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ABSTRACT: A series of CO2-tolerant dual-phase dense oxygen
permeable membranes of stoichiometry Ce0.8Gd0.2O2−δ−
Ba0.95La0.05Fe1−xNbxO3−δ (CG−BLF1−xNx, x = 0, 0.025, 0.05,
0.10, and 0.15) were designed and prepared by the sol−gel
method. Their stability regarding phase composition and structure,
oxygen permeability, and CO2-tolerant property were investigated
by X-ray diffraction (XRD), thermogravimetry and differential
scanning calorimetry (TG-DSC), and temperature-programmed
desorption of oxygen (O2-TPD). Results of the materials
characterization showed excellent chemical compatibility between
CG and BLF1−xNx without the formation of any impurity phase after sintering at 1200 °C in air. The oxygen-permeation
experiments showed that with increasing niobium content, the oxygen permeability of the CG−BLF1−xNx membranes decreased
slightly, but the compositional and structural stability in CO2 atmosphere improved significantly. The 60 wt % CG−40 wt %
BLF0.9N0.1 membrane showed simultaneously good oxygen permeability and excellent CO2 tolerance, and the oxygen-permeation
flux reached 0.195 mL·cm−2·min−1 in pure CO2 atmosphere at 925 °C using a 1.0 mm thick membrane. This work demonstrates
that CG−BLF1−xNx dual-phase membranes have great application potential for separating oxygen from highly concentrated CO2
atmosphere.
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■ INTRODUCTION

Recently, the reduction of carbon dioxide emission has become
more and more important, and CO2 capture, storage and
utilization technologies have evolved into a research hotspot.1,2

Oxygen-enriched combustion can result in a high concentration
of CO2, but it consumes a large amount of pure oxygen.3 Dense
mixed ionic−electronic conducting (MIEC) membranes have
been attracting great attention because of their high selectivity
toward oxygen (100%) at high temperatures (>700 °C), which
can be used for producing oxygen from air, oxyfuel combustion
for CO2 capture, and partial oxidation of methane to syngas.4,5

Compared with other membranes, perovskite-type oxygen-
permeable membranes, such as La1−xSrxCo1−yFeyO3−δ

6 and
BaxSr1−xCo0.8Fe0.2O3−δ,

7 show high oxygen permeability,
although their poor stability regarding phase composition and
structure in CO2 atmosphere limits their applications.8,9

To improve the CO2-tolerance of these membranes, dual-
phase oxygen-separation membranes were studied, which are
composed of an oxygen ion-conducting phase and electron-
conducting phase. In earlier research, noble metals were used as
the electron-conducting phase. Chen et al.10 studied a dual-
phase membrane with the composition of noble metal Pd as the
electron-conducting phase and yttria-stabilized cubic zirconia as

the ion-conducting phase (YSZ−Pd). Wu et al.11 prepared and
examined (Bi2O3)0.74(SrO)0.26−Ag, which exhibited high
electrical conductivity at room temperature. Kim et al.12

investigated and compared the oxygen permeability of
Bi1.5Y0.3Sm0.2O3 (BYS)−Ag and BYS−Au, and found that Ag
doping could improve the oxygen exchange at the surface of the
membrane. However, these kinds of membrane composed of an
oxygen ionic conductor and a noble metal are unsuitable in
practical applications because of their high cost, low mechanical
strength, and poor oxygen permeability.13 Perovskite-type
(ABO3) oxides have good oxygen permeability, high electronic
conductivity combined with some ionic conductivity, which can
replace noble metals as electron-conducting phases. Besides,
oxides with the fluorite structure, such as Ce0.9Pr0.1O2−δ,

14

Ce0.8Sm0.2O2−δ,
15 and Ce0.8Gd0.2O2−δ,

16 exhibit good oxygen-
ion conductivity, excellent phase stability in CO2 atmosphere,
and good chemical compatibility with perovskite-type oxides,
which is beneficial for reducing the thermal expansion
coefficients of dual-phase membranes. Therefore, they can
significantly improve the CO2-tolerance of dual-phase mem-
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branes if acting as oxygen ion-conducting phases. At present,
much research on this kind of dual-phase oxygen-permeable
membranes has been reported including Ce0.8Sm0.2O2−δ−
La0.8Sr0.2CrO3−δ,

17 Ce0.8Sm0.2O2−δ−PrBaCo2O5+δ,
18 and

Ce0.9Gd0.1O2−δ−Ba0.5Sr0.5Co0.8Fe0.2O3−δ,
19 and all these materi-

als showed good compositional and structural stability. In
addition, research on other kinds of dual-phase membranes,
such as perovskite−perovskite dual-phase membranes,20 was
also reported.
Numerous studies on perovskite-type oxygen-permeable

membranes were carried out. Teraoka et al.6 investigated
La0.6A0.4Co0.8Fe0.2O3−δ (A = Ba, Ga, Sr) and found that
La0.6Ba0.4Co0.8Fe0.2O3−δ exhibited the best oxygen permeability.
Ishihara et al.21 also found that partial or complete substitution
of Ba at the A site could improve the oxygen permeability of
perovskite-type oxides. There are some problems with cobalt-
based perovskite-type oxides, such as high thermal expansion
coefficients, poor stability, and high cost.22 To overcome these
problems, cobalt-free BaFeO3−δ-based perovskite-type oxides
have been examined. Kida et al.23 investigated a series of A-site
substituted BaFeO3−δ-based membranes of stoichiometry
Ba0.95M0.05FeO3−δ (M = Na, Rb, Ca, Y, and La) and found
that Ba0.95La0.05FeO3−δ showed good phase stability and the
highest oxygen permeability among the studied compounds.
Watenabe et al.24 prepared a 1.0 mm thick Ba0.95La0.05FeO3−δ
membrane, which exhibited a stable oxygen-permeation flux of
1.96 mL·cm−2·min−1 at 930 °C. However, there are few reports
on using Ba0.95La0.05FeO3−δ as the electron-conducting phase of
dual-phase membranes.
In this work, Ce0.8Gd0.2O2−δ−Ba0.95La0.05FeO3−δ dual-phase

membranes have been prepared. The influence of the ratio of
the two phases and the membrane thickness on the oxygen
permeability was studied. To further improve the compositional
and structural stability in CO2 atmosphere, we doped the
electronically conducting phase Ba0.95La0.05FeO3−δ with
niobium and prepared dense Ce0.8Gd0.2O2−δ−Ba0.95La0.05-
Fe1−xNbxO3−δ (x = 0, 0.025, 0.05, 0.10, and 0.15) dual-phase
membranes. Doping of Nb inhibits the destruction of the
lattice, and therefore enhances the thermal and structural
stability of these membranes.25 The oxygen permeability and
the compositional and structural stability under CO2
atmosphere of the membranes were systematically investigated.

■ EXPERIMENTAL SECTION
Materials Preparation. Ba0.95La0.05Fe1−xNbxO3−δ (BLF1−xNx (x =

0, 0.025, 0.05, 0.10, and 0.15)) powders were synthesized by the sol−
gel method.26 According to the stoichiometry, the corresponding
amounts of Ba(NO3)2, La(NO3)3·6H2O, Fe(NO3)3·9H2O, and
niobium oxalate powders were weighed and dissolved in deionized
water. Citric acid and EDTA were then added to form the sol with the
molar ratio of total metal ions/EDTA/citric acid being 1:1:1.5. The
pH was subsequently adjusted to 7−8 with ammonia. Drying at 85−95
°C was performed on a hot plate for gelation of the material. The gel
was then calcined at 350 °C in air to remove organic residues. Finally,
the powders were sintered at 850 °C for 8 h to obtain the BLF1−xNx
phase. Using a similar method, the Ce0.8Gd0.2O2−δ (CG) powders were
synthesized. The CG and BLF1−xNx powders were mixed and ground
with weight ratios of 4:6, 5:5, 6:4, and 7:3. The mixed powders were
pressed to disks in a stainless steel mold at 140−150 MPa, and then
these membranes were sintered at 1200 °C for 10 h to obtain finally
the dense CG−BLF1−xNx dual-phase membranes.
Materials Characterization. The phase composition and

structure of the samples were characterized by X-ray diffraction
(XRD, Rigaku D/MAX2550) using the Cu Kα radiation at the
operation point of 40 kV and 200 mA.

The thermal characteristics of the samples were measured by
thermogravimetry and differential scanning calorimetry (TG-DSC,
NETZSCH STA 449 F3 Jupiter) at the heating rate of 10 K min−1

from 40 to 1100 °C in CO2/N2 atmosphere to investigate the CO2
tolerance.

The oxygen desorption performance of the samples was measured
by temperature-programmed desorption of oxygen (O2-TPD, Micro-
metrics AutoChem II 2920). The samples were pretreated in pure He
flow at 120 °C for 10 min in a U-type quartz tube and then cooled to
50 °C, followed by the oxygen-desorption process with the heating
rate of 10 K·min−1 from 50 to 1050 °C in pure He carrier-gas flow.

The surface morphology of the fresh and used membranes was
investigated by scanning electron microscopy (SEM, TESCAN FE-
MIRA3-XM).

Oxygen-Permeation Measurements. The oxygen permeability
of the CG−BLF1−xNx dual-phase membranes was assessed in a self-
made oxygen-permeation instrument, which was described in our
previous work.27 The sweep side of the membrane was sealed on a
glass tube with a silver ring as the sealant, and the other side was
jointed with a quartz tube representing the air side. He or CO2 was fed
to the sweep side at the flow rate of 100 mL·min−1 and dry air was fed
to the air side of the membrane at the flow rate of 300 mL·min−1. The
composition and concentration of the effluent gas was measured by an
online gas chromatograph.

First-Principles Calculations. Density functional theory (DFT)
calculations were carried out using the CASTEP program28 in
Materials Studio.29 The exchange-correlation energy was calculated
with the generalized gradient approximation (GGA) using the
Perdew−Burke−Ernzerhof (PBE) functional.30 Plane-wave basis sets
based on ultrasoft pseudopotentials were used. The integration over
the Brillouin zone was performed using the k-points generated with
the Monkhorst−Pack scheme. Both Ba19LaFe20O60 and
Ba19LaFe18Nb2O60 are typical structures of ABO3.

31 The space group
is Pm3m. A supercell of 5 × 2 × 2 with a chemical formula of
Ba19LaFe20O60 was used in our modeling, and for a doping
concentration of 2%, two Fe atoms were replaced by Nb atoms
resulting in a chemical formula of Ba19LaFe18Nb2O60. All calculations
were performed at 0 K. An energy cutoff of 300 eV and a k-point
sample of 3 × 3 × 1 were used. Tolerances for the self-consistent
calculations were set to 2 × 10−5 eV per atom for the total energy, 0.05
eV Å−1 for the maximum force, 0.1 GPa for the maximum stress, and
0.002 Å for the maximum displacement. These parameters should give
converged energy.32 These DFT calculations were performed on the
supercomputer at Shanghai Advanced Research Institute.

■ RESULTS AND DISCUSSION

Characterization of the Samples. Figure 1a shows the
XRD patterns of the CG and partially B-site substituted
BLF1−xNx (x = 0, 0.025, 0.05, 0.10, and 0.15) powders,
revealing single-phase materials. CG powder presents the pure
fluorite structure, and BLF1−xNx powders present the pure
cubic perovskite structure, thereby indicating that Nb doping
would not reduce the structural stability. With increasing Nb
content, the main characteristic peaks of BLF1−xNx move
gradually toward lower angles because of the larger ionic radius
of Nb5+ substituting the Fe sites, which leads to a lattice
expansion.
Figure 1b presents the XRD patterns of the CG−BLF

membranes with different weight ratios (CG:BLF = 4:6, 5:5,
6:4, and 7:3) after sintering at 1200 °C for 10 h in air. It is
clearly evident that the characteristic peaks are composed of the
fluorite phase (CG) and the perovskite phase (BLF), without
any impurity phases being generated, indicating that there is no
chemical reaction between CG and BLF and the chemical
compatibility between the two phases is good. All investigated
samples possess similar phase compositions, and the peak
intensities of the fluorite phase and the perovskite phase reflect
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the content ratio of the two phases clearly. The XRD patterns
of the dense 60 wt % CG−40 wt % BLF1−xNx (x = 0, 0.025,
0.05, 0.10, and 0.15) dual-phase membranes are shown in
Figure 1c. Again, the characteristic peaks are only composed of
the fluorite phase (CG) and the perovskite phase (BLF1−xNx),
which indicates that Nb doping has no negative effect on the
chemical compatibility of the two phases.
Chemical Stability under CO2-Containing Atmos-

phere. Figure 2 shows the O2-TPD profiles of the CG,
BLF1−xNx, and 60 wt % CG−40 wt % BLF1−xNx (x = 0, 0.025,
0.05, 0.10, and 0.15) powders. The curves present that all
BLF1−xNx samples exhibit main desorption peaks between
about 350 and 550 °C, because of O2 release from the oxide

lattice,33,34 which corresponds to the reduction reaction of
Nb5+/Fe4+ to Nb4+/Fe3+.35 The intensity of the main peak
decreases gradually with increasing Nb content, indicating that
the niobium dopant decreases the oxygen desorption properties
of the perovskite phase. The CG curve does not exhibit an
obvious desorption peak, thereby indicating that the fluorite
oxide structure is very stable, which inhibits desorption of
lattice oxygen.
The curve characteristics of the CG−BLF1−xNx composite

powders are approximate superpositions of the two single-
phase curves with the area of the desorption peaks lying
between those of the two individual phases CG and BLF1−xNx.
However, compared to single-phase BLF1−xNx, the maximum
peak of the CG−BLF1−xNx curves moves toward higher
temperatures This means that the occurrence of O2 desorption
needs higher temperatures, which indicates that the admixture
of CG can restrain oxygen desorption and improves the
chemical and thermal stability of the membranes.
Figure 3a,b shows the TG-DSC curves of single-phase CG

and BLF1−xNx (x = 0, 0.025, 0.05, 0.10, and 0.15) powders at
the heating rate of 10 °C·min−1 from 40 to 1100 °C in 10 mol
% O2/N2 and 20 mol % CO2/N2 atmosphere, respectively.
Because of the desorption of lattice oxygen, all the BLF1−xNx
samples experience a weight loss above about 500 °C, which
corresponds to the reduction reaction of Nb5+/Fe4+ to Nb4+/
Fe3+,35 similar to the result of O2-TPD. In 20 mol % CO2/N2
atmosphere, with increasing temperature, the BLF1−xNx
samples experience different degrees of weight increase at
about 850 °C and subsequent weight loss when the

Figure 1. XRD patterns of the samples: (a) CG and BLF1−xNx
powders; (b) CG−BLF membranes of different compositions; (c) 60
wt % CG−40 wt % BLF1−xNx membranes.

Figure 2. O2-TPD profiles of CG, BLF1−xNx, and 60 wt % CG−40 wt
% BLF1−xNx powders.
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temperature reached about 1000 °C, which can be interpreted
as such that the perovskite phases reacted with CO2 to generate
carbonates, and these carbonates decomposed at around 1000
°C.25,36 The weight of BLF powder exhibits the most
pronounced increase and shows an endothermic peak at 1080
°C in the DSC profile, indicating that the perovskite phase has
transformed from an ordered to a disordered oxygen−vacancy
phase.37 On the other hand, the BLF0.9N0.1 and BLF0.85N0.15
powders have nearly no weight-increase peaks and the CG
sample shows no obvious weight change at all.
Figure 3c,d presents the TG-DSC curves of the 60 wt %

CGO−40 wt % BLF1−xNx (x = 0, 0.025, 0.05, 0.10, and 0.15)
dual-phase powders at the heating rate of 10 °C·min−1 from 40
to 1100 °C in 10 mol % O2/N2 and 80 mol % CO2/N2
atmosphere, respectively. The weight change trends of the dual-
phase powders are similar to those of the BLF1−xNx single-
phase powders. It is worth noting that only CG−BLF in 80 mol
% CO2/N2 atmosphere experiences a weight increase at about
850 °C and subsequent weight loss at about 1000 °C.
Compared to the traditional perovskite-type membranes, the
weight increment of composite CG−BLF is much smaller,38

and even under the high CO2 concentration of 80%, the Nb-
doped membranes do not show weight-increase peaks. The
primary result of these experiments implies that, compared to
single perovskite materials, dual-phase membranes show
stronger stability in CO2 atmosphere and Nb doping can
further improve the CO2-tolerance of these dense dual-phase
membranes.
To make a more accurate judgment on the CO2-tolerance

property of the CG−BLF1−xNx (x = 0, 0.025, 0.05, 0.10, and
0.15) membranes, several groups of static experiments under
CO2 atmosphere have been done. Figure 4a shows the XRD

patterns of 60 wt % CG−40 wt % BLF0.9N0.1 membranes after
exposure to pure CO2 atmosphere at temperatures in the range
of 600−900 °C for 1 h. As evident, no impurity phase is
generated in the samples at any temperature, which indicates
that the CG−BLF0.9N0.1 membrane presents good thermal and
chemical stability under CO2 atmosphere. Meanwhile, extend-
ing the exposure time to 5, 10, 15, 20, and 40 h respectively, the
CG−BLF0.9N0.1 membrane still keeps its original structure for
up to 20 h, whereas the BaCO3 impurity phase was generated
after 40 h, as shown in Figure 4b, thereby reflecting the good
CO2 tolerance of the CG−BLF0.9N0.1 membrane. Figure 4c
shows the XRD patterns of all 60 wt % CG−40 wt % BLF1−xNx
membranes after treatment in pure CO2 atmosphere at 900 °C
for 40 h. It can be seen that these CG−BLF samples generated
obvious BaCO3 impurity peaks. It is worth noting that the
intensity of the reflections belonging to the ion-conducting
phase CG with fluorite−oxide structure do not reveal any
change, but that the reflections of the electron-conducting
phase BLF1−xNx with perovskite structure decrease obviously,
because the perovskite-type oxide BLF1−xNx reacts with CO2 to
form carbonates that destroy the perovskite crystal structure.39

The fluorite oxide keeps its original peak intensity for the
absence of any reaction. With increasing Nb content, the
intensity of the BaCO3 impurity peaks gradually decreased and
that of the perovskite-phase peaks became less reduced,
indicating that the CO2 tolerance of the membranes can be
strengthened by increasing the Nb content in CG−BLF1−xNx.

Oxygen-Permeation Performance. Different weight
ratios of CG−BLF (4:6, 5:5, 6:4, and 7:3) membranes have
been prepared to identify the best proportion between the
oxygen ion-conducting and the electron-conducting phase.
Figure 5a shows the oxygen-permeation fluxes of these samples

Figure 3. TG-DSC curves of the samples: (a) CG and BLF1−xNx powders in 10 mol % O2/N2 atmosphere; (b) CG and BLF1−xNx powders in 20
mol % CO2/N2 atmosphere; (c) 60 wt % CG−40 wt % BLF1−xNx powders in 10 mol % O2/N2 atmosphere; (d) 60 wt % CG−40 wt % BLF1−xNx
powders in 80 mol % CO2/N2 atmosphere.
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in dependence of temperature. It can be seen that the oxygen-
permeation flux increases with temperature because of the
temperature-enhanced bulk diffusion of oxygen ions and
surface-exchange reactions.40 The oxygen-permeation fluxes of
these membranes in the sequence from high to low are as
follows: 6:4 > 5:5 > 7:3 > 4:6. The oxygen-permeation flux of
the 60 wt % CG−40 wt % BLF dual-phase membrane reaches
0.42 mL·cm−2·min−1 at 925 °C, being the highest oxygen-
permeation flux among the investigated samples. The low
oxygen permeability of the CG−BLF (4:6) membrane may be

caused by a lack of the oxygen ion-conducting phase. With
increasing CG content, a larger number of oxygen ion transport
paths is formed, which enhances the oxygen-ion conductivity.
However, when the CG content increases to 70 wt %, the
oxygen-permeation flux begins to decrease because the excess
of the oxygen ion-conducting phase cuts off connections of the
electron-conducting phase, which leads to the reduction of the
oxygen permeability. Consequently, if CGwt %:BLFwt % = 6:4,
the dual-phase membrane shows simultaneously good oxygen-
ionic and electronic conductivity.
The oxygen-permeation process of dual-phase membranes

includes two rate-determining steps, namely (a) the bulk
diffusion rate of oxygen ions and electrons and (b) the surface
exchange rate of oxygen. It can be concluded that if the bulk
diffusion is the rate-determining step, decreasing the thickness
is the easiest way to improve the oxygen permeability of the
membranes.41 To investigate the influence of the membrane
thickness on the oxygen permeability and the attainable highest
oxygen-permeation flux of this series of membranes when they
are working normally, 60 wt % CG−40 wt % BLF membranes
with the highest oxygen permeability were selected for further
investigations. CG−BLF membranes were ground to thick-
nesses of 1.2, 1.0, 0.8, 0.6, and 0.4 mm and the oxygen-
permeation fluxes of these samples in dependence of
temperature are shown in Figure 5b. It can been seen that
with decreasing thickness, the oxygen-permeation fluxes
increase remarkably, indicating that in the thickness range of
0.4−1.2 mm, bulk diffusion is the rate-determining process of

Figure 4. XRD patterns of 60 wt % CG−40 wt % BLF0.9N0.1
membranes after exposure to CO2 atmosphere: (a) at different
temperatures for 1 h; (b) for different times at 900 °C; (c) 60 wt %
CG−40 wt % BLF1−xNx membranes for 40 h.

Figure 5. (a) Temperature dependence of the oxygen-permeation flux
through 1.0 mm thick CG−BLF membranes of different composition;
(b) temperature dependence of the oxygen-permeation flux through
the 60 wt % CG−40 wt % BLF membrane for different thicknesses.
Conditions: He flux of 100 mL·min−1 and air flux of 300 mL·min−1.
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oxygen permeation. Reducing the thickness of the membranes
shortens the transmission path across the bulk phase, which
contributes to the improvement in the transmission efficiency
of electrons and oxygen ions.
Even the CG−BLF membrane with thickness of 0.4 mm has

sufficient strength to endure the pressure of the experimental
equipment and reveals proper functioning at different temper-
atures, thus revealing that the fluorite phase CG and the
perovskite phase BLF have good chemical compatibility. The
hybrid of the two phases has formed a tight structure and shows
high physical strength. The oxygen-permeation flux of the 0.4
mm thick CGO−BLF membrane reaches 0.68 mL·cm−2·min−1

at 925 °C. Compared with other research results listed in Table
1, this is quite a high value among dual-phase membranes. It
can be concluded that the combination of CG and BLF exhibits
excellent oxygen permeability and good structural stability.
A series of oxygen-permeation experiments have been done

to investigate the influence of Nb doping on the oxygen
permeability of these dual-phase membranes. Figure 6a shows
the oxygen-permeation fluxes of 1.0 mm thick 60 wt % CG−40
wt % BLF1−xNx membranes using helium as sweep gas at
temperatures in the range of 750−925 °C. It can be seen that
the oxygen-permeation flux increases with temperature, but
slightly decreases with increasing Nb content. Research has
shown that doping with high-valence ions could break the
electrical neutrality of the perovskite phase. To maintain charge
balance, the valence of the ion at the B site would decrease and
the oxygen-vacancy concentration would reduce too, which
means that doping with high-valence niobium ions induces the
low-valence state of the ferric ions. The simultaneous decrease
of the oxygen-vacancy concentration of the membrane reduces
the transport channels of lattice oxygen. Furthermore, the bond
energy of Nb−O (ΔHf, Nb−O, 289 K = 753 kJ·mol−1) is higher
than that of Fe−O (ΔHf, Fe−O, 289 K = 409 kJ·mol−1), so that Nb
doping enhances the average M−O bond energy and, as a
result, the transmission resistance of lattice oxygen increases.45

On the basis of this scenario, Nb doping would decrease the
oxygen permeability of the CG−BLF1−xNx membranes slightly.
Figure 6b shows the corresponding Arrhenius plots of the

oxygen-permeation flux through the 60 wt % CG−40 wt %
BLF1−xNx membranes. All samples show a single apparent
activation energy Ea for oxygen permeation at temperatures in
the range of 750−925 °C. Tong et al.46 suggested that an
invariable activation energy is the hallmark of operational
stability of MIEC membranes. The Ea values calculated
according to Figure 6b are 59.64 ± 0.74, 70.79 ± 0.92, 99.37
± 0.65, 101.75 ± 1.15, and 100.13 ± 1.12 kJ·mol−1 for CG−

BLF, CG−BLF0.975N0.025, CG−BLF0.95N0.05, CG−BLF0.9N0.1,
and CG−BLF0.85N0.15, respectively. The smaller the activation
energy, the easier oxygen permeation proceeds. Among the
studied samples, CG−BLF exhibits the smallest activation
energy for oxygen permeation in the investigated temperature
range, which can explain the highest oxygen permeability of all
the samples.
Optimized crystal structures of Ba19LaFe20O60 and

Ba19LaFe18Nb2O60 are shown in Figure 7, with their density
of states shown in Figure 8a. Both Ba19LaFe20O60 and
Ba19LaFe18Nb2O60 are conductors,47 and their energy bands

Table 1. Oxygen Permeation Fluxes of Various Dual-Phase Membranes Using CO2/He as Sweep Gas

membrane type
temperature

(°C)
thickness
(mm) JO2

air/He (mL·cm−2·min−1) JO2
air/CO2 (mL·cm−2·min−1) ref

Ce0.9Pr0.1O2−δ−Pr0.6Sr0.4FeO3−δ 950 0.6 0.26 0.18 14
Ce0.8Sm0.2O2−δ−La0.9Sr0.1FeO3−δ 950 1.1 0.21 0.14 15
Ce0.8Sm0.2O2−δ−La0.8Sr0.2CrO3−δ 950 0.3 0.19 17
Ce0.8Sm0.2O2−δ−PrBaCo2O5+δ 940 1.0 0.51 18
La0.15Sr0.85Ga0.3Fe0.7O3−δ−
Ba0.5Sr0.5Fe0.2Co0.8O3−δ

915 1.99 0.45 20

Ce0.8Sm0.2O1.9−Sm0.6Ca0.4CoO3 950 0.5 0.19 35
Ce0.8Sm0.2O2−δ-LaBaCo2O5+δ 950 0.6 0.62 42
Ce0.85Sm0.15O3−δ−Sm0.6Sr0.4FeO3−δ 950 0.6 0.41 43
Ce0.9Gd0.1O2−δ− Fe2O3 1000 0.5 0.18 0.16 44
Ce0.8Gd0.2O2−δ−Ba0.95La0.05FeO3−δ 925 0.4 0.68 this work
Ce0.8Gd0.2O2−δ−Ba0.95La0.05Fe0.9Nb0.1O3−δ 925 1.0 0.20 this work

Figure 6. (a) Temperature dependence of the oxygen-permeation flux
through 60 wt % CG−40 wt % BLF1−xNx membranes and (b)
corresponding Arrhenius plots. Conditions: He flux of 100 mL·min−1

and air flux of 300 mL·min−1, thickness of 1.0 mm.
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can be divided into five parts from −25 to +1 eV.48 The highest
valence band is formed by the d orbits. The density of states at
the Fermi level for Ba19LaFe20O60 and Ba19LaFe18Nb2O60 are
116.12 and 109.14 eV respectively, indicating that the density
of states decreases with the doping of Nb. For further analysis,
at 0 K, the electrical conductivity can be expressed as follows:

σ τ ε=
*

ne
m

( )
e

2

F
(1)

where n is the total electron density, εF is the half-filled band, τ
is the relaxation time, σ is the electron conductivity, me* is the
average effective mass for the unoccupied states, e is the
electron charge. Thus, the higher of the concentration of the
quantum states, the higher the electrical conductivity. The
permeation flux through the membrane is given by the Wagner
equation below:49
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In the above equation, R is the gas constant, T is the absolute
temperature, F is Faraday’s constant, L is the membrane
thickness, and σtotal is the total electrical conductivity. Thus, the
higher the value of σtotal, the higher the permeation flux. With
the doping of Nb, the density of states at the Fermi level
decreases, resulting in the decrease of the permeation flux,
which is consistent with the experiment.
The density of states for the Fe and Nb atoms in the

Ba19LaFe18Nb2O60 are shown in Figure 8b. At the Fermi level,
the density of state for Fe is much higher than that of Nb, due
to the much less concentration of Nb than Fe. With the further
increase of the concentration of Nb, the density of states at the
Fermi level will further decrease, resulting in even lower
permeation flux.

Stability of Oxygen Permeation. Figure 9a shows the
time dependence of oxygen-permeation fluxes through 60 wt %
CG−40 wt % BLF1−xNx membranes with different composi-
tions of He and CO2 of the sweep gases at 925 °C to investigate
the oxygen permeability and chemical stability of these
membranes in CO2-containing atmosphere. The sweep gases
of this experiment are switched in the following order: 100 mol
% He, 15 mol % CO2/He, 50 mol % CO2/He, 100 mol % CO2,
and 100 mol % He and each atmosphere lasted for 10 h.
Initially, when the sweep gas is 100 mol % He, the oxygen-
permeation fluxes of the membranes are consistent with the
results of the variable-temperature experiments shown in Figure
6a. With the proportion of CO2 being increased, the oxygen-
permeation fluxes of all the samples decrease because the
perovskite phases form carbonates under CO2 atmosphere at
high temperature.50 However, when the sweep gas is changed
back to pure He, the oxygen-permeation fluxes almost recover
to their initial values, which may be interpreted as indication
that the CO2-free sweep gas promotes carbonate decom-
position and the recrystallization of the perovskite structure at
high temperature. Only the oxygen-permeation fluxes of CG−
BLF and CG−BLF0.975N0.025 present slight downward trends
under 50 mol % of CO2/He atmosphere. In the case the sweep
gas is changed to 100 mol % of CO2, the oxygen-permeation
flux of CG−BLF decreases significantly, just slightly higher than
that of CGO−BLF0.85N0.15 after 10 h. In the meantime, the
oxygen-permeation fluxes of CG−BLF0.95N0.05, CG−BLF0.9N0.1,
and CG−BLF0.85N0.15 have never decreased, indicating that the
phase and structural stability of the membranes under CO2

Figure 7. Structures of Ba19LaFe20O60 and Ba19LaFe18Nb2O60; O in
red, Ba in green, La in blue, Fe in purple, Nb in yellow.

Figure 8. (a) Density of states for Ba19LaFe20O60 and
Ba19LaFe18Nb2O60; (b) density of states for atoms Fe and Nb in
Ba19LaFe18Nb2O60.
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atmosphere can be improved by increasing the Nb content. It
should be noted that with increasing CO2 concentration, the
oxygen-permeation flux of CG−BLF0.9N0.1 decreases the least
and is even higher than that of CG−BLF0.95N0.05 under 100 mol
% CO2 atmosphere, reaching 0.195 mL·cm−2·min−1, which is a
very high value compared with the other research results listed
in Table 1. In brief, the CG−BLF0.9N0.1 membrane shows the
best oxygen permeability in pure CO2 atmosphere of all
investigated samples and simultaneously exhibits good CO2
tolerance.
Figure 9b,c shows the XRD patterns of the air sides and

sweep sides of the CG−BLF1−xNx membranes after the
permeation experiments, respectively. According to Figure 9b,
only a few weak BaCO3 impurity peaks can be observed at the
air sides, because the majority of the carbonates has been

decomposed under 100 mol % He atmosphere in the final stage
of the experiment. A similar phenomenon is also found at the
sweep sides presented in Figure 9c. With increasing Nb content
in CG−BLF1−xNx, the BaCO3 impurity peaks become gradually
reduced, particularly at the sweep side of CG−BLF0.85N0.15 that
even restores the original structure without any impurity phase.
Consequently, compared with the pristine samples, the
membranes after the permeation experiments can mainly
keep the CG and BLF1−xNx phases at both sides, thus
confirming the good chemical stability of the CGO−BLF1−xNx
membranes.
To compare further the difference in CO2 tolerance of the 60

wt % CG−40 wt % BLF and 60 wt % CG−40 wt % BLF0.9N0.1
membranes, we designed a long-time oxygen-permeation
experiment for 100 h with pure CO2 as sweep gas at 925 °C,
as shown in Figure 10a. In the initial stage of this experiment,

the oxygen-permeation flux of CG−BLF0.9N0.1 membrane is
0.20 mL·cm−2·min−1, lower than that of the CG−BLF
membrane (0.31 mL·cm−2·min−1) because of the Nb doping.
Because of the changed atmosphere, the oxygen-permeation
fluxes of both membranes show downward trends at the early
stage of the experiment. The oxygen-permeation flux of CG−
BLF decreases significantly and becomes the lower one after
about 15 h, whereas that of CG−BLF0.9N0.1 decreases only
slightly. Finally, the oxygen-permeation flux of the CG−BLF

Figure 9. (a) Time dependence of the oxygen-permeation flux
through CG−BLF1−xNx membranes for different sweep gases; (b)
XRD patterns of the air side after the experiments; (c) XRD patterns
of the sweep side after the experiments. Conditions: T = 925 °C, air
flux of 300 mL·min−1, thickness of 1.0 mm.

Figure 10. (a) Time dependence of the oxygen-permeation flux
through the CG−BLF and CG−BLF0.9N0.1 membranes using pure
CO2 as sweep gas. Conditions: T = 925 °C, CO2 flux of 100 mL·
min−1, air flux of 300 mL·min−1, thickness of 1.0 mm. (b) XRD
patterns of the CG−BLF and CG−BLF0.9N0.1 membranes after the
experiments.
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membrane becomes stable after about 50 h, having decreased to
0.14 mL·cm−2·min−1 and the oxygen-permeation flux of the
CG−BLF0.9N0.1 membrane becomes stable already after about
5 h, having decreased rather slightly to 0.19 mL·cm−2·min−1.
Obviously, the Nb-doped CG−BLF0.9N0.1 membrane has a
much better CO2 tolerance.
The XRD patterns of the samples before and after the

experiments are shown in Figure 10b. After working under CO2
atmosphere for 100 h, both sides of the CG−BLF membrane
are damaged obviously. The sweep side has generated BaCO3
and the percentage of the perovskite phase decreased
significantly, indicating that the BLF lattice is seriously
damaged,39 thus influencing the electronic conductivity of the
membrane to some extent. By comparison, the compositional
and structural stability of CG−BLF0.9N0.1 is much better: only a
tiny amount of BaCO3 impurities is generated at the surface,
indicating a good long-term working stability under extreme
operating conditions.
Figure 11 shows the morphology of the surface of the fresh

as-sintered and the used dual-phase membranes of CG−BLF

and CG−BLF0.9N0.1. From BSEM images of fresh membranes
as shown in Figure 11b,d, it can be observed that ionic-
conducting phase (the pale gray regions) and electronic-
conducting phase (the dark gray regions) distribute relatively
uniformly in the membranes with very small amounts of
pinholes (the dark regions). Furthermore, a continuous
distribution is found for both two phases. No obvious

difference between the grain sizes of CG−BLF and CG−
BLF0.9N0.1 indicates that the introduction of Nb has almost no
effect on the grains sizes of the electronic-conducting or ionic-
conducting phase. After operated under CO2 atmosphere for
100 h, both air and sweep sides of CG−BLF and CG−
BLF0.9N0.1 membranes are corroded in different extent, as
presented in Figure 11e−h. The generant corrosion on the air
side may result from the containing CO2 in the feed
compressed air.19,51 In addition, it can be clearly seen that
the corrosion on the sweep side of CG−BLF is more than that
of CG−BLF0.9N0.1, which is consistent with the XRD result
given in Figure 10b. Hence, the introduction of Nb in BLF can
significantly lower its basicity and consequently enhance CO2-
tolerance of oxygen permeation membrane.

■ CONCLUSIONS
Dense Ce0.8Gd0.2O2−δ−Ba0.95La0.05Fe1−xNbxO3−δ (CG−
BLF1−xNx, x = 0, 0.025, 0.05, 0.10, and 0.15) dual-phase
membranes were synthesized by the sol−gel method for oxygen
separation. The characterization results show that the chemical
compatibility between the CG and BLF1−xNx phases is good.
Compared with the original CG−BLF membrane, Nb doping
can improve the CO2 tolerance and with increasing Nb
concentration in CG−BLF1−xNx, the CO2 tolerance is
strengthened. The results of oxygen-permeation experiments
show that the oxygen-permeation flux increases with temper-
ature, but decreases slightly with the amount of Nb doping in
CO2-free atmosphere. The 60 wt % CG−40 wt % BLF
membrane shows the highest oxygen permeability in He
atmosphere at high temperature. However, in CO2 atmosphere,
the Nb-doped membranes clearly show better phase and
structural stability. Among all investigated samples, the CG−
BLF0.9N0.1 membrane exhibits the best oxygen permeability and
simultaneously good CO2-tolerance. The oxygen-permeation
flux stabilizes at 0.19 mL·cm−2·min−1 for 100 h using pure CO2
as sweep gas at 925 °C, which reveals that this dual-phase
membrane has great application potential for separating oxygen
from highly concentrated CO2 atmospheres.
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