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The stability of high-temperature fuel cell electrodes to their ambient environment is important for the 
long-term reliability of fuel cells. In this report the behavior of oxide electrode materials as a function 
of oxygen activity and temperature is considered. Models for the oxidation-reduction behavior of both 
p- and n-type oxides are presented. These models take into account the absorption and evolution of 
oxygen which take place as oxygen activity is varied. The resulting instability in electrical conductivity 
is explained as a consequence of changes in carrier concentration due to variability in ionic defect 
concentration. The proposed models are applied to acceptor-doped LaCrOs and donor-doped SrTiOs. 
It is shown that the models explain the experimental data well and as a consequence diagrams can be 
made which show the regions of oxygen activity and temperature for which stability of electrical 
conductivity and defect structure might be expected. a 1985 Academic PRSS, IIIC. 

I. Introduction 

For long-term reliability of fuel cells, it is 
essential that the electrodes used be stable, 
both electrically as well as structurally, at 
elevated temperatures in the presence of 
the required electrolytes and varying oxy- 
gen activities. A number of oxides are can- 
didates for this application with some of the 
most promising being from the perovskite 
family. For many of the AB03 compounds, 
sufficient electrical conductivity is obtain- 
able by substitution on either the A or B 
sites, by acceptor- or donor-type cations; 
depending on the intrinsic defect structure 
of the parent oxide. However, it is known 
that under certain oxygen activity condi- 

* Currently on leave from Faculty of Engineering, 
Cairo University, Egypt. 

tions the electrical conductivity can de- 
crease such that the material becomes un- 
suitable as an electrode. 

It is the purpose of this report to show 
how the defect structure and electrical con- 
ductivity change as perovskite-type oxides 
equilibrate under various oxygen activities 
at elevated temperatures. Models for the 
oxidation-reduction behavior of both n- 
and p-type oxides are presented. The 
models are applied to acceptor-doped La 
Cr03, and donor-doped SrTiO3. The pro- 
posed models are verified by electrical 
conductivity and thermogravimetric mea- 
surements as a function of oxygen ac- 
tivity and temperature. The experimental 
results are used to construct Kriiger-Vink- 
type diagrams showing the stability regimes 
for both oxides. 

Strontium titanate is known (Z-3) to be 
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a n-type oxide by formation of oxygen va- 
cancies. Lanthanum-doped SrTi03 shows a 
reversible weight loss upon reduction (4), 
the weight loss was found to be directly 
proportional to the donor concentration. At 
higher Pot an uptake of stoichiometric ex- 
cess of oxygen is observed. Since second 
phases have not been detected by either X- 
ray diffraction or electron microscopy, the 
absorbed oxygen has been accounted for by 
the presence of an as yet undetected crys- 
tallographic accomodation, possibly by the 
formation of “SrO” layers characteristic of 
the Ruddlesdon-Popper-type structure (5), 
these layers appear to be interleaved with 
the perovskite structure, leaving the oxy- 
gen sublattice intact. It is assumed that the 
donor dopant induces the absorption of ox- 
ygen which react to form the “SrO’‘-type 
layers and V& in the host lattice. Since the 
“SrO” layers are not considered a separate 
phase, the activity is not taken as unity but 
related to its corresponding mole fraction. 
The model developed for La-doped SrTi03 
assumes that at lower Po2 a controlled-va- 
lency-type compensation occurs by the for- 
mation of either Ti3+ or electrons in the 
conduction band whereas at higher PQ the 
donors are compensated by the formation 
of Sr vacancies, according to the reaction 

Srl-,-,La;V~,,Ti~-z;ril-,+2,03 

+ n“Sr0” $$ Sr,-,La~Ti6Tii-,03 

+ x12 02 (1) 

where y represents the dopant concentra- 
tion and x the excess oxygen. This reaction 
can be reduced to 

red. 
‘ ‘SrO” + 2Ti + Vi, F=$ 

Sr + 2Ti’ + 402(g). (2) 

Where Las, denotes La3+ on a substitu- 
tional Sr*+ site, Ti’ represents either an 
electron association with Ti4+ or an elec- 
tron in the conduction band, and Vi, is an 

ionized Sr vacancy. The equilibrium con- 
stant for the reaction is given by 

[Sr][Ti’]* 
K1 = [SrO][Ti]*[V&] Pg. (3) 

If the assumption is made that the activities 
can be replaced by mole fraction of the re- 
spective terms and that “SrO” is not a sep- 
arate phase but is due to structural accom- 
odation which yields not only “SrO” but Sr 
vacancies then the expression for the equi- 
librium constant becomes 

K 
1 

= (1 - Y + X)(Y - w pl” 

x2(1 - y + 2.$* 02 (4) 

which with little loss in accuracy can be 
approximated to 

Rearrangement of this equation yields an 
expression for the excess oxygen as func- 
tion of K1 and PO* 

y Pi;” 
x= 

(K,)“* + 2Pg’ 
(6) 

The electrical conductivity (T = epn, where 
the carrier concentration n = y - 2x can 
now be related to K1 and PO* 

wWd”* 
O-= 

(K,)“* + 2Pcn* 
(7) 

At low PO*, n approaches y and the amount 
of excess oxygen becomes 

However, at 
and 

o- 

x = Y p’/4 
(K,)‘/2 6’ (8) 

high PO*, x approaches y/2, 

(9) 

and the relative conductivity at high PO* is 
given by 
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where oa = conductivity when donors are 
compensated by electrons. 

Lanthanum chromite, on the other hand, 
is known to be a p-type oxide (6) and be- 
comes nonstoichiometric through the for- 
mation of cation vacancies. It is one of the 
promising materials for high-temperature 
electrode applications and fuel cell inter- 
connects (7), however, volatilization and 
possibly corrosion impose certain limita- 
tions on the use of LaCr03. Several studies 
have been reported (8-10) relating its 
chemical stability and cation stoichiometry 
to volatilization and electrical conductivity. 

The electrical conductivity of LaCr03 is 
essentially due to the 3d band of the Cr ions 
(II), thus an increase in conductivity is ex- 
pected due to lower valence substitution on 
either the La3+ or Cr3+ sites resulting in the 
formation of W+. If such a substitution is 
compensated by the formation of oxygen 
vacancies, no additional contribution to the 
electronic conductivity is anticipated. The 
conditions under which equilibration of 
LaCr03 take place will determine whether 
electronic or ionic compensation will be fa- 
vored. Even though densification requires a 
reducing atmosphere, the conductivity can 
be appreciably increased by subsequent 
equilibration in oxidizing atmosphere. 

In this study Mg2+ was used as the ac- 
ceptor dopant and assumed to enter the 
LaCr03 structure substitutionally for Cr3+. 
Assuming p-type disorder in nonstoi- 
chiometric undoped LaCr03 and that all de- 
fects are fully ionized and the stoichiome- 
tric A/B ratio is maintained, the defect 
reaction under oxidizing and reducing con- 
ditions can be represented by 

LaCri -&-;Mg;lry03 2 

LaCr,-2y+xCr;-2rV;?;M~ry03-, 
+ x/2 02 (II) 

or 

0, + 2Cr6, * 2Crc, + VA’ + t 02. (12) 

The equilibrium constant for this reaction is 
given by 

LCrdtVo’l 112 

K1l = [Crc,]*[O,] ‘02 (13) 

and by substitution in terms of mole frac- 
tion 

(I - 2y + 2x12x l/2 

K1l = 0, - h)2(3 _ x) po2 (14) 

which can be approximated as 

Kll = 0, -x2x)2 Pt:“. (15) 

The electrical conductivity u = epp, where 
the carrier concentration p = y - 2x, with 
which after solving Eq. (15) for x becomes 

u = $ P@(8yK11PG:/2 + l)“* - 11. (16) 

At the high Po2 limit (x approaches zero) 
Eq. (16) reduces to u = epy, whereas, at 
low PO*, 

( 1 l/2 

P=& PZ (17) 

or 

( ) l/2 l/4 
u = eP & PO2 (18) 

and 
l/4 

@hR = 
PO2 

VKl I Y) 
I/2 ’ (19) 

where UR is the conductivity when accep- 
tors are compensated electronically. 

II. Experimental 

A series of La-doped SrTi03 and Mg- 
doped LaCr03 (O-20 at.%) compounds 
were prepared by the liquid mix process 
(12). In all cases stoichiometric A/B ratio 
was maintained, i.e., (Sr + La)/Ti or La/(Cr 
+ Mg) = 1. 
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FIG. 1. TGA measurement of excess oxygen absorbed by Sr0.&ao.MTi03 as function of Pot in the 
temperature range 1200 to 1400°C. 

Thermogravimetric measurements were 
made in a TG system designed to measure 
weight changes on a powder sample, 70-80 
g, to an accuracy of + 1 mg (+-6 x lo-’ mole 
oxygen). Measurements were conducted at 
1000 to 1400°C at an oxygen activity of 
lo-r2-lo5 Pa, the oxygen activity was moni- 
tored by a calibrated zirconia sensor. De- 
tails of the apparatus are given elsewhere 
(13). 

Electrical conductivity measurements 
were conducted on porous rectangular bars 
with four embedded Pt wires welded to Pt 
leads and attached to a four-terminal digital 
voltmeter. Conductivity measurements 
were carried out at lOOO-1400°C in an oxy- 
gen activity of 10-12-105 Pa. 

III. Results and Discussion 

Typical TG results are displayed in Figs. 
l-4, where the moles of excess or deficit 

oxygen per mole sample are plotted vs log 
P% as a function of temperature and dopant 
content. The total amount of oxygen ab- 
sorbed or evolved is approximately equal to 
half the total moles of La or Mg present, 
which implies that full compensation of the 
dopant is being achieved. No irreversible 
weight loss was detected for any of the 
samples within the sensitivity range of the 
system. The solid curves shown are the val- 
ues predicted from the proposed models. 

Figure 1 illustrates typical results for a it- 
type oxide, SrO.,Lao.,TiO,. As can be 
seen, to maintain a given level of excess 
oxygen, higher oxygen activities are re- 
quired as the temperature increases from 
1200 to 1400°C. Figure 2 shows that within 
our experimental range the amount of ex- 
cess oxygen absorbed at a given activity is 
dependent upon the dopant concentration 
at 1200°C. The equilibrium constant for the 
oxidation-reduction reaction (Eq. (1)) of 
donor-doped SrTi03 is given by 
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FIG. 2. TGA measurement of excess oxygen absorbed by Sr,-Ga,TiO, as function of Paz and La 

content at 12OO’C with x ranging from 0.02 to 0.2. 
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FIG. 3. TGA measurement of oxygen deficit of LaCr0.a&.,03 as function of PO2 in the temperature 
range of 1000 to 1400°C. 
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FIG. 4. TGA measurement of oxygen deficit of LaCr,-,MgXOX as function of PO2 and Mg content at 
1304°C. 

K1 = 1.8 x 106 
exp (-302 * 9 kJ/mole) . 

RT 
(20) 

Figure 3 illustrates the results obtained for 
a p-type oxide, LaMgo. &rO.wO~, equili- 
brated at temperatures between 1000 and 
1368°C. The figure shows that the degree of 
nonstoichiometry is both temperature and 
PO2 dependent, it increases with tempera- 
ture at any given Po2, furthermore, the 
same degree of nonstoichiometry is 
achieved at lower PQ as the temperature 
decreases. 

The dependence of oxygen deficiency on 
Mg concentration and PO* is illustrated in 
Fig. 4 for data obtained at 1304°C. This fig- 
ure shows that the degree of nonstoi- 
chiometry increases as the amount of do- 
pant increases at any given oxygen activity 
within the experimental range of 2-20 at.% 
Mg and 1000 to 1400°C. The equilibrium 
constant for the oxidation-reduction reac- 

tion (Eq. (11)) of acceptor-doped LaCrOJ is 
accordingly given by 

K11 = 2.1 x 104 
exp (-272 k 16 kJ/mole) 

RT ’ (21) 

Figures 5 and 6 show that in both donor- 
doped SrTiOs and acceptor-doped LaCr03, 
the defect concentration and carrier con- 
centration are related to the dopant concen- 
trations in the manner prescribed by Eqs. 
(8) and (17), respectively. In the case of La 
Cr03 deviations are observed for Mg con- 
tent of 20 at.% Mg. This is probably due to 
the exsolution of a second phase at about 15 
at.% Mg (14). In both cases the nonzero 
intercept at zero dopant concentration ap- 
pears to be due to impurities. 

Figures 7 and 8 illustrate how the major 
defect and electron concentration change 
as a function of oxygen activity, tempera- 
ture, and donor concentrations for a n- 
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FIG. 5. Excess oxygen concentration as a function FIG. 6. Carrier concentration of LaCr,-,M&O,, 
of La for Srl&azTi09 at 10-9 Pa 09 and 1300°C plot- measured by TGA, as function of [Mg]ln at lo-’ Pa 
ted according to Eq. (8). and 1300°C plotted according to Eq. (17). 

type oxide. To convert the mole fraction 
values to number of defects or carriers per 
cubic centimeter, multiply by 1.7 x W2. At 
12OO”C, with a 4 at.% dopant, the maximum 
conductivity is 25 x 102 S/m. Since the con- 
ductivity follows the electron concentra- 

tion, the value determined for the 4 at.% 
dopant at 1200°C can be used to estimate 
the conductivity of SrTiO3 at any tempera- 
ture and dopant level from Figs. 7 and 8. 
This approximation is valid because the 
mobility is only weakly dependent on tem- 
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FIG. 7. Major defect and electron concentration as function of PQ for Sr9,wLa9.MTi09 in the tempera- 
ture range 1000 to 13OO”C, -, 1OOWC; *.., 12WC; ---, 1300°C. 
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FIG. 8. Major defect and electron concentration of Sr,-&axTi03 as function of PO2 and La content at 
1000°C. -, 4 at.% La; . . *, 8 at.% La; ---, 20 at.% La. 

-.a . 

-.6. 

^r -.s. 
E 
t; 
2 
Y 
e - -1.0. 

-5 -9 -I I 1 

IX PO, (Pa) 

FIG. 9. Major aefect and hole concentration as function of Paz for LaCrO.soMgo.IOO~ in the tempera- 
ture range 1000 to 1300°C. -, 1000°C; * * *, 1200°C; -.-., 1300°C. 
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FIG. 10. Major defect and hole concentration of LaCr,-,M&O, as function of Ps and La content at 
1000°C. -, 5 at.% Mg; . . ., 10 at.% Mg; -.-., 20 at.% Mg. 

perature. For example, for 4 at.% La, at 
lo-” Pa, the conductivity varies from ap- 
proximately 25 X 102 at 1200°C to 35 X lo2 
S/m at 1300°C. 

Figures 9 and 10 depict the major defect 
and hole concentration behavior of a p-type 
oxide as function of acceptor concentra- 
tion, oxygen activity, and temperature. To 
convert the mole fraction data to the num- 
ber of defects, or holes per cubic centi- 
meter, multiply by 1.7 x 10”. 

As was true for n-type oxides the electri- 
cal conductivity for p-type oxides follows 
the carrier concentration, holes in this in- 
stance. The electrical conductivity of Mg- 
doped LaCr-0, (up to 15 at.% dopant) can 
be estimated over the entire oxygen activity 
and temperature range by using the maxi- 
mum value for a 10 at.% Mg specimen at 
12OO”C, which is 5 x 102 S/m. 

An inspection of Figs. 7 through 10 re- 
veals some rather significant features. In 
the case of SrTi03 (n-type oxide) the oxy- 
gen activity above which the electrical con- 

ductivity decreases below 50% of its maxi- 
mum low oxygen activity value is both La 
content and temperature dependent. As the 
temperature increases this point shifts to 
higher oxygen activity. For example, for 4 
at.% La, at lOOO”C, this point is 10e7 Pa 
whereas it is lo-* Pa at 1300°C (Fig. 7). As 
can be seen from Fig. 8, at constant temper- 
ature a much weaker dependence on La 
content is observed. The point shifts 
slightly to higher oxygen activity as La con- 
tent decreases. For example, the point 
shifts only from lo-’ to lop6 Pa for 20 and 4 
at.% La content, respectively. 

Thus, for SrTi03, the maximum electri- 
cal conductivity stability towards oxidation 
should be expected for the lowest donor do- 
pant concentration operated at the highest 
temperatures. 

In the case of p-type oxides, such as La 
Cr03, the maximum conductivities are ob- 
served at the highest oxygen activities and 
the PO* below which greater than 50% de- 
crease in conductivity occur is both compo- 
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sition and temperature dependent. As was 
the case for SrTiO,, the dependence on 
composition is much weaker than that on 
temperature. As can be seen in Fig. 9, the 
50% point shifts from about 10e6 to lo-l1 Pa 
as temperature decreases from 1300 to 
1000°C. In contrast, at 1000°C the 50% 
point decreases only from lo-i0 to lo-** as 
the composition decreases from 20 to 5 
at.% mg respectively as shown in Fig. 10. 

Accordingly, the maximum electrical sta- 
bility of LaCr03 toward reduction can be 
expected to be achieved for the lowest ac- 
ceptor content at the lowest temperatures 
feasible. 

Iv. Conclusions 

The results for the TG and electrical con- 
ductivity measurements and defect struc- 
ture modeling can be summarized as fol- 
lows: 

1. For n-type oxides: (a) the maximum 
electrical conductivity is obtained at the 
lowest oxygen activities and highest donor 
concentrations, (b) the maximum oxygen 
activity at which these oxides can be oper- 
ated, before the electrical conductivity sig- 
nificantly decreases due to oxidation, is 
both donor dopant and temperature depen- 
dent with the maximum allowable oxygen 
activities being achieved at the higher tem- 
peratures and lower donor contents, e.g., 
for Sro.%Lao.WTi03 operated at 13OO”C, 10T2 
Pa is about the maximum useful oxygen ac- 
tivity. 

2. For p-type oxides: (a) the maximum 
electrical conductivity is found at the high- 
est oxygen activities, (b) the minimum oxy- 
gen activity at which these oxides can oper- 
ate, before the electrical conductivity 
significantly decreases due to reduction, is 

dependent both upon acceptor dopant con- 
tent and temperature. The minimum oper- 
ating oxygen activities are achieved by the 
lower acceptor concentrations and lower 
temperatures. For example, the minimum 
useful oxygen activity for LaCro.~sMgo,o50~ 
at 1000°C is 1O-i1 Pa as compared to lO-‘j 
Pa at 1300°C. 
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