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Abstract 

The calcium titanates CaTiO 3, Ca3Ti20 7 and 
Ca,,Ti3010 can be synthesized by the wet ehemieal 
peroxide route. The)qrst step of the preparation is the 
precipitation ~?(peroxo-precursors o)C definite stoichi- 
ometrv which are tran,@)rmable into the cor- 
responding titanates by thermal decomposition. The 
resulting uttra-~ne, phase-pure calcium titanate 
powders have only a small impurity content. They are 
t~erv sinter active above 1200°C. The rate of  
dens([ieation during sintering o[eompacts is #nproved 
in the sequence Ca3Ti207  < Ca4Ti3010 < C a T i O  3, 
considering the green densities, the densities at a given 
time and the theoretical densities of the titanates for 
the cah'ulations. The phase CaTi409 can be obtained 
q['ter thermal degradation o['a corresponding peroxo- 
precursor at temperatures below 700~'C. There are 
als'o hMieations 0/  the jormation 0[ the phase 
CaTizO 5 below 700~C. A phase CazTiO 4 can not be 
s.t,nthesized using the peroxide route. 

Die Cah'iumtitanate CaTiO 3, Ca3Ti20 7 und 
Ca:~ Ti3010 k6nnen mit der Peroxidmethode auf na[~- 
chemischem Weg o,nthetisiert werden. Der erste 
Pr?iparationssehritt besteht in der Fgillung yon 
Pero.ro-Precursors definierter St6chiometrie, weh'he 
dureh thermisehe Zersetzung in die entsprechenden 
Titanate iiher[~ihrbar sind. Die entstehenden ultra- 

Jeinen, phasenreinen Calciumtitanatpulver haben nur 
einen geringen Gehalt an Verunreinigungen. Oberhalb 
1200 C sind s& sehr sinteraktiv. Berechnungen unter 
Einbeziehung der Ausgangsdichten, der Dichten nach 
besthnmten Sinterzeiten und der theoretischen Dich- 
ten der Titanate zeigen, daft Verdichtungsge- 
schwindigkeit beim Sintern yon Prefllingen in der 

* Present address: E. Merck/FO PIGM PE, Frankfurterstrasse 
250, D-6100 Darmstadt 1, FRG. 

Reihen/?)lge Ca3Ti20 7 < Ca4Ti3Oto < CaTiO 3 2u- 
nimmt. Die Phase CaTi~O~ ist dureh thermisehen 
Abbau des zugehi~rigen Peroxo-Preeursors bei 
Temperaturen unterhalb 7()0~'C zugdnglieh. Es gibt 
auch Indizien .[~ir die Bildung der Phase CaTi20 ~ 
unterhalb 700:C. Ehw Phase Ca2TiO, ~ ist mit der 
Peroxidmethode nieht darstellbar. 

Les titanates de cah'ium CaTiO 3, Ca3Ti20 7 et 
Ca4Ti3010 peuvent dtre synthOtis~;s par chimie 
humide voie peroxyde. La premiOre ~tape de la 
svnthkse est la pr¢;eipitation de pr&'urseurs perox.t,des 
de stoeehiomOtrie d¢;finie, qui pourront ensuite donner 
h's titanates correspondants par d&'omposition ther- 
mique. Les pou,h'es de calcium de titanate r~sultantes. 
ultrq~'nes et h haute puret~; phasique, ont un faihle 
taux d'impuret~;s. Elles sont trOs r~;aetives au dessus de 
1200 C. Le taux de dens(fication pendant le /?itt(~e 
des compacts s'amOliore suivant ht sOquence 
C a 3 T i 2 0  7 < Ca4Ti301o < CaTiO 3, en eonsid~;rant 
pour les ealculs les densitOs en crue, les densitOs hun 
moment donnk et les densitOs th~;oriques des titanates. 
La phase CaTi, O~ peat dtre obtenue, aprOs d~;gra&t- 
tion thermique d'un pr~;curseur peroxt,de eor- 
respondant, h des tenwOratures in[~rieures ,'l 700'C. 
Nous avons Ogalement relet, k des indications de 
formation de la phase CaTi:O 5 en dessous de 700':C. 
La phase Ca z TiO, ne peut dtre svnthPtisPe par la vo& 
peroxyde. 

1 Introduction 

293 

Calcium titanates are interesting compounds espec- 
ially because of their electrical properties. The phase 
equilibria in the CaO-TiO z system have been 
studied extensively and the existence of the compo- 
sitions CaTiO3, Ca3Ti20 7 and Ca~Ti3Olo has 
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been reported in the literature. ~ - 5 It has been found 
that the composition CazTiO 4 is thermodynami- 
cally unstable towards decomposition to other 
phases. 6 There is also little information on the 
synthesis of CaTi205 and CaTi409 using a wet 
chemical route. 7,s These compounds are said to be 
formed below 800°C by calcination of Ca and Ti 
containing precipitates. 

CaTiO 3, with its perovskite structure, is a highly 
refractory compound which is resistant to corrosion 
by concentrated caustic soda solution. It is an n-type 
semiconductor on annealing at high temperatures 
under reducing atmospheres or by donor dop- 
ing. 9-11 The structure of Ca3Ti207 consists of 
double perovskite layers interleaved with CaO, 
whereas Ca4Ti30~o has triple perovskite layers 
interleaved with CaO. 3 

Although the physical properties of calcium 
titanates have been studied intensively, there is only 
a little information on the synthesis and on the 
sintering behaviour of phase-pure, high-purity 
CaTiO3 or of the other titanate compositions. 
Calcium titanates are commonly prepared by the 
solid-state reaction of CaCO 3 and TiO 2 at tempera- 
tures above 1300°C. The effect of the reactivity of the 
starting materials on the sinterability of calcium 
titanate has been studied by Degtyareva and 
Verba. ~ 2, ~ 3 They found that open porosity decreases 
with increasing sintering temperature, reaching 
5.3% at 1600°C, when the most reactive starting 
compounds were used. 

Wet chemical methods for the synthesis of 
CaTiO 3 are also known. It is formed by thermal 
degradation of precipitated calcium titanyl oxa- 
late ~4'~5 or by heating of a catecholate complex at 
600°C. ~6 Fine CaTiO3 powders consisting of 
0.1-0-5 pm size crystallites can be prepared at 150- 
200°C by the hydrothermal method starting from 
hydrated titania gel and reactive calcium oxide 
suspended as an aqueous slurry in an autoclave. ~7 
These hydrothermally prepared CaTiO 3 powders 
are sinterable to high-density ceramics below 
1400°C. On the other hand, homogeneous CaTiO3 
can also be synthesized by a modified Pechini 
method.~°'18 

Another synthesis to obtain high-purity CaTiO 3 
is the peroxide route. ~ 9.20 This synthesis occurs via 
the precursor CaTiO2(O2).3H20 using CaC12, 
TiC14, H202 and NH 3 as starting compounds. 2~ The 
preparation is likewise possible by use of titanium 
tetraisopropoxide instead of TIC14. 22 Sintered 
densities as high as 98.3% of theoretical were 
obtained for the so-prepared CaTiO 3 powder 
treated in organic solvents and calcined at 800°C. 

It is the aim of this paper to investigate the 
formation of further calcium titanate compositions 
like Ca3Ti207 or Ca4Ti3Olo using the peroxide 
method. Experiments for the synthesis of other 
compositions like CaTi2Os, CaTi40 9 or Ca2TiO 4 
are also described. In the case of the Ba-Ti-O system 
Ba2TiO 4, BaTiO 3, BaTi205 and BaTi409,  and in 
the case of the Sr-Ti-O system Sr2TiO4, SrTiO3, 
Sr3Ti207 and Sr4Ti30~o have been obtained by the 
peroxide route. 23-2v The precipitation of the 
calcium- and titanium-containing precursors, their 
thermal decomposition to the titanates and the 
characterization of both intermediate products and 
the final titanate powders as well as the results from 
sintering experiments are described in this com- 
munication. 

2 Experimental Procedure 

An aqueous solution of CaC12 . 6H20 and TIC14 (Ti 
concentration 0"8mol/litre) was added rapidly at 
10°C under argon into a larger volume ( × 1-5) of a 
solution of H202 and ammonia in water. The molar 
ratios of CaC12 . 6H20 : TiC14 : HzO 2 : NH 3 used 
were 1 : 1:2-5 : 12 for CaTiO 3, 3:2: 7:20 for Ca3Ti2OT, 
and 4:3:10:30 for Ca4Ti30~o. The conditions for 
the synthesis of CaTiO3 have already been described 
in a former paper. 21 Experiments to synthesize the 
compositions CaTi20 s, CaTi409 and CazTiO 4 were 
carried out in a similar manner using the molar 
ratios 1:2:2"5:24 for CaTi205, 1:4:2"5:50 for 
CaTi409, and 2:1:5:12 for Ca2TiO 4. Light yellow 
amorphous precipitates were formed in all cases. 

The precipitates were filtered, washed with water 
and then dried with HzSO 4 in a desiccator. The 
resulting precursors were calcined at different 
temperatures up to 900°C. 

The chemical analysis of the precursors and of the 
powders obtained after calcination for 1 h at 900°C 
was performed as follows. Titanium was determined 
gravimetrically, after precipitation with cupferron 
and annealing, as TiO2, 2s and calcium was titrated 
complexometrically with thymolphthalexon as 
indicator. 29 The peroxide content was analysed 
iodometrically. 

Thermal decomposition of the peroxo-precursors 
was investigated by thermogravimetry (TG) and 
differential thermal analysis (DTA). X-Ray diffrac- 
tion measurements allowed the formation of the 
titanate phases to be located. 

The calcium titanate powders calcined at 900°C 
for 1 h were mixed with a binder solution (65% H 2 0  , 

25% glycerol, 10% PVA) in a mortar, disagglom- 
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erated for 20 min in a ball mill (Fritsch Pulverisette) 
and dried at 80°C before granulating through an 80 
mesh sieve. The powders were pressed in the form of  
discs under a pressure of  125 MPa and sintered at 
1200 and 1400°C under isothermal conditions. The 
densities of the disc-shaped specimens with an initial 
diameter of  10ram and height of  5mm were 
determined by measuring weights and dimensions at 
the beginning and after heating steps, utilizing an 
external micrometer. 

3 Results 

The results of the analysis of the dried precursors 
and of the powders obtained after calcination at 
900C are shown in Table 1. The peroxo-precursors 
for CaTiO 3, Ca3Ti20 7 and Ca4Ti3Ol0 show a 

Table 1. Analytical data for the peroxo-precursors and for the 
products obtained after thermal decomposition at 900C 

(weight loss for 1 h at 900 C) 

('ompotlent (% e.vl).) (% ca~c.) (% exp.) (% talc.) 

CaTi02(02). 3H20 C a T i O  3 

Calcium 19"5 19"5 29.4 29'5 
Titanium 23"5 23"3 35"3 35.2 
Peroxide 15-3 15-5 
Weight loss 34.1 34-0 

Ca3Ti205(O2)x.4H20 Ca3Ti207 

Calcium 27.7 27.8 36.8 36.7 
Titanium ~v.~ 22-2 29.3 29-2 
Peroxide 14'5 14.8 
Weight loss 24"6 24" 1 

Ca4Ti308(02) 2 .6H20 Ca4Ti301o 

Calcium 26-4 26-5 34-5 34.6 
Titanium 23"9 23"8 31"1 31"0 
Peroxide 11.0 10.6 
Weight loss 23-6 23"2 

CaTi204(021. 4H20 "CaTi205" 

Calcium 13" 1 13'2 18'5 18'6 
Titanium 31-7 31.5 44.5 44.4 
Peroxide 10-7 10'5 
Weight loss 295 29'0 

CaTi~O~,(02) 2 . 6H20 "CaTi~O 9" 

stoichiometric composition as well as the titanates. 
The reactions of the precursor formation can be 
described as follows: 

CaC12 + TIC14 + H 2 0  2 + 6 N H  3 + 5H20 
CaTiO2(O2).  3H20 + 6NH4C1 (1) 

3CaC12 + 2TIC14 + 2H202 + 14NH 3 + 9H20 ---, 
Ca3TizOs(02)  2 . 4 H 2 0  + 14NHgC1 (2) 

4CAC12 + 3TIC14 + 4 H 2 0  2 + 20NH3 + 12H20  

Ca4Ti308(O2) 2 . 6 H 2 0  + 20NH4C1 (3) 

The experiments for the formation of suitable 
peroxo-precursors for the preparation of CaTi20 5, 
CaTi,,O9 and CazTiO  4 can be summarized by the 
following equations: 

CaC12 + 2TiCI4 + H 2 0  2 + 10NH 3 + 8 H 2 0  ---> 
C a T i 2 0 4 ( O 2 ) . 4 H 2 0 +  10NH4C1 (4) 

CaC12 + 4TiCI 4 + 2 H 2 0 2  + 18NH 3 + 1 3 H 2 0  
C a T i 4 O v ( O 2 ) 2 . 6 H 2 0 +  18NH4C1 (5) 

2CAC12 + TiC14 + H 2 0  2 + 8 N H  3 + 5 H 2 0  

C a 2 T i O 3 ( O 2 ) . 2 H 2 0 +  8NH4C1 (6) 

The TG,  D T G  and D T A  curves o f  the thermal  

decompos i t i on  o f  the three precursors  o f  react ions 

{1), (2) and (3) are shown in Fig. 1. Ca 3- 

Ti2Os(O2) 2 . 4 H 2 0  and Ca4Ti3Os(O2) 2 . 6 H 2 0  show 
a similar behav iou r  dur ing  heating. In a first 

step up to 3 0 0 C  the water  is evapora ted  (endo- 

thermic effect). The decompos i t i on  o f  the peroxide 

~ ~DTG 
v r i v 

(a) 

Z 

L- 

...~ - ~ DTA 

~ T6 

(b) 

Calcium 7-9 7.8 10"6 10.7 
Titanium 37"3 37'2 5 I' l 51-0 
Peroxide 122 12.4 
Weight loss 26.7 27-1 

Ca 2 I703(02 ). 2H20 "Ca2 Ti04" 

Calcium 33"0 32'9 41-7 41-7 
Titanium 19"8 19'6 24.8 24-9 
Peroxide 12-8 13' 1 
Weight loss 21.9 21.3 

_ ~  ~DTA l 

- - ~  - - ' ~ ,  DT0 ( 
, f C l  

200 400 600 BOO TPC 
Fig. I. DTA, TO and DTG curves of(a) CaTiO2(O2). 3H 20,(b) 

Ca3Ti2Os(O_,)2.4H20 and (c) Ca4Ti308(O2)2.6H20. 
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Fig. 2. X-ray diffractograms of the decomposition products of 
(a) CaTiO2(O2). 3H20, (b) Ca3Ti2Os(O2) 2 .4HzO, (c) Ca4Ti30 s 
(02) 2 . 6H20, (d) CaTi2Og(Oz). 4H20, (e) CaTi407(O2) 2 . 6H20 
and (ft Ca2TiO3(O2). 2H20. Reflections of(O) futile, ( x ) CaO, 

(©) CaTiO 3, (r-l) Ca3Ti2OT. 

groups occurs between 500 and 750°C and oxygen is 
released (endothermic effect). CaTiO2(O2).3H20 
shows another  behaviour. The water liberation 
occurs in two steps at temperatures of  about 150 and 
450°C. Oxygen is at first formed between 600 and 
700'C. 

The X-ray diffractograms of the decomposition 
products of  the three precursors as well as of  the 
dried precipitates of reactions (4), (5) and (6) are 
shown in Fig. 2 for the calcination temperatures 550, 
700 and 900°C (in each case calcined for 8 h). All 
precipitates and the powders obtained after heating 
up to 500°C are X-ray amorphous. There are no 
reflections in the diffractograms, presumably 
because of  the very small crystallite sizes. At 550°C, 
small reflections appear, indicating the formation of  
titanate phases or futile. The last one is found after 
decomposition of  CaTiO2(O2). 3H20 and of  the 
precursors of  reactions (4) and (5) besides CaTiO 3. 
On the other hand, CaO is one of  the products 
formed above 550°C in the case of  the degradation 
of  CazTiO3(Oz).2H20. The compounds CaTiO3, 
Ca3Ti20 7 and Ca4Ti30~o are obtained in their pure 
form upon calcination at 900°C for 1 h. The specific 
surface areas of these titanates attain values of 
18 m2/g (CaTiO3). 19m2/g (Ca3Ti2OT) and 20m2/g 
(Ca4Ti3Olo). 

The results of  the sintering experiments at 1200 
and 1400°C are shown in Figs 3 and 4. The different 
green densities Po of the compacts (2.35 g/cm 3 for 
CaTiO3, 2.06g/cm 3 for Ca3Ti2OT, 2"13g/cm 3 for 
Ca4Ti3Olo ) are included by using the densification 
parameter  ~ = Pt - P o / P t h -  Po (Pt = density at a 
given time. p,h= theoretical density). Isothermal 
sintering at 1200 and 1400°C leads to a good 
densification in all cases, increasing in the sequence 
Ca3Ti20 7 < Ca4Ti3Olo < CaTiO3. The highest 
densities after 4h  at 1400°C are 3.97g/cm 3 for 
CaTiO 3 (98% of  P,0, 3"48g/cm3 for Ca3Ti20 7 
(91%) and 3"84 g/cm 3 for Ca4Ti3Olo (92%). CaTiO 3 
has a significantly higher sinterability than the other 
two titanates. 

Fig. 3. Densification para- 
meter of (x) CaTiO3, (O) 
Ca3Ti207 and ((2)) Ca4Ti3Olo 
compacts as a function of iso- 
thermal heating time at 1200°C. 
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Fig. 4. Densification para- 
meter of (x) CaTiO 3, (O) 
Ca3Ti20 ~ and (C)) Ca4Ti3Olo 

, t ~ compacts as a function of iso- 
150 200 t/m in thermal heating time at 1400' C. 

4 Discussion 

CaTiO3 has already been synthesized using the 
peroxide route. 21 It is possible to obtain a series of 
new precursors by this method by choosing suitable 
molar ratios of CaC12.6H20, TiC14, H202 and 
NH 3. Their composit ions are Ca3Ti2Os(O2)  2. 

4 H 2 0 ,  C a 4 T i 3 0 8 ( O 2 ) 2 . 6 H 2 0 ,  CaTi204(O2)  • 
4 H / O ,  C a T i 4 O T ( O 2 ) 2 . 6 H 2 0  and Ca2TiO3(O2) .  
2H20. These precursors are transformed into the 
corresponding titanates by thermal decomposition 
in the cases of Ca3Ti205(O2)  2 . 4 H 2 0  and Ca4Ti3 
O 8 ( O 2 ) 2 . 6 H 2 0 .  The resulting calcium titanates 
Ca3Ti20 7 and Ca4Ti3Olo have good stoichiometry 
and also high purity (main impurities, determined by 
atom emission spectrometry: A1 90 ppm, Si 40 ppm, 
Fe 10ppm, Mn 20ppm, Mg 30ppm). 

Thermal degradation of the other three pre- 
cursors at temperatures up to 900'~C leads to 
mixtures of CaTiO3 and TiO 2 in the molar ratios 1:1 
for CaTi204(O2). 4H20 and 1:3 for CaTi4Ov(O2). 
4 H 2 0  or  to a mixture of CaTiO 3, Ca3Ti20? and 
CaO for CaiTiO3(O2). 2H20. The specific surface 
areas of CaTiO 3. Ca3Ti207 and Ca4Ti3Olo ob- 
tained after the degradation of the corresponding 
precursors at 900~C for 1 h attain values of about 
19m2/g. Scanning electron micrographs show 
particle sizes between 50 and 150nm with a high 
degree of agglomeration. The last statement is 
supported by sedimentation measurements yielding 
dso~, -values between 500 and 1000 nm. The powders 
have interesting chemical and morphologic pro- 
perties in comparison with the same compositions 
obtained by the solid-state reaction. Their impurity 
content is normally lower, the keeping of stoichi- 
ometry is less problematic and the particles are 

essentially smaller than in the case of the conven- 
tionally prepared powders. 

The thermal decomposi t ion of  the peroxo- 
precursors Ca3Ti205(O2)  2. 4 H 2 0  and Ca4Ti3 
O 8 ( O 2 )  2 . 6H20 takes place in two steps. The water 
evaporation, as the first step, is followed by oxygen 
liberation at higher temperatures, in accord with the 
situation for the analogous strontium compounds. 27 
The degradation of CaTiO2(O2) .  3H20 is a three- 
step process where the water evaporates in two steps 
and the oxygen is liberated finally. The X-ray 
diffractograms show the occurrence of rutile as an 
intermediate compound at temperatures between 
550 and 650' C. A similar mechanism of decompo- 
sition has been found for BaTiO2(O2). 3H20 and 
SrTiOz(Oa).3H20. 21'24 In analogy to the corre- 
sponding strontium compounds,  the precursors 
Ca3Ti205(O2)  2 . 4 H 2 0  and Ca~Ti3Os(O2) 2 . 6 H 2 0  
are transformed directly to Ca3Ti207 and 
Ca4Ti3Olo by the thermal degradation. 

Another situation has been observed for the peroxo- 
precursors CaTi204{O2).  4 H 2 0  and CaTi40,(O2) z . 
6H20. After thermal treatment of CaTi407(O2) 2. 
6H20 at 550'C, a diffractogram is obtained 
containing all reflections of CaTi409 described in 
the literature, s The intensities of the reflections are 
low at this temperature, but the interpretation is 
unambiguous. At 700°C, a mixture of CaTi409, 
CaTiO3 and rutile is found in the diffractogram, 
indicating that CaTi409 is only stable at tempera- 
tures lower than 700°C. The decomposition ofCaTi 2 
O 4 ( O 2 ) . 4 H 2 0  at 550~C leads to a diffractogram 
containing patterns which have been described for 
CaTi2Os, v but there are also patterns for which the 
indication by known phases is not possible. Not all 
reflections declared for CaTi205 have been found. 
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At 700°C, a mixture of this phase together with 
CaTiO 3 and futile is detectable, and at 900°C, the 
diffractogram contains only the patterns of  CaTiO a 
and TiO2. These two phases are stable even at 
temperatures up to 1400°C. The same situation has 
been found for the decomposition ofCaTi407(O2) 2 . 
6H20 at temperatures higher than 700°C. A 
quantitative valuation of  the two diffractograms 
obtained after thermal treatment of  CaTi204(O2). 
4H20 and CaTi407(O2)2 • 6H20 at 900°C shows the 
decreasing ratio CaTiOa:TiO2 which is 1:1 in the 
first case and 1:3 in the last case. 

The decomposition of  the precursor Ca2TiOa 
(O2). 2H20 takes place in this way, so that CaTiO 3, 
Ca3Ti207 and CaO are formed. At 550°C, mainly 
CaTiO 3 reflections are found in the diffractogram, 
but with rising temperature the patterns of  
Ca3Ti207 and CaO increase. There are no indi- 
cations of  the existence of  CazTiO4, confirming the 
calculations to the stability of  this phase. 6 

The sintering behaviour of  the titanates CaTiO a, 
Ca3Ti207 and Ca4Ti30~o is similar to that of  the 
corresponding strontium compositions. 2v CaTiO3 ' 
with its perovskite structure, shows the best densifi- 
cation at 1200 and 1400°C. The rate of densification 
decreases in the sequence CaTiO 3 >Ca4Ti30~o > 
Ca3Ti207. There should be a close connection with 
the crystal structure of  these titanates, higher 
sinterability being found for higher fractions of  
perovskite-like layers in the stacking frequency. 

5 Conclusions 

CaTiO3, CaaTi207 and Ca4Ti30~o can be synthe- 
sized with high purity using the peroxide route. The 
titanate powders show large specific surface areas 
and small grain sizes, leading to a high sinterability, 
which increases in the sequence CaaTi2OT< 
CagTi3Olo < CaTiO 3. Peroxo-precursors of  differ- 
ent composition are formed during the synthesis by 
a precipitation step from aqueous solutions. The 
precursors are X-ray amorphous but show definite 
stoichiometries. Their thermal decomposition leads 
directly to the titanates for the cases of  Ca3Ti207 
and Ca4Ti3Olo. Rutile occurs as an intermediate 
during the formation of CaTiOa starting from the 
precursor CaTiO2(O2). 3H20. Experiments to ob- 
tain the titanates CaTizOs, CaTi,,O 9 and CazTiO, , 
lead to different results, stoichiometric precursors 
are also formed, but the thermal degradation at 
higher temperatures yields mixtures of  CaTiO 3 and 
futile in the first two cases and of  CaTiO a, Ca3Ti207 
and CaO in the last case. CaTi409 is formed below 

700°C. There are also indications of the existence of 
CaTi205 below this temperature. Ca2TiO4 cannot 
be synthesized using the peroxide route, agreeing 
with the known thermodynamic calculations. 
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