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Abstract This work reports a new design of asymmetric
tubular oxygen-permeable ceramic membrane (OPCM)
consisting of a porous Y2O3 stabilized ZrO2 (YSZ) tube
(with ∼1 μm of pore diameters and 31% porosity) as the
support and a gas-tight mixed conductive membrane. The
membrane has an interlocking structure composed of a host
matrix, Ag(Pd) alloy (9:1 by wt) doped perovskite-type
La0:2Sr0:8MnO3�� (LSM80, 90wt%), and the embedded
constituent, pristine LSM80. The Ag(Pd) alloy component
promotes not only electronic conductivity and mechanical
strength but also reduction of both porosity and pore sizes
in the layer (∼10-μm-thick) where it dopes. The porous
structure in this layer could then be closed through a
solution coating procedure by which ingress of an aqueous
solution containing stoichiometric nitrate salts of La3+,
Mn3+, and Sr2+ to the pore channels takes place first and the
mixture of nitrate salts left after drying is subjected to
pyrolysis to generate tri-metal oxides in situ. This is
followed by calcinations at l,300 °C to consolidate the
embedded trioxide and to cohere them with the Ag(Pd)-
LSM80 host matrix. The structure formed is dubbed
LSM80(S)-Ag(Pd)-LSM80, which was confirmed gas-
tight by electron micrograph and N2 permeation test.
Finally, we assess the chemical compatibility between
LSM80 and YSZ at the sintering temperature by X-ray
diffraction and electrochemical impedance analysis. The
oxygen permeation of the fabricated LSM80(S)-Ag(Pd)-
LSM80-YSZ membrane is within the temperature range of

600 to 900 °C. The tests reveal good compatibility between
the LSM80 and YSZ and a reasonably high oxygen
permeation flux in association with this OPCM assembly.

Keywords Asymmetric ceramic membrane . Oxygen
separation . LSM–YSZ assembly . Dip coating .
Solution coating

Introduction

Mixed ionic (O2−) and electronic conductors (MIEC) were
widely studied for oxygen separation from air in many
industrial processes such as partial oxidation of methane
(POM) [1–3] to generate syngas (mixture of H2 and CO),
solid oxygen fuel cells (SOFCs) [4–7], gas sensor [8, 9],
and oxidation catalysts [10, 11]. To date, lots of candidate
ceramic MIEC with different thermal expansion coeffi-
cients (TECs) and chemical stability were developed. Two
comprehensive reviews by Julbe et al. [5] and Kharton et
al. [6] conclude the recent development of the oxygen-
permeable ceramics. It is generally considered that a higher
oxygen ionic conductivity will result in lower chemical
stability at reducing atmosphere (e.g., syngas and CH4)
because a fast oxygen mobility is originated from weak
metal-oxygen chemical bonding, which in turn makes the
metal(s) be easily reduced in the reducing atmosphere and
at high temperatures.

For a POM reactor or an SOFC, an oxygen-permeable
ceramic membrane (OPCM) is required to possess both
high oxygen permeability and chemical stability in the
reducing atmosphere and at the temperature that the
conduction of oxygen ions in ceramic lattice needs.
These two major features are crucial to real applications
[12–14]. Meanwhile, the asymmetric configuration of
OPCM in which a dense reactive membrane is coated on
a porous support was the desired model in pursuit of both
high oxygen permeability and membrane stability. De-
creasing thickness of the reactive membrane to its charac-
teristic width would enhance the oxygen permeability
significantly [15]. It was also widely accepted that a thin
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membrane could be kinetically favorable in maintaining
the chemical stability of membrane at reducing environ-
ment because a limited bulk oxygen transport rate is
responsible for the unwanted chemical reductions at the
membrane surface [16–18].

Up to now, many studies have focused on the fabrication
of planar asymmetric discs [13, 16, 19–23] by means of
sputtering, spray coating, dip coating, slurry casting, or
other techniques. Compared to asymmetric tubular ceramic
membrane, planar structure is technically much easier to
realize; however, the planar membranes would face limited
application prospective in terms of having difficulties for
scaling up and significant edge leakage effect [24]. Since
Siemens Westinghouse’s work to assemble a SOFC by
laying a dense Y2O3 stabilized ZrO2 (YSZ) oxygen
electrolyte membrane, via the expensive electrochemical
vapor deposition procedure, on a porous cathodic support
[25], looking for cost-effective techniques to achieve the
same goal was a challenge to the development of
commercial OPCM. A method through multiple-sintering
steps to form a dense ceramic layer on a porous support
was developed [26] despite a high energy consuming
process. The sol–gel coating technique is a low temperature
process [27–30] with relatively low fabrication cost, but it
is very difficult to be rid of crack formation in a coating
layer during drying and burning treatment, especially when
such a coating is developed on a tubular support.

This paper proposed a new type of wet chemistry
method that combines dip coating and solution coating
methods for the fabrication of an asymmetric OPCM.
Perovskite-type LaxSr1�xMnO3�� (LSM) was well known
to be the porous cathode in conjunction with YSZ
electrolyte in SOFCs because they have excellent chemical
compatibility and rather close TECs [31–34]. LSM has a
relatively high electronic conductivity but a low oxygen
ionic conductivity while YSZ is almost a pure oxygen
electrolyte. It was reported that the oxygen diffusivity of
LSM can be significantly improved by forming a
composite with YSZ and the composite has a higher
effective oxygen surface exchange coefficient than either
component [32]. An alternative design based on using
these two materials was attempted in the following work in
which the main technical progress achieved is the implan-
tation of a dense LSM membrane on porous YSZ tube by
means of a simple approach and the LSM membrane
exhibits oxygen permeability at the level it should reach at
the designated temperature point.

Materials and methods

Fabrication of the porous tubular YSZ support

The details about the preparation of a ceramic-polymer
blend for the extrusion of ceramic tube were described in
our previous work [35, 36]. Table 1 lists the recipe of YSZ-
polymer blend for extrusion and, hence the green body of
the extruded tube comprises 80wt% submicron YSZ
powders. The extruded tube is placed in a Carbolite

furnace and heated up (by 1 °C/min) to 400 °C and dwelled
there for 1 h to burn off the polymers, and then the
calcinations temperature is raised to 1,400 °C (by 2 °C/
min) and held for 30 min to carry out sintering in the YSZ
bulk. The sintered YSZ tube is porous (Fig. 1) with a
porosity of about 31%.

Synthesis of fine LSM80 powders and formulation
of colloidal suspensions

A Stoichiometric amounts of the three metal salts
[La(NO3)3·6H2O, C4H6O4Mn·4H2O, and Sr(NO3)2] are
dissolved in an aqueous solution of (NH4)4-ethylenedi-
amine-tetraacetic acid (EDTA, Aldrich) (pH 8∼9) with 1:1
molar ratio of the metal ions to EDTA. Polyvinylalcohol
(PVA) (5wt% of EDTA used) is then added and dissolved
in the above solution. A gel-like substance is obtained after
the solution became thick at 80 °C and the gel is thereafter
subjected to burning at 350∼400 °C to form a composite
of the metal oxides. The powder is finally calcined at
900 °C for 1 h under air flow (100 l/h) in a Carbolite

Table 1 Chemical composition of the extrusion feed for making
YSZ green tube

Components Function Content (wt%)

15mol% Y2O3 stabilized ZrO2 (YSZ) Ceramic 80
Hydroxyethyl cellulose (HEC)
(MW: 90,000)

Pore-former 6

Polyethyleneglycol (PEG)
(MW: 15,000)

Binder 12

Polyvinylpyrrolidone (PVP)
(MW: 10,000)

Extrusion aid 2

Fig. 1 The cross-sectional view of the sintered porous YSZ support
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furnace to convert the oxide composite to the perovskite-
type La0:2Sr0:8MnO3�� (LSM80). LSM80 powders are
grounded and sieved through a 45-μm pore-sized sieve,
which comprise primarily of submicron particles (Fig. 2).
Details of the fabrication procedures were described in the
previous papers [21, 22, 36, 37].

B A given amount of LSM80 fine powder (5.71 g) is
suspended in an aqueous solution (1 l) containing Pd(NO3)2
(0.12 g), AgNO3 (0.8 g), and PVA (0.71 g). After
evaporating off the water at 80 °C, the residue is calcined
at 350∼400 °C to decompose the nitrates and calcined at 750
°C for 1 h and the product is a fine powder comprising Ag
(Pd) alloy-coated LSM80 particles, i.e., Ag(Pd)-LSM80.
According to the composition of feed, the dual phase Ag
(Pd)-LSM80 contains approximately Ag (8.1wt%), Pd
(0.9wt%), and LSM80 (91wt%).

C The colloidal suspension of either LSM80 or Ag(Pd)-
LSM80 is formulated via the procedure described in [22].
The ink-like colloidal suspension consisting of 150 g/l
LSM80 or Ag(Pd)-LSM80 powder, 6.25 g/l polyvinylbu-
tyral (Butiva-79), 6 ml/l fish oil, 3 ml/l dibutyl phthalate,
and 3 ml/l Span-80. A mixture of toluene and methyl-
ethylketone (v/v=1:1) was employed as the solvent. The
resulting suspensions are ready to perform dip-coating.

Asymmetric tubular membrane preparation

A The porous YSZ tube is blocked at one end with epoxy
resin, dipped into the LSM80 (or Ag(Pd)-LSM80) colloidal
suspension for 1 min, and pulled out and this causes the
formation of a thin LSM80 or Ag(Pd)-LSM80 powder-
packing layer due to capillary force after drying under
ambient condition. The coated tube is brought to burning at
400 °C for 1 h to eliminate organic additives and this is
followed by calcinations at 1,300 °C for 3 h to sinter the

coating layer; consequently, an asymmetric membrane,
LSM80-YSZ or Ag(Pd)-LSM80-YSZ, is obtained.

B To completely close the surface pores existing in the
above two membranes, the Ag(Pd)-LSM80-YSZ tube is
coated by spraying an aqueous solution containing the
three metal salts La(NO3)3 (0.2 M), C4H6O4Mn (1 M), and
Sr(NO3)2 (0.8 M). After coating, the tube is first dried at 80
°C and subsequently heated at 350 °C for 1 h to decompose
the trapped nitrates. This coat-dry-heat process is repeated
five times and finally, the tube is calcined at 1,300 °C for
1 h to form a gas-tight LSM80(S)-Ag(Pd)-LSM80-YSZ
membrane. However, it is impossible through this proce-
dure to close pores in membrane LSM80-YSZ.

Structural and oxygen permeation assessments
of the asymmetric tubular membrane

Figure 3 shows the schematic of the setup to check room
temperature gas leakage (using N2 as the sweeping gas) and
oxygen permeation at high temperature (He as the sweeping
gas) of the membrane. The details of the appraisal system
were described in [30]. For carrying out the electrochemical
impedance study, round disks, which are made of pristine
YSZ or an equal-mass mixture of LSM80 and YSZ, are
prepared by sintering the respective powder-packing pellets
at 1,300 °C for 3 h. Aminicell of Al2O3 is designed to fasten
the disk together with two Ag electrodes via screwing the
holder. This electrochemical cell is placed in a furnace and
connected to the Solartron 1260 impedance analyzer for
conducting impedance measurements (over the frequency
from 500 Hz to 20 MHz) in the temperature range of
400∼870 °C.

X-ray diffraction (XRD) patterns of the various speci-
mens are established on a diffractometer (SHIMADZU
XRD-6000) with CuK� radiation (λ=1.54056 Ǻ). The
scanning speed is 2 °/min and the scanning angles cover
from 20 to 80 °. Both surface and cross-sectional images of
membrane are taken on a field emission scanning electron
microscope (JSM-6700F, FESEM).

Results and discussion

From porous YSZ support to dense LSM80 surface
requiring a transition layer

In contrast to the asymmetric electrolyte/cathode assembly
in SOFC, the desired configuration for OPCM requirement

Fig. 2 Micrograph of the calcined LSM-80 fine powders

He (N2) To G.C.

Air

Tubular Membrane

(Length = 10 cm)

O2 flux

Fig. 3 Schematic of the setup for checking gas leakage and
assessing oxygen permeation
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is to attach a thin and dense MIEC membrane layer to a
thick and porous YSZ support. Despite the fact that YSZ
and LSM materials have similar TECs and good chemical
compatibility, it is still not ready to realize a dense LSM
membrane, which partially merges with the YSZ support
underneath through a single step of coating on the porous
YSZ support with a somewhat rough and porous surface
(Fig. 4). Therefore, on such a surface, deposition of an
LSM80 particle-packing by using the specially formulated
colloidal dispersion (Section 2.1) would be an appropriate
way to generate a consolidated membrane. However, the
resulting LSM80 membrane through sintering is not yet
dense and contains lots of pin holes as shown in Fig. 5a.

In the course of sintering, the defects with negative
surface curvature are thermodynamically unstable and tend
to grow [38]. The LSM80 fine powder, shown in Fig. 2,
comprises particles from 10 to 200 nm, having the average
particle diameter around 50 nm. It is unavoidable to form
domains with different powder packing density as the
agglomeration tendency is greater among smaller particles.
Consequently, the formation of uneven domains is the root
cause leading to the negative surface curvature pores,
which would end up with pinholes after sintering at high
temperature. Incorporating a metal alloy Ag(Pd) (Ag/
Pd=9:1), which has a melting point well below the sintering
temperatures of LSM80 and YSZ, into the ceramic phase
by a content of 9wt% causes a decrease in the numbers of
pinholes (Fig. 5b). It is supposed that Ag(Pd) alloy
functions as a binder to help in the consolidation of
LSM80 particles and as a pinhole filler after sintering.
Unfortunately, the 9wt% alloy content is still not enough to
eliminate all the pinholes and further increasing of the alloy
content will cause coefficient of thermal expansion
mismatch between the Ag(Pd)-LSM80 coating layer and
the YSZ support.

Alternatively, plugging the surface pores through using
the salt precursor as described in Section 2.3 could
satisfactorily close pinholes in the Ag(Pd)-LSM80 mem-
brane and realize a dense surface layer, LSM80(S)-Ag(Pd)-
LSM80, as displayed in Fig. 5c. It is worthy to note that
such a pore-plugging approach based on solution coating
could be applicable only on the substrate with small pore
sizes. The Ag(Pd)-LSM80 membrane is a transition layer
that has a thickness of about 10 μm (Fig. 6) and offers a
suitable porous structure for making this pore-closing
approach viable. The energy-dispersive x-ray analysis of
the outside surface of the LSM80(S)-Ag(Pd)-LSM80
membrane (Fig. 5c) at different locations showed that
besides the elements of Ag, Pd, Zr, and Y, the membrane
surface also has the La, Sr, and Mn elements with uniform
local molar ratio close to 1:4:5 as designed.

The gas leakage tests of the porous YSZ tube, porous
LSM80-YSZ membrane, porous Ag(Pd)-LSM80-YSZ
membrane, and dense LSM80(S)-Ag(Pd)-LSM80-YSZ
membrane are performed at room temperature (Section 2.4,
Fig. 3). The O2% by volume in the outlet gas stream
decreases with increasing sweeping gas (N2) flow rate
(Fig. 7). This is considered to be a result of the enhancement
of nitrogen fugacity, which brings about a reverse flow of
N2 toward airside. Furthermore, the O2% is higher in the
outlet stream from LSM80-YSZ membrane than that from
Ag(Pd)-LSM80-YSZ membrane, showing the pore-redu-
cing effect of the Ag(Pd) component in the membrane as
stated above. The O2% through the LSM80(S)-Ag(Pd)-
LSM80-YSZ membrane is zero in the whole testing range,
indicative of the success of the salt-precursor plugging
approach, which leads to a gas-tight exterior side of Ag
(Pd)-LSM80-YSZ membrane. In brief, gas leakage testing
results are consistent with those based on the electron
microscopy displayed in Fig. 5.

Chemical and electrochemical features
of the LSM–YSZ interface

The chemical compatibility of LSM80 and YSZ was
examined by sintering a pellet made of the two oxides (1:1
by wt) at 1,300 °C. Compared with the XRD patterns of the
pristine LSM80 and YSZ, an extra peak (at 2θ=31.44°),
although very weak, appears on the XRD pattern of the
sintered pellet (Fig. 8). This peak, belonging to neither
perovskite LSM80 nor cubic YSZ, is therefore attributed to
a minor phase derived from the interfacial reaction between
LSM80 and YSZ at the calcination temperature. The
chemical compatibility between the LSM with YSZ was
extensively investigated [39–42] and it was widely
acknowledged that at the LSM–YSZ interface, the
insulating pyrochlore-type La2Zr2O7 (LZO) or perovs-
kite-type SrZrO3 (SZO) layer is formed at high sintering
temperatures (≥1,100 °C) due to the relatively fast
diffusion rate of La3+ or Sr2+ into the YSZ lattice. Sahu
et al. [43], however, discovered that neither LZO nor SZO
was found at the LSM–YSZ interface even when sintering
at 1,400 °C for 6 h. This discrepancy is likely due toFig. 4 The external surface morphology of the sintered YSZ tube
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different LSM compositions and the influence of the
preparation methods. Because the diffusion of La3+ or Sr2+

into YSZ phase to form insulating LZO or SZO phase is
driven by the chemical potentials of La3+ and Sr2+ at the
LSM–YSZ interface, a homogeneous LSM composition
should favor lowering down such diffusion tendency and
similarly, a high Sr doping extent should favor the
formation of SZO.

The experimental impedance spectra (EIS) of the pristine
YSZ and YSZ-LSM80 (1:1 wt) pellets (obtained from
sintering at 1,300 °C) are shown in Fig. 9a,b in which the
spectra are expressed by Nyquist diagram, i.e., imaginary
part (Z″) is plotted against real part of the impedance (Z′).
The Nyquist plots of YSZ are approximately interpreted by
an equivalent circuit as shown in Fig. 10a [44–46]. Ro is the
sum of ohmic resistors due to electric connection including
electrode ohmic resistance and contact resistance at
interfaces. The high frequency impedance (f>0.01 MHz)

is attributed to the resistance (Re) and constant phase
element (Qe) of the YSZ electrolyte; while the low
frequency regime of the Nyquist plot is related to the
electron transfer at the electrode (Rct and Qdl). The
electrical conductivity of the YSZ-LSM80 composite
(Fig. 9b) is much higher than that of the pure YSZ. The
equivalent circuits as shown in Fig. 10b is used to explain
the EIS of YSZ-LSM80 composite where L is the
inductance that is taken into account because of the
existence of magnetic Mn3+ ion, Rs the overall ohmic
resistance [47, 48] including the electrolyte resistance and
electric connection resistance and could be determined by
the first intercept of the “arc” with the real axis (Z′), while
Rp and Qp are the electrochemical polarization resistance
and its corresponding constant phase element, respectively,
and Rp could be determined from the second intercept
(Fig. 9b). Compared with YSZ, LSM80-YSZ displays a
distorted Nyquist plot due to the occurrence of electronic

Fig. 5 The surface morphologies of the three membranes as indicated

647



conduction across the continuous LSM80 phase in the
testing desk. This can also be evidenced by the weak
response of its impedance to the increasing of temperature
showed in Fig. 9b. In contrast to this, the impedance of
YSZ (e.g., Rs+Rp value) shows an apparent temperature-
dependency due to its ionic conduction nature. As a
reference, the pristine LSM80 also manifests very similar
Rs+Rp values with increasing of temperature (Fig. 9c). It is
important to note that LSM80-YSZ and LSM80 possess
very similar Rs+Rp values at all the temperature points
examined, which implies that a tiny occurrence of the
insulating phases (e.g., LZO or SZO) at the interface
between LSM80 and YSZ affects very little the charge
transfer through the LSM80 phase.

Figure 11 shows the temperature effect on the charge
transfer in the bulk of electrolyte and at the electrode-
ceramic interface, respectively. YSZ displays as expected
the typical temperature-driven solid ionic conduction trend,
but LSM80 is prevailed by its electronic conducting
behavior that shields the ionic conduction so as the Rs of
LSM80 undergoes basically no reduction with increasing
temperature. For YSZ-LSM80 mixture, the ionic conduc-
tion component in both of its bulk conduction (Rs) and the
charge transfer at electrode (Rp) increases with increasing
temperature, and the trend of the later one is clearer than the
former one. This result states that a tiny occurrence of the
insulating phases (e.g., LZO or SZO) at the interface
between LSM80 and YSZ also does not bar ion transfer
though the YSZ phase. In the tubular membrane, LSM80
(S)-Ag(Pd)-LSM80-YSZ, the interface between LSM80
and YSZ has similar structure and properties to the YSZ-
LSM80 mixture. The separation of oxygen from air
through the tubular membrane was carried out in the
temperature range from 600 to 900 °C (Fig. 12). The
oxygen permeation flux experiences a big increase when
the separation temperature is raised from 800 to 900 °C.
According to the above electrochemical impedance anal-
ysis, it is suggested that the transfer of O2- ions through
LSM80 is a rate-determining step and a useful oxygen flux
could be achieved only when the operation temperature hits
900 °C.

20 40 60 80

2    θ θ (degree)
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I 0

YSZ

LSM

YSZ/LSM mixture
2θ θ  = 31.44

Fig. 8 XRDs of the ceramic pellet (pure YSZ, pure LSM80, and 1:1
wt mixture of LSM80 and YSZ) after calcinations at 1,300 °C for
3 h

Fig. 6 The cross-sectional view of the Ag(Pd)-LSM80-YSZ
membrane
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Conclusions

In this paper, a porous YSZ tube with a mean pore diameter
around 1 μm and porosity of 31% was made through
extrusion and sintering at 1,400 °C for 30 min. The target
of this work is the fabrication of an asymmetric oxygen
electrolyte membrane, LSM80-YSZ. To achieve the gas-
tight state in the reactive LSM-80 layer, two methods were
employed, which are, firstly, implementation of a dual
phase metal-ceramic composite coating, Ag(Pd)-LSM80,
and secondly, plugging surface pores of the coating layer
by the salt-precursor approach. The presence of Ag(Pd)
(ratio 9:1) alloy (9wt%) in the LSM80 phase reduces its
porous feature. This is essential to assure success of the
subsequent pore-closing step. The chemical compatibility
and charge transport behavior at the interface between
LSM80 and YSZ were investigated. The analysis results
show that the occurrence of minor interfacial species
generated from sintering the two oxides at 1,300 °C does
not affect the oxygen ionic conductivity at the interface.
The oxygen permeation of the asymmetric LSM80(S)-Ag
(Pd)-LSM80-YSZ membrane gains an apparent increase
when operation temperature is raised from 800 to 900 °C,
reaching to 0.35 sccm/cm2.
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