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ABSTRACT: Zr0.84Y0.16O1.92−La0.8Sr0.2Cr0.5Fe0.5O3−δ (YSZ-LSCrF) dual-phase composite hollow fiber membranes were
prepared by a combined phase-inversion and sintering method. The shell surface of the hollow fiber membrane was modified
with Ce0.8Sm0.2O1.9 (SDC) via a drop−coating method. As the rate of oxygen permeation of the unmodified membrane is partly
controlled by the surface exchange kinetics, coating of a porous layer of SDC on the shell side (oxygen reduction side) of the
hollow fiber membrane was found to improve its oxygen permeability. Rate enhancements up to 113 and 48% were observed,
yielding a maximum oxygen flux of 0.32 and 4.53 mL min−1 cm−2 under air/helium and air/CO gradients at 950 °C, respectively.
Excess coating of SDC was found to induce significant gas phase transport limitations and hence lower the rate of oxygen
permeation. A model was proposed to calculate the length of triple phase boundaries (TPBs) for the coated dual-phase
composite membrane and to explain the effect of coating on the oxygen permeability.

KEYWORDS: surface modification, oxygen separation membrane, samaria-doped ceria, dual-phase composite, triple-phase boundary,
hollow fiber

■ INTRODUCTION

In recent years, dense ceramic membranes exhibiting high
oxygen ionic and electronic conductivity have attracted
increasing attention as a potentially economic, clean, and
efficient means of producing oxygen by separation from air.1−4

One of the challenging applications concerns their use in
membrane reactors for natural gas conversion to syngas.5−9 It is
expected that membrane-based production of syngas can
reduce the costs considerably.10

To date, oxygen-deficient mixed ionic−electronic conducting
perovskite type oxides such as (Ln,A)(Co,Fe)O3−δ (Ln = rare
earth; A = Sr, Ba) are studied most intensively.1−4 The cobalt-
containing perovskites possess high oxygen permeability, but
their long-term structural stability remains an issue of ongoing
concern.11−14 The cobalt may be replaced as a whole by a less
reducible transition metal such as chromium, but then the

resulting permeability becomes rather poorer,15,16 That is, the
improvement of the stability occurs at the expense of the
oxygen flux. An alternative approach involves the preparation of
a dual−phase membrane by dispersion of a stable perovskite
phase composition, lacking a high intrinsic oxide ionic
conductivity, into a solid oxide electrolyte.17−19 Both phases
need to be continuous to provide efficient pathways for both
ionic and electronic transport.
Oxygen permeation process involves exchange of oxygen

between the gas phase and the membrane surfaces and
transport of oxide ions and electrons in the bulk of the
membranes.1,2 When the membrane is thick, the overall process
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is likely limited by the bulk transport. In this case, reducing the
thickness will result in increased oxygen permeation flux. But,
when the membrane becomes thinner than a certain value, no
significant gain in flux can be achieved by further reducing the
thickness, because the overall process is then controlled by the
surface exchange. To enhance the surface exchange and thus
the overall permeation process,20−26 one can consider applying
catalyst to the membrane surfaces, e.g., via dip coating or screen
printing. For promoting the surface oxygen exchange at the
feed side of the membrane, the catalysts can be chosen from
perovskite-type mixed oxygen ionic and electronic conductors,
e.g., La1−xSrxCoO3−δ (LSC), La0.6Sr0.4Co0.8Fe0.2O3−δ

(LSCF6482) and Ba1−xSrxCo1−yFeyO3−δ (BSCF), which are
also considered as potential cathode material in the
intermediate−temperature solid oxide fuel cell (IT−SOFC).
The earth-alkaline containing cobalt-based perovskite-type
oxides, however, suffer a poor stability in CO2−containing
atmospheres.11−14 Recently, Wang et al. reported significant
enhancement of the surface exchange kinetics of perovskite-
type oxides La0.8Sr0.2MnO3−δ and Sr2Fe1.5Mo0.5O6 by surface
coating with solid oxide electrolytes such as yttria-stabilized
zirconia (YSZ) and samarium-doped ceria (SDC).27,28 Some
larger enhancement was found for SDC. Even coating of SDC
on the known mixed conductor like LSCF6482 was found to
improve the surface exchange rate.29 The enhanced surface
exchange kinetics relative to that exhibited by the unmodified
perovskite-type phase was attributed by the authors to spill over
of oxygen atoms (formed by oxygen dissociative adsorption)
onto the electrolyte surface, followed by fast incorporation in
the oxide electrolyte and, subsequently, into the perovskite-type
phase.27−29

In previous research, we have demonstrated that the dual-
phase hollow fiber membranes consisting of YSZ and
La0.8Sr0.2Cr0.5Fe0.5O3−δ (LSCrF) meet the stability require-
ments for use in membrane reactors for partial oxidation of
methane.5,18 Because the hollow fiber membrane had a
relatively small thickness (∼0.3 mm), it is likely that the
overall oxygen permeation process was at least partly limited by
the surface oxygen exchange. In this study, we explored the
effect of surface modification of the shell side (oxygen
reduction side) of the hollow fiber membranes with 20 mol
% samarium-doped ceria (Ce0.8Sm0.2O1.9, SDC) by means of
oxygen permeation flux measurements under both air/helium
and air/CO gradients. A model for calculating the geometrical
triple-phase-boundary (TPB) length has been applied for
interpretation of the experimental data.

■ EXPERIMENTAL DETAILS
2.1. Preparation of Dual-Phase Hollow Fiber Membranes.

YSZ−LSCrF dual-phase hollow fiber membranes were prepared using
a combined phase-inversion and sintering technique.5,6,9,13,17,18 The
LSCrF powder was synthesized via a conventional solid state reaction
route. Appropriate amounts of La2O3 (AR, Sinopharm Chemical
Reagent Co., China), SrCO3 (AR, Sinopharm Chemical Reagent Co.,
China), Cr2O3 (AR, Sinopharm Chemical Reagent Co., China), and
Fe2O3 (AR, Sinopharm Chemical Reagent Co., China) were weighed
and ball-milled, then calcined at 1200 °C for 10 h to yield perovskite
LSCrF powder. YSZ was a commercial powder (> 99 %, Fanmeiya
Co., China).The starting suspension consisted of 43.59 wt % YSZ
powder and 32.04 wt % LSCrF powder, 20.17 wt % N−methyl−2-
pyrrolidone (NMP) (CP, Sinopharm Chemical Reagent Co., China)
as solvent, 3.36 wt % polyethersulfone (PESf) (Radel A−100, Solvay
Advanced Polymers, USA) as binder, and 0.84 wt % polyvinylpyrro-
lidone (PVP) (K30, CP, Sinopharm Chemical Reagent Co., China) as

dispersant; the amounts of YSZ and LSCrF used here correspond to a
volume ratio of 60/40 in the final sintered product. The suspension
was stirred for 48 h and degassed for two hours, then extruded through
a tube−in-orifice spinneret (outer diameter 2.6 mm, inner diameter 1.2
mm) using nitrogen (three bar). The hollow fiber emerging from the
spinneret passed through an air gap (1.0 cm) and was immersed in a
water bath to complete solidification. The internal water injection rate
was 4 m min−1. After desiccation for 48 h, the fiber was sintered at
1450 °C for 10 h in air.

The shell side of the sintered YSZ-LSCrF hollow fiber membrane
was coated with nanoparticles of SDC by means of drop-coating. The
aqueous solution used for coating was prepared from Ce(NO3)3 and
Sm(NO3)3 in the appropriate molar ratio and with a total metal ion
concentration of about 0.1M. The coated membrane was dried under
an infrared light and subsequently fired at 1000 °C for 1 h. Samples
with different SDC loadings were obtained by repeating this
procedure. The mass increase of 0.30−0.50 mg m−2 for one cycle
was measured by an electronic precision balance (AB135-S, Mettler-
Toledo Inc, Swiss) before and after coating and subsequent annealing.
The microstructure and composition of the SDC-coated hollow fiber
membranes were examined using scanning electron microscopy (SEM,
SIRION200, FEI, USA) and energy-dispersive X-ray spectroscopy
(EDX, Oxford INCA, UK).

2.2. Oxygen Permeation Measurements. A permeation cell was
constructed by joining two ends of a 44.60 mm long hollow fiber
membrane to two Al2O3 tubes using a glass sealant at 1020 °C. The
shell side of the hollow fiber was exposed to ambient air, and the
lumen side was swept with either CO or helium (He) both at a rate of
30 mL min−1. The effluent gas was analyzed by a dual column gas
chromatograph (GC-14C, Shimadazu, Japan and GC9750, FuLi,
China) equipped with a thermal conductivity detector, in which O2,
N2, and CO was separated by 60−80 mesh 5 Å molecular sieve
column and CO2 by 60−80 mesh GDX-502 column. Because of
imperfection in the glass sealant or the membrane, some oxygen may
leak from the shell into the lumen side. The extent of the oxygen
leakage was monitored by measuring the nitrogen concentration in the
effluent. In this study, the leaked oxygen accounted for less than 1% of
the oxygen passing through the membranes under air/helium gradient,
and much less under air/CO gradient. The oxygen permeation flux
was calculated from the oxygen or CO2 concentration and flow rate of
the effluent, and corrected for the oxygen leakage. The as-determined
oxygen permeation flux was normalized to the average surface of the
hollow fiber S = 2π (router-rinner)L/ln(router / rinner),

30 in which L, router,
rinner are the length, outer, and inner radius of the hollow fiber,
respectively.

■ RESULTS

3.1. Membrane Preparation and Morphology. Figure 1
shows backscattered electron SEM micrographs of an YSZ−
LSCrF dual-phase hollow fiber sintered in air at 1450°C for 10
h. The as-prepared hollow fiber membrane had an outer
diameter of 1.80 mm and wall thickness of 0.27 mm. It
consisted of a thick dense layer sandwiched by two thin porous
layers of finger-like voids (Figure 1A). The finger-like voids at
the lumen side grow significantly deeper than those at the shell
side. It has been shown that formation of the finger-like voids in
hollow fibers is strongly influenced by the viscosity of the
ceramic suspension during the phase-inversion stage.31,32

Because of the presence of the air-gap, the shell side surface
of the hollow fiber was exposed to the ambient atmosphere
before immersion into water bath, while the lumen side surface
of the hollow fiber was immediately brought into contact with
flowing water. This led to the evaporation of solvent NMP at
the shell side and diffusion of the solvent from the shell to the
lumen side. Consequently, the viscosity of the hollow fiber at
the shell side became higher than that at the lumen side,
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thereby causing a significant difference in penetration depth of
the fingerlike voids between the two sides.
The sintered hollow fiber was comprised of YSZ and LSCrF

as major phases. In Figure 1B, the bright, gray and dark regions
correspond to the LSCrF, YSZ and pores, respectively. The
mean grain sizes for the LSCrF and YSZ phases were calculated
to be ∼2 and ∼1 μm, respectively. And the total TPB length
per unit area was estimated to be 0.32 μm μm−2 using the Otsu
method.33

The drop-coating procedure turned out to be effective for the
deposition of SDC nanoparticles on the shell side of YSZ-
LSCrF hollow fiber membranes. Figure 2A−C shows typical
SEM micrographs of the surface coated with 0.51, 0.93, and
1.31 mg cm−2 SDC, respectively. At the lowest loading of 0.51
mg cm−2, SDC did not form a uniform layer. The coverage
increased with increasing the number of deposition cycles
(coating, drying, and annealing). The presence of pores in the
coated layer is desirable as it can facilitate the transport of
gaseous oxygen through the layer. When the SDC loading was
increased to the maximum value in this study of 1.31 mg cm−2,
the surface was almost completely covered with SDC. From the
inserted SEM image in Figure 2C, the size of SDC nanoparticle
was determined to be in the range from 25 to 75 nm. The
thickness of the corresponding layer was estimated to be ∼2.0
μm from the cross−sectional SEM image (Figure 2D). An EDX
analysis on the whole area shown in Figure 2C revealed that the
SDC layer had a composition similar to that reported in
literature.34

The degree of the membrane surface covered by the SDC
particles, θSDC, can be estimated using the equation

θ
ρ

= m
SdSDC

(1)

where m is the SDC loading, ρ the density of SDC oxide (7.148
g cm−3) (JSPCD, No. 75−0158), S the outer surface area of the
hollow fiber, d the thickness of the SDC layer (∼2 μm). Thus,
the SDC loadings of 0.51, 0.93, and 1.31 mg cm−2 correspond
to the SDC coverage degrees of 35, 64, and 91%, respectively.

3.2. Oxygen Permeation Properties. Figure 3 shows the
effect of SDC deposition loading on the oxygen permeation
rate of the dual-phase YSZ−LSCrF hollow fiber membrane
under air/He and air/CO gradients at 950 °C. Clearly, the
oxygen flux was enhanced by the deposition of SDC on the
shell surface of the hollow fiber membrane. The oxygen flux
reached maximum after two deposition cycles, which
corresponded to a SDC loading of 0.93 mg cm−2. At 950 °C,
the maximum oxygen fluxes were 0.32 and 4.53 mL min−1 cm−2

(STP) (equivalent to 2.47×10−7 and 3.37×10−6 mol s−1 cm−2)
under air/He and air/CO gradient, which were about 113 and
48% higher than that for the uncoated membrane, respectively.
A lowering of the oxygen flux was observed when the SDC
coverage was further increased to 1.31 mg cm−2.
Arrhenius plots of the oxygen fluxes under air/CO gradients

are shown in Figure 4. Small differences were found in the
apparent activation energies obtained after one and two SDC
deposition cycles relative to that observed for the uncoated
membrane. A profound increase of the apparent activation
energy was found, from about 100 kJ mol−1 after two
deposition cycles to a value of 156 ± 2 kJ mol−1 after three
deposition cycles.
Higher oxygen permeation flux means higher surface oxygen

exchange rate and kchem. When 0.93 mg·cm−2 SDC materials
were introduced, the surface exchange on hollow fiber
membrane was the fastest, and the largest (optimized) oxygen
permeation fluxes of 0.32 mL·min−1·cm−2 under air/He
gradient at 950 °C and 1.79, 3.04, and 4.53 mL min−1 cm−2

under air/CO gradient at the temperature of 850−950 °C were
obtained.
It is also noticed that during the oxygen permeation

measurements, the hollow fiber membrane experienced four−
times cooling down to room temperature and reheating up to
1000 °C at a temperature step of 3 °C min−1, and no cracks of
hollow fiber and SDC coating layer were observed, indicating
good heat-shock resistance of the fiber and the SDC coating.

■ DISCUSSION

Oxygen permeation through a dense ceramic membrane
consists of exchange of oxygen between the gas phase and
the surface of the solid and counter diffusion of oxide ions and
electrons in the bulk.1,2 In the case that the overall oxygen
permeation process is limited partly or even completely by the
surface oxygen exchange step, modifying the membrane surface
could lead to the increase in oxygen permeation flux. It was
shown in the present study that for the dual-phase composite
membrane constituting YSZ as an oxygen ionic conductor and
LSCrF as an electronic conductor, the oxygen permeation was
enhanced through coating the membrane surface with another
oxygen ionic conductor SDC. This indicates that the overall
oxygen permeation process for the bare YSZ−LSCrF
membrane was limited by the surface oxygen exchange step
to some extent, and the limitation could be alleviated by coating
with SDC nanoparticles.

Figure 1. Images of the as-prepared YSZ−LSCrF dual-phase
composite hollow fiber membrane. (A) SEM image of cross-section,
(B) BSE image of shell surface.
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To explain the positive effect of the SDC coating on the
surface oxygen exchange, a mechanism is proposed, as
schematically illustrated in Figure 5. The SDC particles on
the YSZ−LSCrF shell side surface are assumed to be randomly
distributed. Some particles, labeled as A in Figure 5, are located
at the boundaries of YSZ and LSCrF. And some particles
labeled as B and C constitute continuous networks that are
connected to the YSZ−LSCrF boundaries. The TPBs
constituting these SDC nanoparticles are active for oxygen
reduction. But, some SDC nanoparticles, labeled as D, are not
linked to the YSZ/LSCrF boundaries, thus they are not active
for oxygen reduction, because the oxide ions produced at the

TPBs can not migrate to the YSZ/LSCrF boundaries and

incorporate into the YSZ phase. SDC nanoparticles located on

the surface of YSZ grains (labeled as E) are also not active,

because electrons required for oxygen reduction is not available.
On the basis the proposed reaction and transport schemes, a

model originally proposed for SDC-coated single-phase

perovsikite-based electrodes in solid oxide fuel cells,35−37 is

adopted to calculate the probabilities of SDC nanoparticles

belonging to types A, B, C, and the corresponding TPB length.
The probability of type C particles, pC, is calculated from

Figure 2. SEM images and EDX analysis of the YSZ−LSCrF dual−phase composite hollow fiber membrane with different SDC loadings. (A) 0.51
mg cm−2 SDC (1−time coating), (B) 0.93 mg cm−2 SDC (2−times loading), (C) 1.31 mg cm−2 SDC (3−times loading), (D) SDC/YSZ−LSCrF
interface, (E) EDX profile of C.
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where Z is the coordination number of contacts between the
SDC particles, which in turn is determined from
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where z ̅ is the average coordination number of all particles, θpore
the porosity of the SDC layer, rpore and rSDC are the radius of
pores and SDC nanoparticles, respectively. Note that θSDC +
θpore = 1.
The probability of type B particles, pB, is calculated from
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(4)

where i represents the ith row of the SDC nanoparticles and N
is the total number of the rows, which is equal to the ratio of
the size of LSCrF grains to the size of SDC nanoparticles.

The probability of type A particles located on the LSCrF/
YSZ grain boundaries, pA, is readily available, for it holds that pA
+ pB + pC = 1.
The TPB length corresponding to Path 1, in Figure 5, LTPBs

1 ,
can be calculated from

θ= −L L (1 )TPBs
1

TPBs,0 SDC (5)

where LTPBs,0 is the original effective TPBs length per unit area.
The TPB length corresponding to the Path 2, LTPBs

2 , is

θ π=L L pTPBs
2

TPBs,0 SDC A (6)

And the TPB length, corresponding to the Path 3, LTPBs
3 , is

θ
θ θ

= +L
r

p p V3sin ( )TPBs
3

SDC,LSCrF
pore SDC

SDC
B C LSCrF

(7)

where θSDC,LSCrF is the contact angle between SDC nano-
particles and LSCrF grains and VLSCrF is the phase volume
fraction of LSCrF in the composite.
The total TPB length (LTPBs) for the SDC-coated YSZ−

LSCrF composite can thus be obtained by summation of LTPBs
1 ,

LTPBs
2 , and LTPBs

3 . For sake of the simplicity of calculation, the
size of SDC nanoparticles is assumed to be equal to the size of
pores between the SDC nanoparticles, and the contact angle of
SDC nanoparticles with LSCrF grains is set as 90 o.
Figure 6 shows the as-calculated TPBs length as a function of

the SDC surface coverage. Since the SDC nanoparticle size
ranged from 25 to 75 nm, the TPB length was calculated for
three different sizes: 25, 50, and 75 nm. It can be seen that
initially the TPBs length increases linearly with increasing θSDC.
It is because that at low θSDC, the increased TPB length mainly
arises from the SDC nanoparticles sitting at the boundaries of
YSZ/LSCrF (labeled as A in Figure 5). When θSDC exceeds a
certain value, ∼30 % in the present case, with further increasing
θSDC, TPB increases rapidly, reaches a maximum at θSDC of ∼55
%, and decreases till zero at full coverage. This complicated
dependence of TPB length on θSDC can be explained as follows.
When θSDC exceeds a certain value, SDC nanoparticles start to
form percolated networks, leading to the increase of TPB
length. But, increasing the SDC coverage (θSDC) is at the
expense of the volume fraction of pores (θpore), resulting in a
decrease of TPB length. Because of the competition of above−
described two competing processes, an optimal coverage occurs
corresponding to the maximum for TPB length.
The variation of the TPB length with SDC coverage (Figure

6) generally matches with the variation of oxygen permeation
(Figure 3). Clearly, the larger the TPB length, the higher the
oxygen permeation rate is. But, there is no proportional linear
relationship between them. One plausible explanation for this is
given as follows. The oxide ions produced at the TPBs need to
migrate over a distance through the SDC network to the YSZ/
LSCrF boundaries before incorporation into the YSZ grains
(see Path 3, Figure 5).38 Therefore, the effectiveness of the
TPBs is related to their distance to the YSZ/LSCrF boundaries:
the SDC nanoparticles sitting at the YSZ/LSCrF boundaries
are most effective, whereas the SDC nanoparticles sitting at the
tails of the network are least effective.
Although a quantitative relationship between coating and the

resulting oxygen permeation rate remains to be developed
which is left to the future study, the proposed mechanism
nevertheless can help identifying strategies to enhance the
surface oxygen exchange and thus the oxygen permeation rate.
To maximize the TPB length, appropriate amount of the

Figure 3. Effect of SDC loading on oxygen permeation fluxes through
the YSZ−LSCrF composite hollow fiber membrane at 950 °C. (Δ)
under air/He gradient, (■) under air/CO gradient. Membrane
dimension: length 44.60 mm, outer diameter 1.80 mm, wall thickness
0.27 mm.

Figure 4. Temperature dependence of oxygen permeation fluxes
through the YSZ−LSCrF composite hollow fiber membrane with
different SDC loadings under air/CO gradient. (■) uncoated sample,
(○) 0.51 mg cm−2 SDC (1-time coating), (▲) 0.93 mg cm−2 SDC (2-
times loading), (▽) 1.31 mg cm−2 SDC (3-times loading). Membrane
dimension: length 44.60 mm, outer diameter 1.80 mm, wall thickness
0.27 mm.
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coating particle should be used. Note that as shown in eq 7, the
TPB length associated with type B and C particles, LTPBs

3 , is
inversely proportional to the radius of SDC nanoparticles
(rSDC). Thus, to increase the TPB length, the coating particle
should be as small as possible. In the present case, it is shown in
Figure 6 that reducing the SDC particle size from 75 nm to 25
nm results in increase of TPB length by about three times. And
to reduce the diffusion distance of oxide ions, the grain size of
the electron-conducting phase in the dual-phase composite
membrane should be small. Moreover, the coating particles are
preferred to have high concentration of mobile oxygen
vacancies VO in its surface layer, because the oxygen reduction
(O2(g) + 2Vo + 4e− = 2Oo

2−) involves VO, in addition to
electronic species e−. Because the as-produced oxide ions needs
to transport through the coating materials before incorporation

into the bulk of oxygen ion conducting phase of the composite,
the coating particles are required to possess high oxygen ionic
conductivity.

■ CONCLUSION

Shell surface of YSZ-LSCrF dual-phase composite hollow fiber
membrane was modified by SDC using drop-coating method.
The modified hollow fiber coated with different SDC loadings
exhibits novel oxygen permeation properties and can be applied
for membrane reactor. With the optimized SDC loading, the
composite membrane has demonstrated the oxygen permeation
flux of 0.32 and 4.53 mL min−1 cm−2 under air/He and air/CO
gradient at 950 °C, respectively, which is larger than those of
uncoated membrane, suggesting that surface modification with
SDC is very promising for oxygen permeation process. A model
was adopted to calculate the active TPBs length for the SDC-
coated dual-phase composite, providing an explanation to the
effect of the SDC coating on the oxygen permeation.
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