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Most of the currently used perovskite-based oxygen-transporting membranes have insufficient resistance towards
CO2 and high material costs that potentially limit their commercial applications. In the present work, a highly
CO2 -tolerant oxygen permeation membrane based on La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3, 0.5, 0.7, 1) was designed
and prepared by a scalable reverse co-precipitation method. The oxygen permeation flux through the dense membranes was evaluated and found to be highly dependent on the Co/Fe ratio. La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ possessed the
highest permeation flux among the investigated samples, achieving 0.76 ml min− 1 cm− 2 under an Air/He gradient
and 0.5 ml min− 1 cm− 2 under an Air/CO2 gradient at 1173 K for a 1 mm thick membrane. A combination study of
first principles calculations and experimental measurements was conducted to advance the understanding of Co/
Fe ratio effects on the oxygen migration behavior in La0 .6Ca0 .4Co1 –xFex O3 −δ. The observed oxygen permeability is
three times higher than that reported in literature under similar conditions. The presented results demonstrate
that this highly CO2 -tolerant membrane is a promising candidate for high temperature oxygen separation applications.
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1. Introduction

Carbon capture and utilization (CCU) is one of the most promising
solutions to limit the amount of CO2 emissions to the atmosphere. Different techniques for the conversion of CO2 into value-added chemical
compounds or fuels activated by heat or electricity have been developed
and studied, namely thermolysis, photocatalysis, plasma, and electrochemical methods [1–9]. As the first step of the recycling process, CO2
molecules are captured either from industrial or conventional power
plant exhaust gases via oxy-fuel combustion capture. Mixed ionic electronic conducting (MIEC) membranes have been attracting great attention because of their high selectivity towards oxygen at high temperature, which can be used to produce cost effective oxygen from air for
oxy-fuel combustion. Regarding the constant presence of CO2 in these
processes, high oxygen permeability and excellent structural stability
are among the fundamental requirements for a successful oxygen-transporting membrane material.

∗

Different MIEC ceramic membrane materials were developed and
evaluated for their CO2 -stability including single-phase perovskite-type
oxide materials and dual-phase membrane materials [10–59]. The
state-of-the-art oxygen transport materials are mainly single-phase perovskite oxide materials containing Ba and/or Sr on the A-site possessing high oxygen permeation fluxes because of the large ionic radii and
hence larger free volume of oxygen vacancies. Unfortunately, these perovskite-type materials suffer from irreversible performance losses in the
presence of reactive (acidic) gases (such as CO2 and SO2 ) [11–14].
The oxygen permeation fluxes of these membranes normally reach
1 ml min− 1 cm− 2 at around 1173 K and can even exceed 10 ml min− 1 cm− 2
at higher temperatures [13,14]. However, as little as 300 ppm of CO2 ,
less than the content in air, is sufficient to stop the oxygen permeation flux due to a membrane decomposition into carbonates and binary
metal oxides [12].
In order to resolve this difficulty, many studies have been devoted
to modify such barium-based complex oxides [15–24]. However, these
membranes are typically still not very chemically stable under
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ties of metal nitrates were added to a solution of ammonium carbonate at a rate of 3–4 ml min− 1 under vigorous stirring at 343 K. The pH
value was adjusted to 8.5–9 with ammonium carbonate (Alfa Aesar,
(NH4 )2 CO3 , 30.0% NH3 ) to produce a precipitate suspension. The precipitates were aged at 343 K for 1 h under stirring and then filtered
and washed with hot demineralized water several times to remove excess ions, followed by drying at 383 K for 12 h. The dried material
was crushed and calcined in air at 1273 K for 5 h yielding the final
La0 .6Ca0 .4Co1 –xFex O3 −δ powders. The powders were uniaxially pressed
into disc-shaped membranes in a stainless steel mold (16 mm diameter) with a force of approximately 30 kN. These green disc-shaped membranes (∼1 mm in thickness) were sintered in a muffle furnace at 1323 K
for 20 h under stagnant air at a heating/cooling rate of 3 K min− 1. The
sintered membranes/pellets had a relative density of around 90%, measured by the Archimedes' liquid displacement technique using demineralized water as medium.

PR
OO
F

a CO2 -containing atmosphere. Classically, the CO2 -resistance for these
membranes was improved by the use of dual-phase materials with good
structural stability and stable oxygen permeation flux [25–36,58,59],
such as Pr0 .6Sr0 .4FeO3 −δ – Ce0 .9Pr0 .1O2 −δ, NiFe2 O4 – Ce0 .8Tb0 .2O2 −δ,
Ce0 .8Gd0 .2O2 −δ
–
Ba0 .95La0 .05Fe1 –xNbx O3 −δ,
Ce0 .9Gd0 .1O2 −δ
–
Ba0 .5Sr0 .5Co0 .8Fe0 .2O3 −δ, or Ce0 .8Sm0 .2O2 −δ – La0 .9Sr0 .1FeO3 −δ. Unfortunately, the oxygen permeation is still far away from the general requirements (1 ml min− 1 cm− 2) of a low cost application. Other drawbacks are
the use of expensive raw materials and complex phase compositions.
Developing Ba-free MIEC membranes is another more promising way
to improve the CO2 resistance [37–54]. The relatively small ionic radius of 135 p.m. of the Ca2 + cation, as compared with Ba2 + (r = 160
p.m.) and Sr2 + (r = 144 p.m.) cations [60], leads to a promising candidate. The smaller ionic radius leads to a decline of the crystal lattice
energy of the corresponding carbonate and can be considered a reason for the lower stability of CaCO3 , which is confirmed by the Ellingham diagram [51]. Ca-containing perovskites have already shown to
be promising candidates for electrode materials [61,62], while they
gained less attention as MIEC materials [50–54]. Teraoka et al. reported a very high oxygen permeation flux (1.8 ml min− 1 cm− 2 at 1143 K
in an air/He gradient) through a La0 .6Ca0 .4Co0 .8Fe0 .2O3 –δ membrane
(1.5 mm in thickness) already in 1988 [50], while the best results of
this earlier work have not been reproduced yet. Recently, Efimov et
al. investigated La1 –xCax FeO3 –δ (x = 0.4–0.6) and La1 –xCax Co0 .8Fe0 .2O3 –δ
(x = 0.4–0.6) perovskite systems with respect to their oxygen ion conducting properties and their chemical stability [51]. It was shown that
only the first members of the these systems with x = 0.4 were almost
single-phase perovskites, while a higher Ca content caused the formation of significant amounts of additional phases such as CaFe2 O5 ,
Ca3 Co2 –zFez O6 , and Co3 O4 . The bulk La0 .6Ca0 .4Co0 .8Fe0 .2O3 –δ membrane
exhibited an oxygen permeation flux of 0.43 ml min− 1 cm− 2 and a high
stability in CO2 . Stevenson et al. and Diethelm et al. also found these
secondary phases for the La0 .4Ca0 .6Co1 –xFex O3 –δ material with introducing more Ca2 + [52,53]. The measured oxygen permeation fluxes
(0.03–0.09 ml min− 1 cm− 2) were much lower. The formation of impurity
phases during preparation and operation of perovskite membranes may
be one reason for the lacking interest in Ca-containing materials. Co and
Fe are mostly chosen as B-site cations, while ferrates generally reveal a
better tolerance towards CO2 [57]. In most studies, Co/Fe ratios of either 4 or ¼ and an EDTA-citrate sol-gel method are applied. Systematic
studies of different Co/Fe ratios and other preparation methods have received less attention.
In this work, La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3, 0.5, 0.7, 1) powders
and pellets were prepared as novel materials using a reverse co-precipitation method for CO2 -tolerant oxygen permeation membranes. The influence of different Co/Fe ratios on the crystal structure, CO2 adsorption
ability, morphology, oxygen permeability, electrical conductivity, structural stability as well as their relationship are studied. In addition, first
principles calculations were used to investigate the effect of different
Co/Fe ratios on the formation energy of oxygen vacancies and oxygen
migration behavior.

2.2. Characterization of materials
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Powder X-ray diffraction (PXRD) data of all samples before and after
oxygen permeation tests were collected with a Rigaku Smartlab X-ray
diffractometer using Cu-Kα1 ,2 radiation. Cu-Kβ radiation was suppressed
using a thin nickel foil with approximately 90% efficiency. The diffraction patterns were recorded from 10° to 80° (2 theta) by continuous
scanning at a scanning rate of 1°/min. Electrical resistivity and ther ) in helium atmopower were measured by a ZEM-3 (ULVAC-RIKO®
mosphere from 323 K to 1023 K. The measurement uncertainty of both
the electrical conductivity and the thermopower is ±7%. Thermogravimetric analysis (TGA) was carried out with a NETZSCH STA 409C.
Around 30 mg powdery sample was heated in an alumina crucible in
pure CO2 atmosphere at a flow rate of 50 ml min− 1 and a heating rate of
10 K min− 1 from room temperature to 1473 K. TGA in Ar at a flow rate
of 50 mL min− 1 and a heating rate of 10 K min− 1 from room temperature
to 1473 K was carried out on a NETZSCH STA 449. Surface morphology
of the samples was examined by a Zeiss Gemini 500 scanning electron
microscope (SEM) equipped with a Bruker XFlash 6│60 EDXS system at
an acceleration voltage of 10.0 kV.
2.3. Measurements of oxygen permeation
The oxygen permeation was measured with a self-made high-temperature permeation cell. The membrane was tightly attached with
CERAMABOND M-835 (T-E-Klebetechnik) to an aluminum oxide tube
(16 mm). Another quartz glass tube (24 mm) served as the air side of
the permeator. A more detailed description of the oxygen permeation
set-up can be found elsewhere [63]. Synthetic air was fed at a rate
of 150 ml min− 1 to the feed side; He or CO2 (29.0 ml min− 1) and Ne
(1.0 ml min− 1) gases were fed to the sweep side. The temperature was
1023 K when changing the sweep gas from He to CO2 prior to the oxygen permeation measurements. The effluents were analyzed by gas chromatography on an Agilent 6890 instrument equipped with a Carbon
1000 column. The gas concentrations in the effluent stream were calculated by a prerecorded calibration curve. The absolute flux rate of the
effluents was determined by using neon as an internal standard. The relative leakage of O2 was evaluated by measuring the amount of N2 in the
effluent stream and subtracted from the measured data.

2. Experimental section

2.1. Preparation of LCCF powder and membrane

Perovskite-type La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3, 0.5, 0.7, 1) powders were synthesized by a reverse co-precipitation method.
La(NO3 )3 ·6H2 O (Alfa Aesar, 99.9%), Ca(NO3 )2 ·4H2 O (SIGMA-ALDRICH,
>99%),
Co(NO3 )2 ·6H2 O
(SIGMA-ALDRICH,
>98%),
and
Fe(NO3 )3 ·9H2 O (SIGMA-ALDRICH, >98%) were used as sources of La,
Ca, Co, and Fe, respectively. A mixed solution of weighed quanti

2.4. First-principle calculations
The effect of Fe substitution on the formation energy of oxygen
vacancies in the La0 .6Ca0 .4Co1 –xFex O3 −δ (LCCF) membranes was also
evaluated by first principles calculations. Our calculations are based
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The nudged elastic band method (NEB) [68,69] was used to find
potential diffusion pathways and energy barriers of the oxygen transport. Assuming that the local motion of an oxygen ion is not perturbing the shape and volume of the structure, the lattice parameters and
shape were set to those of the geometry relaxation used for calculating the oxygen vacancy formation energies. The LCCF crystals were optimized by fully relaxing the atomic positions until the residual Hellmann-Feynman forces acting on each atom were lower than 0.01 eV/Å.
The NEB calculations were performed for 2 × 2 × 2 supercells containing 39 atoms and a single oxygen vacancy. In this way, interactions between the images due to periodic boundary conditions were avoided.
At a first approximation, we have only considered ion jumps to nearest (N) neighbor sites. Accordingly, five images were interpolated between pair positions through the NEB method and all atoms were relaxed (ΔF < 0.01 eV/Å). The NEB calculations confirmed the existence
of only saddle points along each migration path leading to the potential
hopping pathways related to the minimum energy. The barrier energy
of oxygen ions jumping to next neighbor sites is defined as the energy
difference between transition states (TS) and initial states.
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on the density functional theory (DFT) as implemented in VASP (The Vienna Ab initio Simulation Package) [64], which employs a plane-wave
basis set and the projector augmented-wave method [65]. For the description of the exchange-correlation we have used the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE-GGA) [66] and
the norm-conserving Troullier-Martins pseudopotentials [67]. The
cut-off energy of the plane-wave set was set at 520 eV and a 2 × 2 × 2
supercell was adopted to minimize the energy corresponding to the
atomic positions. The tolerance for the self-consistent cycle was set at
1 × 10− 5 eV per atom for the total energy. A simplified model and the
following valence electronic configurations were chosen for the ground
state electronic structure calculations: La 5s2 5p6 5d1 6s2 , Fe 3d6 4s2 , O
2s2 2p4 , Ca 4s2 , Co 3d7 4s2 . The structure model is based on an ordered
distribution of Ca and La as well as Co and Fe in contrast to the experimentally determined random distribution. In this study, we have chosen
a 2 × 2 × 2 supercell with a size of approximately 15 Å × 15 Å × 15 Å,
which is reasonable and commonly used. Based on a linear relationship of the lattice parameters in the same space group, we have adopted
a La/Ca ratio of 6/2 for single oxygen vacancy generation in order to
compensate for the charge in our simulation setup. This La/Ca ratio
was taken as basis for all calculations of the oxygen vacancy formation
energy and the energy barrier of the oxygen migration. Regarding the
Co/Fe ratio, our measurements reveal a better membrane performance
with a lower Co/Fe ratio (0.3/0.7). The experiments show that higher
Co contents lead to a phase transition from orthorhombic to tetragonal.
In order to avoid the phase transition and maintain the orthorhombic
symmetry, we investigated Co/Fe ratios up to 0.5/0.5. The presence of
one oxygen vacancy per 2 × 2 × 2 supercell was approximated, leading to a composition of La6 Ca2 Co4 –xFe4 +xO2 3□1 (x = 0, 1, 2, 3, 4) to
model a variation in the Co/Fe ratio. The cobalt-free composition with
x = 4, was selected as parent structure. Spin-polarized simulations were
performed for all structures. The Brillouin zone was determined using
a 2 × 2 × 2 k-point grid for geometry optimization, while a 5 × 5 × 5
k-point grid was adopted for calculating the formation energy of the
oxygen vacancies.
To simulate the structures, we started from the parent atomic
arrangement mentioned above. At step 1, cobalt atoms were gradually
added to change the Co/Fe ratio. At step 2, the oxygen vacancy site was
varied and an additional relaxation was carried out. Geometry optimization and calculation of the lattice parameters were performed by fitting
the energy-volume curves for the respective perovskite structures. Based
on the obtained lattice parameters, an oxygen vacancy was formed at
different sites in the crystal structure and the formation energy was calculated. For these calculations, the volume of the unit cell was kept constant, while the atoms were allowed to relax. Since the formation energy represents the ease of oxygen vacancy formation, it is expected to
give an insight into the pathways of oxygen permeation and further into
the ion conductivity. The formation energy
of an oxygen vacancy
was calculated with the following equation:

3. Results and discussion
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3.1. Phase structure and morphology

Fig. 1 presents the XRD pattern of La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3,
0.5, 0.7, 1) powders prepared by the reverse co-precipitation method.
The XRD reflections revealing a full crystallization were indexed using a perovskite-type structure model. They indicate that changing the
Co/Fe ratio does not induce major changes in the crystal structure.
The indexing was based on a pseudo-cubic perovskite-type cell. The
broadening and shape of the 211 reflection points to a lower symmetry, most likely an orthorhombic unit cell. With increasing Fe content, the position of the 111 reflection is shifted to a lower angle.
This trend is observed because iron (r(Fe3 +) = 0.645 Å) [60] has a
larger ionic radius than cobalt (r(Co3 +) = 0.61 Å) [60] at the same oxidation state and coordination number, causing an expansion of the
unit cell. The synthesis of La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ powder was successfully up-scaled to 50 g per batch. According to the XRD pattern, a single-phase perovskite-type structure was obtained (Fig. S1). Fig. 2 presents SEM micrographs of the freshly prepared La0 .6Ca0 .4Co1 –xFex O3 –δ
(x = 0.3, 0.5, 0.7) membranes. The surfaces of the investigated membranes
with
a
relative
density
of
around
90%

(1)

where
is the total energy derived from a supercell calculation
containing the defect oxygen vacancy, Etot[bulk] is the total energy of
the ideal bulk crystal without a vacancy, ni is a negative number denoting the removed O atoms, and μi corresponds to a chemical potential representing the energy of a reservoir of O atoms, which are being exchanged. Two types of geometry relaxations were performed: (a)
the symmetry of the lattice was allowed to vary at step 1 and was then
maintained during the second relaxation step. (b) The symmetry of the
lattice was fixed at both steps. The formation energies are denoted
and

, respectively.

Fig. 1. XRD patterns of La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3, 0.5, 0.7, 1) powders (a) x = 0;
(b) x = 0.3; (c) x = 0.5; (d) x = 0.7; (e) x = 1.

3

Journal of Membrane Science xxx (xxxx) xxx-xxx

UN
CO
RR
EC
TE
D

PR
OO
F

G. Chen et al.

Fig. 2. SEM micrographs of fresh LCCF membranes (a) La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ, (b) La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ and (c) La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ.

are compact without any cracks. The substitution of Fe for Co results in
a slight increase of the average grain size. EDXS analysis reveals that the
elements including La, Ca, Co, Fe, O are distributed uniformly on the
membrane surface (Fig. S2).
3.2. Oxygen permeation behavior of membranes swept by He or CO2

The oxygen permeation flux through the membranes was measured
in 50 K steps in the temperature range of 1023 K and 1223 K in Air/He
and Air/CO2 gradients, respectively, as shown in Fig. 3. As expected,
the oxygen permeation fluxes of all membranes increased with increasing temperature, since higher temperatures facilitate both surface
exchanges and oxygen bulk diffusion. The oxygen permeation fluxes
increased
in
the
following
order:
La0 .6Ca0 .4Co0 .3Fe0 .7O3 –δ > La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ > La0 .6Ca0 .4FeO3 –δ > La0 .6Ca0 .4Co0 .7Fe0 .3O3 –δ > La0 .6Ca0 .4CoO3 –δ.
This is also in good agreement with the trend of the activation energies
of oxygen ion migration presented in Fig. S4. The highest oxygen
Fig. 3. Oxygen permeation fluxes of La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3, 0.5, 0.7, 1) in
permeation flux of 0.8 ml min− 1 cm− 2 was obtained at 1223 K for the
Air/He and Air/CO2 . Conditions: sweeping gas flow rate He or CO2 = 29 ml min− 1,
La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ membrane in Air/He. Changing the sweep gas
Ne = 1 ml min− 1; feeding gas flow rate synthetic air = 150 ml min− 1 (80 vol.% N2 , 20 vol.%
from He to CO2 , the oxygen permeation fluxes of all membranes deO2 ); membrane thickness: 1 mm; (1) 1023 K; (2) 1073 K; (3) 1123 K; (4) 1173 K; (5) 1223 K;
creased but to a different extend. For example, the oxygen permeation
(a) x = 0; (b) x = 0.3; (c) x = 0.5; (d) x = 0.7; (e) x = 1.
−

1
−

2
flux of La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ decreased from 0.76 ml min cm to
0.5 ml min− 1 cm− 2 at 1173 K. These declines can be attributed to chem6 h in pure CO2 atmosphere, indicating a weaker CO2 poisoning effect
ically adsorbed CO2 at the oxygen vacancy sites of the membrane
for this composition.
suppressing the surface-exchange reaction. It is striking that the deDFT was used to understand the impact of Fe substitution on the
crease of oxygen permeation flux of La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ is much
LCCF transport properties. In order to avoid phase transitions and keep
smaller than that of other membranes. The oxygen flux was constant
the same orthorhombic symmetry in our simulations we have used
within
the
error
margin
for
more
than
lower Co/Fe ratios than in the experiments. The calculated lattice parameters and the closely related experimental values derived
4
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conductivity is often less than 1 S cm− 1 [40]. It reasonably assumes that
the electronic conductivity had a negligible effect on the oxygen permeability of the different investigated samples since the electronic conductivity still overwhelmed the oxygen ionic conductivity in this study,
which agrees well with others' work [40]. La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ possesses a higher oxygen permeation than La0 .6Ca0 .4CoO3 −δ probably due
to its higher oxygen ionic conductivity, although the total conductivity
of La0 .6Ca0 .4CoO3 −δ is much larger than that of La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ.
Overall, the transport of oxygen ions through membranes with low or
negligible ionic conductivity can be significantly hindered. A balance
between ionic and electronic conductivities is important for high oxygen permeation.

3.3. Conductivity of La0 .6Ca0 .4Co1 –xFex O3 –δ membranes

3.4. Formation energy of oxygen vacancies

The
temperature
dependent
total
conductivity
of
La0 .6Ca0 .4Co1 –xFex O3 –δ (x = 0, 0.3, 0.5, 0.7, 1) in He is shown in Fig.
4. In general, the electronic component of the total conductivity is
100–1000 times higher than the ionic conductivity of mixed oxygen-ion
and electronic ceramic materials [40]. Thus, the measured total electrical conductivity approximately equates to the electronic conductivity. As shown in Fig. 4, the conductivity increases with increasing temperature for all samples. Fig. S3 shows the temperature dependence of
the Seebeck coefficient of La0 .6Ca0 .4Co1 –xFex O3 −δ. Over the entire investigated temperature range, the Seebeck coefficient is positive, indicating that the major mobile charge carriers are holes. La0 .6Ca0 .4CoO3 −δ oxides demonstrate a high conductivity of 650 S cm− 1 similar to metals.
With increasing Fe concentration the electronic conductivity decreases.
This can be linked to the increased hopping distance between neighboring octahedral sites with increasing Fe content. The oxygen ionic

In order to further understand the oxygen ion migration in the LCCF
La6 Ca2 Co4 –xFe4 +xO2 3□1 system, which is mainly promoted through oxygen vacancies, the oxygen vacancy formation energies were calculated
by DFT. The results are based on the simplistic structure model
La6 Ca2 Co4 –xFe4 +xO2 3□1 and the definition given in Eq. (1). The obtained values for both relaxation types (a) and (b) mentioned in the experimental section are summarized in Table 2. For the calculation of the
formation energies of oxygen vacancies, different oxygen vacancy sites
were investigated as depicted in Fig. 5. Accordingly, each vacancy is
placed in a different atomic environment. Table 2 reveals that the two
types of relaxations eventually lead to similar trends. As shown in Table
2, the oxygen vacancy formation energies of La6 Ca2 Co4 –xFe4 +xO2 3□1
(x = 0, 1, 2, 3, 4) are calculated with values of 2.55–3.05 eV. Such
values are similar with other reported La1 –xSrx Co0 .8Fe0 .2O3 –δ based materials [70,71], which demonstrates that our simulation results based
on a simplistic La6 Ca2 Co4 –xFe4 +xO2 3□1 model are reliable. It is important to mention that the simplified models in this study are only expected to supply trends about the influence of the B-site cation on the
oxygen vacancy formation energy. Increasing the Fe content leads to
a larger formation energy, implying that the formation of an oxygen
vacancy becomes more favorable with increasing Co/Fe ratio. Comparing the various vacancy sites, the lowest formation energies are
found on Fe–O–Co sites. Accordingly, the formation of an oxygen vacancy in La6 Ca2 Co4 Fe4 O2 3□1 is energetically more favorable on these
sites. The highest formation energies, denoting less favorable vacancy
sites, are found on Fe–O–Fe sites and for the lowest Co/Fe ratio. Regarding the most favorable vacancy site for a given Co content, no
clear trend could be found. For a Co/Fe ratio up to 0.750 : 0.250,
the formation energy decreases from a Fe–O–Fe to a Fe–O–Co to a
Co–O–Co
site,
but
this
trend
is
reversed
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from the XRD patterns (cf. Fig. 1) are in very good agreement (deviation ≤ 2.1%) and summarized in Table 1. This agreement allows us
to further elucidate the trend of the oxygen vacancy formation energies. However, the fact that simulations and experiments were performed at different temperatures will result in deviations. Both methods reveal a slight overall increase of the lattice parameters when substituting Co with Fe (c.f. Table 1). The results suggest that Fe substitution may reduce the electrical conductivity due to a reduced orbital
overlap, which is supported by the experimental findings displayed in
Fig. 4. Accordingly, even our simulation results based on a simplistic
La6 Ca2 Co4 –xFe4 +xO2 3□1 model are useable for further investigations of
the LCCF systems.

Table 1
Calculated and experimental lattice parameters of the LCCF perovskites.
Co/Fe ratio

Simulations
0.500 : 0.500
0.375 : 0.625
0.250 : 0.750
0.125 : 0.875
0.000 : 1.000
Experiments
0.700 : 0.300
0.500 : 0.500
0.300 : 0.700
0.000 : 1.000

Formula

a(Å)

b(Å)

c(Å)

La6 Ca2 Co4 Fe4 O2 3
La6 Ca2 Co3 Fe5 O2 3
La6 Ca2 Co2 Fe6 O2 3
La6 Ca2 Co1 Fe7 O2 3
La6 Ca2 Fe8 O2 3

3.842
3.852
3.864
3.865
3.874

3.733
3.863
3.864
3.865
3.874

3.805
3.822
3.817
3.823
3.820

La0 .6Ca0 .4Co0 .7Fe0 .3O3 –δ
La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ
La0 .6Ca0 .4Co0 .3Fe0 .7O3 –δ
La0 .6Ca0 .4FeO3 –δ

3.827
3.831
3.844
3.897

3.827
3.831
3.863
3.901

3.827
3.789
3.799
3.900

Fig. 4. Temperature dependence of the total conductivity of La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0, 0.3, 0.5, 0.7, 1) membranes. (a) x = 0; (b) x = 0.3; (c) x = 0.5; (d) x = 0.7; (e) x = 1.
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when further increasing the cobalt content. It seems that a balance between structural disorder (Co vs. Fe) and the redoxactivity of the B-site
cations is required to minimize the oxygen vacancy formation energy.
In general, a lower oxygen vacancy formation energy next to Co would
be expected, since Co favors a lower oxidation state in comparison to Fe
(Co2 + vs. Fe3 +).
Besides the formation of oxygen vacancies, the analysis of the mobility of oxygen vacancies via different pathways is crucial to advance
the understanding of the oxygen permeability of LCCF depending on the
Co/Fe ratio. Five different possible migration pathways were modelled
and analyzed in the La6 Ca2 Fe8 O2 3□1 and La6 Ca2 Co2 Fe6 O2 3□1 simplified
systems. The different locations accessible to the oxygen vacancy can
be seen in Fig. S5. The resulting specific energy barriers are summarized in Table 3. These are energetic differences between two states, the
initial and the transition states (TS). The energy barrier for the jump
of the oxygen ions in the La6 Ca2 Co2 Fe6 O2 3□1 system is higher than
that in La6 Ca2 Fe8 O2 3□1 , indicating that Co-substitution makes the oxygen ion migration difficult. Together with the oxygen formation energies as shown in Table 2, these calculations show that partial Co substitution can promote the formation of oxygen vacancies while at the
same time limiting the migration ability of the oxygen anions. Therefore, a suitable Co/Fe ratio can balance the formation of oxygen vacancies and migration ability of the oxygen ions. From a geometry
point of view, there are five possible unique oxygen migration paths between the different oxygen vacancy sites and neighboring oxygen atoms,
as shown in Fig. 6. Since an influence of the Co/Fe ratio on the oxide ion migration was expected, the geometry of the BO6 octahedra
in La6 Ca2 Co4 –xFe4 +xO2 3□1 was also studied. The results are given in
Table S1 and Fig. S6. Increasing the Co content leads to the decrease of
La–O and Ca–O bond lengths. These results indicate a higher stability
of the LaO1 2 and CaO1 2 polyhedra at higher Co contents. Accordingly,
the oxygen ion cannot easily leave the Ca–O or La–O bond. A higher
Co content decreases the oxygen vacancy formation energy, while it simultaneously hinders the migration ability of the oxygen anions. This

Table 2
Calculated formation energies for both relaxation types (a) and (b) (see Experimental Section) of one oxygen vacancy in the La6 Ca2 Co4 –xFe4 +xO2 3□1 system. The vacancy sites are
sketched in Fig. 5.
Formation energy

Systems

Oxygen
vacancy site

0.500 :
0.500

La6 Ca2 Co4 Fe4 O2 3□1

Fe–O–Fe

2.78 (2.89)

0.375 :
0.625

La6 Ca2 Co3 Fe5 O2 3□1

Fe–O–Fe
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Co–O–Co
Co–O–Co
Fe–O–Fe

2.80 (2.88)
2.89 (2.85)
2.55 (2.63)
2.71 (2.83)
2.55 (2.65)
2.65 (2.83)
2.81(2.68)
2.82 (2.87)
2.80 (2.72)
2.83 (2.92)
2.74 (2.68)
2.84 (2.82)

La6 Ca2 Co2 Fe6 O2 3□1

Fe–O–Fe
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Fe–O–Co
Co–O–Co
Fe–O–Fe

2.89 (2.90)
2.92 (2.94)
2.77 (2.78)
2.67 (2.76)
2.59 (2.73)
2.65 (2.79)
2.89 (2.87)
2.94 (2.98)
2.96 (2.98)
2.99 (2.95)

La6 Ca2 Co1 Fe7 O2 3□1

Fe–O–Co
Fe–O–Fe

2.90 (2.80)
2.98 (2.95)

La6 Ca2 Fe8 O2 3□1

Fe–O–Co
Fe–O–Fe

2.94 (2.95)
3.01 (3.05)

0.250 :
0.750
0.125 :
0.825
0.000 :
1.000

PR
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F

(eV)
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Co/Fe
ratio

Fig. 5. Simplified lattice models for the La6 Ca2 Fe8 O2 3□1 and La6 Ca2 Co4 –xFe4 +xO2 3□1 (x = 0, 1, 2) systems with the oxygen vacancy formed in the Fe–O–Fe, Fe–O–Co and Co–O–Co
bonds. The possible oxygen vacancy sites with different chemical environment are colored in yellow. The different panels correspond to (a) La6 Ca2 Fe8 O2 3□1 , (b) La6 Ca2 Co1 Fe7 O2 3□1 , (c)
La6 Ca2 Co2 Fe6 O2 3□1 , (d) La6 Ca2 Co3 Fe5 O2 3□1 , and (e) La6 Ca2 Co4 Fe4 O2 3□1 . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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ovskite-type membranes such as (Ba,Sr)(Co,Fe)O3 −δ and Sr(Co,Fe)O3 −δ
[12–14]. The surfaces of the LCCF membranes were investigated to
study the reason for the reduction of the oxygen permeation flux of
La0 .6Ca0 .4Co1 –xFex O3 −δ (x = 0.3, 0.5, 0.7). Fig. 7 shows the XRD patterns
of the air feed side and the CO2 sweep side of the three membranes after
about 11 h operation. It was found that most of the membranes retained
their perovskite-type structure. No formation of carbonates on any of
the membranes was observed by XRD. These results are in a good agreement with other studies on (La,Ca)(Co,Fe)O3 −δ and (La,Sr)(Co,Fe)O3 −δ
membranes [37,41,51]. The stability of metal oxides in a CO2 -containing atmosphere was estimated using Ellingham diagrams [51]. These diagrams demonstrate that lanthanum, cobalt, calcium, and iron carbonate formation is not preferred. On the other hand, barium and strontium carbonate may easily form above 1073 K dependent on temperature, CO2 partial pressure, and chemical potential. Accordingly, the absence of barium and strontium in the LCCF membranes may account for
the good CO2 resistance. However, a few weak Co2 O3 and La2 O3 reflections can be observed on both the air feed side and the CO2 sweep side
of the tested La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ membrane. This can be attributed
to the fact that a perovskite-type MIEC material with a higher Co content usually shows only poor structural stability owing to the easy (partial) reduction of the Co cations [10,11].
Surface morphologies and elemental distributions of the feed side
(air) and the sweep side (CO2 ) of the tested La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ
membrane are presented in Fig. 8. No carbonate particles were found,
which is well in agreement with the XRD results. EDXS analysis reveals
that the elements La, Ca, Co, Fe, and O are distributed uniformly on
both sides of membrane surface after 11 h oxygen permeation experiment. The microstructure and uniform elemental distribution were also
observed for La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ and La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ membranes as shown in Figs. S7 and S8.
The oxygen vacancies on the membrane surface play a crucial role
for the oxygen capture [73,74]. The concentration of oxygen vacancies depends largely on the temperature and oxygen partial pressure
p(O2 ) of the surrounding atmosphere. The higher the temperature and
the lower p(O2 ), the more oxygen vacancies are formed. Theoretical
and experimental studies consistently show that the CO2 adsorption,
activation, and dissociation processes were significantly enhanced by
the
presence
of
oxygen
vacancies
[75–78].
Therefore,

System

Transport route

Energy barrier (eV)

La6 Ca2 Fe8 O2 3□1

Vo 1 →Vo 5
Vo 1 →Vo 3
Vo 1 →Vo 4
Vo 1 →Vo 5
Vo 1 →Vo 2
Vo 1 →Vo 3
Vo 2→Vo 3

0.76
0.52
0.81
0.77
0.61
0.62
0.80

La6 Ca2 Co2 Fe6 O2 3□1

PR
OO
F

Table 3
Energy barriers for the possible oxygen ion migration pathways.

UN
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RR
EC
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D

leads to an increased energy barrier of the oxygen ion in the lattice with
Co-substitution as shown in Table 3. These findings are in good agreement with previous experimental and theoretical studies [21] and support the above stated experimental data (Fig. 3) of the oxygen permeability. Further ongoing theoretical studies are expected to lead to a better understanding of the oxygen transport process in (La,Ca)(Co,Fe)O3 −δ
systems. In addition, since Fe and Co can exist in different valence states
(+4, +3, or +2), charge compensation can occur by oxygen vacancy
formation in the (La,Ca)(Co,Fe)O3 −δ perovskite-type structure. This is
expected to be beneficial to the oxygen permeation process. This behavior, expressed by Eqs. (2) and (3) for (La,Sr)(Co,Fe)O3 −δ perovskites, was
already shown by Oishi et al. [72].
(2)
(3)

where
refers to Fe3 +on Fe3 + sites,
refers to Fe4 +on Fe3 + sites,
2

+
3

+
refers to Fe on Fe sites,
refers to an oxygen ion on oxygen vacancy sites, and refers to an oxygen vacancy with two positive
charges.
3.5. Characterizations and analysis

The formation of carbonates has been considered to be responsible for the inactivation of barium- or strontium-containing per

Fig. 6. Potential energy diagram for the oxygen ion migration via different paths in the La6 Ca2 Co2 Fe6 O2 3□1 system. TS: Transition state.
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pressed due to the occupation of the oxygen vacancy site by CO2 [37].
Thus, the CO2 affinity of the membrane is an important factor influencing oxygen permeation.
TGA in flowing Ar and CO2 was carried out to investigate oxygen
vacancy formation, potential carbonate formation as well as adsorption
of CO2 to LCCF powders. The results are shown in Fig. 9. In Ar, the
weight loss of the samples gradually set in above 651 K. This weight
loss was attributed to the beginning formation of additional oxygen vacancies by thermal reduction. Above 873 K, the reduction process accelerated noticeably. As expected from the Co/Fe ratio and the accompanying oxidation state of the B-site cations, La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ and
La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ showed the smallest and the largest weight loss
at high temperatures, respectively. The values of La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ
lay in-between (Fig. 9(a)). In CO2 (Fig. 9(b)), no sharp and significant
mass gain was observed in the entire investigated temperature range
(up to 1473 K), corroborating the results from the Ellingham diagrams
[51] and the XRD measurements. This manifests the superior CO2 -tolerance of the LCCF membranes with respect to the typically observed
damage by alkaline earth metal carbonate (e.g. CaCO3 ) formation. A
mass loss due to a release of surface adsorbed species such as H2 O was
observed up to about 673 K for all investigated powder samples. This
mass loss was more pronounced in the case of La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ

Fig. 7. XRD patterns of the feed side (air) and the sweep side (pure CO2 ) of the membranes after O2
permeation measurements: (a) La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ; (b)
La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ; (c) La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ.
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CO2 can be chemically bond to an oxygen vacancy site of the membrane surface when used as a sweep gas. As a result, the surface-exchange reaction on interface between
and lattice oxygen is sup

Fig. 8. SEM images and EDXS elemental distribution of the La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ membrane after 11 h operation. The panels depict (a) the feed side (air) and (b) the sweep side (CO2 ).

Fig. 9. TG-curves of LCCF fresh powders at 10 K min− 1 under flowing Ar (a) and CO2 (b) atmospheres. CO2 flow rate is 50 ml min− 1. Light cyan area: investigated temperature range for
oxygen permeation.
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in agreement with the only slight decrease of the oxygen permeation
flux when switching the sweep gas from He to CO2 . In contrast,
La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ and La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ showed a much
stronger decline of the oxygen permeation flux of almost 40% (c.f. Fig.
3) suggesting a stronger blocking of oxygen vacancy sites by CO2 [37].
Indeed, both samples showed a significantly higher mass gain during the
thermal treatment in CO2 pointing to a stronger chemisorption of CO2 to
these materials. Another indicator for a stronger chemisorption was the
higher temperatures needed to reach the same weight as before the CO2
chemisorption. For both samples, La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ (T = 1223 K)
and La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ (T = 1173 K), these temperatures were in
the range used for oxygen permeation measurements. Therefore, referring the performance loss of these membrane materials to CO2 -blocked
oxygen vacancies seems plausible.

PR
OO
F

(Δm = −1.0%) and La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ (Δm = −1.5%) than for
La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ (Δm = −0.2%). Above 723 K a more or less significant mass gain was obtained for all samples. This can be mainly
attributed to chemisorption of CO2 on the LCCF surface as previously
reported [54]. The observed mass gain increased in the following order: La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ (Δm = 0.13%), La0 .6Ca0 .4Co0 .7Fe0 .3O3 −δ
(Δm = 0.3%),
and
La0 .6Ca0 .4Co0 .3Fe0 .7O3 −δ
(Δm = 0.9%).
La0 .6Ca0 .4Co0 .5Fe0 .5O3 −δ showed the smallest mass gain of all three samples. This indicates a very weak chemisorption of CO2 also reflected
by the fact that at 873 K the weight has reverted to the level before chemisorption, i.e. nearly all CO2 has been released from the material. However, a contribution of oxygen vacancy formation to the
weight change cannot be completely excluded, although in stronger
reductive Ar atmosphere significant thermal reduction was only observed above 873 K. At higher temperatures, the weight loss can be
attributed mainly to thermal reduction. These observations are

3.6. Long-term CO2 resistance and comparison

UN
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Fig. 10 shows the XRD patterns of La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ powder (a)
before and (b) after exposure to pure CO2 for 260 h at 1173 K. The results show that the perovskite structure remains intact. After the CO2
treatment, all reflection intensities were substantially reduced. This was
also observed with other ceramic membranes exposed to a reducing atmosphere [37,54], which implies that the initial coherence of the crystallites was deteriorated by the test. No carbonate formation was observed by the XRD measurements. Therefore, the La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ
membrane appears to be a promising candidate for oxygen separation
applications owing to its high CO2 resistance and structural stability together with a relatively high oxygen permeation flux.
Table 4 compares the oxygen permeation flux values of this work
to literature data of several types of membranes. It is well known that
oxygen permeation is significantly influenced by the membrane thickness. Several microscopic measures can be adopted to improve the
oxygen permeation flux such as constructing hollow fibers and coating of porous supports. Thus, the permeability is considered as a differentiating parameter for a reasonable comparison. At 1173 K, the

Fig. 10. XRD patterns of La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ powder (from 50 g batch) (a) before and
(b) after exposure to pure CO2 for 260 h at 1173 K. The CO2 flow rate was 30 ml min− 1.

Table 4
Summary of oxygen permeation parameters of various membranes swept by pure CO2 at 1173 K.
Sample
LCCF
LSCFN
SDC-LSF
PSCF
CGCLCF
LCCF
SFT
SFT
LCF
LSCG
LSCF

Feed side (Air) (ml
min− 1 cm− 2)

Sweep side (CO2 ) (ml
min− 1 cm− 2)

J(o2 ) (ml
min− 1 cm− 2)

d
(mm)

Permeability
(ml min− 1 cm− 2 mm)

Method

Configurations

Ref

150
unknown
unknown
150
100

29
100
40
50
30

0.155
0.14
0.14
0.65
0.44

1
0.9
1.1
0.6
0.5

0.16
0.13
0.15
0.39
0.22

sol-gel
sol-gel
sol-gel
sol-gel
sol-gel

Dense disk
Dense disk
Dense disk
Dense disk
Dense disk

51
42
33
45
27

150
120
120
100
100
200

29
60
60
100
100
150

0.5
1.15
0.85
0.23
2.22
0.26

1
∼0.25
∼0.21
0.25
∼0.15
0.32

0.5
0.29
0.18
0.06
0.33
0.08

CP
SSR
SSR
sol-gel
sol-gel
sol-gel

Dense disk
MHF
MHF
Hollow fiber
Hollow fiber
Hollow fiber

**
48
48
41
44
37

LCCF: La0 .6Ca0 .4Co0 .8Fe0 .2O3 –δ
LSCFN: La0 .6 Sr0 .4Co0 .2 Fe0 .6 Nb0 .2O3 –δ
SDC-LSF: Ce0 .8Sm0 .2O2 −δ - La0 .9Sr0 .1O3 –δ
PSCF: Pr0 .6Sr0 .4Co0 .2Fe0 .8O3 −δ.
CGC-LCF: Ce0 .85Gd0 .1Cu0 .05O2 −δ - La0 .6Ca0 .4FeO3 –δ
LCCF: La0 .6Ca0 .4Co0 .5Fe0 .5O3 –δ
SFT: SrFe0 .9 Ta0 .1O3 –δ
LCF: (La0 .8 Ca0 .2)1 .01FeO3 –δ
SFT: SrFe0 .9 Ta0 .1O3 –δ
LSCG: La0 .6Sr0 .4Co0 .8Ga0 .2O3 –δ
LSCF: La0 .6Sr0 .4Co0 .8Fe0 .2O3 –δ
d: Thickness; CP: Co-precipitation; SSR: Solid-state reaction; MHF: Multichannel Hollow fiber; **: This work.
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