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Phase stability, oxygen content, electrical conductivity, and
Seebeck coefficient of La,_,Sr,CoyFegs05.5 (x = 0, 0.2, 0.4)
were studied as a function of temperature and oxygen activity.
The thermochemical properties of these compositions under a re-
ducing atmosphere appear to follow the boundaries set befween
the two end members, LaFe(); and LaCoO;, but the electrical
properties are closer to those of LaFeO;. The Sr content (x = 0.4)
does not seem to have a significant effect on the high-temperature
phase stability. Dissociation of these compositions under a reduc-
ing atmosphere occurred gradually by the formation of transient
compounds. The major transient compounds formed during disso-
ciation could be represented by a general formula of (La,Sr)
(Fe,C0)O4. Upon further reduction, these oxides dissociated to
La,0;, Sr0, Co, and Fe. © 1995 Academic Press, Inc.

1. INTRODUCTION

Perovskite-type oxides (ABQs), with rare earth ele-
ments on the A sites and transition metals on the B sites,
are well known for their refractory propeities, catalytic
activities, and wide range of electrical properties. Among
them, the acceptor-doped A3 B** O;(A =1.a, Y; B =
Mn, Fe, Co, Ni) compositions have been evaluated as the
cathode in solid oxide fuel cells (SOFC) (1). In a separate
study (2), it was found that compositions of La,_,Sr,
Coy:Feqs0i s (LSCF, x = 0-0.4) possess higher electri-
cal conductivity than that of Sr-doped LaMnQs, which is
currently being used as the cathode for SGFCs. The
LSCF compositions are also potential candidates for ox-
"ygen-separation membranes, due to their apparent mixed
ionic—electronic conductivity at intermediate tempera-
tures (600-800°C).

Understanding the oxygen nonstoichiometry and ther-
mochemical stability of the LSCF, under SOFC or oxy-
gen-separation membrane operating conditions, is as im-
portant as understanding their electrical conductivity,
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Electrical conductivity, Seebeck coefficient, and the
defect structure of La;_,Sr.FeO; (x = 0-0.6) and
La,_,Sr,Co0; (x = 0-0.7) have been extensively studied
(3~7). The phase stability of LaFeO; and LaCoO; under
reducing atmospheres has been studied by Nakamura ez
al. (8). However, the high-temperature phase stability
and electrical properties of Sr-doped LaCo,_.,Fe, 03 as
function of oxygen activity have not been established.
The present investigation examines the phase stability,
oxygen nonstoichiometry, electrical conductivity, and
Seebeck coefficient of La; .. Sr,Cog;Feq 0 as function of
temperature, oxygen activity, and Sr content,

2. EXPERIMENTAL PROCEDURE

Oxide powders of [.a;_St,Cog2Fess0:-5 (x = 0, (.2,
0.4) were prepared by the liquid-mix process (2). The
calcined powders were single-phase perovskite as deter-
mined by X-ray diffraction, using a Scintag XRD-2000
diffractometer. Before each thermogravimetric (TG) run,
the powder sample was annealed at 1250°C for 24 hr to
ensure the removal of volatile matter. Annealing also re-
duced the apparent volume of powders, thus allowing the
placement of more sample (=25 g) in the cylindrical alu-
mina crucible (volume of 50 cm®) for the TG measure-
ment. A mass—tlow controller that set the composition
and flow of gas mixtures consisting of either O,/N; or
CO,/forming gas (10% H; in N;) was used to establish the
desired oxygen activity. The gas flow system was precali-
brated and monitored with an oxygen sensor. The real-
time weight change during a TG run was monitored and
displayed graphically with an IBM PC. A detailed de-
scription of the thermogravimetric apparatus has been
reported elsewhere (9.

The TG runs were initiated after equilibrating the
LSCF sample under pure oxygen at 1200°C. When the
sample weight remained unchanged for 24 hr, the oxide
was considered to be in equilibrium with the given oxy-
gen activity and the sample weight was recorded. The
oxygen activity was then reduced by steps of about one
order of magnitude to 107, Finally, to confirm revers-
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ibility, reoxidation of the fully reduced sample to its origi-
nal state was achieved by introducing oxygen. This is
required since the presence of any volatile species other
than oxygen will cause irreversible weight loss and
makes the analysis of oxygen content impossible.

Phase stability and the dissociated products of LSCF
compositions under reducing atmospheres were studied
by using quench experiments. Powder samples (5-7 g)
were placed in an alumina boat and equilibrated at a given
temperature and oxygen activity for 2 to 4 weeks in a
muffle furnace. The samples were then quenched by pull-
ing the crucible to the cool zone of the furnace (=50°C)
under the same aimosphere in about 10 sec to preserve
the high-temperature phase(s). The as-quenched powder
samples were immediately weighted to determine weight
loss and examined by XRD, using a SCINTAG XRD-
2000 diffractometer with a Cu target and Ni filter. The
presence of Co metal in the reduced samples was de-
tected by a GE XRD-5 diffractometer with a Co target.

Electrical conductivity and Seebeck coefficients of sin-
tered samples were measured using a computer-driven
apparatus capable of carrying out two-point, four-wire
Kelvin technique electrical conductivity measurements
and thermoelectric power measurements simultaneously
on the same sample (10). To verify the reliability of the
measured dc conductivity, a four-probe ac measurement
was also performed at a frequency of 100 Hz on selected
samples. The atmosphere control was provided by the
same type of gas flow system used in the TG and anneal-
ing—quenching experiments, The sample resistance was
monitored at 30-min. intervals until equilibration was at-
tained at a given oXygen activity.

3. RESULTS AND DISCUSSION

The weight losses observed for various l.a,_ Sr,
Coy.2Fepg0s_; compositions upon heating under oxygen
are shown in Fig. 1. As can be seen, for the undoped
sample, weight change is not apparent at 1100°C. The
maximum weight loss (=1%, at 1200°C) occurred for the
composition with Sr = 0.4. These weight changes were
found to be reversible and dependent on the ambient oxy-
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FIG. 1. Relative weight change of La,_,Sr,Coy.Fey 305 as a function

of Sr content (moles) and temperature, under oxygen.

gen activity. It was therefore concluded that this weight
loss was due to oxygen evolution from the oxide sample.,
The thermogravimetric behavior observed in Fig. 1 indi-
cates that the acceptor dopant of Sr induced the forma-
tion of more oxygen vacancies at lower temperatures,

The room-temperature oxygen content for each com-
position was determined using weight-loss data from the
TG and quenching experiments, A reference point was
established by fully reducing LLSCF into its components
of La,y0s, Sr0, Co, and Fe at 1200°C. The dissociated
sample was then quenched {(under a reducing atmo-
sphere) and the final weight was quickly measured. 1t was
assumed that the cation conients did not change after
being dissociated and that La,0; and SrO still remained
stoichiometric under the most reducing condition applied
(oxygen activity of 107'%). Using this reference point and
the weight loss curves in Fig. 1, the compositions at both
elevated temperature and room temperature were calcu-
lated. Table 1 lists the oxygen content for compositions
with Sr = 0, 0.2, and 0.4 at the specified temperature and
ambient atmosphere.

Unlike LaFeO;, which was reported to be oxygen defi-
cient in air (3, 11), the oxygen content in LaCop 2Feq305-5
was found to be nearly stoichiometric at temperatures up

TABLE 1
Oxygen Content (moles) of LSCF Compositions under
Various Conditions

Room temperature

1000°C 1200°C

Oxygen content (3 — §) in air under oxygen  under oxygen

LaCo,;Fe 501 3.005 + 0.010 3.005 £ 0.015  3.003 = 0,010
Lag ¢Sry,Cop:Feq30s-5 2.999 = 0.003 2,992 £ 0.005 2.972 x+ 0.003
Lay 6819, 4Coq ;FeqsChs 2.948 = 0.009 2.908 = 0.005  2.849 * 0.006
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FIG. 2. Oxygen content {moles) of La;. .8r,Co,;Feq 504 ; composi-
tions calculated from TG data in Fig. 1, as a function of temperature and
Sr content (moles), under oxygen.

to 1200°C. As shown by these data in Table 1, the addi-
tion of Sr resulted in oxygen deficiency, which increased
with Sr content. Figure 2 shows the oxygen content for
each composition calculated as a function of tempera-
ture.

The weight loss of LSCF compositions as a function of
oxygen activity was measured at 1200°C, and the calcu-
lated oxygen content is shown in Fig. 3. As can be seenin
Fig. 3, all three compositions show a significant decrease
in oxygen content at an oxygen activity of 10713, with a
minimum in the region of 10~ to 107'%, No further
weight change was detected for oxygen activity <1076,
The XRD results (discussed later} show that a series of
distinct defect reactions and reduction processes occur
as the oxygen activity decreases, and the complete disso-
ciation to binary oxides and metals happens at an oxygen
activity <1076,
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FIG. 3. Oxygen content (moles) of La,_,Sr.Coy3Feg0;_5 as a func-

tion of oxygen activity and Sr content (moles) at 1200°C.,
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In the oxide of LaBQ;, a condition of “‘electronic stoi-
chiometry’’ is achieved when all the transition B ions
are in the trivalent state (11). This type of behavior was
typically seen in the Sr-doped LaFeQ; (4). Under this
condition, an oxygen-activity-independent region would
be observed with an oxygen content that is reiated to the
acceptor concentration, which for LSCF would be 3 — x/
2. For the LSCF samples investigated, the oxygen con-
tent at which the electronic stoichiometry would have
been reached should be 2.9 and 2.8 for the compositions
with x = 0.2 and 0.4, respectively. As can be seen in
Fig. 3, the LSCF compositions do not show the expected
oxygen-activity-independent region at these particufar
oxygen contents. However, as will be shown later, elec-
trical conductivity and Seebeck coefficient did indicate
that an electronic stoichiometry was achieved in these
compositions when 107 = oxygen activity = 107 at
1200°C. This may be due to the presence of more than
one type of B-site cation and the existence of various
valence states, thus complicating the reduction
process.

The high-temperature phase stability of L.aFe(O; and
LaCo0; has been studied by Nakamura et al. (8). At
1200°C, undoped LaFeO; was stable in the perovskite
phase above a critical oxygen activity of 10~133. The dis-
sociation of LaFeQ; (into La,O, and Fe) occurred in one
simpie step. On the other hand, LaCoQO; was much less
stable under a reducing atmosphere, it formed several
intermediate phases before L.a;0; and Co finally formed
(see Fig. 4 for the phase-stability diagram at 1000°C). Iron
ions are very stable in the +3 valence state, whereas Co
ions tend to stabilize in the +2 valence state, thus influ-
encing the stability range of the A*" B** (), perovskite
structure.

Figure 5 shows the XRD patterns of gquenched
Lag ¢515,4Co 3Fen 305 powders after equilibration at vari-
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FIG. 4. The phase dissociation of LaFeO; and LaCo0, at 1000°C
reported by Nakamura er al. (8).
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FIG. 5. XRD patterns for La,¢Sry Co,.Fey 05 annealed at 1200°C
and quenched at given oxygen activities.

ous oXygen activities at a temperature of 1200°C. The
LSCF perovskite phase remains the dominating phase for
an oxygen activity =10-", However, below this oxygen
activity, new phase(s) start to form, as indicated by the
new weak peaks that appeared in the XRD patterns. The
nature of these transient phases and their formation/elim-
ination will be discussed later. The perovskite phase
completely disappeared at an oxygen activity of 10714,
with the simultaneous formation of new phases identified
as SrO and Fe (see Fig. 6). Cobalt was detected in all
samples heated at 1200°C in oxygen activity <1079, but
does not appear in the patterns shown in Figs. 6 and 7
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FIG. 6. XRD patterns for LagSrp.Cog,Feos0; annealed at 1200°C
and quenched at an oxygen activity of 10°%4,

TAI, NASRALLAH, AND ANDERSON

j bl —_ 1 i)
C
20 30 10 50 60 70
STRONTIUM QXIDE -
| | | L]
SR Q
LaNTHANLUM OXICE
| | L L L 1

LAZ 03
LANTHANUM HYDROXIDE

AJ,J LI

La {O0HRi3

)

FE

IRDH / IADN, SYN

FIG. 7. XRD patterns for Lag¢Sr0.4Cog Fep 0 annealed at 1200°C
and quenched at an oxygen activity of 10~ (in forming gas).

because those XRD patterns resulted from using CuKe,
radiation, which could not detect Co. In contrast to the
findings of Nakamura er al. (8), who reported that at
oxygen activity 10~13 and 1200°C, LaFeQ; dissociated to
La>0; and Fe in a single step, the results from XRD
analyses indicate that Sr-doped LSCF decomposed into
some intermediate compounds of LaSrFeQ, which were
stable against reduction until the oxygen activity be-
came =10"1% at 1200°C, when La,0, was evolved. The
XRD pattern of LSCF annealed and quenched at
an oxygen activity of 107" at 1200°C is shown in
Fig. 6 along with JCPDS standard peaks for SrO, Fe,
LaSrFeQ,, and La;CoO,. The XRD patterns of LaSr
FeO, and La,Co0O, appear to be similar and match that of
quenched LSCF. Both LaSrFeO, and La,CoQy possess
K;NiF,-type structure (with a certain degree of distor-
tion) (12, 13). It scems that they are relatively stable un-
der the reducing atmosphere, when Fe and Co ions exist
in trivalent and divalent states, respectively. It is likely
that under these conditions LCSF forms either a solid
solution or a mechanical mixture, represented by (La,Sr)
{Fe,Co)0y, in which the ratios of La/Sr and Fe/Co
changed with oxygen activity and temperature.

XRD analyses showed that (at 1200°C) both undoped
and Sr-doped LaCoy 2Fe, 505 fully dissociated into 1.a;04,
Sr0, plus Co and Fe for oxygen activity =107'6. This is
illustrated by Fig. 7, which 1s from a quenched powder of
Lag ¢Srq.4Coy 2Fep 505 that had been heated for 10 days at
oxygen activity of 10-"% at 1200°C. The observed
La(OH); is due to hydrolysis of the freshly reduced La, O
by the moisture in air. Figure 8 shows the phase develop-
ment when Lag §Srp 4Cog 2Fep 30, was heated to 1200°C as
function of oxygen activity. The general expression of
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FIG. 8. The equilibrium phases(s) of Lag (Sry «Coo:Fe 305 at 1200°C
as a function of oxygen activity (from XRD analyses).

(La,Sr)(Fe,Co)O4 was used to represent the transient ox-
ide(s) observed between 107'% = oxygen activity = 10710,
However, it is suspected that the formation of (La,Sr)
(Fe,Co0)O, may have begun at an oxygen activity =10-10,
which is reflected in the electrical conductivity and
Seebeck data to be discussed later.

XRD patterns and phase analyses on LayeSry,
Cog;Feg 3055, equilibrated at 1000°C as function of oxy-
gen activity, are shown in Figs. 9 and 10, respectively. As
expected, the perovskite phase was stable over a wider
oxygen activity range than at 1200°C, and the final disso-
ciation of the complex oxide occurred under more redue-
ing conditions. The main difference between 1200 and
1000°C was the coexistence of both the perovskite phase
and the transient phases of (La,Sr)(Fe,Co)O4 between
10-% =< oxygen activity = 107'' at 1000°C. The
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FIG. 9. XRD patterns for Lag(Sry(Coy,Feq g0 annealed at 1000°C
and quenched at given oxygen activities,
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FIG. 10. The equilibnum phases(s) of LapeSry oo Feas0O; at
1000°C as a function of oxygen activity (from XRD analyses).

perovskite phase disappeared at an oXygen activity
of 1077 (not shown in Fig. 9) which is consistent
with the results on LaFeQ; reported by Nakamura et al.
(8). The LaggSrp4Cog2:Feq30; compositions appear to
be more stable than e¢ither acceptor-doped LaMnO, or
YMnO; (1, 9). The thermochemical properties of LSCF
under a reducing atmosphere seem to follow the bound-
aries set between the two end members, LaFeOQ; and
LaCo0;. Although not shown here, the phase stability
of compositions containing no Sr or Sr = 0.2 suggested
that Sr content has little influence on the high-temper-
ature phase stabjlity (when compared to that shown for
Sr = 0.4).

Measurements of dc conductivity and thermoelectri-
city power as a function of oxygen activity were carried
out at temperatures between 1000 and 1200°C. The
results are shown in Figs. 11 to 14. As shown in Figs. 11
and 12, both the conductivity and Secheck data show
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FIG. 12. Seebeck coefficient of various LSCF compositions as a
function of Sr content {moles) and oxygen activity equilibrated at
1200°C.

several distinct oxygen-activity-dependent regions. In re-
gion I {oxygen activity = 107%), the decrease in electrical
conductivity and increase in Seebeck coefficient indicate
a switch in charge compensation from electronic to ionic,
In this region both electronic and ionic compensations of
the acceptor dopant are taking place with the defect reac-
tion (according to Krdger-Vink notation) represented by
(14):

Laj sSrg2 85585205
8 {1}

& LaggSroaBg-2sBr:u03-5 [BVS] + 3 0s.

Because the ionic and electronic compensations occur
simultaneously and compete with each other, the electro-
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FIG. 13, Electrical conductivity of various LSCF compositions as a
function of Sr content (moies) and oxygen activity equilibrated at
1000°C.
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neutrality condition can be expressed as:

[Sri.] = [B3l + 2[V;]. [2]

For every oxygen vacancy (doubly ionized) formed, two
p-type carriers (Bj) are eliminated, which will cause an
increase in the Seebeck coefficient.

The Seebeck and electrical conductivity data for ail
three compositions remain constant in the oxygen activ-
ity range from 107% to 1077 (region 1I), which corre-
sponds to the region of electronic stoichiometry (1, 11),
i.e., all Co and Fe ions are at the trivalent state (or the
averaged valence of all B ions is +3). This implies a re-
duced concentration of p-type charge carriers, as in-
dicted by the Seebeck data shown in Fig. 12, where a
maximum Seebeck coefficient is observed within this ox-
ygen activity region. As the oxygen activity further de-
creases, the Seebeck coefficient starts to decrease due to
the contribution of n-type condunctivity to the total con-
ductivity (region III). However, the total electrical con-
ductivity decreases with decreasing oxygen activity. A
p-to-n transition of ¢lectronic conductivity was observed
when the oxygen activity reached region IV, where a
conductivity minimum and zero Seebeck coefficient were
observed. XRD analyses on the reduced samples indicate
the presence of new phases of Co and (La,Sr)(Fe,Co)Oy
in region IV. This transition shifted to a higher oxygen
activity when the Sr content was increased (see Figs. 12
and 14). When the oxide samples have multiple phases, it
is not practical to interpret the electrical conductivities
and/or the Seebeck data without having detailed informa-
tion on the microstructure, phase identities, and oxygen
contents. It is very likely that the observed p-to-n transi- .
tion of electrical properties is caused by changes of the
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dominating phase(s), but not simply due to the changes in
charge carriers in a single oxide. In region V, the solid
sample started to fully dissociate and both the electrical
conductivity and thermoelectric power measurements
became unstable.

A similar trend was found for samples measured at
1000°C, but the respective regions shift toward lower
oxygen activity, as shown in Figs. 13 and 14. The temp-
erature dependence of the p-to-n transition is demon-
strated by Fig. 15, in which the electrical conductivity of
Lagy ¢St 4Cop2Fep 505 measured at three different temper-
atures is plotted as a function of oxygen activity. It shows
that the conductivity minimum (p-to-n transition) shifts
toward a higher oxygen activity as the temperature in-
creases. As can be seen in Fig. 15, the magnitude of
conductivitiecs and the oxygen activity dependencies
were almost the same over the temperature range from
1000 to 1200°C. The observed p-type conductivity in
Figs. 11, 13, and 15 roughly show a positive slope of 1/4
with the oxygen activity in agreement with the defect
model derived for the acceptor- (Sri,) doped LaBO; (1).
Theoretically, a defect-chemistry interpretation for the
observed linear dependence of electrical conductivity
over oxygen activity on a log scale is only valid when the
oxide is in single phase. The XRD data for various LSCF
compositions, as shown in Figs. 5 through 10, imply that
such a requirement is fulfilled in the above interpretation
of electrical conductivity data.

The solid samples started to disintegrate at oxygen ac-
tivities below 10712 and 1077 at 1200 and 1000°C, respec-
tively. XRD analyses on powder samples indicate that
LSCF can be reoxidized to a single-phase perovskite
after total dissociation under an even more reducing
atmosphere (e.g., LaggSrg«Cog;Feps0s at 1200°C and
an oxygen activity of 107¥). Electrical conductivity
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FIG. 15. Electrical conductivity of Lag¢Sry4Cop:Feg30; as a func-

tion of oxvgen activity equilibrated at different temperatures.
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FIG. 16. The dissociation oxygen activity for various LSCF compo-
sitions and LaFeO, as a function of temperature.

measurements at oxygen activity below the dissociation
oxygen activity were not possible due to the gradual deg-
radation and eventual failure of the solid rod samples.
Upon reoxidation, the electrical conductivity nearly re-
turned to its prereduction value (within 10%). But, due to
the dissociation reaction (and the consequent changes in
the microstructure), a degradation of electrical conduc-
tivity was observed. The dissociation oxygen activity ob-
served for all three compositions are plotted in Fig. 16 as
function of temperature, along with the data for LaFeQO,
(3). Apparently, the substitution of Sr and Co for the
respective La and Fe decreases the high-temperature
phase stability of LaFeO;, but by only about an order of
magnitude.

4. CONCLUSION

La;_.Sr,CopFegs0s (x = 0, 0.2, 0.4) compositions
show a wide oxygen activity range of phase stability.
Upon reduction, these oxides did not dissociate into bi-
nary oxides and metal in a simple step, but they formed
transient compounds, which, with further reduction, dis-
sociated to La,Os, SO, Co, and Fe. The approximate 1/4
power dependence of the p-type electrical conductivity
on the oxygen activity can be attributed to both elec-
tronic and ionic charge compensations.
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