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A B S T R A C T   

The applications of supported metal catalysts in the catalytic membrane reactor based on oxygen permeable 
membrane are hindered by the limited control over interaction between membrane and support, and agglom-
eration of metal particles at a high temperature operation (>900 �C). A new concept is proposed for designing a 
perovskite catalytic membrane reactor with homologous perovskite catalyst that hold well-anchored nano-
particles. It has demonstrated that evenly distributed and size-tailored large population of FeNi3 nanoparticles 
can grow in-situ from the Sr0.9(Fe0.81Ta0.09Ni0.1)O3-δ parent lattice after a simple reduction treatment in the 
catalytic membrane reactor. This catalytic membrane reactor shows a superior catalytic activity over the fixed- 
bed reactor for partial oxidation of methane to produce syngas. Membrane severs to distribute oxygen, control 
the oxygen partial pressure and effectively prevent the dissolution of metal particles during oxidation reactions 
and enables nearly 100% conversion of methane and selectivity to hydrogen and carbon monoxide in the partial 
oxidation of methane. The hydrogen/carbon monoxide ratio is 2.2 and very close to the theoretical value. 
Catalytic membrane reactor is where the exsolution-based perovskite catalysts are at their most effective.   

1. Introduction 

Catalytic membrane reactors (CMRs) based on oxygen-permeable 
membranes both possess the functions of separation and reaction and 
have been widely investigated in many heterogeneous reactions, such as 
the partial oxidation of hydrocarbon, oxidative coupling of hydrocar-
bon, and oxidative dehydrogenation of hydrocarbon [1–6]. Metal cata-
lysts (based on nickel, copper, iron, coble, palladium etc.) are 
extensively used in CMRs [7–10]. The activity of the metal catalyst oc-
curs at the surface atoms. Consequently, great efforts have been made to 
maximize the specific surface area of the catalyst by breaking up the 
metal particles into nanometal particles and distributing them on a 
support [11–13]. In conventional metal catalyst preparation methods, 
including impregnation, coprecipitation and deposition [14,15], metal 
particles are deposited on the support surfaces and usually tend to sinter 
and grow into larger particles upon high-temperature annealing, leading 
to a severe loss of their catalytic activities. Such poor thermal stability of 
nanoparticles significantly limits their use in CMRs which work at 
elevated temperatures (>700 �C) [16–18]. 

Perovskite oxides have a general formula of ABO3, which are the 
most-studied oxygen-permeable membrane materials [19–21], can be 

employed as catalyst supports because of their flexibility in electric and 
crystal structures and catalytic activities [22,23]. In addition, the 
abundant existence of oxygen vacancies in perovskites makes it easy to 
store oxygen molecules from and release them to the environment. 
Oxygen transports via the perovskite oxide support and functions in the 
form of lattice oxygen instead of absorbed oxygen, which can have 
significant effects on the catalytic performance [22,23]. Previous studies 
demonstrated that perovskite oxide has the potential for the in-situ 
growth of metal catalysts by doping catalytically active transition metals 
into the B-sites of perovskite oxides [24–26]. A subsequent reduction 
atmosphere treatment drives the metals exsolved from the lattice and 
forms nanoparticles that are partially embedded on the oxide surfaces. 
Nanoparticles socketed into the parent perovskite can lead to an 
enhanced thermal stability of the catalyst [24,25]. 

In this study, we propose a new concept for developing a catalytic 
membrane reactor with a perovskite catalyst that holds well-anchored 
nanoparticles for heterogeneous reactions (Fig. 1). The most important 
advantage in this reactor design is that the catalyst could be tailored to 
fit the membrane materials to avoid negative interactions between the 
catalyst and membrane. For example, inert support materials such as 
alumina, zirconia and silicon (which have very limited oxygen ionic 
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conductivity) react with perovskite and decrease the oxygen perme-
ability of the membrane [27–29]. In contrast, the reaction between 
homologous materials (catalyst and membrane are both 
oxygen-permeable perovskites) will weaken these negative effects. 
Perovskite oxide Sr(Fe0.9Ta0.1)O3-δ(SFT) was selected as the parent 
perovskite to design the perovskite-type catalysts Sr0.9(Fe0.81Ta0.09Ni0.1) 
O3-δ, where 10 at. % of B site was substitutionally doped with nickel and 
10 at. % A-site deficiency was introduced to increase the driving force of 
metal exsolution. The introduction of A-site deficiency also benefited 
suppressing the exsolution of strontium while the exsolution of B-site 
metals occurred [30]. The hollow fibers integrate different types of 
layers (finger-like layers and sponge-like layers) and provide a much 
larger gas/solid interface and lower mass-transfer resistance, and lead to 
an enhancement of surface exchange and thus permeation rates 
[31–34]. The four-channel hollow fibers particularly have a robust ar-
chitecture and are an excellent candidates for industrial applications 
[35–37] and therefore used for the catalytic membrane reactor. The 
population and size of exsolved metal particles on the perovskite oxide 
were controlled by temperature and reduction time. The crystalline 
structure, microstructure, catalytic performance of partial oxidation of 
methane (POM) in both membrane reactor and fixed-bed reactor were 
systematically investigated. 

2. Experimental 

2.1. Sample preparation 

Sr0.9Fe0.81Ta0.09Ni0.1 (SFTN0.9) perovskite oxides were synthesized 
by the conventional solid-state reaction method. Stoichiometric amount 
of SrCO3, Ta2O5, NiO and Fe2O3 (with pruity of 99.9%, Sinopharm 
Chemical Reagent Co., Ltd, China) were mixed and ball-milled in 
ethanol for 24 h and then dried at 55 �C. The SFTN0.9 perovskite oxide 
was prepared after a further calcination at 1250 �C for 5 h in air. The as- 
prepared SFTN0.9 were then granulated and mesh screened to obtain 
catalyst particles with size in 150 μm–250 μm. To exsolve particles on 
the surface, reduction was carried out in a controlled atmosphere 
furnace, under continuous flow of 5% hydrogen (20 ml min� 1, helium 
balanced) at the temperatures of 800 or 850 �C for 1 or 4 h the heating 
and cooling rates were 2 �C min� 1. To reoxidize the samples, oxidation 
was carried out in a controlled atmosphere furnace, under continuous 
flow of air (20 ml min� 1) at the temperature of 850 �C for 1 h. 

2.2. Four-channel hollow fiber membrane fabrication 

Ba0.5Co0.5Fe0.22Nb0.08O3-δ (BCFN) powder was synthesized by the 
conventional solid-state reaction method. Stoichiometric amounts of 
BaCO3, Co2O3, Nb2O3 and Fe2O3 (with pruity of 99.9%, Sinopharm 

Fig. 1. Schematic diagrams of the homologous design of catalytic membrane reactor. (a) perovskite oxide particles were packed on the perovskite hollow fiber 
membrane and hydrogen was used to drive the growth of metal nanoparticles; (b) partial oxidation of methane was performed on the FeNi/SFTN catalyst and the 
oxygen transport and reaction routs in the catalytic membrane reactor. 

Fig. 2. Schematic diagram of (a) BCFN four-channel hollow fiber membrane reactor setup, and (b) fixed-bed reactor setup.  
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Chemical Reagent Co., Ltd, China) were mixed and ball-milled in 
ethanol for 24 h and then thermally treated at 70 �C. The BCFN oxide 
was formed after a further calcination at 950 �C for 5 h in air. And then 
the powder was grinded and sieved (300 mesh). The hollow fiber 
membrane was prepared by a combined phase inversion and sintering 
technique. The spinning suspension was composed of polyether sulfone 
(PESf), 1-methyl-2 pyrrolidinone (NMP) and BCFN powder in a mass 
ratio of 1:4:11. A tetra-bore spinneret with orifice diameter of 4.8 mm 
(the diameter of the four bores is 1.2 mm) was used to obtain the hollow 
fiber membrane precursor. Deionized water was used as the internal and 
external coagulant. Subsequently, the BCFN hollow fiber precursor was 
dried and then sintered at 1120 �C for 10 h in air. 

2.3. Catalytic membrane reactor setup 

Schematic diagram of catalytic membrane reactor setup based on the 
four-channel hollow fiber was shown in Fig. 2a. Two ends of the hollow 
fiber were sealed with two quartz tubes using a high temperature 
commercial silver sealant (Shanghai Synthetic Resin Institute, China). 
The effective length and membrane area were 1.5 cm and 0.07 cm2, 
respectively. Fresh SFTN0.9 oxide perovskite (1.5 g) was packed around 
the hollow fiber membrane in the shell side. Setup was placed in a 
tubular furnace and heating up to 850 �C, under continuous flow of 
helium, with a heating rate of 2 �C min� 1 5% hydrogen (20 ml min� 1, 
helium balanced) flow was then fed in the shell side (catalyst side) for 1 
h to drive the exsolution of FeNi3 nanometal particles. 

The reduction was succeeded by the partial oxidation of methane. 
Compressed air was fed to the lumen side (air side) and CH4/He was fed 
to the shell side (catalyst side). The flow rate on the lumen side (air side) 
was 120 ml min� 1, and the flow rate on the shell side was 150 ml min� 1 

(the methane flow rate was kept at 30 ml min� 1, and helium was the 
balance gas). The methane concentration was adjusted by changing the 
flow rate of helium at the shell 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) equiped with 5A molecular sieve column and 

porapad-Q column. After the partial oxidation of methane reaction, the 
reaction gases kept flowing during the cooling down to avoid oxidation 
of metal particles. Gas cylinders were supplied by Nanjing Special Gas 
Factory Co., Ltd., China, purity of compressed air is 99.95%, and others 
are 99.995%. 

2.4. Fixed-bed reactor setup 

Schematic diagram of fixed-bed reactor setup was shown in Fig. 2b. 
Fresh SFTN0.9 oxide perovskite (1.5 g) was packed in a quartz tube to 
construct a fixed-bed reactor. Setup was placed in a tubular furnace and 
heating up to 850 �C, under continuous flow of helium, with a heating 
rate of 2 �C min� 1 5% hydrogen (20 ml min� 1, helium balanced) flow 
was then fed in the shell side (catalyst side) for 1 h to drive the exso-
lution of FeNi3 nanometal particles. Partial oxidation of methane reac-
tion was performed at 850 �C. 30 ml min� 1 methane, 15 ml min� 1 

oxygen and 105 ml min� 1 helium were cofed into the fixed-bed reactor. 
The gas flow rates were adjusted by mass flowmeters (Model cs200, 
SevenStar, China) and the exit gases were analyzed by gas chromatog-
raphy (Model GC-2014, Shimadzu, Japan) equiped with 5A molecular 
sieve column and porapad-Q column. After the POM reaction, the re-
action gases kept flowing during the cooling down to avoid oxidation of 
metal particles. 

2.5. Characterizations 

The crystal structures of the samples were characterized by XRD 
(Rigaku Miniflex 600) with Cu-Kα radiation in air. 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�. The micro-
morphology of the materials was determined by using scanning electron 
microscope (FEI, Model Quanta-2000, Holland). Additional information 
was gathered using an EOL JEM2100 transmission electron microscope 
(TEM) with an energy dispersive X-ray spectroscopy (EDS) detector. X- 
ray photoelectron spectrometer (XPS, Thermo ESCALAB 250, USA) 
equipped with an Al-Ka X-ray source was utilized to analyze the surface 

Fig. 3. SEM images of prepared BCFN four-channel hollow fibre membrane. (a) overview of the cross-section, (b) magnified skeleton structure, (c) outmost surface, 
and (d) inner surface. 

K. Jiang et al.                                                                                                                                                                                                                                    



Journal of Membrane Science 608 (2020) 118213

4

chemical composition and surface element valence state of the SFTN and 
the FeNi/SFTN powders. The bond energies were referenced to the 
adventitious C 1s line (284.6 eV). 

The setup for H2-TPR (temperature-programmed reduction) and TPO 
(temperature-programmed oxidation) was similar to the setup for fixed- 

bed reactor (Fig. 2b). In the H2-TPR test, all samples were pretreated 
with helium at room temperature for 1 h. The flow rate of 5% hydrogen 
(helium balanced) for TPR was 20 ml min� 1 and the heating rate was 2 
�C min� 1. The outlet gases were analyzed by mass spectrometer (Model 
LC-D200 M, DYCOR, America). Coke formation on FeNi/SFTN catalysts 

Fig. 4. SEM image of (a) the surface of the fresh SFTN0.9, the surfaces FeNi/SFTN0.9 reduced at (b) 850 �C for 1 h and (c) 850 �C for 4 h. (d) 800 �C for 1 h and (e) 
800 �C for 4 h, and (f) their size distributions. Scale bar is 100 nm. 

Fig. 5. (a) XRD patterns of the fresh SFTN0.9, FeNi/SFTN0.9 (reduction in 5% hydrogen at 850 �C for 1 h), reoxidized SFTN0.9 (oxidation in air at 850 �C for 1 h); 
and (b) H2-TPR profiles for fresh SFTN0.9 and FeNi/SFTN0.9 (reduction in 5% hydrogen at 850 �C for 1 h). 
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after reaction were characterized by TPO test. The flow rate of 20% 
oxygen (nitrogen balanced) for TPO was 20 ml min� 1 and the heating 
rate was 2 �C min� 1, from room temperature to 950 �C. The mass 
spectrometer was used to pick up the carbon dioxide signal to determine 
the coking level of samples after reactions. The mass spectrometer was 
calibrated by flowing gases of certificated 501 ppm carbon dioxide in 
argon. 

3. Results and discussion 

As shown in Fig. 3, the diameters of the four-channel hollow fiber 
and each individual channel are approximately 2.5 mm and 0.8 mm, 
respectively. Clear finger like structure was identified. Both the inner 
and outmost surfaces were densified during the high sintering and 
functioned as the separation layer for selective oxygen permeation. The 
high mechanical strength of hollow fiber is particularly important for 
catalytic membrane reactor. Both sides of the membrane are exposed to 
different atmospheres (one is oxidative and another is reductive) which 
can lead a huge difference in expansion of both side of membrane and 
cause failure easily. The breaking load (the maximum load that a 

membrane can withstand before break and can be obtained by a three- 
point bending fracture test) is around 9.0 N. The as prepared hollow 
fiber was used to construct the membrane reactor and running partial 
oxidation of methane to obtain syngas. 

The as-prepared SFTN oxide particles were packed outside of the 
hollow fiber membrane, a pretreatment ran on the SFTN oxide to drive 
exsolution of metal nanoparticles from SFTN parent. 5% hydrogen was 
employed to provide additional and strong driving force on the exso-
lution. A clean surface without the formation of any visible secondary 
substances was observed (Fig. 4a) from fresh SFTN0.9 (with no exsolved 
particles), and XRD indicated a pure perovskite phase structure (Fig. 5a). 
As seen in Fig. 4b, well-distributed nanoparticles were identified on the 
reduced SFTN0.9 surfaces upon exposure to 5% hydrogen at 850 �C for 
1 h. Characteristic Peaks at 44� and 52� on the reduced SFTN0.9 in 
Fig. 5a were identified as FeNi3. (The actual stoichiometry might have a 
slight deviation, as the peaks have a small shift from the standard peaks 
of FeNi3 in JCPDS38-0419) The reduced SFTN sample was also denoted 
as FeNi/SFTN. It is very challenging to have pure nickel particles in an 
iron-based parent as the affinity of nickel atoms for iron results in nat-
ural occurring alloys and a significant fraction of iron could be alloyed 

Fig. 6. XPS spectra of the fresh SFTN0.9: (a) Fe 2p, (b) Ni 2p, and (e) O 1s and FeNi/SFTN0.9 reduced in 5% hydrogen at 850 �C for 1 h: (c) Fe 2p, (d) Ni 2p, and (f) 
O 1s. 
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with nickel after hydrogen treatment [38]. Although, nickel catalyst is 
commonly used for POM in membrane reactors, it has high catalytic 
activity for methane reforming and cracking, which leads to coking on 
the nickel catalyst. Alloying nickel with iron were demonstrated pro-
moting the coking resistance during POM and reforming [39,40]. 

From the H2-TPR experiment, there was significant hydrogen con-
sumption observed for fresh SFTN0.9 but hardly any consumption from 
FeNi/SFTN0.9 (reduction in 5% hydrogen at 850 �C for 1 h) was 
observed (Fig. 5b), suggesting that hydrogen can provide an intensive 
driving force for iron and nickel exsolution from the host lattice. The 
exsolution of B-site metal particles can be controlled by adjusting the 
kinetic conditions (hydrogen exposure time and temperature). As shown 

in Fig. 4b&c, the exsolved nanoparticles grew larger as the hydrogen 
exposure time was prolonged from 1 h to 4 h. The reduction was also 
carried out at various temperatures. It clearly shown in Fig. 4b&d and 
Fig. 4c&e, that as the reduction temperature increased, the exsolved 
nanoparticle size was increased. The average particle sizes of samples 
exposed at 800 �C for 1 and 4 h and 850 �C for 1 and 4 h are 10, 25, 15, 
and 36 nm, respectively(Fig. 4f). This is because a higher temperature 
will decrease the active energy of the exsolution and hence result in a 
larger particle at a certain exposure time. 

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted on both the fresh SFTN0.9 and FeNi/SFTN0.9 samples to analyze 
the valance states of iron and nickel. As shown in Fig. 6a&b, no metallic 

Fig. 7. Electronic microanalysis of FeNi/SFTN0.9 reduced in 5% hydrogen at 850 �C for 1 h: (a) STEM image, (b) Fe map, (c) Ni map, (d) O map, (e) Sr map, (f) Ta 
map, and (g) HR-TEM images. 
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nickel or iron peaks were observed on fresh SFTN0.9 surfaces. The ex-
istence of Ni3þ at 855.0 eV indicated that nickel was successfully doped 
into the parent lattice. While for the FeNi/SFTN0.9, the Ni0 and Fe0 were 
clearly exhibited at 802.5 and 705.0 eV, respectively (Fig. 6c&d). The 
states of lattice oxygen were also examined by XPS. There were two 
types of oxygen species within the perovskite oxide: oxygen adsorbed on 
the perovskite surfaces and lattice oxygen in the perovskite crystalline 
structure (approximately 531.0 eV). Clearly, a higher binding energy of 
the lattice oxygen of FeNi/SFTN0.9 (at 530.5 eV) was observed than that 
of fresh SFTN0.9 (at 529.0 eV) in Fig. 6e&f. This result indicated that 
more oxygen vacancies were generated after reduction. These results in 
turn support the observation of lattice expansion of FeNi/SFTN0.9 
observed by XRD in Fig. 5a. The increased oxygen vacancy was 
considered to be able to make FeNi/SFTN0.9 more promising for partial 
oxidation of methane [41,42]. 

The high angle annular dark-field (HAADF) images displayed in 
Fig. 7 present the distribution of each element. Strontium, tantalum and 
oxygen were uniformly distributed on the FeNi/SFTN0.9 surface. It is 
very easy to observe the metallic nickel islands on the sample surface 
(presented as bright green spots on Fig. 7e). Enrichment of iron was 
observed but was not obvious as that of the nickel because the exsolved 
metallic iron was inconspicuous among the iron-based parent perov-
skite. High-resolution TEM (HR-TEM) was employed to analyze the 
crystal evolution of the materials at the atomic scale. as shown in Fig. 7g 
The lattice space between the two parallel planes in the exsolved 
nanoparticle is 1.7 Å, while the interplanar spacing of the SFTN0.9 
backbone is 2.9 Å, which is similar with the calculated values of 1.77 nm 
in the (200) plane in FeNi3 alloy and 2.79 nm in the (110) plane of 
SFTN0.9. Note that, the stoichiometry of the parent material 
Sr0.9(Fe0.81Ta0.09Ni0.1)O3-δ will vary due to the exsolution. However, 
because the exsolved nanoparticles only locate at the surface of the 
parent oxides and they are very small and not massively distributed all 

over the surface, the variation either on the surface and bulk could not 
be detected by regular characterizations such as XPS and EDX. 

Although perovskite oxide itself demonstrated a certain methane 
catalytic activity [22], this process was challenging due to the difficulty 
in controlling the reaction selectivity against total combustion when 
using perovskite oxide as POM catalyst [23]. As shown in Fig. 8a, Fresh 
SFTN0.9 and FeNi/SFTN0.9 were test at 850 �C and the flow rate was 
150 ml min� 1 (the flow rates of methane and oxygen were 30 and 15 ml 
min� 1, respectively, and helium was the balance gas). In the fixed-bed 
reactor with fresh SFTN0.9, feeding methane/oxygen at a ratio of 2:1 
resulted in a complete combustion of methane (no hydrogen or carbon 
monoxide was observed at the outlet of the reactor), and the methane 
conversation was only 45%. The hydrogen/carbon monoxide ratio was 
0.29 and was far below the theoretical value of 2. Catalytic partial 
oxidation performance started to be observed with FeNi/SFTN0.9. It 
showed 71% hydrogen selectivity and 73% carbon monoxide selectivity, 
and the methane conversation increased to 61%. The hydrogen/carbon 
monoxide ratio was increased to 1.95. It’s indicating that the exsolved 
FeNi3 nanoparticles play an important role in the enhancement of cat-
alytic partial oxidation of methane. 

Catalytic membrane reactors possess superior advantages over fixed- 
bed reactors for the partial oxidation of methane and give higher con-
versions with higher selectivity. Experiments on the catalytic membrane 
reactor was conducted at 850 �C and the flow rate on the lumen side (air 
side) was 120 ml min� 1, and the flow rate on the shell side was 150 ml 
min� 1 (the flow rate of the methane was 30 ml min� 1, and helium was 
the balance gas). In the catalytic membrane reactor with SFTN0.9 
catalyst, the methane conversion and carbon monoxide selectivity 
increased to approximately 60%, and the hydrogen selectivity was less 
than 20% (Fig. 8b). A dramatic improvement in the performance of the 
catalytic membrane reactor was observed with the FeNi/SFTN0.9 
catalyst. The methane conversion, carbon monoxide selectivity and 

Fig. 8. Methane conversion (XCH4), carbon monoxide selectivity (SCO) and hydrogen selectivity (SH2) and oxygen permeation flux (JO2) in a BaCo0.7Fe0.22Nb0.08O3-δ 

four-channel hollow fiber membrane reactor and a fixed bed reactor with fresh SFTN0.9 and FeNi/SFTN0.9 (reduction in 5% hydrogen at 850 �C for 1 h) as catalysts. 

Fig. 9. SEM images of FeNi/SFTN0.9 after the POM reaction in the (a) membrane reactor and (b) fixed-bed reactor. (c) XRD patterns of FeNi/SFTN0.9 before and 
after reaction in the membrane reactor. Scale bar is 250 nm. 
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hydrogen selectivity are 98%, 97% and 98%, respectively. The 
hydrogen/carbon monoxide ratio was 2.2 and was very close to the 
theoretical value of 2 indicating an ideal partial oxidation reaction 
taking place in the membrane reactor with the designed FeNi/SFTN0.9 
catalyst. It is worth noting that the oxygen permeation flux increased 
from approximately 8 to 22 ml min� 1 cm� 2 by using FeNi/SFTN0.9 
catalyst. The oxygen permeation and catalytic performance are highly 
interrelated and mutually reinforcing. The intense reaction will provide 
a stronger driving force for oxygen permeation while the membrane 
with a function of oxygen distributor to control the supply of oxygen can 
effectively prevent thermal runaway in partial oxidation of methane 
reaction [43]. There are two routes for oxygen to be involved in the 
catalytic reactions on the metal catalyst surface (Fig. 1c): (1) oxygen 
permeated through the membrane and then diffused to the metal sur-
faces; and (2) oxygen ion could transfer from the membrane to the SFTN 
catalyst support and then participate in the reaction at the three-phase 
boundary (TPB) of the metal particle, support and gas phase. The exis-
tence of multiple oxygen transport routs in membrane reactor with ox-
ygen permeable perovskite-type catalyst remarkably benefit the 
catalytic performance. After the membrane reactor experiments, no 
carbon was observed on the catalyst or the shell side by either SEM or 

TPO experiments. Although the metal particles were aggregated, they 
were well preserved on the perovskite surface and could be still detected 
from the XRD (Fig. 9). 

The effect of the methane concentration (from 5% to 20% and flow 
rate was fixed at was fixed at 150 ml min� 1) and flow rate (from 30 to 
150 ml min� 1 while the methane concentration was fixed at 20%) was 
further evaluated first. For both type of catalysts (fresh SFTN and FeNi/ 
SFTN) as the methane concentration and flow rate (space velocity) 
increased, the methane conversion decreased. In the first place, this 
means that the catalyst has not sufficient active sites for the reaction 
over this wide range of methane concertation. Second, a high space 
velocity will shorten the contact time between the reactants and the 
catalyst, which has a negative effect on the adsorption and activation of 
the reactants and leads to the decrease of the methane conversion. 

There have been two main mechanisms of POM proposed in the lit-
eratures. They are the combustion and reforming reactions mechanism 
(CRR) and the direct partial oxidation mechanism (DPO). The mecha-
nism could be explored by analysing the effects of space velocity and 
methane concentration on the hydrogen and carbon monoxide selec-
tivity [44,45]. In general, a high space velocity will avoid the full 
oxidation of methane, and the hydrogen and carbon monoxide 

Fig. 10. Catalytic performance of and FeNi/SFTN0.9 (a&c) and fresh SFTN0.9 (b&d) catalysts for partial oxidation of methane in the catalytic membrane reactor. 
The operation temperature was fixed at 850 �C. (b, c & d) share the same figure legends with (a). Note that the metal particles mostly disappeared after the fixed-bed 
test (Fig. 9b), where the oxidizing environment (feeding methane/oxygen ratio is 2:1) might have resulted in the dissolution of the metal particles. This phenomenon 
was confirmed by A redox experiment that the reduced SFTN0.9 samples were reoxidized in air at 850 �C for 1 h. As shown in Fig. 5a, a lattice expansion was 
observed on the FeNi/SFTN0.9 by a shift of diffraction peaks to lower angles over the fresh SFTN0.9 (for instance, the peak of fresh SFTN0.9 at 32.7� was shifted to 
32.0� after reduction). The lattice expansion was mainly caused by the exsolution of the B-site metal [18]. Upon the subsequent oxidation treatment, the charac-
teristic peaks for FeNi3 alloy disappeared immediately, indicating dissolution of the nanoparticles into the host matrix. The peaks of perovskite shifted to a higher 
angle and ended matching those of the fresh SFTN0.9. By controlling the addition of oxygen in the membrane reactor, the oxygen partial pressure within the shell 
side could be controlled at a lower level, which prevented the dissolution of metal particles. Meanwhile, the membrane reactor can also suppress the excessive 
exsolution of metal partials caused by reaction products (e.g. hydrogen or carbon monoxide). In our previous study [46], in an asymmetric membrane design, there 
will be a nonzero oxygen partial pressure zone around the membrane surface. It will increase the oxygen partial pressure around the porous layer (catalyst layer in 
this study) and effectively suppress the reduction and hence the exsolution. The membrane reactor shows a good stability with tens of hours of reaction tests (Fig. 10) 
with one membrane. Before each experiment, the oxygen flux and leakage with initial conditions (850 �C, 5% CH4 and 30 ml min� 1 flow rate) will be tested and they 
are quite stable. Although, it was successfully demonstrated that a membrane reactor can maximize the advantages of an in-situ exsolved metal nanoparticles, it’s 
important to realize that the challenge remains in controlling the reduction/oxidation and exsolution/dissolution in membrane reactor and to have a more thermally 
and chemically stable exsolution-based catalyst. While the stability of the membrane could be enhanced by using more stable membrane materials such as cobalt-free 
perovskite or dual-phase materials. 
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selectivity will increase with the increase of space velocity. Therefore, 
the DPO may be deduced from the facts the hydrogen and carbon 
monoxide selectivity increased with the increase of space velocity 
(Fig. 10 a&b). Wang et al. [44] found that in a tubular 
Ba0.5Sr0.5Co0.8Fe0.2O3� δ membrane reactor with LiLaNiO/γ-Al2O3 as 
catalyst, the POM reaction was following the CCR mechanism that the 
change trend of oxygen permeation flux with the increase of methane 
concentrations was not the same as that of hydrogen and carbon mon-
oxide selectivity. However, our results (Fig. 10 c&d) are clearly contrary 
to this phenomenon and imply the POM in our reactor might follow the 
DPO mechanism. Nevertheless, these results are not enough to lead to a 
crucial conclusion of the reaction mechanism because of the complexity 
of our reactor. First, perovskite oxide was used as the metal support 
which provides more oxygen vacancies than traditional support such as 
alumina, zirconia or ceria. Next in importance, both the FeNi3 and 
perovskite support has been demonstrated to have catalytic activity to 
POM. Last but not least, the mass transfer in the hollow fiber membrane 
is more complex than tubular membrane and disk membrane because of 
its unique microstructures. These factors should be all considered in the 
future mechanism study. 

4. Conclusions 

We have demonstrated an “in-situ growth” strategy to design ho-
mologous perovskite catalysts applied within a perovskite membrane. 
Fe–Ni (FeNi3) bimetallic nanoparticles can be exsolved from 
Sr0.9(Fe0.81Ta0.09Ni0.1)O3-δ parent oxide. The population, distribution 
and size of FeNi3 particles can be controlled by manipulating the 
reduction temperature and time. The exsolution-based catalyst FeNi/ 
STFN was used to construct catalytic membrane reactor based on 
Ba0.5Co0.5Fe0.22Nb0.08O3-δ four-channel hollow fiber membrane. The 
catalytic performance of both FeNi/STFN and fresh STFN catalysts were 
investigated in both membrane reactor and fixed-bed reactor for partial 
oxidation of methane. It was demonstrated that the catalytic membrane 
reactor shows a superior catalytic activity over the fixed-bed reactor 
with either FeNi/STFN or fresh STFN catalyst. A dramatic improvement 
in the performance of the catalytic membrane reactor was observed with 
the FeNi/SFTN0.9 over the fresh STFN catalyst. The methane conver-
sion, carbon monoxide selectivity and hydrogen selectivity are 98%, 
97% and 98%, respectively. While the hydrogen/carbon monoxide ratio 
was 2.2. It was successfully demonstrated that a membrane reactor can 
maximize the advantages of exsolution-based perovskite catalysts by 
effectively suppressing its excessive exsolution/dissolution. 
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