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Oxygen semi-permeation properties of La; ,SryFeO3 ; perovskite membranes

under high oxygen gradient

E. Deronzier®, T. Chartier®, P.-M. Geffroy?®

® IRCER, CNRS, Université de Limoges, CEC, 12 Rue Atlantis, 87068 Limoges, France

Abstract

This work is focused on the evaluation of oxygen semi-permeation performances under high
oxygen gradient of free cobalt perovskite membrane materials, La;.xSrxFeQOs.5 perovskite. The
best electrochemical performances were obtained for Lag3Sro7FeQOs.s perovskite membrane
with oxygen fluxes of 1.7 10 mol.m?.s at 900°C. For a better understanding of oxygen
transport through La;«SriFeOs.; perovskite membranes, the oxygen diffusion, oxygen
incorporation and desorption coefficients were determined under high oxygen gradient in
relation to the temperature for La;«SrxFeOs.s (with x = 0.1, 0.3, 0.5, and 0.7) by a specific
method based on oxygen semi-permeation (FIG. 6a). The values of these coefficients are

discussed and compared with the data reported in the literature.

Keywords: LSF perovskite, oxygen diffusion, oxygen desorption coefficient.

1. Introduction
Currently, pure oxygen is industrially produced by cryogenic process. However, this
process involves a high energy consumption for the separation and the production of oxygen.

In order to develop a more economical process, research has focused, for several decades, on
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the development of oxygen transport membranes for the pure oxygen production. The
technology of oxygen transport membrane is based on the oxygen semi-permeation
phenomenon, which occurs through the ceramic membrane at high temperature and under
oxygen gradient between the both faces of the membrane. However, the membrane materials
must have high ionic and electronic conductivities, which is usually called mixed ionic and
electronic conductors (MIEC). Electrochemical and mechanical performances of numerous
MIEC have also been studied during this last decade. Among these materials,
Bao5Sr05C00gFe0 2035 (BSCF) * #° * and LayxSrxCoyyFe,0z5 (LSCF) ° ® 7 ® are promising
membrane materials and have been widely cited in the literature. However, these materials
contain cobalt, which is toxic and can precipitate during sintering at high temperature. Indeed,
the surface of BSCF and LSCF samples sintered at 1150°C shows a secondary phase
exclusively located at grain boundary at the sample surface, which decreases the ionic and
electronic conductivities of the membrane material °. Thus, the research is currently
interesting in the development of more stable materials without cobalt, containing lanthanum
and iron by substituting Fe with a judicious cation in the B site like Al *°, Cr !, Ga 1?3, Ta ,
Ti *° *°. For instance, the oxygen flux is about 0.12 10? ml.cm?.min™ (8.5 10 mol.m?2.s™) at
900°C through a 1 mm thick LagsSrosFeq7Gap303.5 dense membrane under an air/Ar gradient
7 Park et al. > have reported a similar oxygen flux of 0.11 102 ml.cmZmin™ (8 10 mol.m’
25!y at 900°C with a LapgSrosFeosTio20s5 dense membrane under an air/He gradient.
Gurauskis et al. * have reported a very high oxygen flux of 4.2 ml.cm®min™ (3.1 10% mol.m’
25!y at 900°C for a very thin (20 pm) dense Lay,SrosFeosTag203.s membrane under an
air/Ar-O,-H, gradient. However, La;SrxFeOs.s materials (LSF) have suitable mechanical
properties and high electronic and ionic conductivities then, can therefore be used as dense
membrane. Electronic and ionic conduction properties of LSF materials have been extensively

reported, for instance in the following references *® 1 2 2! Bucher et al. *® have reported an



electronic conductivity of 60 S.cm™ at 900°C for Lag4SroFe0s.; material under an oxygen
partial pressure of 0.21 atm. The electronic conductivity decreases with decreasing oxygen
partial pressure and increasing temperature above 400°C. The electronic conductivity also
decreases significantly with increasing concentration of oxygen vacancies (i.e. with increasing
strontium content in the material composition). Patrakeev et al. ° have reported an ionic
conductivity of 0.366 S.cm™ at 900°C for LagsSrosFeOss material. This conductivity
increases with the strontium content until x = 0.5, then decreases when x > 0.5. Some studies
reported the oxygen semi-permeation properties of Lay.SryFeOs.; materials (LSF) %2 %3 24,

Although the conduction properties of LSF materials have been widely published, this work
aims to give a better understanding of electrochemical performances of LSF membranes. In
this respect, a particular attention is given to the accurate determination of oxygen bulk
diffusion and surface exchange coefficients for LSF material series, obtained via a specific

semi-permeation method. The originality of this work is the determination of oxygen

desorption and incorporation coefficients for La;xSrxFeOs.s material series.

2. Experimental part
2.1. LSF membrane samples

The LSF perovskite powders were synthesized by the citrate method and prepared from
pure precursors of nitrate, i.e., La(NO3)3.6H,0 (99.9%, Alfa Aesar), Sr(NO3), (99.0% min,
Alfa Aesar) and Fe(NO3)3.9H,O (98+%, Alfa Aesar). This synthesis was detailed in a
previous study *°. After synthesis, these powders were calcined at 1100°C for 5 h to obtain the
perovskite phase. The calcined perovskite powders were attrition-milled for 5 h in ethanol at
1100 rpm to obtain a suitable granulometry adapted to the tape-casting process with dsp= 0.6
pm. Then, the perovskite powders were treated at 700°C for 30 min to remove the eventual

organic pollution caused during the attrition-milling in a nylon bowl.



The LSF perovskite membranes were manufactured by the tape-casting. The procedure to
obtain the tape was published earlier '’ *2. After solvent evaporation at room temperature,
150-pum-thick green tapes were cut into 30-mm-diameter discs. These discs were stacked and
laminated at 60°C under a pressure of 50 MPa to obtain membranes with a thickness of
approximately 1 mm and diameter of approximately 24 mm after sintering. The green
membranes were heated at 600°C to remove organic components and then sintered in air at
1150-1350°C for 8 hours to reach a relative density higher than 95%. The optimal conditions
of membrane sintering are detailed in Supplementary Material. The relative density of the

sintered membrane samples was measured by Archimedes’s method.

2.2. Characterization of membrane materials

X-ray diffraction analyses at room temperature were carried out on calcined powders with
a D8 advance diffractometer with CuKal. The patterns were recorded in the 10-70° 20 range
with a step of 0.02° and exposure time of 1.1 s per step.

The density of each LSF powder has been measured by helium pycnometer (AccuPyc Il
1340). After sintering, the microstructures of membranes were observed using scanning
electron microscopy (JEOL IT 300 LV).

The oxygen semi-permeation and oxygen electrochemical activities, on both membrane
surfaces, were measured using a home made setup (FIG. 1), as described in previous studies 2°
27 A dense membrane (1 mm thick and 24 mm diameter) was sealed between two alumina
tubes with gold O-rings to obtain an air-tight system. Gas flows are adjusted by flowmeters in
two chambers (synthetic air to the chamber below and argon to the chamber above, see FIG.
1), producing an oxygen partial pressure gradient through the membrane.

Oxygen semi-permeation fluxes are calculated in the temperature range of 600-1000°C from

equation (1), and the oxygen partial pressure in the argon flow inlet (P.i,) and outlet of

chamber (P,) are measured in using YSZ-oxygen sensors.



_ Dar (P2—P3in)
Joo =7 " (1)

Joo: 0xygen flux through the membrane in mol.m?2.s™,

Da: argon flow in 1.s™ (= 3.33 10° 1.s™),

Vm: molar volume of argon in I.mol™ (= 24 I.mol™ at 20°C under 1 atm),

S: apparent membrane surface or membrane section (= 3.14 10 m?),

P,: measured oxygen partial pressure in argon flux outlet of the chamber (in atmosphere),

Pin: OXygen partial pressure in argon flux inlet of the chamber (=107° atm).

In each chamber, a system of microelectrodes consisting of a gold electrode and a zirconia
micro-tip electrode measures the difference of oxygen activities in the gas close to the vicinity
of surface (pO; gs) and at the membrane surface (POz surface), ON €ach face of the membrane
(FIG. 1). Indeed, the system of microelectrodes measures directly the difference of oxygen
chemical potential at the oxygen-rich (Auio2 (S)) and oxygen-lean (Augz (s)) surfaces of the

membrane from the following Nernst relationships (2) and (3):

AIvlioz s) = 4FEgs; (2)

d
Apg, ) = 4FEs; 3

where F is the Faraday constant, E; and Eg, are the electromotive forces of the
microelectrode system at the oxygen-rich and at the oxygen-lean surfaces of the membrane,
respectively.

It is possible to determine the gradient of the oxygen chemical potential through the bulk of

the membrane (Apg4%™) from the following relationship (4):



P

Apda® = Aptotat — Apb, — Aug, = RTIn — 4F(Egy + Es) (4)

PO2 (air)

where R is the universal gas constant and T, the temperature (in Kelvin),

Apfl: the gradient of oxygen chemical potential between the two chambers or through the
membrane.

PO (air) - OXygen partial pressure in synthetic air flow outlet the chamber (= 0.21 atms.)
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FIG. 1: Experimental setup for the measurement of oxygen fluxes and oxygen activity gradient at the membrane surfaces

3. Results and discussion
3.1. Powder characterization

FIG. 2 shows the X-ray diffraction patterns of the synthetized LSF powders. Only main

pics have been indexed in FIG. 2. Lag;SrooFeOs.s powder (LSF19) has a perovskite phase



with a cubic structure and a secondary phase with a tetragonal structure. The diffraction
pattern of Lag3Sro7FeOss (LSF37) shows a pure perovskite phase with a cubic structure.
LagsSrosFeOs.; (LSF55) powder has a pure perovskite phase with a rhombohedral structure,
while the diffraction patterns of Lag7SrosFeOs.s (LSF73), LagoSroi1FeOs.s (LSF91) and
LaFeOs.; (LF) powders show a perovskite phase with an orthorhombic structure without
apparent secondary phase. These results are in good agreement with the literature data % 2% *°,
However, LSF19, LSF37 and LSF73 powders sometimes can show a mixture of two phases (a
maim perovskite phase and a secondary phase). Indeed, according to Dann et al. %, the
diffraction pattern of the LSF73 powder shows the coexistence of two phases while Ten

Elshof et al. *® reported that the LSF73 powder shows a pure perovskite phase (without

secondary phase).

FIG. 2: X-ray diffraction patterns of LSF powders
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The density of each powder has been evaluated. The lower density, 5.37+0.02, is obtained
for LSF19 powder and the higher, 6.46+0.02, is obtained for LF powder. The density of

perovskite powders increased with La content, as expected. Densities are shown in

Supplementary Material.

FIG. 3 shows the different microstructures at the surface of LSF37, LSF55, LSF73 and
LSF91 membranes. Few micro-porosities were present at the membranes surface, which is in
agreement with the relative density of the membrane samples. This residual porosity was
likely linked to residual agglomerates that were present after the milling step °. TABLE 1
shows grain size for LSF membranes. There was no significant impact of strontium content on

grain size of sintered membranes.
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FIG. 3: Micrographies of the membrane surface obtained by SEM for a) LSF37 b) LSF55, ¢) LSF73, and d) LSF91
membranes

TABLE I: Grain size of LSF membranes

Composition Grain size range (um)
Lao’gsroj':eOg_,s 1-35
La0’5sroy5|:903_5 0.5-3
La0’7sroy3|:903_5 0.5-3
Laoygsro‘lFEOQ,.s 0.5-2.5

3.2. Oxygen semi-permeation through LSF membranes under high oxygen gradient
FIG. 4 shows the evolution of oxygen flux versus the temperature for the LSF37, LSF55,
LSF73 and LSF91 membranes. Unfortunately, the mechanical cohesion of LSF19 membranes

is too low for the suitable oxygen semi-permeation measurements. The highest oxygen flux
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was obtained for LSF37 membrane with 1.7 10° mol.m?s™ at 900°C. Kharton et al. **
reported a similar result for a same composition of membrane material. However, the oxygen
flux of our LSF55 membrane is 1.5 times lower than the flux obtained by Kharton et al. *°
(TABLE 2). In the same way, the oxygen fluxes through our LSF73 and LSF91 membranes
were 3-8 times lower than the oxygen fluxes reported by Ten Elshof et al. % for similar
compositions of membrane materials (TABLE 2). These variations of oxygen flux
performances, reported in the literature for a similar material, could be linked to the oxygen
semi-permeation measurement conditions (oxygen partial pressure gradient and measurement
method in particular) and to the microstructure (grain size, surface polishing) of the
membrane material.

For LSF samples, the oxygen flux increased with strontium content (TABLE 2) over the full
temperature range of this study, as expected. These observations are in agreement with results
reported by Kharton et al. °. However, authors reported that the fluxes obtained for a LSF55
membrane became higher than those obtained through a LSF37 membrane above 950°C.
Patrakeev et al. *° reported that, at 900°C, oxygen fluxes obtained through LaggSro.FeOs.s
(LSF82) and LSF19 membranes were similar over the full oxygen partial pressure range used
in the study. Oxygen semi-permeation fluxes through LageSro4FeOss (LSF64) and LSF37
were similar and higher than those obtained from LSF82 and LSF91 membranes. Authors
reported the highest flux for LSF55 membrane *°. Moreover, this work shows oxygen fluxes
through LSF55 membrane were 1.5 times higher than the oxygen fluxes obtained through
LagsSrosFer7Gap30s3.5 (LSFGab5573) et LaggSrosFeosCop203.5 (LSFC06482) with similar

thickness and measurement conditions %°.
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FIG. 4: Temperature dependence of the oxygen semi-permeation fluxes through dense LSF membranes under an air (100

ml.min)/argon (200 ml.min™) gradient

TABLE I1: Oxygen semi-permeation fluxes for LSF, LSFGa5573 and LSFC06482 membranes at 900°C

Material Reference Oxygen seml—pe_l;m_?atlon flux
(mol.m™.s™)

Lag3Sro,FeOss 1.7 107

LagsSrosFeOs.s 1.210°
This work

Lag7SrosFeOs.s 6.2 10"

LageSro:1FeOss 3.310°

Lag 3Sry-FeOss Kharton et al. * 1.910°

LagsSrosFeOss Kharton et al. *° 1.810°

Lag7SrosFeOss 1.6 10°

Ten Elshof et al. %

LagoSro1FeOs.s 2510

LagsSrosFeg7Gag30s.s ) 20 17 8.510™
Guironnet et al.

Lag6Sro4FegsC00203.5 7.310"
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As reported in our previous works % %

, the oxygen diffusion coefficient Dg and the oxygen
incorporation and oxygen desorption coefficients, k; and kq respectively, were evaluated from

the following relationships (5), (6) and (7), respectively:

_ 4RTLJjo,
(o] CoAuglzl.lk

(5)

=2/ oo (3) - e (225 ®

ka = 2o,/ (Co (exp (Lre) — exp (ﬁ;‘))) )

with L: membrane thickness, Jo,: oxygen flux through the membrane, Co: molar oxygen

concentration in the membrane close to the oxygen lean surface, Augglk: gradient of oxygen

chemical potential through the membrane bulk (FIG. 6a), Auioz: gradient of oxygen chemical
potential between the gas at the vicinity of the oxygen rich surface and the membrane bulk
close to the oxygen rich surface (FIG. 6a), Augz: gradient of oxygen chemical potential
between the gas at the vicinity of the oxygen lean surface and the membrane bulk close to the

oxygen lean surface (FIG. 6a), n: exponent coefficient, constant between 0 and 1 (n = 0.5 for

mixed conductors).

TABLE 3 shows the oxygen bulk diffusion coefficients Do (or D*), oxygen incorporation
coefficients ki, and oxygen desorption coefficients ky (or k*) obtained using the oxygen semi-
permeation method (or isotopic exchange method with coefficients noted with *) for La;.
xSrFe03.5 perovskite with and without doping. The Do and D* coefficients were similar for
the LSF91 membranes. The same trend was observed for kg and k* coefficients. However,

these results were obtained from different oxygen partial pressure conditions and slight
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discrepancies between Do and D* (or kg and k*) were mainly due to experimental conditions

used by these two methods. The oxygen incorporation coefficients (k;) are significantly higher

(from 2 to 6 times) than the oxygen desorption coefficients (ky) or k* for each material

studied in this work. These results have been confirmed in other material series in previous

work %. This means that the kinetics of oxygen incorporation reactions are very fast in

comparison to the kinetics of oxygen desorption reactions, as discussed in next section (see

FIG. 6).

TABLE I11: Oxygen bulk diffusion and surface exchange coefficients for LSF, LSFGa5573 and LSFC06482 membranes at

900°C
pO;
at the oxygen ki (or ifl*) Kq (or 5*)
. lean chamber Do (or D*) (cm.s™) (cm.s™)
Material Reference (atm.) or at (cm2s™Y) estimated at | estimated at
condition ' 0.065 atm. 0.065 atm.
measurements fromeq. 13 | fromeq. 13
LagsSrosFeOss 3510° 7 (+2) 107 1'01(8—"_9'5) 5 (+1) 10°
LagsSrosFeOs.; _ 2510° 6 (+2) 10”7 5(+1) 10° | 3(+1)10°
This work
(semi-permeation
method
Lag;SrosFeOq.; ) 1.310° 3(x1) 107 7 (+2) 10° 1'21(5:.9'5)
LageSro1FeOss 7.210° 4 (+1) 10° 1'01%_85) 2(x0.5)10
LagsSrosFey7Gags0s.s _ » =210° 6 (+2) 107 5 (+2) 10° 2 (10;35) 10
Guironnet et al.
(semi-permeation
Lap Sro4FeosC00.205s method) =2510° 1.6 (0.3) 107 8 (+2) 10° | 3(x1)10°
LageSrosFeOs; 6.5 107 (D*) 6 (+1) 107 (k*) 1.2 (+0.5) 10°
Ishigaki et al. *
Lag75Sro25Fe03.5 (isotopic exchange 6.5 10 (D*) 3.4 (x0.5) 10°® (k*) 1.0 (x0.5) 10°®
method)
LagoSroiFeOs; 6.5 10 (D*) 3.2 (x0.5) 10° (k*) 5 (1) 107
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The oxygen exchange coefficients obtained by oxygen isotopic exchange method are close or
same order of magnitude of the coefficient of the oxygen desorption. This result can be
expected because the incorporation reaction of O in the solid oxide during the isotopic
exchange with the solid oxide, as reported in the reaction (8), involves the presence of oxygen
vacancies (or sites to receive the O™ atoms from the gas) in the oxide. In other terms, the
incorporation of O in the solid oxide involves a mechanism including two main steps
working in series: the incorporation of one O in the solid with the consumption of one
oxygen vacancy site, and the desorption of one O from the solid associated to the creation of

one oxygen vacancy site, as reported in reaction (9).

k*
16 1118 1 16
06°s) +392(g) = 302%e) * 00 (5) (8)

(X ] [ ] d (X ]
05°s) 302 + V') 5 > 08s) + 08y + 2h* 52055 + 0 + V5’ (9)

As the oxygen isotopic exchange kinetics are governed by the slower step, in our case the
oxygen desorption reactions, the k* coefficients values by isotopic exchange method are
usually close to the oxygen desorption coefficients (kq, or at the oxygen lean side) obtained by
oxygen semi-permeation method, and lower than the oxygen incorporation coefficients (ki)
obtained by semi-permeation method. This clearly shows one advantage of the semi-
permeation method in comparison the usual isotopic exchange, which makes it possible to
dissociate the oxygen incorporation and desorption coefficients.

From a chemical point of view, reaction (9) can be dissociated to the oxygen incorporation
reaction (10) with the k; coefficient which corresponds to the forward reaction rate per unit

area (called oxygen incorporation coefficient in this work). In the oxygen desorption reaction
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(11), the kqy coefficient corresponds to the reverse reaction rate per unit area (called oxygen

desorption coefficient in this work).

ki .
L] kd o0
OO(S) + 2h* - %OZ (® + VO (s) (11)

The oxygen-semi-permeation measurement, which allows to dissociate and to evaluate the
incorporation and desorption coefficients k; and kg, is carried out with a succession of steady
states at different temperatures, and not in an equilibrium state. These thermodynamic
conditions lead to promote one direction of the reaction of oxygen surface exchanges between
the gas and the oxide surface, in your case the incorporation reaction at the membrane surface
in contact with oxygen rich side and the desorption reaction in contact with oxygen lean side.
Using the semi-permeation method, the ky coefficients of the LSF55 membrane are similar kg
coefficient reported for LSFGa5573 and LSFC06482 materials. Moreover, this kq coefficient
and the Do coefficient increased significantly with the Sr content in LSF materials. These
observations are in agreement with those reported by Ishigaki et al. 24 for LagoSroiFe0s.s,
Lag 75Sr0.25F€03.5 and Lag gSrp 4FeO3.5 membranes.

The Do coefficient of LSF55 sample was similar to the one obtained for LSFGa5573
membrane and was higher than the one obtained for LSFC06482. Thus, electrochemical
performances of LSF55 membrane should be likely similar than those of LSFGa5573 and

LSFC06482 membranes.

FIG. 5 shows the Arrhenius plots of oxygen semi-permeation fluxes versus 1/T (T:
absolute temperature in K) for LSF membranes. The slope of the Arrhenius plot allows to

evaluate the activation energy (E,) of the mechanism limiting oxygen transport through the
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membrane (TABLE 4). This rate determining step can depend on temperature. In the case of

LSF materials, the Arrhenius plots show only one slope over the full temperature range used

in this study (600-950°C), suggesting the same rate determining step at high and low

temperature.

1/T(KY)
0.00080 0.00085 0.00090 0.00095 0.00100 0.00105 0.00110 0.00115
-5 } ¥ + t t + |
® 1 %32 120 kl.mol* " LSF37
T e LSF55
= 7 ‘:. n
w o Sm LSF73
~° Y 5
E i Pt 4 * LSFO1
5 -8 °. "=
E "‘ll = '1
= - ; \'\.. Rt N
o 9 150 kJ.mol- o > 5
1;" ".\ ».\." a
= - S~
- - B
10 4 \-«,‘ U N
» w.m
e - L ~e '
- ., 140 kJ.mol?
11 ..\‘.‘-»’ * TS : e
145 kJ.moll = ~ ~
-12 1+ | I I I f i —
950 900 850 800 750 700 650 600
T(C)

FIG. 5: Arrhenius plots of oxygen fluxes versus 1/T for LSF37, LSF55, LSF73 and LSF91 membranes

At 900°C, the profile of the oxygen chemical potential through LSF membranes reported on

the FIG. 6 clearly shows a large gradient of oxygen chemical potential at the oxygen lean

membrane surface, which suggests that the oxygen permeability is mainly governed by the

oxygen desorption kinetics at high and low temperature, as expected.

17



Mo einy b * ﬂ‘phztsj o 1 - x"':"—;-_\_\___‘__\_\_\_\_h_
. ~ T
10 o e
ApPulk 1 s
1 Ho, 20 | ~o |
=20 ~o |
] : 4
-30 = 304 1
T 7 s |
: 5 0] ‘
3 .4o- 2 40 ~ - m- - LSF37 P -
g g 4 — & ISF55 ——
3 < 504 LSF73
Aud 1 - LSFO1 |
T F 02(s) |
60 - -60 1 :
4 b |
4 |
09 air Membrane Argon 70 Air Membrane | Argon
- . |
8o :l.lo . .80 ————e
a) 2(Argomn) b)
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0

However, Tsipis et al. *° reported that the oxygen semi-permeation flux through LSF55

membrane is governed by both oxygen bulk diffusion and exchange kinetics. Kharton et al. 3

also reported the same observation for LSF37 membrane. The main reason of this slight
discrepency is that the surface roughness, a low amount of secondary phase or chemical
contamination at the surface *’ can strongly affect the kinetics of oxygen surface exchanges.
Then, the rate determining step of oxygen transport through LSF membranes can be affected
by the elaboration method and the surface preparation of the membrane material.

Addition of a doping element in the membrane composition can lead to a different rate

10

determining step. For exemple, Kharton et al. reported that the flux through

Lag5SrosFeooAlp 1035 membrane is mainly governed by bulk diffusion (at high temperature).

0

Tsipis et al. 2 reported the same observation for LagsSrosFepgTio1035 membrane. L.

29

Guironnet showed that the oxygen semi-permeation flux through the LSFGa5573

membrane is governed by the oxygen surface exchange at high temperature.
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TABLE IV: Activation energies of the oxygen semi-permeation flux through LSF, LSFGa5573 and LSFC06482 membranes

Material Reference E, (650°C-850°C) E. (850°C-1050°C)
LagsSro-FeOs.; 120 kJ.mol™ 120 kJ.mol™*
LagsSrosFeOs.s 140 kJ.mol™ 140 kJ.mol™

This work
Lag-SrosFeOss 150 kJ.mol™ 150 kJ.mol™
LagoSro1FeOs.; - 145 kJ.mol™
LageSro4FeOs.; - 173 (x11) kd.mol™*
Lag 7Sro3Fe03.; - 206 (+12) kd.mol™*
Ten Elshof et al. %
LaosSro2FeOs.; - 199 (+18) kd.mol™*
LagoSro1FeOs; - 178 (+7) kd.mol™*
LaosSrosFes7Gags0ss 148 kJ.mol™ 123 kJ.mol™
Guironnet et al. %°
Lao,esro_;;':eO_gCOo.zOg_a 128 kJ.mOl-l 117 k.].mOl-1

The activation energies were similar for these four LSF membranes and there was no
significant impact of strontium content on the activation energies of oxygen transport
mechanisms. These observations are in agreement with those reported by Ten Elshof et al. %,
However, activation energies obtained in this work for LSF91, LSF73 and LSF55 were lower
than those obtained by Ten Elshof et al. % for similar or close compositions of membrane
material (TABLE 4). The activation energy obtained through LSF55 membrane was slightly
higher than those of LSFGa5573 and LSFC06482 membranes at high temperature.

The values of activation energy reported in this work and by Ten Elshof et al. %

are likely
affected by a systematic overestimation of the energy activation due to working conditions
imposed by the oxygen semi-permeation method. This overestimation corresponds to an
additional contribution linked to the pO, dependence on the kinetics of oxygen surface

exchanges (in our case, mainly kqy) or on the oxygen bulk diffusion. The oxygen semi-

permeation measurement under a large gradient of oxygen activity leads to a large variation of
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pO; in the permeate chamber (oxygen lean chamber) in relation to the working conditions,
then to the variation of kj, kq and to a lesser extent Do.

In the case of a flux mainly governed by the oxygen desorption reactions, this overestimation

E(POZ)

of the activation energy AE; can be evaluated from equation (12) as following:

AEPOD

kq (0O, (1))

ka oy 2y

= RIn——=29/(1/T, - 1/T,) (12)

pO, (): equivalent oxygen partial pressure at the membrane surface in the oxygen lean
chamber at T
PO, (»: equivalent oxygen partial pressure at the membrane surface in the oxygen lean
chamber at T,

Kd (p0, 1) coefficient of oxygen desorption at pO, (1) and at Ty

Kd (p0, ()" coefficient of oxygen desorption at pO, (» and at T,

It assumes here that the pO, dependence on kqy can be expressed as following:

kg = kq° (pO2/p02°)" (13)

where kq° is the surface exchange coefficient at the reference oxygen partial pressure, usually
p0O,° = 0.21 atm., n is the power law parameter related to the electronic defect concentration
in these materials, i.e. 0.4-0.5 for electron-rich mixed conductors (e.g. LaggSro2MnOs.;,

Lao 6Sr0.4Fe0sC00203.5 and Lag 3Sro.7C003.5 perovskites) 3 3t 32,

From equation (13), the equation (12) can be simplified as following:

0} 02(1
AEPO? = nR InE22/(1/1T, — 1/Ty) (14)

The working conditions used by Ten Elshof et al. % lead to a large variation of pO, and then,
according to eq. (14), to a significant overestimation of the activation energy, estimated to 30-

70 kJ.mol™ (resp. 5-30 kJ.mol™ in this work). The overestimation of E, linked to the pO,
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variation during the oxygen semi-permeation measurements is never clearly mentioned in the

literature, although AE;pOZ)may be significant, estimated here to 5-30 kJ.mol™.
Then, the apparent discrepancy observed in the literature between the values of activation
energy obtained by isotopic and oxygen semi-permeation methods could be directly attributed

to the working conditions of the oxygen semi-permeation method.

4. Conclusion

The oxygen flux through LSF membranes increases with strontium content in LSF
materials. Both the oxygen bulk diffusion and surface exchange coefficients increase with
strontium content. The oxygen semi-permeation fluxes of LSF membranes (1 mm thick) are
mainly governed by the oxygen desorption kinetics between 600 to 950°C.

The highest oxygen semi-permeation flux was obtained through LSF37 membrane with 1.7
10 mol.m?.s™ at 900°C. However, the LSF37 or LSF membranes with x>0.7 show too low
mechanical properties for oxygen semi-permeation measurements or for the eventual
industrial applications as oxygen transport membranes.

Among materials studied in this work, the LSF55 material constitutes the better compromise
between electrochemical and mechanical properties. In particular, the LSF55 membrane has a
Do coefficient close or higher than those of LSFGa5573 and LSFC06482 membranes and a
similar or slightly higher kq coefficient. In this respect, LSF55 material could be one of
promising materials for oxygen transport membranes or electrode materials in SOFC
applications.

The semi-permeation method corresponds to a very efficient method to dissociate the oxygen
incorporation and desorption coefficients, which is a potential advantage for the study of
oxygen transport in the oxide materials in comparison to the usual isotopic exchange method.

Nevertheless, the surface exchange coefficient, k*, measured by isotopic exchange is usually
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very close to oxygen desorption coefficient obtained by oxygen semi-pemeation method.
Indeed, the isotopic oxygen incorporation in the oxide involves a two main steps mechanism
with the creation and comsumption of oxygen vacancies, corresponding to the desorption step
of O and the incorporation step of O, respectivley. The kinetics of oxygen incorporation in
the solid is mainly governed by the slower step, corresponding to the oxygen desorption step
in the gas from the oxide.

The difference of activation energy (typically 30-70 kJ.mol™), reported in the literature,
between the values obtained by isotopic exchange and oxygen semi-permeation methods
could be directly attributed to the large gradient of oxygen activity imposed in the oxygen

semi-permeation method.
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FIG. 1: Experimental setup for the measurement of oxygen fluxes and oxygen activity gradient at the membrane
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