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Abstract. Different defect chemical models for calculation of ionic and electronic defect concentrations are
discussed regarding their applicability to transition metal perovskite-type oxides (ABO;3_s) with large ranges of
oxygen non-stoichiometry. A point defect model, which allows simultaneous consideration of three different B-site
species concentrations as a function of the oxygen partial pressure is compared to a simple point defect model,
considering only two different B-site species. Additionally, a model assuming electrons/holes as negative resp.
positive electronic charge carriers is presented. Further, models involving association of point defects in different
complexes are discussed. Examples are given for fits of experimental data of La;_,Sr,BO;_s (x = 0.6, B = Fe,
Co) to selected models in the temperature range 700-900°C and oxygen partial pressures 107 < pO,/atm < 1.
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Introduction

The perovskite-type oxides Lag 4 Sty ¢CoO3_s (LSC46)
and Lag 4Srg ¢FeO3;_s (LSF46) are mixed conductors
which exhibit high electronic and ionic conductivities.
A variety of applications in electrochemical or catalytic
devices, including cathodes of SOFCs, oxygen sen-
sors, and semi-permeable membranes for conversion
of methane to syn-gas, is conceivable.

Negative effective charges introduced by Sr-doping
of LaBO3_; (B = Co, Fe) are compensated by forma-
tion of oxygen vacancies and/or electron holes. In the
oxidizing pO;-range these two mechanisms have oppo-
sitional effects. An increase of p-type charge carriers
(B**-ions resp. electron holes) will enhance the elec-
tronic conductivity o .. Contrarily, formation of oxygen
vacancies at the expense of the B4*/A-concentration in-
creases the oxygen non-stoichiometry § and therefore
the ionic conductivity, while decreasing the electronic
conductivity. Thus, knowledge of the dependence of
the oxygen non-stoichiometry on temperature, oxygen
partial pressure, and dopant degree is the basis for tai-
loring materials with specific transport properties.
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sitte @unileoben.ac.at

Regarding transition metal perovskite-type oxides,
(La,Sr)FeO3;_s and especially (La,Sr)CoOs3;_s with
high Sr-content exhibit particular features. Undoped
LaFeO;_; and LaCoOj3_s, or compounds with low Sr-
content (x < 0.1) show a rather ‘ideal’ behavior, e.g.
dependences of § o pO, Y2 in the high pO,-region
[1, 2]. However, deviations from the frequently ob-
served dependence of § vs. log pO, with three de-
fined regions, as well as interaction of point defects
can occur in compounds with high doping degree and
significant concentrations of ionic and electronic de-
fects. E.g., the absence of a plateau in the intermediate
pO,-range where § ~ x/2 independent of the oxy-
gen partial pressure is typical for the solid solution
Lal,XerCoO3,,g.

As a consequence, simple defect models often lead
to unsatisfactory results. The objective of the present
study is to provide a theoretical approach to the pO,-
dependence of the oxygen non-stoichiometry of highly
doped LSC and LSF. A number of different models will
be discussed and applied to experimental data.

Experimental

Samples of Lap4SrocCoOs_s (LSC46) and
Lag4Srg¢FeOs3_s (LSF46) were synthesized by
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the glycine-nitrate method [3]. The oxygen non-
stoichiometry & of both compounds was measured as
a function of temperature (700 < 7/°C < 900) and
oxygen partial pressure (107> < pO,/atm < 1). Data
for LSC46 were obtained by coulometric titrations
in a closed electrochemical cell [4]. No hysteresis
effects were observed between oxidation and reduction
runs. The oxygen non-stoichiometry of LSF46 was
determined by carrier gas coulometry (SensoTech,
model Oxylyt) as well as thermogravimetry (TG)
in a precision thermobalance (Setaram, model TAG
2416). Gas mixtures of Ar, Ar-O, (1 vol% O,), and O,
were adjusted by mass flow controllers (Tylan, model
2900). The oxygen partial pressure was measured
by an oxygen sensor placed close to the sample in
the thermobalance. Values of the absolute oxygen
non-stoichiometry were obtained by total reduction in
Ar-H; (1 vol% H;) at 900°C.

Defect Chemical Models

The defect chemistry of transition metal perovskite-
type oxides La;_,Sr,BO3_s with B = Fe, Co is de-
scribed by two fundamental reactions. Using Kroger-
Vink notation, the equilibrium between the solid oxide
and the gas atmosphere is given by

1
502+ V3 + 2B} < Of + 2B}, (1)

The corresponding equilibrium constant determining
the release and uptake of oxygen can be obtained from
the mass action law

o _[o)Bs)” @
pOy*[Vs1[B3]’

Further, charge disproportionation of the B-site ion,
expressed by the reaction

2B < Bj + BY, 3)

with the equilibrium constant

B; [[ B
Kk = BollBi] 2‘3], @)
[B:]
describes the redistribution of electronic charges. In
this point defect model electrons and electron holes

are assumed to be localized on specific B-site ions.
Three additional expressions are obtained from the
electroneutrality condition, Eq. (5), and the site con-
servation requirements for O-site respectively B-site
species, Egs. (6) and (7)

[Sri,] + [Bgl
[Ve'l+[Og]
[Bi] + [By]1+ [B}]

[Ba] +2[Vs]. &
3, (6)
1. @)

The Sr-content and the oxygen vacancy concentra-
tion are given by [Sr;,] = x and [V*] = 6, respec-
tively. Therefore, a set of five equations is obtained,
Egs. (2) and (4)—(7), which can be solved analyti-
cally for an expression pO, = f(K;, Kox, x, §).
Parameters K; andK,, are determined by nonlinear
least squares fits. At intermediate oxygen partial pres-
sures the point defect model predicts a plateau in the
log pO,-dependence of the oxygen non-stoichiometry
at§ &~ x/2. However, with decreasing ratio K,/ K; the
plateau diminishes and can even disappear (compare
e.g. oxygen non-stoichiometry of LSC46 in Fig. 1).
Due to the B-site conservation condition (Eq. (7))
the theoretical maximum oxygen non-stoichiometry
predicted by the point defect model at low pO, is
Omax = 0.5+ x/2.

For the high pO,-range (approx. 1073-1 atm) a sim-
plified version of the point defect model neglecting the
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Fig. 1. Experimental data of the oxygen non-stoichiometry of
Lag 4Srp.cCo0O3_s at 750° (#) and 825°C (A). Lines are nonlinear
least squares fits to the point defect model (solid), the simple point
defect model (dashed), and the itinerant electron model (Refs. [5, 6],
dotted).



concentration of divalent B-site ions can be applied,
provided that [B}] > [B};]. However, this simple point
defect model is limited to oxygen non-stoichiometry
values § < x/2 and cannot describe the transition from
p- to n-type regime occurring at lower pO,. Neverthe-
less, the applicability of this simplification to our ex-
perimental data is evaluated in the present study. Sup-
posing that [B;] — 0 Eqgs. (5) and (7) can be simpli-
fied. Combination with Egs. (2) and (6) results in a set
of four equations which can be solved analytically for
pO, = f(K, x, §) with a single fit parameter K .
Within the point defect models given above, electronic
charge carriers are assigned to specific B-site ions (B>*
resp. B4*). The following model works with electronic
charge carriers of the form ¢’ and 4. Alternatively to a
redox reaction with different oxidation states of B-site
ions (see Eq. (1)), an approach based on the oxygen
ion balance with creation respectively consumption of
electronic charge carriers can be applied

1
502 + V5 +2¢ & 0. (8)

Considering the equilibrium for annihilation/formation
of electronic charge carriers

0 +n°, )
and the electroneutrality condition given by
[Stia] +[e] =2V ]+ [°], (10)

the equilibrium constants K ’;X and K, for Egs. (8)
and (9) can be derived as mass action law expressions
analogous to Egs. (2) and (4). In contrast to the point
defect model where, due to B-site conservation require-
ments, the concentration of By (n-type charge carriers)
and therefore the oxygen vacancy concentration at low
pO, are limited, the electronic charge carrier model
does not imply a comparable limitation of [€']pax.
Theoretically, a maximum oxygen non-stochiometry
dmax = 3 could be obtained from the electronic charge
carrier model at sufficiently low pO,. Of course this
maximum cannot be reached in practice due to the de-
composition of the perovskite phase.

Further, the itinerant electron model suggested by
Lankhorstet al. [5, 6] for the oxygen non-stoichiometry
of La;_,Sr,CoO3_s, which predicts an almost linear
dependence of § on log pO, (theoretically up to
dmax = 3) was applied to our experimental data of
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LSC46. The semi-empirical approach proposed by
Yang et al. [7] which is based on a point defect model
with empirical assumptions was also used for fits to
data of LSC46 and LSF46.

In principle, the dilute solution approach of in-
dependent point defects is only valid in the near-
stoichiometric region where defect concentrations are
small (< 0.1%). For systems with high values of oxy-
gen non-stoichiometry, like LSC46 and LSF46, forma-
tion of defect associates is conceivable and new highly
ordered phases can be formed with increasing defect
concentration. A number of models involving defect
complexes have been proposed for La;_,Sr,BOs3_;
(B = transition metal). Formation of associated de-
fects could occur via charge interaction of (i) Vp°
and Sr;,, or (ii) V§® and Bj. Type (i) pair clusters
{Sry, — V5°1* were reported to be energetically un-
favorable for compounds with B = Fe, Cr, Mn in
molecular dynamic studies [8, 9]. An exception is Sr-
doped LaCoOs; where calculations confirmed a ten-
dency towards formation of type (i) clusters. Models
based on type (ii) complexes { By — V5* — Bj}* were
suggested for undoped LaBOs;_; CB = Mn, Co, Fe)
by van Roosmalen et al. [10] as well as for SrtFeO3_;
by Kozhevnikov et al. [11] and Diethelm et al. [12].
Gavrilova et al. [13] proposed a similar model assum-
ing that only a certain fraction of oxygen vacancies is
associated in { B — V§°}* clusters.

Analytical solutions of pO, = f(§) as obtained
for all models in this section are used for fits
to our experimental data of the oxygen non-
stoichiometry. Fit parameters are determined by iter-
ative minimization of the sum of squared residuals
Y1 (102p0, 1n0q — 10gp0, (\)* by the Levenberg-
Marquardt method, where pO; .y, represents the ex-
perimentally determined oxygen partial pressure and
PO2.mod the value predicted by the respective defect
chemical model at a defined value of oxygen non-
stoichiometry exp. Calculations are performed using
the computer program Mathematica (Wolfram Re-
search). Careful selection of the starting values for the
iterative optimization is crucial as local minima can
lead to physically impossible solutions (e.g. negative
values of equilibrium constants). 2D- resp. 3D-plots of
the sum of squared residuals as a function of the fit
parameter(s) are helpful to estimate reasonable start-
ing values. With the convergence tolerance <0.001 for
the relative change of the sum of squared residuals be-
tween two successive iterations, convergence was usu-
ally reached in less than 10 iterative steps.
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Fig. 2. Experimental data of the oxygen non-stoichiometry of
Lag 4SrgcFeO3_s at 700° (¥) and 900°C (m). Lines are nonlinear
least squares fits to the point defect model (solid), the simple point
defect model (dashed), and the electronic charge carrier model (dash-
dotted).

Results and Discussion

Experimental data of LSC46 obtained from coulomet-
ric titrations at temperatures 680°-825°C show an al-
most linear dependence of oxygen non-stoichiometry
on log pO; even for § > 0.3, as seen in Fig. 1
for 750° and 825°C. This behavior as well as the
magnitude of oxygen non-stoichiometry is consistent
with other studies on La;_,Sr,CoO;_s with com-
parable Sr-content [1, 5]. Oxygen non-stoichiometry
data of LSF46 (Fig. 2) determined from tempera-
ture runs (thermogravimetry as well as carrier gas
coulometry) are in good agreement with those ob-
tained from pO,-runs (TG). The experimental error of
oxygen non-stoichiometry measurements is estimated
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Fig. 3. Experimental data of the oxygen non-stoichiometry of
Lag 4Srp.6Co0O3_s at 750° (¢) and 825°C (A). Lines are nonlinear
least squares fits to the electronic charge carrier model (solid), the
semi-empirical model (Ref. [7], dash-dotted), and the {B}f - Vool
cluster model (Ref. [13], dotted).

as +2% (i.e. approximately the size of symbols in
Figs. 1-3).

Fits of different defect chemical models to ex-
perimental data of LSC46 and LSF46 are given in
Figs. 1-3. For the point defect model, the simple point
defect model, and the electronic charge carrier model
the respective fit parameters are summarized in Table 1.

In the pO,-range 10~ — 1 atm the point defect model
taking into account three different valence states of the
B-site ion is a good approximation for data of LSC46,
see Fig. 1. Relatively low ratios of the equilibrium con-
stants Kox/K; (Table 1) are found which describe the
almost linear dependence of § on log pO, at 750° and
825°C. Even though fits of the point defect model to
the data of LSF46 yield coefficients of determination

Table 1. Equilibrium constants obtained from different defect chemical models for Lag 4Srg 6CoO3_s(LSC46) and Lag 4Srg cFeO3_s(LSF46).

Equilibrium constants refer to pOS = latm.

LSC46 LSF46
750°C 825°C 700°C 900°C
point defect model
Kox 5.8+04 2.11 +0.05 (1.10 & 0.04) x 10% (1.40 + 0.04)x 10!
K; (5.94+0.7) x 1073 (774 0.2) x 1073 (3.1403)x 1072 (2940.6)x 1073

simple point defect model
K/
0oX
electronic charge carrier model
’(//OX
Ke

2+1

(2.8 £0.9) x 10°
(3.5+0.7)x 1073

8+3)x 107!

(5.8 +£0.3) x 10*
4.7 +£02)x 1073

(7.3 £0.7) x 10!

(5.1 +£0.1)x 10°
(7.5 +£0.1) x 1073

(1.26 £ 0.06) x 10!

(34 40.1)x 100
(1.40 £ 0.02) x 107




R? close to unity, extrapolations of fit functions towards
lower pO, are not reasonable. Regarding LSF46 the
point defect model predicts an intersection of fit func-
tions at pO,=10"atm (Fig. 2) which is most likely an
artifact due to lack of data points at pO, < 10~* atm,
resulting in fit parameters K; which are overestimated
with respect to K,,, at 700° and 900°C. This leads to a
steep increase of § with decreasing pO, whereas mea-
surements of the oxygen non-stoichiometry of LSF46
in the intermediate pO,-range (107°-10~"" atm) ex-
hibit a plateau region in vicinity of § = 0.3, which
implicates higher ratios of Ko /K; [2].

In case of LSF46, the electronic charge carrier model
as well as the simple point defect model provide more
reasonable extrapolations of oxygen non-stoichiometry
towards lower pO,, approaching § = x/2 = 0.3 with
a decrease in slope, see Fig. 2. The simplified point
defect model which neglects the concentration of di-
valent B-site ions can be used as an approximation
for the ferrite LSF46 (Fig. 2). However, in case of the
cobaltite LSC46 (Fig. 1) significant deviations of the
simple point defect model from the experimental data
occur and fit parameters exhibit large standard errors
(Table 1). This can be interpreted by differences in the
B2*-concentrations in the pO,-range under investiga-
tion. Using equilibrium constants obtained from the
point defect model for calculation of [B>*], [B3*], and
[B**] as a function of pO,, an increase of [Co?*] in
LSC46 at pO, < 1072 atm is predicted, while [Fe?*]
in LSF46 seems negligible over the pO,-range 1071
atm.

The model assuming electronic charge carriers e’
and & is a good approximation for experimental data
of both LSC46 and LSF46 (Figs. 2 and 3, Table 1).
Extrapolations towards lower pO, predict a progres-
sive increase of § with decreasing pO, in case of
LSC46 and approach a plateau at § = 0.3 in case of
LSF46.

For comparison fit functions obtained from the itin-
erant electron model are given for LSC46 in Fig. 1.
This model implies an almost linear dependence of §
on log pO; and is therefore a good approximation for
our experimental data of LSC46. Fit parameters ob-
tained from the itinerant electron model are in agree-
ment with literature results for similar compositions of
Lal_xerCoO3_,; [5, 6]

The semi-empirical model derived by Yang et al. [7]
for the high pO,-range is based on the assumption
that [31’3]2/[33]2 vs. pO, follows a power law. The
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validity of this relation was checked for our data sets
preliminary to each fit, with [B3] and [Bg] calculated
from the point defect model. Reasonable agreement
was obtained for oxygen non-stoichiometry data of
LSC46 (see Fig. 3) and LSF46 in the temperature
range 700°-900°C at 1079 < pO,/atm <1. However,
besides the empirical relation involved, a drawback
of this model is the neglect of n-type electronic
charge carriers, which should become of increasing
importance with decreasing pO,.

The {By — V3* — Bj}* defect cluster model sug-
gested for LaBO; (B = Mn, Fe, Co) by van Roos-
malen et al. [10] was not suitable for the compounds
under investigation which exhibit significant concen-
trations of p-type charge carriers in the oxidizing pO,-
range. For SrFeOs_s, the applicability of this model
was also reported to be restricted to the highest pO;-
region (pO, > 1072 atm at 900°C) [12]. Van Roos-
malen et al. [10] provided an adaptation involving
{By — V5* — Bg}®* clusters for systems with signif-
icant divalent dopant concentration, which resembles
the simple point defect model neglecting the concen-
tration of By, (see above). Therefore, it is not surprising
that the {By — V* — B3}** cluster model provides a
satisfactory approximation for data of LSF46 at 700°
and 900°C but not for data of LSC46.

The approach involving {B; — V§*}* complex for-
mation by Gavrilova et al. [13] was derived under the
assumption that the fraction of associated oxygen va-
cancies is independent of pO,, implicating a linear re-
lationship between [Bj] and §. Good correlation for
LSC46 at 900°C and 1072—1 atm was reported by the
authors. It must be noted that this is a rather small inter-
val of the high pO,-range. Fits to our experimental data
show that the {Bj — V3*}* cluster model does not de-
scribe the oxygen non-stoichiometry of LSC46 equally
well over the oxygen partial pressure range 1071 atm.
The fit parameter «(defined as the fraction of unassoci-
ated oxygen vacancies) is limiting this model to oxygen
non-stoichiometries § < i in the low pO;-region.
Thus, extrapolations of the {Bj — V°}* cluster model
predict a plateau in vicinity of § ~ 0.35 for LSC46 (see
Fig. 3), which has not been observed in experimental
investigations. Application of the { B, — V*}* cluster
model to our oxygen non-stoichiometry data of LSF46
does not yield reasonable results since fit parameter o
approaches unity, i.e. the cluster model coincides with
the simple point defect model neglecting n-type charge
carriers.
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Conclusions

Various defect chemical models were applied to
experimental oxygen non-stoichiometry data of
the highly acceptor-doped perovskite-type oxides
Lag 4Sry¢Co0O5_s and Lag 4Srg ¢FeOs_s. It was found
essential to take into account the simultaneous occur-
rence of three oxidation states of the B-site ions (point
defect model), respectively p- and n-type charge car-
riers (electronic charge carrier model). Whereas a sim-
ple point defect model (neglecting the concentration
of B> -ions) can be applied as an approximation for
experimental data of the ferrite LSF46 in the high
pO,-region, it does not yield reasonable results for the
cobaltite LSC46. The electronic charge carrier model
is in close agreement with experimental data of LSF46
and further yields a more reasonable prediction for oxy-
gen non-stoichiometry in the lower pO,-range than the
point defect model. We conclude that selected defect
cluster models reported in literature are based on ap-
proximations which are not consistent with our experi-
mental data. Neglecting concentrations of p- or n-type
charge carriers (B**- or B>*- ions), their applicability
is often restricted to specific pO,-regions and/or sys-
tems with low defect concentrations.
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