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membranes with high permeability†

Jiawei Zhu, Shaobin Guo, Zhenyu Chu and Wanqin Jin*

There is a desire for CO2-tolerant oxygen-permeable membranes for CO2 capture based on the oxyfuel

process. Here we report a general doping strategy for developing CO2-tolerant SrFeO3�d-based oxygen-

permeable membranes. To combine excellent CO2 tolerance and high permeability, two novel

CO2-tolerant oxygen-permeable membranes of SrFe0.9Ta0.1O3�d (SFT) and SrFe0.8Sb0.2O3�d (SFS) have

been developed based on this doping strategy. Both SFT and SFS oxides possessed high phase stability

especially in a pure CO2 atmosphere for 96 h at 1173 K. The high CO2-tolerant properties were mainly

associated with high acidity, high valence and appropriate ionic radius of the Ta or Sb cation and high

average metal bond energy of SFT or SFS oxide. Both SFT and SFS disk membranes (1 mm-thick) with

low oxygen permeation activation energies exhibited high oxygen permeation fluxes of 0.3 and 0.22 ml

min�1 cm�2, respectively, which were unchanged during the long-term operation (130 h) under air/CO2

gradient at 1173 K. Furthermore, the highest oxygen permeation flux of 1.15 ml min�1 cm�2 through the

SFT multichannel hollow fiber (MHF) membrane at 1173 K under air/CO2 gradient can meet the

requirement of commercial application in the oxyfuel process. The present results would give guidance

for the design of CO2-tolerant SF-based membranes.
1. Introduction

Power generation from fossil fuels generates global warming
due to the emission of large amounts of CO2. Accordingly, in
order to reduce the emission of CO2 into the atmosphere,
effective measures should be taken to mitigate the environ-
mental problems. Because of low capital cost and high thermal
efficiency, the oxyfuel process has attracted a large amount of
attention for CO2 capture.1,2 Because mixed ionic-electronic
conducting (MIEC) membranes are promising candidates for
oxygen separation from air with 100% selectivity for oxygen,3,4

pure oxygen supply to power plants for CO2 capture according to
the oxyfuel process can be achieved by using a MIEC membrane
technique on a large scale.5 Compared to the traditional oxygen
producing technologies such as the cryogenic process, oxygen
production by MIEC membranes can save 60% of energy
consumption and reduce 35% of cost.6–8 Therefore, the MIEC
membrane technology will be very promising and competitive
for CO2 capture according to the oxyfuel process. However,
because of several challenges existing in developing MIEC
membrane technology in the oxyfuel process, the practical
application of this concept has not been realized. These
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challenges mainly include chemistry and engineering issues,
such as promoting oxygen permeation ux and structural
stability under a CO2-containing harsh environment, and opti-
mizing membrane conguration. With the purpose of solving
these issues, a large amount of researchers have focused their
intensive attention on attractive membrane conguration and
advanced MIEC membrane materials with good performance.

One of the core requirements for the development of the
oxyfuel technique based on MIEC membranes with best cost-
effectiveness could lie in that the MIEC membrane material
must possess a long lifetime under a CO2-containing atmo-
sphere. So far, there has been a certain amount of research
work focused on developing CO2-tolerant MIEC membrane
materials, mainly including dual-phase membrane materials
and single-phase perovskite-type oxide membrane mate-
rials.4,9,10 The dual-phase membrane material was developed
by the combination of oxide ion conductors and electronic
conductors. Recently, some dual-phase materials with good
structural stability and stable oxygen permeation ux
were developed, such as Ce0.0.85Gd0.1Cu0.05O2�d-La0.6Ca0.4-
FeO3�d (CGC-LCF),11 NiFe2O4-Ce0.9Gd0.1O2�d (NF-GDC),5

Ce0.8Sm0.2O1.9-SmMn0.5Co0.5O3 (SDC-SMC),12 Ce0.9Gd0.1O2�d-
Ba0.5Sr0.5Co0.8Fe0.2O3�d (GDC-BSCF),13 Pr0.6Sr0.4FeO3�d-Ce0.9-
Pr0.1O2�d (PSF-CP),14 Pr0.6Sr0.4Fe0.5Co0.5O3�d-Ce0.9Pr0.1O2�d

(PSFC-CP),15 NiFe2O4-Ce0.8Tb0.2O2�d (NF-CT),16 Nd0.6Sr0.4-
FeO3�d-Ce0.9Nd0.1O2�d (NSF-CN),17 Ce0.8Sm0.2O2�d-La0.9Sr0.1-
FeO3�d (SDC-LSF) and Ce0.8Sm0.2O1.9-La0.8Sr0.2MnO3�d

(SDC-LSM).18,19 However, the dual-phase membrane could
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Metal ion doping strategy for CO2-tolerant SF-based perov-
skite-type materials (ABE: the average metal bond energy).
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suffer from some drawbacks: not very ideal oxygen permeation
ux, complex phase composition and expensive raw material
cost, which may limit their wide use in the oxyfuel process.

Perovskite-type oxides, with the generic composition of
ABO3�d, can be considered as good candidates for the oxyfuel
process based on the precondition of good stability under a
CO2-containing atmosphere. In the structural formula of
ABO3�d, A is an alkaline earth metal (calcium, strontium and
barium) or is a lanthanide (lanthanum, cerium and praseo-
dymium etc.) or the combination of them. The choice of the
A-site element has some impact on the properties (oxygen
permeability and CO2-tolerance) of perovskite-type oxide. In
general, compared with calcium, strontium and lanthanum-
based perovskite-type oxide materials, barium-containing
materials have higher ionic conductivity because of large ionic
radii. However, in the meantime, barium-based perovskite-type
oxide materials also have a higher tendency of forming barium
carbonate.20,21 In contrast, strontium may have the best toler-
ance to the CO2-containing atmosphere.10 Therefore, strontium
can likely be a promising A-site candidate for perovskite-type
oxide materials with good CO2 resistance. Compared with the
A-site elements, the B-site elements in perovskite-type oxides
have a closer impact on the oxygen ion mobility, chemical and
thermal stability of the membrane material. Cobalt and iron are
the most commonly selected B-site elements because of their
good variability of the valence state causing high oxygen
permeation ux. However, compared to cobalt-based materials
with poor stability,10,22 iron-based materials have better toler-
ance towards CO2.22 Hence, iron is a better choice for B-site.
However, SrFeO3�d oxide has poor CO2 stability.23 Furthermore,
an effective method for the stabilization of phase structure and
improvement of chemical stability under a CO2-containing
environment of perovskite-type oxide materials is cation
substitution by some other transition metal elements. Recently,
transition metal cations with high valence state and high
acidity, such as Nb5+,22,24 Ta5+ (ref. 25 and 26) and Mo6+,27 have
been employed as B-site substitution for the development of
CO2-tolerant perovskite-type oxide materials. Therefore, the
system of Sr(Fe, M)O3�d (M, the metal cations with high valence
state and high acidity) may have great possibility to possess
good tolerance toward CO2.

In this work, we report a general doping strategy for devel-
oping CO2-tolerant SrFeO3�d (SF)-based oxygen-permeable
membranes. As illustrated in Fig. 1, with the doping strategy,
the B-site dopant should meet the following requirements: (1)
higher acidity than that of Fe3+, (2) high valence than +3, and (3)
aer doping, the average metal bond energy (ABE) of the new
material should be higher than that of SF. In addition, an
appropriate ionic radius makes the tolerance factor close to 1.
Aer estimating, according to the literature,28–30 several cation
dopants can meet the above requirements, such as Ti4+, Zr4+,
Mo6+, Nb5+, W6+, Sb5+ and Ta5+ as shown in Fig. 1. So far, several
researchers reported that the dopants, Ti4+ (ref. 31) and Nb5+

(ref. 24), can improve the CO2 tolerance of SF-based
membranes. Herein, to verify the rationality of this doping
strategy, we develop two novel materials of SrFe0.9Ta0.1O3�d

(SFT) and SrFe0.8Sb0.2O3�d (SFS) for CO2-tolerant oxygen-
This journal is © The Royal Society of Chemistry 2015
permeable membranes. To the best of our knowledge, however,
the properties (especially CO2-tolerance) of these materials have
never been evaluated. Phase structure and stability, oxygen
permeability and long-term stability under a CO2 atmosphere
are investigated systematically. In addition, to meet the
requirement of commercial application of these two novel
materials in the oxyfuel process, SFT and SFS multichannel
hollow ber (MHF) membranes were constructed in this work.
2. Experimental
2.1 Preparation of samples

SFT and SFS powders were synthesized via a conventional solid-
state reaction method. Stoichiometric amounts of SrCO3

(99.9%), Fe2O3 (99.9%), Ta2O5 (99.9%) and Sb2O5 (99.9%) were
mixed and ball-milled in ethanol for 24 h and dried. The
mixtures of these metal compounds were calcined in air at
1553 K for 10 h to form SFT and SFS oxides. And then the SFT
and SFS powders were grinded and sieved by using a sieve of
300 meshes for uniaxially pressing the green disk membranes
(14 mm diameter) at 4 MPa, and the green disk membranes
were sintered at 1593 K for 10 h in stagnant air to prepare SFT
and SFS disk membranes, respectively. The thickness (L) of the
two disk membranes is 1 mm.
2.2 Characterization

The room temperature crystal phase structures of the SFT and
SFS samples were observed by X-ray diffraction (XRD, Bruker,
model D8 Advance) with Cu Ka radiation in air. The variation of
crystal phase structures of the SFT and SFS samples with
temperature was characterized by using an in situ high-
temperature X-ray diffractometer (in situHTXRD, Philips, X'Pert
Pro). In situ HTXRD evaluation was carried out in air or pure
CO2 atmosphere in the temperature range of 298–1273 K. The
heating rate was 10 K min�1 and each temperature point was
held for 0.5 h. All of the diffraction patterns from the samples
were collected by step scanning in the range of 20� # 2q # 80�.
The microstructures of the SFT and SFS samples were examined
J. Mater. Chem. A, 2015, 3, 22564–22573 | 22565
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Fig. 2 XRD patterns of the as-synthesized SFT and SFS powder
samples.
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via a high resolution transmission electron microscope (TEM,
JEM-2010 UHR, Japan). The initial oxygen nonstoichiometry (d0)
of the SFT and SFS samples was investigated by an iodometric
titration experiment27,32 (the details of this experiment can be
seen in the ESI†). X-ray photoelectron spectrometer (XPS,
Thermo ESCALAB 250, USA) equipped with an Al Ka X-ray
source (hn ¼ 1486.6 eV) was utilized to analyze the surface
chemical composition and surface element valence state of the
SFT and SFS powders. The bond energies were referenced to the
adventitious C 1s line (284.6 eV). Morphologies of the SFT and
SFS diskmembranes were detected by using a scanning electron
microscope (SEM, Hitachi S-4800, Japan).

2.3 Chemical stability measurement

In situ HTXRD was used to investigate the high-temperature
stability of SFT and SFS oxides under a pure CO2 atmosphere in
the temperature range of 298–1273 K. SFT and SFS powder
samples were annealed at different temperatures for different
times in pure CO2. The samples were cooled down quickly to room
temperature under the same environment. And then, XRD was
applied to characterize the crystal structure of SFT and SFS oxides.

2.4 Oxygen permeation measurement

The measurement of oxygen permeation uxes of the dense SFT
and SFS disk or MHF membranes was performed by using a
home-made high-temperature oxygen permeation appa-
ratus.27,33 The disk membrane samples were sealed with silver
paste (the oxygen permeability of silver is negligible34) to dense
alumina tubes. Due to the imperfect sealing and silver soening
at high temperatures, the leakage of oxygen was usually less
than 5% of the total oxygen permeation ux determined by the
on-line gas chromatograph (GC, Shimadzu, model GC-8A,
Japan) during the experiments at high temperatures. The ow
rate of air at the feed side was 120 ml min�1, and the ow rate of
helium or CO2 at the sweep side was 60 ml min�1. The
temperature surrounding the membrane was monitored by
using a programmable temperature controller (Model AI-708PA,
Xiamen Yudian automation technology Co., Ltd). The mass ow
controllers (Model D07-19B, Beijing Jianzhong Machine
Factory, China) controlled the inlet gas ow rates. Both sides of
the membrane were under atmospheric pressure. The on-line
GC was used to analyze the composition of effluent streams
from the sweep side. The MHF membrane area is simply
dened as the membrane outer surface area because of the
complex structure of the MHF membrane.

3. Results and discussion
3.1 Crystal structure analysis

Fig. 2 shows the XRD pattern of the as-synthesized SFT and SFS
powder samples. Both SFT and SFS oxides have the classic
perovskite structure with the lattice parameter of a¼ 3.88 Å and
a ¼ 3.87 Å, respectively. The crystal structures of the SFT and
SFS oxides were further conrmed by HRTEM. Fig. 3 illustrates
the TEM, HRTEM image, the selected-area electron diffraction
(SAED) pattern and the simulated plots of crystal lattice in the
22566 | J. Mater. Chem. A, 2015, 3, 22564–22573
crystalline fringe of SFT and SFS oxides. According to the data of
strontium iron perovskite oxide in the PDF card (40-0905),
Fig. 3(b) shows the (110) and (010) lattice plane distances of d
(110) ¼ 2.75 Å and d (010) ¼ 3.88 Å for SFT oxide, and Fig. 3(f)
displays the (110) and (010) lattice plane distances of d (110) ¼
2.74 Å and d (010) ¼ 3.87 Å for SFS oxide. Fig. 3(c) and (g) show
the SAED patterns of SFT and SFS oxides in the [001] zone axis,
respectively. The SAED patterns have been indexed according to
a cubic unit cell. The inverse fast Fourier transform (FFT) was
used to measure the lattice plane distances with the results of d
(110) ¼ 2.75 Å and d (010) ¼ 3.88 Å for SFT oxide, and d (110) ¼
2.74 Å and d (010) ¼ 3.87 Å for SFS oxide. Therefore, the results
of crystal structures from XRD and HRTEM matched very well
and all of the results conrmed that both SFT and SFS oxides
have a cubic perovksite structure with a lattice parameter of
about 3.88 Å and 3.87 Å, respectively.

The crystal-structural evolution of SFT and SFS oxides at high
temperatures was observed by in situHTXRD in this work. Fig. 4
shows in situHTXRD patterns of SFT and SFS oxides in air in the
temperature range of 298–1273 K. Clearly, both SFT and SFS
oxides exhibit a cubic perovskite structure with no detectable
impurities in the whole studied temperature range in air. In
general, the lattice parameter of perovskite oxide could be
increased with the increase of temperature and this phenom-
enon was well known as lattice expansion.35,36 In Fig. 4, a very
little shi of the diffraction peaks to a lower 2-theta angle with
the increased temperature indicated that the lattice expansion
happened in both oxides. In both oxides, the lattice expansion is
related to both chemical expansion from thermal reduction and
spin state transition of the B-site cations and thermally induced
expansion from the increase of atomic vibration. Therefore, all
the results indicate that both the SFT and SFS oxides possess
high thermal structure stability.
3.2 Chemical stability in CO2 atmosphere

The high-temperature chemical stability was investigated via in
situHTXRD in the temperature range of 298 K and 1273 K in the
pure CO2 atmosphere as shown in Fig. 5. Both the SFT and SFS
oxides completely maintained their cubic phases and no
carbonate formation can be observed under the pure CO2
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) The TEM image of SFT oxide. (b) HRTEM image of SFT oxide viewed down the [001] direction. (c) The selected-area electron diffraction
(SAED) pattern of SFT oxide. (d) The simulated plots of crystal lattice in the crystalline fringe for SFT oxide. (e) The TEM image of SFS oxide. (f)
HRTEM image of SFS oxide viewed down the [001] direction. (g) The selected-area electron diffraction (SAED) pattern of SFS oxide. (h) The
simulated plots of crystal lattice in the crystalline fringe for SFS oxide.
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atmosphere in the whole temperature range. To further evaluate
the chemical stability of the two oxides, we also exposed powder
samples to the pure CO2 atmosphere at different temperatures
(1073 K to 1173 K) for 24 h or 96 h. Aer annealing at various
temperatures for 24 h or even 96 h, the two oxide samples still
maintained their perovskite-type structures well and no obvious
This journal is © The Royal Society of Chemistry 2015
new phase can be observed as shown in Fig. 6 (the angular
position for the reections of strontium carbonate can been
seen in the literature27). In fact, CO2 is a sensitive gas to most of
the perovskite-type oxides, which can form carbonate resulting
in a decline in the performance of the material.20,37 Baumann
et al. stated that the SF oxide formed carbonate and could not
J. Mater. Chem. A, 2015, 3, 22564–22573 | 22567
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Fig. 4 In situ HTXRD patterns of SFT (a) and SFS (b) oxides in air
atmosphere.

Fig. 5 In situ HTXRD patterns of SFT (a) and SFS (b) oxides in the pure
CO2 atmosphere (each tested temperature point was held for 30 min).
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maintain its original structure under the CO2 atmosphere for 15
h at 1073 K.31 However, in this work, the sensitive CO2 has no
obvious inuence on the SFT and SFS perovskite oxides.
Therefore, both the SFT and SFS oxides possessed high thermal
and chemical stability under the pure CO2 atmosphere.

SF perovskite-type oxides have very poor CO2 resistance
according to the literature.23,31 However, in this work, aer Ta-
doping or Sb-doping, the materials of SFT and SFS have good
CO2 tolerance. The high stability of the two perovskite-type
oxides toward CO2 can be attributed to the effects of Ta-doping
and Sb-doping on the properties of the material. We analyzed
and claried the effects of Ta-doping and Sb-doping on the CO2

resistance of the materials from the following aspects. First, in
general, without considering other effects, the Lewis acidity of
the metal oxide has a signicant impact on the sensitivity of the
metal oxide to CO2.22 More specially, a metal oxide with higher
acidity usually has better stability under a CO2 environment.
The Sanderson's electronegativity and the valence state of the
cations can be used to estimate the relative acidity of metal
oxides.28 Usually, the higher valence state of the metal oxide
corresponds to higher acidity and in the mean time corre-
sponds to better CO2 resistance. Therefore, the high valence
state of Ta or Sb cation is benecial to enhance the stability of
the perovskite-type oxide in the CO2 atmosphere. In order to
22568 | J. Mater. Chem. A, 2015, 3, 22564–22573
conrm the valence states of Ta cations in SFT oxide and Sb
cations in SFS oxide, XPS was used to analyze the valence of Ta
and Sb elements. Fig. 7(a) shows the Ta 4f XPS spectra. The
peaks at the bonding energy of �28 eV and �27 eV are assigned
to Ta5+ 4f5/2 and Ta4+ 4f5/2, respectively.38 Fig. 7(b) shows the Sb
3d XPS spectra. Because of the overlapping of spectral regions of
O 1s and Sb 3d5/2, the peak of Sb 3d3/2 is selected to analyze the
valence of Sb. The peaks at the bonding energy of �540 eV and
�539 eV are assigned to Sb5+ 3d3/2 and Sb3+ 3d3/2, respectively.39

According to the XPS data, the valence compositions of Ta and
Sb elements were estimated as shown in Tables S2 and S3
(ESI†). And then, we can obtain that the average valence states
of the Ta and Sb are about +4.55 and +4.36, respectively.
Therefore, based on the XPS data, the high valence states of Ta
and Sb cations exist in the two oxides. Although, the acidity data
for Fe4+ is not available, its acidity can be expected to be less
than the acidity data of Ta4.55+ or Sb4.36+ according to the liter-
ature.28 Accordingly, the acidity order of the cations is the
following: Ta4.55+ > Fe4+ > Fe3+ > Fe2+ or Sb4.36+ > Fe4+ > Fe3+ >
Fe2+. Therefore, Ta or Sb substitution for Fe in SFT or SFS
perovskite-type oxide generates high acidity and high resistance
to CO2. Second, the higher valence state of Ta or Sb cation is
more inclined to bind oxygen atom than that of Fe. This
phenomenon is benecial to decrease the oxygen vacancy
concentration in the perovskite-type oxide. It has been reported
that oxygen vacancies have great inuence on the carbonate
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 XRD patterns of SFT (a) and SFS (b) powder samples annealing in
the pure CO2 atmosphere at different temperatures for 24 h or 96 h.
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formation for the perovskite-type oxide.22 An increase of oxygen
stoichiometry leads to stabilize the perovskite crystal structure
and enhance the CO2 tolerance of the perovskite-type oxide.
Fig. 7 X-ray photoelectron spectra of the Ta 4f peaks (a) and Fe 2p peaks
the SFS oxide sample.

This journal is © The Royal Society of Chemistry 2015
Third, it has been reported that the CO2 resistance of the
perovskite-type oxide is related to the average metal bond
energy (ABE).23 A high ABE value usually means high CO2

resistance. The details about calculating the ABE of the perov-
skite-type oxide can be found in the literature.40 By calculating,
the ABE of SFT is much higher than that of SF because the
sublimation enthalpy of Ta (782 kJ mol�1) is higher than that of
Fe (414.2 kJ mol�1) and the standard formation enthalpy of
Ta2O5 (�2046 kJ mol�1) is much higher than that of Fe2O3

(�824 kJ mol�1).29 Similarly, we can also nd that the ABE of SFS
oxide is higher than that of SF. Therefore, the much higher ABE
of SFT or SFS results inmuch better CO2 resistance of SFT or SFS
oxide. According to the tolerance factor theory, for perovskite-
type oxide, the tolerance factors are kept in the range of
0.75–1.4,41 The material structure is more stable when the
tolerance factor is closer to 1. The ion radius plays an important
role in determining the tolerance factor of the perovskite-type
oxide. Fig. 7(c) and (d) show the Fe 2p XPS spectra of SFT and
SFS, respectively. The peaks at the bonding energy of �712 eV,
�710.4 eV and 709.2 eV are assigned to Fe4+ 2p3/2, Fe

3+ 2p3/2 and
Fe2+ 2p3/2, respectively.27 The valence composition of the Fe
element was estimated as shown in Tables S2 and S3 (ESI†).
According to the ion radius,30 the tolerance factors of SFT and
SFS are about 0.98 and 0.97, respectively. These tolerance
factors of the two oxides mean that both the SFT and SFS oxides
are very stable. The oxygen nonstoichiometry of SFT and SFS
oxides can be obtained as 0.23 and 0.29 from Tables S2 and S3
(ESI†), respectively. These values were determined to be 0.16
and 0.21 by the iodometric titration experiments, respectively.
The XPS peak tting process causes this small difference. The
tting results can be regarded as a reference. Therefore, the Ta
or Sb cation in SF oxide with high acidity, high valence,
(c) of the SFT oxide sample, and Sb 3d peaks (b) and Fe 2p peaks (d) of

J. Mater. Chem. A, 2015, 3, 22564–22573 | 22569

http://dx.doi.org/10.1039/c5ta04598c


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

01
5.

 D
ow

nl
oa

de
d 

by
 N

an
jin

g 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 1

1/
11

/2
01

5 
06

:3
0:

46
. 

View Article Online
appropriate ionic radius and high ABE has turned to be a good
dopant for developing CO2-tolerant SF-based perovskite-type
materials. Furthermore, the metal ion doping strategy has been
proved by the above experimental results and analysis.
Fig. 8 (a) Arrhenius plots of oxygen permeation fluxes through SFT
and SFS membranes with pure helium and CO2 as sweep gases; (b)
oxygen permeation fluxes of SFT and SFS multichannel hollow fiber
membranes as a function of temperature with pure CO2 as the sweep
gas (Fair ¼ 120 ml min�1, FHe or FCO2

¼ 60 ml min�1).
3.3 Oxygen permeation and long-term stability

Both the surfaces of SFT and SFS membranes with clear grain
boundaries are dense and crack free, and the grain size of the
two membranes is about 4 mm (ESI, Fig. S1†). As is well
known, the temperature has a signicant impact on oxygen
permeation ux through a MIEC membrane. Fig. 8(a) shows
the Arrhenius plot of the oxygen permeation uxes through
SFT and SFS membranes with helium and pure CO2 as sweep
gases. Due to the enhancement of the oxygen bulk diffusion
and the oxygen surface reaction rates, the oxygen permeation
ux increases with increasing temperatures for both the
helium and pure CO2 as sweep gases. For SFT oxide, when
swept by helium, the oxygen permeation ux increases from
0.17 to 0.63 ml min�1 cm�2 by increasing the temperature
from 1023 to 1223 K, whereas, when swept by pure CO2, the
oxygen permeation ux increases from 0.12 to 0.38 ml min�1

cm�2 by increasing the temperature from 1073 to 1223 K. For
SFS oxide, the oxygen permeation ux increases from 0.12 to
0.47 ml min�1 cm�2 by increasing the temperature from 1023
to 1223 K when swept by helium. And the oxygen permeation
ux increases from 0.09 to 0.32 ml min�1 cm�2 by increasing
the temperature from 1073 to 1223 K with pure CO2 as the
sweep gas. Therefore, the oxygen permeation uxes of the two
oxides by using pure CO2 as the sweep gas are lower than
those by using helium as the sweep gas. This is a common
phenomenon which has been found by many other
researchers.15,24,42 The reason for this experimental result is
that the effect of helium on the oxygen exchange reaction is
less than that of CO2 and CO2 has stronger adsorptive inter-
actions with the membrane surface than helium.15 By
comparison with the conventional perovskite-type oxide
La0.4Sr0.6Co0.2Fe0.8O3�d (LSCF) membrane,27 the oxygen
permeation uxes of SFT and SFS membranes are much
higher than that of LSCF. In addition, the activation energies
(Ea) for oxygen permeation through SFT and SFS membranes
were obviously lower than that of the LSCF membrane. The
oxygen permeation performance of several CO2-stable state-
of-the-art MIEC membranes by using pure CO2 as the sweep
gas is also summarized in Table 1. In comparison with other
CO2-tolerant MIEC materials, both the SFT and SFS disk
membranes have high oxygen permeation uxes at 1173 K.
The membrane thickness has a great impact on the oxygen
permeation ux of the MIEC membrane. In general, a lower
thickness of the MIEC membrane corresponds to higher
oxygen permeation ux. It should be noted that the thickness
of the SFT or SFS disk membrane without coating is 1 mm in
this work. As described in Table 1, both SFT and SFS
membranes have very high oxygen permeability at 1173 K
among all the listed membranes using pure CO2 as the sweep
gas. For practical application, many researchers reported that
an oxygen permeation ux of 1 ml min�1 cm�2 is needed for
22570 | J. Mater. Chem. A, 2015, 3, 22564–22573
oxygen separation.9 Many methods can be adopted to improve
the oxygen permeation ux, such as coating a porous layer on
the membrane surface43–46 and reducing the membrane
thickness.47–54 In our previous work, we proposed a novel
multichannel hollow ber MIEC membrane with high oxygen
permeation ux and excellent mechanical strength to accel-
erate the commercial application of the MIEC membrane.33,55

In this work, both SFT and SFS oxides were used to construct
the multichannel hollow ber membranes and the
morphologies of the two multichannel hollow ber
membranes are shown in Fig. S2 (ESI†). Fig. 8(b) shows the
temperature dependence of the oxygen permeation ux
through the multichannel hollow ber membranes. At
1173 K, the oxygen permeation uxes of SFT and SFS
membranes are about 1.15 and 0.85 ml min�1 cm�2, respec-
tively, with pure CO2 as the sweep gas. By comprehensively
considering the oxygen permeation ux and membrane
thickness as shown in Fig. 9 (the original data of Fig. 9 is from
Table 1), we can nd that SFT and SFS membranes have
excellent performance for oxygen separation, especially the
oxygen permeation ux of the SFT multichannel hollow ber
This journal is © The Royal Society of Chemistry 2015
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Table 1 Comparison of oxygen permeation fluxes of various membranes swept by pure CO2 at 1173 K

Membrane materials Congurations Thickness (mm)
O2 uxes
(ml min�1 cm�2)

O2 permeability
(ml min�1 cm�2 mm) References

NF-GDC Disk 0.5 0.12 0.06 5
SDC-LSF Disk 1.1 0.14 0.154 18
PSF-CP Disk 0.6 0.1 0.06 14
SDC-LSM Hollow ber 0.3 0.26 0.078 19
GDC-BSCF Disk 0.5 0.3 0.15 13
SDC-SMC Disk 0.5 0.36 0.18 12
SDC-SCMC Disk 0.5 0.34 0.17 12
NSF-CN Disk 0.6 0.1 0.06 17
PSCF-CP Disk 0.5 0.4 0.2 15
NF-CT Disk 0.68 0.11 0.075 16
CGC-LCF Disk 0.5 0.44 0.22 11
LSCF Hollow ber 0.36 0.2 0.072 56
SFNa Disk 1 0.25 0.25 24
PLNCGb Hollow ber 0.2 0.38 0.076 57
NLNCGc Disk 0.6 0.3 0.18 58
PSCFd Disk 0.6 0.65 0.39 59
SFT Disk 1 0.3 0.3 This work
SFS Disk 1 0.22 0.22 This work
SFT Multichannel hollow ber �0.25 1.15 0.29 This work
SFS Multichannel hollow ber �0.21 0.85 0.18 This work

a SrFe0.8Nb0.2O3�d (SFN). b (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+d (PLNCG). c (Nd0.9La0.1)2Ni0.74Cu0.21Ga0.05O4+d (NLNCG). d Pr0.6Sr0.4Co0.2Fe0.8O3�d

(PSCF).
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membrane exceeding the requirement of industrial applica-
tion (1 ml min�1 cm�2)9 is the highest value among the
CO2-tolerant membranes. All of these results indicate that the
SFT and SFS oxides are suitable to construct oxygen-perme-
able membranes with good performance for oxygen separa-
tion in the oxyfuel process.

As for the practical application in the oxyfuel process, both
the SFT and SFS membranes must exhibit the long-term
stability at high temperature when swept by pure CO2. Fig. 10
shows the long-term performance of the two disk membranes at
1173 K swept by pure CO2 for 130 h. During the whole operation,
the oxygen permeation uxes remain at about 0.30 and
0.22 ml min�1 cm�2 for SFT and SFS disk membranes,
Fig. 9 Comparison of oxygen permeation fluxes of various oxygen-
permeable membranes swept by pure CO2 at 1173 K.

This journal is © The Royal Society of Chemistry 2015
respectively. And also, there is no obvious decrease of the
oxygen permeation uxes for the two membranes. Fig. 11 shows
the crystalline structure of the spent membrane surfaces at the
sweep side. The XRD patterns indicate that both the SFT and
SFS membranes maintained perovskite structures with no
carbonate formed on the membrane surfaces during the long-
term operation. Therefore, the long-term operations prove that
both the SFT and SFS oxygen-permeable perovskite-type oxides
possess excellent resistance to CO2 and show stable and high
oxygen permeation uxes when using pure CO2 as the sweep
gas. In the meantime, our work demonstrates that SFT and SFS
can be very competitive candidates for practical applications.
Fig. 10 Long-term oxygen permeation performance of the SFT
and SFS disk membranes with pure CO2 as the sweep gas at 1173 K
(Fair ¼ 120 ml min�1, FCO2

¼ 60 ml min�1).
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Fig. 11 (a) XRD patterns of the fresh SFT membrane surface and the
surface at the CO2 side after long-term operation. (b) XRD patterns of
the fresh SFS membrane surface and the surface at the CO2 side after
long-term operation.
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4. Conclusions

We preliminarily proposed a general doping strategy for devel-
oping SF-based CO2 tolerant oxygen-permeable membranes.
Based on the doping strategy, we also developed two novel
CO2-tolerant oxygen-permeable membranes of SFT and SFS to
combine the excellent stability and high permeability. The SFT
or SFS oxides presented high CO2-tolerant properties which
were associated with high acidity, high valence and appropriate
ionic radius of the Ta or Sb cation and high average metal bond
energy of SFT or SFS oxide. Both SFT and SFS disk membranes
(1 mm-thick) with low oxygen permeation activation energies
exhibited high oxygen permeation uxes of 0.3 and 0.22 ml
min�1 cm�2, respectively, which were unchanged during the
long-term operation (130 h) under air/CO2 gradient at 1173 K.
We also successfully constructed SFT and SFS multichannel
hollow ber membranes with very high oxygen permeation
uxes which can meet the requirement of commercial appli-
cation. Our work not only experimentally conrmed that Ta and
Sb dopants are essential for the excellent stability toward CO2 of
SF-based materials and demonstrated that both SFT and SFS
oxides with remarkable performances can be very competitive
candidates for practical application, but also proved the ratio-
nality of this doping strategy for the development of
CO2-tolerant SF-based oxygen-permeable membranes and
22572 | J. Mater. Chem. A, 2015, 3, 22564–22573
would provide guidance for the design of CO2-tolerant SF-based
membranes.
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