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During the past decades, changes in metal elements in the 
A or B site of the perovskite structure and variations in stoi-
chiometric coeffi cient in the composition have been the main 
strategies to explore new perovskite membrane materials 
with high performance. By using these conventional strate-
gies, state-of-the-art perovskite-type oxides have been devel-
oped, such as La 1−   x  Sr  x  Co 1−   y  Fe  y  O 3−   δ   (0 ≤  x  ≤ 1, 0 ≤  y  ≤ 1), [ 9 ]  
Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3−   δ   (BSCF), [ 10 ]  Sr 0.7 Ba 0.3 Fe 0.9 Mo 0.1 O 3−   δ  , [ 11 ]  
SrFe 0.9 Ta 0.1 O 3−   δ  , [ 12 ]  Ba 0.95 La 0.05 FeO 3−   δ  , [ 13 ]  Pr 0.4 Sr 0.6 Co  x  Fe 1−   x  O 3−   δ   
(0 ≤  x  ≤ 1), [ 14 ]  and SrCo 1−   y  Nb  y  O 3−   δ   (0.025 ≤  y  ≤ 0.4). [ 15 ]  How-
ever, their relatively low oxygen permeability or poor stability 
in operation processes (<923 K) limits their commercial 
implementation. 

 To obtain good oxygen permeability in MIEC oxygen-per-
meable membranes at low temperature, high-effi ciency O 2−  
transport paths should be constructed. A feasible and effec-
tive strategy is to weaken chemical bonds between cations (A 
and B sites) and oxygen ions. [ 8 ]  Rather than using a traditional 
route (doping metal cations in A or B sites), we report a new 
route for high-effi ciency low-temperature oxygen permeation 
via rational doping fl uorion in perovskite-type membranes. 
The high electronegativity of fl uorine (F, 4.0) allows it to attract 
electrons better than oxygen with electronegativity of 3.44. [ 16,17 ]  
If fl uoride ions (F − ) were doped in ABO 3−   δ   perovskite oxide, 
they may reduce the valence electron density of oxygen ion, 
weaken the chemical bonds between cations (A and B sites) 
and oxygen ion, and form high-effi ciency O 2−  transport paths. 
This would enhance the lattice oxygen mobility and oxygen 
permeability signifi cantly. We demonstrated this strategy by 
developing novel F − -doped SrCo 0.9 Nb 0.1 O 3−   δ  F 0.1  (SCNF) and 
Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3−   δ  F 0.1  (BSCFF) perovskite oxyfl uoride 
membranes, which exhibit high-effi ciency O 2−  transport path 
and enhanced oxygen permeation fl ux at low temperature. 

 Scanning transmission electron microscope (STEM) and cor-
responding energy-dispersive X-ray spectroscopy (EDX) images 
( Figure    1  A), X-ray photoelectron spectra (XPS) data (Figure  1 B 
and Figure S1, Supporting Information), and scanning elec-
tron microscope (SEM) and the corresponding EDX images 
(Figure S2, Supporting Information) confi rm the presence 
of Sr, Co, Nb, O, and F in the SCNF sample. SEM–EDX and 
STEM–EDX mappings indicate that the Sr, Co, Nb, O, and F 
atoms are distributed uniformly in the SCNF sample with no 
obvious segregation. According to the EDX analysis (Figure S2, 
Table S1 and S2, Supporting Information), the elemental F 
content in the as-prepared SCNF sample matches the theoret-
ical value, which is further confi rmed by the fl uoride titration 
(Table S3, Supporting Information). Peaks at a bonding energy 

  Mixed ionic and electronic conducting (MIEC) oxides are well-
known and receive increasing attention, especially as high-
performance catalysts, [ 1 ]  cathodes of solid oxide fuel cells, [ 2 ]  and 
membranes for gas separation and reaction. [ 3 ]  Of these applica-
tions, considerable research activities have focused on oxygen 
permeable membranes because of their potential applications 
in low-cost pure oxygen production, [ 4 ]  CO 2  capture via the oxy-
fuel concept, [ 5 ]  and catalytic membrane reactions. [ 6 ]  However, 
the biggest challenge of MIEC oxygen-permeable membrane 
technology to realize commercial application is to develop 
membranes with suffi cient oxygen permeability at low temper-
ature (<923 K). Promoting oxygen permeability and lowering 
operating temperature will increase the ratio of oxygen produc-
tion per unit energy and reduce energy consumption, which 
will achieve high-effi cient energy conservation and emission 
reduction. 

 Oxygen-defi cient perovskite-type oxide, with generic compo-
sition ABO 3−   δ  , is considered as a promising candidate for high-
performance oxygen-permeable membranes. According to the 
Wagner equation, [ 7 ]  high-effi ciency oxygen ion transport paths 
lead an excellent oxygen permeability in oxygen-defi cient per-
ovskite-type oxides. Because an oxygen (vacancy) in perovskite 
is octahedrally coordinated by four co-planar A and two apical 
B-site cations, several structural properties, including oxygen 
vacancy concentrations, lattice-free volumes, critical radius, 
and the average metal–oxygen bond energy, play key roles in 
determining the oxygen ion transport rate and oxygen separa-
tion performance. [ 7 ]  For example, a lower average metal–oxygen 
bond energy (ABE) makes oxygen ions easier to be shaken off 
from cations, contributing to form faster oxygen ion transport 
paths. [ 8 ]  Rational tuning of these properties is thus an effective 
method to create high-effi ciency oxygen ion transport paths, 
promote oxygen permeability and reduce operating tempera-
ture. The choice of A- or B-site element is signifi cantly impor-
tant for determining the properties of perovskite-type oxide. 
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of ≈685 eV is assigned to F 1s, which indicates that the valence 
state of F in SCNF is  − 1. [ 18 ]   

 The crystal-phase structure of the as-prepared SCNF sample 
was analyzed initially by room temperature X-ray diffraction 
(RT-XRD). Figure  1 C shows us a typical SCNF pattern with 
pure perovskite phase. Rietveld refi nement suggests that the 
as-prepared SCNF sample has a cubic structure with lattice 
parameters of  a  =  b  =  c  = 3.87 Å and a space group of Pm–3m. 
The refi nement converged to a satisfactory reliability factor of 
Rp = 2.911% and Rwp = 4.301%. High-resolution transmission 
electron microscope (HRTEM) and corresponding selected-area 
electron diffraction (SAED) patterns along the [001] zone axis 
shown in Figure  1 D,E further confi rm the crystal structure of 
the SCNF sample. The SAED pattern was indexed according to 
a cubic unit cell, which allows the lattice planes to be identifi ed. 
The HRTEM image shows the periodic arrangement in a pro-
jection in the [001] zone axis with (110) and (010) lattice plane 
distances of d (110) ≈ 2.73 Å and d (010) ≈ 3.86 Å, respectively. 
The cubic SCNF perovskite crystal structure is in Figure  1 F. We 
also performed density functional theory (DFT) simulations to 
calculate the lattice parameters of SCNF sample (Figure S3, 
Supporting Information). DFT calculation agrees with the 
results of RT-XRD and HRTEM, confi rming the cubic perovk-
site structure of SCNF sample with a lattice parameter ≈3.86 Å. 

 To some extent, doping F −  in SCN oxide infl uences the 
crystal structure (Figure S5, Supporting Information). Pat-
terns show that doping F −  induces a shift in diffraction peaks 
to higher 2-theta angle, which corresponds to a decrease in 
lattice parameter. This was confi rmed by DFT simulations 
(Figure S3, Supporting Information) and is consistent with the 
enhancement in A- and B-site cation oxidation state (especially 

Nb cation) by F −  doping because of the large F electronegativity 
(Figure S6–S8, Supporting Information). We observed similar 
results in the synthesized F − -doped BSCFF perovskite oxy-
fl uoride (Figure S9, Supporting Information). 

 One of the core requirements for developing oxygen permea-
tion technique based on cost-effective MIEC membrane could 
be that the MIEC compound must possess robust stability at 
elevated temperature. We employed in situ high-temperature 
X-ray diffraction (HTXRD) to investigate the phase stability of 
the as-prepared SCNF sample in air and pure Ar atmospheres 
from 298 to 1073 K (Figure S10–S12, Supporting Information). 
The SCNF sample was found to maintain its perovskite phase 
with no detectable impurities under both conditions. 

 To test the oxyfl uoride material stability, the elemental F loss 
of the SCNF sample at elevated temperature was monitored by 
on-line mass spectrometry (MS) coupled with thermogravim-
etry. No signifi cant elemental F loss was observed for SCNF 
sample from 375 to 1375 K and even at 1373 K for 600 min 
in pure Ar (Figure S13 and S14, Supporting Information). To 
further evaluate the stability of as-prepared SCNF sample, we 
exposed powder samples to pure Ar at elevated temperatures 
(from 873 to 973 K) for 24 or 100 h. After annealing at various 
temperatures for even 100 h, the sample still maintained its 
perovskite-type structures (Figure S15, Supporting Informa-
tion). No obvious elemental F loss was evidenced by fl uoride 
titration (Table S3, Supporting Information) and SEM–EDX 
analysis (Figure S16, Table S4, Supporting Information). There-
fore, the SCNF possesses excellent stability and is a promising 
candidate for developing MIEC membranes. 

 In general, perovskite membrane oxygen mobility and per-
meability were determined from the ABE. [ 8 ]  A lower ABE 
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 Figure 1.    Composition and crystal structure of SCNF perovskite oxyfl uoride. A) High-angle annular dark-fi eld (HAADF)–STEM–EDX mapping images 
of SCNF sample. B) XPS F 1s spectra for as-prepared SCNF powder. C) RT-XRD patterns of sample SCNF. D) HRTEM image of SCNF sample viewed 
down the [001] direction. E) Corresponding SAED pattern. F) Cubic SCNF crystal structure.
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corresponds to a faster O 2−  transport path, higher oxygen 
mobility, and oxygen permeability of perovskite oxide. To 
understand the ABE transformation before and after F −  doping, 
XPS was used to analyze the binding energies of elemental 
oxygen in SCN and SCNF compounds. The binding energy of 
the oxygen species absorbed on the surface is often higher than 
that of lattice oxygen. [ 19 ]   Figure    2  A shows our XPS results. The 
same O 1s binding energy of oxygen species absorbed on the 
surfaces of both SCN and SCNF samples is 531.1 eV because 
the two samples are exposed in the same environment. The O 
1s binding energy of lattice oxygen in SCN (528.9 eV) is lower 
than that in the SCNF compound (529.2 eV), indicating a lower 
ABE in SCNF sample. [ 20 ]  We contribute this phenomenon to 
the fact that F inclusion in SCN decreases the valence electron 
density of O 2− . A similar result was also obtained by oxygen 
temperature-programmed desorption (O 2 -TPD). Figure  2 B 
shows the O 2 -TPD profi les of SCN and SCNF. As expected, the 
starting temperature of oxygen desorption in SCNF is ≈620 K, 
whereas it is ≈680 K in SCN. This suggests that doping F −  in 
SCN would weaken the chemical bonds between A- or B-site cat-
ions and oxygen ions in the lattice. [ 10,21 ]  Therefore, after doping 
F −  in SCN oxide, the valence electron density of O 2−  is reduced 
and the chemical bonds of A O and B O are weakened, 
making oxygen ions much easier to be shaken off from the 
metal ions, and then generating more oxygen vacancies 
(Figure  2 C). Consequently, high-effi ciency oxygen ion trans-
port paths are formed in the perovskite oxyfl uoride, and lattice 
oxygen mobility and oxygen permeability are enhanced. The 
greater number of oxygen vacancies that were created after 
F −  doping of SCNF at elevated temperature was confi rmed by 

thermal expansion behavior analysis (Figure S17, Supporting 
Information). [ 22 ]  Because of the excellent ability of F to attract 
electrons, the electronic conductivity of SCNF decreased, 
which was confi rmed by electrical conductivity measurements 
(Figure S18, Supporting Information). However, according to 
the Wagner equation, [ 7 ]  since the electronic conductivity is far 
greater than the oxygen ionic conductivity for perovskite-type 
oxide, the infl uence of change in electronic conductivity on 
oxygen permeability can be ignored.  

 The existence of a high-effi ciency O 2−  transport path in 
SCNF perovskite oxyfl uoride membranes was further proved by 
investigating coeffi cients of oxygen bulk diffusion and the sur-
face exchange reaction of the perovskite oxyfl uoride. In general, 
for MIEC membranes, oxygen transport is determined mainly 
by two crucial properties: oxygen bulk diffusion and surface 
exchange reaction. [ 7 ]  A high chemical bulk diffusion coeffi cient 
( D  chem ) and chemical surface exchange coeffi cient ( k  chem ) are 
in favor of a high-effi ciency O 2−  transport path and will lead to 
highly oxygen-permeable MIEC membranes for oxygen produc-
tion. The  D  chem  and  k  chem  values of the SCNF and SCN mem-
branes were determined by electrical conductivity relaxation 
measurement (Figure S19, Table S5, Supporting Information). 
From 823–973 K,  D  chem  (0.45–2.08 × 10 −4  cm 2  s −1 ) and  k  chem  
(0.46–2.28 × 10 −3  cm s −1 ) of SCNF were higher than those of SCN 
( D  chem : 0.28–1.70 × 10 –4  cm 2  s −1 ,  k  chem : 0.30–1.86 × 10 −3  cm s −1 ) 
(Figure  2 D), which suggests that faster oxygen ion transport 
paths already exist in SCNF. Such improvements of  D  chem  and 
 k  chem  values in perovskite oxyfl uoride enable highly enhanced 
oxygen-transport properties responsible for excellent oxygen 
permeability. 
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 Figure 2.    Characterization of average metal–oxygen bond energy reduction, oxygen vacancies, and chemical diffusion and surface exchange coeffi cients 
of perovskite oxyfl uorides. A) XPS of O 1s peaks for SCN and SCNF samples. B) O 2 -TPD profi les of SCN and SCNF samples. C) Temperature depend-
ence of oxygen nonstoichiometry ( δ ) of SCN and SCNF samples. D) Temperature dependence of chemical diffusion and surface exchange coeffi cients 
of SCN and SCNF samples.



3514 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

 We measured the permeation performance of 1 mm thick 
SCNF and SCN membranes for oxygen separation from air. 
Figure S20 in the Supporting Information shows the mor-
phologies of SCN and SCNF membrane samples and reveals 
that the membranes are dense and crack-free.  Figure    3  A shows 
the oxygen (pure oxygen, see Figure S21, Supporting Informa-
tion) permeation fl uxes through SCNF and SCN membranes 
as a function of temperature by using pure helium as sweep 
gas. Because of the enhancement in oxygen bulk diffusion and 
oxygen surface reaction rates, the oxygen permeation fl uxes 
increase with increasing temperature (Figure S22, Supporting 
Information). As shown, the as-prepared SCNF membrane 
performed better than the SCN membrane. Figure  3 B shows 
that the oxygen permeation fl ux of the as-prepared SCNF per-
ovskite oxyfl uoride membrane is more than two times that of 
the SCN perovskite oxide membrane operating at low tem-
perature. In addition, the activation energy (Ea) for oxygen 
permeation through SCNF (80 kJ mol −1 ) was lower than that 
of the SCN membrane (102 kJ mol −1 ). The oxygen permeation 
fl ux of SCNF at 873 K is 0.42 mL min −1  cm −2 , which is out-
standing compared with state-of-the-art BSCF perovskite oxide 
membranes. [ 10 ]  All results demonstrate that high-effi ciency O 2−  
transport paths have formed in perovskite oxyfl uoride and F −  
doping in SCN oxide is benefi cial to improve oxygen fl ux.  

 We verifi ed the universality of this novel strategy by devel-
oping BSCFF perovskite oxyfl uoride membrane and testing its 
oxygen permeation fl ux at low temperature (Figure S23, Sup-
porting Information). As expected, at low temperatures, oxygen 

permeation fl ux of the BSCFF membrane is ≈3 times that of 
state-of-the art BSCF membrane (Figure  3 B). 

 To determine whether the SCNF perovskite oxyfl uoride 
membrane can maintain its good permeability during contin-
uous practical operation with repeated heating and cooling, we 
conducted thermal cycling performance experiments to assess 
membrane durability. As shown in Figure S24, after fi ve cycles 
of thermal regeneration, our SCNF membranes still show the 
constant high-oxygen permeation fl ux, which demonstrates 
excellent thermal–mechanical stability during repeated heating 
and cooling. Another crucial factor for practical application is 
the long-term stability of the MIEC membrane at low tempera-
ture. Figure  3 C shows the long-term performance of the SCNF 
disk membrane sample at elevated temperature for more than 
120 h. There is only a slight decline in oxygen permeation fl ux 
for the SCNF membrane. The crystalline structure of the spent 
membrane was checked by XRD (Figure S25, Supporting Infor-
mation) characterization. It indicates that the SCNF membrane 
maintained the perovskite structure during long-term operation. 

 For practical applications, an oxygen permeation fl ux of at 
least 1 mL min −1  cm −2  is required for oxygen separation, which 
was clearly reported by many researchers such as Sunarso [ 7 ]  and 
Wei. [ 23 ]  Up to date, however, few MIEC membranes could reach 
the goal at low temperature by using air as feed gas and pure 
helium or argon as sweep gas. Application of a porous-catalytic 
layer coating on a membrane surface and membrane thickness 
reduction can improve oxygen permeation fl ux. [ 24 ]  Recently, 
we developed a new type of multichannel hollow fi ber (MHF) 
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 Figure 3.    Oxygen permeation performance of perovskite oxyfl uoride membranes. A) Arrhenius plots of temperature dependence of oxygen permeation 
fl uxes through SCN disk membrane, and SCNF disk and multichannel hollow fi ber membranes. B) Oxygen permeation fl uxes of SCN, SCNF, BSCF, 
and BSCFF disk membranes at 873 K. C) Long-term stability of SCNF membranes at various temperatures. D) Comparison of SCNF MHF hollow 
fi ber membrane with almost all the reported state-of-the-art MIEC hollow fi ber membranes for oxygen production at different temperatures. LT: low 
temperature (<923 K); IT: intermediate temperature (923–1073 K); HT: high temperature (>1073 K). Detailed information is listed in Table S6 in the 
Supporting Information.
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membrane with high-oxygen permeation fl ux and excellent 
mechanical strength to push MIEC membranes into practical 
application. [ 25 ]  The SCNF materials can also be readily processed 
into MHF membranes with thin walls that overcome obsta-
cles of disk membranes (Figure S26, Supporting Information). 
Figure  3 A shows the temperature dependence of the oxygen 
permeation fl ux through SCNF MHF membranes. Owing to 
the ultrathin wall structure, the SCNF MHF membrane exhibits 
much higher oxygen permeation fl ux of ≈1.2 mL min −1  cm −2  
at 873 K, which clearly exceeds the performance target of prac-
tical application. Moreover, it shows an excellent long-term 
performance at low temperature (873 and 923 K), as displayed 
in Figure  3 C. For a fair comparison, we summarized the 
oxygen permeation performance at different temperatures of 
state-of-the-art MIEC hollow fi ber membranes, including per-
ovskite oxide, dual-phase and K 2 NiF 4 -type oxide membranes 
(Figure  3 D). It can be found that our SCNF MHF membrane 
with an outstanding oxygen permeation fl ux among these mem-
branes exhibits excellent performance for oxygen permeation. 

 In summary, high-effi ciency oxygen ion transport paths were 
created in the advanced perovskite oxyfl uoride membranes 
based on the ability of F −  to weaken chemical bonds between 
cations (A and B sites) and oxygen ions in perovskite com-
pounds, which reduces the oxygen permeation activation energy 
and enhances the oxygen permeability signifi cantly. At low tem-
perature (823–923 K), perovskite oxyfl uoride membranes fea-
ture extraordinary performance for oxygen permeation, which 
greatly transcends the performance of state-of-the-art MIEC 
membranes and completely fulfi ls the commercial require-
ments. As a new generation of MIEC membrane materials 
with distinct merits, the perovskite oxyfl uorides can offer great 
potential for practical low-temperature oxygen permeation. The 
novel strategy reported herein could also guide the design of 
advanced MIEC materials with outstanding performance for 
application in energy and environmental fi elds.  
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