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Abstract

This work is focused on the evaluation of oxygen semi-permeation performances of free
cobalt perovskite membrane materials, Ba;«SrxFeOs3_s perovskites. A wide range of Ba and Sr
contents were studied. The best performances were obtained for BagoSro1FeOs.s perovskite
membranes with oxygen fluxes of 4.1 10 mol.m?.s™ at 850°C. For a better understanding of
the rate determining step of oxygen transport through Ba;.xSr«FeO3.s perovskite membranes,
the oxygen diffusion and oxygen desorption coefficients were determined for Ba;xSrFeOs.;
perovskite membranes (with x = 0.1, 0.5, and 0.7) by a specific method based on oxygen

semi-permeation.

Keywords: oxygen semi-permeation, BSF perovskite membrane, oxygen diffusion, oxygen

desorption coefficient.

1. Introduction

For several decades, numerous mixed conductors have been studied as membrane material for
oxygen separation or electrodes for SOFC technology. BagsSrosC0ogFep 2035 (BSCF)
perovskite material is one of the most promising materials as the membrane because it has the
highest oxygen semi-permeation fluxes. The oxygen semi-permeation phenomenon is due to
the mixed conduction (electronic and ionic) in the membrane materials. For instance, Arnold
et al. [1] obtained an oxygen flux of approximately 2.7 ml.cm?.min™ (2.0 102 mol.m?s™) at
875°C through a 1-mm-thick dense membrane under an air/He gradient (feed flow rate 150
ml/min, sweep flow rate 140 ml/min). Buysse et al. [2] found an oxygen flux of 5.3 ml.cm’
2 min? (3.9 102 mol.m?s™) with BSCF hollow fibre at 950°C under an air/Ar (feed flow rate
100 ml/min, sweep flow rate 125 ml/min). The fibre shows an outer diameter of about

3.5mm, and a wall thickness of about 0.4mm. However, this material contains cobalt, which



is harmful and precipitates during sintering of BSCF material at a high temperature. Indeed,
the surface of samples sintered at 1150°C shows a secondary phase that is exclusively located
at the grain boundary, which constitutes a triple point between two grains and the gas phase
[3]. Moreover, this material is not stable at high temperature and under low oxygen partial
pressures. Arnold et al. [1] also reported a decomposition of perovskite structure into
carbonates and oxides after exposition (some hours) under CO..

Thus, numerous works in the literature suggest the improvement of the chemical stability of
BSCF perovskite at high temperature by substituting Co with a judicious cation in the B site:
(Bao.5Sro5)(CopsFeo2)1-22r,03-5 [4], BapsSros(CoosFeo2)1—xNbxOs—s [5] BaosSrosCoogFeo.-
xYxO3.5[6. 7], BagsSrosC0o.s-x\WxFe.203.5 [8] BagsSrosCoosxM0oxFep203.5 [9]. Curiously, only
few studies reported the oxygen semi-permeation properties of BagsSrosFeOss material
(denoted BSF55 in this work) or Ba;xSr«FeO3.s materials (denoted BSF in this work). Indeed,
we suggest that BSF materials present a higher tolerance towards CO, compared to BSCF
material when the barium rate in BSF materials is lower or equal to 50%. Moreover, Jaiswal
et al. [10] have recently shown that 1-mm-thick Ba;xSrxFeOs.5 (X = 0, 0.04, 0.06, 0.08, 0.1, 1)
membranes show high oxygen permeation fluxes under an air/Ar gradient (feed flow rate 400
ml/min, sweep flow rate 40 ml/min).. Teraoka et al. [11] have also reported high oxygen
permeation fluxes (3.0 cm*(STP).cm™?.min™ or 2.2 102 mol.m?s™ at 900°C) though a 1-mm-

thick Bag 3Sro7FeO3.s membrane under an air/He gradient.

In this context, this work is focused on the study of oxygen permeation properties of Ba;.
xSrFe03.s materials with a large ratio of Ba substitution by Sr (with x ranging from 0 to 1).
The synthesis and sintering of mixed conductor Ba;«SrkFeOs5 (x =0, 0.1, 0.2, ..., 0.9, 1) are
presented. The optimization of sintering conditions is essential to obtain dense membranes
without cracks with a relative density higher than 95%, required for oxygen semi-permeation
measurements. Indeed, in the literature, the sintered membrane samples showed a lower
relative density (for instance, 90-94% [5 12 13]), which can lead to non-representative high
oxygen semi-permeation. Besides, the semi-permeation performances of the membrane can be
largely affected by the conditions of semi-permeation measurements [14] (thickness, gradient

of oxygen partial pressure, flow of gas in the chamber, etc...).

Then, the interest of study is to measure directly oxygen bulk diffusion and surface exchange
coefficients from oxygen permeation fluxes, which can also be compared with data collected

in our previous works or in the literature for similar membrane materials. This approach



allows to compare more rigorously the real performances of Ba;xSrxFeOs.s perovskite
materials with other membrane materials, and it leads to an identification of the rate
determining step of oxygen transport in relation with the nature of membrane materials. Table

1 shows the material acronyms of the membrane materials studied in this work.

Table 1: Composition and acronym of membrane materials, with corresponding color for each material in the figures 2, 5,

10, and 12.
Membrane materials material acronyms Color code
Ba;.,SryFeOs.s BSF -
SrFeOs5 SF Black
Bao3Sro7Fe0s.5 BSF37 Orange
BapsSrosFe0s 5 BSF55 Green
Bap 7Sro3Fe0s 5 BSF73 Red
BapoSro1Fe0s 5 BSF91 Blue
BaFeO3 s BF Purple
Bay5Sr05C008F€0.203.5 BSCF -

2. Experimental part
2.1. BSF membrane samples

The Ba; .« SrFeOs.s (BSF) perovskite powders were synthesized by the citrate method and
prepared from pure precursors of nitrate, i.e., Ba(NOz), (99+%, Alfa Aesar), Sr(NO3), (99.0%
min, Alfa Aesar) and Fe(NO3)3.9H,0 (98+%, Alfa Aesar). The stoichiometric amounts of the
precursors were weighed and dissolved in deionized water under magnetic stirring. Citric acid
was added to the solution with a molar ratio of citric acid and metal cation equal to 1.5:1.
Ammoniac was added to the solution to control the pH, which was fixed at approximately 9.5.
Then, the mixture was heated under stirring at 150°C to obtain a black gel. An ultra-porous
powder was formed after calcination of the black gel at 300-350°C. Finally, this powder was
calcined at 1050°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. The perovskite powders after milling were treated at 850°C for 1 h
to remove the eventual organic phases formed during the attrition-milling in a nylon bowl.

The BSF perovskite membranes were manufactured by the tape-casting process. The
powder was milled in a planetary ball at high speed (260 rpm) for 1 h in an organic solvent (2-
butanone/ethanol) with a dispersant (phosphate ester). Then, a methacrylate binder, Degalan
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5107 (Réhm GmbH), and a plasticizer, phtalate dibutyl, were added to the perovskite
suspension in a planetary ball at low rotation speed (130 rpm) for 12 h. The perovskite
suspension was degased and casted onto a siliconed Mylar® film at 2.40 m.min™ using a
doctor blade. After solvent evaporation at room temperature, the 150-um-thick green tapes
were cut into 30-mm-diameter discs. These discs were stacked and laminated at 50°C under a
pressure of 50 MPa to obtain membranes with a thickness of 1.30 mm and diameter of 24 mm
after sintering. The green membranes were heated at 600°C to remove organic agents and
then sintered to obtain a relative density higher than 95%. Table 2 shows the sintering
conditions of the Baj. SrkFeO3z.s membrane samples. The study of sintering conditions is
presented in section 3.2. Unfortunately, BSF73 perovskite material exhibited very low
mechanical properties under air and nitrogen, and the oxygen semi-permeation under an
air/argon gradient of BSF73 membranes could not be characterized in this work. Moreover, it
was not possible to obtain cohesive Ba;.x SrxFeOs.s F membranes for a range of compositions
with x>0.7 (with X, the strontium rate). Therefore, oxygen semi-permeation performances
were only measured for BSF37, BSF55 and BSF91 membranes. The relative density of the

sintered membranes was measured by Archimedes’ method.

Table 2: Sintering conditions of BSF membranes

Sintering conditions Relative
Composition — - - )
Atmosphere | Sintering Heating/cooling | Dwell time | density
temperature rate
BSF37 Air 1100°C 1°C/min 5h 97%
BSF55 Air 1060°C 1°C/min 5h 96%
BSF73 Nitrogen 925°C 3°C/min 1h 99%
BSF91 Air 1140°C 1°C/min 5h 97%

2.2. Characterization of membrane materials

X-ray diffraction analysis at room temperature were carried out on calcined powders with a
D8 advance diffractometer with CuKal, and the patterns were recorded in the 10-70° 26
range with a step of 0.02° and exposure time of 1.1 s per step. The in situ evolution of

Bay 7Sro3Fe0s.5s (BSF73) perovskite structure was studied as a function of temperature in the



same conditions with an Anton Paar HTK1200N furnace. The heating and cooling rate was
5°C/min.

The powder was observed by scanning electron microscopy (SEM) field emission gun
(LEO 1530 VP, Zeiss) to estimate the grain size. After sintering, the microstructure of the
membranes was studied using scanning electron microscopy (JEOL IT 300 LV). The
chemical compositions of Bag 3Srp7FeQOs.5, Bag sSrosFe03.s and Bag oSro1FeO3.s powders have
been determined by ICP-AES, and the density of each powder has been measured by helium
pycnometer (AccuPyc 11 1340).

The sintering behaviour of BSF membranes was studied on pressed samples with a
diameter of 10 mm using a dilatometer (TMA setsys 1600, Setaram instrumentation) from
room temperature to 1200°C under air and nitrogen. The heating and cooling rate was
5°C/min.

2.3. Oxygen semi-permeation through BSF membranes

Fig. 1 shows the specific experimental setup used to measure oxygen semi-permeation
fluxes and oxygen activities on both membrane surfaces [15 16]. The membrane was sealed
between two alumina tubes using gold rings at 960°C. The membrane was exposed to an
oxygen partial pressures gradient: the feed side of the membrane (chamber 1) was flushed
with an air flow of 100 ml/min, and the permeate side (chamber 2) was flushed with an argon
flow of 200 ml/min. The oxygen partial pressures gradient through the membrane is the
driving force for oxygen diffusion: oxygen migrates through the membrane from the feed side
to the permeate side, while an electron flux moves in the opposite direction to preserve the
electro-neutrality of the system. The third chamber was flushed with an argon flow to prevent
eventual oxygen leakages. Between 600°C and 850°C, oxygen content in gas inlet and outlet
(chamber 2) was measured using YSZ-oxygen sensors. These sensors provide an
electromotive force that allows the determination of oxygen partial pressures from Nernst’s
law [15]. Thus, oxygen semi-permeation fluxes though the membrane sample is evaluated
from oxygen partial pressures in the argon inlet and outlet. In both chambers 1 and 2, a system
of microelectrodes, consisting of a gold electrode and zirconia point electrode, allows to
measure the oxygen activities gradient between the gas and the membrane surface on both

sides of the membrane.
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Fig. 1: Experimental setup for the measurement of oxygen fluxes and oxygen activities at the membrane surfaces

3. Results and discussion
3.1. Powder characterization
Fig. 2 shows the X-ray diffraction patterns of the synthesized BSF powders. BaFeOs s
powder (BF) has a perovskite phase of a rhombohedral structure and a secondary phase of an
orthorhombic structure. However, Zhu et al. [17] have reported a hexagonal structure for
BaFeOg3.s, but the material can exhibit different structures depending on the synthesis mode

and the thermal treatment conditions of the powder [18]. The diffraction pattern of



Bag oSro1FeOs.s (BSFI1) shows a perovskite phase of cubic structure with a secondary phase
of an orthorhombic structure, while the diffraction patterns of Bagy;Sro3FeOs.s (BSF73),
Bay 5SrosFe0s.5 (BSF55) and Bag 3Sro 7FeOs.s (BSF37) powders show a pure perovskite phase
with a cubic structure. These results are in good agreement with the data reported by Jaiswal
et al. [18 for BSF materials. Nevertheless, the SrFeO3; powder shows a tetragonal structure
(pseudo-cubic structure), while Jaiswal et al. [18] have reported a cubic structure for SrFeO;
perovskite.

The lattice parameter (a) was determined by FullProf software using the Lebail method and
plotted as a function of the strontium amount x in Fig. 3 for cubic and tetragonal (pseudo-
cubic) structures. The lattice parameter decreases linearly with the strontium amount, which is
in good agreement with the work reported by Jaiswal et al. [18]. However, the lattice
parameter values obtained in this work for x = 0.8 and 0.9 are smaller than those obtained by
Jaiswal et al. [18] for similar material compositions, potentially due to the variation of the
oxygen understoichiometry in the perovskite structure. This phenomenon is linked to the heat

treatment conditions, which can induce a chemical expansion of the material [18 19].
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Fig. 2: X-ray diffraction patterns of Ba, Sr,FeO3 s powders, with 0<x<1
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Fig. 3: Lattice parameter values of BSF perovskite materials

Table 3 shows the stoichiometric proportions that have been measured for barium,
strontium and iron. The zirconium traces have been detected in the synthesized powders,
which is likely linked to the pollution of attrition balls during the grinding step. It notes that
the measured stoichiometric proportions (X, y) are very close to the expected values, and

zirconium contamination by attrition balls is very low (Zr contamination < 50 ppm in weight).

Table 3: ICP-AES results for the synthesized powders

Elements X, y evaluated X, Y expected Relative
by ICP analysis in Ba;SryFe,Oz5 error %
in Ba,,Sr.Fe,Oz5
BSF37
Ba 1-x=0.31 1-x=0.3 1.9%
Sr x =0.69 x=0.7 1.3%
Fe y=1 y=1 1.6%
. BSFB5_ |

Ba 1-x=0.50 1-x=0.5 1.1%
Sr x=0.49 x=0.5 1.5%




1.3%

Ba 1-x=0.9 1-x=0.9 0.7%
Sr x=0.1 x=0.1 1.5%
Fe y = 0.99 y=1 1.1%

Fig. 4 shows the SEM micrographs of a typical powder before and after attrition-milling

and thermal treatment at 850°C. The synthesized powder is composed of ultra-porous large

agglomerates (approximately 30 um on average). After attrition-milling, agglomerates were

broken, and the grain size was reduced down to an average size less than 1 pum, which is

adapted to the tape-casting process.

Fig. 4: SEM micrographs of the initial synthesized powder (left) and of the powder after attrition-milling and thermal

treatment (right)

As expeced, the density of perovskite powders increases with Ba content, except for BSF91
and BF. Indeed, the densities of the BSF91 and BF powders here are significantly lower than

the theoretical densities, likely due to the presence of secondary phases in these two powders

(Table 4).
Table 4: Density of BSF powders
Composition = SE (pure) BSF37 BSF55 BSF73 BSF91 BF (not
P P (pure) (pure) (pure) (not pure) pure)
(Dge;;'% 536+0.02 @ 547+0.02 = 562+0.02 580+0.02 577+0.02 5.64+0.02
Theoretical
density* 5.36 5.61 5.75 5.84 6.00 6.10**
(g.cm™)

*The theoretical density of the Ba;.,SrFeOs_; perovskite series is evaluated with 6 = 0.36, as reported in [17]




**The theoretical density of BaFeOs_s perovskite here is evaluated from the cubic structure with a lattice parameter of 4.033

A
3.2. Membrane sintering

Four BSF compositions (BSF37, BSF55, BSF73 and BSF91) have been studied to define
optimal sintering conditions. Green pressed samples of these four compositions were analysed
using a dilatometer under air. Fig. 5 shows the dilatometric curves of the BSF55 and BSF73
pressed samples. Two expansions are observed for these two materials under air, a first
expansion at approximately 200-250°C and a second one at 400-450°C. The second
expansion is particularly important for BSF73 in comparison to the three other BSF materials
measured. The X-ray diffraction patterns (Fig. 6) show a phase transition for BSF73 material
at approximately 200°C and a second one at 350-450°C. The BSF73 material shows a
brownmillerite structure between 200°C and 450°C and a cubic structure up to 450°C.
Additionally, Mclintosh et al. [19] showed a similar behaviour for SrCoggFeo 2035 (SCF82)
material. SCF82 material under nitrogen shows a brownmillerite structure with a formula of
Sr,Coy2Fe0405 at 300°C, which corresponds to a decrease in oxygen stoichiometry and
ordering of oxygen vacancies in a crystallographic axis. Between 700 and 800°C, SCF82
material has a cubic structure. These structures are associated with an order or disorder of
oxygen vacancies in the perovskite structure. BSCF material has a cubic structure on a large
range of temperature under nitrogen and air.

The thermal expansion coefficient (TEC) of BSF materials were determined from dilatometer
curves during cooling. It is approximately of 18 10° K™ at low temperature (50°C-400°C) and
approximately of 28 10° K™ at high temperature (800°C-1200°C), which is higher than the
TEC of BSCF material (11.5 10 on average [20] and 24 10°® K™ at high temperature[21
19]]). However, but the TEC of BSF materials is still close to the TEC of SCF material (17.9
10 K™ onaverage [20] and 30 10° K™ at high temperature [21, 19]).

The TEC of BSF73 material was also studied under nitrogen to understand the impact of pO,
surrounding gas on the expansion observed under air, particularly from 400-450°C. This large
thermal expansion can be associated with the phase transition brownmillerite-cubic under air,
as reported on X-ray diffraction patterns versus temperature on Fig. 6. No phase transition and
thermal expansion are observed at approximately 400°C under nitrogen for BSF73 material as
reported in Fig. 5 and 7. Thus, under nitrogen, the BSF materials show a brownmillerite
structure from 200°C to 1000°C (Fig. 7), and the sintering mechanisms are activated at lower
temperature under nitrogen than under air (Fig. 5). Fig. 8 shows the different structures of

BSF73 material in relation to the temperature and the pO; of the surrounding atmosphere from
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the X-ray diffraction patterns obtained at different temperatures under air and nitrogen (Fig. 6
and 7). The sintering of BSF materials under nitrogen prevents the large thermal expansion at
approximately 400°C, limiting the risk of cracking during the sintering of membranes.
Nevertheless, the sintered membranes are exposed to a gradient of oxygen partial pressures
during the semi-permeation measurements (commonly 0.21 / 10° atm. or close to the oxygen
partial pressure in air). When the membrane is sintered under nitrogen, there is a large
chemical expansion at the membrane surface in contact with air, which leads to a cracking of
membranes during the semi-permeation measurements. Then, the solution consists of
sintering BSF membranes under air with low heating and cooling rates to prevent the cracking

of the membrane during the semi-permeation tests [10].

5.0 7 , ,
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Fig. 5: Dilatometric curves under air and nitrogen of BSF73 and BSF55 samples
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Fig. 8: Nature of the BSF73 powder structure up to 850°C under different gases

Fig. 9 shows the microstructures at the surface of SF, BSF19, BSF37, BSF55 and BSF91
membranes. There is few micro-porosities at the membrane surfaces, which is in agreement
with the relative density of the membrane samples. This residual porosity is likely linked to
residual agglomerates after the milling step [3]. The average grain size is higher for SF,
BSF19 and BSF37 materials (Table 5). It can also be assumed that the potential Sr
segregation at the grain boundaries in BSF materials can increase the grain boundaries
mobility and grain growth during the last step of sintering at high temperature [22]. The cross
section of the BSF37 membrane, in Fig. 9 d), shows that the rate of micro-porosities in the
membrane bulk is also very low, and there is no delamination between layers after sintering.
The microstructural observations of other BSF membranes in bulk, shows also few micro-

porosities and no delamination between layers after sintering.

13



Fig. 9: SEM micrographs of the membranes surface for a) SF b) BSF19, c) BSF37, ) BSF55 and f) BSF91 and micrograph
of cross section for d) BSF37

Table 5: Grain size of BSF membranes

Composition Grain size range (um)
SF 2.5-20
BSF19 2.5-15
BSF37 2-10
BSF55 1.5-5
BSF91 2-5

14



3.3. Electrochemical performances through BSF membranes
3.3.1.  Oxygen semi-permeation fluxes

Fig. 10 shows the evolution of oxygen semi-permeation fluxes versus the temperature for
the BSF membrane materials. The highest oxygen flux was obtained for BSF91 membrane
with 4.1 10 mol.m™?.s™ at 850°C, and the oxygen flux of BSF samples increases with barium
content (Table 6). The same observation has been reported by Jaiswal et al. [10] for these
compositions. Teraoka et al. [11] reported that the oxygen flux through Ba,Sr;-xFep9sMng 1035
(x =05 0.1;...; 0.5) membranes increased with barium content until x = 0.3 (BSFMn3791) and
then decreased. These observations also assume that the increase in oxygen flux with barium
content is likely linked to the nature of doping elements in the B site of perovskite structure.
The oxygen semi-permeation fluxes through BSF membranes are 2-3 times lower than the
fluxes obtained with BSCF membranes with similar thickness and measurement conditions
[23], or 2-4 times lower than the fluxes reported by Klande et al. [12] for BSCF membranes,
which correspond to membrane materials with one of the best oxygen semi-permeation
performances in the literature (Table 6). The oxygen fluxes through BSF37, BSF55 and
BSF91 membranes in this work are 4-7 times lower than the oxygen fluxes reported by
Teraoka et al. [11] and Jaiswal et al. [10] for a similar composition of membrane material.
These variations of oxygen semi-permeation performances for a similar material could be
linked to the oxygen semi-permeation measurement conditions [14] and to the microstructure
(grain size, as reported in Table 5) of the membrane material [23]. Indeed, some studies have
demonstrated the influence of the microstructure (starting powder, green density, sintering
conditions) on the oxygen semi-permeation performances through BSCF membranes. For
instance, Reichmann et al. [23] have reported that the oxygen permeation flux through the
BSCF membrane was limited by bulk diffusion, and therefore, a large grain size allows
enhanced oxygen fluxes through the membrane. Klande et al. [12] have also reported the
same observation. Arnold et al. [24] have studied the influence of sintering doping on grain

growth and have reported the same phenomenon.
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Table 6: Oxygen semi-permeation fluxes for BSF and BSCF membranes at 850°C

Membrane poO,
thickness/ at the oxygen Oxygen semi-
Material Reference grain size rich chamber/ | permeation flux
range oxygen lean (mol.m?2.s™)
chamber (atm.)
Teraoka et . . 2
BSF37 al. [11] 1 mm/- Air/Helium 1810
BSF37 Ja's"ﬁ’f(')]et A mm Air/Argon 1.5 10?
BSF37 13 Tl”r:]/z'lo 0.21/5.7 10°® 2.810°
This work
BSF55 13 mﬂl's's 0.21/7.0 10° 3510°
BSF55 Ja's"E’f(')]et A mm Air/Argon 1.7 102
BSF91 Thiswork = 3 rSnT’ 25 0218310° 4.110°
Jaiswal et al.
BSF91 [10] 1 mm/- Air/Argon 1.810°
Klande et al. Air/Helium- 2
BSCF [12] -/13.9 um Neon 110
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3.3.2.  Oxygen diffusion and surface exchange coefficients

As reported in our previous works [15 16], the oxygen diffusion coefficient Do and the
oxygen incorporation and oxygen desorption coefficients, kjand kq respectively, are evaluated
from the oxygen flux and the gradient of oxygen chemical potentials through the surface of
the membrane as follows:

4RTLJo,
= ——ut Eq. (1
o CoAﬂgléle q ( )

ki = 2]02/(C0 (exp (%) — exp (%))) Eq. (2)
ke = 2o,/ (Co (60 () - e (%))) 20

with L: membrane thickness, J,,: oxygen semi-permeation flux through the membrane, Co:
molar oxygen concentration in the membrane, Aug**: gradient of oxygen chemical potentials
through the membrane bulk (Fig. 12 a), Augzz gradient of oxygen chemical potentials between
the gas at the vicinity of the oxygen rich surface and the membrane bulk close to the oxygen
rich surface (Fig. 12 a), Augz: gradient of oxygen chemical potentials between the gas at the

vicinity of the oxygen lean surface and the membrane bulk close to the oxygen lean surface
(Fig. 12 a), n: exponent coefficient, constant between 0 and 1 (n = 0.5 for mixed conductors).

Table 7 shows the coefficients Do (or D*) and kg (or k*) obtained using the oxygen semi-
permeation method (or isotopic exchange method) for Ba;.xSrxFeOss perovskite and
Bap 5Sro5Cop sFeo 2035 perovskite materials. There is a slight apparent discrepancy between
coefficients Do and D* obtained using the oxygen semi-permeation [23 25] and isotopic
exchange [13] methods for a similar material, i.e., BagsSrosCoggFep 2035 perovskite. The
same apparent discrepancy is observed between the coefficients kq and k* obtained using the
oxygen semi-permeation and isotopic exchange methods, mainly due to experimental

conditions used by these two methods. In particular, the oxygen permeation method involves
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a system that is far from equilibrium, while in case of the isotopic exchange method, the
system is at chemical equilibrium. However, the ky coefficient obtained using the semi-
permeation method [23, 25] has the same order of magnitude as the k* coefficient obtained by
the isotopic exchange method [13], respectively 5.5 10° and 2.6 10° cm.s® for
Bag.sSrosC00sFeo 2035 perovskite at pO, = 1.2-1.5 102 atm. and 800°C. The oxygen
incorporation coefficient (k) is higher by one order of magnitude or almost than oxygen
desorption coefficient (ky) and the coefficient obtained by isotopic exchange (k*). This means
that the kinetics of oxygen desorption reactions are slower than the kinetics of oxygen
incorporation reactions.

From the data obtained by the semi-permeation method, the kqy coefficients of Ba;xSrxFeOs.s
perovskite materials increase with the strontium content. Those obtained for Bag 3Sro7FeO3.5
and BapsSrosFeOzs membranes are high and similar to those reported for
Bay 5Sro5C0p.gFe0203-5 perovskite [23 25], which suggests that these materials are potential
coating materials to improve the surface exchange kinetics of the membrane. Conversely, the
Do coefficients of Bag3Sro7FeOss and BagsSrosFeOs.s membranes are lower by almost one
order of magnitude compared with the one of BagsSrosC0ogFe203-5 perovskite. However, as
expected, the Do coefficient increases with the Ba content. Indeed, the increase in the lattice
parameter (a) linked to Ba content (Fig. 3) likely leads to an increase in oxygen mobility
and/or an increase in the dimensions of the oxygen conduction pathway in the perovskite
structure [26].

Table 7: Oxygen bulk diffusion and exchange surface coefficients for BSF and BSCF membranes

pO;
at the oxygen
lean chamber

: (atm.) or at Do (or D¥) ki(or k*) | kg (or k*)
Material Reference condition (cm?s™) (cm.s™) (cm.s™)
measurements
Temperature
5.7 107 7 1.3(x0.5) | 1.2 (0.5)
BSF37 550°C 3.6 (+1) 10 1ot e
This work 7.010° 7 1.0 (x0.5) | 8.7 (¥2) 10
BSF55 (semi permeation) 850°C 56 (+1) 10 10 6
8.310° R 1.8 (20.5) 4.8 (1) 10
BSF91 S50°C 1.4 (+0.5) 10 104 ;
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15102 8.3 (x2) 10" 9.3 (+2) 10°
5 6

2.9 (x0.5) 10°

Reichmann et al. 850°C
BSCF [23 25]] — : :
(semi-permeation) 18(%01"(()3 21 (+0.5) 10° 5.3 (J_r51) 100 55 (161) 10
3
Berenovetal | soor (D*) 6.8 (£0.2) 10 (k*) 1.4 (20.1) 10°
BSCF [13] .
(isotopic exchange) 1.5 1 (D*) 5.6 (+0.2) 107 (k*) 2.6 (+0.1) 10°

3.3.3. Activation energies of oxygen semi-permeation fluxes

Fig. 11 shows the Arrhenius plots of oxygen semi-permeation fluxes versus 1/T (T:
absolute temperature in K). The slope of the Arrhenius plot allows to evaluate the activation
energy (Ea) of the mechanism limiting oxygen transport through the membrane.

There is an abrupt variation of the slope of the Arrhenius plots for the three BSF membranes
between 650-750°C. This variation of Ea could likely correspond to an evolution of the nature
of the limiting step (rds) of oxygen transport through the membrane with temperature. At high
temperature (>800°C), the profile of the oxygen chemical potential for the BSF membranes in
Fig. 12 clearly shows a large oxygen chemical potentials gradient through the membrane bulk,
which suggests that the oxygen semi-permeation flux is governed by the oxygen bulk
diffusion at high temperature. At low temperature (<600°C), the highest activation energy
corresponds to the activation energy of oxygen exchanges surface mechanisms [15] (Table 8).
A similar behaviour was observed for La;NiO4;5 membranes in a previous work [27].

At high temperature, the activation energy of the oxygen flux corresponding to oxygen bulk
diffusion mechanisms, decreases when the Ba content increases. This activation energy is
close to 40 kJ.mol™ for BSF91 membranes (Table 8). This value is very close to the activation
energy of oxygen flux reported at high temperature (775-950°C) for BSCF membranes by
Shao et al. [28] and Reichmann et al. [23 25]. However, at low temperature (600-775°C),
Shao et al. [28] reported a lower activation energy of 72.6 kJ.mol™ for BSCF membranes than
the one obtained in this work for BSF91 membrane (i.e., 120 ki.mol™). Moreover, for BSF
membranes, there is not clear evolution of activation energy at low temperature with the Ba
content. Indeed, there is a low variation of activation energy at low temperature with Ba

content, varying from 120 to 170 kJ.mol™.
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Fig. 12: Profile of the oxygen chemical potential through BSF91 perovskite membrane at 800°C with three main steps:
oxygen incorporation, bulk diffusion, and desorption, b) Profiles of the oxygen chemical potential through BSF37, BSF55

and BSF91 membranes at 800°C
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Table 8: Activation energies of the oxygen transport mechanisms for BSF and BSCF membranes

Material Reference Ea (500°C-700°C) Ea (700°C-1000°C)
BSF37 140 kJ.mol™ 95 kJ.mol*
BSF55 This work 170 kJ.mol™* 80 kJ.mol™*
BSF91 120 kJ.mol™ 40 kJ.mol*
BSCF Reichmann et al. 65 kJ.mol"™ 40 kJ.mol™

[23 25]

4. Conclusion

This study shows that the oxygen flux performances collected in the literature for the Ba.
xSrkFeOs3.5 perovskite membranes can be affected by a large spreading of values linked
mainly to the potential gas leakages through the membrane or low relative density of
membrane materials (< 95%). Then, this work gives to measure directly oxygen diffusion and
surface exchange coefficients of BSF materials by a specific method based on the oxygen
permeation and the oxygen activity measurements at the membrane surfaces.

Ba;.x SrkFeOs3 s (BSF) perovskites, corresponding to free cobalt materials to improve
chemical stability at high temperature and under low oxygen partial pressures for oxygen
semi-permeation membranes, show a high oxygen desorption coefficient, slightly lower or
similar to those reported for BagsSrosC0pgFep203.5 (BSCF) material. This kg (oxygen
desorption coefficient) increases with the strontium content in BSF materials, while the
oxygen diffusion coefficient decreases significantly with the strontium content at 850°C.

Additionally, the oxygen semi-permeation fluxes of BSF membranes (1.3 mm in thickness)
are governed by the oxygen bulk diffusion at high temperature (above 800°C) and by oxygen
desorption mechanisms at low temperature (below 600°C).

Unfortunately, BSF materials show two large thermal expansions in air due to phase
transitions with temperature. These expansions are detrimental for the cohesion of the
material during sintering, with a high risk of membrane cracking during sintering and in
operating conditions. Additionally, the BSF materials show low mechanical properties, such
as BSCF materials. It was not possible to obtain cohesive BSF membranes for a range of
compositions with x>0.7, which is a critical point for potential industrial applications of

BSCF or BSF materials as dense membrane materials for oxygen transport membranes.
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Nevertheless, Ba;x SrxFeOs.s perovskites are promising materials as coating layers at the

surface of oxygen transport membranes due to the high oxygen desorption coefficient.
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