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Abstract

Starting powders of CaCQwith different Ca:Co ratio and three different sources of cobalt (ll,11) oxide were mixed and calcined at
700-1100C. DTA/TG, mass changes, density, grain size distribution, phase composition were examined. It has been found that phase
composition of the resulted product was dependent on calcination temperature and properties of starting cobalt oxide. Three stages of cobaltite
formation were established: simultaneous decomposition of Ga@td CaCo,O9 formation (800—900C), decomposition of G&E£0,09 and

formation of CaC0,05 (about 950 C) and the last stage at 1080 was dependent on starting cation ratio and source of cobalt (I1,111) oxide.

It has been found that total decomposition of the previous phases was observed after calcinationgir®&dbatches with Ca:Co=1:1

ratio if very pure CgO,4 was used for preparation. Replacement of pureGzdy cobalt oxide contaminated by cobalt hydroxide lead to
re-formation of CgCo,0Oq phase at 1050C in 1:1 batches. Residual €0, and CaO were always present in calcined specimens. It seems

that prolonged heat treatment did not lead to better reaction degree.

© 2005 Published by Elsevier Ltd.
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1. Introduction were sintered at 110@* or at 920°C! but Ca326 phase was
reported to exhibit higher electrical resistivity than Ca349
The layered cobaltites as 20409 (denoted  at temperature up to 70C.” Thus a final phase assemblage
as [CaCo03340614C00;] or Ca349}2 and as  could influence thermoelectric performance of the ceramic.
[Ca,C003]0.62C00;] (denoted as CCCB)and as (Bi,  The aim of this paper is to study influence of temperature

Ca)CaOq” were lately reported as promising thermoelectric  and source of cobalt oxide on calcium cobaltite formation.
materials. They exhibit surprising thermoelectric properties

dueto alarge thermopowBat room temperature with simul-

taneously small resistivity. Their small thermal conductiv- 2 Experimental procedure

ity « and good thermal stability up to 70C makes them a

good example of the “electron crystal and phonon glass”,  Three different commercially available cobalt (I, lll) ox-

an ideal material for thermoelectric application. Accordlng ide sources were tested: oxide (1) POCH reagent grade (min.

to the CaO-CoO systefnCa;CasOg phase (Ca349) is stable  of Co-71 wt.% and max. of 0.02 Mn, 0.001 Cu, 0.1Ni, 002Na,

up to 926°C and then decomposes to Ca,Os (Ca326) .02 Ca, 0.01 Fe wt.%:); oxide (2) Przedsiebiorstwo Odczyn-

and cobalt oxide. On the other hand, Ca349 based ceramicsjki Chemiczne Lublin standard oxide (min. Co, 68 wt.%)
and oxide (3) ChemPur (min. of Co-73.0 wt.%), extra pure. A

* Corresponding author. Tel.: +48 32 6034476; fax: +48 32 6034400.  SMallamount of CgO4 was prepared in laboratory by sol—gel
E-mail addresslizer@mail.polsl.katowicre.pl (M. Sopicka-Lizer). method: cobalt acetate was added to solution of 10 mol citric
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Table 1

Properties of cobalt (l1,11I) oxides
Total cobalt Oxygen  Co** Temperature of Oxygen loss of CgO4  Mass loss below  Density Average grain
content content content  decomposition decompositioh decomposition (g/cn?) size do (pm)
(Wt.%) (Wt.%) (Wt.%) (°C) (Wt.%) (Wt.%)

(1) POCH 7171 2602 03 916 609 037 6132 Q92

(2) Lublin 6996 2627 17 876 631 227" 5.876 1978

(3) ChemPur 5 2639 01 916 664 00 6.114 436

(4) Sol-gel 911 61 Q75 -

Stoichio-metric 7342 2658 00 about 900 B4 00 6.110 -

* According to reaction: Cs04 =3Co0O +% 0O>.
** Decomposition at 116C.

acid and 5 mol ethyleneglicol, boiled and calcined at 500 not change significantly such properties as density or oxygen
Properties of the oxides are shownTable 1 Density of content. It is supposed that observed differences of densi-
the powders was determined by helium pycnometer. Oxygenties resulted from various cobalt oxidation state and relevant
content was examined by TG study in hydrogen. Decompo- oxygen content. Oxide (2) contains small amount of cobalt
sition of the cobalt oxides was tested by DTA/TG study in air hydroxide or hydrate, as confirmed by DTG and IR-study.
during heating and cooling. €bcontent was determined af-  However, the reason of lower decomposition temperature is
ter reaction with Franky’s reagent. Infrared spectroscopy was not clear: presence of OH group or cations (Na, K, Al). Sur-
applied to all the oxides. Total cobalt content was examined face area of the tested powders does not affect decomposition
by spectrophotometric determination of cobalt thiocyanate of CozO4 (thermally activated process) but does influence re-
complexes and spectrophotometric analysis of cobalt com-oxidation of CoO during cooling (heterogeneous reaction).
plexes with EDTA. Fig. 1shows mass gain of three oxides during cooling and it

Calcium cobaltites were prepared by solid state reaction can be noticed that mass gain of oxide (2) with remarkable
of CaCQ (POCH, Poland) and two different commercially higher grain size is the lowest among the other oxides.
available CgO4 sources: reagent grade oxide (1) and stan-  Summary results of DTA/TG study of 1:1 and 3:4 compo-
dard oxide (2). Two composition with Ca:Co cation ratio of sitions are shown ifftable 2and onFig. 2 Four endothermic
1:1 and 3:4 were chosen for synthesis; the latter reflects cationreactions are found for each composition but only three first
ratio in Ca349 compound while the former gives average reactions are solid phase reactions and the last one must be
composition for the mixture of Ca349 and Ca326. The sto- related to liquid formation (the last reaction is not shown on
ichiometric amount of CaC®and Ca0,4 were mixed with Fig. 2). It could be seen that the first reaction (I) of calcium
SisN4 balls in isopropyl alcohol for 24 h. After drying the carbonate decomposition and calcium cobaltite formation is
powder was uni-axially pressed (tablets with 10 mm diame- the mostinfluenced by cobalt oxide source and starting cation
ter and 5-6 mm height) and calcined in an open horizontal ratio. Cobalt oxide (2) exhibits lower temperature of the new
tube furnace at temperature range 800-1@6€r 20 h and compound formation in comparison to the oxide (1) and it
cooled together with the furnace. Three tablets were placedcorresponds to the behaviour of cobalt oxide. Creation of the
in an alumina crucible, each tablet was weighed out before Ca349 compound happens simultaneously with CagG&
and after calcinations. XRD study (X’PERT PAN, Philips; composition in the 3:4 batches. In the case of 1.1 batches the
Cu Ka radiation) was performed on the powdered specimens relevant peak is splitted (oxide no. 2) or separated into the
at room temperature. Other tablets were aged at room tem-
perature and weighed after 10 and 20 days after calcinations.T6. %

DTA/TG study was applied to all the batches in flowing ]
air at temperature range 20-13%D(NETZSCH STA 409). of t
Therelevant curves were recorded during heating and cooling
down. Some specimens were observed in scanning electror -2

microscope and EDS was done. . i 5
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3. Results and discussion
8F

Analysis of cobalt (I1,ll) oxide powder properties shows ¢ |
small differences of physical properties and thermal behavior © 200 400 600 800 1000 1200
(Table 9. EDS study of powders did not show any concentra- Temperaturs, °C
T“On of contaml_nants on the surface of SFUd'ed pOqur spe_c- Fig. 1. TG of cobalt oxides during cooling. Numbers on the left side refers
imens. According to the producers, cation contaminants in tg the number of the relevant oxide. Values on the right side indicates mass
all the examined powders are below 0.17 wt.% level and can loss as a result of heating up to 12@
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Table 2

DTA/TG results of 1:1 and 3:4 batches prepared from pure (1) and standard (2) cobalt (l1,11l) oxide

Cationratio  1streaction calcium 2nd reaction Ca326 3rd reaction decomposition 4th reaction liquid
cobaltites formation formation of Ca326 formation

Tempnax. (°C) Mass loss (wt.%)  Temypux. (°C) Mass loss (wt.%)  Temypux. (°C) Mass loss (wt.%)  Temp°C)

Pure (1)
1:1 874 22.6 960 1.2 1059 24 1285
920
Standard (2)
34 819 18.5 955 31 1039 2.3 1304
1:1 818 224 948 25 1041 25 1309
848

two peaks (oxide no. 1). The one at higher temperature (la ontion involves Cé* reduction to C8* and relevant mass losses
Fig. 2 corresponds to decomposition of §{y and it means  were observed on a TG curve. The results of DTA/TG study
that non-reacted cobalt oxide is present after Ca349 forma-are consistent with the CaO-CoO systéhgwever tempera-
tion. It is unexpected because in the case of cobalt deficiencytures of the relevant reactions are higher, which is obvious in
in 1:1 batches one could rather wait for Ca326 formation, an the case of dynamic studies. The source of cobalt oxide influ-
equilibrium phase besides Ca349, at that temperature. More-ences only formation of Ca349 phase: the reaction happens
over, 3:4 compositions did not yield pure Ca349 because of at lower temperatureT=56°C) if oxide (2) was applied.
the first peak splitting. The fourth reaction at 1285-130G occurs at lower

Reactions at higher temperature cause further mass lossedpmperature than eutectic temperature for liquid formation,
they are reversible and are influenced by the powder surface1350°C. It could be assumed that contaminants in the both
area. The second reaction happens at 948<G6énd cor- oxides resulted in lower temperature of eutectic liquid for-
responds to decomposition of Ca349 and Ca326 formation.mation.
Because cation ratio in starting materials is differentfromthat  Isothermal calcinations result$gble 3 Fig. 3) show that
of Ca326 phase, the residual must form CoO. Thus the secondCa349 phase was formed as a main phase &t@%0xide 1)
reaction involves decrease of average cobalt oxidation stateor at 800°C (oxide 2). That temperature is much lower than
and its re-oxidation during cooling. Exothermic peak dur- reported calcination/sintering temperature for Ca349 based
ing cooling of cobaltites happens at the same temperature aghermoelectric ceramics: 92@* or 1100°C# Calcination
CoO oxidation and is accompanied by mass gain and could beat higher temperature led to increase of Ca326 phase. Total
treated as indication of the presence and amount of the non-or significant decomposition of Ca349 was observed after
reacted oxide. It must be stressed that Ce@o0304 oxida- calcinations at 950C. Low-temperature formation of Ca349
tion occurred in the all examined batches during cooling.  at800°C was not completed after 20 h calcinations and traces

The third reaction at 1039-1059 could be ascribed to of residual reagents (CaG@nd CaQO,4) were detected by
Ca326 decomposition to CaO and CoO. Ca326 decomposi-XRD if 1:1 cation ratio was applied. Increase of calcination

temperature up to 85 caused formation of a small amount
| of Ca326 and no traces of Cag@ere detected by XRD. On

v I the other hand, presence of {{iy was detected by DTA/TG,
DTA, um A il if performed on the specimens after calcinations. Study of
40¢
E2
30f @ 28
E l, cobalt (1)
20f X 26}
- E 3:4 with (2) Co,04 E
[
3 n 2 oal
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Fig. 3. Mass losses of 1:1 composition after calcinations for 20 h vs. tem-
Fig. 2. DTA study of 1:1 and 3:4 batches prepared from pure (1) and standard perature; specimens of cobalt oxide (1) were significantly sintered after cal-
(2) cobalt (11,111) oxide. cinations at 1050-110C.
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Table 3
Phase composition of the tablets of 1:1 and 3:4 composition after calcinations for 20 h at given temperature
Cation ratio Calcination temperature
800°C 850°C 900°C 950°C 1050°C
Pure (1)
1:1 Ca349 xxx Ca 349 xxxx Ca349 x
Ca326 x Ca326 xx Ca326 xxxx Ca326 xx
Ca(OH) x C0304 X
Ca(OH) xx
CoO x
Standard (2)
1:1 Ca349 xx Ca349 xx Ca349 xxxx Ca349 x Ca349 xxx
Ca326 x Ca326 xx Ca326 xxx Ca326 xx Ca326 x
CoO tr. C304 tr.
C0o304 tr.
CaCQtr.
34 Ca349 xxx Ca349 xXxxxx Ca349 xx
Ca326 x Ca326 tr. Ca326 x

Number of “x” is proportional to the highest peak of the relevant phase. XRD measurements were applied to the powders at the room temperature.

two various cation ratio compositions show that at the same lization of Ca349 at 900C by Bi,Os was reported earlier

temperature Ca326 phase forms more easily than Ca349if 1:1by S. Lambert et &.but such contaminant was not found in

ratio is predominant in the tablets. It is supposed that local tested material.

inhomogenity inside 3:4 tablets could lead rather to formation ~ Low temperature formation of Ca349 studied by DTA and

of Ca326 phase than to the full completion of Ca349. isothermal calcinations shows excess of cobalt after cobaltite
Mass loss after isothermal calcinatiosgd. 3) confirms formation. It is present in the form of @®4/CoO or forms

various behavior of the batches prepared with different cation Ca326 after prolonged calcinations. It proves that proper for-

ratio and various GgD4 sources. Higher mass losses for mula for Ca349 should be written as 4G4 xOg-+s.

batches composed from oxide (2) indicate higher reaction

degree in specimens calcined up to 960Indeed, stoichio-

metric mass loss in the case of 1:1 tablets was achieved afted. Summary

20 h calcination at 800C for oxide (2) in comparison to

900°C for composition with oxide (1). Source of cobalt (Il,Ill) oxide could have decisive
Calcination above 950C shows two different reaction influence on the final phase composition of the calcinations

paths, if composition of the two various cobalt oxide sources product. The most significant effect was observed for low

are compared. Isothermal annealing of tablets from oxide (1) temperature formation of Ca349 and/or Ca326. Presence of

above 950C led to increasing mass loss (oxygen depletion), residual OH group in starting cobalt oxide could decrease

while oxide (2) derived product exhibits lower mass loss. temperature of the relevant cobaltite formation. Ca349 phase

XRD study of product calcined at 105G showed surpris-  with claimed thermoelectric properties could be obtained at

ing results: presence of Ca349 phase in tablets from oxide (2)such a low temperature as 800 or 8&) however high-

or cobaltite decomposition to starting oxides in tablets from temperature stabilization of Ca349 phase was observed if ox-

oxide (1). According to equilibrium system of CaO-Cb0O ide (2) was applied. Presence of residual starting oxides after

decomposition of both cobaltites above 1086is unavoid- calcinations could be diminished by homogeneity improving

able. That was the case for composition from oxide (1) but rather than by higher temperature or prolonged calcinations.

after 20 h calcination only Ca349 disappeared while Ca326

was still present. Decomposition of Ca349 led to formation
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