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A B S T R A C T   

The cation segregation in a perovskite-type membrane deleteriously affects the membrane performance and 
durability. Recovery of segregation is a great challenge because of the complexity of segregation products and 
severe limitations from the stability of perovskite oxide. This work presents a novel approach for reversing the 
surface cation segregation by hydrogen-induced annealing which further shows the ability of healing defects and 
cracks in the oxide bulk. Ba0.3Sr0.7Fe0.9Mo0.1O3-δ (BSFM) four-channel hollow fiber membranes were prepared by 
one-step thermal processing. A low hydrogen concentration (5 vol %) and a mild temperature (900 ◦C) were used 
to anneal the as-prepared BSFM hollow fiber membrane and served to trigger outright reverse segregation of 
massive complex oxide precipitations at grain boundaries and a self-healing of cracks formed during the sintering 
stage. The reverse segregation significantly alters the composition and structure which directly affects the per-
formance of BSFM membrane, such as mechanical strength, electrical conductivity, oxygen permeability, and 
stability. A maximum breaking load of 31.6 N is reached for the hydrogen-induced membrane which is 
approximately 6 times of the as-prepared BSFM membrane. Hydrogen-induced membranes, having high oxygen 
permeation flux and low activation energy, can operate stably in partial oxidation of methane catalytic mem-
brane reactor for more than 120 h. Our results demonstrate the feasibility of hydrogen-induced reverse segre-
gation and crack self-healing in the perovskite-type dense membrane, suggesting new directions to design the 
high-performance materials based on perovskite oxides for application in catalysis, electrocatalysis, and sepa-
rations in the future.   

1. Introduction 

Perovskite type metal oxide is a type of mixed ionic and electronic 
conducting (MIEC) material, has shown remarkable promise for catal-
ysis, electrocatalysis, and separation. It can be fabricated into a dense 
and gas-tight ceramic membrane, through which oxygen ions migrate 
selectively under a driving force of oxygen chemical potential gradient 
at elevated temperature. This membrane will block any gas other than 
oxygen from passing through and is used as an oxygen permeable 
membrane to obtain pure oxygen [1–4]. In addition, the perovskite-type 
membranes have attracted particular interest for use as dense catalytic 
membrane reactors to realize reactions such as partial oxidation of 
methane to syngas (POM) [5–7], oxidation coupling of methane (OCM) 
[8–10], methane aromatization [11,12], oxidative dehydrogenation of 

light alkanes [13,14], water splitting reaction [15–17], thermal 
decomposition of carbon dioxide [18,19], and steam methane reforming 
[20,21]. Such a process bypasses the use of costly oxygen produced from 
the large cryogenic plants since the air separation is in-situ combined 
with the chemical reaction in the same unit. 

For both the pure oxygen separation and catalytic membrane reactor 
applications, membrane stability is the most important product metric 
[22–24]. Generally, material composition, synthesis (sintering) and 
permeation conditions will directly affect the compositional stability 
and segregation. There have been many reports on the effects of material 
composition and operating conditions on the segregation. For example, 
the type, radius and valence state of doped ions will affect the crystal 
structure and hence the tolerance factor, cell free volume and solid so-
lution limit [3,25], which will greatly influence the cation segregation. 
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Another type of segregation occurs during permeation (or in catalytic 
membrane reactor) which is commonly observed in the strontium- or 
cobalt-containing perovskite oxide. Strontium oxide [26–29] or cobalt 
oxide [30] is enriched on one side of the membrane due to the difference 
of oxygen partial pressure or potential on both sides of the membrane. 
Besides, the membrane synthesis (particularly sintering) process has 
also a significant effect on the composition stability. For instance, Bau-
mann et al. [31] found that Ba0.5Sr0.5Co0.8Fe0.2O3− δ (BSCF) melts at an 
elevated temperature of 1150 ◦C while cobalt oxide deposits at the grain 
boundaries. The melting point of cobalt oxide is lower than 1150 ◦C, 
thus it turns into a liquid phase in BSCF and segregates at the grain 
boundary after cooling down. Recently, our group reported a new 
strategy to fabricate perovskite-type hollow fiber membrane via 
One-Step Thermal Processing (OSTP). In the traditional method, reac-
tion (phase formation) and sintering are separated. However, in the 
OSTP, oxides or carbonates are directly employed in a phase-inversion 
process for the fabrication of a single-phase perovskite hollow fiber 
membrane [32]. Solid-state reactions converting raw chemicals (metal 
ion sources) into perovskite oxides and membrane densification 
occurred simultaneously. In this case, any mismatch between crystalli-
zation (solid-state reaction) and densification (solid-state sintering) 
rates leads to the formation of impurities and residues on membrane 
surfaces or grain boundaries [33]. It is challenging to dealing with this 
type of segregation as it might be enormous and physically separated by 
large grains. 

The cation segregation is often deleterious to membrane perfor-
mance. Effective suppression of segregation is therefore a key prereq-
uisite for the application of permeable membranes. However, it remains 
to be overcome before commercial exploitation becomes viable. Several 
approaches have been proposed to overcome the segregation but many 
existing studies focus on the mitigation (but not eradication) of the 
cation segregation [34], such as minimizing the elastic and electrostatic 
energy through matching A-site cation sizes and surface charge can 
suppress the corresponding cation segregation [35,36]; introducing an 
additional coating on the surface dense membrane where the coating 
could be either porous or dense to block the particular element migra-
tion to and accumulation at surfaces [37]. Applying an electrochemical 
gradient can also be used to inhibit cation segregation that in particu-
larly cathodic bias (which has a similar impact to decreasing the oxygen 
partial pressure). Segregations would be suppressed by either releasing 
the stresses surrounding strontium or inhibiting the strontium migration 
to the surfaces [38]. By manipulating the gas environment (reducing and 
oxidizing atmosphere), some oxides have been proved redox revers-
ibility and show an ability of exsolution and dissolution of B-site metals 
or alloy nanoparticles [39–42]. A typical example is an in-situ exsolution 
of B-site metal nanoparticles (such as iron, nickel, cobalt or their alloys) 
from a perovskite oxide host which is used in heterogeneous catalysis in 
the catalytic reactors [7]. The reversibility indicates that the segregation 
can be suppressed or even reversed through changing the gas 
environment. 

As a matter of the fact, the choice of atmosphere significantly in-
fluences the ionic diffusion rates, oxidation, reduction, chemical reac-
tion, elements valence state, etc. All these aspects influence 
microstructure and therefore the mechanical and permeation properties 
of bulk membranes. For example, ceramics such as alumina [43,44], 
titanium oxide [45], and cerium oxide [46] were found to have a higher 
densification rate and grain growth rate in the hydrogen atmosphere. 
The reducing atmosphere helps to increase oxygen vacancy concentra-
tion, the rates of surface and volume diffusion which are responsible for 
neck growth and densification. In the literatures, the sintering of bulk 
ceramic pieces in hydrogen is mostly focused on the reduction of sin-
tering time and temperature, and the improvement of bulk density. To 
our best knowledge, there are few reports on the control of grain 
boundary morphology of perovskite oxide membrane in hydrogen at-
mosphere and the revers grain boundary segregation. 

In this work, a novel approach is presented for reversing segregation 

of complex oxide at grain boundaries via hydrogen-induced annealing. 
Ba0.3Sr0.7Fe0.9Mo0.1O3-δ (BSFM) perovskite-type oxide is selected as the 
representative membrane material, which is demonstrated to be struc-
turally and chemically stable in reducing atmosphere in our previous 
study [47]. A multi-channel hollow fiber membrane is demonstrated as 
the most optimal design over disk-like, tubular, or single-channel hollow 
fibers in terms of permeation flux and mechanical strength [32]. The 
BSFM hollow fiber membranes were fabricated via OSTP approach [48] 
which has been demonstrated a breakthrough in the manufacturing of 
perovskite hollow fiber, offering precise control in stoichiometry. Cation 
segregation happened at the grain boundary of BSFM during sintering 
process. The effects of mild hydrogen-contained atmosphere (5 vol % 
H2) on the reversibility of segregation and the evolutions of micro-
structure, phase structure, electrical properties, oxygen permeability, 
and stability in catalytic reaction (POM) are systematically studied. 
Insight on the suppression and elimination of segregation in perovskite 
oxides is provided. 

2. Experimental 

2.1. Hollow fiber fabrication 

The BSFM hollow fiber was fabricated via the OSTP approach as 
reported in our previous work [33]. Stoichiometric amounts of SrCO3, 
BaCO3, MoO3, and Fe2O3 were mixed and ball-milled in ethanol (solu-
tion) for 24 h at 280 rpm and then dried at 70 ◦C for 12 h, sieved to 300 
meshes. The ball-milled mixture was mixed with polymer binder poly-
etherimide (PEI) and organic solvent 1-methyl-2-pyrrolidinone (NMP) 
in the mass ratio of 9:4:1 and then ball-milled for 24 h at 280 rpm to 
obtain uniform suspensions. A four-bore spinneret with an 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. Tap water was used as 
the internal and external coagulating bath. Subsequently, the BSFM 
hollow fiber precursors were sintered at 1300 ◦C for 10 h in static air. 
The as-prepared BSFM hollow fiber was then annealed at 900 ◦C in 5 vol 
% H2 (Ar balanced) for 12–48 h or in pure Ar for 24 h. The corresponding 
samples are denoted as 12h-H2, 24h-H2, 48h-H2, 24h-Ar BSFM. The 
heating and cooling rate were held at 2 ◦C min− 1 during the whole 
sintering progress. 

2.2. Characterizations 

A focused ion beam workstation (FIB, FEI, Strata 400S, USA) oper-
ating at 15 kV was used to extract a cross-section slice. The sites of in-
terest were protected from the gallium ion beam by locally depositing a 
carbon layer followed by the application of a thicker platinum layer. The 
gallium ion beam was then used to carve out a lamella which was 
mounted on a transmission electron microscopy (TEM) grid and ion 
milled until it became electron-transparent. The as-prepared lamella 
was observed using high-resolution transmission electron microscopy 
(HRTEM, FEI, Talos 200S, America) operated at an accelerating voltage 
of 300 kV and equipped with an energy-dispersive X-ray (EDX) 
spectrometer. 

The crystal structures of the samples were characterized by X-ray 
diffraction (XRD, Rigaku Miniflex 600) with Cu-Kα radiation at room 
temperature. The diffraction patterns were collected in the air by step 
scanning in the range of 20◦≤ 2θ ≤ 80◦ with an increment of 0.02◦. The 
lattice parameter was calculated based on Jade 6 software. Morphol-
ogies of the membrane were detected by using a scanning electron mi-
croscope (FESEM, Hitachi S-4800). The mechanical strength was 
measured by a three-point bending test performed using a tensile tester 
(Model CMT6203, USA) provided with a maximal load cell for 5 kN. The 
membrane samples were fixed in the sample clip with a span of 20 mm. 
The speed of the cross head was set at 0.02 cm min− 1. The broken load 
was tested at least three times for each membrane. X-ray photoelectron 
spectrometer (XPS, Thermo ESCALAB 250, USA) equipped with an Al-Kα 
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X-ray source was utilized to analyze the surface chemical composition 
and element valence state of the BSFM samples. The bond energy was 
referenced to the adventitious C 1s line (284.6 eV). The hydrogen- 
temperature programmed reduction (H2-TPR) were characterized by a 
chemisorption analyzer (Microtrac BEL BELCAT II, Japan). The sample 
was pretreated in flow helium gas at 400 ◦C for 30 min to remove im-
purity gas and then cooled down to room temperature. Switch helium to 
5 vol % H2/He and start to record the thermal conductivity detector 
(TCD) signal from 50 ◦C to 1000 ◦C with a heating rate of 10 ◦C min− 1. 

The total electrical conductivity of BSFM hollow fiber membranes 
was measured by a four-probe DC instrument (model 2440 5A; Keithley, 
USA) from 300 ◦C to 900 ◦C in different atmospheres with a heating rate 
of 4 ◦C min− 1. The Ag patch and Ag wires were used to connect the 
sample with the instrument. Before each measurement, the membrane 
was held at the target temperature for 15 min to stabilize. 

2.3. Oxygen permeation test 

The gas tightness of the hollow fiber membrane was tested at room 
temperature as described in previous work [33]. A schematic diagram of 
the home-made elevated-temperature oxygen permeation setup is 
shown in Fig. 1a. Two terminals of the BSFM hollow fiber membrane 
were sealed with two quartz tubes using high-temperature silver sealant 
(Shanghai Synthetic Resin Institute, China). The effective area of the 
membrane was approximately 0.8 cm2. Compressed air was fed to the 
lumen side while helium was fed to the shell side. The flow rate of the 
feed gas and sweep gas was controlled by mass flow controllers (Beijing 
Sevenstar Electronics, model D07-19B). Both sides of the membrane 
were maintained at atmospheric pressure. The composition of exit gas 
from the sweep side was analyzed by gas chromatography (Model 
GC-2014, Shimadzu, Japan). The leakage of oxygen due to the imperfect 
sealing was less than 0.5% of the total oxygen permeation flux during 
the whole experiment. 

2.4. POM catalytic membrane reactor test 

A schematic diagram of catalytic membrane reactor setup is shown in 
Fig. 1b. Ni/Al2O3 catalyst was in advance reduced in 5 vol% H2/Ar at-
mosphere in 900 ◦C for 2 h. The reduced catalyst was tightly packed on 
the hollow fiber membrane in the shell side. The setup was placed in a 
tubular furnace and heated to 900 ◦C in a pure Ar atmosphere. The 
equipment was held at 900 ◦C during the whole test. Compressed air was 
fed to the lumen side and CH4 (He balanced) was fed to the shell side. 
The flow rate on the lumen side was 60 ml min− 1. Each side of the BSFM 
membrane was maintain atmospheric pressure. Reactor effluent of shell 
side was analyzed by gas chromatography (Model GC-2014, Shimadzu, 
Japan) equipping with 5A molecular sieve column and porapad-Q 

column. CH4 conversion (XCH4 ) and product selectivity (Si) were calcu-
lated as follow: 

XCH4 = 1 −
CCH4

CCO + CCO2 + CCH4

× 100% (1)  

SCO =
CCO

CCO + CCO2

× 100% (2)  

SH2 =
CH2

2(CCO + CCO2 )
× 100% (3)  

where XCH4 is the methane conversion, Si is product selectivity, Ci is the 
volume concentration of product i in effluents. After POM reaction, the 
equipment was kept in helium flow during the cooling to avoid oxida-
tion of catalysis and the coke. 

3. Results and discussion 

3.1. Microstructure of BSFM hollow fiber 

BSFM hollow fiber was successfully fabricated via the OSTP 
approach. The diameters of the as-prepared BSFM four-channel hollow 
fiber and each channel are approximately 2.70 mm and 0.70 mm, 
respectively (Fig. 2a). Distinct asymmetric structures including finger- 
like backbones and dense separation layers are observed in Fig. 2b. 
The outermost surface (Fig. 2c) shows a typical polycrystalline ceramic 
structure that featured clear grain boundaries. Compared to the typical 
groove shape grain boundary, the BSFM membrane prepared by OSTP 
shows wide and convex grain boundaries, which is approximately 2.74 
μm in width. To further comprehend and characterize the trans-
formations appearing at the grain boundary after sintering, we extracted 
a slice around the grain boundary and examined it by TEM and EDX. As 
shown in Fig. 2d, the second phase aggregate of 2.7 μm (area I) is 
embedded above the grain boundary of two perovskite grains. The 
corresponding EDX (Fig. S1) was obtained. The elements Ba and Fe were 
largely aggregated in area I while the element distribution in other 
grains is consistent with the feature of BSFM oxide. 

As shown in Fig. 2d, a crack with a length of more than 6 μm could be 
found on the as-prepared BSFM sample. Such a crack originated from the 
precipitation phase (area I) near the grain boundary and extended into 
the internal bulk phase (area II). In contrast to metals or polymers, crack 
propagation in ceramics is always disastrous because of the lack of 
plastic deformation [49]. The initial flaw at the interface of precipitation 
and perovskite bulk has a sharp geometry, upon the stress from thermal 
treatment or ion diffusion, it is admitted that a crack initiated in the 
vicinity of the flaw as a consequence of the stress concentration [49]. 
The further development of cracks into the bulk leads to a fracture 

Fig. 1. Schematic configuration of the BSFM hollow fiber membrane setup: (a) oxygen permeation test and (b) POM membrane reactor test.  
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failure of the membrane. The breaking load of the as-prepared BSFM 
membrane is approximately 5.3 N (20 mm span), while four-channel 
hollow fiber membrane is usually higher than 15 N. To explore the 
cation exchange between the precipitation (area I) and perovskite grains 
(area II) at the interface, the elemental composition (expressed as 
element fraction) along the straight line are plotted in Fig. S1. Although 
there are some errors in the quantitative analysis of elements in EDX, the 
approximate stoichiometry could be obtained tentatively. These profiles 
quantitatively showed the composition of the segregated precipitation 
was Ba0.82Sr0.18(Fe0.99Mo0.01)2.3O4-δ and the composition in the vicinity 
of the grain boundary is Ba0.33Sr0.67(Fe0.94Mo0.06)1.1O3-δ which shows a 
certain degree of deviation from ideal Ba0.3Sr0.7Fe0.9Mo0.1O3-δ in the 
case of considering the characterization error. The perovskite compo-
sition in the vicinity of the grain boundary is affected by segregation 
processes, so we believe however this deviation is confined to a small 
area rather than the bulk perovskite phase. The element exchange span 
between the precipitation and the perovskite grain is approximately 20 
nm. While there are no obvious element change at the grain boundary of 
the two perovskite grains and in grain bulk either (Fig. S1f). In addition, 
the corresponding pattern of selected-area electron diffraction (SAED) 
along [001] orientation from area II are shown in Fig. S2a. It indexed on 
the basis of a cubic unit cell and confirmed the crystal structure of BSFM. 

It should be noted that the formation of the convex-form segregation 
is not caused by transmembrane oxygen or electrical potential gradient 
during the process of permeation as reported in the literature [35]. 
Perovskite oxides are multi-cation (in this study there are four cations) 
which are considered metastable. Therefore the segregation is more 
likely due to different ion diffusion rates of different elements [50,51] 
and the low solid solution limit of bulk perovskite phase [52]. In order to 
eliminate the segregation that happened at the grain boundary and 
enhance BSFM mechanical strength, a hydrogen-induced annealing 
process has come into use. 

3.2. Hydrogen-induced reverse segregation and self-healing 

Different from introducing hydrogen into the sintering atmosphere 
at the final stage, the post-annealing method was used to treat the as- 

prepared BSFM hollow fiber at a lower temperature (900 ◦C) and a 
low hydrogen concentration (5 vol %) while the effects of hydrogen on 
the massive segregation (precipitation) at grain boundaries and surfaces 
were investigated. The as-prepared BSFM was posted annealing at 
900 ◦C for 12–48 h. Normally, the membranes are unlikely to be further 
sintered or densified at 900 ◦C in an air atmosphere, and the morphology 
of the membrane will hardly change. However, after the hydrogen- 
induced annealing (24 h), a shrinkage could be clearly observed in 
Fig. 3 comparing with the as-prepared BSFM in Fig. 2. It could be seen 
that most of the finger-like pores disappear and the skeleton structure 
becomes compact significantly. The outer diameter is reduced from 2.70 
mm to 2.67 mm, and the inner diameter is reduced from 0.70 mm to 
0.69 mm. The average shrinkage is calculated based on the cross-section 
area change ratio. The average shrinkage of 24h-H2 BSFM and 24h-Ar 
BSFM (Fig. S3) is 1.98 ± 0.3% and 0.98 ± 0.5%, respectively. The 
shrinking effect of 5 vol % H2/Ar is greater than Ar. Perovskite materials 
tend to lose lattice oxygen in a low oxygen partial potential atmosphere 
forming oxygen vacancy. A higher oxygen vacancy concentration may 
accelerate the cation diffusion which causes reverse cation segregation 
at the macro level. The backfill of segregation and chemical expansion of 
lattice make the hollow fiber skeleton more compact. The hydrogen- 
containing atmosphere has a lower oxygen partial potential than pure 
Ar under the same condition. Thus the oxygen vacancy concentration 
and shrinkage of 24h-H2 BSFM is higher than that of 24h-Ar BSFM. 

The 12h-H2 and 48h-H2 BSFM hollow fibers were also studied in this 
work. The SEM images (Fig. S4) of outermost surfaces keep dense and 
crack-free with a clear grain boundary. As can be seen from Figs. 2 and 
S4, the most important microstructural changes are that the convex- 
form grain boundary transforms into a groove-form grain boundary 
and the massive precipitation disappears. A small amount of metal or 
oxide particles dissolved into the perovskite bulk have been detailed 
reported before [41]. However, the reverse segregation of the large 
amount of impurities has been rarely reported as large driving forces are 
certainly needed. We further employed FIB-HRTEM to investigate the 
reverse segregation at the grain boundary of 24h-H2 BSFM sample. The 
cross-sectional lamellae show a clear grain boundary and absence of 
wide segregation and crack (Fig. 3d). EDX mapping shows that the 

Fig. 2. Microstructure of the as-prepared BSFM hollow fiber membrane which was sintered at 1300 ◦C for 10 h in static air. SEM micrographs of (a) cross-section, (b) 
enlarged skeleton structure, and (c) outermost surface. (d) High angle-annual dark field (HAADF) micrographs and (e) the corresponding EDX maps around grain 
boundaries of precipitation and perovskite grains. 
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perovskite compositions in the vicinity of the grain boundary are ho-
mogenous, which is also confirmed by the EDX line scanning profile 
(Fig. S1g). The composition is equivalent to the Ba0.3Sr0.7Fe0.9Mo0.1O3-δ 
perovskite composition. Besides, the corresponding SAED pattern along 
[001] orientation of the 24h-H2 BSFM sample is shown in Fig. S2b which 
also confirms the crystal structure. It could be seen that the deviation of 
the stoichiometry of perovskite grains in the vicinity of the grain 
boundary was reversed when the segregations disappear. The grooving 
grain boundary can be observed which indicates migration and recon-
struction of the grain boundary. This proves the occurrence of the 
reverse segregation process in a hydrogen atmosphere. 

The significant crack-healing can also be observed that cracks in the 
membrane bulk disappear after hydrogen annealing (Fig. 3d). The 
schematic of the hydrogen-induced reverse segregation and crack self- 
healing is showed in Fig. 4. The crack-healing is contributed to the 
volume expansion (densification) mechanism and vacancy diffusion 
mechanism which was reported in the literature [53]. In general, 
polycrystalline ceramics potentially may show a crack-healing behav-
iour for small cracks; however, annealing at an elevated temperature for 
a sufficient long period of time. It seems that the convex-form segrega-
tion at the grain boundary is backfilled into the cracks after 
hydrogen-induced annealing. Because of the stability issue of perovskite 

oxide in reducing atmosphere, there were few studies on the sintering 
and densification of perovskite membrane in hydrogen. However, there 
are some indirect evidences that this phenomenon also exists in perov-
skite oxide membranes. For example, due to the existence of hydrogen 
and other reducing gas during the operation, the grain size increased 
significantly after the reaction in the perovskite membrane reactors. 
After the reaction, a large number of impurities covered the surface and 
grain boundaries, which made it difficult to tell the microstructure 
change on the grain boundaries [13,54]. 

The phase evolution is further investigated by XRD. As shown in 
Fig. 5a, BSFM maintains a typical perovskite phase after hydrogen 
annealing. The main peak diffraction degrees of as-prepared, 12h-H2, 
24h-H2, 48h-H2 BSFM are 32.22◦, 32.10◦, 32.00◦, and 31.50◦, respec-
tively. According to the Bragg equation2d sin θ = nλ, the crystal spacing 
and cell parameter are inversely proportional to diffraction degree. 
Therefore, the crystal spacing and cell parameter increase with the 
hydrogen-induced annealing time which is mainly due to the partial 
reduction of B-site cations which indicates an increase of lattice pa-
rameters. The lattice parameters of as-prepared, 12h-H2, 24h-H2, 48h- 
H2 BSFM are 3.926 Å, 3.943 Å, 3.955 Å, and 4.00 Å, respectively (detail 
calculation is described in Supporting Information). As annealing in 5 
vol % H2/Ar atmosphere, transition metal in perovskite was reduced to a 

Fig. 3. Microstructure of the BSFM hollow fiber membrane which was post-annealed at 900 ◦C for 24 h in 5 vol % hydrogen. SEM micrographs of (a) cross-section, 
(b) enlarged skeleton structure, and (c) outermost surface. (d) High angle-annual dark field (HAADF) micrographs and (e) the corresponding energy-dispersive X-ray 
spectroscopy (EDX) maps around grain boundary and membrane surface. 

Fig. 4. Schematic representation of the hydrogen-induced reverse segregation and crack self-healing. (a) Segregation and cracks were initially formed at the sintering 
stage and featured by a convex-shape grain boundary at the surface as-prepared BSFM membrane; (b) It is annealed with hydrogen which is facilitating element 
migration and crack healing and (c) outright reverse segregation and crack healing achieved and featured by a groove-shape grain boundary. 
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lower valence state resulting in a larger ionic radius (for example, the 
radius of Fe2+, Fe3+, and Fe4+ was 78 p.m., 64.5 p.m., and 58.5 p.m., 
respectively) and forming more oxygen vacancies. The evolution of B- 
site cations and their valence state were also confirmed by the XPS and 
hydrogen temperature-programmed reduction (H2-TPR) which will be 
detailed discussed in the next section. 

The corresponding mechanical strength after hydrogen annealing 
was also tested. As shown in Fig. 5b, the breaking load of the sample 
increases with the increase of hydrogen annealing time. For example, 
the breaking load of 24h-H2 BSFM hollow fiber membrane is 26.1 ± 1.2 
N which is approximately five times the as-prepared BSFM. At the same 
time, the breaking load of 48h-H2 BSFM hollow fibers is 31.2 ± 2.8 N 
which exceeds the most of reported four-channel hollow fiber mem-
branes under the same condition (Table 1). The mechanical strength is 
competitive to that of seven-channel hollow fiber membrane [32,48,54]. 
The significant increase of membrane strength after hydrogen annealing 
is due to the more compact hollow fiber skeleton structure and the 
disappearance of cracks formed during the initial sintering process. In 
most literature reports, hydrogen and reducing atmosphere have dele-
terious or even fatal effects on membrane strength, which is mainly due 
to the serious decomposition (or demixing) or segregation of membrane 
materials in such atmosphere. In this study, the membrane material 
BSFM is hydrogen stable that hydrogen does not cause material 
decomposition while resulting in reverse segregation. It is worth noting 
that the strength of the samples annealed in Ar at the same temperature 
and time is similar to that of the samples annealed in the hydrogen at-
mosphere. Therefore, for those materials that are not tolerant to 
hydrogen, annealing in argon or other inert atmosphere could be help-
ful. We also found that after a 100 h catalytic membrane reactor 
experiment (performing partial oxidation of methane at 900 ◦C), the 
mechanical strength of the as-prepared BSFM membrane was increased 
to 16.0 N (which is approximately 3 times that before use). These 

indicated that the phenomena of reverse segregation and self-healing 
were partially due to the release of oxygen (low oxygen partial pres-
sure), the formation of oxygen vacancies and the enhancement of ion 
diffusion in the materials under low oxygen partial pressure atmosphere. 
However, the gas atmosphere in the catalytic membrane reactor is too 
complex (containing H2, CO, H2O, CH4, CO2 and He et al.) to draw a 
clear conclusion. Therefore, hydrogen which shows a strong effect on 
reverse segregation and self-healing was selected and mainly studied in 
this study. 

3.3. Chemical and electrical analysis 

The mobile charge carriers between two neighbouring B-cations in 
the perovskite lattice are via hopping transport and mediated by the O 
2p orbital. It is well known as a double exchange and is closely related to 
the electronic conductivity of the membrane [60]. X-ray photoelectron 
spectroscopy (XPS) measurements were used to obtain chemical infor-
mation in the chemical state and oxidation states of B cations and O ion 
between as-prepared and annealed BSFM samples. As shown in Fig. 6a, 
the peak at the boning energy of ~231.9 eV is associated with Mo5+. 
Mo5+ exists in BSFM oxide not only before but also after hydrogen 
annealing. In Fig. 6b, the peak at ~709.8 eV, ~711.2 eV and ~713 eV 
are assigned to Fe2+, Fe3+ and Fe4+. After 24h hydrogen annealing, Fe2+

peak intensity increases which is attributed to the reduction of Fe3+ and 
Fe4+. In addition, no metal Fe line at ~706.8 eV could be found. H2-TPR 
was used to confirm the reduction of transition metal. As shown in 
Fig. 6c, comparing to 24h-H2 BSFM sample, the as-prepared BSFM 
sample has two more reduction peaks (520 ◦C and 690 ◦C). The first two 
peaks (520 ◦C and 690 ◦C) response for the reduction of the Fe element. 
The result suggests that hydrogen annealing of BSFM will further 
because the reduction of B-site metal, which was expected to increase 
the lattice parameter, solid solution limit and facilitate the reverse 

Fig. 5. Phase structure and mechanical strength of BSFM hollow fiber annealed in different conditions. (a) X-ray diffraction patterns (the right is the enlargement of 
[110] peak around 32◦) and (b) breaking load of hollow fiber obtained by three-point bending (with a span of 20 mm). 

Table 1 
Comparison of breaking loads Fm (N) of hollow fiber membranes with different geometries.  

Geometries Membrane materials Span (mm) Character (mm) OD/ID Fm (N) Fm(N) normalized span to 20 mm Reference 

single-channel Ba0.5Sr0.5Co0.8Fe0.2O3-δ 20 1.00/0.36 0.75 ± 0.12 0.75 ± 0.12 [55] 
single-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 40 N/A 2.18 4.36 [56] 
single-channel BaCo0.85Bi0.05Zr0.1O3-δ 32 N/A 1.86 2.976 [57] 
three-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 30 2.12/0.73 10.4 15.6 [54] 
four-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 30 2.41/0.81 13.5 20.25 [54] 
four-channel SrCo0.8Fe0.2O3-δ +0.5 wt% Nb2O5 50 2.46/0.80 3.83 ± 0.23 9.575 ± 0.575 [58] 
six-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 30 1.95/N/A 9.1 ± 0.3 13.65 ± 0.45 [59] 
seven-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 30 2.60/0.77 15.4 23.1 [54] 
seven-channel Ba0.5Sr0.5Co0.8Fe0.2O3-δ 30 2.40/0.60 13.5 20.25 [48] 
nineteen-channel Ba0.5Sr0.5Co0.8Fe0.2O3-δ 50 4.36/0.50 50.4 ± 1.3 126 ± 3.25 [32] 
four-channel Fresh Ba0.3Sr0.7Fe0.9Mo0.1O3-δ 20 2.70/0.70 5.3 ± 0.5 5.3 ± 0.5 This work 
four-channel 24h-Ar Ba0.3Sr0.7Fe0.9Mo0.1O3-δ 20 2.70/0.70 16.9 ± 0.7 16.9 ± 0.7 This work 
four-channel 12h-H2 Ba0.3Sr0.7Fe0.9Mo0.1O3-δ 20 2.68/0.70 18.9 ± 0.8 18.9 ± 0.8 This work 
four-channel 24h-H2 Ba0.3Sr0.7Fe0.9Mo0.1O3-δ 20 2.67/0.69 26.1 ± 1.2 26.1 ± 1.2 This work 
four-channel 48h-H2 Ba0.3Sr0.7Fe0.9Mo0.1O3-δ 20 2.66/0.68 31.2 ± 2.8 31.2 ± 2.8 This work  
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cation segregation. 
The oxygen states were also analyzed by XPS (Fig. 6d). There are two 

types of oxygen species in perovskite oxide: lattice oxygen in perovskite 
crystalline structure and oxygen adsorbed on the perovskite surface 
(531.1 eV). The binding energy of lattice oxygen (O 1s) in as-prepared 
BSFM (528.5 eV) is lower than that in 24h-H2 BSFM (528.9 eV), indi-
cating a lower average metal-oxygen bond energy (ABE) in 24h-H2 
BSFM. A lower ABE made oxygen ions easier to be shaken off from 
cations, contributing building faster oxygen ion transport paths. 

Fig. 6e shows the variation in the total electrical conductivities of as- 
prepared BSFM and 24h-H2 BSFM in Ar from 300 ◦C to 900 ◦C, 
respectively. As shown in Fig. 6e, the electrical conductivity first ascend 
and descend at last which is similar to other reported perovskite mate-
rials [61,62]. Under the Zener double exchange mechanism, electron 
holes jump between B site ions with different valence states and perform 
as the P-type semiconductor property. It belongs to the conduction 
mechanism of small polaron and the total conductivity also increases 
with the rise of temperature. As-prepared BSFM and 24h-H2 BSFM show 
the P-type semiconductor behaviour at the relatively low temperature, 

characterized by the increase of the conductivity with the increase of 
temperature, until it reaches the maximum value of ~1.6 S cm− 1 at 
about 580 ◦C and ~5.1 S cm− 1 at about 660 ◦C, respectively. As the 
temperature further raises or the oxygen partial pressure declines, BSFM 
shows metal-like behaviour [61]. Although higher oxygen vacancy 
concentration could increase oxygen ions conductivity, forming an ox-
ygen vacancy always accompanies consuming two electron holes. As a 
result, in relative high-temperature, the total conductivity decreases 
with increasing temperature. The electrical conductivity of the 24h-H2 
BSFM is higher than that of the as-prepared BSFM in all temperature 
range. Fig. S5 shows the effect of H2 annealing time on electrical con-
ductivity between 300 ◦C and 900 ◦C. These samples all show the P-type 
semiconductor behaviour. The electrical conductivity of 
hydrogen-induced BSFM is higher than as-prepared BSFM between 
840 ◦C and 900 ◦C, but it becomes lower than as-prepared BSFM below 
840 ◦C. The electrical conductivity of 12h-H2 BSFM is almost the same as 
that of 48h-H2 BSFM under 5 vol % H2/Ar atmosphere. In general, the 
electronic component of the total conductivity is 100–1000 times higher 
than the ionic conductivity of mixed oxygen-ion and electronic ceramic 

Fig. 6. Chemical and electrical analysis of as-prepared and 24h hydrogen annealed BSFM hollow fiber. XPS spectra (a) Mo 3d, (b) Fe 2p, and (d) O 1s. (c) Hydrogen 
temperature programmed reduction (H2-TPR) profile from 50 ◦C to 1000 ◦C. (e) temperature-dependent electrical conductivity under a flowing pure Ar atmosphere. 
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materials. A balance between ionic and electronic conductivities is 
important for high oxygen permeation [63]. 

3.4. Oxygen permeation and membrane reactor 

The temperature dependence of oxygen fluxes through different 
hydrogen-induced annealing time BSFM hollow fiber membranes is 
shown in Fig. 7a. Because of the improvement of the bulk diffusion and 
the surface exchange of oxygen, the oxygen flux increases with the in-
crease of the temperatures (helium as a sweep gas). As the annealing 
time goes longer, the oxygen permeability goes higher under the same 
condition. For as-prepared and 24h-H2 BSFM hollow fibers, the oxygen 
permeation flux increases from 0.03 to 0.22 and 0.05–0.29 ml min− 1 

cm− 2 by increasing temperature from 700 ◦C to 900 ◦C, respectively. A 
maximum oxygen permeation flux of 0.38 ml min− 1 cm− 2 was observed 
for 48h-H2 BSFM at 900 ◦C. Hydrogen-induced annealing BSFM hollow 
fiber membranes have a higher oxygen permeation flux than the as- 
prepared BSFM. The reason for this experiment is that annealing in 
the hydrogen atmosphere could reduce transition metal to lower valence 
states resulting in higher oxygen vacancy concentration. Moreover, the 
activation energy (Ea) for oxygen permeation through 24h-H2 BSFM 
membranes (82.91 kJ mol− 1) is lower than that of the as-prepared BSFM 
membranes (99.04 kJ mol− 1). The linear variations of the oxygen 
permeation fluxes may suggest a stable phase structure. For SrCo0.8-

Fe0.2O3-δ (SCF), the nonlinear variation of oxygen permeation fluxes is 
attributed to the partial transformation of the perovskite structure into 
vacancy-ordered brownmillerite which results in a decline of ionic 
conductivity and oxygen permeation flux at lower oxygen partial pres-
sure [23]. These results in turn support the observation of higher 
binding energy of lattice oxygen by XPS and lattice expansion of 
hydrogen-induced BSFM by XRD. The increasing oxygen permeation is 
considered to make hydrogen-induced annealing BSFM more promising 
for the catalytic membrane reactor. 

To confirm whether cation segregation reform during oxygen 
permeation process after hydrogen induced annealing process. The 
surface of 24h-H2 BSFM hollow fiber after oxygen permeation test was 
investigated by SEM. According to the SEM image shown in Fig. S6, the 
cation segregation did not reform after the oxygen permeation process. 
The difference of oxygen chemical potential on both sides of the mem-
brane in the oxygen permeation process is not enough to drive the re-
form of segregation and demonstrated that cation segregation in BSFM 
mainly happens during the sintering process. 

The stability of the hydrogen-induced annealing BSFM hollow fibers 
membrane is further studied by POM catalytic membrane reactor. The 
methane concentration-dependent performance of the 24h-H2 BSFM 
POM reactor at 900 ◦C is shown in Fig. S7a. When methane concentra-
tion increased, the oxygen flux increases and methane conversion keeps 
at 99%. Carbon monoxide and hydrogen selectivity also increase with 
the increasing methane concentration. Fig. S7b shows the influence of 
flow rate at the shell side on the POM performance when the methane 
concentration is 10%. When flow rates increased, the methane 

conversion slightly decreases because the residence time of methane is 
shorter. Carbon monoxide selectivity, hydrogen selectivity, and oxygen 
flux increase with the increasing flow rate. When the methane concen-
tration reaches 10% and the flow rate at the shell side is 90 ml min− 1, 
CH4 conversion, CO and H2 selectivity were 99%, 97.6%, and 91%, 
respectively. The H2/CO ratio is 1.865 which is close to the theoretical 
value of 2. The oxygen flux of POM is approximately 21 times of 
introducing helium as the sweep gas. There are two main ways for ox-
ygen species to participate in these catalytic membrane reactions: (1) 
oxygen ions permeate through the membrane and be reoxidized into 
oxygen gas, then react with methane in the gaseous phase; and (2) ox-
ygen ions permeate through the membrane and transport to metal 
catalyst surface, then directly react with methane at the three-phase 
boundaries (metal particle, solid support, and gas) [64]. Compared to 
the first one, the second way shortens two reaction processes: an inter-
facial oxygen exchange on the permeation side and adsorption of oxygen 
in the catalyst surface. Thus, the oxygen permeation is generally 
improved by 5–20 times for POM compared with that performed under 
an air/inert gas gradient for the oxygen permeation test at a steady-state. 

Fig. 7b shows the long-term stability of the 24h-H2 BSFM for POM 
membrane reactor. In the first 20 h, oxygen flux increases from 5.3 ml 
min− 1 cm− 2 to 6.85 ml min− 1 cm− 2 and hydrogen selectivity decreases 
from 91% to 71%. It is mainly attributed to the corrosion layer formed 
on the membrane surface, as shown in Fig. S8. The membrane surface of 
the lumen side (air side) still maintains a clear grain boundary while that 
of the shell side (CH4 side) becomes fuzzy. Cations in grain boundaries 
that deviate from the equilibrium state contain higher energy than those 
in the bulk. Thus, vacancies, impurities, and dislocations are always 
enriched at grain boundaries which are easy to be corroded [54]. The 
corrosion layer could increase the surface exchange area and shorten the 
oxygen transport paths. The increase in the area for the surface exchange 
accelerated the oxygen permeation through the membrane in the last 
100 h. A similar phenomenon could be found by Chang et al. [65] and 
Tong et al. [66]. The increasing oxygen permeation flux over-oxidized 
methane to produce water or carbon dioxide leading to a decrease in 
the H2 and CO selectivity. 

After 20 h, the CH4 conversion and CO selectivity slowly decrease to 
93% and 90%, respectively. It is probably because carbon deposition on 
the nickel-based catalyst for carbon dioxide reforming with methane 
and reduces the catalyst activity [13,40]. SEM images in Fig. S9 are 
Ni/Al2O3 catalyst before and after POM respectively. The fiber-like 
structure appears on the catalyst surface. The mass spectrum profiles 
of temperature-programmed oxidation of used catalyst are shown in 
Fig. S10 confirming the fiber-like microstructure is coke (~302.8 mg/g 
catalyst). The formation of coke fibers reduces catalyst active sites 
resulting in poorer performance of POM membrane reactor. When the 
POM reaction operated for 120 h, the experience was voluntarily 
stopped. The bulk phase of BSFM after the long-term stability experi-
ment still maintains perovskite crystal structure as shown in Fig. S11. In 
other words, this result presents that the high reduce-tolerant property 
of BSFM. 

Fig. 7. The effect of hydrogen annealing on 
oxygen permeation and catalytic membrane 
reactor performance. (a) Oxygen permeation 
flux of the as-prepared and 24h-H2 BSFM 
hollow fiber membrane as a function of 
temperature, insert is the Arrhenius plots 
(FHe=60 ml min− 1; FAir = 120 ml min− 1). (b) 
Long-term stability of catalytic membrane 
reactor performing partial oxidation of 
methane (POM) in the BSFM hollow fiber 
membrane annealed in hydrogen for 24h 
(temperature = 900 ◦C, FAir = 60 ml min− 1, 
FCH4 = 9 ml min− 1, FHe = 81 ml min− 1).   
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4. Conclusions 

The cation segregation occurring in perovskite-type membrane 
deleteriously influences the membrane permeability and stability. In 
this work, we reveal a novel hydrogen-induced annealing strategy that 
leads to at least two effects of great utility: reverse cation segregation 
and self-healing of defects. The as-prepared BSFM hollow fiber mem-
branes were annealed at a low concentration of hydrogen (5 vol %) and a 
mild temperature (900 ◦C) which contribute triggering outright reverse 
segregation of massive complex oxide segregations at the grain bound-
ary and self-healing of cracks. A maximum breaking load of 31.6 N is 
reached for the hydrogen annealed membrane and which is approxi-
mately 6 times the as-prepared BSFM membrane. Hydrogen-induced 
BSFM membrane has a higher oxygen flux, lower activation energy 
and operates stably in POM catalytic membrane reactor for 120 h. Our 
results demonstrate the feasibility of hydrogen-induced reverse segre-
gation and defect self-healing in the perovskite-type dense membrane, 
providing a new strategy for controlling and optimizing the phase and 
microstructure of specific ceramic membranes. 
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