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The partial energies and entropies of O2 in perovskite-type
oxides La0.6Sr0.4Co12yFeyO32d ( y 5 0, 0.1, 0.25, 0.4, 0.6) were
determined as a function of nonstoichiometry d by coulometric
titration of oxygen in the temperature range 650–950°C. An
absolute reference value of d was obtained by thermogravimetry
in air. The nonstoichiometry at a given oxygen pressure and
temperature decreases with iron content y. At low non-
stoichiometries the oxygen chemical potential decreases with d.
The observed behavior can be interpreted by assuming random
distribution of oxygen vacancies, an electronic structure with
both localized donor states on Fe, and a partially filled itinerant
electron band, of which the density of states at the Fermi level
scales with the Co content. The energy of the Fe states is close to
the energy at the Fermi level in the conduction band. The
observed trends of the thermodynamic quantities can be inter-
preted in terms of the itinerant electron model only when the iron
content is small. At high values of d the chemical potential of
O2 becomes constant, indicating partial decomposition of the
perovskite phase. The maximum value of d at which the composi-
tions are single-phase increases with temperature. ( 1997 Academic

Press

1. INTRODUCTION

The La
1~x

Sr
x
MO

3~d perovskite-type oxides, in which
M is a first row transition metal cation, are well-known for
their ability to exhibit significant electronic and oxygen ionic
conductivity. It is generally accepted that the high ionic
conductivity at elevated temperatures is caused by a relative-
ly high concentration (d) of vacant crystallographic sites in
the oxygen sublattice, in conjunction with a high mobility of
the regular oxygen ions. The formation of these lattice oxygen
vacancies, which have an electrical charge of#2 with respect
to the surrounding oxygen sublattice, is charge-compensated
by a change in the average valency of the transition metal
cations M. Gas separation membranes (1—3), oxidation cata-
lysts (4, 5), and electrodes in solid oxide fuel cells and oxygen
sensors (6) are possible applications for these materials.
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The present paper is intended to provide insight into the
oxygen nonstoichiometry characteristics of the La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d (LSCF) system (y"0—0.6) at elevated tem-
peratures. For this purpose, changes in d are measured as
a function of oxygen partial pressure and temperature using
the method of oxygen coulometric titration. Thermodyn-
amic quantities such as partial molar energy and entropy of
oxygen incorporation are determined with this method,
whereas thermogravimetry is used to provide an absolute
reference value of d.

The oxygen nonstoichiometry of the end member La
0.6

Sr
0.4

CoO
3~d has been measured as a function of temper-

ature and oxygen partial pressure by coulometric titration
(7, 8). The observed trends were in close agreement with
results of thermogravimetric (9) and coulometric titration
(10) studies on other compositions La

1~x
Sr

9
CoO

3~d . With-
in the homogeneity region of the perovskite phase, the value
of d at elevated temperatures is seen to increase almost
linearly with decreasing log p

O2
(10, 11). This feature has

been explained by assuming the conduction electrons to be
delocalized, occupying energy levels in a partially filled
conduction band (7). In terms of the ZSA framework (12)
this band is thought to have mixed O 2p—Co 3d character
(13), which accounts also for the high metallic-like conduct-
ivity and low Seebeck coefficient exhibited by La

0.6
Sr

0.4
CoO

3~d (13—16). With a decreasing level of strontium dop-
ing in La

1~x
Sr

x
CoO

3~d a small band gap appears which
results in semiconducting properties at room temperature
when x(0.25—0.3 (13, 15). However, metallic-like conduct-
ivity is still encountered at higher temperatures (15).

Thermogravimetric experiments in a wide range of tem-
peratures and oxygen partial pressures on the other end
member La

0.6
Sr

0.4
FeO

3~d (17) indicated that the increase
in the nonstoichiometry with decreasing oxygen partial
pressure was substantially smaller than in La

0.6
Sr

0.4
Co

O
3~d under the same conditions. Moreover, in contrast to

La
0.6

Sr
0.4

CoO
3~d an intermediate region was observed in

which d remains almost constant at a level fixed by the
2



FIG. 1. Schematic representation of the proposed electronic structure
of La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d
and the distribution of electrons created in the

oxygen vacancy formation among the band and states.
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dopant concentration, i.e., d+1/2 [Sr@
L!

]. For compounds
La

0.75
Sr

0.25
FeO

3~d and La
0.9

Sr
0.1

FeO
3~d (18) this region

was shown to coincide with a minimum in electrical con-
ductivity. To interpret the observed behavior a Mott—
Hubbard type of charge disproportionation is thought to
occur: 2Fe3`¢ Fe4`#Fe2`. Thus, both the conduction
electrons and the holes are localized, giving rise to hop-
ping-type electrical conductivity. The region of constant
nonstoichiometry is caused by a change of the dominant
charge carrier from Fe4` to Fe2` upon decreasing
p
O2

which changes the conductivity from p-type to n-type.
On the other hand, data from X-ray absorption spectro-
metry on La

1~x
Sr

x
FeO

3~d (x"0—1) (19) suggest that the
holes induced by Sr doping are in states of mixed Fe 3d—O
2p character, in particular for low concentrations of Sr.

In both end members La
0.6

Sr
0.4

CoO
3~d and La

0.6
Sr

0.4
FeO

3~d the oxygen vacancies are assumed to be distributed
randomly among energetically equivalent oxygen sites, al-
though there are indications of microdomain formation
with ordered oxygen vacancies at high values of d for
La

0.6
Sr

0.4
CoO

3~d (7). A study of the electrical properties
and Seebeck coefficients of the system La

0.8
Sr

0.2
Co

1~y
Fe

y
O

3~d (y"0—1) in air (20) showed a maximum (with
respect to temperature) in the electrical conductivity of all
compositions. The conduction mechanism assumed is that
of adiabatic hopping of small polarons. Since the conductiv-
ity decreases with increasing iron content, the iron centers
are assumed to represent energetically lower small polaron
sites than the cobalt centers, although the energy difference
is too small to lead to clear trapping of holes on iron at high
temperatures.

There is a lack of data about the nonstoichiometry of
La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d. The oxygen deficiency of La
0.6

Sr
0.4

Co
0.2

Fe
0.8

O
3~d in air was measured by thermog-

ravimetry using constant heating and cooling rates of
5°C/min and 2°C/min, respectively (21). From the absence
of a hysteresis it was concluded that the material was close
to its equilibrium oxygen content during the entire measure-
ment. The oxygen content at room temperature, determined
by wet-chemical analysis, was found to be essentially
stoichiometric. Significant weight loss was observed only
above 600°C, up to a relative mass change of about 1.0% at
1200°C, the value of which corresponds to d+0.14.

The energy band scheme of La
0.6

Sr
0.4

Co
1~y

Fe
y
O

3~d as-
sumed in the present study for the analysis of experimental
data is schematically shown in Fig. 1. It essentially features
the characteristics of both end members in the sense that
a band model, which takes into account the delocalized
behavior of electrons as seen in La

0.6
Sr

0.4
CoO

3~d , is com-
bined with the presence of localized electronic states due to
partial substitution of cobalt with iron. A rigid band ap-
proach to the properties of La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d is as-
sumed, whereas it is further assumed that the density of
states at the Fermi level and the concentration of localized
electronic defects scale with the concentrations of cobalt
and iron, respectively.

2. THEORY

2.1. Oxygen Coulometric Titration

The principle of oxygen coulometric titration has been
described extensively in Refs. (7, 8). It is performed by plac-
ing an oxide sample into a sealed electrochemical cell. In
chemical equilibrium the oxygen chemical potential of the
oxide sample k09*$%

OÈ
is equal to that of the surrounding

atmosphere inside the cell. Its value is determined by
measuring the EMF E across a solid electrolyte wall, onto
which two identical metal electrodes are attached on oppo-
site sides, in contact with a reference gas and the atmosphere
inside the cell, respectively:

k09*$%
O2

"k3%&
O2
!4FE"k3%&

O2
#R¹ ln (p

O2
/p3%&

O2
) . [1]

Here k3%&
OÈ

is the oxygen chemical potential of the reference
gas. Its value can be found in thermodynamic tables (22).
F is Faraday’s constant, R the gas constant, and ¹ the
temperature. p

OÈ
and p3%&

O2
are the oxygen partial pressures of

the inner atmosphere and the reference gas, respectively.
A second auxiliary electrolyte wall in contact with the two
gases is used for electrochemical pumping of oxygen into or
out of the cell. In potentiostatic coulometric titration experi-
ments the EMF across the electrolyte is changed stepwise
from one to another constant value, thus perturbing the
equilibrium between the oxide inside the cell and the sur-
rounding atmosphere. The electrical pumping current
decays over the time needed for reequilibration. The change
in oxygen nonstoichiometry *d of the sample follows from
integrating the current I over time t:

*d"
M

m
4

=

P
I (t)!I(R)

2F
dt [2]
0
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Here I(R) is the current at t"R, which is due to unavoid-
able leakage of oxygen (7). M is the molar mass of perov-
skite and m

s
the sample mass.

The coulometric titration technique also permits easy
determination of the entropy of oxygen s09*$%

OÈ
defined as the

change of the chemical potential with temperature at con-
stant nonstoichiometry d (7):

s09*$%
O2

"!A
Lk09*$%

O2

L¹ Bd . [3]

The energy of oxygen e09*$%
OÈ

may be calculated from e09*$%
OÈ

"

k09*$%
OÈ

#¹s09*$%
OÈ

.

2.2. Solid State Defect Model for La0.6Sr0.4Co1!y FeyO3!d

The creation of oxygen vacancies in La
0.6

Sr
0.4

Co
1~y

Fe
y
O

3~d is assumed to take place in a similar way as in
La

0.6
Sr

0.4
CoO

3~d (9) and La
0.6

Sr
0.4

FeO
3~d (17). But in

contrast to these compounds it is conjectured that the
electrons created during vacancy formation are neither do-
nated exclusively to a partially filled conduction band, like
in La

0.6
Sr

0.4
CoO

3~d (7), nor distributed solely among local-
ized electronic states, like in La

0.6
Sr

0.4
FeO

3~d . Instead,
both processes occur to some extent: a fraction f

%
of the

electrons formed is donated to the conduction band, while
the remaining fraction 1!f

%
is distributed among localized

states on iron centers. This is illustrated in Fig. 1. It is also
assumed that the energy level of Fe2` is too high to be
occupied at the oxygen pressures and temperatures covered
by our experiments, which leaves Fe3` and Fe4` as the only
possible oxidation states. Representing the latter defects in
Kröger—Vink notation (23) by Fe@

C0
and Fe9

C0
, respectively,

the oxidation reaction for a given composition
La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d can be written as

2O9
O
#4(1!f

%
) Fe9

C0
¢ O'!4

2
#2»••

O
#4 f

%
e@#4(1!f

%
) Fe@

C0
.

[4]

O9
O

denotes a regular lattice oxygen ion, »
••
O

an oxygen
vacancy, and e@ a conduction electron. The exchange of
electronic charge carriers between the band and the local-
ized iron states is described by

Fe9
C0
#e@¢ Fe@

C0
. [5]

It follows from these defect reactions that at chemical equi-
librium

k09*$%
O2

#2(k
Vö
!k

O9
O
)#4 f

%
k
%{
#4(1!f

%
) (k

F%@C0
!k

F%9C0
)"0

[6]

(k
F%C@0

!k
F%9C0

)!k
%{
"0 [7]
where k
i
is the chemical potential of species i. The oxygen

vacancies and regular lattice ions are assumed to be non-
interacting and randomly distributed among equivalent
oxygen sites. A similar assumption is made for the electrons
on iron centers. This allows their respective structure ele-
ments to be described as

k
VO

®!k
O9

O
"k

V
"k0

V
#R¹ ln A

d
3!dB [8]

k
F%@C0

!k
F%9C0

"k
F%
"l0

F%
#R¹ ln A

[Fe@
C0

]

y![Fe@
C0

]B . [9]

By definition, the concentrations of defect species are ex-
pressed per unit cell. [»••

O
]"d is the oxygen vacancy con-

centration. k
i
"e

i
!¹s

i
is the chemical potential of species

i, with e
i
and s

i
its energy and entropy parts, respectively.

k0
i
"e0

i
!¹s0

i
is the standard chemical potential of species

i. Under the assumption that the electron band is rigid upon
filling with electrons, an expression has been derived for
La

1~x
Sr

x
CoO

3~d (7) which relates ke@ to the electron occu-
pancy [e@] and the density of states at the Fermi level g (e

F
).

The entropy of electrons can be neglected in the description
since the electron band is assumed to be relatively wide.
Furthermore, due to the wide band nature of the conduction
band, g (e

F
) may be assumed constant as a first order of

approximation. Hence, ke@ is proportional to [e@] in
La

1~x
Sr

x
CoO

3~d .
For the conduction band of the compounds under invest-

igation here, the density of states at the Fermi level is
assumed to be proportional to the concentration 1!y of
cobalt. An expression similar to that derived in Ref. (7) can
be used for the electron chemical potential in the conduction
band in La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d :

ke@"k0e @#
[e@]![e@]0
g (e

F
) (1!y )

. [10]

k0e @ is the chemical potential of electrons when d"0, y"0
and [Sr@

L!
]"x"0, i.e., the chemical potential of electrons

in stoichiometric LaCoO
3
. [e@]0 is the electron occupancy

under these standard conditions and corresponds to an
average valency of 3# for Co. The charge neutrality re-
quirement for this system may now be written as
2d#y"x#n#[Fe@

C0
], with n"[e@]—[e@]0 .

The value of f
%

can be determined by considering that
Eq. [7] must still be valid after addition and distribution of
the electrons created during oxygen vacancy formation,
from which it follows that

A
Lke@

Ln B
T

f
%
"A

Lk
F%

L [Fe@
C0

]B
T

(1!f
%
) . [11]
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Combining the above equation with Eqs. [9] and [10], f
%

can be derived to be

f
%
"A1#

[Fe@
C0

] (y![Fe@
C0

])

g(e
F
) (1!y) R¹y B

~1
. [12]

In view of Eq. [6], the energy of oxygen e09*$%
O2

may be written
as e09*$%

O2
"!2e

V
!4 f

%
ee@!4(1!f

%
) e

F%
. Using Eqs.

[8]—[10] it then follows that

e09*$%
O2

"!2e0
V
!4f

%Ae0e@#
n

g(e
F
) (1!y)B!4(1!f

%
)e0
F%

"e
09
!4f

%A
n

g(e
F
) (1!y)B!4(1!f

%
)*e0

i
, (13)

where e
09
"!2e0

V
!4e0e@ is constant for a given iron concen-

tration y. *e0
i
"e0

F%
!e0e@ is constant independent of com-

position, because e0
F%

indicates the energy of the 3d state of
iron, which can be assumed constant, and e0e@ is the energy at
the Fermi level in stoichiometric LaCoO

3
. Note, however,

that the energy difference e0
F%
!ee@ scales with the electron

occupancy n.
Following the same procedure as above, the entropy of

oxygen s09*$%
O2

may be evaluated from Eq. [6]: s09*$%
O2

"

!2s
V
!4f

%
se@!4(1!f

%
) s

F%
. Making the appropriate sub-

stitutions for s
V
, se@, and s

F%
, it is found that

s09*$%
O2

"!2As0V!R ln
d

3!dB!4f
%
s0e@!4(1!f

%
)

]As0F%!R ln
[Fe@

C0
]

y![Fe@
C0

]B [14]

"s
09
#2Rln

d
3!d

!4(1!f
%
)A*s0

i
!Rln

[Fe@
C0

]

y![Fe@
C0

]B ,

where s
09
"!2s0

V
!4s0e@ and *s0

i
"s0

F%
!s0e@ are constants.

The latter value can be roughly estimated if possible vibra-
tional contributions to the entropy are neglected. The en-
tropy of electrons in the wide band can be assumed negli-
gible, i.e., s0e@+0 (24). s0

F%
represents the difference in entropy

between the 3d5 (Fe3`) and 3d4 (Fe4`) states due to differ-
ences in degeneracy l of the magnetic state. The latter
difference may be evaluated using a procedure analogous to
that used by Korotin et al. (25). The total spin in the high
spin configuration of 3d5 and 3d4 states are S"5/2 and
S"2, respectively. Thus, their corresponding spin multi-
plicities (2S#1) are 6 and 5, respectively. As the configura-
tion in 3d4 is t3

2g eg, either one of the eg orbitals will remain
empty, which increases the total number of possible micro-
states for Fe4` by another factor of 2. Thus, l"6 for Fe3`
(t3
2g e2g ) and l"10 for Fe4`. Hence *s0

i
"s0

F%
"Rln(6/10)

"!4.25 J mol~1 K~1.
It should be noted that the defect model presented here

incorporates the itinerant electron model proposed for
La

1~x
Sr

x
CoO

3~d as a limiting case. If y"0 and f
%
"1 are

substituted into Eqs. [13] and [14], the results are the same
as described previously (7,8). That is, when the concentra-
tion y of iron reaches zero, all electrons formed will neces-
sarily go into the conduction band.

3. EXPERIMENTAL

3.1. Sample Preparation

All powders were prepared by thermal decomposition of
metal nitrate solutions containing a complexing agent. The
EDTA method (6) was applied for making compositions
with Fe-dopant levels y"0, 0.1, 0.25, and 0.4, and the
citrate synthesis (4) was used for the composition with
y"0.6. After calcination in stagnant air at 925°C for
8 h and thorough milling, the powders were pressed
uniaxially into cylindrical pellets, followed by isostatic
pressing at 4000 bar. The pellets were then sintered in air at
1200°C for 12—18 h. The densities of the resulting disks,
expressed relative to theoretical, were 96—98% for all com-
positions. Phase analysis by means of XRD revealed single-
phase perovskite-type oxides (26). Cylindrical samples
7.75 mm in diameter and 3 mm thick were cut from the disks
for the experiments. The samples with y"0.4 and y"0.6
were pretreated for 3 h in 2 M HNO

3
to enhance the surface

exchange kinetics (27).

3.2. Coulometric Titration Experiments

The electrochemical cell in which the measurements were
performed has been described in detail elsewhere (7, 8).
A La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d disk was enclosed in an elec-
trochemical cell with a volume of approximately 250 mm3.
Zr

0.87
Y

0.13
O

1.935
solid electrolytes were used for pumping

oxygen into or out of the cell and for the EMF measure-
ments. The reference gas used was air (p

O2
"0.209 bar) and

the temperature range in which experiments were performed
was 650—950°C. Two types of experiments were performed.
In the first type, later referred to as voltage step measure-
ments, the equilibrium between oxide and ambient in the
cell was perturbed by a stepwise change of the imposed
EMF across the electrolyte, after which the decay current
I(t) was monitored. After a new equilibrium was reached,
i.e., I(t)"I(R), the oxygen chemical potential k09*$%

O2
and the

nonstoichiometry change *d were calculated using Eqs. [1]
and [2], respectively.

In the second type of experiments, referred to as temper-
ature step measurements, the open cell EMF was measured
at different temperatures at a fixed value of d. From the



FIG. 2. Nonstoichiometry of La
0.6

Sr
0.4

Co
1~y

Fe
y
O

3~d in air. Drawn
lines indicate results of TG analysis using heating and cooling rates of
5 and 2°C/min, respectively. Symbols represent best fits of coulometric
titration results to TG curves.

0.8 3~d

TABLE 1
Absolute Nonstoichiometries of La0.6

Sr0.4
Co1~yFeyO3~d

at 800°C in Air Determined by TGA

y d (800°C, air)

0 0.093
0.1 0.093
0.25 0.075
0.4 0.052
0.6 0.028

Note. Absolute error *d"$0.003.
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temperature variation of k09*$%
O2

its entropy and energy parts
were determined using Eq. [3]. Both heating and cooling
steps were applied and the results were averaged. A temper-
ature step measurement was also performed between two
isothermal series of voltage step measurements in order to
relate their respective d—p

O2
curves.

3.3. Thermogravimetric and Wet-Chemical Analysis

The nonstoichiometry of La
0.6

Sr
0.4

CoO
3~d at room tem-

perature (d
RT

) was determined using the oxidizing power
method (28) described in more detail by Stevenson et al. (21).
Prior to analysis the La

0.6
Sr

0.4
CoO

3~d powder was heated
to 1000°C and slowly cooled in air (144°C/day) to room
temperature. The powder was dissolved in concentrated
HCl. Irrespective of the original oxidation state, all Fe and
Co will be reduced by the available Cl~ to their 3# and
2# oxidation states, respectively. The amount of Cl

2
which

developed in the reduction process was transported to a KI
solution, where it oxidized I~ to I

2
. The amount of iodine

was determined by titration with Na
2
S
2
O

3
, from which the

average valency of the transition metal cations was cal-
culated.

For the thermogravimetric (TG) analyses about 200 mg
of La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d powder was weighed and
placed in a platinum cup in a Setaram Microbalance MTB
10-8. Before measurements were made, the powder was
heated in air to 900°C to remove traces of impurities, fol-
lowed by slow cooling to room temperature (0.5—1°C/min)
to ensure chemical equilibrium with the ambient oxygen
pressure. The powder was then heated with 5—10°C/min in
air to several temperatures in the range where coulometric
titration experiments had been performed. After equilibra-
tion of the sample the weight loss from room temperature
was measured, from which the nonstoichiometry change
was calculated. Finally the sample was slowly cooled
(2—3°C/min) to room temperature. No significant weight
change was observed between room temperature and 900°C
in a reference measurement on a-Al

2
O

3
under the same

conditions.

4. RESULTS AND DISCUSSION

4.1. Nonstoichiometry in Air

The chemical analysis of La
0.6

Sr
0.4

CoO
3~d was complic-

ated by the presence of a small amount of carbon
(0.13$0.03 mass%) in the powder. Cl

2
formed in the redox

reaction may possibly react with it, forming chlorinated
hydrocarbons, and thus remain undetected in the iodomet-
ric titration. The latter effect reduces the accuracy of the
experiments. Still, the result indicated an oxygen concentra-
tion close to stoichiometric, i.e., d

RT
"0.00$0.02. This is

consistent with the results of Mizusaki et al. (9), who deter-
mined the oxygen contents of La Sr CoO and
0.5 0.5 3~d
La
0.7

Sr
0.3

CoO
3~d at room temperature to be stoichiomet-

ric or very close to it. As it may be assumed safely that
d decreases with increasing iron content at a given oxygen
pressure and temperature, the other compositions will also
be close to stoichiometric.

The results of the thermogravimetric analyses in air are
indicated in Fig. 2 by the drawn lines. Depending on com-
position, the onset of weight loss was observed at temper-
atures of 150—400°C. All weight changes were reversible and
independent of cooling rate in the range 0.5—2.5°C/min.
Based on these observations and the iodometric titration
result, it is concluded that all investigated compositions are
stoichiometric at room temperature within experimental
error.

For all compositions, the data from coulometric titration
experiments at p

O2
"0.21 bar were fitted to the TG curves

by freely varying the absolute value of the nonstoichiometry
at 800°C. The best fits are indicated by the symbols in Fig. 2.
The values for d obtained from fitting are listed in Table 1.
A value d+0.023 has been determined for La

0.6
Sr

0.4
Co

0.2
Fe O under the same conditions (21), which agrees
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reasonably with that obtained from extrapolation of the
present results.

4.2. Thermodynamic Stability of the La
0.6

Sr
0.4

Co
0.75

Fe
0.25

O
3~d Phase

The partial thermodynamic quantities e09*$%
O2

and s09*$%
O2

of
La

0.6
Sr

0.4
Co

0.75
Fe

0.25
O

3~d obtained from temperature
step measurements in the range 650—950°C are shown in
Fig. 3a. The range of nonstoichiometries covered by the
experiments is d"0.066—0.364. Two different regions can
be distinguished within this range. In the region where
d(0.20 the general trends are more or less similar to those
observed previously on La

0.8
Sr

0.2
CoO

3~d (8). This range of
nonstoichiometries will be discussed in more detail below.

The region d'0.20 is characterized by an increasing
partial energy e09*$%

O2
with d, while the entropy of oxygen

s09*$%
O2

increases much more strongly than in the region
d(0.20. At very high values of d both quantities tend to
become constant. The change in slope of e09*$%

O2
at

d"0.20—0.25 cannot be explained in terms of randomly
distributed, noninteracting defects.
FIG. 3. Experimental energy e09*$%
O2

and entropy s09*$%
O2

of oxygen in
La

0.6
Sr

0.4
Co

0.75
Fe

0.25
O

3~d.
The chemical potential of oxygen k09*$%
O2

"e09*$%
O2

!¹s09*$%
O2

is shown in Fig. 3b. A change in behavior is clearly observed
at higher values of d. In the region d"0.20—0.25 the change
in slope of e09*$%

O2
can still be compensated by the increasing

slope of s09*$%
O2

. At higher values of d the oxygen chemical
potential appears to reach a constant value, which indicates
a chemical equilibrium between two or more phases.

Petrov et al. (10, 16) showed by combined coulometric
titration and XRD experiments that La

0.7
Sr

0.3
CoO

3~d de-
composes into La

1.4
Sr

0.6
CoO

4Bl , Co
1~cO, and O

2
at

a sufficiently high value of d. A similar kind of decomposi-
tion reaction may occur in La

0.6
Sr

0.4
Co

0.75
Fe

0.25
O

3~d .
The limit of thermodynamic stability in La

0.7
Sr

0.3
CoO

3~d
moves to higher values of d with increasing temperature
(10). This is consistent with the results in Fig. 3b, where the
O

2
chemical potential becomes constant at a slightly higher

value of d with increasing temperature.
It should be noted that the onset of decomposition occurs

at a value near d"1/2[Sr@
L!

], the nonstoichiometry at
which the average valency of all transition metal cations is
exactly 3#. Similar features were observed in the same
region of nonstoichiometries on all other compositions con-
taining iron. Attention will be focused on the region
d(0.20 in the remainder of this study.

4.3. Partial Thermodynamic Quantities of La
0.6

Sr
0.4

Co
1~y

Fe
y
O

3~d
As stated already the overall features observed in Fig. 3a

in the region d(0.2 are similar to those observed on
La

0.8
Sr

0.2
CoO

3~d (7, 8). e09*$%
O2

is seen to decrease almost
linearly with d, while s09*$%

O2
is logarithmically dependent on

d to a first order of approximation. Both features can be
understood in terms of the itinerant electron model, which
has been applied successfully to describe La

0.8
Sr

0.2
CoO

3~d,
as well as La

0.6
Sr

0.4
CoO

3~d and La
0.3

Sr
0.7

CoO
3~d at high

temperature and small d (7, 8). According to this model, the
decrease of e09*$%

O2
is linear due to the filling of the conduction

band with electrons upon creation of oxygen vacancies,
while s09*$%

O2
increases with d because of the increasing config-

urational entropy of oxygen s
#0/&

"2Rln(d/(3!d)). The
same contributions also emerge in the defect model pro-
posed for LSCF in Section 2.2. The argument of discussion
given below is that for small values of y the itinerant elec-
tron model gives a fair description of the nonstoichiometry
behavior of LSCF, but this model no longer holds at high
iron substitution levels.

This agreement at small value of y can be clearly illus-
trated by the thermodynamic quantities of La

0.6
Sr

0.4
Co

0.9
Fe

0.1
O

3~d , shown in Fig. 4. Note that these data exhibit the
same trends as observed on La

0.6
Sr

0.4
Co

0.75
Fe

0.25
O

3~d as
shown in Fig. 3. The drawn lines in Fig. 4 are the best fits of
Eqs. [13] and [14] to the experimental data. The corres-
ponding values of e , s and *e0 are listed in Table 2. It
09 09 i



FIG. 4. Energy e09*$%
O2

and entropy s09*$%
O2

of oxygen in La
0.6

Sr
0.4

Co
0.9

Fe
0.1

O
3~d . Experimental results are indicated by symbols; best fits of

LSCF model indicated by drawn lines; trends according to itinerant elec-
tron model indicated by broken lines.
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should be noted that since *e0
i
is assumed to be independent

of iron content, its value was determined by optimization of
curve fits to data of other compositions as well. The value
g(e

F
)"1.47 eV~1, determined from the best fit of Eq. [13]

to the data of La
0.6

Sr
0.4

CoO
3~d , was adopted for all com-

positions. This value is close to g(e
F
)"1.53 eV~1 reported

previously for La
0.6

Sr
0.4

CoO
3~d (7). For the sake of clarity,

the values of e
09

and s
09

from Table 2 were used to draw the
broken lines in Fig. 4, which indicate the predictions accord-
ing to the itinerant electron model. Very close agreement is
obtained if the latter values are adjusted to e

09
"

!281 kJ/mol and s
09
"82 J/mol K. Hence, it is concluded

that the thermodynamics of La
0.6

Sr
0.4

Co
0.9

Fe
0.1

O
3~d can

be understood both within the framework of the itinerant
electron model and the proposed defect model for LSCF.
Next to the small iron content, close agreement between the
models is also due to the small energy difference between the
3d states of iron and the energy at the Fermi level. The value
*e0

i
"!25 kJ/mol indicates a small energy difference be-

tween the Fermi level of LaCoO
3

and the eg state of Fe of
TABLE 2
Thermodynamic Quantities eox , De0

i , sox, Ds0
i , and g (eF) Deter-

mined from Fitting Eqs. [13] and [14] to the Experimental
Data

y e
09

*e0
i

s
09

*s0
i

g (e
F
)

(kJ/mol) (kJ/mol) (J/mol K) (J/mol K) ((kJ/mol)~1)

0 !281 !25 86 !4.25 0.0153
0.1 !288 !25 75 !4.25 0.0153
0.25 !297 !25 73 !4.25 0.0153
0.4 !305 !25 79 !4.25 0.0153
0.6 !314 !25 83 !4.25 0.0153
about 0.25 eV. The difference becomes even smaller upon
doping LaCoO

3
with strontium, due to the downward shift

of the Fermi level. This implies that trapping of electron
holes by Fe 3d states will not occur. These results are
essentially in agreement with the findings of Tai et al. (20).
Large differences between the predictions of both models
will occur only at large concentrations of iron, as will be
discussed in more detail below for the case of
La

0.6
Sr

0.4
Co

0.4
Fe

0.6
O

3~d .
It is interesting to note that deviations from the behavior

predicted by the itinerant electron model occur at much
lower values of d in La

0.6
Sr

0.4
CoO

3~d (7) than in
La

0.6
Sr

0.4
Co

0.9
Fe

0.1
O

3~d . In La
0.6

Sr
0.4

CoO
3~d this has

been attributed to additional ionic contributions to the
partial energy and entropy of oxygen, possibly caused by
the formation of microdomains with ordered oxygen va-
cancies. In contrast, such additional ionic contributions
seem not to be apparent in La

0.6
Sr

0.4
Co

0.9
Fe

0.1
O

3~d up to
large d. This suggests that substitution of a small amount of
Co by Fe may stabilize the random distribution of oxygen
vacancies to much higher concentrations.

Figure 5 shows the thermodynamic quantities of
La

0.6
Sr

0.4
Co

0.4
Fe

0.6
O

3~d. Symbols and lines have the same
meaning as in the previous figure. Reasonable agreement is
obtained between experimental data and best fits of Eqs.
[13] and [14], but the itinerant electron model predicts
strongly deviating trends, with best fits for e

09
+!290

kJ/mol and s
09
"120 J/mol K. Note that the values of

s
09

remain constant within experimental error for the LSCF
model.

4.4. Nonstoichiometry of La
0.6

Sr
0.4

Co
1~y

Fe
y
O

3~d
The experimental data for the nonstoichiometry of

La
0.6

Sr
0.4

Co
0.9

Fe
0.1

O
3~d and La

0.6
Sr

0.4
Co

0.4
Fe

0.6
O

3~d
FIG. 5. Energy e09*$%
O2

and entropy s09*$%
O2

of oxygen in La
0.6

Sr
0.4

Co
0.4

Fe
0.6

O
3~d . Experimental results are indicated by symbols; best fits of

LSCF model indicated by drawn lines; trends according to itinerant elec-
tron model indicated by broken lines.



FIG. 6. Nonstoichiometry of La
0.6

Sr
0.4

Co
0.9

Fe
0.1

O
3~d versus oxygen

partial pressure p
O2

. Drawn lines indicate best fits of the LSCF model to
the experimental data.
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obtained from voltage step measurements are shown in
Figs. 6 and 7. The drawn lines are the theoretical curves
according to the LSCF model with the values of e

09
, s

09
, and

*e0
i

determined from the temperature step measurements
inserted. The good agreement supports the correctness of
the energy band scheme proposed in Fig. 1 for modeling the
data of oxygen nonstoichiometry of compositions La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d . For La
0.6

Sr
0.4

Co
0.9

Fe
0.1

O
3~d devi-

ations from the theoretical curves are observed when
d'0.20, which is attributed to a limited phase stability as
discussed above for La

0.6
Sr

0.4
Co

0.75
Fe

0.25
O

3~d . Devi-
ations are also observed at 650°C at high oxygen pressure,
which is not understood at present.

Excellent agreement is seen between experimental and
theoretical curves for La

0.6
Sr

0.4
Co

0.4
Fe

0.6
O

3~d in Fig. 7 in
the whole temperature and pressure range. It appears from
FIG. 7. Nonstoichiometry of La
0.6

Sr
0.4

Co
0.4

Fe
0.6

O
3~d versus oxygen

partial pressure p
O2

. Drawn lines indicate best fits of the LSCF model to the
experimental data.
this figure as well as from other data that the LSCF model
performs better in representing the defect chemistry of the
La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d system at higher iron contents.
The observed decrease in d with y in La

0.6
Sr

0.4
Co

1~y
Fe

y
O

3~d at a given temperature and oxygen pressure can be
explained in terms of the defect model by considering that
e
09

can be regarded as a measure of the binding strength of
O2~ in the oxide. Thus, the increase of its absolute magni-
tude with iron concentration reflects an increasing binding
strength, which will suppress oxygen vacancy formation.
Furthermore, it can be shown that the average valency of
the iron atoms is larger than the average valency of cobalt
under all conditions. This indicates that strontium doping is
charge-compensated more readily by hole formation on
iron than on cobalt. Considering that the hole concentra-
tion is negatively proportional to the oxygen vacancy con-
centration, the presence of iron will lower the non-
stoichiometry.

5. CONCLUSIONS

The level of nonstoichiometry d in perovskites La
0.6

Sr
0.4

Co
1~y

Fe
y
O

3~d decreases with iron content, which is at-
tributed to an increasing binding energy of oxygen O2~ in
the lattice and a larger tendency of iron to form holes rather
than oxygen vacancies. At relatively small values of d, the
energy and entropy of O

2
in the oxide can be interpreted in

terms of a new model proposed to describe the defect struc-
ture. The oxygen vacancies are thought to be distributed
randomly, while the electrons created during oxygen va-
cancy formation are partly donated to a partially filled
electron band, of which the density of states at the Fermi
level scales with the Co content, and partly to Fe donor
centers. The energy of the latter states is close to the Fermi
level energy. The observed trends can only be described
satisfactorily in terms of the itinerant electron model at
small values of y. The substitution of small amounts of Co
by Fe appears to suppress features observed previously on
La

0.6
Sr

0.4
CoO

3~d at relatively high d, attributed to cluster-
ing of oxygen vacancies in microdomains. The perovskite
phase decomposes partly at high values of d, but the value of
d at which the onset of decomposition occurs increases with
temperature.
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