results in coarse-grained

powders, some chemical syntheses have been developed to

obtain fine-grained BaSnO3 powders. Hydrothermal and

sol–gel [22–25] synthesis as well as precursor complex,

coprecipitation- and polymerized complex methods [26–29]

are suitable to obtain fine-grained BaSnO3 powders. Com-

pacts on the basis of BaSnO3 generally reveal only a

moderate densification behaviour [5, 30–37]. Therefore,

such ceramic bodies need high sintering temperatures or

very long soaking times. In order to produce capacitor

components based on BaSnO3, dense (i.e. almost pore free)

material bodies are required, because pores would act as a

sink to the electrical charge carriers and would be the source

of poor grain-to-grain connectivity and significant dielectric

losses [34, 35, 38–42]. The densification behaviour can

be improved and thus the sintering temperature can be

reduced using fine-grained powders [30] or sintering aids

[43, 44]. Kumar and Choudhary [45] sintered coarse-

grained BaSnO3 adding BaSiO3, while Wang et al. [46]

used SiO2 as a sintering aid for BaSnO3. Recently, we have

investigated the effect of BaGeO3 on the sintering proper-

ties and microstructures of both BaSnO3 ceramic bodies

prepared by the classical mixed-oxide method [47] and

BaTiO3-based ceramics [48].

R. Köferstein (&) � L. Jäger � M. Zenkner � S. G. Ebbinghaus

Institut für Chemie, Anorganische Chemie, Martin-Luther-

Universität Halle-Wittenberg, Kurt-Mothes Strasse 2,

06120 Halle, Germany

e-mail: roberto.koeferstein@chemie.uni-halle.de

F. J. Garcı́a-Garcı́a

Lehrstuhl für Festkörperchemie, Institut für Physik, Universität
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The present study deals with the preparation of a

Ba(Sn,Ge)–1,2-ethanediolato complex precursor, including

a sintering aid component, which can be decomposed to

nano-sized BaSn1-x/GexO3 powders. In this precursor, the

components are evenly distributed on a molecular level,

which leads to a more homogeneous distribution of the

sintering aid in the resulting ceramic bodies. Additionally,

phase evolution, the sintering behaviour of BaSn1-x/GexO3

compacts as well as the microstructures of resulting cera-

mic bodies have been investigated.

Experimental

Material preparation

[Ba(HOC2H4OH)4][Sn1-xGex(OC2H4O)3] precursor com-

plexes were prepared analogously to the preparation of

[Ba(HOC2H4OH)4][Sn(OC2H4O)3] [30]. Ice-cold water

(800 mL) was slowly added to fresh distilled SnCl4 (0.10-x

mol; p.a., Laborchemie Apolda) and then a concentrated

ammonia solution was added to adjust a pH value of

7–7.5. The precipitate was slowly filtered-off and washed

with water until the filtrate was almost free from Cl- ions.

A suspension of this wet precipitate (SnO2�nH2O) with

Ba(OH)2�8H2O (0.10-x mol; puriss. p.a., Fluka) and 800 mL

1,2-ethanediol was stirred overnight at room temperature in

an argon atmosphere. Thereafter, the suspension was heated

at about 130 �C to remove water. Afterwards, Ge(OC2H5)4

(x mol, Alfa Aesar GmbH & Co KG) and x mol Ba(OH)2�
8H2O were added. The reaction mixture was heated at

120–130 �C for 8 h. About two thirds of the solvent was

removed under reduced pressure at about 80 �C. The reac-

tion mixture was then cooled to room temperature and

diluted with propan-2-ol. The white, crystalline precipitate

of [Ba(HOC2H4OH)4][Sn1-xGex(OC2H4O)3] was filtered,

washed with acetone, and dried at room temperature in

vacuum.

For the shrinkage and sintering studies the precursor

complexes with x = 0.05 and 0.15 were calcined in static air

at 850 and 860 �C by a heating-rate controlled thermal

treatment, as described below. The calcined powders were

milled with ZrO2-balls in propan-2-ol for 2 h (mpowder:

mballs = 1:4). After filtering and drying, the powders were

mixed with 5 mass% of a saturated aqueous solution of poly-

vinyl alcohol (PVA) as a pressing aid, then the powders were

pressed to discs with a green density of about 2.8–3.0 g/cm3.

Characterization

X-ray powder diffraction (XRD) patterns were recorded on

a STOE STADI MP diffractometer at 20 �C using CoKa1

radiation. Dilatometric (shrinkage) investigations were per-

formed in a flowing synthetic air atmosphere (50 mL/min)

in a TMA 92-16.18 unit from Setaram. The specific surface

area was determined using nitrogen three-point BET (Nova

1000, Quantachrome Corporation). The equivalent BET

particle diameter was calculated assuming the powder

particles were spherical or cubic in shape [49]. Crystallite

sizes were determined with the software suite WinXPOW

[50] by XRD line broadening using the Scherrer equation

[51] and the integral peak breadth. Scanning electron

microscope images were recorded with a Philips XL30

ESEM (Environmental Scanning Electron Microscope) and

transmission electron microscope images were recorded

with a Jeol JEM 2100F.

Results and discussion

Solid solutions of the type [Ba(HOC2H4OH)4]

[Sn1-xGex(OC2H4O)3]

The non-isotypic 1,2-ethanediolato complexes [Ba(HOC2H4

OH)4][Sn(OC2H4O)3] (1) and [Ba(HOC2H4OH)2Ge(OC2H4O)3]

(2) can be used as precursors for fine-grained BaSnO3 and

BaGeO3 powders [30, 52, 53]. We have prepared mixed

precursor complexes of 1 and 2 up to a germanium content of

25 mol%. Since the XRD patterns of the Ba(Sn,Ge)–

precursor complexes (Fig. 1b–d) show only the reflection

pattern of complex 1 (Fig. 1a) it can be concluded that each

precursor consists of a single phase indicating the formation

of solid solutions of the type [Ba(HOC2H4OH)4][Sn1-x

Gex(OC2H4O)3] up to x = 0.25. Furthermore, the insertion
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Fig. 1 XRD patterns of selected precursors. (a) [Ba(HOC2H4OH)4]

[Sn(OC2H4O)3] (1), (b–d) [Ba(HOC2H4OH)4][Sn1-xGex(OC2H4O)3],

(b) x = 0.05 (5); (c) x = 0.15 (15); (d) x = 0.25 (25). The inset
shows the relationship between the volume of the unit cell and the

germanium content (x) of these complexes
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of Ge4? into the crystal structure of 1 is connected to a

decrease in unit cell volume (inset in Fig. 1).

Figure 2 represents XRD patterns of [Ba(HOC2H4OH)4]

[Sn0.75Ge0.25(OC2H4O)3] (25, the number represents the

germanium content) after different calcination steps in

static air (heating rate 10 �C/min). Analogous to the calci-

nation of the complexes 1 and 2, precursor 25 disintegrated

into BaCO3, SnO2 and GeO2 at 500 �C. The XRD pattern

(Fig. 2a) clearly shows reflections of orthorhombic BaCO3

and tetragonal GeO2 [54]. The reflection at 2h = 31.0�
represents tetragonal SnO2 and possibly hexagonal GeO2

[54]. Heating at 650 �C (Fig. 2b) leads to a reduction of the

intensities of reflections representing SnO2 and GeO2. The

broad reflection around 2h = 35.5� indicates the evolution

of BaSnO3 [54]. Calcination at 700 �C for 1 h results in

strong reflections of BaSnO3, whereas the reflection for

tetragonal GeO2 disappears (Fig. 2c). XRD pattern after a

heat treatment at 900 �C reveals the formation of ortho-

rhombic BaGeO3 (not shown) and at 1000 �C we clearly

observe reflections of BaSnO3 and orthorhombic BaGeO3

(Fig. 2d). The small amount of BaCO3 completely vanished

above 1000 �C (Fig. 2e). In ref. [47] it was observed a

partial solid solubility of BaGeO3 in BaSnO3 of the order of

6–7 mol%. Therefore, the reflections of BaSnO3 represent

the perovskite phase Ba(Sn,Ge)O3.

Shrinkage and sintering behaviour

Preceramic powders with BaGeO3 contents of 5 mol% (5)

and 15 mol% (15) were used for investigations of the

sintering behaviour. Powders 5 and 15 were obtained after

calcination of [Ba(HOC2H4OH)4][Sn0.95Ge0.05(OC2H4O)3]

and [Ba(HOC2H4OH)4][Sn0.85Ge0.15(OC2H4O)3], respec-

tively. The calcination procedure of 5 was as follows: heat-

ing at 10 �C/min to 500 �C, then slow heating at 1 �C/min to

850 �C, soaking for 3 h and cooling at 3 �C/min. Powder 15

was obtained in nearly the same manner, however, the pre-

cursor was heated up to 860 �C for 10 h. As seen in Fig. 7b,

sample 5 consists of a Ba(Sn,Ge)O3 perovskite phase and a

small amount of BaCO3. Whereas, powder 15 reveals

reflections of a Ba(Sn,Ge)O3 phase, small amounts of BaCO3

and SnO2 (Fig. 7a). The specific surface area (BET) of these

powders was determined as 15.4 m2/g (5) and 15.9 m2/g

(15), respectively. The equivalent particle size from these

BET data was calculated as 55 nm, which can be considered

as an average size of the primary particles [55]. Crystallite-

size measurements by XRD line broadening [51] of the

Ba(Sn,Ge)O3 reflexions reveal lower values of about

dcrys. = 22 nm (5) and 24 nm (15), respectively. Discrep-

ancies between the crystallite-/particle-size estimated by the

XRD line broadening and the specific surface area were

reported and explained elsewhere [43]. The decomposition

of the precursor complexes leads to the development of an

internal surface in the powder (closely joined crystallites),

which is unavailable for nitrogen adsorption. Analogous

discrepancies between the particle-/crystallite-size esti-

mated by the XRD line broadening and the specific surface

area were also observed in studies of ThO2 and ZrO2 [49, 56].

TEM images of powder 5 are seen in Fig. 3. The theoretical

bulk densities of the resulting ceramic bodies were calcu-

lated as 7.12 g/cm3 (5) and 6.85 g/cm3 (15) [57].

The non-isothermal shrinkage behaviour (dilatometry) of

powders 5 and 15 can be seen in Fig. 4. Both powders reveal

the beginning of shrinkage at about 1000 �C, however, a

significant shrinkage occurs above 1100 �C (5) and 1000 �C

(15), respectively. Powder 15 begins to shrink at lower

temperatures than powder 5. On the other hand, powder 5

shows a very fast shrinkage process with a shrinkage rate

maximum of -7.9%/min at 1240 �C. The intensity of the

shrinkage process of sample 15 is lower. We observe one

rate maximum at 1106 �C (-2.5%/min) and another broad

one at 1242 �C (-1.5%/min). The small difference of the

whole shrinkage of both samples is mainly caused by dif-

ferent green densities of the compacts.
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Fig. 2 XRD patterns of the [Ba(HOC2H4OH)4][Sn0.75Ge0.25(OC2H4O)3]

precursor (25) decomposed at various calcination temperatures (soak-

ing time 1 h, heating rate 10 �C/min)
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The final bulk densities of ceramic bodies (measured

from their weight and dimensions) of 5 and 15 after con-

ventional isothermal sintering for 1 and 10 h (heating rate

10 �C/min) are shown in Fig. 5. Dense ceramics (rel.

density C 90%) can be obtained after sintering at a mini-

mum temperature of 1150 �C for 1 h (5), which is more

than 400 K lower than for nano-BaSnO3 without any

additives [30] (Fig. 5a). The ceramic body reveals cubic

grains in a small range between 0.25 and 0.6 lm (Fig. 6a).

A higher BaGeO3 content of 15 mol% (15) needs sintering

temperatures considerable above 1150 �C to form dense

ceramic bodies. The relative densities of samples 5 and 15

do not differ significantly above a sintering temperature of

1200 �C. Up to 1300 �C ceramic bodies with relative

densities of 98–99% can be obtained (Fig. 5a). The final

microstructures of ceramics of 5 after sintering of 1 h at

1200 �C show cubic or cuboid-like grains between about

0.25–2 lm, at 1250 �C a bi-modal grain-size distribution

with grains between 0.5 and 5 lm (Fig. 6b), and at

1300 �C we found grains between 1.9 and 12 lm (Fig. 6c).

Fig. 3 TEM images of powder 5
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Fig. 4 Non-isothermal dilatometric measurements in air of green

bodies of 5 and 15 (heating rate 10 �C/min). The inset shows the

relative shrinkage rates of these samples
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The microstructures exhibit that small grains have a cubi-

cal- or cuboid-like shape, whereas larger grains have an

increasingly irregular shape.

A prolonged soaking time of 10 h decreases the mini-

mum sintering temperature for dense ceramic bodies down

to 1090 �C (5) with grains in the range between 0.35 and

1 lm (Figs. 5b, 6d). A higher sintering temperature of

1150 �C (10 h) leads to a grain growth with irregular

grains between 1.9 and 21 lm (Fig. 6e). Sample 15

requires temperatures above 1120 �C to reach relative

densities of C90% (Fig. 5b). Compared to the micro-

structure of ceramics sintered for 1 h, we found more

grains with an irregular shape after the prolonged sintering

time. It can be seen that the absolute densities of ceramic

bodies of 15 are almost always lower than of bodies of 5.

As mentioned above, sample 15 has only a maximal

reachable density of 6.89 g/cm3, whereas sample 5 can

achieve a maximum density of 7.12 g/cm3.

For comparison, BaSnO3 compacts prepared by a pre-

cursor route without any additive show only very moderate

sintering behaviour. Sintering temperatures above 1550 �C

are necessary to reach a relative density of 90% [30].

Ceramic bodies of 5 exclusively show reflections of the

BaSnO3 phase; no other crystalline phase can be detected

(Fig. 7c, d). Consequently, ceramic bodies of 5 consist of

a solid solution between BaSnO3 and BaGeO3 (BaSn0.95

Ge0.05O3) [47]. By contrast, powder patterns of ceramics of

15 clearly indicate reflections of both the Ba(Sn,Ge)O3

phase and the orthorhombic BaGeO3 phase (Fig. 7e–g).

The isothermal sintering results clearly show that dense

ceramic bodies can be obtained at sintering temperatures

considerable below 1250 �C. As reported in ref. [47],

Fig. 6 SEM images of the surface of ceramic bodies of 5 after various sintering treatments (heating rate 10 �C/min). a 1150 �C, 1 h; b 1250 �C,

1 h; c 1300 �C, 1 h; d 1090 �C, 10 h; e 1150 �C, 10 h
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BaSnO3 and BaGeO3 form a liquid phase at 1270 �C. As

mentioned above, the non-isothermal dilatometric mea-

surements (Fig. 4) show shrinkage maxima at temperatures

\1270 �C and the maximum shrinkage rates (�0.1%/min)

suggest that the shrinkage is dominated by sliding pro-

cesses [58, 59]. That means, the formation of a liquid phase

is not essential to form dense ceramic bodies and the

densification process can be described as a solid-state

sintering process. Consequently, the sintering additive

BaGeO3 does not act as a liquid phase former, primarily.

BaGeO3 as well as the small grain size of the preceramic

powders (5, 15) improve the sliding processes [60]. Such

sliding processes are caused by defect-rich and amorphous

(glass-like) contact boundaries, respectively [61–63]. Dror

et al. [64] could show that these sliding processes (rear-

rangements) correlate also with the high amount of grain

boundaries in nano-powders. They regarded the grain

boundaries as amorphous areas surrounding crystalline

cores, which promotes the sliding processes.

Conclusion

The sintering temperature of BaSnO3 or BaSnO3-based ceramics

can be drastically lowered using both nano-sizes powders and

sintering additive BaGeO3. To combine both effects we syn-

thesized [Ba(HOC2H4OH)4][Sn1-xGex(OC2H4O)3] [x = 0.05

(5), 0.15 (15), 0.25 (25)] precursor complexes, which can be

decomposed to nano-sized BaSnO3 powders containing

BaGeO3. The decomposition of precursor 5 finally leads to a

single-phase powder indicating a solid solution between

BaSnO3 and BaGeO3. On the other hand, heat treatment of

precursor 15 results in a powder and ceramic bodies con-

taining both the Ba(Sn,Ge)O3 perovskite phase and ortho-

rhombic BaGeO3. Isothermal sintering experiments of

resulting compacts show a drastically reduced sintering

temperature. Dense ceramic bodies of 5 can be obtained after

sintering at 1150 �C for 1 h or at 1090 �C for 10 h, respec-

tively. At these low sintering temperatures the ceramics have

cubical-shaped grains between 0.25–0.6 lm and 0.35–1 lm,

respectively.
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44. Völtzke D, Abicht H-P (2000) Solid State Sci 2:149

45. Kumar A, Choudhary RNP (2007) J Mater Sci 42:2476. doi:

10.1007/s10853-006-0804-2

46. Wang Z, Zhou F, Chen Z (2006) Dianzi Yuanjian Yu Cailiao 25:

58
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52. Köferstein R, Abicht H-P, Woltersdorf J, Pippel E (2006) Ther-

mochim Acta 441:176
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