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Abstract. Preparation of a very fine BaSnO3 powder by calcination of a barium tin 1,2-

ethanediolato complex precursor and its sintering behaviour are described 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 m
2
/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 increasing calcination temperature and reaches the reference value above 

1000 °C. The sintering behaviour is compared between fine- and coarse-grained 

BaSnO3 powders. Corresponding powder compacts of the nano-sized BaSnO3 achieve a 

relative density of 90 % after sintering at 1600 °C for 1 h and at 1500 °C and a soaking 

time of 30 h, whereas coarse-grained powder compacts reach only 80 % of the relative 
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density at 1650 °C (10 h). Furthermore, the shrinkage mechanisms of fine and coarse-

grained powder compacts have been investigated and are discussed.  

 

Keywords: Sintering (A); Perovskites (D); Precursor-organic (A); Grain size (B); 

Ceramics 

 

1. Introduction 

Barium stannate and its solid solutions (e.g. BaTi1-xSnxO3) have found important 

applications in materials science and technology due to their dielectric properties 

[1,2,3,4,5]. Pure and doped barium stannate can be used as material for semiconductor 

gas sensors. It has been reported that sensors based on BaSnO3 are sensitive to a variety 

of gases, e.g. CO, O2, C2H5OH, CH3SH, LPG and NOx [6,7,8,9,10,11,12]. Additionally, 

the results by Borse et al. [13,14] and Yuan et al. [15] suggest that BaSnO3-based 

systems could be candidates for photocatalytic applications. Mizoguchi et al. [16] 

reported that BaSnO3 exhibits strong near-infrared luminescence at room temperature. 

The conventional mixed-oxide method requires high temperatures and results in coarse-

grained powders [17,18]. Compacts of those powders show moderate densification 

behaviours. In the last years many preparation procedures have been published to obtain 

fine-grained BaSnO3 powders at relatively low temperatures. Different hydrothermal 

methods or sol-gel processes have been developed [19,20,21,22,23]. A peroxide method 

was reported by Pfaff [24] to synthesise phase pure BaSnO3. Recently, a lyothermal 

synthesis at 250 °C has been reported by Lu and Schmidt [25]. Various precursor 

complexes, coprecipitation- and polymerised complex methods have also been 

developed to obtain barium stannate powders [26,27,28,29]. Based on the exothermic 

reaction of suitable solids, self-propagating high temperature syntheses (SHS; also 

described as self-heat-sustained synthesis) are also used to prepare BaSnO3 [30,31].  
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In ref. [29,32] we have reported on the preparation and structure of a precursor complex 

− [Ba(HOC2H4OH)4][Sn(OC2H4O)3] − and its conversion into BaSnO3. This precursor 

is suitable to form solid solutions of the type [Ba(HOC2H4OH)4][Ti1-xSnx(OC2H4O)3], 

which can be decomposed to phase pure fine-grained BaTi1-xSnxO3 powders [33]. 

This publication reports on the preparation of a nm-sized BaSnO3 powder, prepared by 

the decomposition of a barium tin 1,2-ethanediolato complex precursor, the sintering 

behaviour and mechanism of resulting powder compacts. For comparative purposes, 

coarse-grained BaSnO3 powders (mixed-oxide method) have also been studied. 

 

2. Experimental 

2.1. Material preparation 

The preparation procedure for [Ba(HOC2H4OH)4][Sn(OC2H4O)3] (1) has been described 

elsewhere [29,32]. For a better reproducibility we modified that procedure. SnCl4 (0.10 

mol; Laborchemie Apolda) was slowly added to ice-cold water (800 mL), 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 · n H2O) with Ba(OH)2 · 8H2O (0.10 

mol; Fluka) and 800 mL 1,2-ethanediol was stirred overnight at room temperature in 

argon atmosphere. Thereafter the suspension was heated to remove water. Afterwards 

the reaction mixture was heated at 120−130 °C for 8 h. About ⅔ of the solvent was 

removed under reduced pressure at about 80 °C. The reaction mixture was then cooled 

and diluted with propan-2-ol. The crystalline precipitate of 

[Ba(C2H6O2)4][Sn(C2H4O2)3] (1) was filtered off, washed with acetone and dried at 

room temperature. About 1.5 g of precursor 1 was calcined at 1200 °C and the resulting 

BaSnO3 powder was dissolved in a 5M HCl solution at 35 °C. Chemical analyses 
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revealed a Ba/Sn ratio of 1.007 [34,35]. Calcination of 1 at 820 °C in static air led to a 

very fine BaSnO3 powder (1a). 

Additionally, BaSnO3 powder was also prepared via a conventional mixed-oxide 

method. BaCO3 (Sabed VL 600, Solvay) and SnO2 (Merck) were milled with a molar 

ratio of 1:1 for 24 h using ZrO2-balls in water (mpowder:mballs:mwater = 1:1:4). After 

filtering off and drying the mixture was calcined in static air (rate 10 K/min) for 2 h at 

1150 °C (2), at 1200 °C for 4 h (3), and at 1400 °C for 4 h (4) respectively. The Ba/Sn 

ratio of these mixed-oxide powders is 0.999 [34,35]. 

For the shrinkage and sintering behaviour the calcined powders (1a, 2, 3, 4) 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 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/cm
3
.  

 

2.2. Analytical methods 

X-ray powder diffraction (XRD) patterns were recorded by a STADI MP diffractometer 

from STOE at 25 °C using CoKα1 radiation. The powder patterns were indexed and 

refined with the software suite WinXPOW [36] using the TREOR method [37]. Fourier 

transform attenuated total reflection infrared (ATR-IR) spectra in the range 4000−200 

cm
-1

 (resolution: 4 cm
-1

) were obtained using a Tensor 27 FT-IR spectrometer from 

Bruker with an ATR unit (MVP 2 Series from Harrick). Simultaneous 

thermogravimetric and mass spectrometry analysis (TG-MS) were carried out in 

flowing argon/oxygen (4:1) atmosphere using a STA 409C equipped with a quadrupole 

mass spectrometer Balzers QMS 421 (Netzsch, Al2O3-crucible, heating rate 20 K/min). 

Dilatometric investigations (shrinkage) were performed in a TMA 92-16.18 unit from 

Setaram and the densities of the discs were calculated assuming isotropic shrinkage 
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behaviour. The specific surface area was measured using nitrogen three-point BET 

(Nova 1000, Quantachrome Corporation). The average particle size was calculated 

assuming the powder particles were spherical or cubic in shape. Crystallite sizes were 

determined by XRD line broadening using the Scherrer equation [38] and the integral 

peak breadth. Scanning electron microscope images and energy dispersive X-ray 

analyses (EDX) were recorded by a Philips XL30 ESEM (Environmental Scanning 

Electron Microscope) and an embedded energy dispersive X-ray spectrometer from 

Edax. 

 

3. Results and discussion 

3.1. Powder Characterisation 

In ref. [32] we have reported on a barium tin 1,2-ethanediolato complex precursor − 

[Ba(HOC2H4OH)4][Sn(OC2H4O)3] (1) − and its decomposition to BaSnO3 in detail. 

BaSnO3 powder with a high specific surface area was obtained by decomposition of 1 

by the following thermal treatment: heating to 500 °C with a heating rate of 10 K/min, 

slow heating with 1 K/min to 820 °C, dwelling time 180 min, followed by cooling at 3 

K/min. The resulting white BaSnO3 powder (1a) has a specific surface area of S = 15.1 

m
2
/g and an average particle size of dav. = 55 nm. Crystallite-size measurements by 

XRD line broadening [38] of the BaSnO3 reflexions reveal a lower value of about dcrys. 

= 26 nm. Discrepancies between the crystallite-/particle size estimated by the XRD line 

broadening and the specific surface area are reported and explained elsewhere [39]. The 

conventional white mixed-oxide powder 2 has a specific surface area of 4.6 m
2
/g (dav. = 

180 nm). SEM images of powder 1a and 2 are shown in Fig. 1a,b and Fig. 1c,d, 

respectively. Both powders consist of cuboid-like particles. 

XRD patterns of powder 1a and 2 show reflexions of BaSnO3 [40] (Fig. 2a,b). The 

diffraction pattern of powder 1a reveals also traces of BaCO3 [40]. IR measurements 
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(not shown) also reveal that powder 2 contains small traces of BaCO3. XRD data 

(corrected by an internal standard) were indexed on the basis of a primitive cubic unit 

cell and the cell parameters were determined by least-square refinements. The reported 

reference lattice parameter for BaSnO3 from XRD pattern is a = 411.63 pm [40]. Single 

crystal measurements by Megaw revealed a lattice parameter of a = 411.70 (15) pm (≡ 

4.1085 kx) [41,42], 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 (a = 412.22(7) pm). Thermal treatment (analogue 

procedure as described for 1a) of precursor 1 at 900 °C results in a lattice dimension of 

a = 412.02(4) pm, at 1000 °C of a = 411.77(5) pm, and at 1100 °C of a = 411.63(6) pm. 

Ceramic bodies of 1a and 2, sintered at 1500 °C for 1 h (Fig. 2c,d), have lattice 

parameters of 411.64(1) pm (1a) and 411.67(3) pm (2), respectively. It can be seen a 

thermal treatment above 1000 °C leads to parameters which do not significantly change 

with increasing temperature. Buscaglia et al. [23] investigated the decomposition of 

BaSn(OH)6 to BaSnO3 and observed a decreasing cell parameter with increasing 

annealing temperature, too. By Raman spectroscopy they found that the powders, 

calcined at very low temperatures, retain a lot of hydroxyl groups inside the lattice, 

which cause the larger cell parameter. Our IR investigations (ATR-IR) do not reveal a 

clear evidence for O−H absorption bands. However, TG-MS measurements (Fig. 3) in 

an argon/oxygen atmosphere of powder 1a and 2 show the release of CO2 and H2O 

during the thermal treatment to 1100 °C in both samples. The powders contain few 

amounts of BaCO3 (see above), which cause the release of CO2. Single 

thermogravimetric measurements up to 1100 °C in air (not shown) reveal mass losses of 

about 4.6 % (1a) and 0.86 % (2), respectively. The mass losses of the TG-MS 

measurements (see fig. 3) are less than of the single thermogravimetric measurements. 

At the beginning of the TG-MS measurement the equipment (including sample) was 
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flowed through with argon/oxygen gas for 1 h. The mass loss during this time was not 

recorded. 

As can be seen, the release of H2O takes place in two steps. The first peak at 227 °C 

(1a) and 211 °C (2) is attributed to the evolution of adsorbed water from the surface of 

the sample, whereas the second peak at about 380 °C (1a) and 477 °C (2) is caused by 

the dehydroxylation of OH groups inside the lattice (protonic defects) [44,45]. The 

amount of the detected CO2 and H2O in powder 2 is lower than in powder 1a. 

Therefore, the low amount of OH lattice groups in powder 2 does not significantly 

influence the lattice constant. We suppose the low amount of protonic defects in powder 

2 is created during the cooling phase in a furnace at ambient atmosphere. The amount of 

lattice OH groups in powder 1a leads to an increase of the lattice parameter. Even a 

calcination time of 50 h at 820 °C results only in a very slight decrease of the lattice 

parameter to 412.10(4) pm. Protonic defects are investigated for BaTiO3 and other 

titanates, very well [44,46,47,48,49,]. According to Waser [49] and Hennings et al. 

[50,51], the lattice OH groups, located on regular oxygen ion sites, cause a positive 

charge excess compensating by metal vacancies. 

 

3.2. Shrinkage and sintering behaviour 

Fig. 4 shows the dilatometric (non-isothermal) investigations to 1500 °C (heating rate 

10 K/min) of powder compacts of 1a, 2 and 3. The theoretical density (single crystal 

density) of BaSnO3 ceramics is 7.24 g/cm
3
 [40].  

The shrinkage process of powder compacts of 1a starts at about 980 °C. A significant 

increase of the shrinkage rate is observed at 1130 °C and reaches a maximum at about 

1183 °C. A second pronounced shrinkage process occurs at 1220 °C with a rate 

maximum at 1321 °C (-0.48 %/min). On the verge of the end of the heating period a last 

maximum of the shrinkage rate can be observed at 1489 °C (rate: -0.50 %/min). The 
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sample achieved a relative density of 69 % (4.99 g/cm
3
) up to the end of the heating 

process. 

Sample 2 slowly starts to shrink at 1055 °C, however a significant shrinkage process 

appears at about 1190 °C and shows two maxima of the shrinkage rate at 1365 °C and 

1462 °C. The shrinkage rates at these maxima are -0.32 and -0.34 %/min. The shrinkage 

curve of 2 reveals an increasing densification to the end of the heating period and 

reaches 64 % (4.65 g/cm
3
) of the theoretical density. Powder (3) (S = 2.6 m

2
/g; dava. = 

319 nm) shows analogous shrinkage behaviour, however the whole shrinkage is lower. 

The maxima of the shrinkage rate appear at about 1430 °C (-0.20 %/min) and 1489 °C 

(-0.21 %/min). Up to 1500 °C the relative density reaches a value of 54 % (3.90 g/cm
3
). 

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 diffusion processes alone. Diffusion as the dominant 

process causes shrinkage rates of about 10
-4

−10
-1

 %/min [52]. Therefore, the observed 

shrinkage rates hint that the shrinkage is also caused by sliding processes of whole 

grains (also described as superplastic deformation [52,53]). 

Isothermal dilatometric investigations allow to determine the dominant shrinkage 

mechanism, depending on the sintering time. The samples for these investigations were 

heated with a rate of 20 K/min. The heating rate was lowered to 10 K/min 50 K below 

the isothermal plateau was reached. The investigations for compacts of 1a were carried 

out at several isothermal plateaus between 1150−1550 °C. The temperature ranges for 

powder 2 and 3 were set between 1220−1550 °C and 1400−1550 °C, respectively, 

because we did not observe a sufficient shrinkage below these ranges. The general 

approach of the isothermal investigations is reported elsewhere [39,54]. A 

representation of the logarithm of ∆L/L0 versus the logarithm of time (t) of the 

isothermal part (150 min) allows to verify the dominating shrinkage mechanism [54,55]. 

Fig. 5 exemplarily shows the isothermal curves for compacts of powder 1a, 2 and 3 at 
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1400 °C. The isothermal shrinkage process is divided into two sections (different 

slopes) representing different shrinkage mechanisms [55] (see equation I). 

t
R

H

L

L
nm

m

2

2

0

−=






 ∆
          (I)  

Here, ∆L/L0 is the relative shrinkage, H is a function containing material parameters, R 

is the radius of the particles, t is the time, n and m are numerical exponents depending 

on the shrinkage mechanism (m = 2 → viscous flow; m = 5 → lattice diffusion from the 

grain boundary; m = 6 → grain boundary diffusion). 

The first segment of the isothermal curves has a slope according to a shrinkage 

exponent of m = 2 indicating viscous flow as the major shrinkage mechanisms. The 

slope of the second segment is of the order of 0.32−0.5 and m is calculated to 4−6. 

Consequently, the shrinkage in the second stage is dominated by grain boundary 

diffusion and volume diffusion from the grain boundaries. It can be seen that the 

beginning of the shrinkage process is always dominated by viscous flow process, 

similar to the shrinkage behaviour of BaTiO3-based ceramics [39,54,56]. Even a very 

coarse-grained mixed-oxide powder (4) (S = 1.02 m
2
/g, dav. = 812 nm), investigated at 

1550 °C, revealed also sliding processes in the first stage of shrinkage. A necessary 

presupposition for such sliding processes of whole grains is the existence of amorphous 

or defect-rich contact boundaries [52,57,58,59]. By means of the higher shrinkage rates 

and the better densification, sliding processes in compacts of 1a are more dominant than 

in compacts of 2 and 3. Powders with small particle sizes have a large amount of 

(defect-rich) grain boundaries, which are responsible for the appearance of sliding 

processes [57]. Dror et al. [56] described the grain boundaries as amorphous areas 

surrounding crystalline cores, which promote the sliding processes. 
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The above-mentioned classification of the appearing mechanisms (first → viscous flow, 

second → diffusion processes) is found for all investigated BaSnO3 powders and 

temperatures.  

Fig. 6 shows the final bulk densities of ceramic bodies of 1a and 2 (calculated from 

their weight and geometric dimensions) depending on the sintering temperature and 

soaking time. In agreement with the results of other authors [17,60], green bodies of 2 

show an insufficient shrinkage behaviour. Even at 1650 °C and a soaking time of 10 h 

we do not obtain dense ceramic bodies of ≥ 90 % of the relative density. SEM images of 

these bodies reveal a porous microstructure and show typical cubic-like grains [61] (Fig. 

7a-c). However, from a temperature of 1600 °C and 10 h sintering, we observe a 

gradual change to globular-like or irregular grains (Fig. 7d). After sintering at 1450 °C 

and a soaking time of 1 h the ceramic bodies consist of grains between about 0.5−1.1 

µm, which grow to 0.8−2.4 µm at 1650 °C. A prolonged soaking time of 10 h only leads 

to a grain growth to 1.3−7 µm at 1650 °C. In contrast, ceramic bodies of 1a show a 

considerable better densification behaviour. Even at 1450 °C the ceramics have relative 

densities of 78 % (5.64 g/cm
3
) and 83 % (6.01 g/cm

3
) after sintering of 1 h and 10 h, 

respectively. A soaking time of 1 h and a sintering temperature of 1600 °C lead to 

ceramic bodies with a density of 90 % (6.50 g/cm
3
) and a soaking time of 10 h raises the 

density to 92 % (6.69 g/cm
3
). At a sintering temperature of 1650 °C we observe a slight 

increase of the densities to 6.67 g/cm
3
 (92 %) and 6.75 g/cm

3
 (93 %) after 1 h and 10 h, 

respectively. Sintering for 1 h leads to grain sizes of 0.65−2 µm (1450 °C), 0.9−2.8 µm 

(1550 °C), and 1.6−4 µm (1650 °C). After sintering of 10 h the grains grow from 

0.9−2.6 µm (1450 °C) to 3−21 µm (1650 °C).  Dense ceramic bodies, with grain sizes of 

3−13 µm, can be also obtained after sintering at 1500 °C for 30 h (6.53 g/cm
3
, 90 % rel. 

density). SEM images (Fig. 8) of ceramics of 1a show, that these ceramics consist of 
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cubic-like grains up to about 1550 °C, however higher temperatures and soaking times 

gradually lead to an irregular shape of the grains (see Fig. 8 f.g). 

In particular at sintering temperatures of 1600 and 1650 °C and longer soaking times, 

we observe a considerable mass loss of our ceramic bodies. Sintering at 1650°C of 

green bodies of 2 (disc, ∅ ≈ 6 mm, shortly preheated to 1650 °C to remove the PVA 

binder and possible traces of carbonates) for 10 h show a mass loss of about 16 %, 

which increases with raising sintering time (20 h) to 34 %. Samples of powder 1a 

exhibit comparable mass losses. XRD patterns after these investigations reveal the 

samples consist of BaSnO3 as the only crystalline phase. No second phases, e.g 

Ba2SnO4, could be detected. EDX analyses of ceramics (2) sintered at 1550 °C for 1 h, 

1650 °C for 1 h and 20 h did not show any significant change in the Ba/Sn ratio. 

Therefore the mass loss primarily results from the evaporation of BaSnO3 and is not 

caused by the evaporation of SnO2 (decomposition) as observed at temperatures above 

1800 °C [17]. 

 

4. Conclusion 

The shrinkage behaviour and mechanism of fine and coarse-grained BaSnO3 powder, 

prepared via a precursor and a mixed-oxide method were investigated. Calcination of a 

[Ba(HOC2H4OH)4][Sn(OC2H4O)3] (1) precursor at 820 °C leads to a very fine BaSnO3 

powder (1a) with a specific surface area of 15.1 m
2
/g (dav. = 55 nm) and a slightly larger 

cell parameter of a = 412.22(7) pm in comparison to the reference parameter. Coarse-

grained samples (2), prepared by the mixed-oxide method (S = 4.6 m
2
/g, dav. = 180 nm), 

show an insufficient sintering behaviour. Up to 1650 °C and a soaking of 10 h the 

compacts reaches a relative bulk density of 80 %. The porous ceramics consist of cubic 

grains. In contrast the fine-grained (nm-sized) powder 1a reveal a considerable 

improvement of the sintering behaviour. Ceramics with at least 90 % of the single 
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crystal density can be obtained at 1600 °C or at 1500 °C and very long soaking time. 

Ceramic bodies with cubic grains are observed up to a sintering temperature of 1550 °C, 

higher temperatures leads to an irregular shape. 

Isothermal dilatometric investigations show that the shrinkage of the investigated fine 

and coarse-grained powder compacts is characterized by sliding and diffusion 

processes. In particular, the beginning of the shrinkage process is always dominated by 

viscous flow, independent from the particle sizes of the powders. On the basis of the 

maxima of the shrinkage rates (non-isothermal), it can be seen the influence of the 

sliding processes decreases with increasing grain sizes of the powders. 
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