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The increase in carbon dioxide emissions is considered to be
the main contribution to global warming. Therefore, there is
an urgent need to reduce the emissions of CO2 into the
atmosphere. Recently, CO2 capture and storage technologies
to reduce the CO2 emissions from coal-fired power plants
have gained the attention of decision makers in governments,
industry, and academia. There are three major concepts for
CO2 sequestration: post-combustion capture, pre-combustion
separation, and oxyfuel techniques.[1] MIECMs, which are
ceramic membranes with mixed oxygen ionic and electronic
oxygen conductivity, have gained increasing attention owing
to their potential applications in oxygen supply[2] to power
stations for CO2 capture according to the oxyfuel concept.[3]

This concept involves burning natural gas with nitrogen-free
oxygen, thus allowing CO2 to be sequestered after steam
condensation. Dense MIECMs are promising candidates for
this oxygen separation from air. However, when MIECMs are
used for this purpose, some of the CO2 is recycled and used as
the sweep gas for the oxygen separation, simultaneously
lowering the temperature in the burner. Furthermore, CO2-
stable MIECMs could be promising for dry reforming and the
thermal decomposition of carbon dioxide in combination with
the partial oxidation of methane to syngas.[4]

Many complex oxides have been investigated as mem-
branes for oxygen separation and in membrane reactors.
However, there are two main problems for the proper
application of this kind of membrane. First, perovskite
membranes with cobalt doping usually show high permeabil-
ity but poor stability under harsh working conditions;[5] by
avoiding cobalt, the stability of MIEC membrane materials

can be enhanced.[6] Second, for numerous applications such as
the oxyfuel process or hydrocarbon partial oxidations, where
some CO2 is formed as a byproduct of an undesired deeper
oxidation, the oxygen transporting membranes must sustain
their phase stability and oxygen transport properties. Usually,
the perovskite-type membranes contain alkaline earth metal
ions on the A site, such as barium and strontium, which tend
to react with CO2 and form carbonates.[7] However, when
using perovskites as oxidation catalysts, the negative effect of
CO2 as product molecule can be reduced if the reaction is
carried out in a microwave field.[8, 9] Also in the case of CO2

decomposition with a hydrocarbon as oxidant on the other
side of the MIECM, the negative influence of CO2 can be
reduced. The aforementioned problems can be overcome by
using a cobalt-free and alkaline-earth-metal-free dual-phase
membrane, which is composed of two interpenetrating
percolated networks of an oxygen conductor (solid oxide
electrolyte) and an electron conductor (internally short-
circuiting electrode). In an extension of this concept, the dual
phases might also consist of MIECMs with deviating transfer
rates for oxygen and electrons.[10]

The first dual-phase membranes were made of oxygen
conductors and noble metals: (Bi2O3)0.74SrO0.26-Ag,[11]

Bi1.5Y0.3Sm0.2O3-Ag,[12] Bi1.5Er0.5O3-Ag,[13] Bi1.6Y0.4O3-Ag,[14]

and YSZ-Pd.[15] However, the application of these materials
is limited owing to high materials costs, a mismatch of the
coefficient of thermal expansion (CTE) between the ceramic
and metallic phases, and poor oxygen permeabilities. In
another concept, perovskite- or fluorite-type oxides are used
instead of noble metals as electron conductors.[16–18] However,
these dual-phase membranes have a perovskite phase as
electron conductor in which the A site is often occupied by
alkaline earth metals, which can be easily eroded by forming
carbonates if CO2 is present. Improved stability against
carbonate formation can be expected if both phases are made
from oxides, which contain only transition metals and/or
lanthanides. Both groups of elements are very tolerant against
carbonate formation as shown by thermodynamics as well as
by gravimetric considerations.[19, 20]

Herein, we have prepared a novel alkaline-earth-free
CO2-stable and cobalt-free composite dual-phase membrane
containing 40 wt % NiFe2O4 with a spinel structure and
60 wt % Ce0.9Gd0.1O2�d with a fluorite structure (abbreviated
as 40NFO–60CGO). In the mixture of the two phases, NFO is
the electron conductor and CGO is the oxygen-ion conductor.
Phase structure and stability and also oxygen permeability
were investigated under different atmospheres at high
temperatures. Special attention is paid to the CO2 stability.

The dual phase membrane was synthesized using powder
mixing and the one-pot method. X-ray diffraction (Figure 1)
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clearly confirmed that both 40NFO–60CGO membranes
consist of only the two phases NFO and CGO. The unit-cell
parameter of the pure phases NFO (0.83455 nm) and CGO
(0.54209 nm) are almost the same as in the 40NFO–60CGO
dual-phase material (NFO: 0.83350 nm, CGO: 0.54186 nm).
The phase composition was stable with time. As an example,
Figure 1c shows the XRD of the spent 40NFO–60CGO
membrane after the long-term oxygen separation with CO2 as
sweep gas (Figure 6).

Figure 2 shows the results of scanning electron microscopy
(SEM), back-scattered SEM (BSEM), and energy-dispersive
X-ray spectroscopy (EDXS) of both membranes. For the
membrane prepared by powder mixing (Figure 2a,c,e), the
grain size of CGO in these composite membranes is smaller
(2–4 mm) than that of NFO (3–7 mm). BSEM in particular
(Figure 2c) shows that there is clustering of grains of one and
the same type; that is, NFO-NFO and CGO-CGO aggrega-
tion. In comparison to powder mixing, the membrane
prepared by the direct one-pot method shows much smaller
grains and a higher homogenization of the NFO and CGO
phases (Figure 2b,d,f). The NFO and CGO grains could be
distinguished by BSEM and EDXS. The dark grains in BSEM
are NFO and the light grains are CGO, as the contribution of
the back-scattered electrons to the SEM signal intensity is
proportional to the atomic number. The same information is
provided by EDXS. The green color (dark in the black-and-
white version) is an overlap of the Fe and Ni signals, whereas
the yellow color (light) stems from an average of the Ce and
Gd signals.

In situ XRD provides an effective and direct way to
characterize the high-temperature structure changes while
increasing and decreasing temperatures under certain gas
atmospheres. The in situ XRD patterns of the one-pot
40NFO–60CGO in air upon increasing and decreasing the
temperature from 30 8C to 1000 8C and back to 30 8C
(Supporting Information, Figure S1) indicate that the CGO
and NFO phases remain unchanged in the 40NFO–60CGO
dual-phase materials. During the oxygen supply for coal-

based power stations, the membrane would be exposed to
CO2. Therefore, the high-temperature phase stability in a
CO2-containing atmosphere was studied by in situ XRD
(Supporting Information, Figure S2). The in situ XRD pat-
terns of 40NFO–60CGO dual-phase membranes between
room temperature and 1000 8C in an atmosphere of 50 vol%
CO2 and 50 vol % N2 (Supporting Information, Figure S2)
shows that the composite membrane retains its dual phases
over the entire temperature range. In an atmosphere of
50 vol % CO2 and 50 vol % N2, no carbonate formation could
be detected. These results show that the composite membrane
40NFO–60CGO is stable in a CO2 atmosphere. The time
dependence of the oxygen flux with pure CO2 as sweep gas
also confirmed that the dual-phase membrane was CO2-stable
(Figure 6).

The scanning transmission electron microscope (STEM)
high-angle annular dark-field (HAADF) micrograph in Fig-
ure 3a and also the EDXS elemental distributions in Fig-
ure 3c reveal a clear phase separation of CGO and NFO in
the membrane. The grain size can be determined from these
figures to be in the range of 500 nm to 1 mm, which is in
accordance with the SEM findings. Similar to BSEM (Fig-
ure 2c,d), in the STEM-HAADF micrograph the dark grains
are NFO and light grains are CGO (Figure 3a). The electron
energy-loss (EEL) spectra (Figure 3b) were taken from circa
150 nm circular areas in the volume of CGO (top) and NFO
grains (bottom). The fine-structure of the OK ionization edge
is characteristic to the respective oxide. No intermixing of
cations between the two phases can be observed (that is, CGO

Figure 1. XRD pattern of 40NFO–60CGO membranes prepared by
different methods and sintered at 1350 8C for 10 h in air. a) Mixing
NFO and CGO powders by hand; b) direct one-pot method; c) spent
one-pot membrane after the CO2 stability test shown in Figure 6.

Figure 2. Grain structure of the surface (top view) of the 40NFO–
60CGO composite membrane after sintering at 13508C for 10 h and
prepared by different methods. Left line: powder mixing in a mortar by
hand (a,c,e); right line: direct one-pot method (b,d,f). a,b) SEM,
c,d) BSEM, e,f) EDXS.
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contains neither Fe nor Ni, and NFO contains neither Ce nor
Gd), which shows that a dual-phase membrane with well-
separated grains was obtained by the direct one-pot method.

Figure S3a in the Supporting Information shows a CGO–
CGO interface with the grain to the left being imaged along
[111]CGO zone axis and the grain to the right exhibiting
(111)CGO planes. Figure S3b in the Supporting Information
shows an NFO–NFO interface with both grains exhibiting
(202)NFO lattice planes. In both cases of interfaces between
grains of the same kind, the grains are in intimate contact with
no interphase between them, which is obvious from the
HRTEM micrographs of Figure S3. This result was supported
by EDXS and EELS, which could not identify any Fe or Ni at
CGO–CGO interfaces and no Ce or Gd at NFO–NFO
interfaces.

Figure 4 displays a contact between grains of different
type (CGO and NFO). The grain at top is CGO imaged along
the [110]CGO zone axis, and the grain at bottom is NFO imaged
along [110]NFO zone axis (see the selected-area electron
diffraction (SAED) pattern as insets in Figure 4a). Some
Moir� fringes are noted in the right part of Figure 4a, which
appear to be due to a slight inclination of the grain boundary
with respect to the electron beam and give rise to a circa 1 nm-
thick bright contrast feature along the whole grain boundary.
Figure 4b shows a close-up of the marked area in Figure 4a
and gives no indication of any interphases. Locally varying
phase contrast in Figure 4a and b can be attributed to changes

in the thickness of the as-prepared TEM specimen after ion
sputtering. Thus, it is concluded that all interfaces in the dual-
phase membrane, which was obtained from direct one-pot
method, exhibit well-separated grains in intimate contact.

Figure 5 shows the oxygen permeation fluxes of our dual
phase composite membranes prepared by the one-pot
method, and by mixing the powders by hand in a mortar,
using He and CO2, respectively, as sweep gases. For the
membrane prepared by one-pot synthesis, oxygen permeation
fluxes of 0.31 and 0.27 mLmin�1 cm�2 are found at 1000 8C
when pure He and CO2 are used as sweep gases.

If the two powders NFO and CGO are mixed by hand in a
mortar, only 50 % of the oxygen permeances of the one-pot
membrane are obtained (Figure 5). This experimental finding
clearly indicates that a homogeneous grain size distribution
and a small grain size are a condition for high oxygen fluxes,
as mentioned before by Yang[21] who reported that the
uniformity of dual-phase membrane effects the oxygen
permeability. However, when pure CO2 was taken as the
sweep gas, the oxygen permeation flux was only slightly
decreased (Figure 5), which demonstrates the high CO2

stability of the material. On the other hand, there is a slight
but remarkable reduction of the oxygen flux when CO2

instead of He is used as sweep gas. This experimental finding
can be explained by the inhibiting effect of carbon dioxide on
the oxygen surface exchange reaction; that is, the presence of
CO2 decreases the rate of the oxygen release from the solid.
This assumption is in complete agreement with previous
findings,[22] which state that the oxygen surface-exchange
reaction is not the same under different gas atmospheres.
From an Arrhenius plot of the oxygen permeation fluxes
when He and CO2 were applied as sweep gases, the apparent

Figure 3. a) STEM-HAADF micrograph of a dual-phase membrane
obtained by the direct one-pot method, showing CGO by bright
contrast and NFO by dark contrast. Very dark contrast corresponds to
holes in the as-prepared specimen. b) EEL spectra from the grain
volume of CGO and NFO giving clear indication of phase separation.
c) EDXS elemental distributions of Ce, Gd, Ni, and Fe. Scale bars:
2 mm.

Figure 4. HRTEM of a CGO–NFO contact in a dual-phase membrane
that was obtained from the direct one-pot method. a) Medium
magnification with SAED pattern as insets (CGO at top, NFO at
bottom); b) close-up of the marked area in (a).
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activation energies Ea = (128� 4) kJ mol�1 were found to be
the same for the two membrane preparations within exper-
imental error. Tong et al.[23] reported that a single activation
energy is an important feature for a good stability of oxygen
permeation through a oxygen membrane. In our case, a single
activation energy was found in the range of 900–1000 8C.

The effect of the sweep rate on the oxygen permeation
flux at temperature 1000 8C is shown in Supporting Informa-
tion, Figure S4. Even when using CO2 as the sweep gas, we
observe the usual behavior, namely that oxygen permeances
increase if the gradient of the oxygen partial pressure across
the membrane is increased; this increase can be achieved by
off-transporting the permeated oxygen as fast as possible,
which can be realized with an increased sweep flow.

Figure 6 shows the long-term behavior of oxygen perme-
ation flux through 40NFO–60CGO composite membrane at
1000 8C. During this oxygen permeation test, an oxygen
permeation flux of about 0.30 mL min�1 cm�2 was obtained at
1000 8C, and no decrease of the oxygen permeation flux was
found during the permeation test. After the oxygen perme-
ation test, the sample was characterized by XRD (Figure 1c).
The dual-phase structure was retained, which indicates that
40NFO–60CGO exhibits excellent structure stability under a
CO2 atmosphere. The result is in agreement with the finding
of in situ high-temperature XRD, indicating that the mem-
brane is CO2-stable. It is not like Ba0.5Sr0.5Fe0.8Zn0.2O3�d

(BSFZ) or Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) perovskite materi-
als, where carbonate was formed when CO2 was the feed gas
and the oxygen flux decreased rapidly.[7]

In conclusion, a novel CO2-stable and cobalt-free dual-
phase membrane of the composition 40 wt % NiFe2O4–
60 wt % Ce0.9Gd0.1O2�d (40NFO–60CGO) was synthesized
by a direct one-pot method, and for comparison by powder
mixing in a mortar. In situ high-temperature X-ray diffraction

demonstrated that the two phases NFO and CGO were stable
upon repeated heating and cooling cycles between room
temperature and 1000 8C in air and in an atmosphere with
50 vol % CO2 and 50 vol% N2. Energy-dispersive X-ray
spectroscopy and back-scattered electron microscopy
showed that the one-pot synthesis results in a dual-phase
membrane with smaller NFO or CGO grains of uniform size
distribution without homoaggregation of grains of the same
phase, in comparison with a dual-phase membrane prepared
by mixing the two powders. At 1000 8C, oxygen permeation
fluxes of 0.31 and 0.27 mLmin�1 cm�2 were obtained on the
membrane prepared with the one-pot material for the sweep
gases He and CO2, respectively. This value is comparable with
that of La2NiO4+d and of La2Ni0.9Fe0.1O4+d, which are promis-
ing CO2-stable membrane materials.[24] In a 100 h oxygen
permeation using CO2 as the sweep gas, no decline of the
oxygen permeation flux was found, thus indicating that our
dual phase membrane is CO2-stable.
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