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A novel oxygen permeation membrane with a tunable segmented
configuration obtained by employing tape casting technique has
been developed. According to this new structure, the membrane
consists of a robust fluorite oxide matrix and electron
conducting perovskite oxide segments. Mixed electron-ion
conduction in the membrane can be optimized by controlling a
number of the electron conducting segments. This new concept
of the membrane with high oxygen permeability is proposed for
the industrial oxygen production.

Ceramic-based ion transport membranes with high oxygen
permeability have received increasing attention as promising
alternatives to cryogenic distillation to supply pure oxygen to power
plants with CO, capture based on oxy-fuel combustion."” The
thermo-chemical and mechanical stability of the membranes are the
main issues, which limit their practical application.*® Due to their
high oxygen permeability, most studies on ion transport ceramic
membranes have focused on perovskite (ABOs) materials such as
Bag 5Sry sCog sFey,03-5 (BSCF), which contain rare and alkaline
carth metals at the A-site and a transition metal at the B site.” "'
However, the chemical instability of these materials under operation
in the presence of gases like CO, and H,O limits their practical
applications. In addition, their high thermal and chemical expansion
can cause cracking and delamination of ceramic membranes.'>!* In
order to overcome these issues, focus has shifted to the development
of dual-phase membranes consisting of a fluorite material with a
high ionic conductivity and chemical stability, which acts as the
oxygen ion conductor, and a perovskite, which acts as the
electron/ion conductor. Composite membranes can benefit from the
contribution of each phase and overcome the limitations of
perovskite materials.'*'® However, inter-diffusion of the phase
components during sintering cannot be avoided, which can lead to
low oxygen permeation fluxes in the dual-phase membrane.'”"

Recently, a new concept has been proposed for the oxygen
separation membranes that use doped CeO, with Pt layers on the
feed and permeate side, which are externally short-circuited with Ag
paste.”® The lack of electron conduction in doped-CeO, (internal
current) is compensated by the external current via the noble metal
paste. This type of membrane can be considered as a short-circuited
solid oxide fuel cell (SOFC), which is robust in atmosphere
containing CO, and/or H,O. More recently, researchers have
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reported an internally short-circuited CeO,-based membrane with an
Ag wire implanted inside a hole made through the doped-CeO,.'
However, the use of excessive noble metal within the membranes
limits their wide-scale industrial use because of the excessive costs.
Further, the thermal expansion coefficient (TEC) mismatch between
the fluorite material (CeyoGdy 0,5, TEC ~ 11x10°° K_l)22 and the
noble metal (Ag, TEC ~ 19x10° K™!) can cause delamination and
material fracture at the interface, leading to a reduction in the long-
term performance. In addition, drilling the ceramic to fabricate a
hole in the fluorite is unsuitable because the process is both complex
and time-consuming. Another approach to devoid of the use of noble
metal has also been reported.”® La,NiOy,; was adopted to replace the
noble metal. However, Ag was still used to form the external short-
circuit and the disadvantage of this configuration is that the scale-up
is limited because of the increase in the lateral resistance along the
external short circuit.

Herein, we propose a novel structure for oxygen permeation
membrane with a tunable segmented configuration obtained by tape
casting technique. According to this new concept, the membrane
consists of a robust fluorite material with a stable electron
conducting oxide (i.e., a non-noble metal). The advantage of this
proposed membrane is that the mixed conductivity of the membrane
can be optimized by controlling the area of the ionic and electronic
phases. In addition, SOFC tests were carried out to demonstrate the
concept of the novel membrane, which combines the progress in
SOFC and mixed conducting membranes. To the best of our
knowledge, this is the first attempt to experimentally apply the
results of the SOFC tests (cell voltages as a function of current
density) to the oxygen permeation membrane. Our investigation
clearly demonstrates that the electron conducting oxide enables the
permeation of oxygen through the fluorite phase. Further, large area
membranes can be developed because the area of the fluorite and
electronic phases can be tuned by the tape casting technique, as
shown in Fig. 1.
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Fig. 1 Schematic drawing and image of the segmented oxygen permeation
membrane

In this study, Gd-doped ceria (GDC) and strontium-doped
lanthanum manganite (LSM) are used as the oxygen ion
conductor and stable electronic conductor, respectively. GDC
and LSM are commonly used as SOFC materials because they
possess sufficient chemical stability. In addition, the difference
in the average TECs of GDC and LSM in air is as low as 2%*
which indicates good stability of the membrane under thermal
cycling conditions.

Fig. 2 SE icrographs of the membrane, images of the cross section of
sintered (a) GDC, (b) LSM, (c) GDC/LSM interface, and (d) SEM image of

the GDC coated by LSC layers

Fig. 2 shows the cross-sectional scanning electron microscopy
(SEM) images of the segmented membrane. The thickness of
the densified GDC and LSM is ~ 100 pm. The gas tightness of
the membranes was determined by nitrogen permeation, which
indicates that GDC and LSM are fully dense with good
adhesion between the GDC/LSM interfaces. The gas leakages
were no more than 0.2 % for all the permeation experiments.
Fig. 2 (d) shows that strontium-doped lanthanum cobaltite
(LSC) is coated on both sides of the membrane. The porous
electron-conducting layers, which can be assigned as the
cathode and anode adapted from the configuration of SOFC, are
connected by the LSM conductor. In this manner, mixed ionic-
electronic conducting can be achieved via oxygen ion transport
through the GDC and electronic conduction along the LSM,
avoiding the inter-diffusion of the two phases during the
powder mixing.

In order to verify the workability of the new membrane, which
consists of a fluorite material with segmented electron conducting
oxide, GDC-based membranes with different numbers of electron
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conducting segments (Lag;Sro;MnO3) were tested for oxygen
permeation under an air/helium gradient as shown in Fig.3.

900 850 800 750 700 (OC)
-5.5 7 T T T T
1 LSM segment
2 LSM segments
-6.0 *.
- X ox 1!
‘o 2 e -
Q [
» -6.5- o ) E—
k. ° o e
E o
S .7.0- E
= Jo1 ©
[} —
£
E s =.
-° =°
S B0 e G.Dc -
2 804 pur
P u | | -40.01
-8.5 T T T
0.85 0.90 0.95 1.00 1.05
1000/T (K™)

Fig. 3 Temperature dependence of the oxygen fluxes of the segmented and
pure GDC membranes (membrane thickness~ 100 um).

To obtain accurate activation energies for the oxygen permeability of

the membrane, the oxygen partial pressure gradient was fixed at 2.1

x10™" atm/3.3 x10™ atm. Oxygen transport occurs by ionic diffusion

through the GDC accompanied by conduction of electrons for charge

compensation. When permeation is controlled by bulk diffusion, the
oxygen flux is proportional to the ambipolar conductivity.
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electronic conductivity, o;,, is the ionic conductivity, T is the

temperature, R is the gas constant, F'is the Faraday constant, and Po,
is the oxygen partial pressure. As expected, the pure GDC membrane
with LSC active layers coating exhibited the lowest oxygen
permeability because of the lack of electronic conductivity. In the
case of the segmented membrane, the oxygen permeation was
dramatically increased because of electronic conduction in the
segmented electron conducting oxide. Since the ionic conductivity of
LSM (~107 S/cm)* is about six orders of magnitude lower than that
of GDC (~10"" S/cm)*® at 800 °C in air, the permeability through
LSM can be negligible. The oxygen flux through GDC with the two
electron conducting oxides was 1.31 ml/cm?min, which is in
contrast to the very low flux value of 0.02 ml/cm*min through pure
GDC at 850 °C. The dramatic enhancement in the oxygen flux
indicates that the mixed ionic-electronic conduction is achieved in
the segmented membrane via the electronic conduction along the
LSM and porous LSC layers. This also demonstrates that an internal
short-circuit could be constructed in the membrane without using a
noble metal. The effect of the number of electron conducting oxides
on the permeability of the membranes was also confirmed, as shown
in Fig.3. The overall oxygen transport through the segmented
membrane comprises of i) the electronic conduction in the LSM
electron-leading oxide, if) the ionic conduction of GDC, iii) the
surface exchange kinetics at the LSC/GDC interface, and iv) the
electronic conduction of the LSC coating layer. The activation
energy values of the electronic conductivity in LSM, the electronic
conductivity in LSC, the ionic conductivity in GDC, and the surface
exchange rate on LSC/GDC are 0.07 eV, % 0.04 ¢V, 0.6 eV," and
1.1 eV, ” respectively. Based on our permeation results, the apparent
activation energies for permeation through the membrane with one
and two electron conducting oxides were calculated to be 0.45 eV
and 0.54 eV, respectively. This change in the activation energy
clearly indicates that the electronic conduction in both LSM and
LSC coating layers still partly contributes to the oxygen transport of
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the segmented membrane in combination with the GDC ionic
conduction and the surface exchange kinetics at the LSC/GDC
interface. If the oxygen surface exchange on the GDC is negligible
and the electronic conduction is dominant in the membrane, the
activation energy of oxygen permeation through GDC should be
close to that (= 0.6 eV) of GDC ionic conductivity. Thus, it is
possible to further enhance the permeability by optimizing the area
of the electron conducting oxide or thickness of the porous coating
layer.

SOFC test was also performed to verify the theoretical oxygen flux
of the segmented membrane. The porous LSC layers, which
correspond to the cathode and anode in the SOFC, were coated on
both sides with pure GDC. The thickness of the GDC is ~ 100 pm,
which is similar to the thickness of the segmented membrane. Pt
paste and Pt mesh were used as the current collectors. In this
symmetric cell, the oxygen ion is transferred from the cathode to the
anode by the following equation.

0, +4¢ > 20% (high oxygen pressure side: air)
20* > 0,+4e (low oxygen pressure side: He)

Thus, the number of oxygen ion permeating through GDC could be
calculated from the current by the following equation.

I=4FxJ, @

In the above equation, / is the current density (A/em?), F is the
Faraday constant (96485 Coulombs), and J (mol/cm*sec) is the

oxygen flux. According to this equation, a current density of 1
Alem? corresponds to an oxygen flux of 3.48 ml/cm® min. In theory,
the maximum current value at 0 V through the external wire in the
SOFC configuration corresponds to the maximum oxygen
permeability through the GDC electrolyte. The oxygen permeation
flux of the segmented membrane might be lower than the
corresponding current density at 0 V because the current flow
encounters a bottleneck at the LSM and LSC coating layers.
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Fig. 4 Cell voltages as a function of current density for symmetric cell
consisting of LSC electrodes and 100-um-thick GDC electrolyte.

The cell voltages for the SOFC as a function of the current density
are presented in Fig. 4. The open-circuit voltage (O.C.V.) for air/He
is 0.156 V at 850 °C. Under this condition, the maximum current
density in the SOFC is 460 mA/cm” and this value is equivalent to
the oxygen flux of 1.61 ml/cm>min. From this relationship, the
theoretical maximum oxygen flux can be estimated from the
maximum current in the SOFC mode. Based on these results, the
oxygen flux of 1.31 ml/cm*min at 850 °C in the segmented
membrane with a thickness of 100 pm and LSC layer could be
enhanced to up to 1.61 ml/cm®>min by optimizing the electronic
conduction of the segmented membrane. In order to evaluate the
contributions of the ohmic and interfacial polarization resistances,
impedance analysis was performed. The electrochemical impedance
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spectra of the symmetric SOFC cell were acquired at different cell
voltages.

Fig. 5 shows the representative Nyquist plot obtained at 850 °C. The
impedance spectra were composed of two semicircles; one was
present at the high-frequency regime and the other was at the low-
frequency regime (6Hz to 0.01 Hz). In addition, a non-zero axis
intercept was present at high frequency. The intercept value can be
assigned as the ionic resistance of GDC.
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Fig. 5 Impedance spectra of the symmetric cell measured at OCV (black
circle dots) and at a short circuit voltage of 0 V (red triangle dots)

The low-frequency semicircle is significantly affected by the applied
cell voltage. Generally, the applied bias can affect the defect
concentration of the electrode and/or the concentration of charged
oxygen species on the surface. Therefore, it is reasonable to assume
that this semicircle is related to the oxygen surface exchange kinetics.
However, further study is required to elucidate whether low-
frequency semicircle is related to the oxygen in- or ex-corporation
mechanism. If the thickness of the GDC decreases to 10-20 pm,
which is the dimensions usually employed in a conventional
supported cell, the Ohmic resistance is expected to become much
smaller than the current value and interfacial polarization resistances
can be expected to dominate the permeation performance. Based on
the results of the impedance in the SOFC cell, the ideal contributions
of ohmic and interfacial resistances in the segmented membrane
could be easily evaluated. To the best of our knowledge, this is the
first report to experimentally employ the SOFC results to the oxygen
permeation membrane. Preliminary stability test of the segmented
membrane was performed in the presence of CO, at 700 °C as shown
in Fig. 6. For comparison, a typical perovskite membrane
Bay 5Srg sCog gFe 2035 (~ 100 pum in thickness) was also tested using
50% CO, in He as the sweep gas. The oxygen flux was reduced with
the addition of 50% CO, in the sweep gas. This decreased
permeability in the presence of CO, could be explained by the CO,
adsorption by the membrane surface which deteriorates the oxygen
surface exchange.””*' However, when the sweep gas was shifted
back to pure He, the oxygen flux nearly recovered to the original
values. On the other hand, the BSCF membrane could not maintain
the oxygen flux after switching the sweep gas from CO, containing
gases to pure He.
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Fig. 6 Short-term oxygen permeation test of the segmented membrane and
the BSCF membrane under He and 50% CO, in He conditions.

The oxygen permeability of BSCF was significantly deteriorated by
carbonate formation due to the reaction between Ba/Sr and CO,. The
segmented membrane exhibits highly stable oxygen fluxes compared
to the BSCF in He and in the presence of 50% CO,. Even though
LSC is used as the electronic-coating layer in the membrane, the
chemical instability of LSC in an environment containing CO, has
negligible impact on the stability of the segmented membrane.
Further enhancement of the stability is expected by adopting CO,
tolerant coating layers such as cobalt free SrFeysNbg,0s5° or
GDC/NiFe,0,*! composite.

Conclusions

A novel oxygen permeation membrane with a tunable segmented
structure obtained by tape casting is successfully demonstrated. In
this noble-metal free membrane, mixed electronic-ionic conductivity
can be optimized by controlling the area of the fluorite and stable
electronic oxides. In addition to demonstrating that the electron
conducting oxide enables oxygen permeation through the fluorite
material, with this work the progress in SOFC can be applied to the
fabrication of oxygen separating membrane, which opens up a new
direction to design robust ceramic-based oxygen permeation
membranes.

Experimental Section

The segmented membranes were fabricated using tape casting
and tape lamination techniques. To increase the sinterability of
GDC, 2.5 mol% Ga-doped GDC powder was prepared by ball
milling commercial GDC powder (Cey9Gdg 0,5, Anan Kasei,
Japan) and Ga,O; powder (High Purity Chemicals, Japan) for
24 h. Powders of GDC and LSM (Lag 7Sry3MnO;_;5, Kceracell,
Korea) were ball-milled for 24 h with appropriate amounts of
dispersant, binder, plasticizer and solvent. Tape casting of the
film was carried out using a tape caster in which the slurry was
coated onto a polyethylene carrier film through a lip. In order to
form the segmented structure containing GDC and LSM, sheets
of GDC and LSM were stacked and laminated at 70 °C for 20
min under a pressure of 10 MPa. The sample was then co-
sintered at 1350 °C for 4 h to densify the membrane.
Lag ¢Srp4C00;.5 (LSC, Kceracell, Korea) slurries were prepared
by mixing the composite powder with an organic solution to
form the porous electronic conducting layer. The LSC slurry
was brush painted on both sides of the sintered membrane,
which was subsequently fired at 1000 °C for 3 h in air. The
oxygen permeation flux through the membrane was measured

4| J. Name., 2012, 00, 1-3

with a gas chromatograph (YoungLin, ACME 6000). The
membranes were glass-sealed onto an alumina tube for
undertaking the permeation test. Dry air (0.21 atm) was used as
the feed gas with a flow rate of 400 ml/min. High purity He
(99.999%) was used as the sweeping gas to create an oxygen
partial pressure gradient. The gas leakages were no more than
0.2 %. The corresponding amount of oxygen leakage was
subtracted based on the N, signal when the oxygen permeation
flux was calculated. To construct the symmetric cell for the
SOFC test, LSC slurry was brush painted on both sides of the
sintered GDC, which was then fired at 1000 °C for 3 h. Pt paste
(No.6082, Engelhard, USA) was brush painted and
subsequently Pt meshes were attached at 800°C for 1h on the
LSC electrodes as current collectors. An electrochemical
interface (Solartron, SI 1287, UK) and impedance analyzer
(Solartron, SI 1260, UK) were used to obtain the impedance
spectra and current versus cell potential. The microstructure of
the membranes was observed by a scanning electron
microscopy (SEM, Hitachi, Japan).
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A novel oxygen permeation membrane with tunable segmented configuration with high oxygen
permeation is a promising alternative for industrial application in the oxygen production.



