J Solid State Electrochem (2002) 6: 217—-224
DOI 10.1007/s100080100231

ORIGINAL PAPER

Maxim Y. Avdeev - Mikhail V. Patrakeev
Vladislav V. Kharton - Jorge R. Frade

Oxygen vacancy formation and ionic transport in SrsFeg0:3.5

Received: 7 May 2001 / Accepted: 12 June 2001 / Published online
© Springer-Verlag 2001

Abstract Oxygen permeationthroughdenseSryFeqO3. 5
membranes was found to be limited by the bulk ambi-
polar conductivity. At 1173 K and oxygen partial
pressures 10 to 1.01x10° Pa, ionic conductivity of inter-
growth strontium ferrite increases with reducing oxygen
pressure, indicating that the vacancy migration mecha-
nism provides a greater contribution to ionic transport in
comparison with the interstitial diffusion. The ion
transference numbers of SrsFecO;3.s increase from
2.5x107* to 1.9x10 > when the oxygen pressure decreases.
Combined X-ray and neutron powder diffraction studies
of oxygen-deficient SryFesO;;_s showed an accumula-
tion of oxygen vacancies in the non-perovskite layers,
built of oxygen-iron polyhedra with pentacoordinated
Fe cations. Both thermal and chemically-induced
expansion of SryFesO;3.s lattice have pronounced
anisotropic character and are considerably lower than
that typical for perovskite-type strontium ferrite. The
average thermal expansion coefficients of SryFeqO3. 5
ceramics at 770-1100 K in oxidizing and reducing
atmospheres vary in the range (10.8-13.2)x10° K.

Keywords Strontium ferrite - Neutron diffraction -
Oxygen permeation - Oxygen vacancy - lonic
conductivity

Introduction

Layered perovskite-related phases based on SryFegs O3 5
compound are receiving considerable attention due to
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possible applications in ceramic membranes for oxygen
separation and partial oxidation of light hydrocarbons
[1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14]. The first works
by Balachandran et al. have reported unusually high
oxygen permeability and an improved stability of
SryFe4Co0,0, ceramics ([1, 2, 3, 4] and references there-
in). However, more detailed studies [5, 6, 7, 8, 9, 10]
showed phase decomposition of Co-containing materials
on heating and at reduced oxygen pressures; the per-
meation fluxes through dense Sry(Fe,Co)sO, membranes
[6, 7, 8] are found significantly less compared to the first
works [1, 2]. The mechanism of oxygen ionic conduction
in SryFesO;3.s-based phases, discussed in numerous
papers [4, 5, 7, 10, 11], is still unclear. As a rule, a
combination of oxygen vacancy migration and intersti-
tial diffusion is assumed [4, 10, 11], with the concentra-
tions of oxygen interstitials and vacancies related by the
Frenkel-type equilibrium. The oxygen hyperstoichiom-
etry of SryFeqO;3:5 under oxidizing conditions is as
high as §=0.41 at room temperature [5] and vary in the
range 0.05-0.15 at p(O,)=21-101 kPa and T=1173-
1273 K [11, 12], suggesting possible significant contri-
bution of interstitial oxygen to the ionic transport.

The crystal structure of SryFesO5. s phase, prepared
for the first time by Kanamaru et al. [15], is ortho-
rhombic and can be described using Ibam or Iba2 space
groups; the latter space group provides better refinement
[16]. This structure consists of perovskite-type layers
alternated by slabs of five-coordinated iron polyhedra
(Fig. 1). Three non-equivalent sites of iron atoms were
found, one octahedral and two five-coordinated posi-
tions: trigonal bipyramidal and square pyramidal [16].
Migration of ion charge carriers, both oxygen vacancies
and interstitials, was assumed to occur in the layer
formed by the pyramids and bipyramids along the a—
plane, whereas the perovskite layers formed by the
octahedra act as the frame in the lattice [4, 5].

The present work, focused on studying structure and
ionic conductivity of SryFesO;3.s5 as functions of
oxygen content, represents a continuation of our
research on ionic transport in oxide materials based on
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Fig. 1 View of SryFeqO43 .+ 5 structure along the ¢ axis. The circles
correspond to Sr cations; oxygen anions are located at the corners
of FeOy polyhedra

the Sr-Fe-O system [12, 14, 17, 18, 19, 20]. As an attempt
to reveal positions of oxygen vacancies and, possibly,
interstitials, the structural studies were performed using
a combination of X-ray and neutron powder diffraction.
More detailed data on oxygen nonstoichiometry and
total conductivity of SryFesO;3.5 were published else-
where [12].

Experimental

Single-phase SryFecO;3.s powder was prepared by a standard
ceramic route using high-purity SrCO; and Fe,O; as starting
materials, in the stoichiometric proportion. The solid-state reaction
was conducted at 1220-1420 K for 40 h in air with multiple
intermediate regrindings. After X-ray diffraction (XRD) analysis
demonstrated formation of the single phase, selected portions of
the powder were annealed in different atmospheres in order to
prepare samples with various oxygen content for structural studies.
The first of them, hereafter referred to as “oxidized”, was annealed
at 1173 K for 8 h in pure oxygen flow and then slowly cooled under
the same conditions. The second sample was annealed at 1173 K in
a flow of argon (oxygen partial pressure of approximately 1 Pa) for
8 h, and then cooled in a closed chamber. According to the data on
oxygen nonstoichiometry of SryFesO3. s (Fig. 2), such treatment
allows one to obtain approximately stoichiometric material.
Finally, the “reduced” sample was annealed at 1173 K in a flow of
N,-H, mixture (oxygen partial pressure of 102 Pa) for 20 h; the
total oxygen content in this case is expected close to 12.55 (Fig. 2
and [12]).

For preparation of dense SryFesO;3. 5 ceramics, the stoichio-
metric mixture of starting materials was dissolved in an aqueous
solution of nitric acid, dried, and then thermally decomposed.
Single-phase powder, obtained after the reaction at 1170-1370 K
for 25 h in air with several regrindings, was ball-milled and then
pressed at 250-350 MPa in the shape of disks of various thickness
(diameter 10-20 mm). Gas-tight ceramics were sintered in air at
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Fig. 2 Oxygen partial pressure dependencies of the oxygen
nonstoichiometry, oxygen ionic conductivity, and ion transference
numbers of SryFeqO3.5at 1173 K

1470-1490 K for 6-10 h. After sintering, the samples were
annealed in air at 1170 K for 5-6 h with subsequent slow cooling.
XRD confirmed that the ceramics was single phase. For the
ceramic samples, the unit cell parameters calculated from the XRD
data were very similar to those of as-prepared powder, subjected to
treatments in various gas atmospheres prior to structural studies.
The density of the ceramic samples was higher than 92% of their
theoretical density.

X-ray powder diffraction data were collected at room temper-
ature using Rigaku D/Max-B diffractometer (CuK,, radiation, 20
angle range from 8§ to 108°, step 0.02°, 10 s/step). Neutron powder
diffraction experiments have been carried out at room temperature
and at 3 K using the high-resolution G4.2 (LLB, France) diffrac-
tometer (wavelength 2.3434, 20 =3-172, step 0.1, total measuring
time for each sample 14 h). Rietveld refinements of combined
X-ray and neutron data were performed with multi-pattern version
of the Fullprof program [21].

The prepared materials were characterized using scanning
electron microscopy and energy dispersive spectroscopy (SEM/
EDS), emission spectroscopic analysis, dilatometry, measurements
of electrical conductivity, oxygen permeability, and Faradaic effi-
ciency. Detailed description of the experimental procedures and
equipment used for the characterization was published elsewhere
([12, 14, 17, 18, 19, 20, 22] and references therein). The data on
oxygen nonstoichiometry (Fig. 2) were obtained using coulometric
titration and thermal gravimetric analysis (TGA); the details are
found in [12].

In this paper, the oxygen permeation processes are analyzed
using the quantities of the permeation flux density j (molxs-Ixcm2),
and specific oxygen permeability J(O;) (molxs-!xcm!) defined as
(23]

-1
5(0:)=-d- 2] m
b1
where d is the membrane thickness, and p; and p, are the oxygen
partial pressures at the membrane permeate and feed sides,
respectively (p; <pz). Using the quantity J(O,) is convenient to
identify a limiting effect of the surface exchange rate on the
permeation, on the basis of the thickness dependence of the per-
meation flux [18, 22]. Since this quantity is proportional to jxd by
definition, the specific oxygen permeability should be independent
of thickness in the case when surface limitations to the oxygen



permeation flux are negligible. In such a situation, J(O,) is pro-
portional to the ambipolar conductivity (oa,,) of the membrane
material, averaged for a given oxygen partial pressure range:

RT RT 6570 -
102)=1¢p 16F o0 too 1p2 ¢ (L) @)
where t, is the oxygen ion transference number, and g, g,, and o,
are the total, oxygen ionic, and electronic conductivities, respec-
tively. When oxygen exchange limitations are considerable, J(O,)
should increase with increasing membrane thickness due to a
decreasing role of the surface exchange, for a given oxygen chem-
ical potential gradient.

Tamb

Results and discussion
Structure

Selected results of the structural refinement of
Sr4FesO 5. s are presented in Fig. 3andin Tables 1 and 2.
As a starting model, X-ray single crystal data on the
SryFeqO3 phase, presumably stoichiometric [16], were
used. The coordinates of all atoms and occupancies of
oxygen sites were refined while the thermal parameters
were fixed to the values found by Yoshiasa et al. [16] in
order to avoid strong correlation with other parameters
and to increase the reflections/parameters ratio.

The powder diffraction patterns were analyzed in
order to detect possible presence of other phases of
Sr-Fe-O system, including SrFeOs, SrFeO, 5, SrFe ,01o,
SrFe,0s, etc. No phase impurities were found; both
powders and ceramics of SryFesO 5. s were single phase.
The presence of traces of SrFe,O;9 observed by
Bredesen et al. [11] in undoped SryFesO;53. s ceramics
might thus be due to their synthesis route.

The neutron diffraction data on the isostructural
phase, SryFe Co,0,, were recently reported by Mitchell
et al. [9, 24], who observed the reflections defying
I-centering conditions of Iba2 group. In this study, no
reflections related to violation of the conditions hkl
(h+k+1=2n), hOl (h=2n), Okl (k=2n) have been
found. As the Neel temperature of SryFesO,3 compound
is 4185 K [15], the magnetic peaks appear at low
angles in neutron diffraction pattern. Their intensity
increases with decreasing temperature (Fig. 4), which
makes it possible to distinguish these reflections from
structure peaks. Due to the small number of non-over-
lapping reflections, the magnetic cell could not be
indexed; the region containing the strongest magnetic
peaks was thus excluded from the refinement. However,
remaining magnetic peaks overlap with the structure
reflections and decrease the quality of the refinement in
the case of neutron diffraction data (Fig. 3).

Two methods were used to identify the location of
hyperstoichiometric oxygen in oxidized SryFeqO3+ s
the difference Fourier maps analysis and the analysis of
the voids in the structure. The most suitable void was
found near Fe2 position having square pyramidal
coordination; this hypothetical site completes the
coordination of iron ion to distorted octahedral. How-
ever, the refinement did not converge to any reasonable
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results, indicating either the distribution of oxygen over
several sites with a weak occupation or the dynamic
character of the excess oxygen disorder.

In contrast, the refinement of the data on reduced
Sr4FecO(5_s allowed to determine unambiguously the
location of oxygen vacancies. Reduction of intergrowth
strontium ferrite was found to decrease the occupancies
of OS5, 06, O7 sites only (0.88(2), 0.95(2), 0.90(2)
respectively). These sites are located in the slab built of
five-coordinated iron polyhedra (Fig. 1). Such an accu-
mulation of the vacancies reflects the tendency to
decreasing the coordination number and, probably,
switching to distorted tetrahedral coordination.

Thermal and chemically-induced expansion

The unit cell constants obtained from the refinement
exhibit a reasonable behavior on cooling (Tables 1 and 3).
The parameter b, which is perpendicular to the per-
ovskite layers (Fig. 1), provides the most significant
contribution in the cell contraction, the behavior typical
for layered structures (for example, [25, 26]). Reduction
of SryFesO;5.5 leads to longer b, while the a and ¢
parameters decrease with decreasing oxygen content
(Table 1). Again, this phenomenon is characteristic of
layered perovskite-related phases [25, 26], where the
chemically-induced expansion on reduction is, as a rule,
maximum for the axis perpendicular to the perovskite-
type layers. Due to the lattice contraction along the
perovskite planes, average chemically-induced expan-
sion of the intergrowth compounds is considerably
smaller with respect to perovskite phases [25]. In par-
ticular, the values of the volume thermal expansion
coefficients (TECs) of the reduced and oxidized
SryFeqO5. 5 are very similar (Table 3). Notice that the
volume TECs (f) are related to the linear thermal
expansion coefficients as f~a, + oy, + o; in case of aver-
age linear TEC (), this approximate ratio is f~3a. It
should also be mentioned that the reduction of stron-
tium ferrite is accompanied by increasing the distance
between apical oxygen ions sited in octahedra of the
perovskite-type layer; this may suggest that Fe?" cations
formed due to decreasing oxygen content are mainly
located in the perovskite slabs.

At higher temperatures, variation in oxygen content
in SryFeq015. 5 ceramics results in a greater difference of
thermal expansion coefficients (Table 4). In particular,
changing the atmosphere from atmospheric air to N»-H,
mixture leads to an increase in the average TEC from
10.8x10°° to 13.2x10 ® K''. The higher thermal expan-
sion in reducing atmosphere is obviously related to the
higher oxygen vacancy concentration (for instance, [27]).
Nevertheless, the TECs of SryFeqO13 . 5 are considerably
lower than that of perovskite-type phases based on
SrFeOs_; [19, 20]. This is in agreement with the obser-
vation [25] that increasing the ratio between perovskite
and non-perovskite layers in intergrowth perovskite-
related compounds increases their thermal expansion.



220

Fig. 3A-D Observed, calculated,
and difference: A,C X-ray;

B,D necutron diffraction

patterns of the reduced (rop) and
oxidized SryFeO34+5
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Table 1 The results of structural refinement of SryFesO,3 . 5, annealed in different atmospheres

Treatment Lattice parameters, A Volume, A3
atmosphere
a b c 295 K 3K
295 K 3K 295 K 3K 295 K 3K
0, 11.167(1) 11.146(2) 18.976(1) 18.916(2) 5.5597(7) 5.551409) 1178.1(2) 1170.4(2)
Ar 11.155(2) 18.903(2) 5.5516(9) 1170.6(2)
N, +H, 11.1516(6) 11.134(1) 19.052(1) 18.994(2) 5.5310(3) 5.5200(5) 1175.1(3) 1167.4(2)

Space group Iba2 (45); Z=4; R, (05, 295 K)=0.12; Ry, (05, 295 K)=0.16; R, (N> +Ho, 295 K)=0.13; Ry, (N, +H,, 295 K)=0.17

Table 2 Fractional atomic coordinated in reduced and oxidized SryFeqO ;.45 at room temperature

Atom Reduced Oxidized
X y z X y z

Srl 0.3717(17) 0.3390(9) 0.7955(5) 0.3754(11) 0.3418(9) 0.9230(5)
Sr2 0.3740(19) 0.1565(8) 0.7835(4) 0.3650(10) 0.1588(9) 0.9167(5)
Fel 0.1305(14) 0.0404(10) 0.7997(4) 0.1281(14) 0.0385(11) 0.9639(5)
Fe2 0.1186(11) 0.4563(11) 0.8109(4) 0.1316(14) 0.4528(14) 0.0068(4)
Fe3 0.1241(17) 0.2465(11) 0.7996(6) 0.1241(13) 0.2519(12) 0.9406(4)
(0) 0.139(3) 0.134(2) 0.802(2) 0.120(5) 0.135(2) 0.934(2)
02 0.125(3) 0.362(2) 0.783(1) 0.124(4) 0.360(2) 0.931(1)
03 0.003(4) 0.250(3) 0.059(1) 0.005(4) 0.249(3) 0.171(2)
04 0.248(4) 0.251(3) 0.056(1) 0.250(6) 0.250(3) 0.183(2)
05 0.204(3) 0.032(2) 0.160(3) 0.210(6) 0.029(2) 0.273(3)
06 0.423(3) 0.045(2) 0.679(3) 0.423(7) 0.040(2) 0.857(3)
o7 0.5 0.5 0.533(3) 0.5 0.5 0.750(3)

8000 T T T T Table 3 Average thermal expansion coefficients (TECs) of
Sr4FeqO3.5 at 3-295 K, estimated from the neutron diffraction
data
Material ~ a,x10%, K" opx10%, K ax10%, K" px10%, K

- Reduced 5.4 10.5 6.8 22.6
é Oxidized 6.4 10.9 5.1 22.5
>
§ o4, o are o, are the coefficients of linear thermal expansion along a,
- b and c axes, respectively. f is the coefficient of volume thermal
& 4000 expansion, related to the average linear TEC by the approximate
S ratio f=3u
)=
Table 4 Average thermal expansion coefficients of SryFesO13. 5 at
770-1100 K, estimated from the dilatometric data
Atmosphere ax10°, K
Air 10.8+0.2
0 N, 11.4+0.4
10 20 30 40 N>+H, (2% H,) 13.2+0.3
20, °

Fig. 4 The increase in the extra peaks intensity on cooling along
with the constant intensity of structure peaks, indicating their
magnetic nature

Oxygen permeability

Figure SA shows the dependencies of steady oxygen
permeation fluxes through two SryFegO3. s membranes
with different thickness on the oxygen chemical potential
gradient; the corresponding values of the specific oxygen

permeability are given in Fig. 5B. It should be noted
that the obtained permeation fluxes are quite close to the
data of Manthiram et al. [7, 8]. The difference between
J(O,) values is insignificant within the experimental
error limits (Fig. 5B), suggesting that the integral form
of the Wagner equation is observed and the effect of the
surface exchange on permeation is negligible. Thus,
when the membrane thickness is higher than 0.6 mm, the
oxygen transport through SryFesO;5. s ceramics mem-
branes is limited by the bulk ambipolar conductivity.
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Fig. 5A,B Dependence of: A the oxygen permeation flux density; B
specific oxygen permeability of SryFesO;3.s membranes on the
oxygen partial pressure gradient at 1173 K

This makes it possible to calculate the ion transference
numbers and ionic conductivity from the permeation
and total conductivity data (Eq. 2).

Figure 6 presents the data on oxygen permeability at
several oxygen partial pressures, fixed at the membrane
feed or permeate side. The curves in Fig. 6 are related to
the same driving force for the oxygen transport, ex-
pressed as log(p,/pi1); the observed variations in the
permeation fluxes are therefore caused by the changes of
the ambipolar conductivity. When the oxygen pressure
gradients are large enough, oxygen permeation and
ambipolar conductivity both increase with decreasing
average oxygen chemical potential. At small driving
forces, greater permeability is observed at higher p(O,)
values. However, in the latter case the observed behavior
may partially result from the experimental error asso-
ciated with extremely small values of the permeation
fluxes. In particular, one possible reason for such phe-
nomena could be related to a pseudo-steady oxygen
desorption by the sample, which may act as an oxygen
capacity.

Ionic conductivity
Calculation of ion transference numbers (t,) from the

permeation and total conductivity data was carried out
using the relationships (see Eq. 2)
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Fig. 6 Dependence of the oxygen permeation flux density through
SryFeq013.. 5 membrane on the oxygen partial pressure gradient at
1173 K and fixed permeate-side or feed-side oxygen pressure
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The total conductivity values used for the calcula-
tions are listed in Table 5; detailed data on the total
conductivity of SryFecO13.5 as a function of oxygen
pressure are found elsewhere [12]. For the calculations,
only the oxygen permeation data corresponding to the
values of log(p,/p;) less than 0.5 were selected.

The ion transference numbers and oxygen ionic
conductivity of SryFeqO3.5 at 1173 K are presented in
Fig. 2. The ionic conductivity increases with reducing
oxygen pressure, indicating that, for the studied p(O,)
range, the vacancy migration mechanism provides a
greater contribution to ionic transport. This behavior
and the decrease of p-type electronic conductivity,
typical for SryFeqO;3.5 in oxidizing conditions [12],
result in the increase of the ion transference numbers
from 2.5x10* to 1.9x10° when the oxygen pressure
decreases from 1.01x10° to 10 Pa. The transference
numbers obtained in this work are considerably less with

Table 5 Total electrical conductivity of SryFeqO;3.5 at 1173 K at
various oxygen partial pressures

p(0y), Pa g, S/cm
1.01x10° 1.19
2.1x10* Pa 0.87
10.1 0.32
1x1077 2.88




respect to the data by Ma and Balachandran [4] on
SryFe Co,0, ceramics, for which the t, values in air
were reported as high as 0.4-0.5 at 870-1270 K. How-
ever, the results of Faradaic efficiency tests confirmed
that the oxygen ion transference numbers of
Sr,Feq01345 do not exceed 2x1073. Also, the e.m.f. of
oxygen concentration cells with SryFeqO;3.5 mem-
branes was found negligible, suggesting a very low ionic
contribution to the total conductivity.

Final comments

The neutron diffraction studies of oxygen-deficient
SryFeq05_5 showed that oxygen vacancies are located in
the Fe,0, 5s_s layers consisting of iron-oxygen pohyhedra
where the iron cations have distorted tetragonal
pyramidal and trigonal bipyramidal coordination; the
perovskite layer consisting of FeOg octahedra remains
essentially unchanged under variations of oxygen pres-
sure. Therewith, the contribution of oxygen vacancy
migration to the total ionic transport seems to be pre-
dominant, at least, at oxygen pressures below 10° Pa. In
contrast to disordered perovskite-type phases, the
diffusion by the vacancy mechanism in the lattice of
SryFeqO(5.5 should be anisotropic; structural consid-
eration of the diffusion pathways allows one to expect a
faster transport along the ¢ axis. In addition, contrary to
disordered perovskites, only part of the lattice oxygen
takes part in the ionic conduction. These factors as well
as a random grain orientation in SryFesO;3. 5 ceramics
result in the very low ionic conductivity of intergrowth
strontium ferrite.

Another necessary comment is that the obtained
results show a predominant role of the vacancy migra-
tion mechanism in the ionic transport at p(O,) < 10° Pa,
but an increase in the oxygen pressure may cause a
greater role of the oxygen interstitial diffusion. Indeed,
under the small oxygen chemical potential gradients,
oxygen permeation flux through SryFesO;3_s membrane
at p,=1.01x10° Pa is higher than that at p,=2.1x10* Pa
(Fig. 6). In both these cases, further increase in the
driving force is associated with lower average oxygen
chemical potential gradient along the membrane, when
the contribution of the vacancy mechanism increases.
Hence, more detailed studies of ionic transport at
p(0,) > 10° Pa should be performed in order to reveal
the role of oxygen interstitials.

Finally, the SryFesO;3. 5 phase is stable over a wide
range of oxygen partial pressures and exhibits relatively
low thermal expansion, which might be of interest for
high-temperature electrochemical devices. However,
both ionic and electronic conductivities of SryFecOq34 5
are low. The oxygen permeability of SryFesOi3.s
ceramics is less with respect to the most permeable
SrFeO; 5~ and SrCoO; s-based materials by 10°-10*
times (for instance [18, 19, 20]). Therefore, application of
Sr4FesO(53. 5 in high-temperature electrochemical cells
without appropriate modifications is very problematic.
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One possible method to enhance the ionic conductivity
may refer to texturing of the ceramic material in order to
achieve preferential grain orientation.

Conclusions

Single-phase intergrowth strontium ferrite SryFesOq34 5
was prepared by standard ceramic synthesis technique.
Oxygen-deficient, approximately stoichiometric and
oxygen hyperstoichiometric SryFecO3.5 samples were
obtained by thermal treatments in different atmospheres
and studied by X-ray and neutron powder diffraction.
For oxygen-deficient SryFeqO;3_5, oxygen vacancies
were found to be located in the non-perovskite layers
consisting of oxygen-iron tetragonal pyramids and
trigonal bipyramids. On reduction, the unit cell param-
eter perpendicular to the perovskite layers increases,
whilst two others decrease. Thermal expansion of both
reduced and hyperstoichiometric SryFesO;;3. 5 has pro-
nounced anisotropic character. This results in a mod-
erate chemically-induced and thermal expansion of
Sr4FeqO15. 5 lattice as compared to the perovskite-type
strontium ferrite. The thermal expansion coefficients of
Sr4FecOq3. 5 ceramics at 770-1100 K, calculated from
the dilatometric data in oxidizing and reducing
atmospheres, vary in the range (10.8-13.2)x10° K.
Oxygen permeation through dense SryFeqO3.s mem-
branes with thickness higher than 0.6 mm is limited by
the bulk ambipolar conductivity. At 1173 K and oxygen
partial pressures from 10 to 1.01x10° Pa, ionic conduc-
tion in the intergrowth strontium ferrite increases with
reducing oxygen pressure, indicating that the vacancy
migration mechanism provides a greater contribution to
ionic transport in comparison with oxygen interstitial
diffusion. The ion transference numbers increase from
2.5x107* to 1.9x10° when the oxygen pressure decreases
from 1x10° to 10 Pa.
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