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ARTICLE INFO ABSTRACT

Editor: Gaohong He Scalable fabrication of asymmetric oxygen transport membranes offers great potential for oxygen production,
energy conversion and chemical synthesis. This study develops a sequential tape casting process utilizing
commercially sourced ceramic powders to fabricate planar asymmetric membranes. By systematically adjusting
key parameters — particle size, pore former type, casting blade gaps, and sintering conditions, the process ach-
ieves bilayer membranes with enhanced compatibility, mechanical integrity, and oxygen transport efficiency.
Controlled ball milling yields appropriate average particle sizes (>0.6 pm) and specific surface areas (<5 mz/g),
preventing cracking and improving homogeneity of ceramic tapes. Through the use of calibrated blade gaps, a
corn starch pore former, and sintering at 1350 °C, a bilayer membrane configuration is obtained with distinct
porous and dense layers. Large membranes up to ~87 mm in diameters are further shielded from crack formation
by a cautious heating ramp (0.5 K/min) during debinding between 200 °C and 900 °C. High oxygen permeation
rates are demonstrated for the asymmetric membranes because of the optimized bilayer configuration, which
includes a support layer with a high porosity, a large surface area, and rapid gas diffusion pathways. Addi-
tionally, the negative effects from secondary phase formation are eliminated by reducing the sintering time to
four hours. Surface activation coatings further improve performance, particularly at low temperatures
(650 °C-750 °C) with Lag sgSro.4C0g 2Feg 803.5 (LSCF) coating of superior surface exchange kinetics. This work is
a significant step towards industrial applications by establishing an exemplified framework for producing and
applying high-performance, scalable oxygen transport membranes.
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1. Introduction

Oxygen transport membranes, fabricated from oxide ceramics with
100 % selectivity toward oxygen [1], serve as key components within
membrane reactors — an electrochemical technology that holds signifi-
cant promise for applications such as energy-efficient oxygen production
[2], and oxyfuel combustion [3,4], as well as partial oxidation of hy-
drocarbons [5-8], yielding high-value products like syngas and
hydrogen. The membrane reactor operates at high temperatures (pref-
erably in the range of 800 °C-1000 °C) and is driven by an oxygen
partial pressure gradient across the membrane, requiring no input of
external electrical potential.

When integrated with solar thermal energy as the heat source, this
system facilitates green hydrogen production. As illustrated in Fig. 1,
steam (H20) and methane (CHy4) are introduced on opposite sides of the
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membrane. Continuous steam thermolysis on one side generates
hydrogen (Hj), while oxygen (O3), as a by-product, permeates through
the membrane to the opposing side, where it drives the partial oxidation
of methane into syngas [7]. Necessary catalysts, e.g., M/
Ce.85Smg.1501.925 (M = Ru, Pd and Pt) [9], are applied at the two sides
to support the individual reactions. The efficient separation and in-situ
transport of oxygen across the membrane enhances both the thermo-
dynamics and kinetics of the overall process, making the membrane
reactor a versatile and sustainable solution for the production of energy
carriers and chemicals.

Doped alkaline earth titanates, such as SrTiOs doped by Mg or Fe
(<25 mol%) at the Ti site, are among the most promising membrane
materials due to their exceptional chemical stability and relatively low
chemical expansion in reducing environments [10,11], a key advantage
over classic perovskite-type oxides like barium/lanthanum strontium
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Fig. 1. Working principle of a solar thermal driven membrane reactor.

cobalt ferrite. However, a significant limitation arises at intermediate
oxygen partial pressures (~108-107 bar) [12-1 4], where a conduc-
tivity minimum occurs due to the depletion of charge carriers. The
performance of doped SrTiOs can be hindered in applications, such as
water splitting, involving operation conditions at intermediate oxygen
partial pressures.

To counterbalance the conductivity limitation, a widely adopted
strategy is to reduce the membrane thickness, effectively shortening the
transport pathways and enhancing permeation efficiency [15,16].
Whereas, when a free-standing membrane approaches a thickness of ca.
100 pm, its mechanical integrity becomes compromised, making it
prone to fragility during production, handling, and operation. To
address this, an asymmetric membrane structure has been developed,
where a dense thin membrane layer is supported by a thicker, porous
substrate, as depicted in Fig. 1. This design provides the necessary me-
chanical support while maintaining the membrane’s functional prop-
erties. Nonetheless, the porous support layer introduces gas diffusion
resistance, which can negatively impact overall performance [15]. This
resistance can be minimized by optimizing the porosity of the support
layer [17] or by designing straight pore channels to facilitate more
efficient gas transport [18,19].

Up to date, a variety of powder-based manufacturing techniques
have been extensively explored for fabricating asymmetric membranes.
For instances, asymmetric Bags5Srg5C00.sFep 2035 [20], LassWoe.
M00.4011‘25_5F().()5 [21] and Baceo.gsTbo'()sZro‘lOg_s [22] membranes
have sintered from co-pressed compacts of support and membrane
powders. Q. Li et al. demonstrated the fabrication of asymmetric
Ce.85Smq.1501.925-Smy ¢St 4Fe03.5 composite membranes through the
convenient method of acid leaching one side of sintered single-layer
membranes [23]. X. Meng et al. successfully obtained asymmetric
BaCog 7Fep.aNbg 1035 membranes by dip-coating a membrane slurry
onto porous substrates, followed by co-sintering [24]. Other techniques,
such as slip casting and screen printing, have also been employed to coat
Laj.xSrxCo1.yFeyO3.5 membrane layer onto various porous substrates
[25].

Among these methods, tape casting has emerged as one of the most
dominant techniques for fabricating asymmetric membranes. This
method allows either for the independent casting of the membrane and
support layers, where after these layers are subsequently stacked,
laminated, and co-sintered [26-29], or for the sequential casting of the
membrane and support layers in a continuous process followed by co-
sintering [15,30-35]. The sequential tape casting approach, being
theoretically more efficient and streamlined, have been widely and
successfully utilized to produce small-sized membrane components
[15,30-32]. This approach is in fact particularly promising for large-
sized membrane production [33,36], which is critical for increasing
membrane surface area and enhancing permeation efficiency. However,
the literature reveals a persistent gap in documenting the technical and
practical challenges associated with scaling up this method. The
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transition from small-scale laboratory prototypes to industrial-scale
membrane manufacturing remains inadequately explored. The diffi-
culties in scaling are linked to the complexities of controlling defect
formation, optimizing layer adhesion, and ensuring the mechanical
integrity of the membrane during both casting and co-sintering phases to
achieve large-sized membranes with high flatness and gas tightness.
These unresolved technical barriers hinder the broader adoption of
sequential tape casting in industrial applications, calling for more
focused research and deeper exploration to systematically address the
engineering challenges of large-scale production and unlock the
method’s full potential.

In this work, we undertake a comprehensive exploration of a tech-
nological methodology for the fabrication of planar asymmetric oxygen
transport ceramic membranes with various sizes, exemplified by the use
of Fe-doped SrTiOj3 as a representative material. Our approach employs
sequential tape casting, initiated from commercially available precursor
powders. The research framework is multifaceted, addressing both the
intricate aspects of process optimization and the underlying physico-
chemical mechanisms governing membrane performance.

2. Experimental
2.1. Tape casting of single-layer and asymmetric membranes

A technologic routine for fabrication of asymmetric membranes is
illustrated in Fig. S1. The processes were initiated from ceramic powders
with a specific composition of Srg 9gTig 75Feg 25035 (S98TF25), which
were purchased in a 10 kg batch from WZR ceramic solutions GmbH,
Rheinbach, Germany. The small amount of strontium deficiency (2 mol.
%) was introduced to enhance the sinterability [37]. The overall pro-
cesses involved in the current study are broken down into four steps, as
elaborated below.

2.1.1. Powder particle size optimization via ball milling

The ball milling procedures were conducted on a roller bench. The
ceramic powder, ZrO; balls (3 mm in diameter) and ethanol is mixed
according to a weight ratio of 2:3:2. They are filled in polyethylene
bottle with a volume of 0.5 L (ca. 76 mm in diameter) and 2 L (ca. 119
mm in diameter) up to ca. 69 % and ca. 28 % of the total volume,
respectively. The roller bench is set at a fixed power, which result in
rotation speeds of ca. 83 r/min and ca. 54 r/min for 0.5 L and 2 L bottle,
respectively. The milling time was varied to be 1 and 3 days for the 0.5 L
bottle and controlled to be 3 days for the 2 L bottle.

2.1.2. Slurry preparation

To prepare the slurry for tape casting, the ceramic powders were
mixed with solvents (34 wt% ethanol and 66 wt% methylethylketone
from AnalytiChem GmbH, Germany), dispersant (Nuosperse FX 9086
from Elementis Inc., UK), binder (polyvinyl butyral 98 from Solutia Inc.,
USA), plasticizers (equal amount of OXSOFT 3G8 from OXEA GmbH,
Germany and Polyethylene glycol 400 from Merk KGaA, Germany), and
pore former (either corn starch from Cargill Deutschland GmbH, Ger-
many or rice starch from BENEO-Remy N.V., Belgium), according to the
weight ratios given in Fig. S2. The additives were added sequentially in 3
steps into the ceramic powders within polyethylene bottles. Solvents and
dispersant were first added, then the pore former (only for the support
layer slurry) was added, and at last, the rest of the additives were added.
After each step, the slurry was homogenized by a planetary centrifugal
vacuum mixer (ARV-310 from THINKY CORPORATION, Tokyo, Japan)
at 1300 r/min for 5 mins with the addition of ZrO, milling balls having a
diameter of 3 mm and a weight equal to the one of the ceramic powders.
After homogenization, the hot slurry must be cooled down to room
temperature before the next step. The slurry was kept stationary and
saturated for ~72 h, and homogenized again prior to tape casting.
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2.1.3. Tape casting

The tape casting was performed at room temperature and atmo-
spheric humidity using a micro-tape casting device (KAROcast 300-7
from KMS Automation GmbH, Germany). A casting speed of 2.5 mm/s
or 5 mm/s was applied. The blade gaps during slurry casting were
modified to adjust the layer thickness of the tape. For one-layer tape
casting, the membrane and support slurry were cast at blade gaps of 0.9
mm and 1 mm, respectively. For the bilayer tape casting, the membrane
slurry was first cast at blade gaps of 0.1 mm or 0.2 mm, followed by the
casting of the support slurry on top of the dried membrane tape at blade
gaps of 1 mm or 0.75 mm. The drying time of each tape was ensured to
be no shorter than four hours. Table 1 summarizes the ball milling and
tape casting parameters applied for different types of bilayer tapes.

2.1.4. Shaping, sintering and flattening

Membrane disks with diameters ranging from 20 mm to 110 mm
were punched or cut out of the dried tapes, and sintered by different
programs, where the temperature varied between 1300 °C and 1400 °C
at a heating/cooling rate of 5 K/min. A specific low heating rate of 0.5
K/min will also be applied. The warped membranes were flattened by
laying ZrO, plate(s) on top at annealing temperatures of 100 °C below
sintering temperature, i.e., 1200 °C or 1300 °C. The load was controlled,
by the weight of ZrOs plate, to be varied among nominal values of 0.1 g/
mm?, 0.2 g/mm?, and 0.3 g/mm?, which is calculated assuming the load
is homogeneously distributed on the entire membrane surface.

The warpage and shrinkage behavior of the sample during thermal
treatment were continuously recorded using an optical dilatometer
(TOMMI plus, Fraunhofer ISC Wiirzburg, Germany), which consists of a
furnace with quartz glass windows, a light source, and a camera.

The sample topography was investigated using an optical profil-
ometer (Cyber Scan CT350T, cyberTECHNOLOGIES GmbH, Germany)
equipped with a CHR3000 sensor head, which has a resolution of 0.1 pm
and works on the principle of chromatic aberration. The measurements
in this work were performed with an x and y step width of 0.5 mm.

2.2. Powder and membrane characterization

2.2.1. Powder particle size

The powder particle size distribution was determined by the laser
diffraction method based on Mie theory using a Horiba LA 950 V2
analyzer (Retsch Technology GmbH, Haan, Germany). The powder
specific surface area was measured by the Brunauer-Emmett-Teller
(BET) single-point method by low-temperature Ny adsorption using
Areameter II (Strohlein Instruments, Viersen, Germany).

2.2.2. Crystalline structure and microstructure

Crystalline structure and phase compositions were tested by X-ray
diffraction (XRD) using a Bruker D4 ENDEAVOR diffractometer at room
temperature with Cu Ka radiation in the 20 range from 10° to 80°. The
XRD patterns were analyzed using TOPAS software with crystal struc-
ture data from the Inorganic Crystal Structure Database (ICSD) (FIZ
Karlsruhe GmbH) as references.

Microscopic characterization of the microstructures was performed

Table 1
Summarized ball milling and tape casting parameters.
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on the polished cross sections of the sintered membranes using scanning
electron microscopy (Merlin, Carl Zeiss Microscopy, Oberkochen, Ger-
many), in conjunction with energy-dispersive X-ray spectroscopy (EDS)
for elemental analysis. Quantitative porosity evaluation was carried out
through digital image analysis utilizing the ImageJ software [38]. To
optimize pore segmentation, backscattered electron microscopy (BSEM)
images were preferentially selected due to their enhanced contrast
relative to the secondary electron microscopy (SEM) images. For each
membrane specimen, a minimum of two non-overlapping fields of view,
collectively encompassing a surface area over ~0.26 mm?, were sub-
jected to analysis. Automated thresholding was implemented using the
Huang algorithm [39], which yielded the most reliable binarization
outcomes. Manual correction was performed on few large pores that
were not segmented by the algorithm.

2.2.3. Leakage test

The gas tightness of the sintered membrane was assessed using a
Heleak detector (ASM 340, Pfeiffer Vacuum GmbH, Asslar, Germany).
Helium was fed at one side of the membrane, while a vacuum was drawn
on the other side. The helium flow gas passing through the sample was
collected and calculated as helium leakage rate, which should not be
above 10~* mbar-L-s~! for a gas-tight membrane.

2.2.4. Performance assessment

Oxygen permeation measurements were conducted using gas-tight
bare membranes of varied thicknesses. The membranes exceeding a
thickness of approximately 0.3 mm were obtained by sintering of die-
pressed powder compacts at 1400 °C for 10 h. While the thin (<223
pm) membranes were produced by tape casting, and sintered at 1350 °C
or 1400 °C for 10 h. Necessary grinding and polishing were performed to
achieve the targeted thickness, simultaneously removing any surface
impurities.

In addition to bare membranes, some membranes were subjected to
surface activation to enhance oxygen permeation. This surface activa-
tion was achieved through the application of porous coatings on both
membrane surfaces, using materials including S98TF25 and
Lag 58Sr0.4C00.2Fep.g03.5 (LSCF). The coating process involved a dip-
coating technique in which samples were vertically immersed into a
ceramic slurry for three times to achieve the desired coating thickness.
Each dipping last approximately 5 s, followed by a drying step to ensure
proper layer adherence before the next dipping. The ceramic slurries
used for dip-coating were prepared by dispersing 10 wt% of ceramic
powders in an ethanol solvent, to which 0.1 wt% polyvinyl butyral
(PVB) was added as a binder to improve slurry stability and coating
uniformity.

Each membrane was integrated into a gas-tight system using a
sealing technique that employed gold rings on both sides of the mem-
brane. This assembly was placed in a glass tube and heated to approx-
imately 1020 °C under spring-loaded conditions to ensure a proper seal.
Oxygen permeation flux under steady-state conditions was subsequently
measured over a temperature range of approximately 1020 °C-850 °C.
Air and pure oxygen were used as the feed gases flowing at a rate of 250
ml/min, while argon served as the sweep gas at a rate of 50 ml/min.

Bilayer tape Ball milling of powder Blade gap (mm) Casting speed (mm/s)
Time (day) Container size (L) Membrane Layer Support layer Membrane Layer Support layer

1 - - 0.1 1 2.5 2.5

1 - - 0.2 0.75 2.5 2.5

111 1 0.5 0.2 0.75 2.5 2.5

v 1 0.5 0.2 0.75 2.5 5

\Y 3 0.5 0.2 0.75 2.5 5

VI 3 2 0.2 0.75 2.5 5

—: Powders are in as-received states without ball milling treatment.
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2.2.5. Modelling of membrane performance

The oxygen permeation performance of a membrane is fundamen-
tally determined by its capability to facilitate oxygen transfer across the
membrane from the feed gas with high oxygen partial pressure (pgz) to
the sweep gas with low oxygen partial pressure (pp,). This transport
process is quantitatively governed by the modified Wagner equation
[40-42], as expressed as Egs. (1)-(3), which accounts for both bulk
diffusion and surface exchange kinetics, offering a comprehensive
framework to predict and optimize permeation properties.

. 1 ReT
Jor = 131, * T * oo * Allbo.)
(@]
0; ® 0,
amb — 2
Oamb 0 + O, ( )
A(Inpo,) = lnpé 3)
Po,

where jo, denotes the oxygen flux, L is the membrane thickness, T
represents the operational temperature, R is the gas constant, and F is
the Faraday constant. The parameter o, refers to the ambipolar con-
ductivity, incorporating both ionic ¢; and electronic o, conductivities
within the material. The oxygen partial pressure gradient, A(lnpo,),
serves as the driving force for oxygen permeation across the membrane.
An essential concept within this framework is the characteristic thick-
ness L., which is the point at which bulk diffusion resistance equals
surface exchange resistance [42,43].

The effect of varied driving force can be further normalized using Eq.
(4), yielding oxygen permeance (Jo,):

j 0y
Jo, = ——— )
%~ A(lnpo,)
By combining Egs. (1) and (4), oxygen permeance could be expressed
as:

1 ReT

Jo, = 1 oL *16e 2 * ©)

To account for variations in membrane thickness and ensure
comparability of results, the oxygen permeability (P,,) can be deter-
mined. This normalization is achieved using Eq. (6):

P02 = Joz L (L + ZLC) (6)

The key transport parameters, including o, and L, are extracted by
optimizing their values through a chi-square minimization approach.
Specifically, a fit is performed using the chi-square test (Eq. (7)) over a
range of parameter values to identify the combination yielding the
lowest y2, thereby minimizing the deviation from experimentally
measured permeability data across samples of varying thicknesses.
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3. Results and discussion
3.1. Powder particle size modulation

The ball milling process was performed using a fixed weight ratio of
ceramic powders, milling balls, and ethanol (2:3:2), while the opera-
tional power of the roller bench remained constant. To modulate the
milling effect, variables such as milling time and container size were
adjusted.

As presented in Fig. 2, a one-day milling period using a 0.5 L
container resulted in a noticeable narrowing of the particle size distri-
bution, accompanied by an increase in specific surface area. Prolonging
the milling duration to three days further accentuated the milling ef-
fects, leading to additional particle size reduction and a concomitant
increase in specific surface area. Conversely, increasing the container
size to 2 L, while simultaneously lowering the filling volume from 69 vol
% to 28 vol% and decreasing the rotation speed from approximately 83
r/min to 54 r/min, yields a particle size distribution and specific surface
area that falls between those achieved by one and three-day milling in
the 0.5 L container. This outcome highlights the potential for feasible
and precise modulation of particle size and surface area by systemati-
cally altering milling parameters, thereby offering enhanced control
over downstream processes such as tape casting and sintering.

3.2. Fabrication of individual layers of membrane and support

Before the preparation of the asymmetric membrane, individual
layers, comprising both the membrane and its support, were cast as
separate tapes from slurries prepared using as-received powders. This
casting is performed at a controlled speed of 2.5 mm/s, resulting in
flexible tapes that are generally free from cracks and exhibit homoge-
neous surface characteristics (as shown in Fig. S3). From each tape, at
least three disks with initial diameters of ca. 20 mm are punched out for
evaluating their in-plane shrinkage (diameter change) and gas-tightness
after sintering at various temperatures. This step is critical to assess the
thermal compatibility between the membrane and support layers, which
in turn enables the sintering profile design required for the asymmetric
membrane.

For tapes without any pore former, organic materials burned out
during the initial stages of heating, resulting in a temporary decrease in
green density and creating voids or pores within the structure. As the
temperature rises, these tapes experience a gradual and steady reduction
in in-plane dimensions, reaching a plateau after annealing at 1350 °C for
10 h, as revealed in Fig. 3, indicating that the sintering/densification
process is complete.

(b)
Rl
\:!

<
2
< 61
(53
Q
&
=
7 41
Q
= T
3
o 24
7]

0

As-received 1-day mill 3-day mill 3-day mill
in0.5L in2L in0.5L

Fig. 2. Particle size distributions (a) and specific surface areas (b) of as-received powders before and after varied ball-milling processes.
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Fig. 3. In-plane shrinkage of individual green tapes prepared using as-received powders, both with and without pore formers (corn or rice starch), as a function of the
annealing temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In contrast, tapes that contain pore-forming agents, either corn or
rice starch, demonstrate greater shrinkage compared to the membrane
tapes after being subjected to individual annealing treatments, as shown
in Fig. 3. This disparity is primarily attributed to the decomposition and
combustion of starch, in addition to the organic material, below
approximately 900 °C, which generates more voids or pores, leading to a
greater decrease in green density and, consequently, an increased
shrinkage upon subsequent high-temperature annealing. The nature of
the pore former also plays a role: corn starch, with its relatively larger
particle size compared to rice starch, leads to more significant shrinkage
during annealing at temperatures above 1300 °C due to the larger vol-
ume of pores generated.

The smallest shrinkage difference, indicative of the highest
compatibility, is observed between the membrane tape and the support
tape with corn starch as pore former, when an intermediate sintering
temperature of 1350 °C is applied.

Moreover, sintering at 1350 °C leads to gas-tight disks from the
membrane tape while creates disks with high leakage rates from the
support tapes, striking a balance by achieving the desired functional
structure for the asymmetric membrane. Whereas, the lowest sintering

(a) (b)

temperature, i.e., 1300 °C, generally fails to produce gas-tight disks, and
the highest temperature, i.e., 1400 °C, results in uniformly gas-tight
disks from both membrane and support tapes.

Consequently, for the production of the asymmetric membrane,
1350 °C is selected as the optimal sintering temperature, and corn starch
is determined to be the pore-forming agent, ensuring both structural
integrity and functional performance.

3.3. Fabrication of asymmetric (bilayer) membranes

3.3.1. Tape morphologies

Bilayer ceramic tapes were fabricated via a sequential tape casting
process to produce asymmetric membranes. The same ceramic powders
were utilized in both the membrane and support slurries, ensuring ma-
terial consistency throughout the layers. Each tape’s width was main-
tained at ca. 160 mm.

For slurries containing as-received ceramic powders, two distinct
blade gap configurations were employed to control layer thickness, as
shown in Table 1 (bilayer tapes I and II), while the casting speed was
maintained at 2.5 mm/s. Upon drying, both the membrane and support

(d)

50 mm

Fig. 4. Optical appearances of bilayer tape II (a), IV (b) and V(c). In (d), disks with diameters ranging from 110 mm to 20 mm, punched from the tapes shown in (a)

and (b), are displayed. In (b), the arrows indicate cracks at the edges.
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layers exhibited crack-free morphologies, as demonstrated in Fig. 4(a),
irrespective of the blade gaps used.

For slurries prepared from ceramic powders that were ball-milled,
only one blade gap configuration was applied, as provided in Table 1
(bilayer tapes III, IV, V and VI). After drying, the membrane layers are
free of long cracks, although some microcracks were occasionally
observed. However, the morphology of the support layer exhibited
notable variation depending on the particle size distribution of the ball-
milled powders.

When ceramic powders ball-milled for one day in a 0.5 L container
were used, the support tapes of the bilayer tape III developed few long
cracks and displayed wrinkle-like surface morphologies across plenty of
areas (not shown here). Increasing the casting speed to 5 mm/s reduced
the wrinkle formations, which were largely confined to the edges of the
tapes, although long cracks persisted at the edges (see Fig. 4(b) for
bilayer tape IV)). Similar results were observed for bilayer tape VI when
using powders ball-milled for three days in a 2 L container.

In contrast, when the smallest particle size powders, obtained after
three days of ball milling in a 0.5 L container, were used, the obtained
bilayer tape V warps severely and cracked into fragments upon drying,
as demonstrated in Fig. 4(c).

The observed variations in tape morphology can be linked to the
powder characteristics and casting conditions. The particle size of the
ceramic powders plays a crucial role in determining the drying
shrinkage and the resulting internal stresses within the tape layers.
Larger particles tend to exhibit less shrinkage due to their lower surface
area-to-volume ratio, which reduces the capillary forces during solvent
evaporation. This explains why tapes casting with as-received powders
or powders ball-milled for shorter durations (larger particle sizes)
exhibited fewer cracks and generally more stable morphologies.

In contrast, finer particles, especially those produced after extended
ball-milling, e.g., three days in a 0.5 L container, pack more densely and
are subject to higher capillary pressures during drying. This heightened
pressure leads to increased shrinkage, generating higher tensile stresses
that exceed the mechanical strength of the green body, thereby causing
the severe warping and fragmentation observed (Fig. 4(c)).

The presence of wrinkles in the support layer, particularly at lower
casting speeds, may be attributed to localized differential shrinkage
during drying. The persistence of long cracks in some cases, despite
variations in casting speed, suggests that internal stress distribution
during drying is a critical factor that is not entirely mitigated by
adjusting speed alone.

Nevertheless, both tapes, irrespective of the presence of long cracks,
are found to be suitable for producing disks with diameters ranging from
110 mm to 20 mm, as illustrated in Fig. 4(d), owing to their preserved
long-range structural integrity and uniformity.

3.3.2. Thermal processing: debinding, sintering and flattening

Bilayer tapes, as represented by the obtained green ceramic disks, are
investigated for compatibility between the membrane and support
layers during thermal processing. These bilayer structures were fabri-
cated through sequential tape casting, where distinct blade gaps were
employed to control layer thickness. The ceramic slurries used for each
layer were prepared using powders of varying particle sizes to optimize
packing density, porosity, and mechanical integration between the
layers.

(1) Bilayer tape from blade gaps of 0.1 mm for the membrane and 1
mm for the support

The sintering behavior of the bilayer tape I is reflected through the
shrinkage dynamics observed during thermal treatment. This was
captured by tracking the side-view profile evolution of a 30 mm-diam-
eter green disk, with the membrane layer positioned on top, using an
optical dilatometer [35]. Thermal treatment was carried out at a uni-
form heating and cooling rate of 5 K/min, and the results are graphically
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presented in Fig. 5(a). The series of optical images represent the disk
profiles at the conclusion of distinct thermal steps. To elucidate these
phenomena further, the shrinkage behavior of each individual layer is
schematically illustrated in Fig. 5(b), which demonstrates a stepwise
evolution as described below:

o Step 0: during heating up to 900 °C, the disk exhibits slight warping
towards the support side. This is primarily attributed to a greater
volumetric contraction in the support layer, driven by the combus-
tion of the corn starch present within the support tape;

e Step 1: between 900 °C and 1350 °C, the disk progressively flattens.
This suggests that the membrane layer initiates its sintering process
slightly earlier than the support layer, resulting in marginally greater
shrinkage at this stage;

e Step 2: while dwelling at 1350 °C for a duration of 2 h and 24 min,
the disk gradually warps towards the membrane side. This reflects a
markedly accelerated sintering process in the membrane layer rela-
tive to the support;

e Step 3: continuing the dwell at 1350 °C from 2 h and 24 min to 4 h
and 57 min, the disk once again flattens. This indicates that the
shrinkage rate of the membrane layer has slowed down, while the
shrinkage of the support layer has accelerated;

e Step 4: between 4 h and 58 min and 6 h (~1 h in total) at 1350 °C, no
significant morphological changes are observed. This points to a
period of synergistic sintering, wherein the rates of shrinkage for
both layers become comparable;

e Step 5: during the final phase of dwelling, from 6 h to 10 h, the disk
begins to warp towards the support side. At this point, the shrinkage
of the membrane layer is practically complete, while the support
layer continues to undergo shrinkage.

This comprehensive analysis of the shrinkage dynamics highlights a
critical time window, specifically in Step 4, during which flat, asym-
metric membranes can be optimally produced. Based on this insight, a
sintering profile of 1350 °C for a duration of 5 h was employed to sinter
multiple disks. As shown in Fig. 5(c), optical images of the sintered disks
reveal that those with initial diameters of 20 mm and 30 mm exhibit
near-flat surfaces, free from visible cracking on the membrane side.
However, the disk with an initial 40 mm diameter shows significant
membrane layer cracking, attributable to the larger relative shrinkage
mismatch between the membrane and support layers.

Despite the successful formation of flat and crack-free disks, none
achieved gas-tightness, suggesting that the membrane layers did not
fully densify during the sintering process. Even after extending the
dwelling time to 10 h, the disks remained gas-permeable, in contrast to
the individual membrane layer disks (as analysed in section 3.2), which
exhibited full gas-tightness under identical sintering conditions. This
discrepancy highlights that the densification behavior of the membrane
layer is profoundly affected by the presence of the support layer. A key
mechanism likely contributes to this effect:

During thermal treatment at 1350 °C, particularly during stages of
differential shrinkage between the layers (corresponding to Steps 2, 3,
and 5), the membrane experiences mechanical constraints imposed by
the support layer, which limits its ability to reach full densification.

Prolonging the dwelling time beyond 10 h at 1350 °C was deliber-
ately circumvented due to the increased likelihood of pronounced
warping, heightened risk of cracking, and undesirable densification of
the support structure. Instead, a secondary thermal treatment was con-
ducted at a reduced temperature of 1300 °C over an extended period of
15 h. This modified protocol successfully yielded crack-free and gas-
tight disks (with initial diameters of 20 mm), though warping was
observed (not shown here).

(2) Bilayer tape from blade gaps of 0.2 mm for the membrane and
0.75 mm for the support
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(a) Side-view profile evolution
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(b) Schematics of the proposed shrinkage dynamics
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(c) Top-view optical graphs of the sintered pellets
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Fig. 5. Shrinkage dynamics of green disks (30 mm diameter) from bilayer tape I: (a) side-view profile evolution with the membrane layer on top during thermal
treatment at a heating and cooling rate of 5 K/min, and (b) conceptual schematics illustrating the proposed shrinkage dynamics of each individual layer. In (c),
optical graphs (top view of the membrane surface) of disks subjected to sintering at 1350 °C for 5 h are presented. The initial diameters of the disks, from left to right,
measure 40 mm, 30 mm, and 20 mm, respectively. In (c), the cracks are indicated by the arrows. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

To alleviate the influence of the support layer on the membrane’s
densification, the blade gaps for the support layer was strategically
reduced to 0.75 mm, while the one for the membrane layer was
increased to 0.2 mm. This modification aimed to increase the thickness
ratios between membrane and support layers from 0.1 to ~0.27, thereby
reducing the layer thickness difference and improving structural integ-
rity during sintering. The sintering behavior of the fabricated bilayer
tape IV was further evaluated using disk specimens with initial di-
ameters of 30 mm and 40 mm, as illustrated in Fig. S4. Both disks
exhibited analogous thermally induced changes, as elaborated in Section
3.3.2(1). Notably, when compared to the 30 mm disks derived from
bilayer tape I (Fig. 5a), the most prominent deviation pertains to the
duration of stage S4. Specifically, this stage was substantially shortened
in bilayer tape IV specimens, with the time window for S4 reduced to
approximately 41 min for the 30 mm disk and further contracted to
around 15 min for the 40 mm disk. These variations confirm that while
absolute sintering profiles differ across systems, the underlying
shrinkage behavior and methodology for profile optimization remain
robust.

The green disks from bilayer tape II, with an initial diameter of 20
mm, exhibited promising results. After sintering at 1350 °C for 4 h, the
disks remained crack-free and gas-tight. Notably, the flatness of the disks

(a)

was influenced by the type of ceramic powders: only the disks from
bilayer tape II (prepared from as-received powders) maintained near-
perfect flatness, while the ones from bilayer tapes III, IV and VI (pre-
pared from ball-milled powders) are still warped.

However, for larger disks with initial diameters exceeding 30 mm,
the same sintering conditions led to increased incidences of warping and
cracking across all kinds of bilayer tapes. A clear example of this failure
mode is shown in Fig. 6(a), where a sintered disk, initially 65 mm in
diameter, contains a long crack, nearly bisecting the entire structure.
The region surrounding the crack displayed substantial warping, sug-
gesting that sintering continued well after the crack formation. This
observation points to an early-stage initiation of cracking, likely during
the debinding process up to 900 °C (corresponding to Step 0 in section
3.3.2(1)). During this stage, the support layer undergoes a more pro-
nounced volumetric reduction compared to the membrane layer, leading
to mechanical stresses that can easily fracture the loosely packed and
non-sintered membrane layer.

To address this issue, an effective strategy was employed by slowing
down the debinding process between 200 °C and 900 °C. A reduced
heating rate of 0.5 K/min allows the unsintered and ductile ceramic
tapes to deform gradually and uniformly, compensating for the
shrinkage mismatch between the layers without inducing failure. This

(b)

|
20 mm

Fig. 6. Optical graphs (top view of the membrane surface) of disks sintered at 1350 °C for 4 h, under two distinct thermal profiles: (a) a uniform heating/cooling rate
of 5 K/min across the entire temperature range, and (b) a reduced heating rate of 0.5 K/min applied exclusively between 200 °C and 900 °C. Both disks, initially 65

mm in diameter, were punched from bilayer tapes as shown in Fig. 4(b).
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adjustment significantly improved the structural stability, as demon-
strated in Fig. 6(b), as all disks, as large as ca. 50 mm in diameter, were
crack-free after sintering. Approximately 60 % of the disks achieved gas-
tightness after 4 h of sintering. Extending the dwell time to 8 h results in
nearly all disks reaching gas-tightness, underscoring the importance of
controlled thermal management during debinding and sintering for
larger bilayer ceramic structures.

The optimized sintering program has facilitated an impressive
upscaling of crack-free disks to a diameter of approximately 87 mm after
sintering. Further upscaling is likely possible, but is not yet performed.
Despite this success, the challenge of warpage remains, with its condi-
tions evidently influenced by both the ceramic powders utilized and the
dimensions of the samples. For instance, as illustrated in Fig. 7(a—c), the
profiles of samples, initially 65 mm in diameter, show distinct warping
depending on the ceramic powders used. When as-received ceramic
powders were used, sintering at 1350 °C for 4 h induces an upward,
uneven warping at the edges, particularly toward the membrane side.
Conversely, samples made from ball-milled powders warp downward, i.
e., toward the support side. The most uniform warping was observed in
the sample made from ceramic powder ball-milled for one day, as
demonstrated in Fig. 7(b), suggesting that the more uniform particle
packing and green density promotes homogenous shrinkage during
sintering.

However, the uniformity of warpage decreases as the sample diam-
eter increases, as highlighted in Fig. 7(d) and (e). This reduction cor-
relates with the decreased structural uniformity as the surface area
increases, which leads to less consistent shrinkage across the sample.

To address warping, homogeneously warped samples were selected
for flattening, which offers better load distribution and stabilization
points. Initial flattening attempts at 1200 °C under a pressure of
approximately 0.2 g/mm2 were unsuccessful, even after 10 h, as shown
in Fig. 7(f). Increasing the temperature to 1300 °C markedly improved
results, as a lower load of 0.1 g/mm? and a shorter hold time of 1 h
significantly reduced warpage (Fig. 7(g)). Further extending the hold
time to 4 h produced an almost fully flattened sample, with minor edge
curvatures remaining (Fig. 7(h)). These edge imperfections were then
mitigated by increasing the load to 0.2 g/mm?, resulting in a nearly flat
sample, as shown in Fig. 7(i).

This analysis suggests that optimizing both the powder treatment
and sintering conditions can significantly enhance the dimensional

0 50 100 HO 200 250 300 350 mm
T T T T T
0r (b) Height (mm)
00 05 1.0 15 20 25 3.0

i lo]~]

100 - Upscaling {—| .
150

()
| Flattening } - . .
mm

Fig. 7. Topographies of membrane surfaces for both as-sintered (a—e) and post-
flattened (f-i) asymmetric membranes. The membranes were fabricated from
bilayer tape II (a), IV (b, d, e), and VI (c). The sintering was performed at
1350 °C for 4 h. Post-sintering flattening processes were applied to samples
with profiles similar to (b). These samples underwent thermal treatment at
1200 °C for 10 h under a nominal pressure of 0.2 g/mm2 (f), and at 1300 °C
with different conditions: 1 h under 0.2 g/rnm2 (g), 4 h under 0.1 g/mm2 (h),
and 4 h under 0.2 g/rnrn2 (i). The nominal pressure is calculated via normal-
izing the total load by the entire membrane area.
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stability of large ceramic samples, with warpage being manageable
through precise control of temperature, load, and holding time. Table 2
presents a consolidated overview of the optimized processing parame-
ters and material configurations that governed the successful upscaling
of asymmetric membrane fabrication.

3.4. Membrane characterization

3.4.1. Crystal structure and microstructure

The XRD analysis of the as-received powders, as provided in Fig. 8
(a), reveals peak splitting across all individual 20 positions, both of
which can be indexed to cubic ABO3 perovskite structures. This peak
splitting is indicative of compositional inhomogeneity, likely arising
from the minor strontium deficiency. Rietveld refinement (refer to
Fig. S5(a)) further identifies the coexistence of two distinct perovskite
phases in the as-received powders: the dominant phase exhibits a lattice
parameter of 3.907 A, comprising approximately 79 wt%, while the
other one, with a slightly smaller lattice parameter of 3.891 A, consti-
tutes roughly 21 wt%. Given that the unit cell volume of SrTiOs con-
tracts with increased Fe substitution at the Ti site [11], the phase with
the larger lattice constant is likely Fe-lean, whereas the smaller lattice
phase corresponds to an Fe-rich composition.

The persistence of peak splitting following sintering under all
examined conditions (Fig. 8(b—e)) confirms the retention of these dual
perovskite phases throughout the sintering process, as exemplified by
the inset in Fig. 8(e). Nonetheless, secondary phases begin to emerge
with prolonged sintering times and higher sintering temperatures.
Specifically, certain secondary reflections, absent in the sample sintered
at 1350 °C for 4 h (Fig. 8(b)), become more pronounced after 10 h of
sintering at the same temperature, as observed in Fig. 8(c). This trend is
further accentuated in the sample sintered at 1400 °C for 10 h, where
intense non-perovskite peaks appear at several 20 positions (Fig. 8(d)).
According to Rietveld refinement (Fig. S5(b)), these peaks correspond to
a textured SrFe;2019 phase, comprising approximately 15 wt%. How-
ever, the SrFe;»019 phase almost disappears within the bulk of the
sample, as demonstrated in Fig. 8(e). Rietveld refinement (Fig. S5(c))
confirms compositional evolution of the perovskite phases: after sin-
tering at 1400 °C for 10 h, the Fe-lean perovskite phase slightly de-
creases in content (~68 wt%) while its lattice parameter increases to
3.913 A. Simultaneously, the Fe-rich perovskite increases to ~32 wt%
and its lattice parameter slightly increases to 3.905 A.

To further elucidate the variation in Fe concentration within the
perovskite phase, elemental mapping was performed via EDS on a pol-
ished cross-section of the specimen sintered at 1350 °C for 4 h. The
corresponding elemental distribution maps are presented in Fig. 8(f-i).
The data distinctly reveal a heterogeneous distribution of Fe and Ti

Table 2
Optimized processing parameters and material configurations enabling suc-
cessful upscaling of asymmetric membrane fabrication.

Step Parameter Value/Selection
Tape casting Pore former for the support Corn starch
Powder average particle size 0.8 pm
Powder specific surface area 4.6 m%/g

Blade heights Support: 0.75 mm
Membrane: 0.20 mm

Casting speed 2.5 mm/s

Sintering® Temperature 1350 °C
Heating rate from 200 °C-900 °C 0.5 K/min
Holding time 4h

Flattening® Load 0.2 g/mm?>
Temperature 1300 °C
Holding time 4h

§: the heating and cooling rates were set at 5 K/min unless specified.
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Fig. 8. Phase composition analyzed by XRD (a-e) and EDS (f-i). XRD patterns are presented for (a) the as-received powders, and (b—e) samples sintered at varied
thermal profiles: (b) 1350 °C for 4 h, (c) 1350 °C for 10 h, and (d, ) 1400 °C for 10 h. (b-d) are analyzed at the as-sintered surfaces, while (e) represents the deeply
polished surface. Elemental mapping (f-i) was conducted on the polished cross-section of the sample sintered at 1350 °C for 4 h, with the associated BSEM

micrograph shown in (f).

Fig. 9. Cross-sectional SEM microstructures (left column) of type I and II asymmetric membranes with two distinct layer configurations prepared and sintered from
bilayer tape I and II, respectively. Pores/pore agglomerates in the red-framed support layers are segmented and color-coded (right column) based on BSEM contrast.
For Type 1, the sintering was performed firstly at 1350 °C for 10 h and then at 1300 °C for 15 h. While for Type II, the sintering was finalized after annealing at
1350 °C for 4 h. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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across the microstructure, in contrast to the relatively uniform distri-
bution of Sr (excluding pore regions, which appear as black due to signal
absence). Notably, Fe-enriched grains coincide with Ti-depleted regions,
suggesting significant local variation in the Fe:Ti ratio among individual
grains. This compositional disparity is closely correlated with the peak
splitting observed in the XRD patterns, indicative of compositional
heterogeneity within the perovskite phase. However, due to the current
resolution limitations, precise quantification of these elemental ratios
remains challenging. Further high-resolution and quantitative analytical
techniques will be required to validate the exact composition.

The microstructures of two types of gas-tight asymmetric membranes
are compared in Fig. 9. They are processed from bilayer tape I and II.
These two tapes were obtained via using different blade gaps as provide
in Table 1. The sintered programs are also differed as mentioned in the
previous sections and detailed in the following:

e Type I asymmetric membrane was obtained from bilayer tape I. The
sintering procedure was conducted in two stages, including an initial
stage at 1350 °C for 10 h, followed by a secondary stage at 1300 °C
for 15 h.

e Type II asymmetric membrane was obtained from bilayer tape II,
with sintering completed in a single annealing step at 1350 °C for 4 h.

These variations in blade gaps and sintering programs, result in
distinguishable structural characteristics between the two membranes,
particularly concerning layer thicknesses and porosities. The total
thickness of both membranes remains comparable, while the individual
layer thicknesses vary (see Table 3): the membrane layer thickness in
Type II is approximately double that of Type I, balanced by a corre-
sponding reduction in the support layer thickness. The increased blade
gap in the Type II casting process is associated with a thicker membrane
layer.

Porosity also differs significantly between the two membranes.
Although membrane layer porosities are negligible in both structures,
the support layers exhibit marked differences. As illustrated in Fig. 9, all
pores in the support layers were segmented, with connected or
agglomerated pores identified by a shared color code. The support layer
in Type II displays a porosity of ~42 % (Table 3), nearly double that of
Type L. Furthermore, the support layer in Type Il demonstrates extensive
pore agglomeration, indicative of enhanced pore connectivity. This in-
crease in porosity and pore connectivity for Type II correlates with the
shorter annealing duration, which limits sintering of the support struc-
ture. Such an open porous structure provides gas permeability essential
for membrane function, while reduces the mechanical strength [17,44].
A particularly large elliptical defect, with a maximum diameter of ~89
pm, was detected approximately 63 pm beneath the surface of the Type
II membrane layer, as shown in Fig. S6. When the membrane layer
surface is under tensile due to a tensile or flexural load, this near-surface
defect may act as fracture origin [45]. Based on the defect size and
location, the corresponding mechanical strength was estimated to range
between ~36 and 80 MPa, as derived from the fracture mechanics
analysis detailed in Supplementary Note 1. These findings necessitate
future efforts to minimize large defects within the support layer to
enhance the structural reliability of the membrane.

Table 3
Structural characteristics of the two asymmetric membranes as shown in Fig. 9.

Membrane Thickness (pm) Porosity (%)

Membrane Support Membrane Support
Type I 2546 360 + 13 <1 2242
Type II 51+1 331 £13 <1 42+ 3

10
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3.4.2. Oxygen permeation
(1) Bare single-layer membranes

For bare single-layer membranes, oxygen permeance is closely
influenced by factors like temperature, thickness, and the presence of
surface secondary phases. According to the Wagner model, oxygen
permeance decreases with a reduction in operational temperature, while
increase with decreasing of thickness, as observed in Fig. 10 (a) and (b),
respectively.

For the thinnest membranes evaluated in this study, variations in
surface secondary phases notably impact performance. Two of these
samples were densified at 1400 °C and 1350 °C for 10 h, respectively,
exhibiting comparable permeances, despite differing amounts of surface
secondary phases, as revealed by Fig. 8. Further investigation reveals
that surface polishing, a process employed to remove secondary phases,
markedly increases permeance. This result unveils the role of secondary
phases as barriers to surface exchange kinetics, thereby reducing effec-
tive oxygen permeance. Secondary phases may act as local points of
resistance, decreasing surface reactivity and impeding the exchange of
oxygen ions at the membrane interface.

To mitigate the detrimental effects of surface secondary phases,
membranes sintered at 1400 °C for 10 h were polished to varying
thicknesses for measuring and comparing oxygen permeance. The per-
meance values, as plotted in Fig. 10(b), were fitted using Eq. (5) under
the assumption that L + L. ~ L, i.e., neglecting the contribution of sur-
face exchange. The data points, excluding those corresponding to the
thinnest membrane (approximately 223 pm), align well with the linearly
fitted curves, suggesting a negligible surface exchange effect.

For the thinnest membrane, however, slight deviations between the
measured and linearly fitted oxygen permeance values indicate a certain
contribution from surface exchange. Nevertheless, this effect remains
limited in magnitude. To achieve a more comprehensive characteriza-
tion of surface exchange phenomena, additional data sets at reduced
membrane thicknesses are required. This will be addressed by incor-
porating data from asymmetric membranes, and discussed in subsequent
sections.

(2) Bare asymmetric membranes

Asymmetric membranes can present distinct oxygen permeance
characteristics when compared to single-layer membranes, primarily
due to the additional porous support layers. These support layers reduce
the diffusibility of feed gas and introduces an oxygen concentration
gradient from the external surface of the support layer to the support/
membrane interface [15,20], thereby reducing the driving force for
oxygen permeation. Consequently, oxygen permeance values deter-
mined without accounting for gas diffusion resistance may be
underestimated.

Given the high porosity of the support layer (see Table 3), the Type II
asymmetric membrane is expected to experience minimal gas diffusion
resistance, allowing it to function similarly to a single-layer membrane.
Accordingly, the oxygen permeance data for the Type II asymmetric
membrane were modeled alongside those of polished single-layer
membranes, following the methodology outlined in Section 2.2.5. The
unpolished surface for the Type II asymmetric membrane is unlikely to
exert a significant influence, as the applied sintering profile does not
result in noticeable secondary phase formation, as discussed in Section
3.4.1. This modeling approach enables the precise extraction of key
transport parameters, including characteristic thickness and ambipolar
conductivity (Table 4), which facilitate more accurate performance
predictions for membranes of varying thicknesses. The ambipolar con-
ductivity exhibits a slight decline with decreasing temperature, consis-
tent with the semiconducting behavior inferred from the combined ionic
and electronic transport mechanisms. Theoretically, the characteristic
thickness is expected to exhibit a parallel temperature dependence.
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Fig. 10. Oxygen permeance of surface-polished single-layer membranes as a function of temperature (a) and membrane thickness (b) when air was used as the feed
gas, along with the oxygen permeance of asymmetric membranes when exposed to air (¢) and pure oxygen (d) as the feed gas. In (b), the dash-dotted lines represent
the linear fits derived from the oxygen permeance of single-layer membranes under the assumption that surface exchange effects are negligible. In contrast, the solid
lines in (b), (c) and (d) correspond to parameter fitting results that incorporate surface exchange effects, based on the oxygen permeance data from both single-layer

(surface-polished) and Type II asymmetric membranes.

Table 4

Ambipolar conductivities and characteristic thicknesses obtained from param-
eter fitting based on oxygen permeances of single-layer (surface-polished) and
Type Il asymmetric membranes.

Temperature (°C)  Ambipolar conductivity (S/m)  Characteristic thickness (um)

1000 3.69 17.7
950 2,92 17.7
900 2.21 18.0
850 1.56 18.8
800 0.99 18.1

However, this trend is not clearly captured by the current data fitting, as
presented in Table 4. A plausible explanation for this discrepancy is the
relatively limited variation in the characteristic thickness, which likely
falls within the range of experimental uncertainties that are difficult to
quantify with precision under the present measurement conditions.

Utilizing these modeled parameters, the corresponding solid lines are
plotted in Fig. 10(b, ¢, d). The close alignment between the measured
oxygen permeance values under air feeding and those obtained from
parameter fitting reinforces the reliability of the overall assumptions
and interpretations.

In contrast, the permeances of the Type I asymmetric membrane is
notably lower than the values on the fitted curves and falls below the
permeance of the Type II membrane (see Fig. 10(c)), despite its thinner
membrane layer. This indicates significant permeance underestimation,
and is closely associate to the lower porosity within the Type I support
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layer (see Table 3), which contributes to greater resistance against ox-
ygen binary gas diffusion, resulting in a dominant negative effect from
the support layer.

Upon switching the feed gas from air to pure oxygen, both Type I and
Type II asymmetric membranes exhibit notable permeance increases,
particularly at high temperatures, as illustrated in Fig. 10(d). The
introduction of pure oxygen as the feed gas: (i) increase the driving
force, (ii) reduces or even eliminates the partial pressure drop across the
support layer, and (iii) enhances surface exchange kinetics — both of
which promote oxygen permeation. The latter effect is likely the
dominant factor driving the permeance increase above 900 °C for Type II
asymmetric membranes. However, for Type I asymmetric membranes, it
remains unclear which mechanism plays the dominating role.

Overall, these findings suggest that the Type II asymmetric structure
is functionally superior to the Type I structure under comparable oper-
ational conditions.

(3) Coated asymmetric membranes

Applying surface coatings to membranes introduces additional active
sites for oxygen exchange, particularly enhancing performance at lower
temperatures, where surface exchange is sluggish.

A comparative analysis of the as-sintered and dip-coated membrane
surfaces, as presented in Fig. 11, reveals pronounced morphological
transformations induced by the coating process. Two distinct porous
layers were successfully deposited via dip-coating. Among them, the
LSCF layer demonstrates a more uniform and extensive surface coverage
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Fig. 11. Microstructures of membranes: (a) uncoated membrane (top surface view); (b, ¢) membrane coated with LSCF: (b) top surface view, (c) cross-sectional view;
(d, e) membrane coated with S98TF25: (d) top surface view, (e) cross-sectional view.
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Fig. 12. Oxygen permeances (a) and the corresponding percentage increase (b) measured for coated Type II asymmetric membranes as compared with the bare one.
Air was applied as the feed gas for the measurements. An inset micrograph in (b) provides an example of the LSCF coating morphology.

relative to the S98TF25 layer, although both coatings exhibit compa-
rable thicknesses in the range of approximately 2-3 pm. These obser-
vations underscore the influence of coating composition and initial
powder characteristics, e.g., particle size, on film uniformity and
microstructural integration with the underlying membrane substrate.
Experimental data (Fig. 12) indicate that coating effects are minimal
within the high-temperature range (1000 °C-800 °C), but becomes
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significant at lower temperatures (750 °C-650 °C), as shown by the
substantial increases in permeance (Fig. 12(b)) and reduced activation
energies (see Table 5).

Between the two coatings, LSCF demonstrates superior performance,
yielding higher permeance values and lower activation energies than
S98TF25. This enhanced behavior can be attributed to a combination of
intrinsic material properties and morphological differences. Specifically,
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Table 5
Activation energies of oxygen permeances of bare and coated Type II asym-
metric membranes.

Surface coating Activation energy (kJ/mol)

1000 °C-850 °C 750 °C-650 °C

None 76 £ 1 160 + 11
S98TF25 72+1 113 +3
LSCF 71+1 104 £3

LSCF has a superior mixed conductivity and faster surface exchange
kinetics than S98TF25 [46], facilitating more efficient surface activa-
tion. Additionally, the LSCF coating exhibits a more uniform and
continuous morphology, further supporting their improved perfor-
mance. However, it should be noted that LSCF is chemically unstable
under reducing conditions, e.g., syngas at high temperatures, which
limits its applicability.

The pronounced effectiveness of these coatings at low temperatures
highlights the importance of surface modifications in optimizing oxygen
permeance for asymmetric membranes.

4. Conclusions

This research delivers a comprehensive exploration of successive
tape casting as a scalable method for producing high-performance,
planar asymmetric oxygen transport ceramic membranes. We have
methodically adjusted key manufacturing parameters, starting with
commercially sourced ceramic powders, to create bilayer membranes
with enhanced structural compatibility, mechanical integrity, and
functional performance.

Maintaining the mechanical stability of ceramic tapes requires pre-
cise control of powder particle size through optimized ball milling. By
keeping specific surface areas below 5 m%/g and average particle sizes
above 0.6 pm, a balance was struck that improved homogeneity in green
densities and prevented cracking.

The compatibilities of the bilayer membranes are demonstrated to be
depend critically on the choice of pore former, as well as specific tape
casting and sintering parameters. In particular, the incorporation of corn
starch as a pore former proved instrumental in minimizing shrinkage
discrepancies across layers, promoting dimensional stability. The
bilayer tapes, cast using blade gaps of 0.75 mm for the support layer and
0.2 mm for the membrane layer, enabled a successful one-step sintering
process at 1350 °C, yielding the desired asymmetric membrane struc-
ture. Preventing cracks in large-sized membranes with diameters up to
~87 mm was made possible by utilizing a cautious heating rate of 0.5 K/
min between 200 °C and 900 °C during debinding procedure. Further-
more, the sample warpages are effective overcome by post-annealing at
1300 °C for 4 h at a nominal load of 0.2 g/mm?2.

In functional characterization, this study provides thorough evalu-
ations of oxygen permeation performance with considerations on phase
and microstructural characteristics. The surface secondary phases were
evident to be detrimental, which were eliminated by shorter sintering
durations (4 h at 1350 °C), negating the necessity for surface polishing.
A highly porous support layer with a wide surface area and rapid gas
diffusion pathways was also produced by this optimized sintering pro-
file, which contributed to improved oxygen permeation performance.
Additional performance gains were obtained by using microsized porous
coatings, with LSCF coatings proving particularly advantageous at lower
operational temperatures (650 °C to 750 °C) due to superior intrinsic
surface exchange kinetics compared to S98TF25.

This work exemplifies the integration of manufacturing control and
functional evaluation to pave the way for next-generation oxygen
transport membranes. These developments offer practical solutions for
improving scalability and efficiency in industrial applications, ranging
from oxygen production and energy conversion to chemical synthesis,
positioning these membranes as valuable components in sustainable
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industrial technologies.
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