
Substantial Oxygen Flux in Dual-Phase Membrane of Ceria and Pure
Electronic Conductor by Tailoring the Surface
Jong Hoon Joo,*,† Kyong Sik Yun,† Jung-Hwa Kim,‡ Younki Lee,†,§ Chung-Yul Yoo,† and Ji Haeng Yu*,†

†Advanced Materials & Devices Laboratory, Korea Institute of Energy Research, 152 Gajeong-ro, Daejeon 305-343, Republic of Korea
‡Platform Technology Laboratory, Samsung Electronics, 130 Samsung-ro, Yeongtong-gu, Suwon-si, Gyeonggi-do 443-803, Republic
of Korea

ABSTRACT: The oxygen permeation flux of dual-phase membranes,
Ce0.9Gd0.1O2−δ−La0.7Sr0.3MnO3±δ (GDC/LSM), has been systematically
studied as a function of their LSM content, thickness, and coating material.
The electronic percolation threshold of this GDC/LSM membrane occurs
at about 20 vol % LSM. The coated LSM20 (80 vol % GDC, 20 vol %
LSM) dual-phase membrane exhibits a maximum oxygen flux of 2.2 mL·
cm−2·min−1 at 850 °C, indicating that to enhance the oxygen permeation
flux, the LSM content should be adjusted to the minimum value at which
electronic percolation is maintained. The oxygen ion conductivity of the
dual-phase membrane is reliably calculated from oxygen flux data by
considering the effects of surface oxygen exchange. Thermal cycling tests
confirm the mechanical stability of the membrane. Furthermore, a dual-
phase membrane prepared here with a cobalt-free coating remains
chemically stable in a CO2 atmosphere at a lower temperature (800 °C)
than has previously been achieved.
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1. INTRODUCTION

Oxyfuel technology has attracted considerable attention since it
promises to capture the CO2 emitted by coal-fired power
stations. However, the overall efficiency of oxyfuel combustion
is limited by the high cost of oxygen generation by cryogenic
distillation.1,2 Ceramic oxygen transport membranes have been
studied as a promising alternative to cryogenic oxygen supply.3

Single-phase perovskite materials containing Co and Fe are
particularly interesting because of their high oxygen perme-
ability and their controllable properties. These materials have
high oxygen ionic conductivities at elevated temperatures due
to the high oxygen vacancy concentration and mobility
therein.4,5 However, their chemical and mechanical instability
when exposed to atmospheres containing, for example, CO2
and a large oxygen partial pressure gradient is a major obstacle
for their industrial application.6−8 Simultaneously achieving
high oxygen fluxes and a high stability is indeed extremely
difficult with single-phase perovskites. Recently, dual-phase
membranes that consist of an electrolyte oxide and a perovskite
material have been developed to overcome these shortcomings
while maintaining a high permeability to oxygen.9−14 Dual-
phase membranes whose electronic conductor phase has a high
ionic conductivity, (Ba,Sr)(Co,Fe)O3−δ for example,15 typically
exhibit high oxygen permeability. However, the applicability of
this type of membrane is questionable due to the chemical and
mechanical instability of the electronic conductor under
operating conditions. Generally, the number of oxygen
vacancies in permeable perovskite materials increases with

decreasing oxygen partial pressure (Po2) and increasing
temperature. The difference in Po2 between the feed and
sweep sides of the membrane induces an oxygen deficiency
gradient, which in turn leads to chemical expansion because the
volume of the unit cell increases as the valence states of the
transition metals therein decrease.16 This chemically induced
stress in membranes exposed to a Po2 gradient can lead to
fracture or cracking.
Among a number of possible combinations for dual-phase

membranes, associating an acceptor-doped ceria with lantha-
num strontium manganite (LSM) is promising, because the
latter is more stable, both mechanically and chemically, than
other perovskites due to the near absence of oxygen vacancies
(δ ≈ 0) at intermediate oxygen partial pressures (10−5 to 10−10

atm) and elevated temperatures (600−1000 °C).17 In addition,
the thermal expansion coefficients (TECs) of doped ceria (12.8
× 10−6 K−1 at 50−1000 °C)18 and LSM (12.3 × 10−6 K−1 at
800 °C)19 are similar (less than 4% difference), which should
guarantee the mechanical strength of the composite during
thermal cycling. These advantages in terms of stability
notwithstanding, dual-phase membranes consisting of an
acceptor doped ceria and a pure electronic oxide typically
have a low oxygen permeability, the negligible oxygen ion
conductivity of the electronic oxide forming a barrier to oxygen
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diffusion. Furthermore, the permeation flux through ceria-based
dual-phase membranes such as gadolinium-doped ceria
(GDC)/LSM composites has been reported to be 10 times
lower than expected due to interdiffusion of the constituents.20

However, our previous work shows that the ionic conductivity
reported for composite membranes may be underestimated due
to surface-exchange kinetics having been ignored. Moreover,
lowering the electronic conductor content of dual-phase
membranes to ca. 20 vol %, lower than typically reported in
the literature should allow substantial oxygen flux.10

In this work, the oxygen permeation flux in GDC/LSM
(Ce0.9Gd0.1O2−δ/La0.7Sr0.3MnO3±δ) composites has been stud-
ied systematically as a function of the concentration of the two
phases, to understand the role of GDC. Furthermore, the
effects on the flux and the surface-exchange kinetics of different
coating materials and membrane thickness were investigated.
Reliable estimates of the ionic conductivity in the GDC/LSM
composite membrane are obtained by including surface-
exchange effects. Thermal cycling tests and permeation
experiments under a pure CO2 atmosphere were also
performed to verify the mechanical and chemical stability of
these coated dual-phase membranes.

2. EXPERIMENTAL SECTION
The GDC/LSM dual-phase membranes were fabricated by tape
casting and lamination. A mixture of Ce0.9Gd0.1O2−δ (Anan Kasei,
Anan, Japan) and La0.7Sr0.3MnO3±δ (Kceracell, Daejeon, Korea) was
homogenized by ball milling for 48 h in ethanol. The dried powder
was then ball-milled for 24 h with appropriate amounts of plasticizer,
binder, dispersant, and solvent to prepare slurries that were tape cast
onto a polyethylene carrier film. The green tapes were laminated at 70
°C under a pressure of 10 MPa to control the thickness of the LSM/
GDC dual-phase membrane and were sintered at 1300 °C for 3 h for
densification. La0.6Sr0.4CoO3−δ (LSC; Kceracell)a highly active
cathode material typically used with ceria electrolytes in solid-oxide
fuel cells (SOFCs)or Sr0.97Ti0.5Fe0.5O3‑δ (STF; Kceracell) powders
were mixed with an organic solution to coat the membrane surface. In
order to characterize the surface-exchange kinetics, an LSC or STF
coating slurry was brush-painted on one or both sides of the dual-
phase membranes before firing at 1000 °C for 3 h. The oxygen
permeation flux was measured using a gas chromatograph (ACME
6000, YoungLin) equipped with a molecular sieve column and a
thermal conductivity detector. The sintered membranes were glass-
sealed onto alumina tubes. Synthetic air (0.21 atm) was introduced
into the feed side while He or CO2 was fed to the permeate side of the
membrane at 400 mL·min−1. The measured oxygen permeation fluxes
were corrected by subtracting the leakage flux. Based on the N2 signal,
oxygen leakage was less than 0.1%. The electrical conductivity of the
sintered LSM/GDC membrane was measured, using a four-probe DC
setup, with an electrochemical interface (Solartron, SI 1287, West
Sussex, U.K.). The microstructure of the membranes and coating layer
was observed by scanning electron microscopy (SEM, Hitachi, Tokyo,
Japan). The crystal phase of the membranes was characterized by X-
ray diffraction (XRD, Rigaku 2200), and the lattice parameters were
calculated by using the FullProf program.

3. RESULTS AND DISCUSSION
Electrical Conductivities of LSM-GDC Composites.

Since the oxygen ion conductivity of LSM is negligible
(∼10−7 S·cm−1 at 800 °C in air),21 its concentration in the
LSM/GDC dual-phase membrane should be minimized to
enhance oxygen flux. Since the electrical conductivity of LSM is
much higher than that of GDC, the composite should go
through a percolation threshold at a given composition. In
order to identify the minimum content of LSM required for
electrical percolation, the conductivity of the GDC/LSM

composite was measured as a function of its LSM content, as
shown in Figure 1.
A general effective-media equation was used to fit the

conductivity behavior of the composite as follows:22
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where fc, f, and t are respectively the percolation volume
fraction of the LSM phase, the LSM volume fraction, and the
percolation exponent, and σh, σl, and σtot represent the
conductivities of the high conductivity phase (LSM), the low
conductivity phase (GDC), and the composite as a whole,
respectively. The values fit in this way for the percolation
exponent (t) and volume fraction ( fc) are 1.72 and 0.17,
respectively, the latter indicating the effective percolation slope,
which is steeper the lower t is.23 The percolation volume
fraction is found to be around 20 vol %, in good agreement
with the reported value for the percolation threshold in GDC/
La0.6Sr0.4CoO3−δ (LSC) composites (∼20 vol %).24 Since the
percolation behavior is also influenced to an extent by the
morphology of the constituents, notably the particle size, shape,
and distribution, therein 20 vol % LSM was determined to be
the minimum content that guarantees electrical percolation in
this composite membrane.

Figure 1. Electrical conductivities at 300 °C of the dual-phase GDC/
LSM (Ce0.9Gd0.1O2−δ/La0.7Sr0.3MnO3±δ) membrane as a function of
its LSM content. Error bars represent the 95% confidence interval
about the mean values.

Figure 2. Room temperature X-ray diffractograms obtained for the
LSM20 dual-phase membrane (80 vol % Ce0.9Gd0.1O2−δ, 20 vol %
La0.7Sr0.3MnO3±δ).
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Figure 2 shows the Rietveld refinement of XRD patterns
obtained for a sintered LSM20 (80 vol % GDC, 20 vol % LSM)
dual-phase membrane. No peaks other than those for LSM and
GDC are observed, indicating that any secondary phases are

present in concentrations below the detection limit of routine
XRD analysis. The volume of the LSM unit cell in this
membrane (350.2 Å3; a, 5.494 Å; c, 13.396 Å; space group, R3 ̅c)
is smaller than that in pure LSM (352.3 Å3; a, 5.514 Å; c,
13.377 Å), while the volume of the GDC unit cell in the
membrane (159.0 Å3; a, 5.418 Å; space group, Fm3 ̅m) is
slightly larger than that in pure GDC (158.8 Å3; a, 5.416 Å).
The expansion of GDC unit cells has been reported elsewhere
for other GDC-based composite membranes and may be
caused by the diffusion of large cations (La or Sr) into the
GDC during sintering.25

Figure 3 shows SEM images of sintered LSM20 and LSM50
(50 vol % Ce0.9Gd0.1O2−δ, 50 vol % La0.7Sr0.3MnO3±δ) samples,
the former with and without a porous LSC coat. Since the
number of backscattered electrons increases with the atomic
number of the scattering atoms, the darker grains are assigned
to the LSM phase. The grains in this phase range from 0.2 to 1
μm in diameter. The micrograph of the LSC-coated 30 μm
thick free-standing LSM20 membrane clearly shows that the
LSC layer is porous and about 20 μm thick.

Oxygen Permeation Flux of the Dual-Phase Mem-
brane. Figure 4 shows the oxygen permeation flux measured
through ∼60 μm thick free-standing LSM20 dual-phase
membranes with and without a porous LSC coat under an
air/He gradient. Fluxes of bare pure GDC (∼60 μm thick)

Figure 3. Scanning electron micrographs and a photoimage of dual-phase membranes: (a) bare surface of the LSM20 membrane, (b) bare surface of
LSM50 membrane, (c) cross-section of the LSM20 membrane with LSC layers, and (d) surface of a porous LSC layer.

Figure 4. Oxygen permeation fluxes measured through free-standing
LSM20 dual-phase membranes (∼60 μm thick) with and without a
porous La0.6Sr0.4CoO3−δ coat. Fluxes of bare pure GDC (∼60 μm
thick) are also shown for comparison.
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were also measured for comparison. As stated earlier, ∼20 vol
% is the minimum LSM concentration for electrical percolation
to occur in these LSM-GDC composites.
Since the ionic conductivity of LSM (10−7 S·cm−1 at 800 °C

in air)21 is much lower than that of GDC (10−1 S·cm−1 at 800
°C in air),26 oxygen permeation through LSM can be excluded.
In order to elucidate the effects of surface modification, both or
just the permeate or feed sides of the membrane were coated
with LSC. The oxygen flux measured for the uncoated LSM20
membrane, 6.9 × 10−9 mol·cm−2·s−1 at 850 °C, is low. The
apparent activation energy for oxygen flux in the bare
membrane was determined to be 4.25 eV, a value comparable
to the activation energy for surface exchange (3.3 eV) and
much higher than that for oxygen diffusion in GDC (0.6 eV).27

Figure 5 is a schematic representation of the possible routes
for oxygen transport in GDC/LSM dual-phase membranes with

Figure 5. Possible routes for oxygen transport in (a) uncoated and (b) coated Ce0.9Gd0.1O2−δ/La0.7Sr0.3MnO3±δ dual-phase membranes.

Figure 6. Temperature and LSM volume fraction dependence of the
oxygen permeation flux through ∼30 μm thick GDC/LSM dual-phase
membranes coated on both sides with La0.6Sr0.4CoO3−δ.

Figure 7. Oxygen permeation flux at 850 °C through LSM20 and
LSM50 dual-phase membranes coated on both sides with
La0.6Sr0.4CoO3−δ as a function of the inverse of their thickness. The
oxygen fluxes derived from the Wagner (solid line) and modified
Wagner equations (dotted line) are also shown.
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and without modification of the gas−solid interface. As
mentioned previously, oxygen permeation through the LSM
phase can be neglected. There are therefore only two transport
paths possible through the bare membrane. Path I involves
surface exchange on GDC, whereby oxygen molecules are
dissociated and reduced and the resulting oxygen ion is
incorporated into the bulk. This reaction has been reported to
proceed slowly because of the low electrical conductivity of
GDC, which also limits the supply of electrons laterally, from
the percolated LSM phase. For the second possible route (path
II), electrons from the percolated LSM facilitate oxygen

incorporation into GDC at the triple phase boundary between
the GDC, LSM, and oxygen. Since the activation energy for
oxygen permeation estimated here for the bare membrane
(4.25 eV) is significantly higher than the one reported in the
literature for surface exchange on LSM/GDC composites
(−0.19 eV),28 this suggests that permeation via path II is
negligible, or in other words, that oxygen permeation through
the uncoated membrane is mostly controlled by the surface-
exchange kinetics of GDC. The flux of bare pure GDC is very

Figure 8. Temperature dependence of the oxygen ionic conductivity
calculated using the modified Wagner equation for LSM20 and LSM50
dual-phase membranes coated on both sides with La0.6Sr0.4CoO3−δ.

Figure 9. Dilatometric curves obtained for GDC (Ce0.9Gd0.1O2−δ),
LSM (La0.7Sr0.3MnO3±δ), and LSM20 (80 vol % GDC−20 vol %
LSM) in air.

Figure 10. Oxygen permeation flux through a ∼60 μm thick LSM20
membrane and ∼100 μm thick BSCF membrane during rapid thermal
cycling.

Figure 11. Oxygen permeation flux measured through a ∼60 μm thick
LSM20 membrane coated on both sides with La0.6Sr0.4CoO3−δ in a
CO2 containing atmosphere at 800 °C.

Figure 12. Temperature dependence of the oxygen permeation flux
through ∼90 μm thick LSM20 dual-phase membranes coated with
La0.6Sr0.4CoO3−δ or Sr0.97Ti0.5Fe0.5O3‑δ.

Figure 13. Oxygen permeation flux measured at 800 °C under 100%
CO2 sweep gas through ∼90 μm thick LSM20 membranes coated on
both sides with either STF (Sr0.97Ti0.5Fe0.5O3‑δ) or an STF/
Ce0.9Gd0.1O2−δ composite.
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slightly lower than that of bare LSM20 membrane. A negligible
difference of fluxes between pure GDC and LSM20 membrane
clearly supports that oxygen permeation through the bare
LSM20 membrane is mostly determined by the surface-
exchange kinetics of GDC.
Modifying the feed-side surface of the LSM20 membrane

leads to a marginal increase in the oxygen flux, but this is
improved by about 1 order of magnitude by treating the
permeate-side surface. This clearly indicates that different
reactions govern the incorporation of oxygen on the feed side
and its excorporation on the permeate side. The fact that
oxygen excorporation is enhanced more substantially by surface
modification suggests that this reaction, rather than incorpo-
ration, is rate limiting in this membrane. Due to the well-known
decrease of the surface-exchange coefficient with decreasing of
the oxygen partial pressure, surface-exchange reactions are
expected to occur slowly on the permeate side. This is the
possible reason for the larger improvement by modifying the
permeate-side surface. Park and Choi also reported that oxygen
permeation flux through YSZ (yttria-stabilized zirconia) was
enhanced ∼1.4 times with feed-side modification and ∼4 times
with permeate-side modification.29 This result is in good
agreement with our experiment results.
Coating both sides of the membrane increases the oxygen

flux at 800 °C by about 3 orders of magnitude compared with
the values measured for the bare membrane. The activation
energy for oxygen permeation is reduced from 4.25 to 0.87 eV,
indicating that the mechanism governing oxygen transport
through the membrane is now ionic conduction in GDC, the
activation energy of which is similar (0.61 eV). This new route

is represented in Figure 5b. The electrons from the percolated
LSM are readily transferred to GDC via the LSC layers,
facilitating oxygen exchange reactions across the GDC surface.
Electrons produced by the excorporation reaction are trans-
ferred furthermore to the percolated LSM phase. Coating both
surfaces leads to the formation of an electrical short circuit
through the LSM and porous LSC layers that enhances oxygen
permeation through the GDC phase.
This significant increase in oxygen flux demonstrates that

surface modifications of GDC/pure electronic conductor
composites can alter the rate-determining reaction in the
GDC phase from surface exchange to bulk diffusion. For this,
tailoring the gas−solid interface on GDC is crucial to create an
electrical short circuit that enhances the bulk diffusion of
oxygen ions through the GDC phase of the composite.
Considering the use of LSC as a SOFC cathode material, this
approach could be regarded as short-circuited SOFC.
In order to further investigate the role of GDC in this dual-

phase material, the oxygen flux through GDC/LSM membranes
(∼30 μm thick) coated on both sides with LSC was measured
at 850 °C under an air/He gradient as a function of the LSM
volume fraction (10−50%), as shown in Figure 6. Since the
electrical percolation threshold for the LSM phase is about 20
vol %, the oxygen flux through the LSM10 membrane is
relatively low (0.12 mL·cm−2·min−1). The oxygen flux peaks at
20 vol % LSM and gradually decreases thereafter. A
composition close to the percolation threshold is therefore
optimal in terms of the oxygen flux. Furthermore, the value
measured here for LSM20 (2.2 mL·cm−2·min−1 at 850 °C), is
the highest ever reported for fluorite/pure electronic conductor
membranes.
The oxygen flux though LSM20 and LSM50 membranes of

different thicknesses (30−260 μm) was measured in order to
elucidate the exchange kinetics on their surface. Since the
LSM20 and LSM50 membranes are electrically percolated, the
ambipolar conductivity of the membrane is determined by the
ionic conductivity of GDC. If permeation is governed only by
bulk diffusion, the oxygen flux follows the Wagner equation,

∫ σ≈ −
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and the relationship between the oxygen flux and the inverse of
the membrane thickness should be linear. Figure 7 shows
however that this relationship is not linear for the LSM20 and
LSM50 membranes, indicating that the effects of surface
oxygen exchange must be taken into account.

Figure 14. Room temperature X-ray patterns obtained of the STF
before and after stability test under CO2 containing atmosphere.

Figure 15. Microstructures of STF coating layers (a) before and (b) after permeation experiment.
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The Wagner equation can be modified as follows to account
for surface-exchange kinetics:30

∫ σ≈ −
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where σion is the ionic conductivity, L is the membrane
thickness, LC (=D/k, where D = diffusion coefficient and k =
surface-exchange coefficient) is the characteristic thickness, and
the other parameters have their usual meanings. Since the
exchange reaction at the feed and permeate sides are different,
LC represents an effective or characteristic thickness. In
addition, since LC is the function of oxygen partial pressure,
the calculated LC value in this study could be only applied to
the air/He gradient. The modified Wagner equation more
accurately describes the thickness dependence of oxygen
permeation through the LSM20 and LSM50 membranes
because surface-exchange effects cannot be ignored.
Incorporating the thickness-independent parameters into a

single constant simplifies eq 3 to31
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where C is the specific permeation flux at a specific oxygen
partial pressure gradient and temperature. Even though C and
LC are unknown parameters, these can be calculated by fitting
(here, using the nonlinear least-squares method) the data
obtained for the LSM20 and LSM50 membranes. The values
obtained in this way for LC and C at 850 °C are ∼35 and ∼60
μm, and 1.6 × 10−8 and 5.8 × 10−9 mol·cm−1·s−1, for the
LSM20 and LSM50 samples, respectively. The specific
permeation flux of the LSM20 is larger than that of the LSM
50. This demonstrates that the ionic conductivity of the LSM
20 membrane is larger than that of LSM 50 membrane. Since
LC (D/k) in pure GDC is on the order of a centimeter (D ∼ 2
× 10−8 cm2·s−1, k ∼ 3 × 10−9 cm·s−1 at 800 °C),27 these results
show that surface modification leads to significant decrease in
the characteristic thickness. The oxygen flux at 850 °C through
coated LSM20 and LSM50 membranes is shown in Figure 7 as
a function of inverse thickness. The data in Figure 7 are well-
modeled by the modified Wagner equation. This demonstrates
that, in this thickness range, oxygen permeation through these
coated GDC/LSM dual-phase membranes is controlled by both
surface-exchange kinetics and bulk diffusion. To decide the
surface-exchange coefficients of the feed and permeate sides,
the study of oxygen partial pressure dependence should be
performed.32,33 We will address this issue in an upcoming
report.
The nominal ionic conductivity of the membrane can also be

obtained using the modified Wagner equation; namely,
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This is increased by a factor (L + 2LC)/L compared with the
conductivity derived from the original Wagner equation.
Figure 8 shows the oxygen ionic conductivity calculated

using the modified Wagner equation for ∼30 μm thick LSM20
and LSM50 membranes. The ionic conductivities of LSM5434

and LSCF2010 membranes are also shown for comparison.
Since in terms of oxygen permeation the LSM phase acts as an
insulator, the ionic conductivity of the GDC/LSM composites
decreases as their LSM content increases. The ionic

conductivity calculated for LSM20 (0.040 S·cm−1 at 850 °C)
is about twice that of LSM50 (0.022 S·cm−1 at 850 °C),
indicating that an LSM content as close as possible to the
percolation threshold is preferable to enhance the oxygen
permeation flux. The ionic conductivity of LSM/GDC dual-
phase membranes has been reported elsewhere to be much
lower than that of single-phase GDC (0.014 S·cm−1 vs 0.10 S·
cm−1 at 850 °C) due to the formation of a blocking layer by
interphase diffusion during sintering.35 The present study
shows however that the ionic conductivity of LSM/GDC
composites can be enhanced by lowering their LSM content.
Taking surface-exchange kinetics into account, the ionic
conductivity of the LSM20 membrane is only 60% lower
than that of pure GDC (0.040 S·cm−1 vs 0.10 S·cm−1 at 850
°C). This decrease is acceptable in view of the 20 vol % LSM in
the dual-phase membrane, which seems to minimize the
deleterious effects on oxygen permeation of cation interdiffu-
sion. In addition, the composite membranes in this study have
ionic conductivities similar to those of GDC/LSCF mem-
branes, demonstrating that substantial oxygen fluxes can be
achieved with pure ionic/pure electronic oxide membranes.

Mechanical and Chemical Stabilities of the Dual-
Phase Membrane. Figure 9 shows the linear thermal
expansion rates of GDC, LSM, and LSM20. The behaviors
measured for GDC and LSM are very similar to TEC values in
air of 12.4 × 10−6 and 12.2 × 10−6 K−1, respectively, a
difference of less than 2%. In addition, since the concentration
of oxygen vacancies in LSM is negligible (δ ≈ 0) under these
conditions, the mechanical stress due to the chemical expansion
of LSM can also be neglected. The mechanical stability of
LSM/GDC dual-phase membranes should therefore be good
under temperature fluctuations. The LSC-coated LSM20
sample was submitted to cycles of rapid heating and cooling
(15 °C/min under an air/He gradient) in order to confirm the
mechanical stability of the membrane. The results obtained for
LSM20 are compared with those from a Ba0.5Sr0.5Co0.8Fe0.2O3−δ
(BSCF, thickness ∼ 100 μm) membrane with a high oxygen
permeability. The TEC of BSCF is larger (>20 × 10−6 K−1)16 as
is its chemical expansion, making it unsuitable for rapid thermal
cycling; the BCSF membrane failed during these tests. On the
contrary, Figure 10 shows that the oxygen flux through the
LSM20 membrane remained stable during rapid thermal cycles,
demonstrating its resistance to thermal stress. It is reported that
the flexural strengths of GDC and LSM at room temperature
are 14436 and 60 MPa.37 Thus, it is expected that the ceria-
based dual-phase membrane exhibits higher flexural strength
than that of the single perovskite membrane. It is too difficult to
measure the mechanical strength of free-standing film. The
study of the mechanical strength for porous support membrane
will be addressed in an upcoming report.
Figure 11 shows the oxygen flux measured through a ∼60

μm thick LSC-coated LSM20 membrane to assess its stability
against CO2 used as a sweep gas. The oxygen flux decreases
significantly upon exposure to CO2. In our previous report, the
phase of LSM was stable under the presence of CO2
atmosphere possibly due to the low SrO activity.38 However,
the LSC perovskite phase decomposes to a Ruddlesden−
Popper phase (i.e., (LaSr)2CoO4) and the segregation of SrO
under CO2 exposure leads to the formation of SrCO3. This
reduction in the oxygen flux is therefore attributed to the
instability of LSC in CO2 atmospheres.39−41 In order to
improve the chemical stability of the coating layer, Sr(Ti,Fe)-
O3−δ (STF), the cobalt-free material, was used as a coating
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material instead of LSC. A site-deficient STF has indeed been
reported to be highly stable under CO2 atmospheres.42 Since
the ionic and electrical conductivity of LSC19 are higher than
those of STF43 (0.22 S·cm−1 vs 0.036 S·cm−1, and 160 S·cm−1

vs 1.8 S·cm−1 at 800 °C in air, respectively), the oxygen flux
through the STF-coated membrane is expected to be lower. A
comparison of the fluxes measured through ∼90 μm thick
LSM20 dual-phase membranes coated either with LSC or STF
layers is shown in Figure 12.
As expected, the oxygen flux through the membrane coated

with STF is slightly lower than through the one coated with
LSC. The electrochemical properties of the coating layer
therefore influence the oxygen permeation fluxes achieved with
these dual-phase membranes. Figure 13 presents the results of
oxygen permeation experiments performed under a pure CO2

atmosphere in order to compare the stability of LSM20
membranes coated with either pure STF or an STF/GDC (50
vol % each) composite.
The oxygen flux through the STF-coated membrane

decreases abruptly upon switching the sweep gas from He to
CO2. This may be due to CO2 adsorption on the surface
hindering oxygen exchange reactions. The oxygen flux then
decreases continuously under pure CO2, probably due to the
formation of SrCO3. Indeed, small amounts of SrCO3 were
detected by XRD in the STF at the end of these tests as shown
in Figure 14. The porous STF layer became slightly dense after
permeation experiment as shown in Figure 15. The sintering of
STF particles reduces the surface area of the coating layer and
thus can decrease the surface-exchange reaction.
In contrast, the decrease in flux is mitigated by the GDC/

STF coat; the composite-coated membrane exhibits a higher
oxygen permeation flux under pure CO2. The addition of GDC
to the coating material therefore enhances the stability of the
membrane against CO2. Even though CO2-tolerant membranes
with a perovskite structure have been reported, few of these
remain stable below 850 °C. These results show that dual-phase
membranes consisting of ceria and a pure electronic conductor
and coated with a Co-free material are both chemically and
thermally stable and therefore constitute an important step
toward the practical application of oxygen ceramic membranes.

4. CONCLUSION

Dual-phase membranes consisting of ceria and a pure electronic
conductor (GDC and LSM, respectively) were prepared with
different coatings and conductor phase contents, with oxygen
fluxes as high 2.2 mL·cm−2·min−1 at 850 °C measured for the
LSC-coated LSM20 membrane (80 vol % GDC−20 vol %
LSM, ∼30 μm thick), which is the highest oxygen permeation
value ever reported for fluorite/pure electronic conductor
membranes. The minimum LSM content of the composite for
electrical percolation was estimated to be ∼20 vol %. The ionic
conductivity of the LSM20 membrane is only ∼60% lower than
that of pure GDC, indicating that the interdiffusion of the
constituents during sintering is not significant. This dual-phase
membrane is mechanically stable under temperature fluctua-
tions due to the negligible difference between the TECs of the
constituents. When coated with a Co-free material furthermore,
the membrane delivers a relatively stable oxygen flux under a
pure CO2 atmosphere. These promising results highlight the
potential of dual-phase ceria/pure-electronic-phase membranes
for industrial applications.
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