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ABSTRACT: A novel CO,-stable and reduction-tolerant Cey¢Sm;,0,_s—
Lag oSt FeO;_s (SDC—LSF) dense dual-phase oxygen-permeable membrane
was designed and evaluated in this work. Homogeneous SDC—LSF composite
powders for membrane fabrication were synthesized via a one-pot combustion
method. The chemical compatibility and ion interdiffusion behavior between
the fluorite phase SDC and perovskite phase LSF during the synthesis process
was studied. The oxygen permeation flux through the dense dual-phase
composite membranes was evaluated and found to be highly dependent on the
volume ratio of SDC and LSF. The SDC—LSF membrane with a volume ratio
of 7:3 (SDC70—LSF30) possessed the highest permeation flux, achieving 6.42
X 107 mol-cm™>'s™! under an air/CO gradient at 900 °C for a 1.1-mm-thick
membrane. Especially, the membrane performance showed excellent durability
and operated stably without any degradation at 900 °C for 450 h with helium,
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CO,, or CO as the sweep gas. The present results demonstrate that a SDC70—LSF30 dual-phase membrane is a promising
chemically stable device for oxygen production and CO, capture with sufficiently high oxygen permeation flux.
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1. INTRODUCTION

Dense oxygen permeation membranes with mixed ionic—
electronic conducting (MIEC) ability are attracting ever-
increasing attention because of their potential applications in
producing pure oxygen from air,"* partial oxidation of methane
to syngas,” > and oxyfuel combustion for CO, capture®” and
some other applications as membrane reactors.*” Traditional
oxygen permeation membranes are usually made of typical
perovskite-type oxides, such as Lag¢Sre4CopsFep,0;5 5"
Bay Sty sCopsFey,0;_5' "> and SrCoygFeq,0;_5'>'* These
materials generally show high oxygen permeation ability;
however, the poor chemical and structure stability under
CO,- or SO,-containing atmosgheres or atmospheres with a
low oxygen partial pressure'®*"> hampers their widespread
applications.

Recently, dual-phase membranes consisting of oxygen ionic
and electronic conducting phases were widely studied because
of their good stability and relatively high performance.'
Perovskite-type oxides exhibit high p-type electronic con-
ductivity under oxygen permeation conditions and are good
candidates as electronic conductin% phases. LaggSr,(Cr,Mn)-
055" LaggSry,CrysFeg 055" "?° and some other MIEC
oxides, such as RBaCoOg,; (R = La, Pr, Gd),21_23
(Sm,Pr)g4Sro4Fe0;_5>* 2 and Sm,_,Ca,Mn,Coys0;_5>"
were systematically investigated as electronic conducting phases
and showed promising oxygen permeation performance. Wang
et al. reported that the oxygen permeation flux through a 0.3-
mm-thick Ce;Smy,0,_ s (SDC)—LaySry,CrO;_s dual-phase
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membrane reached 8.6 X 1077 mol-em s~} at 950 °C, and no
flux degradation was observed within a period of 110 h."” The
oxygen permeation flux through a 0.6-mm-thick SDC—
LaBaCo,0s, s membrane under an air/helium gradient achieved
4.59 x 1077 mol-cm™2s™! at 950 °C.>* However, it should also
be noted that most of the perovskite-type electronic conducting
materials contain cobalt or chromium. Generally, cobalt-
containing perovskite oxides have large linear expansion
coefficients that can lead to structural instability, eventually
introducing microcracks in membranes during thermal cycling.
For chromium-containing materials, chromium evaporation
easily occurs at elevated temperatures,”®*’ and this would
hinder their industrial applications. Apart from those perov-
skite-type oxides, Fe,0;>° and some spinel oxides"*'~**

also developed as electronic conducting phases in the past few
years. The corresponding dual-phase oxygen permeation
membranes had excellent CO, tolerance. For instance, a stable
oxygen permeation flux of 3.57 X 1077 mol-cm™>s™" through a
0.3-mm-thick 40 wt % Mn, ;Co, ;O,4_s—60 wt % CeyoPr,;0,_s
membrane was obtained at 1000 °C under an air/CO,
gradient.>’ The oxygen permeation flux through a NiFe,0,—
Ce(9Gd,;0,_s dual-phase membrane showed no decline after
operating for 100 h using CO, as the sweep gas."

were
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In this work, cobalt/chromium-free LaggSr,;FeO;_s (LSF)
was employed as the electronic conducting phase, combined
with SDC as the oxygen ionic conducting phase, to construct
dual-phase oxygen permeation membranes. Uniform and
homogeneous dual-phase membranes were successfully fab-
ricated with nominal SDC—LSF composite powders synthe-
sized via a one-pot combustion method. The oxygen
permeation ability and performance stability of the membranes
were investigated systematically.

2. EXPERIMENTAL SECTION

2.1. Preparation of Powders and Membranes.
Ceg3Smg,0,_s—Lay4SroFeO;_s (SDC—LSF) dual-phase composite
powders with volume ratios of 6:4, 7:3, and 8:2 were synthesized via a
one-pot combustion method, as described elsewhere.>>** The as-
prepared powders were calcined at 1000 °C for 3 h and then pressed
to button-shaped disks via a typical uniaxial dry-pressing process. The
green disks were sintered at 1400 °C for 5 h in static air. Both surfaces
of the sintered disks were carefully polished using a 1000-mesh
abrasive paper to obtain SDC—LSF membranes with a thickness of
around 1 mm. The three samples with volume ratios of 6:4, 7:3, and
8:2 are hereafter abbreviated to SDC60—LSF40, SDC70—LSF30, and
SDC80—LSF20, respectively.

2.2. Characterization of Powders and Membranes. The phase
structures of the powders and membranes were examined using X-ray
diffraction (XRD; Rigaku TTR-IIT) with Cu Ka radiation. The surface
morphology of the membranes was observed by scanning electron
microscopy (SEM; JEOL JSM-6700F). The electrical conductivities
were measured using a typical direct-current four-probe technique in
the temperature range from 650 to 850 °C. To evaluate the CO,
tolerance of the composite powders, the powders were treated in dry
CO, with a flow rate of 40 mL-min~" at 900 °C for 12 h. The chemical
composition of SDC and doped CeO, in the composite powders was
analyzed by inductively coupled plasma atomic emission spectrometry
(ICP-AES; Optima 73 00 DV). Before ICP-AES measurement, the
SDC—LSF composite powders were etched in 2 M HNO; to dissolve
the perovskite phase of LSF. Then, the suspension was filtered to
obtain the undissolved doped CeO, powders. The doped CeO,
powders were then washed four times with deionized water under
stirring followed by ethanol to eliminate the existence of other
absorbed metal ions.

2.3. Oxygen Permeation Measurement. The oxygen perme-
ation flux through the dual-phase SDC—LSF membrane was measured
in the temperature range of 800—1000 °C. The polished membrane
was cleaned in ethanol and then sealed on a Al,O; tube with a glass
ring as the sealant. One side of the membrane was exposed to ambient
air; the other side was swept by helium or CO, with a flow rate of 40
mL-min™' or by CO with a flow rate of 20 mL-min~'. The
composition of the permeated effluent gas was determined by gas
chromatography (GC1690T, Kexiao, China). The oxygen flux from
leakage through the sealant was corrected by determining the
dinitrogen concentration in the permeated gas. During the measure-
ment, the sealing efficiency was higher than 95%.

3. RESULT AND DISCUSSION

3.1. Phase Composition. Figure 1 shows the XRD
patterns of the nominal SDC—LSF dual-phase composite
powders with different volume ratios and the single-phase SDC
and LSF powders synthesized via the same route. It is clearly
shown that the composite powders are composed of a fluorite
phase and a perovskite one, and no other impurity phases are
present. Similar results were obtained in other dual-phase
composite powders synthesized via the one-pot combustion
method, such as SDC—Sm().ésr(,'z‘IJeO3_53’5’3’6 and
Mn, sCo, s0,_5—CegoPry,0,_5>" The fluorite phase can be
assigned to doped CeO,, while the perovskite phase should be

doped LaFeO;. In the previous reports,”>>”*"** jon inter-
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Figure 1. XRD patterns of SDC—LSF composite powders derived
from the one-pot combustion process as well as single SDC and LSF
powders.
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Figure 2. XRD patterns of SDC—LSF composite and SDC powders
after etching in 2 M HNO; as well as fresh SDC powders.

Table 1. Cell Parameters of Doped CeO, in SDC—LSF
Composite and Single-Phase SDC Powders

after etching

as-prepared SDC60—  SDC70—  SDC80—
SDC SDC LSF40 LSF30 LSF20
a/A 5423 5.428 5.448 5.449 5.443
cell 159.52 159.92 161.71 161.77 161.25
volume/
A3

diffusion between the fluorite and perovskite phases was usually
ignored. In this work, efforts were made to determine the exact
chemical composition of the two phases. Figure 2 shows the
XRD patterns of the residual powders after etching the dual-
phase composite powders in diluted nitric acid, and the XRD
patterns of the SDC powders before and after etching are also
displayed for comparison. Obviously, diffraction peaks corre-
sponding to the perovskite phase disappear, and only peaks
corresponding to the fluorite phase are present, indicating that
doped LaFeO; is completely dissolved and doped CeO,

dx.doi.org/10.1021/am403272z | ACS Appl. Mater. Interfaces 2013, 5, 11038—11043
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Table 2. Chemical Composition and Estimated Molecular Formula of Doped CeO, in SDC—LSF Composite and Single-Phase

SDC Powders

La mol % Ce mol % Sm mol % Fe mol % Sr mol % molecular formula
as-prepared SDC 0 81.31 + 2.85 18.68 + 0.52 0 0 Ceyg135my15,0,_5
after etching SDC 0 80.62 + 2.76 19.38 + 0.61 0 0 Ceg.5065M0,1040,_5
SDC60—LSF40  9.18 + 024  78.34 + 2.67 1209 + 030 0.40 + 0.002 0 Ceg73(SMo 12120 095F€0.004) O
SDC70-LSF30 876 =027 7739 +£270 1321 £034 0.7 + 0.007 0 Ceg774(Smo 13:La0 087 F€0.007) O
SDC80-LSF20 812 + 0.8 7591 + 2.51 14.64 + 0.27 1.4 + 0.010 0 Cegrso(Smo 146120051 F€0014) Oas
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Figure 3. BSEM images of the sintered SDC—LSF dual-phase
membranes: SDC60—LSF40 (a); SDC70—LSF30 (b); SDC80—LSF20
(c). The gray grains are LSF, while the white ones are SDC.
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Figure 4. Temperature dependence of the conductivity of the LSF and
SDC—-LSF samples.

Figure S. Arrhenius plot of the oxygen permeation flux through SDC—
LSF membranes: with helium as the sweep gas at a rate of 40 mL-
min~". Membrane thickness: 1.1 mm.

survives. Besides, one can see that the characteristic peaks of
the fluorite phase in the composite powders shift toward lower
reflection angles compared to those of the single-phase SDC,
suggesting an increase of the cell parameters. The cell
parameters of the doped CeO, powders are calculated and
summarized in Table 1. To further examine the exact chemical
composition of the doped CeO,, ICP-AES measurement of the
powders was performed, and the result is displayed in Table 2.
It can be found that the doped CeO, powders were codoped
with Sm?*, La*", and a minor amount of iron. Because the ionic
radius of La®* (0.1160 nm) is larger than that of Sm®" (0.1079
nm) in eight-coordination,®” the codoped CeQ, powders would
have larger cell parameters, and this is well confirmed by the
calculated cell parameters according to the XRD results (Table
1). Moreover, it has been well-proven that codoping is an
effective strategy to improve the conductivity of doped CeO,
oxide ionic conductors.’®* ** Thus, it can be anticipated that
this Sm**- and La**-codoped CeO, phase would be beneficial
for enhancing the oxygen permeation ability of the dual-phase
membrane.

3.2. Microstructure and Conductivity. Figure 3 shows
backscattered SEM (BSEM) images of the surface morphology
of the as-sintered nominal SDC—LSF dual-phase membranes. It
can be seen that LSF and SDC grains distribute very uniformly
in the membranes. In addition, two phases also distribute
continuously in the samples except SDC80—LSF20. For
SDC80—LSF20, the LSF grains spread like isolated islands in
the SDC matrix, which is similar to that reported in the
literature,®® and this configuration is detrimental to the
electronic percolation conductivity of the membrane. Figure 4
shows the temperature dependence of the electrical con-
ductivity of SDC—LSF composites and LSF. Obviously, the
electrical conductivity of LSF is far higher than that of SDC.

dx.doi.org/10.1021/am403272z | ACS Appl. Mater. Interfaces 2013, 5, 11038—11043
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Table 3. Oxygen Permeation Flux (X10~7 mol-cm >

as the Sweep Gas

*s™') of Some Reported Oxygen-Permeable Membranes with CO,/Helium

membrane type thickness (mm) temperature (°C) oxygen flux air/helium oxygen flux air/CO, ref
Bay 5Sry5sCoggFen,03-5 1 875 14.14 0 12
LagoSte FeO5_s 1 1000 022 48
Ceg9Gdy;0,_s—NiFe, 0, 0.5 950 1.34 1.19 1
CeyoPro 0,_5—ProeSro4FeOs_s 0.6 950 2.01 1.34 25
CegoGdy10,_s—Fe,05 0.5 950 0.74 0.60 30
SDC70—-LSF30 1.1 950 1.59 + 0.04 1.59 + 0.03 this work
B SDC70-LSF30 (@) 4 SDC
o - ~ .
6.0 — = feed side
T ' SDC60-LSF40 = ~ Iy * LSF
= & SDC80-LSF20 ~ #3zg _ _a = o~
62 - = Sga a g¢ o T2 Zag
e, g .. = | =F & &; 8 88 &%
D) : IR W U S S .
X 6.4 “B. oy = =
§ ' 8 .
o S = 4 permeate side
X . . =
%e0 2 g
1S 2 4 # Hat
S - E S | W v s Had
-6.8 . o
° o as-prepared membrane
. #
7.0 I 4 l #
X bt e g
T T T T T T T T
0.78 0.81 0.84 0.87 0.90 0.93 T i T i T i T i T i
1000/T(K-1) 20 30 40 50 60 70 80
20(degree)
Figure 6. Arrhenius plot of the oxygen permeation flux through SDC—
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Figure 7. Time dependence of the oxygen permeation flux at 900 °C
under air/helium, air/CO,, and air/CO gradients. Membrane
thickness: 1.1 mm.

Thus, the ambipolar conductivity*' of SDC—LSF should be
controlled by the oxygen ionic transport of SDC when LSF can
percolate in the dual-phase membrane. The electrical
conductivity of SDC80—LSF20 is very close to that of
SDC,*™* 'indicating that the LSF phase cannot form a
continuous network to provide enough electronic transport,
which is consistent with the BSEM results (Figure 3c). For
SDC80—LSF20, the oxygen permeation behavior would be
limited by both oxygen ionic and electronic transport according
to the Wagner equation.45

11041

powders annealed in dry CO, at 900 °C for 12 h as well as the fresh
SDC70—LSF30 powders.

3.3. Oxygen Permeation. Figure 5 shows the oxygen
permeation performance of the SDC—LSF membranes with
helium as the sweep gas over the temperature range of 800—
1000 °C. It can be seen that the oxygen permeation flux
increases with the operating temperature. The SDC70—LSF30
membrane shows the highest oxygen permeation flux among
the three samples, and the flux reaches 1.59 X 10~ mol-cm™*
s™' at 950 °C. On the basis of the conductivity results, the
electronic conducting phase LSF percolates in SDC60—LSF40
and SDC70—LSF30. As reported in the previous literature,'®*°
the oxygen ionic conductivity of dual-phase composites is much
smaller than that of a single-phase SDC ceramic even after

dx.doi.org/10.1021/am403272z | ACS Appl. Mater. Interfaces 2013, 5, 11038—11043



ACS Applied Materials & Interfaces

Research Article

Figure 9. SEM images of the SDC—LSF dual-phase membrane before (a) and after (b) testing.

correction for the volume fraction of the SDC phase in the
composites. This could be partly attributed to the blocking of
oxygen-ion-transporting paths by the electronic conducting
phase. Thus, the oxygen permeation performance increases
with increasing SDC content in this case. For SDC80—LSF20,
LSF cannot percolate in the membrane, and hence the
ambipolar conductivity is limited by the low electronic
conductivity. Consequently, this membrane exhibits the lowest
oxygen permeation flux. The apparent activation energy (E,) of
the flux was also calculated according to Figure S. The E, values
are 106.1 + 4.1, 111.5 + 3.3, and 131.6 + 7.2 kJ-mol™" for
SDC80—-LSF20, SDC70—LSF30, and SDC60—LSF40, respec-
tively. The E, value is very close to that of some other reported
dual-phase membranes, which are 122.6 + 6.0 kJ-mol” for
SDC—Lag ¢Sry,CrO;_5'¢ and 125 + 2 kJ-mol™ for
CeggsSmyg 150, 5—Smy ¢Sro,FeO;_52° It has to be noted that
the oxygen flux through the I1.I-mm-thick SDC70—LSF30
membrane is comparable and even higher than those of other
cobalt-free dual-phase oxygen permeation membranes (around
0.5 mm in thickness), which are much thinner than SDC70—
LSF30, as shown in Table 3. According to the Wagner
equation,45 the oxygen permeation flux is inversely proportional
to the membrane thickness when oxygen permeation is rate-
limited by bulk diffusion. For membranes with thicknesses of
around hundreds of micrometers, the oxygen permeation flux is
limited by bulk diffusion of oxygen ions.*” Thus, the
permeation flux will double the present value if the thickness
of the SDC70—LSF30 membrane is reduced to 0.5 mm and will
achieve about 3.5 X 1077 mol-cm™s™! at 950 °C. When the
sweep gas is switched from helium to CO, the oxygen partial
pressure gradient over the membrane becomes larger, and
consequently the oxygen flux would increase significantly
according to the Wagner equation.* Figure 6 shows the
oxygen permeation performance of the SDC—LSF membranes
with CO as the sweep gas. The oxygen permeation flux through
the SDC70—LSF30 membrane increased to 8.92 X 107 mol-
ecm™2s7! at 950 °C. The E, values were estimated to be 96.5 +
2.8, 962 + 0.9, and 95.5 + 2.0 kJ-mol™ for SDC80—LSF20,
SDC70—-LSF30, and SDC60—LSF40, respectively. Obviously,
all of the E, values are reduced when CO is used as the sweep
gas, ;/ghich can be attributed to the enhanced surface exchange
rate.

Given that SDC70—LSF30 possesses the best performance,
the stability of this membrane operating with three different
sweep gases was performed, as shown in Figure 7. Over the
whole test, the oxygen permeation flux of SDC70—LSF30
remained quite stable no matter what sweep gas was employed.
Notably, the membrane exhibited perfect stability with CO, as
the sweep gas and did not degrade at all after operating for

about 150 h (kept a constant of 1.02 X 1077 mol-cm™*s™"). In
contrast, oxygen permeation behavior completely disappeared
for Bay sSry sCoygFey,0;_5 when the sweep gas was switched to
CO,, although BaySrysCoygFe;,03_5 exhibited very high
oxygen permeation flux with helium as the sweep gas (Table
3). Compared to other cobalt-free dual-phase membranes
under an air/CO, gradient (Table 3), SDC70—LSF30 also
showed superior oxygen permeation flux. For a Ce,gPr,,0,_s—
Pr; ¢Sty 4FeO;_s membrane with a thinner thickness of 0.6 mm,
the flux was about 1.34 X 1077 mol-cm™s™" at 950 °C.** As
observed from the XRD pattern of the membrane surface
exposed in the sweep gas (Figure 8a), one can see that there are
only diffraction peaks corresponding to SDC and LSF without
any other impurity phases, further confirming the good
chemical stability of the membrane. Besides, LSF and
SDC70—LSF30 powders also exhibit excellent chemical
stability in CO,. The phase structures are still well-kept even
exposed in CO, at 900 °C for 12 h, as shown in Figure 8b.
Moreover, the morphology of the post-tested membrane
remains the same as that of the fresh one, as can be seen in
Figure 9. LSF perovskite with less Sr** doped in the A site
should be beneficial for maintaining the stability of LaFeO;.
Furthermore, the amount of the SDC phase is as much as 70
vol %, which would also prevent LSF from corrosion by CO,,
thereby leading to high chemical stability. All of the results
prove that SDC70—LSF30 prepared by a one-pot combustion
process is a chemically stable dual-phase ceramic membrane
and has promising potential for oxygen separation and CO,
capture.

4. CONCLUSION

In this work, cobalt-free SDC—LSF dual-phase ceramic oxygen
permeation membranes were developed, and the oxygen
permeation ability and durability of the membranes were
investigated systematically. Ion interdiffusion behavior occurred
between the fluorite phase SDC and perovskite phase LSF, and
SDC was found to be codoped with samarium, lanthanum, and
minor iron. SDC70—LSF30 (1.1 mm in thickness) possesses
high oxygen permeation fluxes of 1.02 X 1077 and 6.42 X 1077
mol-cm™s™! at 900 °C with CO, and CO as the sweep gas,
respectively. Moreover, the SDC70—LSF30 membrane showed
excellent chemical stability and maintained a stable oxygen flux
during a 450-h permeation test. The results demonstrate that
SDC70—LSF30 is a promising CO,-stable and reduction-
tolerant membrane in oxygen separation and other related
applications.

dx.doi.org/10.1021/am403272z | ACS Appl. Mater. Interfaces 2013, 5, 11038—11043
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