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A point defect model was used to describe the oxygen nonstoichiometry of the perovskites Lag 75510,25CrOs, Lag ¢Srq 1 FeOs,
Lag oSro.,Co0; and Lag ¢Sro 2MnO; as a function of the oxygen partial pressure. Form the oxygen vacancy concentration predicted
by the point defect model, the ionic conductivity was calculated assuming a vacancy diffusion mechanism. The ionic conductivity
was combined with the Wagner model for the oxidation of metals to yield an analytical expression for the oxygen permeation
current density as a function of the oxygen partial pressure gradient. A linear boundary condition was used to show the effect of a

limiting oxygen exchange rate at the surface.

1. Introduction

The A,_,A,BO;(A=La, Y; A’=Ca, Sr; B=Cr, Fe,
Co, Mn) perovskite materials have great technolog-
ical applications in which oxygen diffusion affects
their performance. For instance, La,_,Ca,CrO; is
used as a separator or bipolar plate in a solid oxide
fuel cell [1]. The diffusion of oxygen through the
perovskite from the air side to the fuel side should
be as small as possible as it will burn fuel without
generating current [2,3]. La;_ Sr,MnO; is consid-
ered to be one of the best cathode materials in this
solid oxide fuel cell [4]. The performance can be im-
proved if it would be possible to increase the ionic
conductivity.

Lag 35815, ¢5C00.7Fe 303 _ s can be used as the active
part in oxygen gas sensors [28]. The oxygen partial
pressure dependence of the total conductivity deter-
mines the sensitivity of the sensor to changes in the
oxygen partial pressure. The response time of the
sensor is partially determined by oxygen diffusion in
the perovskite.

The permeation

of oxygen through the
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La,_,Sr,Co,_,Fe, O, perovskite drew attention by
the study of Teraoka et al. [5]. With a membrane
thickness of 1 mm, the oxygen permeation current
density through Lag ¢St 4Cog gFeg ;04 reached a value
of 155 mA cm~2 in the small oxygen partial pressure
gradient of 1 atm to 10~* atm at 800°C. Those high
fluxes in combination with a selectivity of 1 for ox-
ygen make it possible to use the material as a ce-
ramic membrane for gas separation applications. The
material can also be used as a membrane in a cata-
lytic reactor. The permeating oxygen can then be used
for selective oxidation reactions [6].

The chemical diffusion of oxygen in an oxide
showing both oxygen ion and electronic conductivity
can be described within the framework of Wagner’s
theory for the oxidation of metals [7]. In this theory
the fluxes of the oxygen ions and electrons or holes
are related to each other by the condition of charge
neutrality. So far, the application of this theory to
model the oxygen permeation of the A,_,A,BO;
(A=La, Y; A’=Ca, Sr; B=Cr, Fe, Co, Mn) per-
ovskites has been limited to a small oxygen partial
pressure gradient [6,8-10] in which the ionic con-
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ductivity was assumed to be constant. But even in a
small oxygen partial pressure gradient of 1 atm to
10~ atm, the ionic conductivity can vary over or-
ders of magnitude.

The application of Wagner’s theory to the oxygen
permeation through the Lag 75815,25CrOs5,
Lao.gsro.]FCO:;, Lao_gsro.ICOO:; and Lao~ssr0.2MnO3
perovskites in a large oxygen partial pressure gra-
dient is pursued in this paper. In this case, the ox-
ygen partial pressure dependence of their ionic con-
ductivity should be known. Assuming a vacancy
diffusion mechanism, the ionic conductivity can be
calculated form data of oxygen nonstoichiometry
[11-15] and vacancy diffusion coefficients [16,17].
This gives a new analytical expression which de-
scribes the oxygen permeation current density as a
function of the oxygen partial pressure gradient.

2. Theory
2.1. Point defect model

2.1.1. Oxygen deficient perovskite

The oxygen nonstoichiometry of La,_ Sr,CrO;,
La,_,Sr,FeO; and La,_,Sr,CoO; can aill be de-
scribed with the same point defect model [11-14]
when the Sr content is small. La, _,Sr,MnO; behaves
slightly different. It shows, for instance, an oxygen
excess at high oxygen partial pressures [15]. There-
fore, a different defect model will be presented for
this perovskite.

To make the model presentation more illustrative,
the general chemical formula A,_,A}BO; (A=La,
Y; A’=Ca, Sr; B=Cr, Fe, Co, Mn) is replaced by
La;_,Sr,FeO;. The incorporation of SrFeQ; in
LaFeQj is electrically compensated by the formation
of Fe** cations:

SrFeO; Toreor Sri, +Feg +305 , )

where in Kréger—Vink notation [18], Sri, is a Sr?*
cation on a La®* lattice position, Fer, is a Fe** cat-
ion on a Fe?* lattice position and O is an O%~ ion
on a regular site in the perovskite lattice. The non-
stoichiometry can be described by the following de-
fect reaction:

2Fep, + 0% 22Fe + Vo +10,(g) . (2)

Oxygen vacancies Vg ) are formed and Fe** cations
are reduced to Fe3* (FeX) at low oxygen partial
pressures.

It is assumed that the B site cations, Fe in this case,
show charge disproportionation by:

2Fef @ Fef, +Feg. . 3)

If the defects are assumed to be randomly distrib-
uted and non interactive, the Law of Mass Action
gives the equilibrium constants K, and K; for the re-
actions 2 and 3, respectively:

_ [FeRPIVIPY:

o= Trer7105] @
_ [Fe] [Feie]

=R ®)

where [Sri.], [Feg], [Vol, Fer], [Fex] and
[0 ] represent the mole fraction of the defects in-
volved in the reactions (2) and (3). The charge neu-
trality condition can be represented by:

[Srial+ [Fer ] =2[Vo]+ [Fer] . (6)

A fixed A/B site ratio is maintained when the fol-
lowing condition is fulfilled:

[Fege]+ [Fer ]+ [Fer]=1. (7

The equilibrium oxygen partial pressure of the per-
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Fig. 1. A comparison between the experimentally determined refs.
[11-15] (symbol) and the calculated nonstoichiometry (drawn
line) of Lag1sSr2sCrO;, LagoSrgFeO,, LaggeSry;CoO; and
Lag §Sro,MnOj; at 1000°C using the model parameters of table 1.
& denotes the mole fraction of doubly charged oxygen vacancies
(6=[Val).
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Model parameters for the calculation of the nonstoichiometry and oxygen permeation at 1000°C.
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Parameter La,_,Sr,CrO; La,_,Sr,FeO, La,_,Sr,Co0, La,_,Sr,MnO,
y 0.25 0.1 0.1 0.2

Ve (m*mol—1) 3.38%10-° 3.62x10-° 3.40%x10-° 3.56x10-*
Dy (m*s~')® 1 7.05%x101° 9.76x10-1° 7x10-1°

K; (atm'”?) 9x10-¢ 7x1072 9x10~? 4x10-#

K <10~* 10-¢ 3.5%1072 9.5x 1072

*) The molar volumes of the Sr-doped perovskites were calculated from their cell parameters as published in the Powder Diffraction File

(29].

b) The oxygen vacancy diffusion coefficients of Lag oSro ; FeOs and Lag oSt ;CoO; were taken from ref. [17]. The Dy of Lag §S15,MnO;
was calculated from the tracer diffusion coefficient of 0xygen in Lag 65S10,3sMnO;, D*=3x 10~ "3 cm? s~ at 900°C [30], assuming an
oxygen vacancy mole fraction of [V ]=3X%10~7 and an activation energy of 100 kJ/mol. The Dy of Lag 5Sr.2sCrO; resulted from
the oxygen permeation measurements of Lag ,Cag 3CrO; performed by Sakai et al. [26].
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Fig. 2. Mole fraction of the defects involved in the defect reactions (2) and (3) as a function of the oxygen partial pressure for
Lag 75816.25CrO3, Lag 98101 FeO4, Lag 9Sro,,Co0; and Lag 381 ,MnO; at 1000°C, using the model parameters of table 1.
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ovskite can now be calculated as a function of the
mole fraction of the point defects involved in the re-
actions (2) and (3):

» ___(KszlFe’Fe][Oé])z
°2 [FereI[Vol

(8)

In fig. 1, experimental data of the nonstoichio-
metry of the Lag;sSry,sCrO;,  LagoSro,FeOs,
Lag ¢St ;CoO; and Lag §Sr ,MnO; perovskites [11-
15] are compared with the nonstoichiometry cal-
culated from the model parameters given in table 1.
Close agreements are seen between the experimen-
tally determined and calculated nonstoichiometry for
the Cr, Mn, Fe and Co-perovskites. The resulting de-
fect mole fractions as a function of the oxygen partial
pressure are shown in fig. 2.

2.1.2. Oxygen excess perovskite

-As shown in fig. 1, the random point defect model
described in Section 2.1.1 cannot explain any oxygen
excess observed in La,_,Sr,MnO; at high oxygen
partial pressures. The oxygen excess may result from
an equal amount of A and B site vacancies by the
following defect reaction [15]:

6Mngs, +20, 2 VY, + Vi, +6Mny, + 303 , (9)
with the equilibrium constant:

K. = IVEal [ Vi ] [Mnis,]°[05]°
> [Mns, 15P¥?

(10)

If the defect reactions (2) and (3) are used together
with the defect reaction (9), than a better fit can be
obtained between the experimental determined non-
stoichiometry of La, _,Sr,MnO; [15] and the model
calculation, as shown in fig. 3a. However, the cal-
culation of the defect mole fractions with the model
parameters of table 2 (La,_,Sr,MnO; “excess”) is
not satisfactory as it predicts very high Mn?* cation
fractions even at high oxygen partial pressures, as
shown in fig. 3b. Based on the relative stability of
Mn*+, Mn3* and Mn?* cations [31,32] this is
unlikely.

Therefore an alternative model is proposed in
which it is assumed that no charge disproportiona-
tion takes place by the defect reaction (3) but that
neutral {Mn'-Vo~Mn’> clusters are formed at low
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Fig. 3. (a) A comparison between the experimentally deter-
mined [15] (open circle) and the calculated nonstoichiometry
(drawn line) of Lag ¢Sro,MnO, at 1000°C using the defect reac-
tions (2), (3) and (9). The model parameters are shown in table
2 (La,_,Sr,MnO; “excess™); (b) the defect mole fractions cor-
responding to the nonstoichiometry isotherm of (a).

Table 2
Model parameters for the calculation of the nonstoichiometry of
La,_,Sr,MnO; at 1000°C.

Parameter La;_,Sr,MnQ, La,_,Sr,MnO;
“excess” “excess+cluster”

y 0.2 0.2

K, (atm'/?) 4x10°8 3% 107

K, 9.5x 1072

Ky (atm—37/%) 10-2 6Xx 1074

Ky, (atm'/?) 1.67x10-?

oxygen partial pressures by the following defect
reaction:

M, + 0% 2 {Mnj,~-Vo-Mnjg, > +10,, (11)
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with the equilibrium constant:

[ (Mnj, —Vo —Mna ) 1PY
[Mng,][03]

The defect reaction (11) was proposed for the first
time by Roosmalen et al. [19] to describe the non-
stoichiometry of LaMnO;. As shown here, the same
defect reaction can be used to model the nonsto-
ichiometry of La, _,Sr,MnQO;. Eq. (7), with replace-
ment of Fe by Mn, should still be fulfilled and the
charge neutrality condition demands that:

[Srial+3[Via] +3[ Vil = [Mnua ] +2[ Vo] -
(13)

The model parameters for this “defect cluster and
oxygen excess” model are shown in table 2
(La,_,Sr,MnO; “excess+cluster”). Fig. 4a shows
that a good fit is obtained with the experimental data
of the nonstoichiometry of Lag sSry, ,MnQO;, whereas
fig. 4b shows that according to the model description
part of the oxygen vacancies is randomly distributed
over the available sites and all the other oxygen va-
cancies are bound in the neutral (Mn'—Vg-—
Mn") clusters.

However, no analytical expression was obtained
for the oxygen permeation current density on the ba-
sis of the “defect cluster and oxygen excess” model.
Therefore the random point defect model developed
for La, _,Sr,CrO;, La,_,Sr,FeO; and La, _,Sr,Co0O,
is also used as an approximation to compute the ox-
ygen permeation current density through
Lag gSrp ,MnO;.

K“= (12)

2.2. Oxygen permeation

In the following analysis, a mixed conducting ox-
ide is considered in which oxygen ions and electrons
or corresponding lattice defects are mobile. When
such a material is placed in an oxygen potential gra-
dient, oxygen ions will move through the membrane
from the high to the low oxygen partial pressure side
(fig. 5). The electrons will migrate in the opposite
direction. The driving force for the chemical diffu-
sion is the gradient of the chemical potential of
oxygen.

When the electronic conductivity is much higher
than the ionic conductivity (the electronic transfer-
ence number can be approximated as unity), the ox-
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Fig. 4. (a) A comparison between the experimentally deter-
mined ref. [15] (open circle) and the calculated nonstoichio-
metry (drawn line) of Lag Srg ;MnO, at 1000° C using the defect
reactions (2), (9) and (11). The model parameters are shown
in table 2 (La, _,Sr,MnO; “excess+cluster”); (b) the defect mole
fractions corresponding to the nonstoichiometry isotherm of (a).
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Fig. 5. Oxygen permeation through a mixed conducting oxide.
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ygen permeation current density can be calculated
from the following equation [10,20,21]:

Joz_(Am‘Z)
Pox(x=L) RT
=—-Z J‘ Uoz—ﬁdlnPoz- (14)

Poy(x=0)

In the derivation of this equation, it has been as-
sumed that the fluxes of the oxygen ions and elec-
trons or holes are related to each other by the con-
dition of charge neutrality and that local equilibrium
of the defect reactions prevails. In the transport
equations, the non-ideality or cross terms for the
fluxes of ions and electrons are neglected [7,10].

When all oxygen vacancies are fully ionized and
contribute to the ionic conductivity of the ABO;_;
perovskite, the ionic conductivity can be calculated
from

4F*[Vgo]Dy

00— (Q 'm~ )= RTV ,

(15)
where R is the molar gas constant (Jmol~'K~!), 7,
the absolute temperature (K), [Vo], the oxygen va-
cancy mole fraction, Dy, the vacancy diffusion coef-
ficient (m2s—!') and ¥, is the molar volume of per-
ovskite (m? mol—1).

The substitution of egs. (8) and (15) into eq. (14)
results in the following integral equation:

Jos-(Am~1) = - 2V

[Fepe (x=L)]

X [Va]dln[Fe{:,]
[Fei:e(x=0)]

[08(x=L)]

+ [VS]dln[O&‘]
[0& (x=0)]

[Fefe (x=L)]

_ f [V5]d1n[Fek,]
[Fege(x=0)]

{Vo(x=L)]

- [vzﬂdln[va]). (16)
[Vo(x=0)]

The molar volume of the perovskite and the vacancy
diffusion coefficient are assumed to be independent

of the nonstoichiometry. The oxygen vacancy mole
fraction [Vg] can be expressed as a function of
[Fge] or [Feg.] by using the eqgs. (4)-(7). In this
way it is possible to solve the integral equation, the
final result being shown in Appendix A.l.

The oxygen permeation current density through 1
mm thick layers of the LagsSrg,sCrO;,
Lag ¢Sty FeO,, LageSrgCoO; and Lag gSr,MnO,
perovskites has been calculated as a function of the
oxygen partial pressure gradient by using the model
parameters of table 1 and is shown in fig. 6. When
the oxygen partial pressure at the high oxygen partial
pressure side (x=0) is 1 atm, then the oxygen per-

meation current density of Lag;s8rg,5Cr0Os,
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Fig. 6. (a) The oxygen permeation current density through 1 mm
thick layers of Lag 7551 25CrO3, Lag $S10 , FeOs, Lag oSro,;CoO; and
Lag 5S12Mn0O; at 1000°C as a function of the oxygen partial
pressure at the low oxygen partial pressure side (Po,(x=0)=1
atm). Jo:- was calculated from eq. (16) using the model para-
meters of table 1; (b) the logarithm of the oxygen permeation
current density as shown in (a).
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Lag ¢Srg . MnO; and Lag ¢Srg ;CoO; depends on the
oxygen partial pressure at the low oxygen partial
pressure side (x=L) as Jg:-xPg}/?. For
Lag ¢Sry ;FeOs, this dependence is different and given
by Joz- oclog(Pg,). A possible explanation for the
Py, dependence of Jo.- will be given later.

The oxygen permeation current density of
Lag 75815,2,5CrO; and Lag Sty ;MnO; does not de-
pend on the oxygen partial pressure at the high ox-
ygen partial pressure side when the nonstoichiome-
try at the low oxygen partial pressure side is high.
This results from the fact that [Vg(x=0)] is very
small in comparison with [Vg(x=L)] even when
the Po,(x=0) is changed over some decades. In the
case of Lag ¢Sry FeO; and Lag ¢Sry ;CoO; their non-
stoichiometry can be considerable at the high oxygen
partial pressure side which makes the oxygen per-
meation current density also dependent on the ox-
ygen partial pressure at that side.

2.3. Limiting surface oxygen exchange rate

Upon reducing the membrane thickness, the ox-
ygen permeation may become controlled by a lim-
iting surface oxygen exchange rate [10,22,23]. The
gradient in the oxygen chemical potential will be
largely consumed by the surface exchange kinetics at
the expense of the gradient across the oxide bulk. The
following boundary condition can be used to model
the effect of a limiting surface oxygen exchange
process:

Jos- (Am=) = 28 (IVG 14~ [Vo 1)

atx=0, (17)
Jos- (Am=2) = 5 (V3 120= (V3 1)

atx=L, (18)

where [V o], is the oxygen vacancy mole fraction at
the surface when Jo.- #0. [V ], is the oxygen va-
cancy mole fraction when in equilibrium with the gas
phase (Jo:- =0), and k; is the surface oxygen ex-
change rate constant (ms~—!).

The surface oxygen exchange rate constant can take
different values at both sides of the perovskite mem-
brane. Depending on the values of the rate con-

stants, the oxygen permeation can become limited
by the oxygen exchange at the high oxygen partial
pressure side, by the diffusion inside the perovskite
or by the oxygen exchange at the low oxygen partial
pressure side. The rate constants may depend on the
oxygen partial pressure in the gas phase [2]. For the
sake of illustration, the oxygen permeability of
LagoSry  FeO; was calculated assuming surface ex-
change rate limitation at the high oxygen partial
pressure side. In fig. 7, it is shown how different val-
ues of the oxygen exchange rate at that side affect the
oxygen partial pressure dependence of the oxygen
permeation current density through a 1 mm thick
layer of Lag ¢Srq {FeO;.

Surface oxygen exchange rate constants can be de-
termined with the '®0 isotope exchange technique
[16,17]. Those rate constants are, however, ob-
tained when the material is in equilibrium with the
gas phase. So there is no change of the nonstoichio-
metry during the experiment. Some data about the
130 isotope exchange rate are collected in table 3.

Data on the non-equilibrium kinetics of oxygen
exchange can be obtained by weight change experi-
ments as a function of time after a sudden change of
the oxygen partial pressure or a similar experiment
by measuring the conductivity [2]. As in this kind
of experiments reactive gases are used like CO/CO,
or H,/H,0 mixtures, the surface exchange kinetics
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Fig. 7. The effect of a limiting surface oxygen exchange rate at
the high oxygen partial pressure side on the oxygen permeation
current density of Lag ¢Sro  FeOs (kY =1 ms~!, L=1 mm).
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Table 3
Literature values of the surface oxygen exchange rate.

Perovskite Temp. Po, Vi ke Method
(K) (atm) (m*mol—!) (cms™!)

Lag ¢Sty CoO4 1273 4.5%x10"2 3.4x10-3 2.31x10-¢ 180 isotope
exchange {17]

Lag Sty FeO, 1273 6.5% 102 3.62x10-3 1.85x 106 80 isotope
exchange [17]

Lag ¢St ,MnO; 1173 0.75 3.56x10-3 5%x10-8 80 isotope
exchange [16]

Lay 7CagsCrO, 1273 10-13 3.38x10-3 3.2x10-4 conductivity

relaxation [2]

may differ from the '%0 isotope exchange process.

3. Discussion

The point defect model presented in section 2.1 is
useful for modelling the nonstoichiometry of the
A,_,A,BO; (A=La, Y; A'=Ca, Sr; B=Cr, Fe, Co,
Mn) perovskites at temperatures and oxygen partial
pressures where they show the stable single phase
perovskite structure. Some perovskites, however,
show a nearly stoichiometric composition at high ox-
ygen partial pressures. The oxygen nonstoichiometry
calculated from the point defect can then be verified
only at low oxygen partial pressures where the non-
stoichiometry is measurable by thermogravimetric
measurements or coulometric titration. The oxygen
vacancy concentration at high oxygen partial pres-
sures is too small to be measured by those tech-
niques. It is, however, assumed that the oxygen va-
cancy concentration at high oxygen partial pressures
can also be calculated with the same point defect
model but this needs further experimental
verification.

In the point defect model, the oxygen vacancies
are assumed to be fully ionized. This scems reason-
able at high temperatures but at lower temperatures
differently charged oxygen vacancies may be pres-
ent: 6=[Vo ]+ [Vol+[VE1.

Deviations from the point defect model might also
occur at high defect concentrations. Due to inter-
actions between the defects, extended point defects
may form. For instance a neutral (Mn'-Vo-Mn’)
cluster may be formed in Lag gSro,MnQO; at low ox-
ygen partial pressures. When the nonstoichiometry

is high, the oxygen vacancies may also order. Then
they no longer contribute to diffusion and conduc-
tivity. Numerous examples of vacancy ordering in
ABO;_; oxides have been discussed by Rao and Go-
palakrishnan [24]. In addition, the vacancy diffu-
sion coefficient can no longer be treated as indepen-
dent of the oxygen vacancy mole fraction when the
nonstoichiometry is high.

The presence of differently charged oxygen vacan-
cies and maybe oxygen vacancies in a cluster like
{Mn'-Vg5-Mn'> will result in a complicated expres-
sion for the chemical diffusion coefficient of oxygen.
The diffusion of oxygen in a mixed conductor with
many different types of ionic species and with oxy-
gen vacancies with a variable ionization degree has
been discussed by Liu [10] and Maier [25]. From
these considerations, it was decided to limit the
model calculation of the oxygen permeation current
density to small dopant mole fractions and a rela-
tively high temperature.

Perovskites like Lag 75810.25CrO; and
Lag sSro -MnO; show a very small oxygen permea-
tion current density in an oxygen partial pressure
gradient of 1 atm to 10~* atm. They will show an
increase of the oxygen permeation current density
when the oxygen partial pressure at the low oxygen
partial pressure side is further decreased. This re-
sults from an increase of their nonstoichiometry. This
may be overlooked in experimental studies which rely
on a gaschromatographic analysis of the oxygen per-
meation rate. In that kind of studies, He gas is used
with a constant oxygen partial pressure of about 10—*
atm at the low oxygen partial pressure side of the
membrane. The oxygen partial pressure at the low
oxygen partial pressure side could be varied by using
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CO/CO, or H,/H,0 mixtures. An analysis of all the
products which are formed by the reaction with the
permeating oxygen will make it possible to deter-
mine the oxygen permeation current density. Chang-
ing the gas composition from He to CO/CO; or H,/
H,0 mixtures may effect the surface exchange ki-
netics. An electrochemical cell for the measurement
of the oxygen permeation current density in a large
oxygen partial pressure gradient was proposed by
Sakai et al. [26].

From an experimental point of view, it is impor-
tant to know how the oxygen permeation current
density depends on the oxygen partial pressure gra-
dient and the membrane thickness. According to eq.
(16), the oxygen permeation current density is in-
versely proportional to the membrane thickness when
the oxygen permeation is rate determined by the dif-
fusion inside the perovskite. It results in a parabolic
rate law for the growth of perovskite layers by the
EVD method [27]. The oxygen permeation be-
comes independent of the membrane thickness when
limited exclusively by the surface oxygen exchange
process.

The oxygen partial pressure dependence of the ox-
ygen permeation current density reflects the nonsto-
ichiometry when the oxygen permeation current
density is rate determined by diffusion inside the
perovskite. From the slope of the oxygen permeation
current density versus the logarithm of the oxygen
partial pressure, the oxygen vacancy mole fraction
can be calculated. Using eq. (15) into eq. (14) and
differentiation with respect to the In P, (x=L) gives:

(d-’oz— )=_F[vswv (19)
din Py, Lv, -

A constant oxygen vacancy mole fraction will result
in the following relation between the oxygen per-
meation current density and the oxygen partial pres-
sure gradient:

Jor(Am-7) = FLV01Dv 1, (P°=(x=°)). (20)

LV, Po,(x=L)

Lag sSry ;FeOj is one of the perovskites which shows
such a logarithmic dependence on the oxygen partial
pressure (fig. 6a). This results from the fact that its
nonstoichiometry takes a constant value [Vg]=
¥/2 in a broad range of the oxygen partial pressure.

The oxygen permeation current density of the
Layg 75810,25CrO3, Lag s810,,MnO; and Lag ¢S1o,,C00;
perovskites depends on the oxygen partial pressure
at the low oxygen partial pressure side according to
Joz- cPgl/* (fig. 6b). This is the same as the ox-
ygen partial pressure dependence of the oxygen va-
cancy mole fraction (fig. 2).

Some perovskites cannot be used as a membrane
in a large oxygen partial pressure gradient. For in-
stance, Lag oSt ;Co05 decomposes if exposed at ox-
ygen partial pressures lower than 10~* atm at 1000°C
[14]. It could be considered to protect the perov-
skite against decomposition by applying a thin layer
of a more stable perovskite at the low oxygen partial
pressure side. The result is a ceramic membrane
which is stable in a large oxygen partial pressure
gradient.

4. Conclusion

In modelling the oxygen permeation of the
Lag 75810.25CrO3, Lag oSro 1 FeOs, Lag oSrp,1Co0;5 and
Lag 3Sro.MnQO; perovskites it is important to con-
sider the oxygen partial pressure dependence of the
ionic conductivity. As a first approximation this can
be calculated using a point defect model.

Accurate predictions of the oxygen permeation
current density are possible only when the nonsto-
ichiometry is known in the oxygen partial pressure
gradient under study. Model parameters can then be
obtained by fitting the point defect model to the ex-
perimentally determined nonstoichiometry.

When the membrane is very thin or when the
membrane is placed in a large oxygen potential gra-
dient, then the surface oxygen exchange process will
partially limit the oxygen permeation current den-
sity. As a first approximation, a linear boundary con-
dition can be used to model such rate limitation of
the oxygen permeation current density.
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Appendix A.1. Integration by parts of the oxygen permeation current density integral equation

When the [Feg.] and [Fej,] mole fractions are abbreviated as g and b, respectively, then the integration of

€q. (16) by parts results in:

[0& (x=L)] (Vo (x=L)]
[V51dIn[OF] - [VoldIn[Vg]=[3In(3-[V5]) 1 [VE&=D), (21)
[0& (x=0)] (Vo (x=0)]
b(x=L) 3
(V5 )dinbe [_ (1-y) inps BKs=1)b Vb2(1-4K;) +4bK,
2 4K, 4K,
b(x=0)
1 (x=L)
+ 7——=ln(2J(1—4K3)(b2(1—4K3)+4bK3)+2(1—4K3)b+4K3) ,
2 1—4K3 b(x=0)
(22)
oo 1+ 1—4K. 2(1—4K,) + 4
[VoldIna= [+ (1+y) ing+ U=4K)a V/@*(1-4K;) +4aKs
2 4K, 4K
a(x=0) 3
1 (x=L)
- In(2,/(1-4K;)(a*(1-4K;) +4aK;) +2(1 ~4K;)a+4K;)
2,/1-4K, a(x=0)
(23)

The oxygen permeation current density can be obtained from eq. (16) by substitution of the mole fractions
of the defects at the high (x=0) and low (x=L) oxygen partial pressure side of the perovskite membrane.
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