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The log pco, versus 1/ T relationships of the equilibria (1) ACO;+CeO,2ACe0;+CO; and (2) ACO;2A0+ CO,, in which
A =Sr or Ba, were investigated. The methods which have been used are: thermodynamic equilibrium calculations, simultaneous
thermogravimetry—-differential thermal analysis and high-temperature X-ray diffraction. In pure N, atmosphere, the synthesis of
the cerates proceeds via (1) ACO;—-AO+CO,; and (2) AO+CeQ,— ACeQO;, which is not calculated thermodynamically, but is
apparently kinetically more favourable at low temperatures. SrCeQ; and BaCeO; react with 1 atm CO, below 1190°C and 1185°C,
respectively. For mixtures of CO, with other gases, the decomposition temperatures can be estimated from the figures presented.

1. Introduction

Solid solutions based on the perovskitc type ox-
ides strontium and barium cerate have been ex-
plored for their use in solid oxide fuel cells and hy-
drogen sensors [1].

A major disadvantage of the cerates is their in-
stability in CO, containing atmospheres as pointed
out by Uchida et al. [2]. They showed that
SrCep.05Ybg0sO3_o reacts below about 800°C with
an atmosphere containing 10% CO,. Furthermore, it
has been demonstrated by Luyten et al. [3] that
strontium cerate is not stable in a simulated coal gas-
ification atmosphere containing 0.0033 vol% H,S at
800°C, since SrS and CeO, are formed. Yajima et al.
[4] have recently investigated CaZrQ; because zir-
conates are less reactive with CO.,.

The synthesis of SrCeO; has been studied before
experimentally by Keler et al. [5] and Zheng et al.
[6].

We have investigated the following equilibria:

! Author to whom correspondence should be addressed.

SrCO; +Ce0,<SrCe0,+ CO, , (1)
SrCO, 2SrO0+CO, , (2)
BaCO; + CeO, 2BaCeO, + CO, , (3)
BaCO;=Ba0O+CO;, (4)

by using simultaneous thermogravimetry-differen-
tial thermal analysis (TG-DTA), in a pure | atm
CO, or N, flow, up to 1500°C, and high-temperature
X-ray diffraction (HT-XRD), in pure 1 atm N, flow,
up to 900°C. The experimental results are compared
with thermodynamic equilibrium calculations.

2. Experimental aspects
2.1. Samples

SrCO; (Merck 7861), BaCO; (Merck 1714:
>99%), CeO, (Fluka 22390: > 99%) were used. The
50 mol% SrCO; or BaCQ3-50 mol% CeO, mixtures
were made by dry mixing of the powders in an agate
mortar.,

0167-2738/93/% 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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Fig. 1. TG-DTA curves in CO,. The TG and A7 data are presented in the upper and lower part of the figure. respectively.

22 . TG-DTA

A Setaram TG-DTA 92 was used for simultane-
ous thermogravimetry and differential thermal anal-
ysis (TG-DTA) from ambient tempcerature up to
1500°C. A Pt-crucible was used, although it reacts
with the BaCOj; melt. The heating rate was 20°C/
min. A flow of CO, or N, was passed over the sam-
ple. Pt-P1/10% Rh thermocouples were used. In 1a-
ble | a comparison is made between the prescnt and
Iwafuchi’s [7] and Erné’s {8 ] determination of phase
transition onsct temperatures in SrCO; and BaCOs.
The agrecment is good.

2.3. HI-XRD

For the high-temperature X-ray diffraction (HT-
XRD) study an Enraf Nonius Guinicr-Lenné cam-
cra was employed using Cu Ka radiation. The pow-
der samples. present on a Pt-grid. were heated with

Table 1

DTA onsct temperatures of transitions in SrC'O5 and BaCO;.

Samplc Atmo- Temperature (7C) Ref.
sphere
orthorhombic~ rhombohedral-
rhombohedral  cubic
SrCO,  CO, 923 -
N, 926 - (7]
SrCO;  CO; 932 -
N, not determined - [¥]
SrCO, CO» 928 -
N, 929 - this study
BaCQ; CO, 815 not determined
N, 8§08 not determined [7]
BaCO, CO, 810 977
N, not determined not determined (8§}
BaCO, CO, 8§17 980
N, 807 971 this study
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Fig. 2. TG-DTA curves in N,. The TG and AT data are presented in the upper and lower part of the figure, respectively.

a rate of 600°C/h from ambient temperature up to
700°C, and with a rate of 10°C/h between 700 and
900°C in a N, flow. The temperature was measured
with a Pt~Pt/10% Rh thermocouple.

3. Results and discussion
3.1. Thermodvnamic calculations

The thermodynamic data which were used were
taken from Sorokina et al. [9] for SrCeQ;, from
Levitskii et al. { 10] for BaCeQO3, and from Barin [11]
for all the other compounds. The calculated log
Pco,~1/T relationships of the equilibria (1), (2), (3)
and (4) are presented in figs. 5 and 6 by solid lines.
The change in Gibbs free energy of the reaction
AO+CeQ,—+ACe0; is always negative under the
conditions presented in figs. 5 and 6, which means
that ACeO, does not decompose into AO plus CeO,.
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Table 2
TG weight loss in N,.
Sample Theoretical Measured  Fractional
(mol%) weight loss  weight loss extent of
(%) (%) reaction
SrCO; 29.81 29.83 100.06
50% SrCO;, 50% CeO, 13.76 13.89 100.92
BaCO, 22.30 22.52 100.98
50% BaCOs,, 50% CeO, 11.91 12.04 101.08

3.2. Experiments

The TG-DTA curves are presented in fig. 1 (CO,-
flow) and fig. 2 (N,-flow). In table 2 the TG weight
loss data in N, atmosphere are given. They are de-
termined by taking the difference in wt% at 500°C
between the heating and cooling cycle. The experi-
mental weight loss is 100.01-101.08% of the value
expected for complete decomposition, which means
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Fig. 3. HT-XRD of 50% SrC0;-50% CeO, in N,.

Table 3
TG onset temperatures of decomposition of carbonates or syn-
thesis of cerates.

Sample Atm. Temp.
(mol%) (1 atm) °C)
SrCO, CO, 1275
N; 845
50% SrCOs5, 50% CeO, CO, 1190
N, 800
BaCO, CO, 1376 (DTA)
N, 930
50% BaCO;, 50% CeO, CO, 1185
N, 850

that the loss of carbon dioxide is complete.

From the TG-DTA curves the TG onset temper-
atures of the decomposition of carbonate or synthe-
sis of cerate are determined and these temperatures
are presented in table 3 and plotied in figs. 5 and 6.

3.2.1. SrCO;

The decomposition of SrCO, at different CO,
pressures has been measured before by Lander {12]
and Baker [13].

In our TG-DTA experiments SrCOj5 starts to de-
compose to SrO at 1275°C in pure CO, at atmos-
pheric pressure, which is slightly higher than the
1259°C found by Baker [13]. These measured tem-
peratures of decomposition are much higher than the
calculated ones. Two explanations for this discrep-
ancy may be given: (1) the experimental decom-
position curve is a non-equilibrium curve or (2) the
thermodynamic data available are not correct.

Because of the fact that in pure CO, the changes
in the TG~DTA signals are sharp and that decom-
position takes place at almost the same temperature
as the reverse reaction of SrO to SrCOs;, it is believed
that the experimental point at 1 atm is at equilib-
rium, which implies that the thermodynamic data
are not correct. The thermodynamic properties of
SrCQO; should be reinvestigated, which was also con-
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cluded by Busenberg et al. [14]. We are now eval-
uating the thermodynamic properties of SrCQO; and
remeasuring the low temperature heat capacities by
adiabatic calorimetry. The results of this study will
be published elsewhere.

In Nj-flow, the HT-XRD data show the direct
complete decomposition of SrCO; to SrO. The TG-
DTA curve shows, however, two decomposition
peaks. Since the second step in TG-DTA startsat a
temperature which is almost equal to the decom-
position temperature in pure CO,, this “two step”
decomposition is probably due to the fact that the
partial pressure of CO, increases during decompo-
sition. The changes of the TG-DTA signals arc grad-
val, indicating that kinetics play an important role.

3.2.2. BaCO;

The decomposition of BaCO,; at different CO,
pressures has been measured before by Lander [12]
and Baker [15].

In our TG-DTA experiments the BaCO, starts to
melt and loose carbon dioxide at 1380°C in pure CO,

at atmospheric pressure. This is in good agreement
with the data of Baker [15]. The melt attacks the Pt-
crucible.

The measured temperatures of decomposition to
BaO of Lander [13] at low pressures of CO, are in
good agreement with the calculated ones.

In N, atmosphere the decomposition of BaCO,
starts with the reaction to BaQ, but after the CO,
pressure has increased too much the decomposition
proceeds to produce a melt which attacks the Pt-cru-
cible, resulting in a very irregular DTA curve. The
HT-XRD data demonstrate that BaCQ; decom-
poses in N, to form solid BaO. The rhombohedral
BaCO; which exists bctween 807°C and 971°C is
not described in the JCPDS file.

3.2.3. 50% SrCO;-50% CeQ, mixture

In pure CO, at atmospheric pressure the reac-
tion proceeds as follows. First the reaction
SrCO;+ Ce0,—SrCeO;+ CO, takes place, starting
at 1190°C, which is significantly higher than the cal-
culated temperature (see fig. 5). This discrepancy

Pt Pt Pt Pt
20—y AA_— 4 2 -BaCO:  CeO:
700
6 v
o 800 BaO
ft
\"4 \'
B-BaCOs BaCcO,
900
| M 0 OO0 O 00 1 0 8 N Ay
o 4020 10 6 5 4 3 25 2 1.8 16 15 14 1.3 1.2 11

Fig. 4, HT-XRD of 50% BaCO;~50% CeQ, in N,.
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Table 4
The calcining of strontium and barium cerates.

Dopant Starting Calcining Ref.

materials

Ca Ce dopant crucibie atm, time temp.

Sr except Ca (h) (°C)

Ba
Strontium cerates
none c® o® - 4 1400 16
Yb etc. c [ o/c air 5-10 1300-1450 17
Yb c o] [ air 10 1350 18
Yb n*¢ n n vacuum 200 19

air 5 800
Yb [¢ 0 o Al Oy 48 1000 20
Y + (Nbor Zr) c [} [ 1400 4
Yb c [¢] [ air 10 1400 3
Yb [ o o Pt air 6 1450 21
in Al,O5
Barium cerates
Bi 10-12 1000-1200 22
none c 0 - 4 1400 16
none c 0 - Pt 4 1250 23
Y c o o Pt 4 1100 23
Ho, Nd, La c 0 ) Pt 4 1100 24
Nd.La, Y, Ca c [ (] air 5 1250 25
Yb c o o Al O3 48 1000 20
Gd c [ o air 1100 26
air 10 1400

Ca,Eu,Gd,Nd, c [ [} Al,O4 1250 27
Yb
Yb,Y,Gd,La c o o 6 1000 28
Gd,La.Nd,Y,Yb c o 0 AlL,O, air 15 1250 29
*) ¢c: carbonate; ® o: oxide; © n: nitrate.

may be caused by incorrect thermodynamic data (see
also SrCO;!). This reaction is not completed at
around 1275°C, so now the decomposition of SrCO,
takes place. From the “two step’ reverse reaction
during cooling in CQO,, one can conclude that the re-
action to SrCeQ, did not go to completion during
heating,

In pure N, at atmospheric pressure the HT-XRD
data (fig. 3) reveal that the reaction proceeds as
follows:

SrCO;-»SrO+CO,,

SrO+Ce0,—-SrCeOs,

which is not calculated thermodynamically, but is
apparently kinetically more favourable at low tem-
peratures. Zheng et al. [6] have investigated the
synthesis of SrCeO; by DTA, TG and XRD and

stated that the reaction proceeds in three steps: (1)
SrCO; decomposition at 925°C (endothermic), (2)
SrCeO; formation (endothermic) and (3) sintering
{endothermic).

Their observations should be explained as follows.
Their first endothermic peak is the phase transition
in SrCO; at around 925°C. Their second step is the
decomposition of SrCO; and subsequent formation
of SrCeO;. Their last step is the same as the second
step only at an increased CO, partial pressure and,
therefore, increased temperature.

3.2.4. 50% BaCQO;-50% CeQ, mixture

In pure CO, at atmospheric pressure the reaction
of BaCO;+ CeO,-BaCe0;+ CO, starts at 1155°C,
which is slightly higher than the calculated temper-
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Table 5
The sintering of strontium and barium ccrates.

Preconsolidation Sintering Ref.
bindcr pressure atm, fime temp. rel. density
(MPa) (h) Q) (%)
Strontium cerates
[16}
air 5~10 1350-1450 [17]
10 1440 96 [18]
cthylene glycol 390 air 10 1400 84 [19]
open por. < 1%
280 air 96 1350 75-85 {20}
air 10 1460 [4]
air 10 1500 82-88 [3]
open por.18-12%
poly viny] 200 air 12(150°C/h) 1590 97 [21}
alcohol
Barium cerates
290-490 air 10-12 1200 [22
[16]
cthyl cellulose 240 air 4 1350 [23}
240 4 1350 por. <6% [24]
200 air 10 1500 {25}
280 air 96 1350 >75 [20]
390 N,/5%H, 10 1475 >90 [26]
open por. < 1%
air 12 1500 >75 {27}
air 96 1450 > 85 (28]
camphor 490 air 10 1500 [29]

{ mass%

ature (see fig. 6). Subsequently the decomposition
of BaCOj; to BaO takes place. A hysteresis exists in
the temperatures of thermal and gravimetric effects
in the heating and cooling curve. This is probably
due to the formation of a melt.

In N, at atmospheric pressure the reaction pro-
ceeds analogous to the mechanism of the strontium
compounds as described in the previous section (see
fig. 4).

4. Conclusions

The thermodynamic properties of SrCO;, SrCeO,
and BaCeOj; should be reinvestigated. The results of
this evaluation and the measurements will be pub-
lished elsewhere.

The synthesis of the cerates proceeds in pure N,

atmosphere via (1) ACO;-AO0+CO, and (2)
AO+Ce0,—~ACcO; (A is Sr or Ba), which is not
calculated thermodynamically. Apparently the re-
action (1) proceeds kinetically more favourable at
low temperatures.

SrCeQ; and BaCeO; react with pure CO, below
1190°C and 1185°C, respectively. For mixtures of
CO, with other gases, the decomposition tempera-
tures can be estimated from figs. 5 and 6. [f one wants
to apply these cerates in solid oxide fuel cells or hy-
drogen sensors, the operating temperatures should
be high enough and the partial pressure of CO, low
cnough to avoid the decomposition of the cerate.
Further implications of this decomposition will be
discussed in the next two sections.
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4.1. The sintering of cerates

The decomposition of organic binders at low tem-
peratures will produce carbon dioxide, which will
react with the cerate to form carbonate and ceria. The
volume of the product is larger than the volume of
the starting material (we calculated an increase in
volume at room temperature of around 35%). At
higher temperatures the carbonate will react back
with ceria to cerate, causing a decrease in volume.
These changes in volume may be the cause of the low
relative density of the sinters! To produce sinters of
high relative density one should therefore be able to
(1) avoid the use of binders, by using powders of
very small grain size or (2) let the binders not de-
compose to carbon dioxide, by sintering in reducing
atmosphere.

In tables 4 and 5 an overview is given of the dif-
ferent procedures used to make sinters of cerates.
Only Bonanos et al. [26] have used a reducing at-
mosphere (N,/5% H,) during sintering.

4.2. Pre-treatments in a reducing atmosphere of
mixtures of CO and CO,

Scherban et al. [30] pre-treated the ceramic pel-
lets of cerate at 900°C for 10 h in 1% C0O/99% CO,
and 50% CO/50% CO, atmospheres, prior to elec-
trical conductivity measurements below 400°C in air.
It is very likely that the formation of SrCO, and CeO,
in these CO,-containing atmospheres has occurred,
which may explain the change in color and drop in
electrical conductivity.
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