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Abstract

The oxygen permeation through dense Ceg9Gdy 10195 — (LageSro.s)ossFe0s.q dual-phase composite asymmetric
membranes supported on a porous MgO tube was studied. The membranes were prepared by thermoplastic
extrusion, dip coating, co-sintering and infiltration of a catalyst. Oxygen permeation measurements and
electrical conductivity characterization of the membrane were performed as a function of temperature and
oxygen partial pressure. The oxygen flux through the membrane in a H,/air gradient at 850 °C reached 15 N ml
cm™ min™. The measured oxygen flux was in good agreement with the theoretically estimated one, taking into
account the transport properties of the composite, surface exchange losses, gas diffusion and gas conversion in
the MgO support. The performance of the membrane was limited by the surface exchange for the operation in
N,/air, CO,/air and H,/air at low temperatures and most probably by the porosity of the MgO support for the
operation in H,/air at 850 °C. The stability tests of the membrane in CO,/air and H,/air configurations revealed
that an initial degradation of the oxygen flux occurs and it is followed by a relatively stable performance. Post-
mortem analysis of the membrane after 900 h of operation did not reveal any significant microstructural

degradation of the membrane layer.
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Highlights:

1. The performance of the oxygen permeation membrane was stable in CO, and H,.

2. The maximal oxygen flux was 15 N ml cm™?min™ at 850 °C in the H,/air configuration.
3. For most of testing conditions the oxygen flux was limited by surface exchange.

4. The maximal oxygen flux was most probably limited by porosity of the MgO support.
5. The measured oxygen flux was well in agreement with the theoretically predicted one.
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1 Introduction

Mixed ionic electronic conducting (MIEC) perovskites with the composition A,Sri.Fe,B;,03 s have been
intensively investigated for application in high temperature oxygen transport membranes (OTM). OTMs can be
employed in reactors for oxygen separation, partial oxidation of hydrocarbons, production of syngas, C-C

coupling, etc. [1-3].

Among the MIEC perovskites, Ba,Sr;..Fe,Co1.,03 5 (BSCF) has attracted great attention due to its high ionic and
electronic conductivity and its fair stability under certain application conditions (high temperature, high oxygen
partial pressure). Different modules with planar and tubular membranes of BSCF have been manufactured and
tested [3-6]. The highest oxygen flux of 12.2 ml cm™min™ for 70 um thick planar asymmetric BSCF membranes

at 1000 °C for air/Ar was reported by Bauman et al. [6].

A major limitation of many of the fast transport MIEC perovskites is the thermodynamic instability at low
oxygen partial pressures. Cobalt-containing perovskites (like BSCF, La,Sr;4CoO;.sand La,Sr;Fe,Co,,034) are

considered for applications with a pO, as low as 101.3 Pa (10 atm). At lower pO,’s these perovskites start to



decompose, for example Lag¢Sro4Fe,Co1.,03.5(y = 0.2, 0.4) was found to decompose into A,BO, and CoO at pO,
of 0.101 Pa (107 atm) at 800 °C [7]. Much better stability down to a pO, of approx. 10 Pa has been shown for
the chromium (La,A;1..Cr,B1,03.) [8] and iron (La,Sr;4FeOs.s) based perovskites [9], but the disadvantage of
these materials is a low ionic conductivity, especially at low temperatures, as presented in Table 1. Therefore, a
relatively low oxygen permeation flux of 1.54 N ml cm™? min™ at 900 °C for a pO, gradient of 2.13 x 10* Pa /5 x

10™ Pa for a 1.34 mm thick (LagSro4)o9oF€03.5 pellet was reported by Sggaard et al. [10].

Table 1: Reported ionic conductivities (o;) of MIEC materials commonly used for oxygen permeation

membranes
Materials 0, @ 700 °C [Scm™] 0, @ 900 °C [Scm™] Ref.
LaoeSro4Fe0s.q 0.002 0.049 [10]
Lao 8Sro.2CrosFe0503.4 / 0.01 @ 950 °C [8]
Lao.6Sr0.4F€05C00.203.4 0.013 0.09 [11]
BaosSro.sC00sF€0.203.q 0.25 0.96 @ 800 °C [12]
Ceo.sGdo102.g 0.03 0.12 [13]

Another important requirement for using the OTM in partial oxidation of hydrocarbons or syngas production or
in oxyfuel schemes involving a flue gas sweep is the thermodynamic stability in CO,. Most barium and
strontium containing perovskites form thermodynamically stable carbonates [14] with CO, at OTM operating
temperatures (700 — 900 °C), which can strongly reduce the oxygen surface exchange kinetic and especially for

thin membranes significantly reduce the achievable fluxes.

Doped ceria may offer an alternative as it shows high oxide ion conductivity (Table 1) and high thermodynamic
stability in various gases (e.g. SO,, CO,), but it is limited by low electronic conductivity under oxidizing
conditions. The p-type electronic conductivity of CGO in air at 900 °C is 6.5 x 10* S cm™ and the n-type
electronic conductivity becomes significant only at highly reducing conditions below a pO, of 10° Pa.

Therefore, a relatively low oxygen permeation flux of 7 x 10° ml cm™ min™ was measured for a 1.35 mm thick



CGO membrane at 950 °C for an Air/Ar configuration [15]. The performance of CGO membranes can be
improved by increasing the electronic conductivity of CGO at high oxygen partial pressures using mixed valence
dopants [16]. Mixed valence elements like Pr or Tb introduces p-type conductivity to ceria [17]. Donor doping

with Nb,0s or WO; enhances n-type conductivity in CGO at intermediate pO, (10° — 10* Pa) [18].

Additionally, the oxygen permeation flux can be drastically increased by reducing the thickness of the
membrane and introducing suitable catalyst layer for the oxygen reduction/oxidation reaction. This was shown
for a 30 um thin CGO layer supported on an YSZ/Ni porous support with a Ni-YSZ and LSCF-CGO electro-catalyst
layers by Chatzichristodoulou et al. [19]. For this membrane assembly, the oxygen permeation flux reached 16

N ml cm?min™ at 900 °C for an air/steam-H, configuration.

Alternatively, composites of a good ionic and a good electronic conductor can simultaneously meet the
requirements for chemical stability and good transport properties [20]. The oxygen permeation fluxes of

different thin asymmetric dual phase composite membranes reported in the literature are summarized in Table

2.
Table 2: Oxygen permeation flux of thin asymmetric dual phase composite membranes
J
2 T Thickness
Membrane Support ml cm? Catalyst POZ /FJO2 Ref.
°C pm
min™

Lag 6Sro.4Fe0s o/

LSF/CGO 1.41 900 100 Lag 6Sro.4Co03 4 Air/He [21]
CesGdg 10195
Lag 6Sr0.4C0g.2Fe503 4
+ CepgThg-0,.4/ LSCF 4.8 1000 10+ 8 / Air/Ar [22]
NiFe,0,4
Lag.sSro.,Cro.sFeos0s.a/ 0.06 Air/Ar

YSZ 900 120 / [23]

ZrogY0.205.4 1.2 Air/CO
Bi1.5Y0.35mM( 03/ .

BYS/LSM 0.5 850 290 / Air/He [24]
Lag sSro.Mn0Os 4




SMoeSro.sFe05.q/

SSF/CSO 1 950 160 LageSro.2Co05 4 Air/He [25]

Cen.855Mp.1501.925
SMo eSro.4Alg 3Feo703.4/ SmgsSresCo03.

SMAF/CSO 3.9 950 40 Air/He [26]
Cen.855Mo.1501.925 d
(Lao.6Sro.4)o.0sF€03.o/ 2.1 Air/N, this

MgO 850 10 LaCoOs 4

Ce.9Gdg 10195 15 Air/H, study

The CGO-LSF composite reported in this study was selected based on the requirements of thermodynamic
stability over a broad pO, range and its high performance reported in previous studies. Samson et al. [9]
reported an oxygen flux of 0.12 ml cm™ min™ at 800 °C for air/N, configuration of a 1 mm thick pellet of a 50
vol.% CeoGdg 10165 / 50 vol.% Lag¢SrosFe0s5.4 composite coated with a LaggSrg,Co0; 4 electro-catalyst layer. A
much higher oxygen flux of 1.41 ml cm™ min™ for a planar thin asymmetrical membrane of 70 vol.%

CepoGdy 101,65 / 30 vol.% LaggSro4Fe0s.4 composite was reported by Cheng et al. [21] (Table 2).

The aim of this work was to study the temperature and pO, dependence of the transport properties and
oxygen permeation flux of the dual phase CeoGdg 10195 - (LagsSro.s)ossFe0s.q composite membrane as well as
its stability over hundreds of hours. The membrane was in the form of a thin membrane layer on top of a thick
porous support that provided the necessary mechanical strength. For the support a low coast construction type
ceramic, MgO, was used. Furthermore, the oxygen flux through the membrane was theoretically estimated,
taking into account the electronic and ionic conductivity of the membrane material, the surface exchange
reaction on the feed and the permeate side, the gas concentration polarization, and the gas conversion. These

estimates gave a useful insight to the processes—limiting performance under operating conditions.
2 Experimental
2.1 Materials

Fine MgO powder (product 12R-0801, surface area >20 m?/g) for the porous, tubular support was supplied by
Inframat Corporation (USA). The MgO powder was calcined at 1000 °C for 10 h to reduce the surface area to
10.5 m®/g. Graphite (Timrex KS6, ds, 3.4 pm) from Imerys Graphite & Carbon (Switzerland) was used as a

sacrificial pore former in the support. Three polymers were used to form a thermoplastic feedstock for the



extrusion: ethylene-vinyl acetate copolymer resin (Elvax® 250) from Du Pont (USA), stearic acid and paraffin

wax, both from Sigma Aldrich (USA).

Two different surface area gadolinium doped cerium oxide (Cep¢Gdg101.65, CGO) powders were supplied by
Rhodia (France). A CGO powder with a specific surface area of 7 m%/g (further denoted as CGO-ul) was used in
the dense dual phase membrane layer, whereas a CGO powder with a specific surface area of 35.5 m?%/g
(further denoted as CGO-uh) was used in the porous catalyst layers. The lanthanum strontium ferrite
((Lag.eSro.a)o.0sFe0s.4, LSF) used as the electronic conducting phase within the dense dual phase membrane was
supplied by Mitsuya Boeki Ltd. (Japan). The CGO-ul and LSF powders were used in the as received state,
whereas the CGO-uh powder was pre-calcined at 1100 °C (dwell 2 h). The specific surface area after calcination
was 1.72 m?/g. Low molecular weight (Mw=10000 g/mol) polyvinylpyrolidone (PVP K15, Sigma Aldrich) was
used as a surfactant. Higher molecular weight (Mw=30000-70000 g/mol) polyvinyl butyral (B-98, Butvar) and
polyvinylpyrolidone (PVP K30, Sigma Aldrich) were used as binders. Reagent grade ethanol from Sigma-Aldrich
was used as the solvent carrier for the colloidal suspension. Dibutyl sebacate (DBS, Sigma Aldrich) was used as
plasticizer. Graphite powder, used as sacrificial pore former in the catalyst layers, with particle size of dyso= 4-5

pum was supplied by Graphit Kropfmuhl (Germany).

2.2  Thermoplastic extrusion

The calcined MgO powder was coated with stearic acid (0.063 g stearic acid per 1 g MgO) to reduce the dust
formation and improve the adhesion to the thermoplastic polymers by mixing MgO and stearic acid in 1-
propanol (Sigma Aldrich) for 24 hours, and then evaporating the 1-propanol. A thermoplastic feedstock was
obtained by compounding the coated MgO powder (43 vol%), the thermoplastic binders (25.8 vol% Elvax and
11.4 vol% paraffin vax) and graphite (20.2 vol%) at 110-115 °C for 2 h in a kneader (Model BK20, Hermann
Linden, Germany). The thermoplastic feedstock was shaped into tubes (14 mm outer diameter, 12 mm inner
diameter) using a screw extruder (Model 19/20DN, Brabender, Germany) operating at 110 °C. A more detailed

description of the thermoplastic extrusion of porous MgO tubes can be found elsewhere [27].

2.3 Dip coating, sintering and infiltration

Table 3. Composition of suspensions used for deposition of functional layers.

Suspensions




Dense CGO-LSF Porous CGO

CGO-ul 70 -
Proportion of
CGO-uh - 60
solid phases
LSF 30 -
(vol.%)
Graphite -- 40
Solid loading 5 7
Solvent 90.5 86.6
Final
Surfactant 3 --
composition
Binder PVP 1.5 1
(vol.%)
Binder PVB -- 3
Plasticizer DBS - 2.4

The membranes’ functional layers were deposited by dip coating onto the MgO supports prepared by
thermoplastic extrusion. The dip coating suspensions were prepared by ball-milling the constituents in
polystyrene bottles with zirconia balls. All the constituents of the dense CGO/LSF suspension were milled
together for 48 h. In the case of porous CGO suspension an initial ball milling for 24 h was done for all the
constituents except graphite. After the addition of graphite, the suspension was further milled for 30 min.

Detailed compositions of suspensions used in this study are given in Table 3.

Three different layers were applied on the MgO structural support: a porous CGO active layer, a dense dual
phase membrane layer and a porous CGO active layer on the outer side of membrane. Thermal treatments
were applied in between the different coatings, with a final sintering step at 1250 °C for 2h. A more detailed

description of the dip coating and co-sintering process can be found elsewhere [28].

The outer porous CGO active layer was infiltrated with a precursor solution of a catalyst. A methanol solution
of Co nitrate (30 mmol/g) and La nitrate (30 mmol/g) with a molar ratio La:Co = 1:1 was prepared. The
infiltration was done by applying the precursor solution with a brush and performing a heat treatment at 350
°C for 30 min. The infiltration process was repeated three times to increase the load of the catalyst in the
porous layer. The catalyst LaCoO;_4 was chosen due to reported good performance as an oxygen electrode [29]

and to avoid alkaline earth metals.



2.4  Microstructural characterization

Polished and fractured cross sections before and after permeation testing of the tubular membrane were

analyzed using a Hitachi TM300 and a Zeiss SUPRA scanning electron microscope.

The open porosity and the pore neck size were determined by Hg porosimetry (Poremaster© GT,

Quantachrome Instruments, USA).

2.5 Electrical conductivity measurements

The powders of CGO (CGO-ul) and LSF were mixed together and ball milled for 24 h in ethanol. The volume
fraction of CGO in LSF was varied from 0 vol.% to 95 vol.%. Rectangular bars were formed from the composite
powders by uniaxial pressing at 3 MPa and further isostatic pressure of 325 MPa. The bars were sintered at
1300 °C for 2h to a density higher than 95 % of the theoretical density. The sintered bars were polished down

to a surface roughness of 1 um and a final geometry of ca. 2 x 2 x 20 mm.

The electrical conductivity was measured using 4-point measurements. A current of 10 mA was applied through
the sample and the voltage drop was measured over a well-defined distance in the center of the sample. The
sample was placed in a quartz tube, where the atmosphere can be changed within < 10 s. The composites with
70 vol.% of CGO and 30 vol.% of LSF were characterized in two pO, ranges: i) 1.0 x 10> Pa — 1.0 Pa with varying
the flow rates ratio of N, and O, and ii) 10°-10"" Pa with varying the flow rates ratio of CO, and CO. For pre-
mixing the gases a four-way valve system (Brooks) was used. The total flow rate of gases was fixed to 12 I/h.
The studied temperature range was 650 - 900 °C. A more detailed description of the experimental setup is

reported elsewhere [30,31].

2.6 Electrical conductivity relaxation measurements

At high pO, (1.0 x 10° Pa — 1.0 Pa) electrical conductivity relaxation (ECR) was carried out on i) a piece of the
tubular CGO-LSF composite membrane supported on the porous MgO with the CGO active layer and ii) an LCO

infiltrated piece of the same membrane. The measurements were carried out upon increasing pO, by a factor
of 2 ( pOz(start) = % o pOZ(end) ), to simulate oxygen uptake at the surface of the membrane. At low pO, (102 -

10™ Pa) the ECR was measured on i) a dense dual phase composite CGO-LSF (bar) and ii) a piece of the

membrane without LCO infiltration. The measurements were carried out upon decreasing pO, by a factor of 10

( pOZ(Start) =10e pOz(end) ), to simulate the oxygen release.



Fick’s second law of diffusion with a first order surface exchange reaction was fitted to the recorded electrical
conductivity relaxation curves. This method is well described in the literature for obtaining the oxygen
transport properties, which are the surface exchange coefficient (k.,) and the chemical diffusion coefficient
(Dchem) Of oxygen [10,32]. The method of least square fit that calculates the sum of the squared deviation (SSD)
between all fitted and measured data points for a kex and D¢.em couple was used to derive the k., and Dpem
values from relaxation curve. The lowest sum of the squared deviation (SSD,,) represented the transient and
corresponding k., and D.,.m couple that agrees best with measured data [32]. The errors of derived values were
estimated by fixing one of the coefficients and varying the other one and were in the range of SSD,» * 5% for
kex and SSDint 1% for Dpem. For the CGO-LSF (bar) at low pO, mixed control of k., and D, Was assumed and
the values were derived by Eq. 1[10,32]. For the membranes, which are thin, a surface exchange limitation was

assumed and the relaxation curves were fitted by Eq. 2, as is reported by Sggaard [33].

2 Y
) 2|—i exp[_ﬂn,lx?chemtJ 2L§, eXp ﬁn,IyE)chemt I k
o, —olt < X S y 2 2 xy "tex
= t =L, ,L,=—— Eq.
o —olty) % AL L) A, e P T T b= e
1
— K.t +1
o, O-t)ZEXp B ext(x+ y) q.2
o, —O'(to) L1,

0'(00) is the conductivity at steady state after a step change in pO,, O'(t) is the conductivity at the time t

during the relaxation and U(to) is the conductivity before the step change in p0O,. 2/, and 2/, are the edges of
the cross section of the sample. For accurate ECR results the sample dimensions should fulfill the criteria of

|, =1, <<I,, where z is the direction of the electronic current. A two-dimensional solution of the diffusion

problem was used because the conductivity was measured over a short distance close to the center of the
sample. For the studied composite additional assumptions were taken: i) the phases are randomly distributed
and the composite was treated as an effective medium, ii) at high pO, the conductivity change after a pO, step
reflects only a change of oxygen concentration in the LSF, and iii) at high pO, surface exchange occurs only on

the LSF surface [30].

The oxygen surface exchange coefficient (ko), oxygen diffusion coefficient (Do) and vacancy diffusion coefficient

(Dy) were calculated from the experimentally determined quantities, D¢em and ke, by Egs. 3.



ko:ﬁ! DO: chem’ DV:Dchem _laln poz _laln pOZ Eq3

Yo = W=
Yo Yo n 0 2aInc, Y2 alnc,
% and x are the thermodynamic factors of oxygen and vacancies, respectively. The thermodynamic factors
were estimated from the pO, dependence of the oxygen vacancy concentration (C,) of the CGO-LSF composite
by treating the composite as an effective medium, taking o to be the sum of the oxygen non-stoichiometry of
CGO and LSF weighted by their respective molar concentration. Defect thermodynamic data for CGO and LSF

were taken from Ref. [34] and Ref. [10], respectively.

2.7 Oxygen permeation flux measurements

Permeation experiments were carried out using a 4-end mode setup with the inner side as the permeate side
and the outer side of the tube as the feed side. The rig is schematically illustrated in Figure 1. Alumina tubes
were used to support the tubular membrane and to supply gas to its interior. The tubular membranes were
situated in the hot zone of the furnace and the temperature was monitored by placing thermocouples inside
the alumina tubes at the inlet and the outlet of the tubular membrane. The temperature deviation between
the two temperatures was small (~5 °C) and therefore in the following, the average temperature is reported.
The membranes were sealed on the alumina support using sodium aluminosilicate sealing glass (NAS)[9]. The
active membrane area was 9 cm?, for a membrane length of 2.3 cm and an outer diameter of 1.25 cm. The
OTM was tested in three different configurations: i) N,/air, ii) CO,/air, and iii) H,/air. A constant air flow on the
feed side (in the range 30 — 120 I/h) and a flow of different gases (N,, CO,, H, humidified at 25 °C) on the
permeate side were supplied (Figure 1). H, was humidified to have a well-defined pO, in inlet gas and to
mitigate the extreme reducing conditions. The gas flow was controlled and measured using mass-flow
controllers (Brooks). The oxygen permeation was studied in the temperature range between 700 °C and 900 °C,
varying the pO, gradient by changing the inlet gas flow. The oxygen partial pressure (pO,) of the inlet (pOs(n))
and the outlet gas (pOyuy) of the permeate stream was measured using an in-house built YSZ-based sensor.
Stability tests of the membrane were done in pure CO, at 850 °C and humidified hydrogen at 700 °C. The

oxygen permeation flux (J(O,)) for the N,/air and the CO,/air configuration was calculated by Eq. 4.

CDout(pOZ(out) - poz(in) )

J (02) = D A
tot

Eq. 4

Here @, is the outlet flow of gases on the permeate side, A is the surface area of the membrane and py, is the

total pressure, which was 1 atm (1.01325 x 10° Pa).
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1
For the H,/air configuration it was assumed that reaction (H,(g) +§Oz(g) — H,0(g)) is in equilibrium and

can be described with a known equilibrium constant (Ke,(T))[35]. The J(O,) was calculated from the volume

flows of the produced water (CD,:“:O —CDEZO) by Eq. 5, as is described in more details by Chatzichristodoulou et

al.[19].

out in

J(OZ):% Eq.5

Gas tightness quality was evaluated by comparing the difference between the inlet and the outlet flow rate
after high temperature sealing at 980 °C for 1 h. In this study, for an inlet flow of 400 ml/min of N, an outlet
flow of ca. 408 ml/min was measured at 850 °C. The difference in the inlet and outlet flow corresponded to the
flux of oxygen calculated from Eq. 4. Additionally to this, the membrane was slightly pressurized with an inside
overpressure corresponding to ca. 200 Pa (2 x 10 atm). The leak rate was small and below the uncertainty of

the measured outlet flow. Therefore, a leak-less membrane could safely be assumed in the following and the

data were not corrected for any leakage.
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Figure 1: Schematic presentation of the oxygen permeation flux measurement 4-end mode setup for a tubular

OTM.

2.8 Modeling the oxygen flux

For the H,/air configuration the oxygen permeation flux was calculated using a two-dimensional numerical
model reported in Ref. [36] that accounts for ambipolar diffusion through the dense membrane, surface
exchange at the catalyst layers at the feed and permeate side of the membrane, fuel conversion along the gas
flow in the interior of the tubular membrane, and mass transport through the porous MgO support. The

numerical model employs Wagner’s equation for ambipolar diffusion:

Inp(0,)*™* .
—=—d In p(O,) (Eq. 7)

Inp(0,)* Ol + Oion

RT
10:)=ger

where R, T and F are the gas constant, the temperature and the Faraday constant, respectively. L is the
thickness of the membrane. The effective ionic conductivity (o.,) was estimated from the Bruggeman-
Landauer model [37] for CGO:LSF = 70:30 vol. %. The ionic conductivity of LSF was assumed to be negligible.
Literature values from Wang et al.[13] were used for the ionic conductivity of CGO. The electronic conductivity
(ow)) was deduced from the measured electrical conductivity of the composite upon subtraction of the effective

ionic conductivity of CGO.

The model also takes into account the driving force losses at the catalysts at the feed and permeate side of the
membrane, related to the gaseous oxygen reduction and fuel oxidation, respectively, as well as the H,
conversion and the gas diffusion resistances in the porous support structure at the permeate side. Linear
Chang—Jaffe [38] electrode kinetics are employed and the electrode activation polarization resistances (Rsy)
are assumed to be independent of the gas composition. Mass transport through the porous support structure
is described using the dusty gas model with viscous flow. The support thickness was set to 1 mm, having 39 %
porosity, 0.47 um pore size, and tortuosity of 1.5. The thickness of the dense CGO-LSF composite membrane

was 10 um.

3 Results and discussion

3.1  Microstructure of the thin dual phase membrane

A SEM micrograph of a polished cross section of the tubular membrane before permeation test is shown in

Figure 2a. The MgO support is approx. 1 mm thick and contains around 39 % of open porosity with a median

12



pore neck size of 0.47 um determined by Hg-porosimetry. The thicknesses of the inner porous CGO layer, the
dense CGO-LSF composite layer and the porous outer CGO layer are around 10, 10 and 20 um, respectively

(Figure 2b, 2d).

In Figure 2c a fractured cross-section of the porous CGO layer at the feed side is shown. The small particles on
the surface of the CGO grains represent the infiltrated LCO catalyst nanoparticles. The average particle size of
the infiltrated catalyst before permeation testing of the membrane was 30 = 5 nm. During the test the LCO
particles grew and the final size after more than 900 h of testing at different elevated temperatures and in

different configurations was 130 + 45 nm, as shown in Figure 2e.
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Figure 2: SEM microstructures of a) the membrane supported on the porous MgO support, b) CGO-LSF dual-
phase membrane layer with inner and outer porous CGO catalytic layers before testing, c) the infiltrated LCO
into the porous CGO layer on the feed side (CGO outer), d) CGO/LSF dual-phase membrane layer with inner and
outer porous CGO catalytic layers after testing e) the infiltrated LCO catalyst after membrane operation for

more than 900 h.
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Figure 3: a) Measured electrical conductivities of the CGO-LSF composites for different vol.% of CGO and
calculated electrical conductivities for different coordination numbers (Z). b) Electrical conductivity of the CGO-
LSF (bar) (70 vol.% of CGO) versus the oxygen activities at different temperatures, the effective ionic
conductivity (o) of the composite for only CGO (dashed) and for CGO-LSF in the composite (solid), and the

ionic conductivity calculated from Dy at 750 °C.
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Figure 3a shows the electrical conductivity of the dual phase CGO-LSF composites measured in air at 750 °C as a
function of the CGO volume fraction (the error bars represent the error derived from measured dimensions of
the samples). The electrical conductivity is decreasing with increasing CGO fraction, as it is expected from the
lower electrical conductivity of CGO (6.5 x 102 S cm™ at 750 °C in air) [39] compared to LSF (250 S cm™). Figure
3a also shows a calculated electrical conductivity for different coordination numbers (Z) of CGO and LSF grains
using effective medium percolation theory reported in Ref. [37], where two assumptions for the MIEC phases
were made: i) randomly distribution of phases, and ii) grain sizes are smaller than sample size and larger than
the mean free path of change carriers. The different coordination numbers (Z) correspond to different electron
percolation thresholds. The measured electron percolation threshold for the composite is above 75 vol.% of
CGO and agrees with the assumption of Z = 8. The extracted high coordination number is well in line with a
very similar grain size distribution of the LSF and the CGO phases. The average grain sizes were 0.50 + 0.26 um
for LSF and 0.55 £ 0.20 um for CGO. This further indicates that for the random distribution of CGO and LSF

phases a very small amount of the electron conductive phase is needed to ensure the electron percolation.

For the demand of the high conductivity at high pO, (air) the composition with 70 vol.% of CGO was selected
for further studies to compromise between a high enough electronic conductivity, originating from the electron
hole percolation in the LSF phase, and a high oxygen ion conductivity, originating from the CGO matrix. Figure
3b shows the electrical conductivity of the CGO-LSF (bar) (CGO:LSF = 70:30 vol.%) as a function of the oxygen

activity (a(0;) = pO, /p.) at different temperatures. At high a(0,) (> 10”) the change of the conductivity with

a(0,) follows a power law (o oc (a(02 ))n) with n = 0.1 — 0.2, which indicates a dominating p-type conductivity

of the percolating LSF phase. At low a(0,) (< 10™) the exponent n is close to -% and indicates a dominating n-
type conductivity. The electrical conductivity of the CGO-LSF composite at low a(0,) originates mostly from the
CGO phase (due to reduction of Ce* to Ce®') and it is slightly reduced for the composite compared to pure
CGO, as shown by Cheng et al.[21]. At intermediate a(O,) (between 10° — 10™ at 900 °C) the electrical

conductivity passes through a minimum, as expected from the properties of the two materials.

The p-type conductivity shows a different temperature dependence than the n-type. The p-type conductivity
decreased with increasing temperature in the range 700 °C - 900 °C. The same was reported for pure LSF [10]
and CGO-LSF[30] composites, where the conductivity increased until ca. 500 °C, went through a broad
maximum at temperatures between 500 °C and 600 °C and then decreased with increased temperature above
600 °C. At low a(0,) the electrical conductivity of the composite increased with increasing temperature with an

activation energy of 82 kl/mol at pO, of 1.01325 x 10™ Pa (a(0,) = 10™®) (Figure 3b).
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To illustrate how the electronic conductivity dominates in the composite, the effective ionic conductivities at
750 °C and 900 °C of the composite are shown in Figure 3b for two cases: i) only CGO in the composite (CGO 70
vol.%) and ii) CGO and LSF in the composite (CGO:LSF = 70:30 vol%). The effective ionic conductivities were
calculated from ionic conductivity of LSF [10] and CGO [13], weighted by their respective volume fraction. The
ionic conductivity of both only CGO and the composite is 2-3 times lower than the minimum total electrical
conductivity of the composite. This demonstrates that the oxygen transport through the membrane will be
limited by the ionic conductivity contribution and possibly surface reactions, but not by electronic conductivity.
Additionally, the small difference between the estimated effective ionic conductivities of the composite with
only CGO and with CGO-LSF shows that the ionic conductivity of the membrane is dominated by the

contribution from the CGO, especially at lower temperatures.

3.3 Oxide ion diffusion
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Figure 4: Temperature and oxygen activity dependence of a) chemical diffusion coefficient (D¢hem), b) Dehem at
a(0,) = 10, c) oxygen diffusion coefficient (Do) and vacancy diffusion coefficient (Dy) for CGO-LSF (bar)

deduced from the data in a) and the calculated thermodynamic factors j, d) at low pO,.

The oxide ion transport properties were deduced from the transient response in conductivity to a step change
in pO,. Here, only Dnem values measured at low pO,’s as a function of end pO, (a(O3(enq))) are presented. The
Dchem Values at high pO, were reported in a previous study for a pO, range of 1.01325 x 10° — 1.01325 x 10’ Pa,
where the reported Dem Was within 1.6 — 2.2 x 10 cm?/s with an activation energy of 100 kJ/mol [21]. Figure
4a shows the a(0,) dependence of Dem in the temperature range 750 °C to 950 °C. At the oxygen activities
below 10" the Do Seems to decrease with decreasing a(0,) and at a temperature of 750 °C it follows Deperm @
a(0,)**. However, one shall have in mind that at low temperatures the conductivity relaxation is governed by
the surface exchange. Thus the accuracy in the measurement of D .., decreases, as suggested by the larger
error bars in Figure 4a, and the a(0,) dependence will therefore also be affected by increased uncertainty at

low temperature.

In Figure 4b an Arrhenius plot of Dgem (for a pO, of 1.01325 x 10™ Pa), where the values of Dgen Were
estimated from the Du.em — a(0,) dependence shown in Figure 4a, is presented. A D¢,em Of 4.4 X 10 cm?/s at
900 °C with an activation energy of 33 kl/mol was measured, which is in line with a reported D¢em Of 3.3 X 10°®

— 5.0 x 10®° cm?/s for pure CGO measured under similar conditions [40].

Figure 4c shows the oxygen diffusion coefficient (Dy) and the vacancy diffusion coefficient (Dy) as a function of
oxygen activity at different temperatures. The Dy and Dy were calculated from the measured D Using the
estimated thermodynamic enhancement factors of the 70 vol.% CGO — 30 vol.% LSF composite (Egs. 3), which
are further illustrated in Figure 4d. A large uncertainty in the calculated D, and Dy comes from determining the
thermodynamic factor. Therefore, the D, as well as Dy a(0,) dependance shown in Figure 4c can be incorrect
and most probably Dy and Dy are constant or even slightly increasing with decreasing. The calculated ionic
conductivity from D, at 750 °C and a(0,) of 10" was 0.04 S cm™ (see Figure 3b), which matches well with the
estimated effective ionic conductivities of the composite. In other words, the values obtained from ECR are

consistent with the values deduced from the conductivity measurements.
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3.4 Surface exchange rate
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Figure 5: Surface exchange coefficient (ke) and oxygen surface exchange coefficient (ko) as a function of a(0,)

a) at high pO, for the CGO-LSF (bar), the membrane and the LCO infiltrated membrane and b) at low pO, for

the membrane.

Figure 5a shows k., as a function of a(0,) in the high pO, range for three different samples, i) CGO-LSF (bar), ii)
a piece of membrane, and iii) a piece of membrane infiltrated with LCO. The error bars (corresponding to
SSDin £ 5%) of the measured k., for the LCO infiltrated membrane obtained by fitting of Eq. 2 to the measured
electrical conductivity relaxation curve are also presented in Figure 5a. The error of fitting is much smaller than
the differences between the samples. The comparison between the samples was carried out only at low
temperatures (500 — 750 °C), due to limitations of the measurement setup. At higher temperatures the
conductivity relaxation was faster than the time needed to exchange the gas (t ~ 10 s). The a(0,) dependence
of ke, was the same for the membrane as for the CGO-LSF (bar) and can be described with ke o a(0,)*. The
same a(0,) dependence was reported by Cheng et al. [21] for a same composite, but k., deduced from pO,
steps, where oxygen release was simulated (here the k., values were acquired by increased pO,, see section
2.6). This indicates a good reproducibility and that the applied step changes are sufficiently small that the
assumption of linear kinetics is warranted. The same pO, dependence was observed also for calculated ko
values at high pO,. Comparing the k., values of different samples reveals that the k., of the membrane was
slightly higher than that of the CGO-LSF (bar). An even higher k., was measured for the LCO infiltrated
membrane. The enhancement of k., was due to the presence of the LCO catalyst on the surface of the dual-
phase composite membrane. This is in agreement with the increased surface exchange of Lag¢Sro4CogsFe 2034

coated with Ce(1.4Sm0,.4 nanoparticles reported by Hong et al.[41], where the enhancement was correlated
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with the fast reaction at the triple phase boundary (TPB). The infiltration of the LCO electron conductor into

such a structure increases the TPB length and effectively accelerates the oxygen reduction reaction [42-44].

Figure 5b shows the a(0,) dependence of k., for two different samples, i) a CGO-LSF (bar) and ii) a piece of
membrane in the low pO, range. For both samples the measured ke values were similar and scaled with a(0,)%*
at all temperatures. This indicates that the porous CGO layer by itself seems to have no beneficial effect on the
surface exchange at low pO,. However, the values of k., are in the same range as literature values for a pure
CGO [40].

The a(0,) dependence of kg at 750 °C and low p0,, calculated from the k., data and the thermodynamic factor
shown in Figure 4d, is also shown in Figure 5b (symbol @). The k., and kg are strongly temperature dependent

but effectively pO, independent.

3.5 Oxygen permeation rate of tubular asymmetric membrane
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Figure 6: J(O,) as a function of a(0,) for the 2.3 cm long tubular asymmetric CGO-LSF membrane at different
temperatures with a) air as a feed gas and N, as a sweep gas (the N,/air configuration), and b) air as a feed gas

and CO, as a sweep gas (the for the CO,/air configuration)

In Figures 6 the oxygen permeation flux at different temperatures and a(O,uy) (the outlet oxygen activity),
calculated as an outlet pO,/ps:, is shown. The oxygen activity at the feed side was 0.21. The J(0,) increases
with increasing temperature and an increased pO, gradient for the presented configurations of gases (N./air,
CO,/air). The driving force of oxygen permeation through a membrane is the difference in the oxygen activity

between the two sides of the membrane. For the both configurations within uncertainty the J(O,) extrapolates

to 0 in the absence of driving force, when log(a(O, )sweep/a(0, )feed )= 0, which indicates the leak-less
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setup with well calibrated mass flow controls. A lower J(O,) was observed for the CO,/air configuration than for
N,/air configuration at the same temperature and pO, gradient (Figures 6a, 6b). In the CO,/air configuration
J(0,) shows different a(O,ou) dependence than in the N,/air configuration and different temperature
dependence. At 900 °C the J(O,) of the CO,/air configuration was strongly activated and almost reached the
measured J(O,) of the N,/air. Furthermore, the activation energy of J(O,), calculated at fixed pO, gradient of
0.05/0.2, differs for these two configurations: 140 kJ/mol for the N,/air configuration and 166 kJ/mol for the

CO,/air configuration.

The lower J(O,) measured in the CO,/air configuration could be a consequence of the reaction between CO,
and LSF at the operating temperature of the membrane and/or a CO, adsorption effect. It is expected that
SrCO; formed on the surface of LSF will have no catalytic activity and will impede the surface exchange
reaction. Evidence of formation of carbonates on the surface of the CGO-LSF composite membrane was
reported by Cheng et al.[21]. Formation and decomposition of SrCO; is temperature dependent. At
temperatures higher than 810 °C SrCO; starts to decompose and reaches the maximal rate of decomposition at
960 °C [14]. Therefore, it is anticipated that with increasing the operation temperature, the membrane’s
performance in CO, will gradually become comparable with the performance in N,. This is indeed what is
observed; the deviation in flux between the two configurations was decreased with increasing temperature.
The difference in performance could also be due to preferential adsorption of CO, on the surface, which slows

down the oxygen surface exchange reaction, as reported by Serra et al. [45].

A strong influence of the gas composition on the membrane performance at a constant pO, gradient points out
that the membrane performance is mostly limited by the surface exchange reaction. Furthermore, a
modification of the inner CGO porous layer can improve the surface exchange reaction by preventing

formation of carbonates or even further by improving the intrinsic catalytic properties.
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Figure 7: Performance of the 2.3 cm long tubular asymmetric CGO-LSF membrane with air as a feed gas and
humidified H, as a reactive gas (the H,/air configuration) at different temperatures: a) oxygen permeation flux
(J(03)) as a function of a(O3uy), b) conversion of H, as a function of the H, inlet flow rate (Dy,"), and ¢) J(0,) as

a function of @,,"

Figure 7 shows the performance of the 2.3 cm long tubular asymmetric CGO-LSF membrane in the H,/air
configuration, with air as a feed gas and H, as a reactive gas (this gas is taken as a model gas for the more
technologically relevant case of a syngas mixture). A non-linear response of J(O,) on the outlet loga(Oouy)
especially at high temperature was observed (Figure 7a). At high temperature, the H, conversion rate to H,0
was large and did not depend on the H, flow rate, as shown in Figure 7b. The highest conversion rate of around
70 % was measured at 850 °C. A consequence of the high conversion rate is that the pO, gradient is
significantly reduced along the membrane and the outlet pO, (a(Ou))) does not represent a local pO; inside

the membrane. The deviation in the local pO, along the membrane is strongly increased with the increased
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temperature. At high H, conversion, an additional error also originated from the setup limitations, where
condensed water disturbs the pO, measurement. A fluctuation of the measured pO, values and the ensuing
fluctuation in J(O,) is plotted in Figures 7 as error bars. In contrast to the a(O,,) dependence, the J(O,) is
linearly increasing with the H, inlet flow rate, as shown in Figure 7c. For the tested H, inlet flow rates no
saturation of the membrane performance was observed. The highest flux of 15 N ml cm™ min™ was measured

at 850 °C for the highest H, inlet flow rate of 400 ml/min.

3.6 Stability of the membrane
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Figure 8: a) Test results for a 2.3 cm long tubular asymmetric CGO-LSF membrane. Stability tests with air as a
feed gas and b) CO, as a sweep gas with flow rate of 400 ml/min at 850 °C, and c) humidified H, as a reactive

gas with flow rate of 200 ml/min at 700 °C.

In Figure 8a the long-term performance test of the 2.3 cm long tubular asymmetric CGO-LSF membrane with

air as a feed gas and different sweep gases or reactive H, gas at different temperature is shown. The total
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testing time of the membrane was 900 h. Segments of the stability tests in the CO,/air and H,/air
configurations are presented separately in Figures 8b and 8c, respectively. The stability performance tests were
done on the same membrane as the other tests reported here in following sequence: i) the initial short tests in
the N,/air and CO./air configuration, results presented in Figure 6, ii) the stability test for 270 h in CO,/air
configuration at 850 °C, iii) the stability test in humidified H, (pO, ca. 10™*® Pa) /air configuration for 270 h at
700 °C, iv) the tests in the H,/air configuration, results presented in Figures 7 and at last v) flushing the
membrane with N,. The stability test in CO,/air shows that the performance was decreasing for the first 200 h
and then it was relatively stable. However, the stability in remaining 70 h is too short for a final assessment and
more elaborated test is needed. Similar behavior was also observed in H,/air, where after the initial

degradation (first 70 h of testing) the performance stabilized.

The oxygen permeation of the membrane at the end of the test, when the membrane was again flushed with
N,, was 2.5 N ml cm™? min™ at 850 °C and N, flow rate of 400 ml/min, which is slightly higher than at similar
conditions at the beginning of the test (Figure 6a). However, unfortunately a comparison cannot be made due
to presence of residual H, in the system, which resulted in a lower inlet a(0,) of 10 (dead volume in a

moisturizing bottle) in the post-testing period (t = 875 h) than at the start up (t = 25h).

Postmortem analysis of the tubular asymmetric CGO-LSF membrane did not reveal any significant
microstructural change of the CGO-LSF dense membrane layer and the layer remained intact (Figure 2d). The
cooling down of the membrane after testing below 500 °C resulted in peeling off of some parts of the
membrane layer from the MgO porous support, which could be a consequence of re-oxidation of Ce** to Ce*

and the extreme chemical contraction associated with it.

3.7 Comparison with theory

Figure 9a shows the calculated oxygen permeation flux through a thin dense CGO-LSF asymmetric dual-phase
composite membrane supported on a porous MgO tube for the H,/air configuration as a function of the
activation polarization resistances (Rs.;) of the surface exchange processes. The calculations were done
according to the model reported by Chatzichristodoulou et al.[36] for two different temperatures of 750 °C and
900 °C, as is described in the section 2.8. R+ was assumed to be the same on both sides of the membrane.
Due to the fact that the ambipolar conductivity of the CGO-LSF membrane is rather insensitive on p0O,, it is the
sum of the two Ry, that will determine the overall performance rather than its distribution between the two
catalyst layers. Therefore, although unsubstantiated (but necessary in the absence of experimental values for

each Rq.) this assumption is not expected to have a substantial influence on the outcome of the calculations.
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The calculated oxygen permeation flux increases strongly with increasing performance of the catalyst
(decreasing R..), as shown in Figure 9a. For an Ry, lower than 5 x 10° Q m? the oxygen flux through the
membrane reaches a saturation value as it becomes limited by gas diffusion through the MgO support. To
exceed these values the microstructure of the MgO support must be modified. The maximal oxygen flux that
can be achieved at 750 °C for flow of 400 Nml/min of H, through a 2.3 cm long membrane is approx. 17.0 N ml
cm™min™. A slightly lower maximal flux of 16.8 N ml cm™ min™ was calculated for a temperature of 900 °C, due

to the increased viscosity of gases.

The reader is reminded here that the ionic conductivity of LSF was assumed to be negligible in the calculations.
The contribution of LSF to the total ionic conductivity would be approx. 8% at 750 °C and 29% at 900 °C. This is
considered to be of a similar magnitude as other uncertainties that influence the effective ionic conductivity of
the membrane, such as the variation in literature values for the ionic conductivity of CGO and LSF, possible
inter-diffusion of cations between CGO and LSF, and micro-strain in the composite CGO-LSF membrane.
Nevertheless, the accuracy of the effective ionic conductivity will only have a minor impact on the flux
calculations, since the loss in driving force associated with ambipolar diffusion through the membrane is only a
minor contribution to the overall losses, contributing with less than approx. 10% at 750 °C and 5% at 900 °C
(see Xyans in Figure 9a). It should be stressed though that due to the lack of accurate experimental values for
Rs..+ of each catalyst layer and of the effective ionic conductivity through the CGO-LSF membrane, the aim of
the calculations is not to have a direct comparison with the experimental results, but rather to offer a semi-
guantitative estimate of the expected O, flux, and more importantly to offer useful insight regarding the main

processes that limit the overall performance.

In Figure 9a a breakdown of the driving force losses (X) to contributions of different processes is shown. The
calculations predict that for the here studied tubular CGO-LSF asymmetrical membrane the major losses are
due to the surface exchange losses (X.) and losses due to concentration polarization in the MgO support
(Xcone)- The contributions originating from the bulk transport losses (Xi.ns) and the conversion losses on the H,
side (Xcony) have much smaller influence on the oxygen permeation flux. For the Ry, down to 4.5 x 10° Q m?
the calculations predict that the largest contribution to the driving force losses will come from the surface
exchange losses (X.,) and below this value the concentration polarization in the MgO support (X.on.) Will start to

dominate the oxygen permeation.

The surface exchange process is highly temperature dependent; a large decrease of R, with increased

temperature occurs. Due to the fact that the calculated J(O,) dependence on R, values only slightly varies
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with the temperature, the decrease of the membrane’s R, can roughly be assessed from the calculated J(0,),
shown in Figure 9a and the measured J(O,), shown in Figure 7. In essence it was assumed that the model
accounts well for conversion losses, diffusion loss and bulk losses and the value of R, was used as a fitting
parameter. The R, estimated in this way is at 750 °C 5.7 x 10° Q m? and at 850 °C 7 x 10° Q m? and the

estimated activation energy of the surface exchange is 200 kJ/mol.
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Figure 9: a) Oxygen permeation flux as a function of activation polarization resistances (R.u) (Joo is the
calculated oxygen permeation flux, Xey, Xconer Xtrans aNd Xeony are percentages of surface exchange losses, gas
diffusion losses on the H, side, ohmic losses and conversion losses on the H, side, respectively), b) Calculated

oxygen permeation flux along the length of the membrane (L) for an Ry, of 2.5 x 10° Q m?at 750 °C.

Figure 9b shows the calculated oxygen permeation flux along the length of the membrane for an R, of 2.5 x
10° Q m?* at 750 °C. The average flux under these conditions was 17 N ml cm™ min™. The oxygen permeation
flux is decreasing along the length of the membrane, due to a decreased driving force as H, is gradually
converted to H,0. For the 2.3 cm long membrane and under the conditions chosen here, the calculations show

that the oxygen flux at the outlet is decreased by a factor of 4 compared to the flux at the inlet.

By comparing the calculated and measured data it is evident that the oxygen transport through the membrane
is limited by the surface exchange reaction. The R, calculated from k., at 750 °C of the CGO-LSF (bar) for high
and low pO, was 1.8 x 10° Q m? and 3.2 x 10° Q m?, respectively. The estimated R+ from Figure 9a that
corresponds to the measured J(O,) at 750 °C was 5.7 x 10° Q m?, several times smaller than expected from the
surface exchange measurements at 750 °C. One reason for a lower R, than expected from the ECR deduced
values of k., for the dense CGO-LSF (bar) is associated with the addition of the porous layers on both sides of

the dense membrane layer and the infiltration of the outer one with a high oxygen partial pressure catalyst,
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which increases the catalytic activity and the surface area where the oxygen reduction and oxidation occur.
Thus, the surface exchange rate is increased. This was indeed observed by the high pO, ECR, where the
infiltration of LCO into the CGO porous layer of the membrane increased the k.,, by several times compared to
kex for the membrane with the bare CGO porous layer or the bulk CGO-LSF (bar) (see Figure 5a), albeit this
effect can only account for part of the improvement. Unfortunately, the relaxation data on the membrane
piece with catalyst cannot be compared with the flux measurements on the membrane as the former can only
be done up to 700 °C. At the low pO, no significant benefit of CGO porous layer compared to the dense CGO-
LSF (bar) was observed by ECR. Another contribution to the deviation between the R, values (obtained from
the ECR and the oxygen permeation flux measurements/modeling) can be ascribed to the different

atmospheres used: the mixture of CO/CO, in the low pO, ECR and the humidified H, in the oxygen permeation.

The performance of the membrane can be influenced by catalysts, temperature, pO, gradient, etc. The
introduction of a better catalyst and/or larger surface area in the CGO porous layer will increase the membrane
performance significantly below 850 °C. However, for the here investigated membrane the predicted limiting
factor at the highest oxygen flux in H,/air configuration (at 850 °C) is in fact the microstructure of the MgO
support and the associated gas diffusion resistance through it. The measured oxygen flux of 15 N ml cm™ min™
is most probably very close to the maximal one that can be achieved with this support structure of the

membrane, as deduced from the modelling.

4  Conclusion

Oxygen transport membranes of dense Cey9Gdg 10195 — (LagsSro.s)o.0sF€03.4 (CGO-LSF) dual-phase composite
supported on a porous MgO tube were prepared by thermoplastic extrusion, dip coating, co-sintering and
infiltration with a catalyst. The membranes were tested, with respect to their oxygen permeation, conductivity
and surface exchange in the temperature range of 500 — 900 °C and an oxygen partial pressure range of 2.0 x
10* Pa — 1.0 x 10™ Pa. It was shown that the electronic conductivity is much higher than the ionic conductivity
and that the oxygen transport through the membrane is for most of the tested configurations and
temperatures controlled by the surface exchange. The oxygen flux for the N,/air gradient and the H,/air

gradient at 850 °C reached 2.1 N ml cm?min™and 15 N ml cm™?min™, respectively.

A model that takes into account the temperature and the pO, dependence of the bulk properties of the CGO-
LSF composite, the activation polarization resistances (Rq.), the gas diffusion and the gas conversion was

constructed and used to simulate the membrane performance. A comparison between theoretical and
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experimental results was carried out for the H,/air tests. Since the oxygen transport at lower temperatures was
surface exchange limited, special focus was put on simulating the flux dependence of Ry, As expected the
results revealed that with decreasing Ry, the oxygen flux can be largely increased. The Ry, can be reduced by
increasing the operation temperature as R, is strongly temperature dependent, and/or by addition of a
catalyst. For the membrane reported here the highest contribution to the Ry, most probably originates from
low catalytic activity of the surface of the inner porous CGO layer, which should be improved in further studies
in case of using the membranes at lower temperatures. However, the correlation between the measured and
calculated flux revealed that for the highest investigated operation temperature 850 °C the oxygen flux almost
reached the maximal theoretically predicted, diffusion through the MgO layer limited, flux of 17 N ml cm™ min’
!, For further increasing the flux, the microstructure of the MgO porous support must be modified for higher

gas permeability.

The stability tests of the membrane in CO,/air and H,/air configurations showed that after an initial
degradation (up to 200 h) the performance of the membrane stabilized. The postmortem analysis of the tested
membrane after 900 h of testing did not reveal any significant microstructural degradation in the membrane

layer, but the adhesion of the membrane layer was significantly deteriorated during cooling below 500 °C.

The fair stability of the membrane as well as decent oxygen flux values show that this material system is
promising for multipurpose membranes. This work lays out a clear direction for further improvements of the
CGO-LSF membranes, which are an increase of the gas permeation in the support and the improvement of the

catalytic activity on the inner membrane surface.
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