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The equilibrium oxygen chemical potential and the partial
energy and entropy of O, in perovskites La,_ Sr,CoO,_; were
measured as a function of J and x by high-temperature oxygen
coulometric titration. An almost linear decrease in the oxygen
chemical potential is observed with increasing net electron con-
centration 20—x. The observed behavior is interpreted to reflect
the corresponding increase in the Fermi level on filling up states
in a broad electron band with electrons induced by vacancy
formation or reducing the Sr-dopant level. The results enable
calculation of the apparent density of states at the Fermi level.
For low values of 6 and high temperatures, the oxygen vacancies
in La,_ Sr.CoO;_; are randomly distributed among equivalent
oxygen sites. By increasing 6 or by lowering the temperature,
additional ionic contributions to the partial energy and entropy
arise, but these cancel in the chemical potential of oxygen va-
cancies. These results are possibly due to ordering of oxygen
vacancies into microdomains. © 1997 Academic Press

1. INTRODUCTION

La,_,Sr,.CoO;_; perovskite-type oxides are character-
ized by their ability to permit relatively large values of the
nonstoichiometry parameter ¢ at elevated temperatures. It
is generally accepted that the oxygen nonstoichiometry in
these compounds is associated with the formation of lattice
oxygen vacancies which have a valency of 2 + relative to
the oxygen sublattice. Charge neutrality requires that the
formation of lattice oxygen vacancies is accompanied by
a corresponding change in the average valency of either the
cobalt or oxygen ions. The high concentration of oxygen
vacancies in conjunction with their relatively high mobility
cause these materials to exhibit high oxygen ion conductiv-
ity, the value of which may be one to two orders of magni-
tude higher than that of stabilized zirconia. The electronic
conductivity is even higher and is metallic-like at high
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temperatures. Due to the mixed conductivity, these mater-
ials are permeable for oxygen gas. Advantageous use can be
made as gas separation membranes (1,2), oxidation cata-
lysts (3), and electrodes in, e.g., solid oxide fuel cells and
oxygen sensors (2). An obvious consideration for the design
of the applications just mentioned is to understand how the
extent of oxygen nonstoichiometry depends on dopant level
and environmental parameters like oxygen partial pressure
and temperature.

The oxygen nonstoichiometry in La; _,Sr,CoO;_; has
been measured as a function of oxygen partial pressure and
temperature by Mizusaki et al. (4) using thermogravimetry
and by Petrov et al. (5) using coulometric titration. How-
ever, no quantitative models have emerged from these stud-
ies. An advantage of the coulometric titration technique is
that it permits direct control of the oxygen stoichiometry of
the sample specimen, allowing accurate determination of
thermodynamic quantities such as the partial energy and
entropy associated with oxygen incorporation into the
oxide (6, 7).

In a previous paper from this laboratory (8), oxygen
coulometric titration was applied to study the thermo-
dynamics of oxygen incorporation into Lag gSrg ,C0oO5 5.
The results were interpreted in terms of a nonstoichiometry
model referred to as the itinerant electron model. In this
model, oxygen vacancies are assumed to be randomly dis-
tributed among equivalent sites, and the conduction elec-
trons are delocalized, occupying energy levels in a partially
filled, rigid electron band. With vacancy formation the elec-
tron occupancy of the band increases, which results in an
upward shift of the Fermi level and a corresponding de-
crease in the oxygen chemical potential. The itinerant elec-
tron behavior is in agreement with the high electronic
conductivities and low Seebeck coefficients observed for
these compounds (9, 10). On the other hand, experimental
data on oxygen nonstoichiometry and electrical conductiv-
ity of compounds La;_,Sr.FeO;_; and La; _,Sr,CrO;_;
have been successfully modeled assuming that the transition
metal ions show charge disproportionation among three
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different valence states (11). Applying charge dispropor-
tionation to model experimental data of oxygen non-
stoichiometry and Seebeck coefficient of La, ¢Sty ,CoO3_;
led to inconsistent results (8). It may further be noted that
charge disproportionation could not be observed in
LaCoO;_; by means of XAS (12).

This study is aimed at investigating the applicability
of the itinerant electron model to other members of
the La;_,Sr,CoO;_; series. Therefore, the oxygen non-
stoichiometry and the partial energy and entropy of
O, were measured for Lag¢Srg,CoO;_5; and Lags
Sry.7Co0O;_s using high-temperature oxygen coulometric
titration. The results are compared with data reported
previously for Lay gSrg ,C0oO5 5 (8).

2. THEORY
2.1. Oxygen Coulometric Titration

In a high-temperature oxygen coulometric titration ex-
periment the oxide sample is enclosed in a sealed electro-
chemical cell. The oxygen stoichiometry of the sample is
adjusted by electrochemically pumping oxygen into or out
of the cell using a solid electrolyte. The oxygen chemical
potential of the sample inside the sealed compartment

1&i% is determined from the EMF measured across an
auxiliary electrolyte using identical metallic probes,
pide = ust — 4F x EMF, [1]

ref.

where F is Faraday’s constant and ug, the oxygen chemical
potential of the reference gas (e.g., air). It should be noted
that Eq. [1] is valid only at equilibrium, in which case
©&ide is equal to the oxygen chemical potential of the gas
surrounding the sample, &> The value of ug' can be
calculated by substituting the values of the oxygen partial
pressure and temperature into Eq. [A1] given in the Appen-
dix. When the above procedure to determine p' is per-
formed as a function of temperature at constant oxygen

stoichiometry of the sample, the entropy part s of ui,
given by (7)
. a'uoxide
oxide O,
s = — , 2
b () o

oxide

can be evaluated. The energy part &g, is calculated from
oxide __ _oxide oxide
po, - =¢o,  — Tso,

Electrochemical pumping of oxygen is generally per-
formed using either galvanostatic or potentiostatic methods
(13). Both methods allow evaluation of the change in oxygen
nonstoichiometry of the sample Ad by integration of the

current I over time,

AS = i [3]

m

M J\t=oo I([) - Ileak

t=0
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where I, is the unavoidable leakage current, m the mass
of the sample, and M the molar mass of the oxide mater-
ial. The potentiostatic method allows easy determination
of I, by measuring the value to which the current
decays after a potentiostatic step. In the galvananostatic
method, I, can be calculated from the change in EMF
with time when the sample is in equilibrium with the
surrounding gas.

2.2. Itinerant Electron Model

In the itinerant electron model it is assumed that the
conduction electrons, €', created during oxygen vacancy
formation are donated to electron states of a partially filled
electron band. Using Kroger—Vink notation (14), the oxida-
tion reaction can be written as

O + 2V + 4e220y [4]

where V5 denotes oxygen vacancies and Og regular lattice
oxygen ions. From this reaction it is seen that pumping
oxygen into the oxide lattice leads to changes in both the
lattice oxygen vacancy and the itinerant electron concentra-
tion. The equilibrium condition for reaction [4] is given by

U + 2 (uy; — poy) + 4pe =0, [5]
where y; denotes the chemical potential of species i. Assum-
ing oxygen vacancies and regular lattice oxygen ions are
distributed randomly among equivalent oxygen sites and do
not interact, it is allowed to use chemical potentials of the
type (7,15)

i = 1 + RT1n ([k]), [6]
where y;, is the chemical potential of the kth structure
element and [k] the mole fraction of the kth structure
element. By definition the mole fraction of oxygen vacancies
[Vs] is equal to the oxygen nonstoichiometry d.

Taking the electron band to be rigid on filling with
electrons, an expression can be derived that relates y, to the
electron occupancy [¢'] and density of states at the Fermi
level, g(er) (8),

’ 710
ke ([e]) = el = [e1%) + LA LD
gler)

where [¢']° is defined as the electron occupancy at zero
vacancy concentration and zero Sr-dopant level. In Eq. [7],
we have neglected the entropy of electrons by assuming that
the electron band is very broad. The latter is supported by
the low Seebeck coefficients measured for these compounds
(9). The Fermi level moves upward as electrons created by
vacancy formation or by reducing the Sr-dopant level are
donated to the band. The rate at which the Fermi level
varies is determined by the density of states at the Fermi

[7]
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level. This model, which relates variations in the Fermi level
to changes in the concentration of ionized defects, is com-
monly referred to as electron gas rigid band model (electron
gas RBM) (16). Although in this model important features
like screening, electron correlation, and exchange are ne-
glected, the observed chemical potential variations for alkali
metal intercalated transition metal dichalcogenides have
been found to correlate well with density of states calcu-
lations (17) and data from X-ray absorption measurements
(18).

McKinnon and Selwyn (19) criticized the validity of the
electron gas RBM. Referring to the screened impurity RBM
developed by Friedel (20) to explain the electronic structure
of alloys, these authors proposed that when an ionized
defect is added, the entire band shifts due to the perturba-
tion constituted by the screened coulomb potential of the
defect. Since this shift is exactly opposite that in the Fermi
level, expected from the change in electron occupancy, the
position of the Fermi level remains unaffected. As discussed
by Sellmyer (16) both models lead to the same result for an
experiment in which energies are measured relative to the
bottom of the band. However, in the present study energies
are measured on an absolute scale and therefore the
results depend on which model applies to compounds
La; _,Sr,CoO;_;. The influence of adding a donor impu-
rity to the solid on the position of the electron band and the
Fermi level is shown schematically in Fig. 1.

An expression for the equilibrium between the oxide and
oxygen in the gas phase can be formulated by combining
Eqgs. [5]-[7] with the charge neutrality condition [e'] —
[e'1° = 2[V5] — x. The result is

42[Vo] — x)

E. —
g(er)

[Vol
~TS. _—2RT In(—Y°
S, — 2R n<(3 [a]))
[8]

where use has been made of [0§] =3 — [Vo]. When the
constants in Eq. [8], i.e., E,y, Sox, and the density of states at
the Fermi level g(¢f) are known, this equation can be used to
evaluate the oxygen vacancy concentration as function of
oxygen partial pressure and temperature.

From Egs. [2] and [8] it follows that

. Vol
oxide __ S 2R1 [ o ) 9
SOZ ox + n <3 - [Vo] [ ]
It is emphasized once more that the electron entropy is
assumed to be negligible. The energy of oxygen incorpora-
tion is given by

8()Oxide — on _ 4(2[V0] - X)'
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FIG. 1. Schematic plot of the change in position of the electron band
and the Fermi level caused by adding a donor to the solid in two versions of
the rigid band model. In the electron gas RBM the additional electron leads
to an upward shift of the Fermi level while the remaining D* ion is
supposed to be noninteracting. In the screened impurity RBM the upward
shift of the Fermi level is balanced by a downward shift of the entire
electron band as a result of coulombic interactions between the electrons
and the screened D™ ion.

It is recognized that in the itinerant electron model changes
in £3%¢ originate from changes in the Fermi level. Neglect-
ing the temperature dependence of vibrational contribu-
tions, Eqs. [9] and [10] show that both 3% and s3'?¢ are

independent of temperature.

3. EXPERIMENTAL
3.1. Sample Preparation

La, -, Sr,.CoO;_; powder was prepared by thermal de-
composition of precursor complexes derived from nitrate
solutions using ethylenediaminetetraacetetic acid (EDTA)
as a complexing agent (21,22). The resulting powder was
milled several hours and calcined at 925°C in stagnant air
for 10 h. Disks were obtained by uniaxially static pressing at
1.5 bar followed by isostatic pressing at 4000 bar. These
disks were sintered at 1125°C for 10 h in air. The density of
the resulting disks determined by an Archimedes method
was typically 95-98% of the theoretical values taken from
Ref. (23). Cylindrical samples 7.75 mm in diameter and
3 mm thick were cut from these disks for coulometric
titration experiments.

3.2. Coulometric Titration Experiments

The measurements were performed with the electro-
chemical cell shown in Fig. 2, which was described pre-
viously in Refs. (13,24). A cylindrically shaped disk of
La, _,Sr,CoO;_;5 (x =0.4 or x =0.7) was enclosed in an
electrochemical cell with an internal volume of approxim-
ately 250 mm>. ZY13 (Zro 57 Yo.1301.035) solid electrolyte
was used to pump oxygen into or out of the cell and to
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FIG. 2. Electrochemical cell used for coulometric titration experiments.

measure the EMF. Air (P, = 0.209 bar) was used as refer-
ence gas.

Two types of measurements were performed. In the first
type, potentiostatic steps of typically 25 mV in magnitude
were applied between 0 and 200 mV at various temperatures
in the range 650-950°C. The change in oxygen non-
stoichiometry Ao corresponding to a change in the equilib-
rium value of Py, of the atmosphere surrounding the sample
was calculated by numerical integration of the decay current
according to Eq. [3]. The final value of Ad was taken as the
arithmetic mean of those obtained from reduction and oxi-
dation steps. The difference was in all cases below 5 x 10™%,
No corrections were applied for the change in oxygen con-
centration of the gas inside the cell with each potentiostatic
step. The nonstoichiometry exhibited by Lag 3Sry CoO3 _;
at 800°C in equilibrium with air was taken as the reference
point. From a thermogravimetric study by Mizusaki et al.
(4), this value was estimated to be 6 = 0.210. The value in
Lag ¢Sry 4CoO5_; at the same conditions was estimated
to be 6 =0.0814, by linear interpolation of the non-
stoichiometry data of x =0.3 and x = 0.5 reported by
Mizusaki et al. (4). A similar procedure was also performed
to calculate the absolute nonstoichiometry at 900°C in
equilibrium with air based on the data for 6 at x = 0.3 and
x = 0.6 reported by Petrov et al. (5). The value obtained
agrees within 2% with the one obtained from the interpola-
tion procedure at 800°C accounting for the change in é with
temperature measured in the present study. The relative
positions of the 6—Pg, curves obtained from the potentios-
tatic step measurements were determined from EMF-ver-
sus-T measurements at constant oxygen stoichiometry. The
measurements described above are henceforth referred to as
the voltage step method.

LANKHORST, BOUWMEESTER, AND VERWEIJ

In the second type of experiment, the open cell EMF was
measured at five different temperatures, i.e., 650, 725, 800,
875, and 950°C, at various values of the oxygen non-
stoichiometry of the sample. The difference in EMF meas-
ured between two successive temperatures (at constant
stoichiometry) was used to determine 3% and s3'%¢ at the
halfway temperature. The final values of ¢3¢ and s were
calculated by averaging those obtained from heating and
cooling steps. These measurements are referred to as the
temperature step method. Prior to these measurements, the
oxygen stoichiometry of the sample was adjusted to a de-
sired value by electrochemically pumping oxygen into or
out of the cell. No corrections were applied for the change in
oxygen concentration of the gas phase inside the cell occur-
ring with each temperature step.

4. RESULTS AND DISCUSSION
4.1. Oxygen Nonstoichiometry

Experimental values of 6 in Lag gSry,CoO5_;, Lagg
St9.4C00;_;, and Lay 381, ,CoO; _; are plotted as a func-
tion of log(Po,) and w3 in Figs. 3, 4, and 5, respectively.
Data were obtained using the voltage step method. Drawn
lines in these figures indicate best fits to Eq. [8], which was
derived on the basis of the itinerant electron model. Ther-
modynamic quantities obtained in this way are listed in
Table 1. It is found that the values of S, and g(eg) are nearly
independent of composition, which supports the correctness
of this model for compounds La, _ Sr,CoO;_;.

For all compositions it is found that, at any given value of
d, udie is nearly independent of temperature, as shown in
Figs. 3b, 4b, and 5b. The condition for equilibrium implies
that u&* is equal to the chemical potential of oxygen in the
surrounding gas-phase u&”. As can be judged from the
expression of ug”, given in the Appendix, the observed
behavior implies that for these perovskite compositions, at
constant oxygen stoichiometry, any variation in the temper-
ature is balanced by a change in the equilibrium value of
Py, of the surrounding atmosphere.

For the compounds with x = 0.4 and x = 0.7, J decreases
almost linearly with u3*. The diminished slope observed at
the smallest values of ¢ for x = 0.2 stems from the increasing
contribution of the configurational entropy of oxygen va-
cancies with decreasing 6. That is, for small values of o, the
entropy term — 2RT In(5/(3 — 9)) in Eq. [8] becomes very
large and, consequently, the slope in the -versus u&*® plot
approaches zero.

4.2. Temperature Step Method: Partial Energy
and Entropy of Oxygen

The temperature step method allows accurate determina-
tion of the thermodynamic quantities ¢3'% and s3'. In

Fig. 6, data from measurements at various values of ¢ in
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FIG. 3. Plot of the nonstoichiometry d in La, 4Sr, ,CoO;_; as a function of (a) log(P,, ) and (b) ug; ““. Drawn lines represent best fits to the itinerant

electron model (Eq. [8]).

Lag 3Sry.,CoO;5_; are given. Similar EMF-versus-temper-
ature plots were obtained for compositions x = 0.2 and
x = 0.4. In general, good reproducibility was observed on
thermal cycling. As seen from the figure, a small hysteresis is
observed at the highest temperatures. This can be attributed
to oxygen permeability of the zirconia electrolyte (i.e., leak-
age current) at these temperatures.

In Fig. 7, values of ¢3¢ and s&° derived from the slopes
of the EMF-versus-temperature curves are plotted as func-
tion of § for all compositions investigated. For Lagg
St0.,C003 _;, both £ and 3% are nearly independent of

temperature within experimental error, which agrees with
the itinerant electron model. Parameters obtained for this
composition from the fitting to Egs. [9] and [10] are listed
in Table 2, showing fair agreement with those obtained from
the fit of the oxygen nonstoichiometry data to Eq. [§]
(Table 1). It is recalled that in the itinerant electron model
one expects 5% to vary linearly with §, while s&'% is
described by a random distribution of oxygen vacancies. As
can be seen from Fig. 7, for the compositions x = 0.4 and
x = 0.7 both parameters are found to be a function of 6 and
temperature and therefore cannot be interpreted within the
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FIG. 4. Plot of the nonstoichiometry ¢ in La, (Sr, ,CoO;_; as a function (a) log(P,, ) and (b) y"o":de. Drawn lines represent best fits to the itinerant

electron model (Eq. [8]).

framework of the itinerant electron model. In view of the
small Seebeck coefficient measured for these compounds (9),
the assumption of a negligible electron entropy remains
valid. This suggests that the failure of the itinerant electron
model to interpret the partial energy and entropy data for
the compounds x = 0.4 and 0.7 is due to additional ionic
contributions. The observation that 3 in Figs. 4 and 5 is
nearly independent of temperature, whereas both ¢3¢ and
s339¢ in Figs. 7a and 7b vary with temperature, suggests that
the additional energetic and entropic contributions for these
compounds cancel in the expression for p3 . This is con-

firmed by the data in Fig. 8. In Fig. 8a, the equilibrium
oxygen chemical potential determined at temperatures be-
tween 687.5 and 912.5°C is plotted as a function of oxygen
nonstoichiometry for compounds with different Sr contents.
Values were calculated from ugi®® = e/ — Tsg‘® using
the data shown in Fig. 7. Although for La, 3Sry ,C0oO5_;
a relatively small temperature influence is apparent, these
results confirm that in general changes in u&*¢ with temper-
ature are small compared with that as a function of ¢ or x.
Figure 8b contains the same data points as presented in Fig.

8a, but now u@’® is plotted as a function of the net electron
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electron model (Eq. [8]).

occupancy in the band calculated from 26 — x. Strikingly,
all data points nearly fall onto a single line. This simple
relationship between & and the electron occupancy is to
a first order of approximation independent of temperature
and composition in the measured nonstoichiometry and
temperature range and can be fitted using the following
linear function:
§&e[kJ/mol] = — 340 — 345 x (25 — x). [11]
It is emphasized that this linear relationship is not valid
close to the ideal stoichiometric composition due to the

oxide

o, ¢ Drawn lines represent best fits to the itinerant

asymptotic behavior of the entropy of oxygen vacancies at
low values of ¢

Since the average valency of the La/Sr lattice increases
with decreasing Sr content, the observed decrease in
Uo, With decreasing x at a fixed 6 might suggest that oxygen
ions are more strongly bound in a lattice with less Sr. The
observed decrease in o, with increasing o at a fixed x might
be interpreted in terms of vacancy interactions. These inter-
pretations are based totally on ionic interactions but cannot
explain the data in Fig. 8b, unless it is assumed that the
variations in po, with x and with J cancel. A more convinc-
ing explanation that does not rely on such a coincidence is
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TABLE 1
Parameters Obtained by Fitting the Results of the Voltage Step
Method to the Itinerant Electron Model (Eq. [8])

x=02 x =0.04 x=0.7
E__(kJ/mol) —334.1 —3014 —294.5
S, (J/mol K) 69.5 69.6 70.5
g(eg) [(kJ/mol)~ o 0.0159 0.0159 0.0152
gleg) [eV) 1] 1.53 1.53 1.46

that the observed behavior in Fig. 8b is governed by the
upward shift in Fermi level on filling up states in the band
with electrons induced by vacancy formation or reducing
the Sr-dopant level, i.e.,

— 420 — x)

A'uoxzide ~
© g(er)

— 4hpy = [12]

That is, the electron band is taken to be rigid in the sense
that it does not move as a function of changes in the
composition. Such an interpretation also requires that vari-
ations in the chemical potentials of oxygen vacancies and
oxygen ions on the same energy scale are small, since these
are expected to vary with ¢ instead of 26 — x. Even though
energetic and entropic contributions vary with ¢ and tem-
perature, as was noted from Fig. 7, these variations cancel in
the ionic chemical potential.

Using Egs. [11] and [12], the density of states at the
Fermi level is calculated to be 1.1 (V)™ ! per unit cell. This

LANKHORST, BOUWMEESTER, AND VERWEIJ

value is in good agreement with the values of 1.0, 1.3, and 1.5
(eV)™ ! obtained from the shift in the O-2p band toward the
Fermi level with increasing Sr content measured using XPS
by different authors (25-27). On the other hand, the
screened impurity RBM would predict a constant Fermi
level. Apparently, this model does not hold for compounds
La;_,Sr,CoO;_;.

4.3. Ionic Contributions to the Partial Energy and Entropy

As is clear from the previous sections, the assumption
made in the itinerant electron model of noninteracting and
randomly distributed oxygen vacancies may still be valid at
low vacancy concentration, but no longer holds at high
vacancy concentrations. To estimate from the experimental
data shown in Fig. 7 how the energy and entropy part of
(uy; — ﬂog) depend on 6 and T, we use the equations

_ oxide

ey, —éox = — 5802 = 2 [13]
_ 1 .oxide

Sy, —Soy = — 250, > [14]

where the entropy of electrons is taken to be zero. Since
changes in u, can be calculated from Eq. [7], using
g(er) = 1.1 (V)™ ', Eq. [13] can be used to calculate changes
of (ev; — so(x)) with respect to an unknown reference value.
Within the approximation of zero electron entropy, Eq. [14]
provides absolute values of sy — spx. In Figs. 9a and 9b,
calculated values of ey: — &y and sy — spx are plotted as
a function of oxygen nonstoichiometry and temperature.
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FIG. 6. Plot of the EMF versus temperature mea:

sured for various values of 6 in La, ,Sr, ,CoO, _;.



COULOMETRIC TITRATION OF La,; _,Sr,CoO;_; 563
a -io
x=0.2 x=0.4 x=0.7
-150
Rpy su®E
Ay A
= _ *AA [ )
20 - LI
3 Sgym 00e o,°
& A
g -250 AA,a
*
3
®e
0 M\‘
-350 T T I
0 0.1 02 03 04
3
b s
x=0.2 x=0.4 x=0.7
m °
A

100 a® * o
- W oA, A *x Py [ ]
E u [ | | A A >* # * * Y [ ]
(-]
g
S s0- A
> | AL sb00
g- amTaadtx '
g

(o od
0 f
-50 T T !
0 0.1 0.2 0.3 04
]
FIG.7. Plots of (a) energy ¢'*° and (b) entropy 3 *° as a function of & for x = 0.2 at 800°C (M), 850°C (A), 900°C (%), and 950°C (@), and both x = 0.4

and 0.7 at 688°C (M), 763°C (A), 838°C (%), and 913°C (@).

Some interesting features are observed from Fig. 9. First,
both ey: —¢px and sy: — spx gradually decrease with 9,
while the influence of the Sr-dopant level is only small. This
confirms our earlier assumption that the ionic part of the

TABLE 2
Parameters Obtained for Composition x = 0.2 by Fitting Ex-
perimental Data of 53 and £ to Eqs. [9] and [10], Respec-

tively

o (KJ/mol) —330.7
S, (J/mol K) 68.7
glep) [(kJ/mol)™'] 0.018
glex) [eV)™1] 191

oxygen chemical potential is expected to be a function of o.
Second, the energy of lattice oxygen vacancy formation
decreases with increasing ¢. Since in the itinerant electron
model the energy associated with oxygen vacancy formation
was assumed to be constant, this explains why the values of
g(¢p) obtained from fitting to the latter model are somewhat
larger than that obtained from the slope of p&'?¢ versus
20 — x. The question remains why the energy of vacancy
formation decreases with increasing nonstoichiometry or
decreasing temperature. If repulsive coulombic defect inter-
actions between vacancies occur, one expects the energy of
oxygen vacancy formation to increase with the number of
vacancies in the perovskite lattice. It is further seen from
Fig. 9b that the entropy associated with vacancy formation
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FIG.8. Plots of ug‘;de as a function of (a) 6 and (b) 26-x measured for La, _ Sr CoO, _, with x = 0.2, 0.4, and 0.7. Data points were obtained between

687.5 and 912.5°C.

also decreases when there are more vacancies and/or when
the temperature is lowered. As can be judged from the solid
line in Fig. 9b, the rate at which the entropy in compositions
x = 0.4 and 0.7 decreases is much larger than that expected
for a random distribution of oxygen vacancies.

A tentative explanation for the observed behavior of
ey — €0z and Sy — Soz is that with increasing ¢ or decreas-
ing temperature, oxygen vacancies become partially ordered
into discrete islands or microdomains. Formation of the
microdomains introduces a correlation between energy
and entropy on the oxygen sublattice. Further, the total
number of lattice sites that can be “occupied” by an

oxygen vacancy is reduced compared with the random case.
For the sake of illustration, the dashed line in Fig. 9b
represents the entropy when oxygen vacancies are distrib-
uted over, on the average, 0.35 oxygen site per unit cell. The
corresponding curve is fairly close to the experimentally
observed behavior of the entropy at high §. In this view, the
data in Fig. 9 suggest that microdomain formation and the
concomitant loss of accessible oxygen sites are favored at
high 0 and low temperature. Such an interpretation would
be in agreement with observations from high-resolution
TEM of microdomains with an 4,B,05 superstructure in
both furnace-cooled and quenched Lag 3Sry,CoO5_j;
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so¥) associated with vacancy formation as a function of 6. Data points were evaluated

from Eqs. [13] and [14]. Marks have the Same meaning as in Flg 7. The solid line corresponds to the random entropy of oxygen vacancies in a lattice with
maximum three oxygen sites per unit cell. Similarly, the dashed line represents the case in which on the average only 0.35 oxygen site per unit cell is

available.

samples (28). As a matter of fact, microdomain formation in
highly defective perovskite-type oxides is frequently ob-
served (29,30). An important question to be addressed is
whether or not the microdomains are stable at high temper-
atures. Unfortunately, the structural studies are usually car-
ried out at room temperature and little is known about the
extended defects at elevated temperatures Recently, how-
ever, Adler et al. (31) argued from data on high-temperature
oxygen-17 NMR that in Lag ¢Sry 4Coq gCug ,05_ 5 below
approximately 800°C only a few oxygen vacancies are mo-
bile, while the remainder is trapped in locally ordered layers.

Above 800°C, the signal intensity was found to increase
steadily with temperature, suggesting a concomitant in-
crease in the number of mobile oxygen anions.

5. CONCLUSIONS

The itinerant electron model can be used to model data of
oxygen nonstoichiometry as a function of oxygen partial
pressure and temperature measured for La; _,Sr,CoO;_;
(x =0.2,0.4 and 0.7). It is further found that the equilibrium
oxygen chemical potential of La;_,Sr,CoO;_; decreases
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almost linearly with increasing net electron occupancy of
the band 26 — x, while its temperature dependence at con-
stant oxygen stoichiometry is relatively small. This result
can be explained in the framework of the electron gas rigid
band model by assuming that electrons created during va-
cancy formation or decreasing the Sr content are placed in
a broad electron band, inducing an upward shift of the
Fermi level. Variations in the ionic chemical potential are
small when viewed on the same energy scale. However, the
partial energy and entropy associated with these ionic con-
tributions do show significant variations with respect to
0 and temperature, which cannot be interpreted within the
itinerant electron model. These variations almost cancel
completely in the expression for the oxygen chemical poten-
tial and may be due to partial ordering of oxygen vacancies
into micro domains at large ¢ and low temperature. At low
0, the interpretation of a random distribution of oxygen
vacancies remains valid.

APPENDIX: GAS-PHASE OXYGEN CHEMICAL
POTENTIAL

The chemical potential of oxygen in the gas phase is given
by (32)
HES = WG + RT In(Po,)
u&E = RT(ny + ny/T + nzIn(T)

+ ngln(l —e™") [A.1]

where T is in degrees Kelvin, P, in atmospheres, atm and

ny = — 1.225
— 1.045%10% K,
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FIG. 10. Standard chemical potential of O, (gas), ug‘f“, and standard
energy sg; 4% and entropy s(o)'z % of oxygen as a function of temperature. Data

were evaluated from Eq. [Al].
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ny = — 3.500
N, = 1.013,
ns = 2242103 K.

In Fig. 10, pu&* and its energy ¢3** and entropy part
s&.5* are plotted as a function of temperature. Since the
value of ud#* is determined by the equilibrium with the
oxide sample, changes in the oxygen partial pressure with
temperature result from both the temperature dependence
of u&#* and that of the oxygen chemical potential of the
sample.

0, gas
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