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Abstract

This study presents an investigation of the properties of ðLa0:6Sr0:4Þ0:99FeO3�d (LSF40) covering thermomechanical properties, oxygen

nonstoichiometry and electronic and ionic conductivity. Finally, oxygen permeation experiments have been carried out and the oxygen

flux has been determined as a function of temperature and driving force.

The electrical conductivity was measured using a 4 probe method. It is shown that the electrical conductivity is a function of the charge

carrier concentration only. The electron hole mobility is found to decrease with increasing charge carrier concentration in agreement with

recent literature.

Values of the chemical diffusion coefficient, DChem, and the surface exchange coefficient, kEx, have been determined using electrical

conductivity relaxation. At 800 �C DChem is determined to be 6:2� 10�6 cm2 s�1 with an activation energy of 137 kJmol�1. The surface

exchange coefficient is found to decrease with decreasing oxygen partial pressure.

Oxygen permeation experiments were carried out. The flux through a membrane placed between air and wet hydrogen/nitrogen was

JO2
� 1:8� 10�6 mol cm�2 s�1 (corresponding to an equivalent electrical current density of 670mAcm�2). The oxygen permeation

measurements are successfully interpreted based on the oxygen nonstoichiometry data and the determined transport parameters.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Materials in the system La1�xSrxFeO3�d (LSF) have in
recent decades been investigated intensively. LSF has a
perovskite structure. The perovskite materials have the
general chemical formula ABO3 where A is a large metal
ion, typically a rare earth or alkaline earth metal, and B is a
small cation, typically a transition metal. LSF exhibits high
oxygen ion ð�0:5 S cm�1Þ and electronic conductivity
ð�100 S cm�1Þ at 1000 �C. Furthermore, LSF can be stable
in a reducing atmosphere and have good electro-catalytic
properties for the reduction of oxygen. Due to these
properties Sr substituted LaFeO3�d is interesting for
application as cathode material in a solid oxide fuel cell
e front matter r 2007 Elsevier Inc. All rights reserved.
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(SOFC) and as a membrane material for the partial
oxidation of methane.
The possible applications have led to detailed studies of

the mechanical properties [1], defect chemistry [2–6],
electronic transport properties [4,7–9] oxygen transport
properties [10,11] and oxygen permeation [12] studies.
In each of the above-mentioned studies only a single or few

material properties were studied and discussed. We believe
that it is very valuable to measure all of these properties for
one single composition prepared in one laboratory. The main
motivation of this study is thus to investigate the properties of
the system ðLa0:6Sr0:4Þ0:99FeO3�d. We put special emphasis
on relating the observed oxygen flux through a membrane
with the oxygen nonstoichiometry, electronic and ionic
conductivities and the catalytic properties.
We have studied the thermal expansion and the chemical

expansion of the material. The oxygen nonstoichiometry
has been measured as a function of the oxygen partial
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Table 1

Point defects considered in ðLa1�xSrxÞsFeO3�d

A-site B-site O-site

La�La ðLa
3þÞ Fe�Fe ðFe

3þÞ O�O ðO
2�
Þ

Sr0La ðSr
2þ
Þ Fe0Fe ðFe

2þÞ V
..

O

V000La Fe
.

Fe ðFe
4þÞ

V000Fe

Lanthanum ferrite ðLaFeO3Þ is used as reference for the Kröger–Vink

notation. The chemical equivalent of the specie is given in parenthesis.
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pressure, pO2
, and the temperature, T, using thermogravi-

metry. Electrical conductivity and electrical conductivity
relaxation measurements have been carried out to deter-
mine the electronic and ionic transport parameters. Finally,
the oxygen permeation through a membrane has been
measured at different temperatures and pO2

-gradients.
When giving a formula as La0:6Sr0:4FeO3�d, it is

tentatively assumed that no vacancies exist on the A- or
B-site. This is incorrect due to simple thermodynamics and
mainly because there will always be an uncertainty in the
purity content and concentration/amount of the raw
materials used for synthesizing the perovskite. From our
own experience we find it challenging to synthesize a
composition where j1� ½A�=ð½B� þ ½A�Þjo0:001. If a small
amount of excess iron oxides or cation vacancies inflicts
physical properties such as the oxygen transport properties
(chemical diffusion coefficient and surface exchange rate),
it is imperative to know what excess component is present.
We have therefore chosen to study the nominal composi-
tion ðLa0:6Sr0:4Þ0:99FeO3�d (LSF40). We are thus certain
that we have an A-site deficient perovskite or that an iron
rich compound is present in a small amount.

We have assumed that we have 1% cation vacancies on
the A-site when analyzing our data. We compare our
results with literature values given for the composition
La0:6Sr0:4FeO3�d as this is the closest relevant composition
given in the literature. We feel confident that properties
such as the electrical conductivity, thermal expansion and
defect chemistry will not be affected by the slight
nonstoichiometry between the A- and B-site. The oxygen
transport properties may of course be grossly effected by
the nonstoichiometry between the A- and B-site [13];
however, in this study we know that we have an A-site
deficient or iron rich perovskite. This gives us an advantage
compared to other studies, where it is unknown if one has
excess lanthanum/strontium or iron in the structure.
2. Theory

2.1. Defect model for ðLa1�xSrxÞsFeO3�d

Materials in the system ðLa1�xSrxÞsFeO3�d can show
large variations in oxygen stoichiometry. d is the oxygen
nonstoichiometry defined as d ¼ cVVM, where cV is the
molar oxygen vacancy concentration and VM is the molar
volume. The oxygen stoichiometry in the ðLa1�xSrxÞsFeO3�d

system can be well described using a point defect
model [5,6,8,10,14]. The point defects considered are given
in Table 1 where the Kröger–Vink notation has been used.
Lanthanum ferrite ðLaFeO3Þ is used as the reference
composition.

Dissolution of SrFeO3 in LaFeO3 can be described as

SrFeO3 !
LaFeO3

Sr0La þ Fe
.

Fe þ 3O�O. (1)

The dissolution of SrFeO3 results in the formation of Fe
.

Fe.
The defect equilibrium is established through the following
two reactions:

V
..

O þ 2Fe�Fe þ
1
2
O2 Ð O�O þ 2Fe

.

Fe, ð2Þ

2Fe�Fe Ð Fe
.

Fe þ Fe0Fe. ð3Þ

The first reaction is the oxygen incorporation into the
perovskite matrix resulting in the annihilation of oxygen
ion vacancies and the formation of tetravalent iron. The
second reaction is a charge disproportionation reaction [8].
Wærnhus [5,6] suggested that a Schottky reaction also

takes place in the LaFeO3 system, at high oxygen partial
pressures, pO2

410�7 atm:

nilÐ V000La þ V000Fe þ 3V
..

O. (4)

For the material considered here with 40% Sr doping on
the A-site, the effect of the Schottky reaction is negligible
as compared to the effect of the extrinsic defects and we
have therefore neglected this reaction.
We have synthesized the nominal composition
ðLa0:6Sr0:4Þ0:99FeO3�d. We have assumed that the doping
has resulted in the creation of 1% A-site vacancies instead
of the composition La0:6Sr0:4FeO3�d with iron oxide
particles included in a perovskite matrix. We thus have
½V000La� ¼ 0:01 and ½V000Fe� ¼ 0.
A number of conditions apply to the defect chemical

equilibria. These include site restriction and charge
neutrality. The A-site restriction gives

½La�La� þ ½Sr
0
La� þ ½V

000
A� ¼ 1. (5)

For B-site restriction,

½Fe0Fe� þ ½Fe
�
Fe� þ ½Fe

.

Fe� þ ½V
000
Fe� ¼ 1. (6)

For O-site restriction,

½O�O� þ ½V
..

O� ¼ 3. (7)

And finally the electro-neutrality condition is

2½V
..

O� þ ½Fe
.

Fe� ¼ ½Fe
0
Fe� þ ½Sr

0
La� þ 3½V000La� þ 3½V000Fe�. (8)

Insertion of the expressions for the chemical potential of
ideally diluted defects into the equilibrium condition for
reaction (2) and (3) gives the mass action-type equations:

½O�O�½Fe
.

Fe�
2

pO2
½Fe�Fe�

2½V
..

O�
¼ KOx, (9)
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½Fe
.

Fe�½Fe
0
Fe�

½Fe�Fe�
2
¼ KFe, (10)

where KOx and KFe are the equilibrium constants of the
corresponding reactions.

2.2. Electrical conductivity relaxation

The sample used for electrical conductivity measure-
ments had a well-defined rectangular bar shape with
polished surfaces. Changes in the ambient pO2

will change
the electrical conductivity of the sample due to the new
defect equilibrium. The change in electrical conductivity
can, because of the well-defined geometry, be correlated to
diffusion of oxygen ions in the samples. This method is
henceforth referred to as electrical conductivity relaxation
and is well described in the literature for obtaining oxygen
transport properties [10,13,15–17]. According to Carslaw
and Jaeger [18] the solution to the two-dimensional
diffusion problem with a first order surface reaction can
be described using the equation

sð1Þ � hsðtÞi
sð1Þ � sð0Þ

¼
X1
n¼1

2L2
x expð�b2n;xDChemt=l2xÞ

b2n;xðb
2
n;x þ L2

x þ LxÞ

�
X1
n¼1

2L2
y expð�b2n;yDChemt=l2yÞ

b2n;yðb
2
n;y þ L2

y þ LyÞ
. ð11Þ

At time 0 the pO2
around the sample is suddenly changed.

sð1Þ, s0 and hsti are the electrical conductivities in the
new equilibrium situation, at the time of the gas change
and at time t, respectively. Lx ¼ lxkEx=DChem and bn;x is
the nth positive root to the equation bn;x tan bn;x ¼ Lx. kEx

is defined from the equation jEx ¼ �kExðCO2�ðtÞjs�

CO2�ð1ÞjsÞ, where jEx is the flux of oxygen ions through
the surface of the sample. CO2�ð1Þjs is the equilibrium
concentration of oxygen ions (or vacancies) at the
surface corresponding to the new pO2

. CO2�ðtÞjs is the
concentration of oxygen ions (or vacancies) at the surface
at time t.

A two-dimensional solution is used since the conductiv-
ity is measured over a short distance in the center of a long
sample [19]. The chemical diffusion coefficient and surface
exchange coefficient have been determined by fitting Eq.
(11) to the change in conductivity following an abrupt step
in the ambient pO2

. Further details on the fitting routine
can be found in [20].

2.3. Oxygen permeation measurements

The oxygen permeation through membranes of
La1�xSrxFeO3�d system has been investigated in detail by
tenElshof et al. [12] at high oxygen partial pressures
pO2

410�3 atm where the electronic conductivity is high. In
this study the membrane has been operated in mixtures of
nitrogen and air (pO2

410�3 atm) and also under reducing
conditions pO2

o10�10 atm. In the latter regime the
electronic transfer number is no longer close to unity.
Therefore, it is necessary to use the ambipolar conductivity
instead of the oxygen ion conductivity in order to describe
the oxygen permeation precisely. Below, a summary is
given of the equations used for describing the oxygen
permeation through mixed ionic electronic conducting
(MIEC) membranes. For further details on the oxygen
permeation the reader is referred to [14,21–23].
The oxygen flux, JO2

, through a membrane can be
calculated using the Wagner equation:

JO2
¼

RT

42F 2L

Z ln p0
O2 ;s

ln p00
O2 ;s

selsO2�

sel þ sO2�

dln pO2
, (12)

where sO2� is the oxide ion conductivity, sel is the
electronic conductivity, L is the thickness of the membrane,
R is the universal gas constant and T is the absolute
temperature. p0O2 ;s

is the oxygen partial pressure defined by

the defect equilibrium at the surface of the membrane on
the high-pO2

side. p00O2;s
is the oxygen partial pressure defined

by the defect equilibrium at the low-pO2
side. Eq. (12) is

valid through the entire pO2
-range and is used when

p00O2
o10�10 atm when modelling the oxygen permeation

measurements.
In the limits where the electronic conductivity is large
ðsO2�5selÞ, Eq. (12) reduces to

JO2
¼

RT

42F 2L

Z ln p0
O2 ;s

ln p00
O2 ;s

sO2� dln pO2
. (13)

sO2� can be calculated using the Nernst–Einstein relation-
ship [21]:

sO2� ¼
4F2cO2�DO

RT
¼

4F2½O�O�DO

RTVM
¼

4F 2½V
..

O�DV

RTVM
, (14)

where DO is the oxygen component diffusion coefficient
and DV is the vacancy diffusion coefficient. The equivalent
electrical current density, i, corresponding to the oxygen
flux through the membrane is

i ¼ 4FJO2
. (15)

Substituting Eqs. (15) and (14) into Eq. (13) we obtain:

i ¼
DVF

VML

Z ln p0
O2 ;s

ln p00
O2 ;s

ddlnpO2
. (16)

Here, we have assumed that DV is independent of ½V
..

O�.
Notice, that Eq. (15) is an approximation only valid when
p00O2

410�5, when the electronic conductivity is much higher
than the ionic conductivity.
The driving force for the surface exchange reaction is the

difference in the chemical potential of oxygen across the
surface. Assuming linear electrode kinetics for the surface
exchange reaction, the current density is proportional with
the overpotential, Z. Z can thus be expressed from the
oxygen concentration in the gas phase and the oxygen
concentration defined by the defect equilibrium in the
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Table 2

Experimental conditions during the dilatometry experiment

TStart (1C) TEnd (1C) Rate (1Cmin�1) pO2
(atm)

20 1000 1 0.209

1000 1000 0.209

1000 1000 1:10� 10�3

1000 1000 8:84� 10�11

M. Søgaard et al. / Journal of Solid State Chemistry 180 (2007) 1489–15031492
surface of the MIEC, p0O2 ;s
. This gives

Zcat ¼ ircat ¼
RT

4F
ln

p0O2

p0O2;s

 !
, (17)

Zan ¼ iran ¼ �
RT

4F
ln

p00O2

p00O2 ;s

 !
, (18)

where, rcat and ran are the area-specific equivalent
resistance describing the cathode and anode reaction,
respectively. The area-specific resistance of the interface
region can be calculated from the surface exchange
coefficient, kO, measured in a nongradient driven experi-
ment such as a 16O/18O tracer diffusion experiment, using
the relation [24]:

r ¼
RT

4F2cOðpO2;s
Þ

1

kOðpO2;s
Þ
. (19)

kO can be related to the surface exchange coefficient, kEx,
measured in a gradient driven experiment such as in
electrical conductivity relaxation using the relation kO ¼

kEx=g [10]. g ¼ 1=2telq ln pO2
=q ln cO where cO is the

concentration of oxygen ions [21]. Hendriksen et al. [22]
have given an algorithm to solve the bulk permeation
combined with the surface exchange reactions. In this way,
knowing the defect chemical equilibrium and the transport
parameters, prediction of the flux through the membrane is
possible.

3. Experimental

We have used the glycine–nitrate route to prepare LSF40
[25]. Stock solutions were prepared by dissolving the
nitrates of the metal ion in distilled water ðrRes ¼

18:2MO cmÞ. All the raw materials had a purity of 99.9%
or better. The concentration of the metal nitrate solutions
was carefully determined by thermogravimetry. The nitrate
solutions were mixed in the correct stoichiometric amount
and glycine was added, such that the stoichiometric
amount of glycine to that of the stoichiometric amount
of the nitrates was 0.548. When the nitrate and glycine
react, it takes place according to the reaction [26]

9

x
MðNO3Þx þ 5NH2CH2COOH!

10CO2 þ 7N2 þ
25

2
H2Oþ

9

x
MOx=2, ð20Þ

where M is a metal ion. The reaction is very exothermic but
the heat of evaporation of water consumes a lot of the
released energy ensuring a controlled reaction. The
glycine–nitrate route gives a uniform powder with a small
grain size ð� 1mmÞ. The powder obtained from the
synthesis was calcined at 900 �C for 24 h in order to obtain
a single phase material with a uniform cation distribution.
The calcined powder was ball milled in ethanol for 24 h.
Samples of the perovskites were prepared by using
polyvinyl alcohol (PVA) ðMW ¼ 100:000 gmol�1Þ as bin-
der. Samples were pressed uniaxially followed by isostatic
pressing at 325MPa. Samples were sintered at 1200 �C for
4 h and at 1150 �C for 16 h and slowly cooled in order to
avoid fragile ceramics. The samples for dilatometry,
thermogravimetry, electrical conductivity and electrical
conductivity relaxation measurements were prepared using
the above method.
Due to problems in obtaining dense samples of LSF40,

powders were also prepared by a modified Pechini route
[27]. The sample for the oxygen permeation experiment
was thus prepared by mixing the aqueous nitrate solutions
in the correct stoichiometric ratio. The total amount
of cations in mole is designated by Nj . 4Nj citric acid
was added to the solution. The solution was heated
to 80290 �C and 2Nj polyethylene glycol ðMW ¼
200 gmol�1Þ (PEG 200) was added to the solution. The
solution was heated to the boiling point on a hot plate for
several hours until no further reaction could be observed.
The powder was further heated to 300 �C in a furnace.
Subsequently, the powder was removed from the beaker
and precalcined at 600 �C for 12 h and crushed and calcined
at 1000 �C for 12 h. The preparation with pressing and
sintering was carried out in the same way as with the
powder from the glycine–nitrate method.
Phase purity and lattice parameters of the compositions

were determined using a Stoe Bragg–Brentano X-ray
diffractometer with CuKa radiation.
The dilatometry measurements were carried out in a

Netzsch 402C dilatometer. A sample of Al2O3 was tested
on the equipment prior to use. The expansion curve of
Al2O3 upon heating was within 4% similar to literature
data.
The density of the sample used for dilatometry was r ¼

5:82 g cm�3 which corresponds to 94% of the density
determined from X-ray diffraction (XRD). Table 2 shows
the experimental program to which the sample was
subjected. At oxygen partial pressures lower than
pO2

o8:84� 10�11 atm the sample contracted with decreas-
ing pO2

. This is attributed to degradation or sintering of the
sample. No measurements with physical meaning could be
obtained in this region. When the sample was removed
from the dilatometer, it seemed intact; however, the sample
was fragile and small pieces fell off upon removal from the
equipment. The sample holder in the dilatometer had
turned reddish (Fe2O3) indicating evaporation of iron.
A sintered pellet of LSF40 was crushed and used for the

thermogravimetry measurements (Seiko TG/DTA 320U).
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At 800, 900, 1000, 1100 and 1200 �C ð	2 �CÞ the oxygen
partial pressure over the sample was varied using mixtures
of nitrogen and air ð10�4 atmopO2

o0:209 atmÞ. The total
flow over the sample was 300mlmin�1 (standard tempera-
ture and pressure (STP)) and was controlled using Brooks
5850s flow controllers. The pO2

was measured downstream
from the thermogravimetric analyzer using a zirconia
oxygen sensor. Following the measurements in nitrogen/
air, the pO2

was varied using carbon dioxide and 9%
hydrogen in nitrogen at 900, 1000, 1100 and 1200 �C. These
mixtures give oxygen partial pressures below 10�5 atm.
After thermogravimetry the phase purity was investigated
again using XRD. A hexagonal perovskite phase with very
high crystallinity was found.

A rectangular bar with dimensions 0:149 cm� 0:147 cm�
1:716 cm, to be used for the conductivity relaxation
measurements, was cut from a larger sintered sample. The
bar was very fragile and therefore only polished with SiC-
paper #1000. The density of the sample was 92% of the
density determined from XRD. The electrical conductivity
of the sample was measured using a 4 probe technique.
A current of 10mA was applied through the sample and the
voltage drop was measured over a well-defined distance
(0.5 cm) in the center of the sample. The sample was placed
in a quartz tube in which the atmosphere could be changed
rapidly ðo10 sÞ. After heating to the desired temperature,
the oxygen partial pressure was changed by varying the flow
rates of nitrogen and air. The flows of nitrogen and air were
controlled using Brooks flow controllers. The total flow was
kept constant at 250mlmin�1 (STP).

Fig. 1 shows a schematic of the equipment used for the
oxygen permeation experiment. The studied membrane had
a thickness of 1.34mm and a diameter of 15.3mm. The
sample was 95% dense (geometrical density) when
compared to the density determined from XRD. The
membrane was polished thoroughly with SiC-paper #1000
followed by 6 mm diamonds and finally an SiO2 suspension.
The membrane was placed between two alumina tubes with
an inner diameter of 10.25mm. Between the alumina tube
and the membrane, a gold ring is placed on both sides
Fig. 1. Schematic of setup used for the oxygen permeation measurements.

(a) Thermocouple; (b) gold seals; (c) sweep gas compartment. The arrows

indicate the flow direction. A similar flow pattern applies for the air side.
(200mm thickness) for sealing. The area exposed to the
gases is therefore approximately 0:825 cm2. A second
alumina tube is placed within the outer alumina tube
providing a gas outlet. It terminates approximately 1mm
above the membrane. A thermocouple is placed within the
inner alumina tube such that it is close to the membrane
ðo1mmÞ. The gas is blown in via the space between the
outer and inner alumina tube and the gas exits via the inner
alumina tube. This arrangement ensures that no stagnant
gas layer is present close to the membrane. The setup is
placed in the hot zone of a 40 cm long tube furnace. The
membrane was heated to 1000 �C. The sealings between the
alumina tubes and the membrane were observed to be gas
tight after 24 h.
In all the experiments air was fed to one side of the

membrane with a flow of approximately 100mlmin�1

(STP). The other side of the membrane was first exposed to
different mixtures of nitrogen and air ðpO2

410�5 atmÞ at
1000 and 850 �C. The oxygen partial pressure was
measured upstream and downstream of the membrane.
The increased oxygen content in the gas (downstream of
the membrane) is assumed to originate from the oxygen
permeation through the membrane. Knowing the flow rate
of the gas, the oxygen permeation through the membrane
can be calculated. The oxygen flux has been corrected due
to edge effects according to the procedure described by
Crank [28]. The correction is F0=F ¼ 0:919, where F is the
measured permeation and F0 is the permeation without
edge effects.
When the flux had been measured with nitrogen/air

mixtures on the low-pO2
side, the anode gas was shifted to

wet hydrogen/nitrogen mixtures. The oxygen permeation is
in this case calculated from the increase in the oxygen
partial pressure and the increase in water content. Oxygen
permeation experiments were carried out in the tempera-
ture range of 500–1000 1C.

4. Results and discussion

4.1. Structure

All reflections in the XRD pattern of a dense membrane
of LSF40 could be assigned to a hexagonal perovskite
phase, with space group R3̄c. The lattice constants were
determined to ah ¼ 5:530, ch ¼ 13:426. The results ob-
tained in this study are in agreement with literature values,
e.g. Dann et al. [29] and Menon et al. in [30].

4.2. Dilatometry

Fig. 2 shows the relative change in length upon heating
(left axis) for LSF40. The thermal expansion coefficient, a,
defined as a ¼ 1=lql=qT is shown on the right axis. At
100 �C, a ¼ 11:2� 10�6 K�1 which increases to 14:0�
10�6 K�1 at 600 �C. For T4600 �C the thermal expansion
coefficient increases from 14:0� 10�6 to 23:8� 10�6 K�1.
This is attributed to chemical expansion caused by the loss
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Fig. 2. Relative length (in percent, left axis) as a function of the temperature. Also shown is the linear thermal expansion coefficient, a (right axis). In the

inset is shown the change in relative length (in percent) as a function of the oxygen nonstoichiometry at 1000 �C. The line shows the best linear fit to the

relative length as a function of the oxygen nonstoichiometry. The value of the chemical expansion coefficient, bs, is depicted in the figure. The error bars

are shown for one point and the magnitude is representative for the remaining points.
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of oxygen from the lattice [31]. The integral thermal
expansion coefficient, aint, defined as

aint ¼

R T1
T0

aðTÞdT

T1 � T0
(21)

has, in the temperature range of 1002600 �C, been
calculated to aint ¼ 12:9� 10�6 K�1. Fossdal measured
the thermal expansion coefficient for La0:6Sr0:4FeO3�d

using dilatometry [32]. In the temperature range RTo
To600 �C a value of ð13:4	 0:4Þ � 10�6 K�1 was found. In
the temperature range 600 �CoTo1000 �C values in the
range 13:4� 10�62ð25:7	 0:6Þ � 10�6 K�1 were obtained.
The values in Fig. 2 are thus in good agreement with
the values measured by Fossdal. Fossdal et al. [32] also
found that La0:6Sr0:4FeO3�d undergoes a phase transition
from rhombohedral to cubic at 850	 50 �C. Adler
found a value of aint ¼ 15:4� 10�6 K�1 for the composi-
tion La0:6Sr0:4Co0:2Fe0:8O3�d in the temperature range
100 �CoTo600 �C [31]. The addition of Co thus increases
the thermal expansion coefficient. In the temperature range
of 10021000 �C the integral thermal expansion coefficient
has been calculated to aint ¼ 16:2� 10�6 K�1 for LSF40. It
is also observed from Fig. 2 that a becomes constant in the
range 850oTo1000 �C. Assuming constant values of the
thermal and chemical expansion coefficient, this must
indicate that qd=qT is constant, cf. Eq. (22) below.

In order to analyze the chemical expansion further, the
inset in Fig. 2 shows ðl � l0Þ=l0 (l0 is the sample length at
RT) as a function of the oxygen nonstoichiometry. The
data were obtained by changing the pO2

around the sample.
Only three points were valid to include in the graph, air
(pO2
¼ 0:209 atm), CO2 (pO2

¼ 1:1� 10�3 atm) and one
mixture of CO2 and H2 (pO2

¼ 8:8� 10�11 atm). The
oxygen partial pressures have been converted to values of
d using oxygen nonstoichiometry data (presented in
Section 4.3). The chemical expansion coefficient, bs,
defined as

l � l0

l0
¼ bsd (22)

has been calculated to 3:7	 0:3% from the data depicted in
Fig. 2. This can be compared to a value of 2:4	 0:5% for
ðLa0:6Sr0:4Þ0:99 CoO3�d [33]. Thus, it can be concluded that
ðLa;SrÞFeO3�d perovskites expand more on reduction than
ðLa;SrÞCoO3�d perovskites for the same changes in d.

4.3. Oxygen nonstoichiometry from thermogravimetry

Fig. 3 shows the oxygen nonstoichiometry as a function
of log(pO2

) at different temperatures. The clearly observed
plateau is assumed to correspond to electronic stoichio-
metry ([Sr0La] + 3[V000A])/2 and has been used as reference
point for the determination of the absolute oxygen content
in the material. This plateau could be determined with very
high accuracy (d was within the range 	0:001) at 900 �C.
We have not observed iron oxides in the material and from
the amount of material used in the synthesis up to 1%
cation vacancies may have formed on the A-sites. From
studies by Waernhus we are, however, skeptical regarding
the formation of such large concentrations of A-site
vacancies, since these only form to a very small extent in
LaFeO3 [5,6]. If one assumes that iron oxides form instead
of A-site cation vacancies, the oxygen nonstoichiometry
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Fig. 3. Oxygen ion vacancy concentration as a function of log(pO2
). The

solid lines show the best fit to the point defect model presented in Section

2.1. The maximum value of the error is shown for T ¼ 800 �C.

Table 3

Equilibrium constants determined by fitting the model described in

Section 2.1 to the measured data

T (1C) KOx ðatm
1=2Þ KFe

800 4:2� 10�2 6:32� 10�7

900 1:15� 10�1 2:31� 10�6

1000 1:59� 10�1 7:73� 10�6

1100 4:96� 10�1 1:60� 10�5

1200 6:10� 10�1 1:73� 10�5

Table 4

Standard enthalpy and entropy changes for the reactions presented in the

theory section. Values in parenthesis are from Mizusaki et al. [2] for

La0:6Sr0:4FeO3�d

Redox reaction Disproportionation reaction

DH0 ðkJmol�1Þ 90:0	 9:5 (97.5) 114:8	 13:4 (120.0)

DS0 ðJmol�1 KÞ 57:7	 7:6 (67.7) �10:2	 10:8 (�4.7)
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curves should be shifted downwards such that the plateau
is at a vacancy concentration of d ¼ 0:20. We have
therefore estimated the uncertainty of the measured values
of d on the absolute scale to be 	0:015, whereas relative
changes in d with changing pO2

at one temperature are
determined with an uncertainty better than 	0:005. When
lowering the pO2

(at a constant temperature) or increasing
the temperature (at a constant pO2

), the oxygen vacancy
concentration increases. The solid lines represent the best
fit using the point defect model described in Section 2.1.
Values of KOx and KFe are given in Table 3.

Expressing the changes in standard Gibbs free energy,
standard enthalpy and standard entropy for each of the
reactions i (reaction (2) and (3)) we get the relationship

RT lnKi ¼ �DG0
i ¼ �DH0

i þ TDS0
i . (23)

Values of DHi and DSi have thus been determined by
plotting ln(Ki) against 1=T . The slope gives �DH0

i =R and
the intercept with the second axis gives DS0

i . The values of
the enthalpy and entropy changes of the reactions are
compared to values reported by Mizusaki et al. [2] in
Table 4. The values measured in this study are observed to
be in good agreement with the values by Mizusaki et al.

It should be noted that the point defect model is
observed to fit well at 1100 and 1200 �C. However, for
1000, 900 and 800 �C a slight deviation between the point
defect model and the measured data is observed.

Fig. 4 shows the thermodynamic enhancement factor
defined as 1=2telðq lnpO2

)/ðq ln cOÞ where cO is the concen-
tration of oxygen ions [21]. tel is the electronic transference
number and has been calculated from electrical conductiv-
ity measurements presented in Section 4.4. tel is approxi-
mately 0.6–0.8 in the region 10�10 atmo pO2

o10�15atm,
but for pO2

410�4atm; tel40:99. For 0:209 atm4
pO2

410�4 atm the value of g is approximately 100 for T ¼

900 and 1000 �C. The inset shows g in the entire measured
pO2

-range as calculated from the point defect model at
1000 �C. Also shown is the actual measured value of g
obtained from a third degree polynomial fit to the
measured data. g becomes large (�1000) at 1000 �C in the
range 10�13 atmo pO2

o10�7 atm. In this region changes in
the pO2

do not lead to significant changes in the
oxygen nonstoichiometry, thereby resulting in a large value
of g. Evidently, from the inset a slight deviation between
the values of g deduced from the polynomial fit to the
oxygen nonstoichiometry measurements and the value
deduced from the point defect model is observed. In order
to obtain more precise values of the oxygen transport
properties, we have used the polynomial fit curves as these
represent the variation of d with pO2

better than the point
defect model.

4.4. Electrical conductivity of LSF40

Fig. 5 shows the electrical conductivity of LSF40 as a
function of log(pO2

). A pn-transition is observed at 1000 �C
in the pO2

-range of 10�10210�14atm. At 900 �C the pn-
transition has moved to lower pO2

approximately in the
range of 10�12210�16 atm. From the pn-transition at 900
and 1000 �C, the value of the electronic band gap, Eg, can
be calculated. Extrapolating the p- and n-type conductiv-
ities, one determines a minimum value of the electronic
conductivity smin. This has been done for the temperatures
1000 and 900 �C. When calculating the band gap it is
assumed that the mobility of the electrons, mn, equals the
mobility of the electron holes, mp, and that the mobilities
are independent of the temperature. At the minimum
conductivity n ¼ p and under the assumption mn ¼ mp it
follows that smin ¼ 2nmne ¼ 2pmpe. The band gap can then
be calculated using the relation n ¼ p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NCNV

p
exp

ð�Eg=2kBTÞ [34], where NC;V is the effective density of
states of the electrons/holes in the conduction and valence
bands which equals NC;V ¼ 2ð2pm
e;hkBT=h2

Þ
3=2, kB is the
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Fig. 4. Thermodynamic enhancement factor of LSF40 at 1000, 900 and 800 �C. g is defined as 1=2 tel ðq ln pO2
Þ=ðq ln cOÞ. The curves have been calculated

by fitting a third degree polynomial to the oxygen nonstoichiometry data. The solid line in the inset shows the measured value of g as a function of log(pO2
)

at 1000 �C in the entire measured pO2
-range. The dotted line is calculated using the point defect model.

Fig. 5. Electrical conductivity as a function of log(pO2
). The solid lines

indicate the slopes þ1
4
and �1

4
.

Fig. 6. Electrical conductivity as a function of ½Fe4þ� for data recorded

with pO2
410�5 atm. The lines indicate fits to the models presented in

Section 4.4.
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Boltzmann constant, h is the Planck constant and m
e;h is
the effective mass of the electron/electron hole. In this case
m
e;h has been set equal to the electron mass. In this way the
band gap has been calculated to Eg ¼ 1:4 eV. However, the
uncertainty is estimated to be approximately 0:7 eV. It
should be noted that the band gap in this study has been
calculated on the basis of a slope determined from two
points, and therefore has such a large uncertainty.

In order to see if the electrical conductivity can be
described as a small polaron type, Fig. 6 shows the
electrical conductivity as a function of the site fraction of
tetravalent iron (calculated from the oxygen nonstoichio-
metry data). In the calculation it is assumed that the
remaining iron is trivalent.
From Fig. 6 it must be concluded that within the
uncertainty the electrical conductivity in the p-type region
is independent of the temperature and only depends on the
charge carrier concentration. A similar result was also
found by Patrakeev [4]. It should be noted that the slight
upward curvature of the s2½Fe4þ� curve is indicative of a
mobility that varies with the charge carrier concentration.
The lack of thermal activation of the electrical conduction
(or even decreasing electrical conductivity with the
temperature at a constant charge carrier concentration) is
surprising since LSF is generally considered as a small
polaron conductor [8].
Values of the electron–hole mobility measured in this

study have been calculated as mp ¼ s=ðNABO3
e½Fe4þ�Þ,
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where NABO3
is the number of ABO3 formula units pr. cm3.

The values of the electron–hole mobility vary in the range
of 0:2 cm2V�1s�1 (d ¼ 0:06)–0:1 cm2V�1 s�1 (d ¼ 0:16) (the
electron–hole mobility decreases linearly with decreasing
oxygen content). The electron–hole mobility values
calculated in this study are in very good agreement with
values measured by Patrakeev for the composition
La0:5Sr0:5FeO3�d [4].

The lines in Fig. 6 are best fit to the equation
s ¼ mpðNABO3

e½Fe4þ�Þ. Several models have been investi-
gated where the variation between the models lies in mp and
how this may be affected by considering variations on
available sites for the electron hole to jump to. The models
are described henceforth:
1.

Fig. 7. logDChem2 logðpO2

Þ diagram for LSF40 as a function of the

temperature. The error bars are shown for 900 �C and are typical for the

remaining temperatures. The dashed lines represent a calculation of the
The mobility is assumed proportional to ½Fe�Fe�. In order
for an electron hole to jump to the next site, the next site
should be an ½Fe�Fe�-ion.
chemical diffusion coefficient at 800, 900 and 1000 �C using the oxygen
2.

nonstoichiometry data and the assumption of a constant vacancy diffusion

coefficient. The values of the vacancy diffusion coefficients are displayed in

Table 5.
The mobility is assumed proportional to ½Fe�Fe�½O
�
O�. In

order for an electron hole to jump to the next site, there
should be an oxygen ion in between the two sites (and
not an oxygen vacancy) and the next site should be an
½Fe�Fe� ion.
Table 5
3.

Values of DV used to calculate the dashed lines in Fig. 7

T (1C) DV ðcm
2 s�1Þ
The mobility is assumed proportional to ½Fe�FeðfreeÞ�½O
�
O�

where ½Fe�FeðfreeÞ� ¼ ½Fe
�
Fe� � 2d. This corresponds to

one oxygen vacancy blocks two Fe�Fe sites. And further
there should be an oxygen ion between the two sites.
800 1:46� 10�6
4.

900 4:37� 10�6

1000 1:41� 10�5
The mobility is assumed proportional to ½Fe�FeðfreeÞ�½O
�
O�

where ½Fe�FeðfreeÞ� ¼ ½Fe
�
Fe� � nd, where n is a fitting

parameter. This correspond to one oxygen vacancy
blocks n Fe�Fesites. And further there should be an
oxygen ion between the two sites. The solid line in the
figure corresponds to model 4, where n ¼ 3:9.

From Fig. 6 it is observed that both models 1 and 2
(corresponding to a simple available site correction on the
mobility) show a curvature which is inconsistent compared
to the measured data. Model 3 has a correct curvature,
however, not large enough. In model 4 where the fitting
parameter n has been introduced, the model describes the
observed data with good accuracy. The electrical con-
ductivity can thus be described assuming that each vacancy
‘‘eliminates’’ 3:9Fe�Fe sites resulting in reduced mobility.

4.5. Oxygen diffusion

Fig. 7 shows the values of DChem deduced from the
transient response in conductivity to a step in pO2

as
explained in Section 2.2. The values of DChem are taken
from reduction steps and are plotted as a function of the
final pO2

. For pO2
o0:001 atm the uncertainty on DChem

becomes large. For pO2
o0:001 atm oxygen incorporation

into the sample is governed by the surface exchange
reaction and thus, it becomes very difficult to measure
DChem as illustrated with the large error bars. DChem is
observed to be fairly constant in the region T4850 �C and
pO2

40:005 atm. At lower temperatures DChem seems to
decrease with decreasing pO2
. The dashed lines are a

calculation of the chemical diffusion coefficient using the
oxygen nonstoichiometry data (third degree polynomial fit
to the d� log (pO2

) measurements) and the assumption of a
constant vacancy diffusion coefficient. We have used that
DVcV ¼ DOcO and DChem ¼ gDO, where DO is the oxygen
component diffusion coefficient. The values of the vacancy
diffusion coefficient that have been used to calculate the
dashed lines in Fig. 7 are presented in Table 5.
The decrease in DChem with decreasing pO2

for
To850 �C is due to a decreasing thermodynamic factor
according to Fig. 4. The increasing (or nearly constant)
value of DChem with decreasing pO2

for T4850 �C is due to
an almost constant value of the thermodynamic factor, but
an increasing oxygen vacancy concentration.
At 750 and 700 �C it was not possible to measure oxygen

transport properties at pO2
o0:01 atm since the oxygen

exchange became very slow (relaxation times 424 h).
The measured values of DChem have been converted to a

vacancy diffusion coefficient. Values of DV are shown in
Fig. 8, but only for the temperatures 800, 900 and 1000 �C,
where the thermodynamic enhancement factor can be
calculated accurately on the basis of the oxygen non-
stoichiometry data. The vacancy diffusion coefficient is
determined less accurately than the chemical diffusion
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coefficient due to the uncertainty on the absolute value of
the oxygen nonstoichiometry (	0:015). For pO2

40:008 atm
DV is observed to be fairly constant and the activation
energy (average of the three measurements at each
temperature) has been calculated to EA ¼ 129	
9 kJmol�1. A slight decrease in DV might be observed;
however, the effect is masked by the uncertainty. If a
decrease in DV is present, it would indicate that the
mobility of the vacancies decreases with increasing oxygen
nonstoichiometry.

Values of the oxygen ion transport parameters of
La0:6Sr0:4FeO3�d have been measured by Ishigaki [35] and
tenElshof et al. [10,12]. These values are shown in Table 6
and compared with values obtained in this study. The
values measured in this study seem in general slightly lower
(by approximately 50%) than the literature values. In Refs.
[10,12] it is only specified that the density exceeds 92% of
the theoretical value, which is the same as in this study. In
Ref. [35] single crystals of La0:6Sr0:4FeO3�d were used;
however, only little detail was given on the fabrication and
phase purity of the material.
Fig. 8. logDV–log(pO2
) diagram for LSF40 as a function of the

temperature. The error bars shown at 900 �C are representative for the

remaining temperatures. The activation energy displayed in the figure is

calculated as an average of the three measurements where pO2
40:008 atm.

The dotted lines are a guide to the eye and have no theoretical significance.

Table 6

Transport parameters measured in this study compared with literature values

Composition Temperature (1C) Transport para

La0:6Sr0:4FeO3�d 1000 DV
a

La0:6Sr0:4FeO3�d 1000 DV
b

La0:6Sr0:4FeO3�d 950 DV
c

La0:6Sr0:4FeO3�d 800 DV
c

DV is the vacancy diffusion coefficient. The values in this study are based on
aDetermined from 16O/18O isotopic exchange experiments.
bDetermined from oxygen permeation experiments.
cDetermined from ECR.
Values of the oxygen ion conductivity have also been
calculated from the electrical conductivity relaxation
measurements, sO2�ðECRÞ, and compared with values of
the oxygen ion conductivity from electrical conductivity
measurements, sO2�ðECÞ. The values of sO2�ðECÞ have
been calculated by subtracting the p- and n-type contribu-
tion from the measured electrical conductivity. The values
of sO2�ðECRÞ have been calculated as sO2� ¼ ðcOz2Oe2DOÞ=
ðkBTÞ, where zO is the charge number of an oxygen
ion. Table 7 shows the oxygen ion conductivity determined
with the two methods. It should be noted that
sO2�ðECRÞ has been calculated in the pO2

-range of
0:00820:209 atm where d � 0:10 at 900 �C. The electrical
conductivity measurements have been carried out in a
region where d � 0:213. Assuming a constant value of DV,
the oxygen ion conductivity is proportional with d.
A corrected value of the oxygen ion conductivity based
on the electrical conductivity relaxation measurements,
sO2�ðECR; d ¼ 0:213), has thus been calculated and is also
displayed in Table 7. sO2�ðECR; d ¼ 0:213) has been
calculated as

sO2�ðECR; d ¼ 0:213Þ ¼ sO2�ðECRÞ
dðECÞ
dðECRÞ

. (24)

dðECRÞ is the average value of d for the three measurements
(dðECRÞ ¼ 0:12Þ in the pO2

-range of 0:00820:209 atm at
each temperature and dðECÞ ¼ 0:213. Fairly good agree-
ment is observed between ionic conductivity determined by
the two methods.
Table 8 shows values and activation energies for

the different transport parameters. DO is the oxygen
component diffusion coefficient and is calculated as
meter ðcm2 s�1Þ Value This study

1:95� 10�5 [35] 1:41� 10�5

0:77� 10�5 [12] 1:41� 10�5

1:3� 10�5 [10] 0:82� 10�5

0:60� 10�5 [10] 0:15� 10�5

the average value of the three measurements for pO2
40:008 atm.

Table 7

Oxygen ion conductivity of LSF40 measured from electrical conductivity

relaxation sO2� (ECR) and electrical conductivity measurements sO2� (EC)

T (1C) sO2� (ECR)

ðS cm�1Þ

sO2� (EC)

ðS cm�1Þ

sO2� (ECR,

d ¼ 0:213) ðS cm�1Þ

900 0:05	 0:01 0:25	 0:05 0:10	 0:01
1000 0:21	 0:05 0:44	 0:05 0:35	 0:05

A corrected value, sO2� (ECR, d ¼ 0:213), of the electrical conductivity

measurements corresponding to d ¼ 0:213 is also shown.
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Table 8

Various transport parameters calculated on the basis of data from electrical conductivity relaxation and the oxygen nonstoichiometry data

800 �C 900 �C 1000 �C EA ðkJmol�1Þ

DChem ðcm
2Þ 0:62� 10�5 1:8� 10�5 7:1� 10�5 137

DO ðcm
2Þ 0:39� 10�7 1:5� 10�7 6:2� 10�7 157

D
 ðcm2Þ 0:27� 10�7 1:1� 10�7 4:3� 10�7 157

DV ðcm
2 s�1Þ 0:15� 10�5 0:44� 10�5 1:4� 10�5 129

sO2� ðS cm�1Þ 0.013 0.049 0.21 156

mO2� ðV�1 cm2 s�1Þ 0:084� 10�5 0:31� 10�5 1:3� 10�5 157

Notice that these data are an average of the three measurements at each temperature where pO2
40:008 atm.

Fig. 9. Fast relaxation in the region where the thermodynamic factor is

large ð�400Þ, according to Fig. 4. Relevant parameters are displayed in the

figure. The data could equally well be fitted with DChem ¼ 1 and

kEx ¼ 7:0� 10�3 cm s�1.

Fig. 10. logðkExÞ–log(pO2
) diagram. For 900 �C the error bars are shown.

This error bar is typical for temperatures below 900 �C; however, for

T4900 �C and pO2
40:004 the error is significantly larger.
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DO ¼ DChem=g. D
 is the tracer diffusion coefficient and is
calculated as D
 ¼ DOf , where f is a correlation factor,
which for perovskites approximately equals 0.69 [35]. mO2�

is the oxygen mobility and is calculated according to
mO2� ¼ sO2�=ðcO2�zeÞ.

4.6. Relaxations for large values of g

Fig. 9 shows the electrical conductivity as a function of
time upon an oxidation at 1000 �C occurring in an
H2=H2O=CO2=CO gas mixture (see graph for pO2

-condi-
tions). It is observed that the time before the new
equilibrium condition has been reached is extremely short
(o30 s). From this relaxation it is possible to extract a
minimum value of DChem. It can with certainty be
concluded that DChem41:75� 10�4 cm2 s�1. Notice that
this value of the chemical diffusion coefficient is approxi-
mately twice the value observed at high pO2

(according to
Fig. 7 and Table 8). Such fast relaxations can only be
accounted for by realizing that the thermodynamic factor
in this pO2

-range is significantly larger, by a factor of 2–3,
than in the high pO2

-range. We have to notice that the time
for changing the gas surrounding the sample is probably of
a time scale such that it influences the relaxation. We
therefore refer to the measured value of DChem as a
minimum value. The data could equally well be fitted with
DChem ¼ 1 and kEx ¼ 7:0� 10�3 cm s�1.

4.7. Oxygen surface exchange

The surface exchange coefficient, kEx, is shown as a
function of log(pO2

) at different temperatures in Fig. 10.
The error bars are shown for 900 �C. A line segment with
the slope 1 is also given in the figure. For the values where
T4900 �C and where kEx40:004 cm s�1, the uncertainty is
significantly larger than the error bar given for 900 �C. In
this region the oxygen incorporation into the sample is
governed by diffusion and it thus becomes very difficult to
measure kEx accurately.
Fig. 11 shows kO as a function of log(pO2

). kO has been
calculated as kO ¼ kEx=g [10]. The measured value of g has
been taken from Fig. 4. kO has therefore only been
calculated at 800, 900 and 1000 �C where the thermo-
dynamic factor can be determined accurately. It is observed
that kO decreases with decreasing pO2

and as a first
approximation kEx and kO can be described using the
expressions kEx ¼ apn

O2
and kO ¼ bpm

O2
. Table 9 shows

values of the best fit to the expression described above.
tenElshof measured n-values in the range of 0:7520:83.

We are, however, skeptical regarding the large n-values at
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Fig. 11. log kO–log(pO2
) diagram. For 900 �C the error bars are shown.

These error bars are typical for all the other point in the figure.

Table 9

Best fit values of kEx and kO to the expressions kEx ¼ a pO2

n and

kO ¼ bpO2

m

T (1C) a ðcm s�1Þ n b ðcm s�1Þ m

700 1:5� 10�4 0.62

750 6:4� 10�3 1.14

800 3:5� 10�3 0.78 1:05� 10�5 0.55

850 0.012 0.76

900 0.015 0.66 9:61� 10�5 0.57

950 0.18 0.88

1000 2.66 1.22 0.22 1.20

Fig. 12. Current density through a membrane of LSF40 as a function of

log(pO2
) at the anode side. Also shown are curves calculated on the basis

of the model presented in the Theory section. The dotted lines depicted

in the figure correspond to an infinitely fast surface exchange reaction

and with the depicted values of DV. For further details see the text and

Table 10.

Table 10

Values used to calculate the lines displayed in Fig. 12

DV ðcm
2 s�1Þ kO ðcm s�1Þ

Solid ð850 �CÞ 2:70� 10�6 5:2� 10�5� pO2

0:56

Dotted ð850 �CÞ 1:99� 10�6 1

Dashed ð850 �CÞ 2:70� 10�6 1

Solid ð1000 �CÞ 1:41� 10�5 0:22�pO2

1:20

Dotted ð1000 �CÞ 7:39� 10�6 1
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750 and 1000 �C for our sample, since thin film measure-
ments on LSF40 also have indicated slopes in the range of
0:6621:03 for kEx [36].

We have calculated the activation energy for kEx at pO2
¼

8:7� 10�4 atm to be 199	 23kJmol�1. For kO the activa-
tion energy is 173	 34kJmol�1 at pO2

¼ 8:7� 10�4 atm.
tenElshof et al. [10] found an activation energy of
131	 14kJmol�1 for kO. At 800 �C we measure the
same values of kEx as tenElshof, but at higher temperatures,
the values measured in this study are significantly
higher. The larger activation energy of kEx than for DChem

shows that, when going to lower temperature, surface
exchange will become the limiting process for oxygen
exchange.

4.8. Oxygen transport through a dense membrane

Oxygen permeation measurements were carried out on a
membrane of LSF40 with a thickness of 1:34mm. Air was
applied on the cathode side of the membrane. On the anode
side of the membrane, mixtures of nitrogen and oxygen
were applied. After these measurements the membrane was
tested with H2=H2O=N2 on the anode SIDE.
Fig. 12 shows the equivalent electrical current density i

through the membrane as a function of the downstream
log(pO2

). It is observed that when decreasing the pO2
on the

low-pO2
side the oxygen flux increases. An increase in

temperature at a constant pO2
also increases the flux

through the membrane, which is attributed to an increase
in the vacancy diffusion coefficient and an increase in the
oxygen nonstoichiometry. The lines are calculated using
Eqs. (16)–(19).
Due to the difference in the magnitude of flux at 850 and

1000 �C and the difference in the predicted fluxes, we
discuss these results separately.

4.8.1. Oxygen permeation at 850 �C
The solid line which goes through the data points at

850 �C (Fig. 12) has been calculated using an interpolated
value of the vacancy diffusion coefficient (data in Table 8)
and an interpolated value of kO (data from Table 9). The
oxygen nonstoichiometry data have been calculated using
the values in Table 4. The solid line describes the measured
data with good accuracy. Table 10 shows the values used
for calculating the three curves in the figure. Assuming an
infinitely fast surface exchange coefficient on both sides of



ARTICLE IN PRESS
M. Søgaard et al. / Journal of Solid State Chemistry 180 (2007) 1489–1503 1501
the membrane, the data at 850 �C could be fitted well with
DV ¼ 1:99� 10�6 cm2 s�1 (dotted line). An infinitely fast
surface exchange coefficient and DV ¼ 2:70� 10�6 cm2 s�1

give the dashed line in Fig. 12.
4.8.2. Oxygen permeation at 1000 �C
The solid line in Fig. 12 shows the calculated flux

using the oxygen nonstoichiometry data (third degree
polynomial fit to the actual measurements), the measured
vacancy diffusion coefficient and the surface exchange
coefficient displayed in Table 9. The measured flux is
thus significantly smaller (by a factor of �2 over the
measured pO2

-range) than the calculated flux. The
oxygen permeation fluxes could be fitted well with DV ¼

7:39� 10�6 cm2 s�1 (dotted line in Fig. 12). This value must
represent a minimum value of DV. The vacancy diffusion
coefficient determined from oxygen permeation values is
thus lower by a factor of 1.9 than the value determined
from electrical conductivity relaxation measurements.
From data by tenElshof [10,12] the same tendency
and similar values can be found (these data are also
displayed in Table 6). The reason for measuring a
smaller vacancy diffusion coefficient in an oxygen
permeation experiment is at present unclear. In the
permeation experiment leaks would increase the oxygen
flux thereby resulting in a larger value of the vacancy
diffusion coefficient. The uncertainty on the vacancy
diffusion coefficient is estimated to be approximately
	20% which originates mainly from the uncertainty on
the absolute oxygen nonstoichiometry. A shift in the
absolute oxygen nonstoichiometry of Dd ¼ �0:015 in-
creases the fitted vacancy diffusion coefficient to DV ¼

8:40� 10�6 cm2 s�1 (increase of 14%). It should be noted
that the density of the sample used for the oxygen
permeation measurements (95% of the theoretical value)
is larger than the density used for the electrical conductivity
relaxation measurements (92% of the theoretical value). In
addition, the synthesis of the two samples was not
identical. Differences in the synthesis method can also lead
Table 11

Measured values of the current density, iMeas, compared with calculated value

T (1C) p00O2
(atm) iMeas ðmAcm�2Þ

1000 7:23� 10�14 671

1003 3:36� 10�14 664

1004 1:74� 10�14 681

900 5:15� 10�16 411

900 3:21� 10�16 433

900 1:44� 10�16 435

800 1:80� 10�18 199

800 1:01� 10�18 165

800 3:63� 10�19 165

All measurements were carried out with air on the cathode side ðp0O2
¼ 0:209 atm

the measured and calculated current density, respectively.
to different values of the oxygen permeation as shown by
Qi et al. [37].
Several measurements were also performed in

H2=H2O=N2 mixtures. Table 11 shows measured values
of the current density, iMeas, as a function of the pO2

on the
anode side. At 1000 �C the measured current density is
observed to be approximately 10 times larger than what
was measured in the oxygen/nitrogen regime (Fig. 12). This
is attributed to the larger driving force over the membrane.
When decreasing the temperature the current density also
decreases. When increasing the driving force (decreasing
p00O2

) the flux is expected to increase. This is observed at

900 �C; however, the uncertainty on the measurements is
fairly large and this is most likely the origin for the data not
showing this trend at 800 and 1000 �C.
Using ambipolar diffusion theory (Eq. (12)), current

densities based on d and DChem measurements have been
calculated, iCalc. These values are also displayed in
Table 11. When using the ambipolar conductivity instead
of the oxygen ion conductivity, the flux decreases with
approximately 13% at 1000 �C when being at a p00O2

lower
than the pn-transition. The n-type contribution to the
electrical conductivity at 800 �C has been calculated from
the band gap as described in Section 4.4, since no electrical
conductivity measurements were carried out at this
temperature and at these low pO2

.
From Table 11 it is observed that the calculated current

density is larger than the measured by an average of 15%.
Part of this can be ascribed to a surface exchange reaction,
which is not accounted for in this model, but also effects
like vacancy ordering will decrease the measured current
densities.
When including the surface exchange reaction on the

cathode side of the membrane at 800 �C and p00O2
¼

3:63� 10�19 atm the flux decreases to 189mAcm�2, a
reduction of 8%. Decreasing the membrane thickness to
100mm at the same temperature and pO2

, the flux is
(without surface exchange reactions) 2:77A cm�2. Includ-
ing the surface exchange reaction the flux decreases to
s, iCalc

DV ðcm
2 s�1Þ iCalc ðmAcm�2Þ iCalc � iMeas

iMeas
(%)

7:39� 10�6 732 9.1

7:39� 10�6 752 13.3

7:39� 10�6 761 11.7

4:37� 10�6 498 21.2

4:37� 10�6 505 16.6

4:37� 10�6 516 18.6

1:46� 10�6 198 �0.5

1:46� 10�6 201 21.8

1:46� 10�6 206 24.8

Þ. p00O2
is the oxygen partial pressure on the low-pO2

side. iMeas and iCalc are
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Fig. 13. Arrhenius-type plot showing the natural logarithm of the flux

versus the reciprocal absolute temperature. The activation energy is shown

in the figure.
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0:93A cm�2, a reduction of 66%. For a thin film membrane
the total loss in driving force over the membrane is thus
mainly found over the cathode side of the membrane. It
should be noted that kO was derived from electrical
conductivity relaxation. In these types of experiments the
sample is only subjected to small perturbations in the
oxygen partial pressure across the interface. The maximum
current density in the electrical conductivity relaxation
experiments performed in this study is of the order of
10220mAcm�2. However, in the membrane experiment,
the current density is of the order of 1502700mAcm�2

causing the assumption of a small perturbation to be very
questionable.

Fig. 13 shows the natural logarithm of the current density
as a function of the reciprocal absolute temperature. The
slope corresponds to an activation energy of
69:0	 3:3 kJmol�1. The activation energy of the flux is
significantly smaller than the activation energy of the
transport parameters listed in Table 8. This can be accounted
for by realizing that according to the H2O=H2=O2 equili-
brium a decrease in temperature decreases the pO2

, thus
increasing the driving force across the membrane. At
approximately 500 �C the current density levels off which is
attributed to a leak of approximately 10mAcm�2.

Upon disassembling the membrane reactor it was
observed that the membrane had cracked into many small
pieces. We have previously observed that it is possible to do
a thermal cycle with a membrane (different composition)
which has not been subjected to such a pO2

-gradient. The
disintegration of the membrane is due to stress that arises
due to chemical expansion. That is, the gradient in the
oxygen ion vacancy concentration in the membrane
material gives rise to a significant stress, which causes the
destruction of the membrane.
5. Conclusion

Here, we have investigated and analyzed properties of
the composition ðLa0:6Sr0:4Þ0:99FeO3�d.
The oxygen nonstoichiometry as a function of the

temperature and pO2
has been determined using thermo-

gravimetry. A large region where the oxygen nonstoichio-
metry was constant as a function of pO2

was found. This
region was attributed to electronic stoichiometry.
The electrical conductivity, s, was determined in the

high-temperature region ð70021000 �CÞ and under varying
oxygen partial pressures. A pn-transition was found when
going to reducing conditions. Correlating the electrical
conductivity with values of the concentration of tetravalent
iron, it was observed that the electrical conductivity was
almost solely determined by the concentration of charge
carriers and not the temperature. The mobility of the
electron holes decreased with increasing oxygen vacancy
concentration (from 0:2 cm2 V�1s�1 (d ¼ 0:06) to
0:1 cm2 V�1 s�1 (d ¼ 0:16)). Similar values and tendencies
have been observed by Patrakeev et al. [4].
Using electrical conductivity relaxation, values of the

chemical diffusion coefficient, DChem, and the surface
exchange coefficient, kEx, have been determined. At 800 �C
DChem was found to be DChem ¼ 6:2� 10�6 cm2 s�1. The
activation energy of DChem has been calculated to be
137 kJmol�1. kExwas found to decrease with decreasing pO2

.
Oxygen permeation measurements were carried out on a

membrane disk with air on the cathode side and nitrogen/
air mixtures and wet nitrogen/hydrogen mixtures on the
anode side. It was found that at 850 �C in nitrogen/air
mixtures, the oxygen nonstoichiometry measurements in
combination with the oxygen transport properties could
describe the observed flux. Measurements in wet hydrogen/
nitrogen yielded high oxygen fluxes e.g. JO2

� 1:8�
10�6 mol cm�2 s�1 (corresponding to an equivalent electri-
cal current of 670mAcm�2). From model calculations it
was estimated that the oxygen permeation under very
reducing conditions is determined by a combination of the
surface exchange coefficient on the air side of the
membrane and the ambipolar conductivity. It is interesting
to note that when the fundamental properties such as the
oxygen nonstoichiometry and the electronic and ionic
transport properties are known, the oxygen permeation
under a large oxygen flux can be calculated with an
accuracy within 15%. Upon disassembling the membrane
reactor it was observed that the membrane had cracked
into many small pieces which was attributed to chemical
expansion.
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