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A B S T R A C T   

Chemical bonds created between cations and oxygen ions perform a critical role in the oxygen permeability of 
perovskite oxides. Here, fluorine was doped into the O-sites of perovskite to weaken metal-oxygen bonds and 
successfully synthesize Ba0.5Sr0.5Co0.8Fe0.17Y0.03O3-δF0.09 oxides. The crystal structure, morphology, and oxygen 
permeability of the Ba0.5Sr0.5Co0.8Fe0.17Y0.03O3-δF0.09 oxides were investigated. The results indicated that partial 
substitution of oxygen ions with those of fluorine greatly enhanced the oxygen permeation flux. Both thermo-
gravimetric analysis and O2-TPD results indicated that more O2 escaped from F-doped perovskite and more 
oxygen vacancies were generated. The O 1s XPS spectra showed that the lower metal-oxygen bond energy was 
responsible for the improved oxygen permeability of F-doped perovskite. Oxygen permeation flux reached 
3.15 ml min−1 cm−2 at 900 °C and was maintained at approximately 3 ml min−1 cm−2 for 1300 h in the oxygen 
permeation test. A membrane reactor equipped with an F-doped disc membrane was constructed to produce 
syngas, reaching 99% methane conversion and an 88% carbon monoxide selectivity at 900 °C.   

1. Introduction 

Mixed ionic-electronic conducting (MIEC) oxides are promising 
candidates for carbon dioxide capture [1], high-performing catalysts 
[2], cathodes for solid oxide fuel cells [3], and membranes for gas se-
paration [4]. Oxygen transport membranes (OTMs) constructed from 
MIEC oxides can separate pure oxygen from air under an oxygen partial 
pressure gradient at high temperatures and provide an alternative to 
cryogenic distillation, the most widely used technique to produce 
oxygen. The cryogenic distillation method relies on a fractional dis-
tillation of air at low temperatures and pressures for oxygen separation, 
which consumes large amounts of energy and increases manufacturing 
costs [5]. Pure oxygen production via OTMs is a low-cost production 
method and can easily be coupled to reactors for selective oxidation of 
alkanes [6] and can be integrated with oxy-fuel combustion for CO2 

capture. 
Perovskite materials have the generic formula ABO3-δ and are ideal 

materials for OTMs, because they can simultaneously conduct oxygen 
ions and electrons at high temperatures, and have 100% oxygen se-
lectivity and do not need an external circuit to transmit oxygen [7]. The 
formation of oxygen vacancies in perovskites is responsible for oxygen 
transport at high temperatures [8]. Novel membrane structures [9], 

such as perovskite foams in combination with dense membrane [10] 
and U-shaped hollow fiber membrane [11], with improved perfor-
mance have been recently introduced. By partially substituting A and B 
cations, many promising perovskite materials have been developed 
[12,13]; however, few perovskite materials simultaneously exhibit both 
good stability and oxygen permeability. For example, Ba1− 

xSrxCo1−yFeyO3−δ (BSCF) membranes showed an elevated oxygen 
permeation flux of 1.4 ml min−1·cm−2 at 950 °C, but were not stable at 
very low oxygen partial pressures [14]. The material was doped with 
several cations such as Ta5+, Nb5+, and Ti4+ to optimize its perovskite 
stability, but its oxygen permeability significantly decreased [15–19]. 
Moreover, dual-phase membranes consisting of fluorite phases and 
perovskite phases have shown good stability under CO2 atmosphere, 
but their oxygen permeation flux is relatively low [20–24]. 

Recently, the target for mixed-conducting membrane oxygen per-
meation flux is 10 ml min−1·cm−2 [25]. Although the oxygen perme-
ability of perovskite membranes can be enhanced by traditional ways, 
such as adjusting A/B sites ions [26] or modifying surface [27], it still 
needs improvement to meet industrial application requirements. Anion 
doping has recently been used to develop high-performance perovskite 
cathode materials [28] and catalysts [29,30]; however, there are only a 
few reports of the oxygen permeation of F-doped perovskite materials. 
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In our previous work, SrCo0.9Nb0.1O3-δ membrane was doped with 
fluorine to form high-efficiency oxygen ion transport pathways and 
improve the oxygen permeation flux [31]. Owing to the higher elec-
tronegativity of fluorine than that of oxygen, the average metal-oxygen 
bond energy of F-doped perovskite was weakened, and the oxygen 
permeation flux was improved. Doping monovalent yttrium into the B- 
site of BSCF perovskite was shown to enhance the oxygen permeation of 
BSCF [32] and stabilize the cubic perovskite structure while suppres-
sing secondary phase formation [33]. 

Here, fluorine was doped into Ba0.5Sr0.5Co0.8Fe0.17Y0.03O3-δ to pro-
duce new material for oxygen permeation and partial oxidation of 
methane. For comparison, Ba0.5Sr0.5Co0.8Fe0.17Y0.03O3-δ perovskite was 
prepared without F-doping. The crystal structure, microstructure, 
thermal stability, and oxygen permeability were investigated, and a 
membrane reactor equipped with an F-doped disc membrane was 
constructed to investigate syngas production performance. 

2. Experimental 

2.1. Powder synthesis 

Ba0.5Sr0.5Co0.8Fe0.17Y0.03O2.91-δF0.09 and Ba0.5Sr0.5Co0.8Fe0.17Y0.03O3-δ 

are herein referred to as YF3-BSCFY and BSCFY, respectively. YF3-BSCFY 
and BSCFY were synthesized by a conventional solid-state reaction method. 
Stoichiometric amounts of YF3, Y2O3, SrCO3, BaCO3, Co2O3, and Fe2O3 

(with a purity of 99.9%, Sinopharm, China) were mixed with ethanol and 
ball-milled (MSK–SFM-1, Ke Jing, China) at a speed of 300 r/min for 24 h. 
Then, the mixed liquor was dried in an oven at 60 °C for 12 h to obtain a 
dried mixture, which was then sieved through a 100 mesh sieve to obtain 
powders. The powders were transferred into a crucible and calcined in an 
oven (KSL-1200X, Ke Jing, China) at 950 °C for 5 h. The heating and 
cooling rates in all steps were 2 °C·min−1. 

2.2. Membrane preparation 

Pre-calcined compounds were mixed with ethanol and ground in a 
ball-mill (MSK-SFM-1, Ke Jing, China) at a speed of 300 r/min for 8 h. 
The mixed liquors were dried in an oven at 60 °C for 12 h to obtain 
dried mixtures, which were sieved through a 300 mesh sieve to obtain 
powders. The powders were transferred into a stainless steel die and 
pressed into disks under a pressure of 400 MPa. The produced green 
discs were sintered in an oven at 1060 °C for 5 h. 

2.3. Characterization 

X-ray diffraction (XRD, Bruker, model D8 advance) with Cu Kα 
radiation in the range of 20° ≤ 2θ ≤ 80° was used to observe the room- 
temperature crystal phase structures of the samples. In-situ high-tem-
perature X-ray diffractometry (HTXRD, Philips, X'Pert Pro) was used to 
characterize changes in the crystal phase structures of the powder 
samples at various temperatures. HTXRD evaluation was carried out in 
air over a temperature range of 100–1100 °C. The heating rate was 
10 °C min−1, and samples were maintained for 0.5 h at each tem-
perature increment. X-ray photoelectron spectroscopy (XPS, Thermo 
ESCALAB 250, USA) with an Al Kα X-ray source (hʋ = 1486.6 eV) was 
employed to analyze the chemical composition and element valence 
states of powder samples. The binding energies were referenced to the 
adventitious C 1s line (285.06 eV). Scanning electron microscopy (SEM, 
Hitachi S-4800, Japan) was used to detect the morphologies of mem-
brane samples. Energy-dispersive X-ray spectroscopy (EDX, Hitachi S- 
4800, Japan) was used to analyze elemental composition and dis-
tribution. Thermogravimetric analysis (TGA, STA 409 PC Netzsch, 
Germany) of the powder samples was performed at 400–900 °C under 
an inert Ar atmosphere. The oxygen desorption properties were char-
acterized by O2-TPD using chemisorption (O2-TPD, MicrotracBEL 
BELCAT II, Japan). The powders were pretreated in an inert helium 

atmosphere at 400 °C for 1 h. Then the sample was cooled to 50 °C and 
adsorb oxygen in pure oxygen for 2 h. Afterwards, the sample was left 
for oxygen desorption to happen. Helium was used as the carrier gas at 
a flow rate of 30 ml min−1, and the temperature was increased to 
950 °C at a rate of 10 °C min−1. The conductivity of samples was 
measured using a conductivity meter (Conductivity, 2440 5A Keithley, 
America). 

2.4. Oxygen permeation measurement 

The oxygen permeation fluxes of dense disk samples were measured 
via a homemade high-temperature oxygen permeation device. A Silver 
paste was used to seal the disk membrane samples to a dense alumina 
tube. The feed side was exposed in static air with a flow rate of helium 
at the sweep side of 120 ml min−1. The temperature of the membrane 
samples was monitored via a programmable temperature controller 
(Model AI-708PA, Xiamen Yudian Automation Technology Co., Ltd.). 
Mass flow controllers (Model D07- 19B, Beijing Jianzhong Machine 
Factory, China) were used to adjust the inlet gas flow rates. An on-line 
gas chromatograph (GC, Agilent, model GC-7820A, US) equipped with 
a 5A molecular sieve column for the separation of oxygen and nitrogen 
was used to analyze the composition of effluent streams at the sweep 
side. 

2.5. Syngas production performance of the partial oxidation of methane 
(POM) membrane reactor 

The POM performance of the disk membranes was measured via a 
homemade high-temperature reactor. A Silver paste was used to seal 
the disk membrane samples between two dense alumina tubes. The feed 
side was swept with synthetic air, and the permeation side of the 
membrane was swept with a mixed gas consisting of CH4 and helium. A 
Ni/Al2O3 catalyst was put on the permeation side of the membrane, and 
was reduced by a 5% hydrogen and argon gas mixture for 1 h. The 
details of the homemade reactor can be found in our previous work 
[34]. Two gas chromatographs (GC, Shimadzu, GC-8A, Japan) 
equipped with a 5A molecular sieve column and a TDX-01 column were 
used to analyze the composition of the effluent streams. The 5A mole-
cular sieve column was used to detect oxygen, nitrogen, methane, hy-
drogen, and carbon monoxide; to detect carbon dioxide, hydrogen, and 
methane, the TDX-01 column was used. 

3. Results and discussion 

3.1. Phase composition and morphology 

The XRD patterns of the perovskite powder samples obtained by 
firing at 950 °C for 5 h in air are shown in Fig. 1. Both samples showed a 
typical cubic unit cell configuration of perovskite, indicating that sev-
eral materials were formed in the perovskite structure, and no obvious 
second phase was detected. The unit cell parameters of the materials 
are shown in Table 1. After doping F in the BSCFY perovskite material, 
the unit cell of the perovskite structure shrank slightly, and the unit cell 
parameters decreased. The inserted F− ions can either replace O2− 

anions in the oxide lattice, which would shrink the lattice, or be in-
troduced into the interstitial sites, which would expand the lattice [35]. 
Thus, the shrinking of the YF3-BSCFY crystal cells suggested that F− 

replaced O2− and were introduced into the cubic lattice structure. 
The XPS spectra in Fig. 2 show a characteristic F 1s peak at 685 eV 

in the YF3-BSCFY specimen, with its corresponding valence of −1 [36]. 
This peak was not detected in the BSCFY sample, indicating that F was 
successfully doped into the perovskite lattice. 

The microscopic morphology of the perovskite oxygen-permeable 
membrane was used to assess whether the membrane was dense enough 
for oxygen separation tests. Fig. 3(a) and (b) shows that the BSCFY and 
YF3-BSCFY perovskite disc membranes had overall granular and dense 
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surfaces. A few small pores were observed on the surface of the YF3- 
BSCFY membrane, but they did not appear to penetrate the entire cross- 
section of the membrane, as confirmed by the cross-sectional SEM mi-
crograph in Fig. 3(d). The membrane cross-section was dense, without 
gaps or defects. Grain boundaries were formed owing to the squeezing 
and stacking of perovskite grains during sintering. The tightness of 
grain boundaries influences the separation performance of a membrane. 
An enlarged view of the grain boundaries on the YF3-BSCFY membrane 
surface is shown in Fig. 3(c). A clear grain boundary is observed, and 
the particles are tightly connected to form a dense structure. 

3.2. High-temperature XRD and thermal expansion properties 

The in-situ high-temperature X-ray diffraction (HT-XRD) patterns 
from 100 to 1100 °C are shown in Fig. 4. Both perovskite samples 
maintained a pure perovskite phase without any other phase from 
100 °C to 900 °C, but the impurity peaks identified as orthorhombic 
BaFeO3-δ were detected in YF3-BSCFY perovskite samples above 
1000 °C. The BSCFY samples did not display these peaks within this 

temperature range. Cherepanov et al. [37] systematically studied phase 
equilibria in a Y–Ba–Fe–O system and found that orthorhombic BaFeO3- 

δ impurities appeared in cubic BaFeO3-δ at 1000 °C. They showed that 
the transformation of perovskite-related structures was accompanied by 
a change in the oxygen content and should be considered as an oxi-
dation/reduction process. As the temperature increased, the lattice 
oxygen gradually disengaged from the perovskite. Lattice oxygen es-
caping reduces the valence of B-site ions, effectively reducing the ionic 
binding forces and expanding the lattice [38,39]. Lattice oxygen kept 
escaping and the lattice kept expanding with an increase in tempera-
ture. According to XPS analysis, average metal-oxygen bond energy in 
YF3-BSCFY was weakened by doping the most electronegative fluorine. 
The increased deficiency and weak metal-oxygen bond energy may 
induce instability in the lattice, thereby segregation of metal elements 
[40]. Therefore, an orthorhombic impurity phase appeared in YF3- 
BSCFY above 900 °C, however, BSCFY didn't show a similar phenom-
enon. 

3.3. Average metal-oxygen bond energy 

The energy of the average metal-oxygen bond plays a significant 
role in determining the oxygen permeability of perovskites; therefore, 
XPS was performed to investigate the average metal-oxygen bond en-
ergy of perovskite samples (Fig. 5). The peak with an elevated binding 
energy corresponded to oxygen species absorbed on the surface, but the 
peak at lower binding energy was ascribed to lattice oxygen [41–43]. 
The O 1s binding energy of the corresponding surface adsorbed oxygen 
was 531.16 eV for both samples, since they were exposed to similar 
external conditions. The lattice oxygen O 1s binding energy of BSCFY 
perovskite was 529.33 eV, which is lower than that of YF3-BSCFY 
(531 eV), indicating a lower average metal-oxygen bond energy in YF3- 
BSCFY [44]. This is in accordance with the previous results observed for 
La1-xSrxFeO3-δFδ [36], YBa2Cu3O7-δFδ [45], and Ca0.37Sr0.63CuO2-δFδ 

[46]. Owing to the greater electronegativity of fluorine than that of 
oxygen, fluorine attracted the valence electrons between A/B-site metal 
ions and oxygen ions. It decreased the valence electron density of the 
oxygen ions. Thus, the average energy of the metal-oxygen bond was 
weakened, and the lattice oxygen mobility increased. 

3.4. Thermogravimetric analysis 

The mass loss of perovskite materials at high temperatures is mainly 
caused by the escape of lattice oxygen. Thermogravimetric analysis 
(TGA) was performed under a nitrogen atmosphere (Fig. 6) to study the 
oxygen vacancy concentration. For perovskite materials, as the tem-
perature increased, the energy of oxygen ion in the lattice increased, 
and the oxygen ions became more active and eventually broke free of 
the lattice constraints, forming oxygen molecules, that left the per-
ovskite materials. Therefore, the mass of the perovskite samples gra-
dually decreased with temperature. At temperatures between 400 °C 
and 760 °C, the mass loss of YF3-BSCFY was significantly greater than 
that of BSCFY, indicating that the lattice oxygen in YF3-BSCFY more 
easily detached from the lattice, which is in accordance with the O 1s 
XPS spectrum. In the lower temperature range, YF3-BSCFY experienced 
a greater mass loss and generated more oxygen vacancies that could 
transport oxygen and improve the oxygen permeability. However, as 
temperature increased reaching above 760 °C, the mass loss of BSCFY 
exceeded that of YF3-BSCFY, which may be related to the substitution of 
F for O, decreasing the oxygen concentration in BSCFY. Thus, YF3- 
BSCFY experienced a smaller mass loss than did BSCFY at temperatures 
greater than 760 °C. 

3.5. O2-TPD 

For the oxygen permeation process of perovskite materials, on the 
high oxygen partial pressure side of the membrane, oxygen is physically 

Fig. 1. XRD patterns of YF3-BSCFY and BSCFY perovskites.  

Table 1 
Lattice parameters of prepared samples.    

Materials Lattice parameters (Å)  

YF3-BSCFY 3.95 
BSCFY 3.96 

Fig. 2. XPS wide-scan spectra of YF3-BSCFY and BSCFY samples.  
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adsorbed on the membrane surface first, and then dissociates into 
oxygen ions into the membrane body for transport. On the other side of 
the membrane, oxygen ions recombine into oxygen molecules, desorb 
from the membrane, and leave the membrane surface. During O2-TPD, 
oxygen undergoes a similar transfer process. The O2-TPD result in Fig. 7 
shows that oxygen desorption increased with temperature. Perovskite 
materials usually display two oxygen desorption peaks, represented by 
α and β oxygen [47]. During the pretreatment stage, some oxygen will 

enter the intrinsic oxygen defects of perovskite at room temperature. 
During heating and typically below 750 °C, this part of oxygen (α- 
oxygen) preferentially escapes [48]. When the temperature continues to 
rise above 750 °C, β oxygen escapes, which is generally attributed to the 
release of oxygen to keep the overall electrical neutrality of the material 
after B-site ions are reduced at high temperatures and low oxygen 
partial pressure [49]. YF3-BSCFY has a more significant oxygen deso-
rption peak at low temperatures. A small amount of desorption 

Fig. 3. SEM images of disc membranes: (a) surface of BSCFY; (b) surface, (c) enlarged grain boundary, and (d) cross-section of YF3-BSCFY.  

Fig. 4. HT-XRD patterns of perovskite from 100 to 1100 °C: (a) YF3-BSCFY and (b) BSCFY.  
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occurred in the BSCFY sample, showing that F doping decreased the 
average metal-oxygen bond energy and promoted the generation of 
oxygen vacancies at low temperatures. 

3.6. Electrical conductivity 

As oxygen permeates through the perovskite membrane, the oxygen 
ions inside the material transfer from one side with a high oxygen 
partial pressure to the other side with a low oxygen partial pressure. At 
the same time, electrons transfer in the opposite direction to maintain 
electric neutrality. Therefore, the electrical conductivity is also an es-
sential property of perovskite materials. The measured electrical con-
ductivities of each perovskite sample are shown in Fig. 8. In general, the 
electrical conductivity first increased to a maximum with increase 
temperature, then gradually decreased and stabilized. The electrical 
conductivity of perovskite is mainly decided by its electronic con-
ductivity, but oxygen generation vacancies can hinder electron transfer 
and reduce the electrical conductivity [50]. At low temperatures, the 
oxygen vacancy concentration is extremely low, and the conductivity 
increases owing to increased carrier mobility (mainly electrons). As the 
temperature continued to increase, oxygen vacancies were generated 
because lattice oxygen began to leave the lattice binding sites. As the 
temperature rose and lattice oxygen escaped, the metal cations in the 
material remained in a low-valence state to maintain overall electrical 
neutrality. Meanwhile, the blocking effect of oxygen vacancies on 
electrical conductivity was increasing, so the conductivity of perovskite 
reached a maximum value. 

At low temperatures, the conductivity of BSCFY increased with in-
crease temperature faster than that of YF3-BSCFY. The conductivity of 
YF3-BSCFY reached its maximum value at 500 °C, which is 100 °C 
higher than that of BSCFY. This can be explained by the fact that F- 
doped perovskites contain more oxygen vacancies at low temperatures 
and F-doping weakens the average metal-oxygen bond energy. At low 
temperatures, more lattice oxygen escapes from the YF3-BSCFY per-
ovskite to form oxygen vacancies, making the conductivity increase 
more slowly. The escape of lattice oxygen is accompanied by a change 
in the transition metal ion at the B site to a lower-valence state, which 
also suppressed the electronic conductivity of the material. Besides, the 
high electronegativity of fluorine reduced the free electrons for con-
duction in the perovskite. These factors were responsible for the lower 
conductivity of YF3-BSCFY than that of BSCFY. For perovskite mate-
rials, the electronic conductivity is far bigger than the oxygen-ionic one. 
According to the Wagner equation, oxygen permeability is directly re-
lated to ionic conductivity. Therefore, the influence of change in elec-
tronic conductivity on oxygen permeability can be ignored. 

3.7. Oxygen permeation test 

The tested membranes were all polished to 1 mm thicknesses. 
According to Fig. 9(a), as the temperature increased, the oxygen 

Fig. 5. XPS spectra of O 1s peaks for YF3-BSCFY and BSCFY samples.  

Fig. 6. TGA curves of perovskite powder samples.  

Fig. 7. The O2-TPD curves of perovskite powder samples.  

Fig. 8. Temperature dependence of the electrical conductivity of samples.  
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permeation fluxes of the tested membranes gradually increased because 
of an increase in the concentration of oxygen vacancies and surface 
exchange reactions. Higher temperatures increased the activity of 
oxygen ions and electrons, which accelerated the transfer of oxygen 
ions. Over the entire test temperature range, the YF3-BSCFY membrane 
displayed a better oxygen permeability than that of the BSCFY mem-
brane. Despite the greater weight loss of the BSCFY membrane above 
800 °C, it is assumed that there were enough oxygen vacancies to 
transport oxygen ions. The rate-determining step of oxygen permeation 
was the surface exchange. Owing to the lower average metal-oxygen 
bond energy, the lattice oxygen on the surface of the membrane es-
caped from perovskite and transformed into oxygen gas more quickly. 

For practical applications, the membrane must exhibit long-term 
stability at elevated temperatures and low oxygen partial pressure.  
Fig. 9(b) shows that oxygen permeation flux maintained at about 
3 ml min−1 cm−2 (at 900 °C) during the testing period that lasted 
1300 h without significant degradation. The fluctuation of oxygen 
permeation flux may be due to the variation of oxygen partial pressure 
in the air. 

3.8. POM reaction performance 

Syngas production via partial oxidation of methane (POM) has been 
a research focus for decades. A POM membrane reactor using the YF3- 
BSCFY membrane was constructed for syngas production. On the per-
meation side, the methane concentration of the sweep gas mainly af-
fected the POM performance. The total flow rate of methane and helium 
was maintained at 39 ml min−1, and the flow rates of methane and 
helium were adapted to investigate the influence of methane 

concentration on the reactor performance. As shown in Fig. 9(c), at a 
methane concentration of 7.8%, the performance of the membrane re-
actor is optimal. Although carbon monoxide selectivity increased 
slightly with a further increase in methane concentration, methane 
conversion decreased significantly. 

The membrane reactor performance for the partial oxidation of 
methane to syngas as a function of temperature is shown in Fig. 9(d). As 
temperature decreased, the decrease in oxygen flux reduced the oxygen 
concentration on the permeate side, leading to a reduction in methane 
conversion. According to the combustion reforming mechanism 
[51,52], residual methane reduced carbon dioxide and water to carbon 
monoxide and hydrogen, increasing selectivity of carbon monoxide and 
hydrogen. At 900 °C, a methane flow rate of 3 ml min−1, a helium flow 
rate of 36 ml min−1, and an airflow rate of 11 ml min−1, the POM 
reactor showed optimal performance. Under optimal conditions, i.e. the 
CH4 conversion rate of 99%, a CO selectivity of 87%, and an H2 se-
lectivity of 64% were obtained. 

4. Conclusion 

F-doped Ba0.5Sr0.5Co0.8Fe0.17Y0.03O3-δ perovskite was synthesized 
by solid-state method. Fluorine doping proved to be effective in in-
creasing the oxygen permeation flux of a BSCFY disc membrane. The 
XRD and XPS results indicated that F− ions partially replaced lattice 
oxygen in the perovskite oxides. The XPS results also revealed that the 
average metal-oxygen bond energy was weaker in YF3-BSCFY. The TGA 
results indicated that more oxygen vacancies were generated at tem-
peratures below 750 °C. The O2-TPD results indicated more oxygen 
escaped from YF3-BSCFY, and the HT-XRD results revealed the 

Fig. 9. (a) Temperature dependence of oxygen flux through disc membranes; (b) long-term oxygen permeation test; CH4 conversion, CO selectivity, H2 selectivity, 
and the flux oxygen permeation as a function of (c) methane concentration (FHe+CH4 = 39 ml min−1, Fair = 11 ml min−1, T = 900 °C) and (d) temperature 
(FCH4 = 3 ml min−1, FHe = 36 ml min−1, Fair = 11 ml min−1). 
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formation of an impurity phase above 900 °C in YF3-BSCFY. Compared 
with the BSCFY disc membrane, the YF3-BSCFY disc membrane pro-
duced more significant oxygen fluxes at 900 °C (3.2 ml min−1·cm−2). 
The POM reactor equipped with the F-doped disc membrane exhibited a 
CH4 conversion rate of 99%, a CO selectivity of 87%, and an H2 se-
lectivity of 64%. 
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