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Abstract The formation of solid solutions of the type

[Ba(HOC2H4OH)4][Ti1-xGex(OC2H4O)3] as Ba(Ti1-x/Gex)

O3 precursors and the phase evolution during thermal

decomposition of [Ba(HOC2H4OH)4][Ti0.9Ge0.1(OC2H4O)3]

(1) are described herein. The 1,2-ethanediolato complex 1

decomposes above 589 �C to a mixture of BaTiO3 and Ba-

GeO3. A heating rate controlled calcination procedure, up to

730 �C, leads to a nm-sized Ba(Ti0.9/Ge0.1)O3 powder (1a)

with a specific surface area of S = 16.9 m2/g, whereas a

constant heating rate calcination at 1,000 �C for 2 h yields a

powder (1b) of S = 3.0 m2/g. The shrinkage and sintering

behaviour of the resulting Ba(Ti0.9/Ge0.1)O3 powder com-

pacts in comparison with nm-sized BaTiO3 powder

compacts (2a) has been investigated. A two-step sintering

procedure of nm-sized Ba(Ti0.9/Ge0.1)O3 compacts (1a)

leads, below 900 �C, to ceramic bodies with a relative den-

sity of C90%. Furthermore, the cubic ¡ tetragonal phase

transition temperature has been detected by dilatometry, and

the temperature dependence of the dielectric constant (rela-

tive permittivity) has also been measured.

Introduction

Barium titanate (BaTiO3) is one of the most frequently

used ceramic materials in electronics due to its dielectric

properties. The sintering temperature of BaTiO3, prepared

by conventional mixed-oxide method, is in general,

considerably above 1,200 �C to obtain dense ceramic

bodies [1]. Sintering temperatures of about 1,100 �C are

possible using nano-sized BaTiO3 and a two-step sintering

procedure [2]. Some additives, like SiO2 or lead germanate,

can reduce the sintering temperature [3–5]. Pulvari [6] and

Baxter et al. [7] gave the first summary of additives and

their influence on the properties of BaTiO3. Additives can

influence not only the sintering temperature, but also the

dielectric/electrical properties of the final ceramics [8, 9].

The addition of germanates, like lead germanate, are used

in industrial applications to produce heterophasic ceramic

bodies [10, 11]. Up to now, the influence of BaGeO3 on the

sintering behaviour and properties of BaTiO3 has rarely

been investigated. To date, only Guha [12] has examined

the BaO–TiO2–GeO2 system and observed two ternary

compounds (BaTiGe3O9, Ba2TiGe2O8). Furthermore, Guha

and Kolar [13] studied the BaTiO3–BaGeO3 system, and

they determined a eutectic composition of 68 mol% Ba-

GeO3 with a melting temperature of about 1,120 ± 5 �C.

Additionally, they observed no shifting of the cubic ¡

tetragonal phase transition temperature of BaTiO3 (Curie

temperature) by addition of BaGeO3, as is consistent with

the investigation by Plessner and West [14]. Plessner and

West noticed only a reduction of the sharpness of the

permittivity maximum. In contrast, Pulvari [6] and Baxter

[7] found a small decrease in the Curie temperature with

the addition of GeO2.

This publication reports on fine grain barium titanate

powder containing 10 mol% barium germanate by

decomposition of a barium titanium germanium 1,2-

ethanediolato complex. In addition, the shrinkage and

sintering behaviour of resulting powder compacts and also

the dielectric properties of ceramic bodies have been

investigated.
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Experimental

Material preparation

[Ba(HOC2H4OH)4][Ti0.9Ge0.1(OC2H4O)3] (1) was prepared

analogous to the preparation of [Ba(HOC2H4OH)4]

[Ti(OC2H4O)3] (2) [15]. However, 10 mol% of the quantity

of Ti(OiC3H7)4 was substituted by Ge(OC2H5)4. The product

was a white, hygroscopic solid. Yield:[95%.

Analysis: C14H36O14BaTi0.9Ge0.1 (616.11 g/mol): calc.

C, 27.29%; H, 5.89%, found C, 27.27%; H, 5.95%.

1 was calcined at 1,000 �C for 2 h to determine the

Ba2+, Ti4+ and Ge4+ content. The powder that resulted

(290 mg) was dissolved in a solution of 20 mL H2O2

(30%) and 4 mL HClO4 (70%) at 40–50 �C. The amounts

of Ba2+, Ti4+ and Ge4+ were determined by atomic

absorption spectroscopy (AAS), colorimetry, gravimetric

analysis and chelatometric titration [16–18]. The analyses

indicated a Ba/Ti ratio of 1.117 and a Ba/(Ti + Ge) ratio of

0.999. These values correspond very well with the expec-

ted values.

Ba(Ti/Ge)-precursors with different Ti/Ge ratios were

prepared analogous to 1.

For the shrinkage and sintering behaviour, the calcined

powders were milled and pressed to disks (green density:

2.8–2.9 g/cm3), as described in [19].

Analytical methods

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

a STADI MP diffractometer from STOE (Germany) at

25 �C using CoKa1 radiation, and a step size of 0.03� for

2h. Simultaneous thermogravimetric (TG) and differential

thermoanalytic (DTA) measurements were achieved using

a STA 429 from Netzsch (Germany, Pt crucible, flowing air

(75 mL/min)). The dilatometric investigations (shrinkage)

were performed in a TMA 92-16.18 unit from Setaram

(France), and the densities of the discs were calculated

assuming an isotropic shrinkage behaviour. The specific

surface area was measured using nitrogen three-point BET

(Nova 1000, Quantachrome Corporation, USA). 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 [20] and the integral peak breadth.

Measurements of the dielectric constants at 1 kHz were

achieved using an Impedance Analyzer 4192 Alf from

Hewlett Packard (USA) and a temperature rate of

0.3 K/min. An analyzer CHNS 932 (LECO Instruments

GmbH) was used for elemental analyses. Atomic absorp-

tion spectroscopy (AAS) was performed using a Varian

Spectra 20 instrument. Scanning electron microscope

images were recorded with a Philips XL30 ESEM (Envi-

ronmental Scanning Electron Microscope).

Results and discussion

Solid solutions of the type [Ba(HOC2H4OH)4][Ti1-xGex

(OC2H4O)3]

Recently, we have reported on the 1,2-ethanediolato com-

plexes [Ba(HOC2H4OH)4][Ti(OC2H4O)3] (2) and [Ba

(HOC2H4OH)2Ge(OC2H4O)3] (3) as precursors for BaTiO3

and BaGeO3 ceramics [15, 19, 21]. Indeed, these complexes

2 and 3 are not isotypic. However, XRD investigations

suggest that the reaction of Ba(OH)2 � 8H2O with

Ti(OiC3H7)4 and Ge(OC2H5)4 in boiling 1,2-ethanediol

leads to solid solutions of the type [Ba(HOC2H4OH)4]

[Ti1-xGex(OC2H4O)3] up to a germanium content of x & 0.2.

XRD patterns of some precursor complexes with different

Ti/Ge ratios can be seen in Fig. 1. The XRD diagrams of

some [Ba(HOC2H4OH)4][Ti1-xGex(OC2H4O)3] precursor

complexes (0 B x B 0.2) show only the reflexion pattern of

complex 2 (Fig 1b–d). This observation indicates that each

sample consists of a single phase and suggests the formation

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

[Ti1-xGex(OC2H4O)3]. Furthermore, the insertion of Ge4+

into the crystal structure of 2 is connected to a decrease in

unit cell volume (inset in Fig. 1). As exemplified in Fig. 1e,

a further increase in the germanium content in the reaction

solution (Ti/Ge [ 0.2) leads to the appearance of an
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Fig. 1 XRD patterns of (a) [Ba(HOC2H4OH)4][Ti(OC2H4O)3] (2),

(b–d) [Ba(HOC2H4OH)4][Ti1-xGex(OC2H4O)3] (b) x = 0.05, (c)

x = 0.1, (d) x = 0.2), (e) consecutive product of a reaction, in which

50 mol% of Ti(OiC3H7)4 were substituted by Ge(OC2H5)4, (f)

[Ba(HOC2H4OH)2Ge(OC2H4O)3] (3). The inset shows the relation-

ship between the volume of the unit cell and the germanium content

(x) of some [Ba(HOC2H4OH)4][Ti1-xGex(OC2H4O)3] complexes
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additional crystalline phase. The reflexions of that second

phase at 2h & 12.0, 12.9 and 15.8� represent the formation

of complex 3 [19].

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

[Ti0.9Ge0.1(OC2H4O)3] (1) after different calcination steps

(dwelling time 1 h). A calcination temperature of 500 �C

leads to a diffraction pattern with reflexions belonging to

an intermediate phase, as described in [22, 23], and

reflexions of BaTiO3 and orthorhombic BaCO3 [24]. Cal-

cination at 700 �C results in the formation of a (pseudo)-

cubic BaTiO3 phase and small amounts of BaCO3. Heat

treatment at 1,000 �C causes a weak splitting of the peak at

about 2h & 52.8� into the (002) and (200) peaks indicating

the transformation from cubic to tetragonal BaTiO3. Pow-

ders calcined above 800 �C show weak peaks belonging to

orthorhombic BaGeO3 and Ba2GeO4 [24]. Consequently,

the calcination of 1 does not lead to a solid solution of the

type BaTi0.9Ge0.1O3, as was also found to be the case in the

investigations by Guha and Kolar [13]. They reported that

only up to about 1.8 mol% Ge4+ (related to the occupation

of the Ti4+ site) is incorporated into the BaTiO3 structure.

Therefore, the calcination product of 1 is predominantly a

mixture of barium titanate and barium germanate (0.9

BaTiO3/0.1 BaGeO3). In this article, we describe that

mixture by the formula Ba(Ti0.9/Ge0.1)O3.

TG/DTA investigations of

[Ba(HOC2H4OH)4][Ti0.9Ge0.1(OC2H4O)3] (1)

Figure 3 shows the TG and DTA curves for 1 in flowing air

with a heating rate of 10 and 1 K/min, respectively.

Figure 3a (heating rate 10 K/min) shows two endothermic

peaks beginning (Tonset) at about 117 �C and 144 �C. The

resulting weight loss until 196 �C is due the loss of solvate

molecules (39.2%). A further weight loss, starting at

283 �C, leads to a total weight loss of 54.4%, and is

accompanied by an exothermic decomposition process

(Tonset: 306 �C). The observed intermediate state is stable

up to about 510 �C. After several weight losses, the last

stage of decompositions starts at 705 �C, and the formation

of Ba(Ti0.9/Ge0.1)O3 is complete by 795 �C. The total

weight loss of 61.5% is in excellent agreement with the

theoretical value of 61.7%.

A comparison between the TG/DTA analyses with

heating rates of 10 and 1 K/min (Fig. 3a, b) shows that the

beginning of the several decomposition stages strongly

depends on the heating rate. In particular, the final stage of

decomposition is shifted to a lower temperature by a

heating rate of 1 K/min. Here, the final stage starts at

589 �C, and the precursor is completely transformed into

Ba(Ti0.9/Ge0.1)O3 by about 716 �C. Similar observations

during the decomposition of BaTiO(C2O4)2 � 4H2O are

reported by Polotai et al. [25].

The calcination regime (temperature, heating rate and

dwelling time) has a great influence on the resulting par-

ticle size. Lower calcination temperatures lead to powders

with higher specific surface areas and smaller particles [15,

26]. According to the thermal analyses, 1 was calcined by

the following thermal treatment: heating to 550 �C with a

heating rate of 10 K/min, slow heating with 1 K/min to

730 �C, dwelling time 30 min and followed by cooling at

10 K/min. The resulting powder contains only traces of

BaCO3. This thermal treatment leads to a Ba(Ti0.9/Ge0.1)O3

powder (1a) with a specific surface area of S = 16.9 m2/g

and an average particle size of davar. = 61 nm. Crystallite-

size measurement by XRD line broadening [20] of the

(111) reflexion of the BaTiO3 phase reveals a lower value

of about dcrys. = 40 nm. The XRD line broadening indi-

cates only a crystallite size of the BaTiO3 phase, whereas
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the specific surface area indicates an average particle size

of all phases including agglomerates. Moreover, the

decomposition leads to the development of an internal

surface in the powder (closely joined crystallites), which is

unavailable for nitrogen adsorption. Analogous discrepan-

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

XRD line broadening and the specific surface area were

also observed in studies of ThO2 and ZrO2 [27, 28].

Shrinkage and sintering behaviour

Three different preceramic powders were used for these

investigations. Powder 1a (Ba(Ti0.9/Ge0.1)O3) was obtained

after calcination of precursor 1 at 730 �C, as described

above (S = 16.9 m2/g, davar. = 61 nm), while powder 1b

(Ba(Ti0.9/Ge0.1)O3) is the resulting decomposition product

of precursor 1 calcined at 1000 �C for 2 h with a heating

rate of 10 K/min (S = 3.0 m2/g, davar. = 341 nm). Powder

2a (BaTiO3) was obtained by decomposition of precursor 2

with the same thermal treatment, as described for 1a (Ba/

Ti = 1.004, S = 15.0 m2/g, davar. = 66 nm). The theoret-

ical bulk density of Ba(Ti0.9/Ge0.1)O3 ceramics was

calculated as 5.85 g/cm3 [19, 29, 30]. Besides the tetrag-

onal BaTiO3 phase, the Ba(Ti0.9/Ge0.1)O3 ceramic bodies

mainly consist of hexagonal BaGeO3 or Ba2TiGe2O8 (as

shown below in Fig. 7). The theoretical density of BaTiO3

ceramics is 6.02 g/cm3 [31]).

Figure 4 shows the dilatometric (non-isothermal)

investigations of these three different powder compacts.

Sample 1a: a strong shrinkage process starts at about

790 �C, and the relative shrinkage rate reaches a maximum

at 908 �C. Above 1,000 �C, a second shrinkage process can

be observed. An increase in the shrinkage up to 1,170 �C

leads to a maximum of the relative bulk density of 96%

(5.60 g/cm3) with respect to the theoretical density. Further

heating results in a slight expansion of the sintered body,

and thus in a decrease in density. The investigation of the

shrinkage mechanism will be a subject for further studies.

The shrinkage curve of 1b reveals, in particular, the

influence of the particle size on the shrinkage behaviour.

The beginning of the shrinkage process is shifted to a

higher temperature. The sample begins to shrink slowly at

850 �C, and a first broad maximum of the shrinkage rate is

reached at about 1,058 �C. A second strong shrinkage

process begins at 1,110 �C, whereas the maximum of the

shrinkage rate is observed at 1,164 �C. The last process is

probably initiated by the formation of a liquid phase. Guha

and Kolar [13] observed the formation of a liquid phase in

the BaTiO3–BaGeO3 system at 1,120 ± 5 �C (eutectic

temperature). At 1,400 �C, a relative density of 89%

(5.23 g/cm3) is reached.

A comparison of sample 1a and 2a shows the influence

of BaGeO3 on the shrinkage process. Both samples consist

of comparable particle sizes (61 nm (1a), 66 nm (2a)). The

sample 2a slowly begins to shrink at about 800 �C, but a

clear shrinkage process begins at 900 �C and shows two

maxima of the shrinkage rate at 922 �C and 1,050 �C. The

shrinkage curve of 2a reveals an increasing densification at

the end of the heating period and reaches 89% (5.38 g/cm3)

of the theoretical density.

Figure 5 shows the bulk densities of ceramic bodies of

1a after conventional sintering (heating up to a certain

temperature (rate 10 K/min), dwelling at this temperature

and then cooling down with 10 K/min). The bulk densities

of the sintered bodies were calculated from their weight

and geometric dimensions. We obtain dense ceramic bod-

ies below the formation of a liquid phase. It can be seen

that a dwelling time of 1 h at 1,000 �C leads to dense
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ceramic bodies (94%, 5.52 g/cm3) and reaches, at

1,150 �C, a relative density of 97%. We observe a heter-

ogeneous grain size distribution (Fig. 6a–c). The grain size

of a ceramic body sintered at 1,000 �C is in the range of

about 0.8–3.7 lm and at 1,100 �C, 1.5–5 lm. As the result

of the formation of the liquid phase, we find a bi-modal

grain size distribution with grain sizes of 5–40 lm

(1,250 �C) and 11–60 lm (1,350 �C). It can be seen that

the grains are surrounded by a solidified liquid phase.

Analogous to the dilatometric investigation, sintering

above 1,150 �C causes a small decrease in density. This so-

called dedensification or desintering process is caused by

an increase in volume of the body (see also Fig. 4). The

dedensification of BaTiO3 and other ceramics has been

reported in several articles [9, 32–36]. Demartin et al. [32,

34] attributed the dedensification process to a bi-modal

grain growth in dense ceramic bodies along with the

appearance of a liquid phase. According to these studies,

we obtain dense ceramic bodies (below 1,120 �C), which

are characterized by a bi-modal grain size distribution, and

the dedensification process takes place with the formation

and spreading of the liquid phase. In contrast, powder

compacts of 1b do not show any dedensification processes

(see Fig. 4) because of their lower densification. The

dilatometric investigations reveal a relative density of 67%

for 1b (cp. 91% for 1a) at 1,120 �C, and also a sintered

body of 1b with a relative density of 75% (1,090 �C, 1 h)

shows a porous microstructure without any evidence of a

bi-modal grain size distribution.

Additionally, dense ceramic bodies can be obtained

below a sintering temperature of 1,000 �C by a prolonged

dwelling time or a two-step sintering procedure [37]. A

relative density of 93% can be observed by conventional

sintering at 900 �C for 10 h. The resulting ceramic body

consists of grains between about 0.7–4.8 lm in diameter

(Fig. 6d).

Fig. 6 SEM micrographs of the

surfaces of ceramic bodies (1a)

after different sintering

procedures. (1) Conventional

sintering, (a) 1,000 �C, 1 h; (b)

1,250 �C, 1 h; (c) 1,350 �C,

1 h; (d) 900 �C, 10 h. (2) two-

step sintering procedure

(dwelling time 50 h), (e)

T1 = 950 �C, T2 = 850 �C, (f)
T1 = 970 �C, T2 = 840 �C
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As shown by Chen and Wang [37], a two-step sintering

process can suppress the final-stage grain growth. Here, the

samples are heated (10 K/min) to a higher temperature

(T1), then cooled (30 K/min) and held at a lower temper-

ature (T2). The first sample was sintered at T1 = 950 �C,

T2 = 850 �C and a dwelling time of 50 h. The ceramic

body that resulted has a relative density of 92% and the

grain size is between 0.6–2.8 lm. A second sample sin-

tered at T1 = 970 �C, T2 = 840 �C and a dwelling time of

50 h achieved a relative density of 90% and a grain size

interval of about 0.6–2 lm (Fig. 6e, f).

For comparative purposes, conventional sintering

(dwelling time 1 h) of powder compacts of 2a leads to

ceramic bodies with a relative density of only 87%

(5.24 g/cm3) at 1,100 �C and to a density of 94%

(5.68 g/cm3) at 1,350 �C.

Powder diffraction patterns of ceramic bodies of 1a after

conventional sintering at different temperatures are shown

in Fig. 7. Ceramic bodies sintered up to 1,200 �C consist of

tetragonal BaTiO3 and hexagonal BaGeO3 [24]. Whereas

sintering at 1,250 �C promotes the transformation from

hexagonal to orthorhombic BaGeO3 and hinders the

reverse phase transition during the cooling stage [19],

sintering considerably above 1,250 �C results in the

formation of Ba2TiGe2O8 [24, 30] and in a decrease of the

orthorhombic BaGeO3 phase.

The influence of the additive BaGeO3 on the dielectric

constant is represented in Fig. 8. The figure shows the

temperature dependence of the dielectric constant (relative

permittivity, er) of BaTiO3 (2a) and Ba(Ti0.9/Ge0.1)O3 (1a)

ceramics after conventional sintering. The transition

between the paraelectric and ferroelectric phase is shifted

to lower temperatures by addition of BaGeO3 (curve

maxima: 128 �C (2a) and ca. 120 �C (1a)). Moreover, a

reduction in the sharpness and the height of the curve,

maximum of sample 1a can be observed.

The cubic ¡ tetragonal phase transition of BaTiO3 was

also analysed by dilatometric measurements of dense

ceramic bodies after conventional sintering (Fig. 9). The
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Fig. 9 Dilatometric measurements of the expansion of dense ceramic

bodies during the cubic ¡ tetragonal phase transition, (a) 2a
(1,350 �C, 1 h), (b) 1a (1,350 �C, 1 h) and (c) 1a (1,050 �C, 1 h).

The figure shows the cooling curves (cooling rate 2.5 K/min,

DLrel. = DL/L0)
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phase transition temperature was determined at the points of

inflection of the thermal expansion curve during the cooling

phase. The phase transition temperature of a pure BaTiO3

ceramic (2a, sintered at 1,350 �C) is 120.5 ± 0.3 �C. We

observed a small shift to lower temperatures in Ba(Ti0.9/

Ge0.1)O3 ceramics (1a). A ceramic body of 1a sintered at

1,350 �C has a transition temperature of 115.4 ± 0.3 �C,

whereas a sintering temperature of 1,050 �C leads to a

transition temperature of 111.3 ± 0.3 �C.

Analogous observations were reported by Kuwabara

et al. [38]. They noticed a shift of the Curie temperature in

relation to the sintering temperature in pure BaTiO3

ceramics.

Conclusion

Thermal decomposition of a solid solution of [Ba

(HOC2H4OH)4][Ti0.9Ge0.1(OC2H4O)3] (1) leads to a mixture

of mainly BaTiO3 and BaGeO3 (denoted by Ba(Ti0.9/

Ge0.1)O3). The final temperature for the formation of Ba(Ti0.9/

Ge0.1)O3 depends on the heating rate, and is 716 �C with a

heating rate of 1 K/min. A heating rate controlled calcination

procedure of 1 leads to nm-sized Ba(Ti0.9/Ge0.1)O3 powder

(1a) with a specific surface area of 16.9 m2/g. Dilatometric

investigations on powder compacts of 1a reveal that the non-

isothermal shrinkage starts at 790 �C and leads up to

1,170 �C to a relative bulk density of 96%. Dense ceramic

bodies (relative density [90%) of 1a can be obtained by

conventional sintering at 900 �C and by a two-step sintering

procedure with prolonged dwelling time at 850 �C. The final

ceramics sintered to 1,250 �C consist of tetragonal BaTiO3

and hexagonal/orthorhombic BaGeO3, whereas higher sin-

tering temperatures lead to the disappearance of the BaGeO3

phase and to the formation of Ba2TiGe2O8. Moreover, we

observe a small decrease in the cubic ¡ tetragonal phase

transition temperature for Ba(Ti0.9/Ge0.1)O3 ceramics. The

curve maximum of the dielectric constant (relative permit-

tivity) is also shifted to a lower temperature and shows a

reduction in sharpness and height.
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