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Mixed ionic and electronic conducting (MIEC) oxides are
multifunctional materials used as catalysts,) superconduc-
tors,” fuel-cell and battery electrodes,” as well as membranes
for gas separation.! Among the applications, MIEC mem-
branes with fast transport of oxygen ions at elevated temper-
ature have received increasing attention because the mem-
branes can potentially be used for highly pure oxygen
production with low costs; they are highly efficient as
membrane reactors for the selective oxidation of C, and
C, molecules,*®" water splitting for hydrogen production
reactions,”) and CO, capture integrated with oxy-fuel com-
bustion technology.™ Despite their widespread use, the high-
temperature (usually 800-1000°C) operation of the mem-
brane modules requires special sealants sustaining high-
pressure gradients and special stainless steel resisting high
temperatures and oxidation, which have become the bottle-
neck technology of the application of MIEC membrane
technology.*! Great energy consumption and high investment
on high-temperature membrane modules count against the
reduction of the costs for oxygen production. The bottleneck
technology is easy to be overcome, as well as the energy
consumption and the investment can be significantly reduced
at low-temperature (LT; 350-650°C) operation. Furthermore,
many catalytic oxidation reactions of C;—Cg organic molecules
can be performed in the MIEC membrane reactors with high
efficiency at LT.”

However, most MIEC materials suffer from large and
irreversible performance losses during long-term operation at
LT that limit their commercial application.®! This problem is
particularly acute for many of the recent higher-performance
perovskite-based MIEC materials such as
Bay 551, 5C0oy5Fe,0;5 s (BSCF)**) and La, ,Sr,Co, ,Fe,O; ,
(LSCF, 0<x<1, 0<y<1)! that have been designed for
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low-temperature fuel cells, gas separations, and catalytic
processes. Up to now, it is still difficult to stabilize oxygen
permeation fluxes of MIEC membranes at LT. In general,
degradation processes of materials become more severe with
increasing temperature. Thus, the fact that MIEC membrane
degradation becomes more severe at lower temperatures
stands in stark contrast to the conventional wisdom. Two main
mechanisms have been proposed to account for the LT
degradation in perovskite MIEC membranes. The first is that
oxygen vacancy ordering occurs in these materials during
sustained operation at LT, which severely decreases their
ionic conductivity;!"! the second is that LT operation intro-
duces thermodynamic driving forces that favor kinetic de-
mixing in these materials under oxygen permeation condi-
tions, producing new phases with low ionic conductivity or
undesirable changes to the surface elemental composition and
morphology."!! However, these two proposed mechanisms
cannot explain why degradation is observed even in many
otherwise structure-stable membranes, for example
BaZr,Co,Fe, , ,O; ;"

Here, we identify a third important and potentially
widespread degradation mechanism related to the opera-
tion-induced surface segregation of trace impurities of sulfur
that appears to dramatically impact the LT permeation
behavior of perovskite-type MIEC membranes. Based on
this finding, we propose a simple but remarkably effective
method that for the first time enables the stabilization of
permeation fluxes of perovskite MIEC membranes at LT. We
apply this strategy to a number of recently developed high-
performance LT perovskite-type oxygen permeation MIEC
membranes including BaCe,,;Co,,Fe,s0;_s (BCCF)3!
BaCoy;Fe ,Nbys05_s (BCFN),** and BaZr,,Co,,Fe,,0;5_s
(BZCF)"! and demonstrate stable oxygen permeation fluxes
as high as about 0.5 mLcm™ min~" at 600 °C with degradation
of less than 5% after 480 h of operation as compared to the
typical 80 % degradation experienced in nonstabilized MIEC
membranes under identical conditions.

BCCEF, BZCF, and BCFN are recently developed perovk-
site-type MIEC membranes that show a particularly promis-
ing oxygen permeation performance, with stable behavior as
long as the operation temperature is higher than 750°C; 13!
however, for all three membrane materials derived from high-
purity precursors, their permeation flux decreases quickly
with time at 600°C (see Figure 1a and Figure S1 in the
Supporting Information). After about 480 h of operation at
600°C, the permeation flux of BCCF decreases by about
80%, while after just 100h of operation at 600°C the
permeation fluxes of BZCF and BCFN decrease by 38.5%
and 55.7 %, respectively. The perovskite structure of the three
materials is stable under the operation conditions, and no
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Figure 1. a) Time-dependent oxygen permeation fluxes of BCCF mem-
branes at 800, 750, (thickness: 1.0 mm) and 600°C (thickness

0.5 mm). b) Surface of the as-prepared BCCF membrane after polish-
ing. ) Feed-side surface and d) permeation-side surface of the spent
membrane after 480 h of operation at 600°C; the arrows show the
BaSO, grains on the feed-side surface; all the protuberant grains on
the permeation-side surface are BaSO,. Scale bar: 1 um.

phase changes are detected even after prolonged aging at high
temperature in a pure N, atmosphere as determined by in situ
X-ray diffraction (XRD; see Figure S2). Therefore, oxygen-
vacancy ordering can be ruled out as a source of the flux
degradation observed in these materials. The crystalline
structures of the three membranes were also investigated by
XRD after the long-term permeation tests at 600 °C. All three
membranes retained phase purity in the bulk material.
However, BaSO, was detected on all membrane surfaces
(see Figure S3) even though all membrane were derived from
high purity precursors (containing < 20 ppm sulfur); further-
more, in all cases the intensity of the BaSO, peaks was
significantly higher on the permeate side as compared to the
feed side. For BZCF, both BaSO, and Zr(SO,), impurity
phases were detected on the permeate-side surface. However,
evidence for decomposition or kinetic de-mixing of the
perovskite phase was not observed, nor did we detect the
presence of the typical low-conductivity phases (e.g. hexag-
onal and lamellae phases) that are commonly attributed to LT
degradation in sister MIEC materials such as
BaysSrysCoysFeg,0; 5.4 Based on these initial findings,
additional studies were therefore carried out to further
investigate the BaSO, surface impurities as a potential new
explanation for permeation degradation in these systems at
LT.

The surface morphologies of the spent BCCF membrane
compared with the fresh membrane are shown in Figure 1b-
d. As shown in the figure, after 480 h of operation at 600°C,
there are only slight changes on the morphology of the feed
side (see Figure 1c) with the appearance of sparsely distrib-
uted small BaSO, grains (0.1-1 um, composition verified by
energy dispersive X-ray spectroscopy (EDX), see Figure S4)
on the membrane surface. In contrast, the morphology of the

Angew. Chem. Int. Ed. 2013, 52, 32323236

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

permeate side changes remarkably (see Figure 1d). A large
number of protuberant grains all found to be BaSO, as
verified by EDX are distributed all over the membrane
surface, and the overall sulfur content on the surface reaches
about 2.2 at.%. The enrichment of BaSO, in the permeate
side versus the feed side is also corroborated by the XRD
patterns shown in Figure S3a. A similar phenomenon was
observed on the surfaces of the BCFN and BZCF membranes
as well (see Figure S5). BaSO, is chemically inert towards
oxygen activation and transport; therefore, we think that the
enrichment of BaSO, on the membrane surface can signifi-
cantly degrade the oxygen exchange rate and block the
transport of oxide ions from the bulk to the surface.

The focused ion beam (FIB) technique was used to extract
a slice (about 100 nm thick) from the permeate side of the
spent BCCF membrane. High-resolution transmission elec-
tron microscopy (HRTEM) analysis of the sample enabled
detailed investigation of the interfaces between perovskite
grains, as well as the interfaces between BaSO, and perovskite
grains, and also the crystalline structure of the surface not
covered by BaSO, (see Figure 2). Selected area electronic
diffraction (SAED) analysis and corresponding HRTEM

Figure 2. HRTEM analysis of the perovskite membrane after long-term
operation at 600 °C. The circles highlighted in the large-scale images
(a,d) correspond to the areas shown at higher resolution in (b,c, and
e). a,b) “Clean” area of the BCCF surface not covered by BaSO,. c1,c2)
High-resolution close-up of a perovskite grain boundaries viewed
along the [111] (c1) and [110] (c2) directions. d,e) Grain boundary
between the perovskite and BaSO, viewed along the [110] direction of
the perovskite.
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images along the [111] direction (Figure 2b provides a repre-
sentative example) reveal that the surface of the BCCF
membrane retains the cubic perovskite structure after long-
term operation. The inter-planar spacings measured for the
(101) and (011) planes are similar to those obtained from
XRD. The analysis of the interfaces between perovskite
grains (a representative example is shown in Figure 2¢1,c2)
indicates that the grain boundaries are clear and there is no
evidence of secondary phases between grains. This is in
contrast to the situation in BSCF membranes, where rapid
permeation flux degradation at intermediate temperatures
has been correlated to the appearance of new phases with low
ionic conductivity at the grain boundaries.”! Interfaces
between the perovskite and the BaSO, surface impurity
phase are also clear (see Figure2e for a representative
example), and again there is no evidence for other phases
occurring in the grain boundaries.

The starting sulfur impurity content in the BCCF mem-
brane was determined to be less than 20 ppm based on the
analysis shown in the Supporting Information, and so it is
perhaps at first surprising that this small background impurity
content is sufficient to cause such a large and rapid surface
exsolution of BaSO, and a commensurate large and rapid
degradation of the permeation flux of the membrane during
LT operation. To further verify that sulfur was indeed
responsible for this behavior, new perovskite membranes
were fabricated that were purposefully enriched with a higher
sulfur impurity concentration (marked as BCCF-s, the sulfur
content in these membranes was about 135 ppm). These
membranes with high sulfur content were subjected to various
durability tests, including one membrane that was subjected
to LT operation at 650 °C for 100 h, another that was subjected
to high-temperature operation at 900 °C for 100 h, and a third
that was subjected to high temperature operation at 900 °C for
100 h followed by LT operation at 650°C for 100 h. The
permeation versus time behaviors of the three membranes are
shown in Figure 3 along with representative SEM images and
EDX analysis. For the membrane subjected to LT operation
only, the permeation flux decreases by about 70% (see
Figure 3d) and the permeate-side surface of the spent
membrane is almost completely covered by a layer of
BaSO, grains after 100 h of operation (see Figure 3a and
Figure S6). The sulfur content of the surface reaches 7.5 at. %.
Interestingly, when identical membranes were subjected to
aging experiments in a single atmosphere of either flowing air
or flowing He at 650°C for 100 h, only a few BaSO, grains
could be found on the membrane surface and the sulfur
enrichment on the surface was dramatically lower compared
to the case of membranes subjected to permeation testing (see
Figure S7). These findings, coupled to the fact that the sulfur
content is always dramatically enhanced on the permeate side
relative to the feed side under permeation test conditions
strongly suggest that the transfer of sulfur from the bulk
membrane material to the surface is driven by the chemical
potential gradient of oxygen. The probable mechanism of
sulfur transport is discussed in detail in the Supporting
Information (see Figure S8). This mechanism suggests that
sulfur migrates as sulfate species in the same direction as the
majority oxygen-ion conduction.
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Figure 3. Analysis of the high sulfur-containing BCCF-s membranes
operated under different conditions. SEM pictures of the spent
membrane surfaces (permeate side) after oxygen permeation testing
at a) 650°C for 100 h; b) 900°C for 100 h; c) 900°C for 100 h then
650°C for 100 h. d) Oxygen permeation flux versus time behavior of
the three membranes (1 mm in thickness). e) EDX analysis of the
three membranes. Scale bar: 2 pm.

In spite of their high sulfur content and poor LT
permeation flux stability, the BCCF-s membranes show an
excellent high-temperature permeation stability (see Fig-
ure 3d). This is consistent with the observations from other
perovskite-type MIEC membrane materials, which typically
show good permeation stability above 850°C.*'3 After 100 h
of operation at 900°C, the surface of the permeate side of the
membrane was analyzed by SEM/EDX and XRD (see
Figure 3b and Figure S9). Compared to the membrane
operated at 650°C with an averaged surface sulfur content
of 7.5at.%, the membrane operated at 900°C had an
averaged surface sulfur content of only about 1.6 at. %. This
finding is corroborated by XRD analysis, which shows that
the BaSO, diffraction peak intensities decreases significantly
for the membrane operated at 900°C compared to the
membrane operated at 650°C (see Figure S6). For the
BCCF-s membrane operated at 900 °C for 100 h followed by
operation at 650°C for an additional 100 h, the permeation
flux at 900°C is very stable as that of the second membrane.
Interestingly, however, the permeation flux only decreases
slowly during the subsequent 100 h of operation at 650°C,
(see Figure 3d). The concentration of the surface sulfur for
the BCCF-s membrane after the combined 900 and 650°C
permeation tests is higher than that of the membrane
operated only at 900°C, but is lower than that of the
membrane operated only at 650°C (see Figure 3¢ and e).

Thermodynamic calculations reveal that BaSO, can
gradually decompose at elevated temperature (see Fig-
ure S10), and the equilibrium constant of the decomposition
reaction increases exponentially with temperature. If it is
assumed that the bulk sulfur diffusion and surface BaSO,
decomposition kinetics are fast enough to maintain the SO,
partial pressure in equilibrium with the flowing gas phase, it
would take more than 4000 days at 600 °C to remove all sulfur
from a 0.5 mm thick BCCF membrane (containing <20 ppm
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S) derived from high purity precursors. In contrast, at 900°C it
would take less than 1 day to accomplish the same thing.

Based on this conceptual exercise, we think that the
decomposition of BaSO, (and hence the ability to remove
sulfur from the membrane as SO,) is thermodynamically and
kinetically limited at lower temperatures, thereby explaining
why the membranes operated at 650°C accumulate a higher
surface sulfur content. At low operating temperatures, the
rate of the enrichment of BaSO, on the membrane surface is
faster than BaSO, decomposition; as a result BaSO, grains
aggregate on the membrane surface leading to the degrada-
tion of the permeation flux. At higher temperatures, even
though sulfur segregation from the bulk to the surface should
also be accelerated, this is more than offset by significantly
faster BaSO, decomposition, and as a result only a few BaSO,
grains can be found and no degradation of the permeation
flux is observed. This mechanism also helps to explain the
improved LT flux stability observed for the membrane that
was first operated at 900°C before being operated at 650°C,
as much of the sulfur was likely already removed from this
membrane during the first 100 h of operation at 900°C. It is
likely that the mechanism proposed above is not just limited
to barium-containing materials. The permeation stability of
other membranes containing alkaline-earth and rare-earth
elements will also likely be degraded by sulfur impurities
since their sulfates are also generally stable at low temper-
ature.

Based on the above analysis, the two-stage flux degrada-
tion observed in Figure la (first rapid, then slower) is
attributed to rapid aggregation of BaSO, from the bulk to
the surface during the first 200 h of operation followed by
slower degradation during continued operation. The degra-
dation rate presumably decreases because of 1) a reduced
driving force for the continued surface segregation of sulfur as
sulfur is depleted from the bulk and BaSO, accumulates at the
surface, and 2) the gradual decrease of the electronic current.
One option to combat the sulfur-induced degradation phe-
nomenon at LT would be to synthesize perovskite membranes
using ultrahigh purity sulfur-free reagents. However, recall
that even the 20 ppm sulfur impurity level introduced by high-
purity reagents used to synthesize the membranes tested in
Figure 1, was still sufficient to cause significant degradation.
Obtaining still higher-purity reagents, especially at an indus-
trially relevant scale, is not an easy or cost-effective approach.
As an alternative, we examined the possibility of deploying
a high surface area buffer/catalyst layer with high oxygen
activity on both the feed and permeate faces of the membrane
to mitigate the effects of the BaSO, surface contamination.

Porous Smy 5Sr,5C0o0;_; (SSC) was used for this purpose.
SSC is a perovskite oxide that shows high oxygen catalytic
activity and is commonly used as an oxygen exchange catalyst
in MIEC membranes and as a cathode material for low-
temperature (about 600°C) solid oxide fuel cells."*! A porous
SSC composed of particles of 0.5-1 um in diameter calcined at
950°C was applied to both sides of a BCCF membrane to
create porous surface buffer layers of about 10 pm in thick-
ness. Figure 4 compares the permeation flux stability of the
SSC-coated membrane to an uncoated membrane under
identical testing conditions at 600°C. The flux degradation
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Figure 4. Long-term low-temperature (600°C) oxygen permeation test-
ing of the uncoated BCCF perovskite membrane (circles; this data is
similar to that shown in Figure 1 but obtained for another membrane),
and the same BCCF perovskite membrane (squares) with both surfaces
coated by SSC porous catalyst layers.

behavior of the uncoated BCCF membrane is similar to what
was observed previously for the membrane shown in Figure 1,
with an 80% decrease in flux after 480 h of operation. In
contrast, the flux of the SSC-coated membrane decreased by
only about 5% in the first 200 h and then maintained a stable
performance. Similarly, a stabilized LT permeation perfor-
mance was obtained on SSC-coated BCFN and BZCF
membranes (see Figure S11). For the SSC-coated BCFN
membrane, an 8 % decline in flux was observed in the first
40 h of operation followed by no further decreases in flux over
the next 160 h. For the SSC-coated BZCF membrane, a fully
stable performance was observed with only small fluctuations
of £4 % in the flux during 100 h of operation. Our success in
achieving flux stabilization in all three perovskite MIEC
membrane materials suggests that the SSC-coating stabiliza-
tion technique may be of widespread use to overcome the LT
degradation of permeation flux for many MIEC perovskite
membrane material families. To gain further insight into the
stabilization mechanism of the SSC-coating, SEM and EDX
analyses were conducted on the spent SSC-coated BCCF
membrane after 480 h of operation (see Figure 5). This
analysis indicates that the BaSO, grains diffuse to the outer
shell of the porous SSC layer and as a consequence, there are
no BaSO, grains remaining on the BCCF membrane surface
itself (see Figure 5d). This finding further verifies that the
transport of sulfur is driven by chemical potential gradient of
oxygen, and that the SSC coating can effectively act as
a “buffer” or a sponge to remove the BaSO, grains from the
membrane surface. Furthermore, thanks to the high surface
area and high activity of this porous SSC layer, the enrich-
ment of BaSO, on the SSC surface has little effect on the
oxygen exchange rate as the BaSO, particles are distributed
over a much larger area and cannot completely block the
oxygen exchange process. As a result, it appears that the
porous SSC buffer layer can be used to maintain a highly
stable permeation flux even under low-temperature operation
conditions.

In summary, for the first time we report an approach to
achieve high and stable oxygen permeation at LT (600°C) in
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Figure 5. Post treatment and analysis of the SSC-coated perovskite
membrane after 480 h of oxygen permeation testing at 600°C.

a) Cross-section view of the porous SSC catalyst layer. b) Top view of
the porous SSC catalyst layer. The arrows mark BaSO, grains. c) Top
view of the membrane surface after the porous SSC layer was removed
by ultrasonic agitation. d) EDX analysis of the sulfur content of various
different areas. Scale bar: 2 um.

perovskite-based MIEC membranes. This achievement is
based on the identification of a new but potentially wide-
spread low-temperature degradation mechanism in these
materials which is driven by the segregation of sulfur
impurities from the membrane bulk to the membrane surface,
resulting in the accumulation of a blocking BaSO, surface
phase. We have already demonstrated stable oxygen perme-
ation fluxes of about 0.5mLcm™min™" at 600°C using
0.5mm thick freestanding SSC-coated membranes. It is
therefore reasonable to foresee that commercially significant
(>5mLcm ?min~') fluxes might be obtained at similar
temperatures by applying the SSC-stabilization technique to
asymmetric thin-film (about 20 um in thickness) supported
membranes, and the success in stabilization of the flux will
open the door to many potential new applications for these
membranes.
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