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Oxygen permeation and stability of Mo-substituted
BSCF membranes
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H. Gasparyan®, J. B. Claridge” and M. J. Rosseinsky**

The oxygen permeation performance of Bay sSrysCoqg.xFeg2yMoyi, O35 (x+y=0; 0.025; 0.05;
0.25; 0.375 for Co/Fe=4 and x+y=0.125 for Co/Fe=2) ceramic perovskite materials was
studied. The effects of the composition, structure, morphology and membrane thickness on
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DO 10.17638/datacat liverpool.ac.ukjsg ~ Permeation flux were investigated. We demonstrate how Mo substitution significantly
improves the stability of BSCF membranes not only under static but also dynamic conditions
by depressing the degradation rates at 750 °C. The highest permeation flux among the studied
membranes was measured for a 1 mm thick Bag sSry sC0o.78F€0 10sM0p 02503.5 as 1.55 ml min’!

cm™ at 950 °C which is very close to the flux measured for BSCF (1.65 ml min"' ¢cm™) under
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the same conditions.

1. Introduction

Dense ceramic membranes exhibiting high mixed (oxygen)
ionic and electronic conductivity (MIEC) have received
attention as a potentially economic, clean and efficient way of
producing oxygen by separation from air or other oxygen
containing gas mixtures.” > High oxygen fluxes have been
reported for mixed-conducting oxides with the perovskite
structure.> * For example MIEC membranes of the A, ,Sr,Co,.
yFe,03.5 (A=La, Ba) perovskite oxides have been intensively
studied by a number of research groups for oxygen separation’™®
and partial oxidation of methane (POM).> '° The main problem
with these materials, that inhibits commercialization, is their
structural instability'"* and high thermal expansion
coefficients (TEC),'*'® leading to formation of reduced phases
under reducing conditions and hexagonal phases in oxygen rich
atmospheres at intermediate temperatures (600-850 °C). Several
research groups attempted to stabilize the cubic perovskite
structure of BagsSry5CogsFeq,05.5 (BSCF) by substitution of
less reducible metal ions on the B site!’?°, or by complete
replacement of Co by Fe.'”?! We have shown previously that B
site substitution of BSCF by Mo®", with similar ionic radius to
Fe*" and Co’" but a higher charge, stabilizes the cubic structure
at intermediate temperatures and enhances the electrochemical
properties of BSCF as a cathode material.>> The enhancements
in properties are associated with the endotaxial intergrowth of
Mo-rich double (DP) and Fe-rich single (SP) perovskite phases.
In the present study we investigate the effect of partial
substitution of B site cations by Mo on phase stability, oxygen
permeability, thermal expansion and morphology as a function
of temperature and time under the dynamic conditions of
oxygen separation. Studies of the effect of membrane thickness
on oxygen permeation flux and activation energy were also
conducted.

This journal is © The Royal Society of Chemistry 2015

2. Experimental section

2.1 Powder synthesis and characterization

A series of Mo-substituted BSCF ceramics with general formula
Bay 581 5Cog 3.<Feg 2.yM0y1y03.5 (x+y=0; 0.025; 0.05; 0.25; 0.375 for
Co/Fe=4 and x+y=0.125 for Co/Fe=2) have been synthesized via
conventional solid state reaction. Stoichiometric amounts of BaCO;
(99.997 %), SrCO; (99.994 %), Co,05 (99.9985 %), Fe,05 (99.998
%) and MoOs3 (99.998 %) all purchased from Alfa Aesar were hand
ground in a pestle and mortar with the aid of acetone. Mixed
precursors were then heated to 900 °C for 8 h with an intermediate
step at 700 °C for 6 h. Fired powders were then ball milled (Fritsch
Pulverisette 7) in isopropanol with ZrO, balls for approximately 22 h
and pressed into pellets before firing at 1000 °C for 10 h. This step
was repeated 4 times.

All materials were analyzed by XRD before and after the oxygen
permeation measurements using a Panalytical X-ray diffractometer
with Co Ka; monochromated radiation source (A=1.789 A) in the 5-
80° 20 range. Synchrotron X-ray diffraction data were obtained on
beamline 111 at Diamond Light Source, UK, over 2<26/°< 90 (A=
0.827127 A) at room temperature. The morphology of the
membranes was characterized using scanning electron microscopy
(Hitachi S-4800 Field-Emission Scanning Electron Microscope).
TEC measurements were carried out in a NETZSCH DIL402C
dilatometer in air over the 25-1000 °C temperature range.

Determination of oxygen content in series of BagsSrysCogs.
Feg2.yMo,:,O35 powders were performed by iodometric titrations.
Approximately 50 mg of powder was dissolved in 20 ml of 3 M
hydrochloric acid (HCl) with an excess of potassium iodide (KI).
The solution was then titrated with 0.1 M sodium thiosulphate
(Na,S,0;). Na,S,0; was standardized by titration against potassium
iodate (KIO;) dissolved in distilled water with KI and 1 M sulphuric
acid.
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2.2 Membrane fabrication and testing

The synthesized powders were pressed into disk shape at 4
tonnes using a 20 mm pellet die and then isostatically pressed at 200
MPa. These disks were sintered at 1140 °C for 5 h to achieve >96 %
density. The density of the fabricated membrane was determined by
the Archimedes method. Before oxygen permeation measurements
pellets were polished to 1 mm (£0.05 mm) thickness using a
Tegramin-30 polishing machine (Struers™) and SiC foils of 800-
2000 grits.

The permeability of perovskite membranes under an oxygen
partial pressure gradient were investigated in the Probostat™
(NorECs, Norway) measurement cell. Membrane pellets were sealed
using gold gaskets by heating at 1057 °C for 8-10 h. 21 % oxygen
balanced with nitrogen was used as the feed gas with a flow rate of
100 ml/min [STP], while 100 ml/min [STP] of He was used on the
permeate side as a sweep gas. Oxygen permeation fluxes were
measured using a Clarus 580 gas chromatograph (GC) equipped with
a thermal conductivity detector (TCD). The pressure of sweep gas
(He) was adjusted to 1 bar while the pressure of feed gas (air) was
set to 1.4 bars to provide an O, partial pressure difference across the
membrane. Initially the sweep side was purged with He to remove
any air. Then N, gas was supplied into the feed side and the effluent
of sweep gas, which consists of He and leaked N,, was analyzed by
the GC to assess the leakage. Permeation measurements were
conducted only in the case when N, leakage was less than 5 % of the
total permeation flux. Synthetic air (21 % O, balanced with N,) was
then supplied into the feed side and the permeated oxygen was
measured. Oxygen permeation measurements were carried out upon
decreasing temperature from 950 °C to 600 °C in 50 °C steps after
stabilization for 15 minutes at each temperature. Oxygen permeation
fluxes were calculated according to equation (1) assuming that
leakage of N, and O, through cracks or pores is in accordance with
the Knudsen diffusion mechanism (2):

Cp, ~Cy, x021 f

J o, (mlem™ min ™! [STP]) = [02—1/2] x (1)
0.79(28/32) S
Jleak
Ny _ £X0.79 @)
Jlak Y28 " 0.21
0,

Where,
CO2 ,C N, " measured concentrations of oxygen and nitrogen in the

gas on the sweep side by GC (%)
F —Fixed flow rate of the sweep gas (100 ml/min)

S’ ~Membrane surface area (~1.32 cm®)

3. Results and discussions

3.1 Phase stability and thermal expansion

Fig. la shows room temperature X-ray diffraction patterns of
Bay 5819 5C0¢ 3 «F€92.yM0,:,O3.5 membranes. As can be seen from the
XRD patterns and calculated lattice parameters listed in Table 1,
incorporation of Mo on the B site has a significant effect on the
structure. Oxide powders with low Mo content (x+y = 0-0.125) have
pure single cubic perovskite (SP) structures (space group Pm3m,
cell parameter a, = 3.9 A) with disordered substitution of Mo onto
the octahedral B-site together with Co and Fe. With further increase
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of Mo substitution an additional diffraction peak with weaker
intensity at 22.5° 20 appears (Fig. 1b), which is attributed to the
double perovskite (DP) structure (space group Fm3m, cell
parameter 2a,~7.9A) containing two distinct octahedral B-sites.
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Fig.1: Room temperature XRD patterns of a) Bag sSrgsCoo.sxFeo2yMoyiyO35
membranes sintered at 1140 °C for 5 h, b) zoomed section indicating double
perovskite peaks at 26=22.5° (black arrows) for x+y=0.25 and 0.375 SP/DP
compositions.

For the samples with x+y=0.25-0.375 the second perovskite phase
coexists with the single perovskite as described and shown
elsewhere.” As thermal stability tests in the air at 750 °C for 170 h
were conducted for x+y=0.125, 0.25 and 0.375 powders previously”
in this study we have performed similar aging tests at 750 °C for 170
h in air and flow of N, for the least Mo substituted BSCF
composition (x+y=0.025). After these stability tests, powders were
analyzed by synchrotron powder X-ray diffraction and are shown in
the Fig. 2a and 2b. It has been extensively shown that instability of
BSCF below 830 °C is caused by a reversible cubic to hexagonal
phase transition driven by the reduction of B site Co*/Fe*" cations
into Co*"**/Fe*" ** % Further detailed investigation has revealed so-
called plate-like or fishbone regions consisting of cubic, Fe depleted
hexagonal and Co- and Ba-rich Ba,;C0,03,:3 (n>2) or BCO type
crystal structures.'” The presence of an additional monoclinic phase
in BSCF after annealing at 750 °C for 10 h has also been reported.?
However in the current study no significant changes or reflections
corresponding to phases apart from the cubic perovskite were
detected in XRD patterns of Mo substituted BSCF ceramic powders
annealed in air or N, at 750 °C for 170 h (Fig. 2).

Several studies have reported high thermal expansion coefficient
(TEC) values for Co containing MIEC materials and for BSCF in
particular (~24-28E-6 K™")."*'® %" Table 1 summarizes TEC values
of the Bay sSrysCoqg.FepryMoyi,O;5 ceramics in the 50-950 °C
temperature range with the value for BSCF in good agreement with
the literature.'*'% 27 The observed sharp change in thermal expansion
rate at temperatures of 400-500 °C have been reported by many
researchers in BSCF-related materials.'*'® %’ The phenomenon has
been associated with the release of lattice oxygen to form oxygen

This journal is © The Royal Society of Chemistry 2015
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Fig.2: Observed (black/blue), calculated (red) and difference (grey) plots of Pawley refinements of room temperature synchrotron powder diffraction of the
aged Bay sSr.5C00.78F€0.19sM00.02505.5 at 750 °C for 170 h a) in static air (a=3.9879(8) A) and b) flowing nitrogen (a=3.9925(5) A). Blue tick marks refer to SP.

vacancies, and reduction of Co and Fe, resulting in an increase of
unit cell volume or chemical expansion.®® In the low temperature
region (LTR=50-500 °C) the thermal expansion coefficients of Mo-
doped ceramics are very similar. In the high temperature region
(HTR=550-950 °C) TECs decrease from 28.3x10° K™ to 18.4x10°
K with increasing Mo content reaching the same values for both
regions for BagsSrysCogsFeg 125sM0g 375035 (Table 1) which is an
indication of enhanced thermal cycling stability.

Contradictory results have been reported in literature concerning
the effect of the grain size on permeation flux of BSCF related
materials. Zhang et al” has reported that the oxygen permeation
flux for a SrCo gFe(,03.5 membrane increased considerably with the
decrease of the average grain size, indicating that the grain
boundaries in the sample provided a faster path for oxygen diffusion
and/or enhancement of the surface exchange rate.

Table 1: Summary of unit cell parameters calculated from Rietveld
refinement and TEC values of Bag sSro.sC0.sFe€o2.,M0y+,O3.5 ceramics.

Nominal composition p;ZEZfer TEC, K TEC, K
SP/DP, A 50-500°C | 550-950°C

Bag sSrsCopsFep20s.5 3 9848(0) 11.2E-6 28.3E-6

Bay sSrg.5C0o.78F€0.195M00.02503.5 3 9839(2) 17.8E-6 28.4E-6

Bag sSr.5C00.76F€0.19M 00050535 3 9858(0) 17.5E-6 28.3E-6

Ba(),5Sl‘0,5C00,583Feo,292M00, 12503_5 3 9790(0) 17.9E-6 26.1E-6
3.9820(1)/

Baol5sr0,5C00,6Feo,15M00,25O3_5 79927((3)) 17.2E-6 22.1E-6
3.9899(1)/

Baol5sr0,5C00,5Feo,125M00,37503_5 79838(( 1)) 18.6E-6 18.4E-6

Mo
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Fig. 3: SEM micrographs of the surface of BagsSro.sCoos.<Feo.2.yMoxyOs.; membranes sintered at 1140 °C for Sh. Before SEM micrographs were taken all
membranes were polished on both sides and thermally etched at 950 °C for 2 h for better grain boundary development.

Salehi et al*® and Baumann ef al®' reported no significant
difference in permeation flux performance for BSCF membranes
sintered at different temperatures and with different grain sizes. Fig.
3 shows SEM images of Ba, sSr( sCog g.Feg ».yMo,4,03 5 membranes
before permeation measurements. All 6 membranes after sintering at

This journal is © The Royal Society of Chemistry 2015

1140 °C for 5 h were first polished and then thermally treated at 950
°C for 2 h in order to develop grain boundaries. As can be seen from
the SEM images, all the pellets have a very dense structure.
Increasing Mo content in the BSCF membrane leads to a significant
decrease in the grain size changing from ~35 um for

J. Mater. Chem. A, 2015, 00, 1-3 | 3
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BaO.5Sr0.5C00.7gFeol195M004025O3_d to 200-400 nm for
Bay 5Srg sCoq sFeg 12sM0g 375035 A similar observation was reported
for Al doped SrFeO;;.*? It seems that grains of SP/DP structures in
Bay 5Sr) sCog 6Feg.15sM0og 25035 and  Bag sSrg sCog sFeg 12sM0g 375035
membranes have not been fully sintered at 1140 °C as grain growth
is not observed as in the case of the less substituted membranes. This
indicates that increasing sintering temperature is required with
increasing Mo doping. Attempts to sinter
Bay 5S1.5C00 6F€0.1sM00.2503.5 or Bag sSrg sCoqsFep. 125M0g 375055 at
higher temperatures lead to impurity phase formation (XRD patterns
are shown in the supplementary information S1 and S2).

3.2 Oxygen permeation measurements

The oxygen permeability of BagsSrysCogs.FegryM0y,Oss
membranes with 1 mm thickness was examined in the temperature
range of 600-950 °C and the results are shown in an Arrhenius-type
plot (Fig. 4a). For comparison reasons 1 mm BSCF membrane was
also tested under the same conditions. Increasing temperature results
in increased oxygen permeation flux. It becomes clear that a lower
Mo concentration, as in BaysSr;sCog7gFeg 19sM0g 025035, favours
very high flux, ca. 1.55 ml min™ cm™ at 950 °C.

a)
14 ° 8 2
-
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o o
T [ ]
£ °
g ° )
o ° °
€ 0.14 ° °
’“OH ° Bao SSrO_SCOU xFeo.zosrd [*]
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Fig. 4: Dependence of oxygen permeation flux Jo, on a) Mo doping level as a
function of temperature (Arrhenius plot) and b) oxygen vacancy
concentration.
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Gradual reduction of oxygen permeation fluxes with increasing
Mo substitution is expected and can be related to the reduction of the
oxygen vacancy concentration measured by the iodometric titration
technique (Fig. 4b). An increase in the oxygen content is required to
compensate for increased charge on the B site as a result of
substitution by Mo®", which is also expected to affect the material’s
ionic conductivity. Mauvy et. al.** have shown that permeability is
proportional to the oxygen vacancy concentration and ionic
conductivity, hence the observed decrease in oxygen permeability.
The reduction of grain size caused by Mo substitution coupled with
fewer oxygen vacancies does not favour a large permeation flux,
which is consistent with the findings of Wang®’ and Niedrig** who
have observed increase in oxygen flux and total conductivity with
increasing grain size in BSCF membranes.

3.3 Rate determining steps
Oxygen transport through perovskite membranes can be
controlled by the oxygen surface exchange kinetics, solid-state bulk
diffusion or a combination of both. According to Wagner’s theory *°
if the process is governed mainly by bulk diffusion, the oxygen
permeation flux across the membrane is thickness dependent as
shown in Eq. 3, where L is the thickness of the membrane.
o
0;-0,

. RT
RCVErE; ) (o1 +0,) 1o, @
Po3"

This means that, for process limited by bulk diffusion, upon
reduction of the membrane’s thickness the oxygen permeation flux
should be enhanced. On the other hand, if the process is governed by
surface exchange, the permeation flux should be thickness-
independent, while the specific permeability (Jo, x L) will increase
with increasing the membrane thickness. To clarify the controlling
steps a systematic study was conducted on
Bay 5Srg.5C00 73F€0.19sM00 025035 membranes of varying thickness
L=1.6-0.75 mm. Oxygen permeation fluxes (Jop) and specific
permeability (Jo, x L) through these membranes, along with
corresponding activation energies are presented in Fig. 5.

With increasing membranes thickness from 0.75 to 1.4 mm a
pronounced decrease is observed in oxygen permeation fluxes above
750 °C (Fig. 5a), while below that temperature the change is not so
significant. The increase in permeation flux with decreasing
membrane’s thickness indicates that the rate limiting step is the bulk
diffusion. A change in rate limiting step and activation energy is
observed on decreasing the temperature. In our studies the observed
activation energies (inset of Fig. 5a) in the high temperature region
(950-750 °C) are almost half those in the low temperature region
(750-600 °C). At high temperature bulk diffusion is the most
important contribution. On lowering the temperature surface
exchange, involving adsorption/desorption, surface diffusion and
charge transfer, becomes important due to its high activation
energy”®. However we do not reach the limiting case where surface
exchange is the dominant rate determining step, as oxygen
permeation flux would be independent of the thickness of the
membrane. Our findings are consistent with results reported in the
literature for BSCF. *% 714

We have also found that with further increase in membrane
thickness to 1.6 mm the permeation flux became thickness
independent, while the specific permeability increased (Fig. 5b),
indicating that for the thick samples the surface exchange is the rate
limiting step. In support to our findings similar conclusion have been
presented by Zeng et al. > where it was shown that for the thick 1.2
mm BSCF membrane permeation flux is limited by slow surface
exchange kinetics.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5: The temperature dependence of a) permeation flux (Jo,) and b)
specific permeability (Jo, x L) through the BagsSrosCoo75F€0.195M00.02503.4
dense membrane with varying thickness (L=0.75-1.6 mm). The inset shows
corresponding apparent activation energies of oxygen permeation as a
function of membrane thickness.

3.4 Stability measurements under operating conditions

MIEC membranes should not only exhibit high oxygen
permeation fluxes but also should be structurally stable under the
operating conditions. In the section 3.1 we have demonstrated how
Mo substitution improves BSCF thermal properties under static
conditions. However the applied oxygen partial pressure gradient
across the membrane during operation and the high permeation flux
may influence the mobility of elements constituting the membrane
due to the difference in self-diffusion coefficients causing kinetic
demixing®® * and jeopardising the stability of the material. An
enrichment of the alkaline earth metals was found on the sweep side
in Lag;Srg7C00;55" and LSCF*' membranes. Similar enrichment
was also reported in the case of a BSCF membrane near the He inlet
(sweep side) where P(0,) is relatively low.*® Hence stability tests of
the lowest and the highest Mo doped BSCF membranes, i.e.,
Bay 5519 5C0g.78F€0,19sM00.02503.5 (L=1.6mm) and
Bao_5Sr0_5C00_5Feo_125M00_37503_5 (L=1mm), at 750 °C with air and He
flow rates of 100 ml/min were conducted and are presented in Fig. 6.
A stability test of a 1 mm BSCF membrane under the same
conditions was also conducted for comparison.

As can be seen from Fig. 6, permeation fluxes of BSCF and
Bay 5Sr) sC0og 73F €0 19sM0g 02503.5 membranes demonstrate two time-

This journal is © The Royal Society of Chemistry 2015
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dependant decays which are absent in the case of the higher Mo
doped membrane. The slopes obtained from linear fittings decrease
by an order of magnitude for BaysSrysCog75F€0 19sM0g02503.5
membrane (4.35x10* ml min cm™ ) and 2 orders of magnitude for
Bay sSrgsC0g sFeg 12sM0g 37503.5 membrane (2.25%107° ml min? cm™)
compared to BSCF (1.13x107° ml min cm™).

1.0

° BaO,SSrO.SCOO,XFCO.ZOB-d

° BaO,Ser.SCOU,7XFe().195M00.02503-d
08 e BajSr Co Fe Mo O

05705
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=3
~
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Fig. 6: Time dependence of oxygen permeation flux at 750 °C in 100/100

ml/min air/He for 1 mm BSCF, BaysSrysCoo7sFeo19sM00025035 and
Bay 5SrysCop sFeo.12sM0g 37505.5 membranes.

During 200 h of operation at 750 °C the BSCF membrane shows
35% decay of permeation flux, while
Bay 5S1g.5C0g.73F€0.19sM00 025035 demonstrates improved stability
slowing the decay by a factor of two and resulting in only 17%
reduction. We continuously measured the stability of
Ba 5Sr) sCog 75F€g 19sM0g 02503.5 membrane for additional 50 h and
compared it with predicted value (from extrapolation of
experimental data) of permeation flux for BSCF (results are shown
in the supplementary information S3). After 250 h of operation
permeation flux of BaysSrysCog73Fe 19sM0g 025035 membrane
reduced to 19 %, while the predicted decay of BSCF membrane is
over 43 %. This makes Bag sSty 5C0g 73F€.19sM0g 02503.5 membrane
superior to BSCF if considered for long term use at intermediate
temperatures. On the other hand, the Bag sSrg sCoq sFeg 12sM0g 375055
membrane from the beginning shows steady-state permeation. In the
case of BSCF and BaO.5Sr0.5C00.78FeO.195M00‘02503_5 the most rapid
decay of permeation flux in the first 10 hs can be ascribed to the loss
of the lattice oxygen.® According to Wang et. al.,® the estimated
equilibrium time for a BSCF membrane (L=1.7 mm) at 875 °C is
less than 10 min but can alter depending on the oxygen vacancy
diffusion coefficient and the membrane thickness. The second and
slower decay can be associated with formation of the Co;04 and
hexagonal phases. Most aging tests reported in the literature are
conducted at higher temperatures'® 2> ** (above 830 °C) which
makes the comparison problematic as permeation flux strongly
depends on the experimental conditions such as the membrane
thickness, temperature, oxygen partial pressure and gas flow rates on
the sweep and the feed side.

Although XRD patterns and SEM images collected from the
surfaces of all studied membranes have shown formation of Co;0,
and hexagonal phases on both sides (Fig 7b,7c and Fig. 8),
decomposition products were detected only in the bulk of pure
BSCF (Fig. 7a), but not in the bulk of Mo substituted membranes.
Stability tests under static and dynamic conditions indicate that large
differences in the oxygen partial pressure across the membrane may
have a major influence on the membrane degradation, particularly

J. Mater. Chem. A, 2015, 00, 1-3 | 5



Journal of Materials Chemistry A

Paper

due to element mobility and interaction of migrating cations with gas
species causing so-called kinetic demixing on the surface which was
also observed for BSCF,*® LSCF*' and LSC*’ membranes.

SEM images of the aged membranes (Fig. 8) show how the feed
sides of all membranes deteriorated to a greater extent that the sweep
sides. However the feed side of the Bag 5Sry sCog.75F€g.195M0g.02503.5
membrane seems less damaged compared to the feed side of the
BSCF. Hexagonal and Co;0, phases can clearly be seen growing in

grains and at grain  boundaries of BSCF  and
Bay 5Sr 5Cog 78F €0 19sM0g 025035 membranes (Fig. 8.1a and 8.2a).
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Fig. 7: XRD patterns (intensities presented in log scale) of BSCF,
Bay 5Sro.5Cog.78F€0.19sM00.02503.5 and Bayg 5Sro.sC00.5F€0.12sM 00375035
membranes after aging at 750 °C for 200 h in 100/100 ml/min air/He: a) bulk
of the membrane, b) feed and c) sweep sides. Arrowed peak indicate
hexagonal phase.
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SEM images of the BagsSrgsCoq7gFep 19sM0g 25035 membrane
reveal significant grain growth in comparison with a fresh
membrane. Although the hexagonal phase was detected by XRD on
the surface of Bag sSrg sCog sFeg 125M0g 375035 membrane, it was not
observed by SEM imaging at grain boundaries. This may contribute
to the stability at 750 °C over 200 h. The decomposition phases
formed at the grain boundaries of the BSCF membrane reduce the
permeation flux by 35 % after 200 h but do not affect the
performance of the Bay Sty sCogsFeg 12sM0g37503.5 membrane. This
indicates that grain boundaries have a critical effect on conductivity
and permeability properties of BSCF. Decomposition of BSCF may
not have such a strong effect on permeability if the secondary phases
do not form along grain boundaries.

Fig. 8: SEM images of a) feed and b) sweep sides of 1) BSCF (L=1 mm), 2)
Bay 5S10.5C00.78F€0.19sM00.02503.5 (L=1.6 mm) and 3)
Bay 5SrysCopsFe 12sM0g 375035 (L=1 mm) membranes after stability tests at
750 °C for 200 h.

Conclusions

The Bag sSrysCoqs.<Fepr.,Moy:yO3.5 ceramics have the single
cubic perovskite structure at low Mo content and mixed
single/double perovskite structure with higher Mo substitution
levels. Stability tests in static oxidizing and reducing atmospheres
have shown that doping BSCF with Mo significantly improves its
stability. Gradual reduction of TEC values is observed with
increasing Mo concentration in BSCF ceramics. The highest
permeation flux of J(0,)=1.55 ml min"' cm? at 950 °C was measured
for Bay sSrysCog73Fe€n 195sM0g 025035 which is very close to the
permeation flux of undoped BSCF J(0,)=1.65 ml min™' cm?’ at the
same temperature. Permeation studies have shown that for 0.75-1.4
mm thick membranes the permeation flux is governed predominately
by the bulk diffusion, however reducing the operating temperature
increases the significance of surface exchange steps. The surface
exchange is the rate-limiting step in relatively thick 1.6 mm
membrane. We have demonstrated that partial decomposition of Mo
substituted membranes takes place only on the surface of the

This journal is © The Royal Society of Chemistry 2015
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membrane and under large oxygen partial pressure differences across
the membrane over a long period of time. These secondary phases do
not affect the stable operation of the higher Mo doped membrane as
they do not accumulate at grain boundaries.
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