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The application of catalytic membrane reactors (CMRs) based on a perovskite-type oxygen-permeable

membrane has been greatly limited by the instability of a membrane material. In this study, A-site deficient

perovskite La0.8Ce0.1Ni0.4Ti0.6O3−δ (LCNT) as a modification porous interlayer (between a Ni/Al2O3 catalyst

and membrane) was applied on a Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) four-channel hollow fiber membrane to

construct a CMR. Ni nanoparticles were in situ exsolved from the LCNT surfaces and used for partial

oxidation of methane (POM). The porous LCNT layer shows excellent attachment, effective protection and

enhanced catalytic activity to the BSCF four-channel hollow fiber membrane. The LCNT/BSCF CMR shows

a more than 700 h stability in POM which is much higher than that without the modification of the LCNT

porous layer (which is less than 150 h). At 900 °C, more than 99% CH4 conversion and CO selectivity have

been achieved in the LCNT/BSCF CMR. Our results have demonstrated the feasibility of coupling an in situ

exsolution Ni nano-catalyst porous layer with the perovskite-type membrane, providing a new strategy for

enhancing both the stability and catalytic activity of CMRs.

Introduction

Catalytic membrane reactors (CMRs) based on oxygen-
permeable membranes have been widely used in the oxidation
of hydrocarbons,1–4 oxidative coupling of hydrocarbons,5,6

oxidative dehydrogenation of hydrocarbons,7–9 and various
reactions that break chemical equilibrium (such as water
splitting,10–12 thermal decomposition of carbon dioxide,13,14

etc.). It can be seen that the gaseous components in the CMRs
are very complex, including reducing gases such as H2 and CO,
acidic gases such as CO2, and water vapor. These gases tend to
react with the membrane materials at the operating
temperature of the membrane reactor (600–1000 °C), which can
significantly change the chemical composition and
microstructure of the membrane and affect the performance of
the CMRs.15–18 Perovskite oxide (ABO3) is the most commonly
used material in CMRs.19–24 However, as a kind of multi-cation
material (most of which is cobalt-containing25–31), some
phenomena such as cation segregation,29 demixing30 and
fractures31 are commonly observed in CMRs. The stability of
this kind of material limits its applications in CMRs and its
scale-up and industrialization.

Membrane architecture is important in determining the
performance of a CMR. A multilayer membrane architecture
has been proposed to improve the stability of CMRs, in which
the requirements for permeability and stability are segregated
into different layers.32–35In our group, Jiang et al.32 applied a
Ba0.3Sr0.7Fe0.9Mo0.1O3−δ (BSFM) porous layer on a dense
Nb2O5-doped SrCo0.8Fe0.2O3−δ (SCFNb) membrane, and
achieved a stable performance of POM for 1500 h operation
at 850 °C. However, the stable operation time for a single-
layer dense SCFNb membrane reactor was less than 60 h.
Subsequently, BSFM and La0.8Sr0.2MnO3−δ–yttria stabilized
zirconia (LSM/YSZ) were fabricated as porous layers on the
dense SCFNb membrane;33 it achieved the high-efficient
coupling reactions of POM and thermal decomposition of
carbon dioxide (TDCD) in the CMR. It attained a 20.58% CO2

conversion at 900 °C, and could be steadily operated for more
than 500 h. Modification of dense layers on the perovskite
membrane was also used to improve the stability. The atomic
layer deposition (ALD) technique was used to prepare a 1–100
nm thick dense Al2O3 layer (which was a kind of oxygen
insulator) on the surface of the La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)
dense disk membrane, which greatly improved the stability
of the LSCF membrane in the H2S atmosphere.34 It is worth
noting that the current materials used in the modification
(whether porous layer or dense layer modification) are mainly
focusing on their stability, but their catalytic activity is
relatively low or even catalytically inert, which brings a great
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challenge in the improvement of the catalytic performance
and stability of CMRs simultaneously. Therefore, for the
requirements of the modified layer, in addition to its good
stability, it also needs to have considerable catalytic activity,
oxygen conductivity and chemical compatibility with the bulk
membrane material.

Recently, Neagu et al.36–38 proposed to use A-site deficient
perovskite oxide to promote the exsolution of a B-site
transition metal from the perovskite oxide lattice by
controlling reduction conditions. The characteristics, such as
population, size, and composition of exsolved nanoparticles
can be easily controlled. In addition to the application in
electrocatalysis,39,40 fuel cells41,42 and heterogeneous catalytic
reactions,43,44 this kind of catalyst and its preparation
method are very suitable for CMRs. In our previous work,
Jiang et al.45 designed a Sr0.9Fe0.81Ta0.09Ni0.1O3−δ catalyst with
exsolved FeNi3 alloy nanoparticles, which demonstrated a
considerable catalytic activity for the POM in the hollow fiber
CMR. The exsolved metal nanoparticles are pinned on
perovskite surfaces which can prevent high-temperature
sintering and carbon deposition.36,37 These catalysts have
obvious advantages over traditionally supported catalysts,
such as Ni/Al2O3.

Thus, in this study, we applied the A-site deficient
perovskite La0.8Ce0.1Ni0.4Ti0.6O3−δ (LCNT) as a modification
porous buffer layer on a Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) four-
channel hollow fiber membrane to construct a CMR. In a
reducing atmosphere, Ni nanoparticles were homogeneously
exsolved from the LCNT surfaces.45 BSCF is one of the most
studied membrane materials, however, its stability in
reducing and acid atmospheres in membrane reactors is
limited.17,46–48 We were trying to prove a strategy that LCNT
with high chemical stability and ability of in situ exsolution
of Ni nanoparticles could significantly improve the stability
of the perovskite membrane and catalytic performance in the
CMR. As a buffer layer between the Ni/Al2O3 catalyst and

membrane (Fig. 1), LCNT is multi-functioned to protect the
BSCF bulk membrane, provide an internal oxygen
transportation route in the CMR, improve catalytic activity,
and prevent carbon deposition with POM. This configuration
can inhibit the direct solid-state reaction between alumina
and BSCF,45,49 as LCNT and BSCF are all perovskite
structures.

Experimental
Sample preparation

La0.8Ce0.1Ni0.4Ti0.6O3−δ (LCNT) powder was synthesized by the
solid-state reaction method. Stoichiometric amounts of
La2O3, CeO2, NiO and TiO2 (with a purity of 99.9%, Aladdin,
China) were mixed and high-energy ball-milled in ethanol for
3 h and then dried at 60 °C. The LCNT perovskite oxide was
obtained after further calcination at 1300 °C for 10 h in air.
The in situ exsolution of Ni nanoparticles on the LCNT
surfaces was carried out in a controlled atmosphere furnace,
under a continuous flow of 5% H2 (40 mL min−1, argon
balanced) at 900 °C for 2 h.

The Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) four-channel hollow
fiber membrane was fabricated via the one-step thermal
processing approach.50 Stoichiometric amounts of raw
materials BaCO3, SrCO3, Co2O3, and Fe2O3 (with a purity
higher than 99.5%, Sinopharm, China) were mixed with
polyetherimide (PEI) and 1-methyl-2-pyrrolidone (NMP) via
ball milling for 24 h. The spinning suspension obtained
consisted of 61.5 wt% solids, 30.8 wt% NMP and 7.7 wt%
PEI. Deionized water was used as both internal and external
coagulants. The four-channel hollow fiber precursors were
obtained by extruding the spinning suspension through a
spinneret, the details of which have been described
elsewhere.50 Subsequently, the BSCF hollow fiber precursor
was dried and then sintered at 1070 °C for 5 h in air.

Fig. 1 Schematic diagrams of the LCNT/BSCF CMR. (a) LCNT is acting as a buffer layer between the Ni/Al2O3 catalyst and hollow BSCF fiber
membrane; (b) in situ exsolution of Ni nanoparticles on LCNT surfaces trigged by POM reaction; (c) the schematic diagram shows POM in the
LCNT porous layer: oxygen permeated through the membrane and then diffused to the metal surfaces; and oxygen ion could transfer from the
membrane to the LCNT catalyst support and then participate in the reaction at the three-phase boundary (TPB) of the metal particle, support and
gas phase.
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The LCNT layer was formed on the outer surface of the
BSCF four-channel hollow fiber membrane by a spin-spraying
method with a homemade device and the details of which
have been described elsewhere.51 A slurry of 8.4 wt% LCNT
powder (100-mesh), 66.2 wt% isopropyl alcohol, 19.0 wt%
ethylene glycol, and 6.4 wt% glycerin was used as the
spraying precursor. The dense and crack-free BSCF
membrane was rotated around the central axis at 200 rpm
while moving along the horizontal axis at 30 cm min−1.
Under the condition of an ultraviolet lamp heated to 120 °C,
the slurry was sprayed on the rotating BSCF membrane from
the spraying gun at a rate of 2 mL min−1, and upon
evaporation of the alcohols, the LCNT powder was deposited
on the membrane surface. The green LCNT/BSCF membrane
was sintered at 900 °C for 2 h to burn out the organic
solvents and generate the LCNT porous layer.

Catalytic membrane reactor and fixed-bed reactor setups

The schematic diagram of the catalytic membrane reactor
setup based on the four-channel hollow fiber and the fixed-
bed reactor setup were shown in our previous work.45 Two
ends of the hollow fiber were sealed with two quartz tubes
using a high temperature commercial silver sealant
(Shanghai Synthetic Resin Institute, China). 2 g Ni/Al2O3

catalyst was packed around the hollow fiber membrane in
the shell side. The setup was placed in a tubular furnace and
heated up to 900 °C under a continuous flow of helium. The
membrane area for oxygen permeation flux calculation was
defined as the outmost surface area of the hollow fiber
membrane. The effective membrane area was about 0.9 cm2

while the effective length of the membrane was about 1.0 cm.
The heating rate was 2 °C min−1. Dry synthesized air (O2,
20.9%) was fed to the lumen side (air side) and CH4/He was
fed to the shell side (catalyst side). Gas flow rates were
adjusted by mass flowmeters (Model CS200, Sevenstar,
China) and the exit gases in the shell side were analyzed by
gas chromatography (Model GC-2014, Shimadzu, Japan)
equipped with a 5A molecular sieve column and Porapak-Q
column. After the POM reaction, the helium remained
flowing during the cooling down.

Fresh LCNT perovskite (2 g, 40–60 mesh) was packed in a
quartz tube to construct a fixed-bed reactor. The setup was
placed in a tubular furnace and heated up to 900 °C under a
continuous flow of helium. The heating rate was 2 °C min−1.
30 mL min−1 methane, 15 mL min−1 oxygen and 105 mL
min−1 helium were co-fed into the fixed-bed reactor. The gas
flow rates were adjusted by mass flowmeters and the exit
gases were analyzed by gas chromatography equipped with a
5A molecular sieve column and Porapak-Q column. After the
POM reaction, the helium remained flowing during the
cooling down.

Characterizations

The crystal structures of the samples were characterized by
XRD (Rigaku Miniflex 600, Japan) with Cu-Kα radiation. The

experimental diffraction images were collected at room
temperature by step scanning in the range of 20° ≤ 2θ ≤ 80°
with an increment of 0.02°. A scanning electron microscope
(SEM, Hitachi S-4800, Japan) was used to detect the
morphologies of membrane samples. An energy-dispersive
X-ray spectroscope (EDX, Hitachi S-4800, Japan) was used to
analyze elemental composition and distribution. The
breaking load of the samples (20 mm span) was measured
through a three-point bending test performed using a tensile
tester (model CMT6203, USA) provided with a load cell of 5
kN. Each sample was tested at least three times to obtain an
average breaking load. The stability of catalyst was
characterized by H2-TPR using a chemisorption apparatus
(MicrotracBEL BELCAT II, Japan). The powders were pre-
treated in an inert helium atmosphere at 400 °C for 1 h and
then cooled to 50 °C. Afterwards, 5% H2 (argon balanced)
was used as the carrier gas at a flow rate of 30 mL min−1, and
the temperature was increased to 1100 °C at a rate of 10 °C
min−1. Water generated during sample reduction was
removed using a cold trap and the gas was analyzed by a
TCD.

Results and discussion
Stability and catalytic activity of LCNT

As shown in Fig. 2a, well-distributed nanoparticles are
identified on the reduced LCNT surfaces upon exposure to
5% H2 at 850 °C for 10 h, while clean surfaces without the
formation of any visible secondary substances are observed
from fresh LCNT. Fig. 2b shows the XRD patterns of the fresh
LCNT powder, which was calcined at 1300 °C for 10 h. XRD
analysis shows the formation of the perovskite structure for
the LCNT sample with a little impurity peak of CeO2 (JCPDS
89-8436), which was reported by D. Neagu. et al. as well.37 We
exposed the powder to the 5% H2 (argon balanced)
atmosphere at 850 °C and pure CO2 atmosphere at 900 °C to
test the stability of the LCNT material under reducing and
acid environments. The perovskite structure of LCNT remains
intact, indicating that LCNT perovskite has high chemical
resistance to H2 and CO2. The characteristic peak at 44.5° on
the reduced LCNT in Fig. 2b is identified as metal Ni (JCPDS
04-0850). Moreover, as shown in Fig. 2b, when the reduced
LCNT material was oxidized again, the characteristic peak in
44.5° of Ni disappeared and the Ni nanoparticles in the bulk
phase of LCNT were dissolved into the main structure of the
perovskite. This indicates that the exsolution of Ni on LCNT
surfaces is reversible when alternating the oxidizing and
reducing atmosphere.45,52

In H2-TPR experiment, H2 could not only reduce the
variable valence metal ions in the perovskite oxide, but also
the oxygen species on its surface and lattice oxygen ions.53,54

From the H2-TPR experiment of LCNT perovskite oxide
(Fig. 2c), there are four low-temperature reduction peaks at
375 °C, 425 °C, 575 °C, and 700 °C, which are due to the
chemisorbed oxygen on the surface of the LCNT material, the
reduction of O2

−, the reduction of Ni3+ to Ni2+ and the
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reduction of O−, respectively.44,53,54 And the reduction peak at
1050 °C is due to the reduction of Ni2+ to Ni0.44 The lattice
oxygen started to be reduced at 825 °C (greater than 700 °C
reported in the literature54) and the H2 consumed by the
lattice oxygen was much greater than other H2 consumption.
This indicates that the LCNT material has high stability. The
LCNT material after the H2-TPR experiment was
characterized by XRD. The perovskite structure of the LCNT
material remained intact, which further illustrated the high
stability of the LCNT material.

Large population of Ni nanoparticles on the LCNT surface
could provide catalytic activity for POM.55–57 A fixed-bed
reactor was constructed to perform POM. The temperature

dependence of POM reaction performance in the LCNT fixed-
bed reactor is shown in Fig. 2d. The CH4 conversion and the
CO selectivity both increased as the temperature increased,
while the H2 selectivity and H2/CO remained at about 70%
and 1.4, respectively. At 900 °C, the CH4 conversion, CO
selectivity, H2 selectivity and H2/CO are 98.1%, 99.6%, 70.7%
and 1.4, respectively.

Construction of the LCNT/BSCF CMR

The microstructure of the prepared BSCF hollow fiber
membrane is shown in Fig. 3. The sintered BSCF hollow fiber
membrane has a well-formed four-channel structure with

Fig. 2 Microstructure, phase structure and catalytic performance of LCNT. (a) SEM images of LCNT oxides: (i) before H2 exposure and (ii) after
exposure to 5% H2 at 850 °C for 10 h. (b) XRD patterns of LCNT before H2 exposure and after exposure to 5% H2 at 850 °C for 10 h, exposure to
5% H2 at 900 °C for 20 h and subsequently reoxidized in the air at 900 °C for 20 h, and exposure to pure CO2 at 900 °C for 4 h. (c) H2-TPR
profiles for fresh LCNT (inset was the XRD pattern of LCNT after H2-TPR experiment). (d) The CH4 conversion, CO selectivity, H2 selectivity and H2/
CO as a function of temperature (FHe = 105 mL min−1, FCH4

= 30 mL min−1, and FO2
= 15 mL min−1) in a fixed-bed reactor with LCNT as the catalyst.
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outer and channel diameters of approximately 3.0 mm and
0.8 mm, respectively (Fig. 3a). The fabricated BSCF
membrane has a typical structure with finger-like layers and
sponge-like layers (Fig. 3b), which can provide a faster
surface exchange and bulk diffusion, thereby providing a
higher oxygen permeation flux.58–60 Both the inner and outer
surfaces are densified during the high sintering and

functioned as the separation layer for selective oxygen
permeation45 (Fig. 3c and d). The breaking load of the BSCF
hollow fiber membrane is around 39.0 ± 0.8 N.

The LCNT/BSCF membrane was prepared by a spin
spraying method with a homemade device. From the cross-
sectional image of the LCNT/BSCF membrane (Fig. 4a), it can
be seen that the LCNT porous layer shows excellent

Fig. 3 The microstructure of the BSCF hollow fiber membrane: SEM images of (a) cross-section in an overall view, (b) cross-sectional images of
the skeleton structure, (c) inner surface and (d) outer surface.

Fig. 4 SEM images and EDX analysis of the LCNT/BSCF hollow fiber membrane. (a) Cross-sectional image of the LCNT/BSCF interface with a
corresponding profile of the EDX line scan and elemental maps obtained by EDX analysis around the LCNT/BSCF interface: (b) La map and (c) Co
map. (d) XRD patterns of the LCNT powder, BSCF powder and their mixture exposure to different atmospheres at 950 °C for 4 h.
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attachment to the BSCF hollow fiber membrane, while the
thickness of the LCNT layer is approximately 20 μm. A strong
attachment between two different phases is very important to
resist delamination caused by thermal expansion difference
and enhance the oxygen ion and electron transport between
dense and porous layers.60 The magnified LCNT porous layer
shows that the membrane surface is composed of granular
perovskite particles without significant growth.

SEM images of the membrane-coating interface and
corresponding elemental map (for La and Co) by EDX
analysis are shown in Fig. 4a–c. It can be found that the La
element was mainly distributed in the porous layer, and the
Co element was mainly distributed in the membrane layer,
illustrating that there is almost no element diffusion between
the porous layer and the membrane layer under the present
condition of characterization accuracy. It is interesting that
the breaking load of the LCNT/BSCF membrane is around
42.5 ± 1.0 N which has a minor improvement compared to
the bare BSCF membrane. This might be due to the
secondary sintering of the LCNT/BSCF membrane (900 °C for
2 h).

In order to investigate the chemical compatibility and
stability of the hollow fiber membrane and porous layer,
BSCF powder and LCNT powder were mixed in a 1 : 1 mass
ratio and then annealed at 950 °C for 4 h under air, 5% H2

(argon balanced), pure CO2 and pure helium, respectively. As
shown in Fig. 4d, no additional diffraction peaks are
observed except the characteristic peaks of BSCF and LCNT.
This indicates that BSCF and LCNT oxides have good
chemical compatibility (without severe solid-state reactions)
in helium and air. However, the situation in 5% H2 and CO2

atmospheres has significantly changed. After exposure to 5%
H2 and pure CO2, the perovskite structure of LCNT remains
intact, while the characteristic diffraction peaks for BSCF
almost disappears and peaks from impurities are observed
instead. For example, after CO2 annealing, a large number of
characteristic diffraction peaks of carbonates are found in
the mixed sample.46–48 Meanwhile, after 5% H2 annealing, a
large number of characteristic diffraction peaks of Ni, Fe, Co
and alkaline earth metal oxides such as BaO and SrO are
found.17 On the one hand, the stability of BSCF in 5% H2

and CO2 atmospheres is poor. On the other hand, it shows
high chemical stability of LCNT. It should be noted that the
impurity phases do not come from the decomposition of
LCNT or the solid-state reaction with other decompositions,
which further indicates the excellent stability of LCNT
materials in reduction and acid atmospheres.

Performance of the LCNT/BSCF CMR

To obtain a detailed performance of the membrane, POM
was studied in the LCNT/BSCF CMR. A blank experiment was
carried out in a BSCF CMR (without modification of the
LCNT porous layer). In both reactors, the reaction
temperature and feed flow rate were identical. Fig. 5a shows
the schematic diagram of the LCNT/BSCF membrane after

the long-term stability experiment. Fig. 5b shows the results
of the long-term stability experiment of POM in the BSCF
CMR at 900 °C. In the first 12 h, neither the oxygen
permeation nor catalytic reaction do not reach a steady-state.
Then after 12 h, the CH4 conversion, CO selectivity, H2

selectivity, oxygen permeation flux and H2/CO of the CMR are
stabilized at 98.2% ± 1.6%, 98.5% ± 1.6%, 70.6% ± 2.1%, 13.1
± 0.6 mL min−1 cm−2 and 1.4 ± 0.1, respectively. However,
after 150 h, both CH4 conversion and oxygen flux decrease.
After nearly 500 h, the CH4 conversion and oxygen
permeation flux decrease to 66.4% and 8.4 mL min−1 cm−2,
respectively. In the meantime, although there are some
fluctuations, the selectivity of CO and H2 are basically
stabilized at 95.7% and 72.9%, respectively. These results are
not surprising. From the previous analysis, it can be seen
that the stability of BSCF in H2 and CO2 atmospheres is
relatively poor, while the H2 generated in the POM and a
small amount of CO2 continuously react with the BSCF
membrane, resulting in the degradation of membrane
permeation and CH4 conversion. Another important reason is
that the solid-state reaction between alumina (from the Ni/
Al2O3 catalyst) and BSCF, which affects the oxygen
permeation flux of the BSCF membrane.45,49

For the LCNT/BSCF CMR, the LCNT porous layer was
designed to protect the BSCF membrane and promote
catalytic performance. Compared with the BSCF CMR, the
stability of the LCNF/BSCF CMR has been improved
obviously. It can be found that in the 700 h long-term
experiment (Fig. 5c), the membrane reactor performance is
relatively stable, while at the end of the experiment, the CH4

conversion, CO selectivity, H2 selectivity, oxygen permeation
flux and H2/CO are stabilized at 99.6% ± 0.1%, 99.2% ± 0.3%,
59.5% ± 1.4%, 12.7 ± 0.2 mL min−1 cm−2 and 1.0 ± 0.0,
respectively (take the average value of the data between 200–
700 h). It is worth noting that the time (approximately 100 h)
to reach a steady-state of the LCNT/BSCF CMR is much
longer than that of BSCF (approximately 12 h), which is
mainly due to the slow exsolution kinetics of nanoparticles
from LCNT and increases the time required for the LCNT/
BSCF CMR to reach a steady-state. The long-term stability
experiment of the LCNT/BSCF CMR was voluntarily stopped
after 710 h.

As shown in Fig. 5d, the BSCF hollow fiber membrane
with LCNT porous layer modification remains intact, while it
is severely corroded without LCNT porous layer modification
after 700 hours of POM test. This shows that the acid-
resistant and reduction-resistant LCNT porous layers can
effectively enhance the stability of the BSCF membrane in
the acid and reducing atmospheres. On the one hand, the
reduction-resistant porous LCNT layer is tightly combined
with the outer surface of the BSCF membrane, avoiding the
direct impact of the acid and reducing gases on the BSCF
membrane. Moreover, LCNT itself is also a perovskite and an
oxygen ion conductor. Some oxygen ions can be transferred
to the outmost surface through LCNT, decreasing the contact
of acid and reducing gases with the surface of the BSCF
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Fig. 5 The stability of the BSCF CMR and LCNT/BSCF CMR, and the microstructure after the long-term stability experiment of the LCNT/BSCF
membrane. (a) The schematic diagram of the LCNT/BSCF membrane after the long-term stability experiment. The CH4 conversion, CO selectivity,
H2 selectivity, oxygen permeation flux and H2/CO as a function of time in the (b) BSCF CMR and (c) LCNT/BSCF CMR (FHe = 135 mL min−1, FCH4

=
15 mL min−1, Fair = 40 mL min−1, and T = 900 °C). (d) SEM images of the LCNT/BSCF membrane after the long-term stability experiment: (i) the
outer surface without LCNT porous layer modification, (ii) outmost surface with LCNT porous layer modification, (iii) inner surface without LCNT
porous layer modification, and (iv) inner surface with LCNT porous layer modification.
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membrane.32 Furthermore, the LCNT porous layer with good
chemical compatibility separates the membrane from the Ni/
Al2O3 catalyst, inhabiting the solid-state reaction between
alumina and the BSCF membrane.45,49 On the other hand,
the BSCF hollow fiber membrane has very good oxygen
permeability, which ensures that there is always a non-zero
oxygen partial pressure on its surface, which prevents the
corrosion of the surface by reducing gases.61 Such a dual-
layer membrane reactor makes the reaction area of methane
and oxygen separated from the surface of the BSCF
membrane to some degree, so there is almost no acid and
reducing gas in direct contact with the BSCF membrane. In
other words, such a dual-layer membrane reactor effectively
prevents the direct corrosion of the BSCF membrane layer,
and the LCNT porous layer plays a role in protecting the
BSCF membrane. As shown in Fig. 5d after 700 hours of
testing, the LCNT particles on the outmost surface became
larger, while the grain boundaries of the BSCF membrane on
the inner surface became unclear. It may be due to the re-
sintering of the LCNT porous layer and BSCF membrane
during the 700 hours of operation at 900 °C.32 The above
results show that the LCNT porous layer can effectively
protect the BSCF hollow fiber membrane and enhance the
catalytic performance of the CMR.

Conclusions

We designed and prepared the LCNT/BSCF four-channel
hollow fiber CMR with high stability and catalytic
performance by coupling the in situ exsolved Ni nano-catalyst
(LCNT) porous layer with the perovskite-type (BSCF)
membrane. The BSCF four-channel hollow fiber membrane
with strong mechanical properties was prepared via the one-
step thermal processing approach. Ni nanoparticles can be
exsolved from the LCNT parent perovskite under the
promotion of reducing atmosphere. It is demonstrated that
the LCNT material has high chemical stability in reducing
and acid atmospheres. Moreover, BSCF and LCNT oxides
have promising chemical compatibility. The LCNT/BSCF
membrane was prepared by a spin-spraying method. The
breaking load of the LCNT/BSCF membrane is around 42.5
N. The BSCF CMR can operate stably less than 150 hours
under partial oxidation of methane (POM), while the LCNT/
BSCF CMR can stably operate for more than 700 hours
without significant degradation of reaction performance. The
CH4 conversion, CO selectivity, H2 selectivity and oxygen
permeation flux are stabilized at 99.6% ± 0.1%, 99.2% ±
0.3%, 59.5% ± 1.4% and 12.7 ± 0.2 mL min−1 cm−2,
respectively. The LCNT porous layer not only protects the
fragile BSCF hollow fiber membrane but also provides a high
catalytic activity during the reaction.
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