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Abstract 

Dual phase membranes with mixed ionic-electronic conductivity exhibit promising properties for 
applications in pure oxygen separation under harsh atmospheres. The conductivity of an individual 
phase within dual phase membranes is often attenuated by the blocking effects from the other phase(s). 
Here, facile but effective ways are reported to alleviate such effects by optimizing the powder 
preparation method for a solid-state reactive sintering process. Powder mixtures with a nominal 
composition 85 wt% Ce0.8Gd0.2O2-δ:15 wt% FeCo2O4 were prepared by traditional wet ball milling 
method, as well as a moderate dry mixing approach. Using a modified wet ball milling procedure, 
homogenous powder mixtures with fine particle size are obtained and the synthesized membrane shows 
a fine and homogenous microstructure that realizes high oxygen permeance. Besides, a novel “dual 
phase” membrane having one ionic conductive monophase zone and one mixed ionic-electronic 
multiphase zone was sintered using dry-mixed powder mixtures. With individual mesoscale 
percolations, two phase zones provide relatively straight paths for ionic conduction and electronic 
conduction, respectively, which contributes to achieving the highest oxygen permeance among all the 
sintered membranes. 

Keywords: dual phase oxygen transport membrane; powder preparation; grain size; homogeneity; 
oxygen permeation 

1. Introduction 

Ceramic oxygen permeation membranes, which are composed of mixed ionic-electronic conducting 
ceramic oxides, have been developed for in situ separation of oxygen for use in clean energy schemes 
such as pre-combustion carbon capture, and oxyfuel technology for power plants [1-5]; these 
applications entail a harsh atmosphere containing CO2, H2O and traces of SO2 [6], which challenges the 
stability of the membrane materials. The typical high permeable perovskite-type membrane materials, 
e.g., Ba0.5Sr0.5Co0.8Fe0.2O3-δ and La0.6Sr0.4Co0.2Fe0.8O3-δ [7, 8], suffer from irreversible material 
deteriorations due to carbonating and sulfating reactions. Furthermore, these perovskite oxides also 
suffer from mechanical instability, e.g., cracking and delamination, caused by their high thermal and 
chemical expansion [9, 10]. 
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By contrast, some dual phase membranes exhibit high stability under the CO2- and SO2-containing 
environments at high temperatures [11], and hence, they appear to be more attractive candidates than 
single phase perovskite-type oxides. Dual phase membranes comprise of two different kinds of phases 
providing ionic conductivity and electronic conductivity, respectively. Fluorite oxides, e.g., gadolinium- 
or samarium-doped ceria, and yttria-stabilized zirconia, are often chosen as the ionic conducting phase 
for dual phase membranes because of their high ionic conductivity as well as high chemical stability in 
an acidic atmosphere [12-14]; spinel oxides, e.g., FexCo3-xO4 (x = 1 or 2), NiFe2O4, and Mn1.5Co1.5O4, have 
attracted considerable attention as suitable electronic conducting phases combined with fluorite oxides 
to form robust high-performance dual phase membranes [6, 11, 15-17]. As an example, 85 wt% 
Ce0.8Gd0.2O2-δ-15 wt% FeCo2O4 composite, which consists of a Ce1-xGdxO2-δ (0 < x < 0.2) (CGO) fluorite 
phase, a FeyCo3-yO4 (0 < y < 2) (FCO) spinel phase and a Gd0.85Ce0.15Fe0.75Co0.25O3 (GCFCO) perovskite 
phase [15, 18-20], was verified to possess high tolerance over 200 h in CO2- and SO2-containing gas 
mixtures at 850 °C under an oxygen partial pressure gradient [15]. 

Oxygen permeation through ceramic oxygen permeation membranes can be classified into two kinds of 
processes [21]: gas-solid interfacial exchange at the surface (surface exchange) and ion/electron 
diffusion in the bulk. For a dual phase membranes comprising two kinds of phases possessing pure ionic 
conductivity and pure electronic conductivity, respectively, the surface exchange only takes place at 
triple phase boundaries (TPBs) [22], which are the connection lines of ionic conducting grains, electronic 
conducting grains and the gas phase. Thus, to improve the surface exchange, an effective way is to 
extend the available length of the TPBs by microstructural optimizations, e.g., increasing the 
homogeneity of the two kinds of phases [23], and reducing the grain size [24], as well as coating a 
porous activation layer with mixed ionic-electronic conductivity on the surfaces [22]. 

The bulk diffusion within a dual phase membrane is realized by the ambipolar conductivity, i.e. the 
ambipolar conduction of ions and electrons through continuous paths formed by the two kinds of 
phases, respectively [21]. The ambipolar conductivity (𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎) can be expressed as [18]: 

𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝜎𝜎𝑝𝑝,𝑖𝑖 ∙ 𝜎𝜎𝑝𝑝,𝑒𝑒

𝜎𝜎𝑝𝑝,𝑖𝑖 + 𝜎𝜎𝑝𝑝,𝑒𝑒
                                                                                                                                                                           (1) 

where 𝜎𝜎𝑝𝑝,𝑖𝑖 and 𝜎𝜎𝑝𝑝,𝑒𝑒 represent the partial ionic conductivity and the partial electronic conductivity, 
respectively. The partial ionic/electronic conductivity is proportional to the intrinsic ionic/electronic 
conductivity, as well as the contiguous phase volume transporting ions/electrons through the 
membrane according to [18]. 

𝜎𝜎𝑝𝑝,𝑖𝑖 = 𝜎𝜎𝑖𝑖 ∙ 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖                                                                                                                                                                                  (2) 

𝜎𝜎𝑝𝑝,𝑒𝑒 = 𝜎𝜎𝑒𝑒 ∙ 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒                                                                                                                                                                                (3) 

where 𝜎𝜎𝑖𝑖 and 𝜎𝜎𝑒𝑒 are the intrinsic ionic and electronic conductivity, respectively. And 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 and 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒 are 
the continuous volumes providing, respectively, the effective paths for ionic and electronic transport 
through the membrane. The continuous volume is increasing as a function of the total volume for a 
randomly distributed phase constituent within a composite [18, 25]. 
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The amount of ionic and electronic conductive phases often needs to be varied to realize a high 
ambipolar conductivity when intrinsic conductivities of the two kinds of phases do not match. It is 
essential to increase the volume fraction of the phase with the lowest conductivity but maintain the 
percolation of the phase with the highest conductivity. In the case that the intrinsic conductivities of two 
kinds of phases are not of the same order of magnitude, e.g., the ionic conductivity of gadolinium-doped 
ceria is two orders of magnitude lower than the electronic conductivity of FexCo3-xO4 (x = 1 or 2) [16, 22], 
the volume fraction of the phase with the highest conductivity should theoretically be lower than 30 
vol% to obtain a high ambipolar conductivity and high oxygen permeation flux [18]. For instance, the 
oxygen permeation fluxes of (1-x) Ce0.8Gd0.2O2-δ-x FeCo2O4 (10 wt% ≤ x ≤ 40 wt%) composites approach 
the maximum value when x reaches 15 wt% [15]. Such a small volume, however, is in practice a 
challenge for the formation of sufficiently continuous networks for electronic conduction. The total 
conductivity of 85 wt% Ce0.8Gd0.2O2-δ-15 wt% FeCo2O4 composite is around one order of magnitude 
lower than that of 70 wt% Ce0.8Gd0.2O2-δ-30 wt% FeCo2O4 composite [26]. Hence, for composites such as 
80 vol% Ce0.8Gd0.2O2-δ-20 vol% MnCo1.9Fe0.1O4 [27], 85 wt% Ce0.8Gd0.2O2-δ-15 wt% FeCo2O4 [15], and 85 
vol% Ce0.8Gd0.2O2-δ-15 vol% MnCo2O4 [28], electronic conduction, which is realized by a comparably small 
volume of electronic conducting phases, is believed to be the bottleneck for bulk diffusion during oxygen 
permeation [26]. 

The existence of a nano-sized grain boundary phase was reported to contribute to the formation of 
electronic conductive networks in Ce0.8Gd0.2O2-δ-MnCo2O4 composite at a low volume of MnCo2O4 [28]. 
Besides, it was proven to be effective for a minor phase to form percolations through a dual phase 
membrane by reducing the grain size and increasing the inhomogeneity. Li et al. [29] investigated the 
electronic conductivity of 75 wt% Ce0.8Sm0.2O1.9-25 wt% Sm0.6Ca0.4CoO3-δ and 75 wt% Ce0.8Sm0.2O1.9-25 
wt% Sm0.6Ca0.4FeO3-δ composites and found that only the latter possessed electronic conductivity that 
was sufficient for oxygen permeation due to the continuous electronic conducting networks formed by 
the Sm0.6Ca0.4FeO3-δ grains that are one order of magnitude smaller than the Ce0.8Sm0.2O1.9 grains. A 
study on 75 wt% Ce0.85Sm0.15O3-δ-25 wt% Sm0.6Sr0.4FeO3-δ revealed that the grain growth of the major 
phase, i.e., Ce0.85Sm0.15O3-δ, blocked the connectivity of the minor phase, i.e., Sm0.6Sr0.4FeO3-δ, and yielded 
a lower oxygen permeation flux [24]. In addition, Zhu et al. [30] used different methods to prepare 75 
wt% Ce0.85Sm0.15O1.925-25 wt% Sm0.6Sr0.4Al0.3Fe0.7O3 composite and concluded the membrane prepared by 
solid-state reaction shows the highest oxygen permeation flux and total conductivity due to the 
inhomogeneous distribution of small Sm0.6Sr0.4Al0.3Fe0.7O3 grains. 

Based on the realization of the importance of microstructural aspects regarding grain size and spatial 
distribution of each phase on the performance of the dual phase membranes, we are motivated to 
explore facile but effective ways to tailor the microstructural characteristics of dual phase membranes. 
In this work, the solid-state reactive sintering process was optimized to synthesize composites with a 
nominal composition 85 wt% Ce0.8Gd0.2O2-δ:15 wt% FeCo2O4 showing enhanced oxygen permeation. The 
powder mixtures used for solid-state reactive sintering were prepared by applying different wet ball 
milling processes on powder mixtures of Ce0.8Gd0.2O2-δ, Co3O4 and Fe2O3 powders to homogenize the 
distribution of each compound as well as modify the particle size, which results in homogenous 
microstructures with different grain sizes for the sintered membranes. Besides, to synthesize a 
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membrane having the minor conducting phases well connected through the membrane, 
inhomogeneous powder mixtures were prepared by dry mixing of 50 wt% monophase powders 
(Ce0.8Gd0.2O2-δ) with fine and homogeneous composite powders having a nominal composition 70 wt% 
Ce0.8Gd0.2O2-δ:30 wt% FeCo2O4 in a moderate way. This results in a novel type of composites comprised 
of a pure ionic conductor (Ce0.8Gd0.2O2-δ) with a mixed ionic-electronic conductor, which is a composite 
itself (70 wt% Ce0.8Gd0.2O2-δ:30 wt% FeCo2O4). The nominal overall weight ratio Ce0.8Gd0.2O2-δ:FeCo2O4 in 
this composite is again 85:15, so that the properties can directly be compared to the classical 
composites. The microstructural characteristics and phase constituents of both the classical and the 
novel composite membranes were analyzed in detail, and their influence on oxygen permeation 
performance is discussed. 

2. Experimental 

Dual phase membranes were synthesized by a solid-state reactive sintering process using Ce0.8Gd0.2O2-δ 
(Treibacher Industrie AG, 99 %), Co3O4 (Alfa Aesar, 99.7 %) and Fe2O3 (Sigma-Aldrich, 99 %) as precursor 
powders; the mole ratio of Co3O4 to Fe2O3 was fixed at 4:3 to form a nominal compound of FeCo2O4 
during sintering; the weight ratio of ionic conductor (Ce0.8Gd0.2O2-δ) to electronic conductor (the nominal 
FeCo2O4) was maintained at 85:15. To obtain homogeneous powder mixtures with different particle 
sizes, two different wet ball milling procedures were applied. For both cases, powder mixture, ethanol 
and zirconia balls were filled up to ~30 vol% in a polyethylene bottle. The weight ratio of powder : ball : 
ethanol was 1:2:3 as also described in [19]. The milling procedures were conducted on a roller bench. 
The first powder mixture (referred to as CF-1) was obtained through a one-step ball milling for 3 days, 
using 5 mm (diameter) zirconia balls. The second powder mixture (referred to as CF-2) was obtained 
through a two-step ball milling including a first step for 3 days using 5 mm (diameter) zirconia balls and a 
second step for 7 days using 1 mm (diameter) zirconia balls [19]. After drying at 75 °C for 3 days and 
sieved by a 150 µm-mesh sieve, the powder mixtures were uniaxially pressed into pellets at 19 MPa [19] 
and 50 MPa [18], respectively for powder CF-1 and CF-2. 

In order to increase inhomogeneity and percolation of the minor compound (the nominal FeCo2O4) but 
maintain a constant weight ratio of Ce0.8Gd0.2O2-δ to FeCo2O4 (i.e., 85:15) for powder mixture, a dry 
mixing method was used instead of the wet ball milling method. However, dry mixing of 85 wt% 
Ce0.8Gd0.2O2-δ powders with 15 wt% nominal FeCo2O4 powders does not lead to sufficient percolation of 
the minor compound in the membrane but results in many isolated islands. Therefore, inhomogeneous 
powder mixtures were prepared by dry mixing of 50 wt% Ce0.8Gd0.2O2-δ powders with composite powder 
having a nominal composition 70 wt% Ce0.8Gd0.2O2-δ:30 wt% FeCo2O4. The composite powder was 
prepared using the procedures as described for powder CF-2. The mixing process was conducted in a 
moderate manual way within a limited time of ~10 min so that most of Co3O4 and Fe2O3 will not blend 
into the monophase powder (Ce0.8Gd0.2O2-δ) but keep concentrated in the composite ceramic powders. 
With a comparable amount, the monophase powders and the composite ceramic powders are expected 
to retain well individual percolation on the mesoscale after being moderately mixed. The obtained 
inhomogeneous powder mixture (referred to as CF-D) was uniaxially pressed into pellets under 50 MPa. 
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All pellets were sintered in air at 1200 °C for 10 h; a slow cooling rate of 0.5 K/min was used between 
900 °C and 800 °C [19], while the heating and cooling rate for the other temperature ranges was 3 
K/min. The codes of the different membranes, obtained by solid-state reactive sintering, were the same 
as those of the powders, i.e. CF-1, CF-2 and CF-D. 

The particle size distribution of precursor powders was determined by the laser diffraction method 
based on Mie theory using a Horiba LA 950 V2 analyzer (Retsch Technology GmbH, Haan, Germany). The 
specific surface area of precursor powders and powder mixtures was measured by the Brunauer-
Emmett-Teller (BET) single-point method by low-temperature N2 adsorption using Areameter II 
(Ströhlein Instruments, Viersen, Germany).  

The powder mixtures were investigated by back scattered electron microscopy (BSEM) (Merlin, Carl 
Zeiss Microscopy, Oberkochen, Germany) regarding particle morphology, and by energy-dispersive X-ray 
spectroscopy (EDS) (Merlin, Carl Zeiss Microscopy, Oberkochen, Germany) with respect to elemental 
distributions. EDS investigations were carried out at 4 kV accelerating voltage using an X-Max 80 
detector and the AZtec data acquisition and analysis software package (Oxford Instruments 
Nanoanalysis, High Wycombe, United Kingdom). Before the EDS investigation, the powder mixtures 
were mixed with epoxy resin. After the resin had hardened, the cross section was ground using 800-grit 
SiC paper, and then polished by argon ion milling for 8 h at 6 kV / 150 µA using a JEOL SM-09010 (JEOL 
Ltd., Tokyo, Japan) polisher. 

Microstructures and phase constituents were investigated at the cross sections of the sintered 
membranes by scanning electron microscopy (SEM) (Merlin, Carl Zeiss Microscopy, Oberkochen, 
Germany) and electron backscatter diffraction (EBSD) (NordlysNano, Oxford Instruments, Wiesbaden, 
Germany), as well as EDS for element distribution. The area fraction of each phase was deduced by 
image analysis using the HKL Channel 5 software packages. The volume fraction was estimated to be 
equal to the area fraction for each phase in a random section through each composite [31]. The porosity 
was estimated as the area fraction of the pores using the ImageJ software [32]. 

The gas tightness of the sintered membrane was assessed using a He-leak detector (ASM 340, Pfeiffer 
Vaccum GmbH, Asslar, Germany). Helium was fed at one side of the membrane, while a vacuum was 
drawn on the other side. The helium flow gas passing through the sample was collected by the detector 
and calculated as helium leakage rate. 

Oxygen permeation measurements were conducted using sintered pellets, which were polished at two 
sides to thicknesses of ~0.95 ± 0.02 mm and ground to diameters of ~14.65 ± 0.05 mm prior to gold 
sealing. Each pellet was sealed with a gold ring at each side in a glass tube setup at approx. 1020 °C for 5 
hours under a spring load. Oxygen permeation flux in a steady-state was measured between approx. 
1020 °C and 850 °C using air and argon as feed and sweep gas at a flow rate of 250 ml/min and 50 
ml/min, respectively. The individual sample temperature was measured online with a thermocouple 
(type S). The thermocouple was placed in approx. 5 mm distance to the sample in radial direction so that 
the feed and sweep gas flows were not affected. The sample temperature can vary maximally by approx. 
20 K from sample to sample and in particular between two identical furnaces operated in parallel. One 
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specimen of each of the bare CF-1, CF-2 and CF-D membrane types were assessed. In addition, oxygen 
permeation flux was also measured for the sintered pellets that are coated with surface activation 
layers. For that reason, the polished pellets were screen printed with a porous La0.58Sr0.4Co0.2Fe0.8O3-δ 
(LSCF) coating at both sides, as described in [22], and then post-sintered at 1100 °C for 30 min. One 
coated CF-1, one coated CF-2 and two coated CF-D membranes were characterized. 

3. Results and discussion 

3.1 Powder characteristics 

The microstructures of dual phase membranes, e.g., grain sizes and distributions of individual phases, 
are significantly affected by the sizes of particles, as well as agglomerates within precursor powders. 
Hence, the dimensions of particles and agglomerates are investigated in detail using different 
characterization methods. 

Figure 1 provides the morphologies of the as-received precursor powders. Most of the particles exhibit 
quasi-spherical shapes, while the as-received Fe2O3 has few particles with irregular shapes (see Figure 
1(b)). The homogeneity of particle sizes of the as-received precursor powders decreases in the order of 
Co3O4 > Ce0.8Gd0.2O2-δ > Fe2O3. Notably, the as-received Co3O4 contains comparatively large round 
agglomerates (see Figure 1(d)), whereas it is relatively difficult to distinguish any agglomerates in the as-
received Ce0.8Gd0.2O2-δ and Fe2O3.  

The specific surface areas of the as-received Ce0.8Gd0.2O2-δ, Fe2O3 and Co3O4 powders are measured to be 
~7.9 m2/g, ~5.8 m2/g and ~3.3 m2/g, respectively. The rather low specific surface area for the as-received 
Co3O4 reflects that the particle clusters, as can be seen in Figure 1(d), are hard agglomerates with low 
inner porosities.  
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Figure 1 Particle morphologies of the as-received precursor powders: (a) Ce0.8Gd0.2O2-δ, (b) Fe2O3 and (c) Co3O4: (d) 
is a magnified view of the agglomerate framed in (c). 

 

The laser diffraction method can provide a quantitative analysis of apparent particle sizes that can 
reflect the sizes of hard agglomerates. For the as-received Ce0.8Gd0.2O2-δ powders, although the median 
apparent particle size 𝑑𝑑50 (~0.1 µm) is comparable to the average size of particles shown in Figure 1(a), 
the measured apparent particle sizes reflect the sizes of both particles and agglomerates indicated by 
the bimodal particle size distribution profile (see Figure 2(a)). The apparent particle size distribution 
becomes gradually tighter with increasing milling steps, while 𝑑𝑑50 hardly changes; the specific surface 
area of the as-received Ce0.8Gd0.2O2-δ is slightly increased to ~10.6 m2/g by the two-step milling process, 
which suggests that the reduction of apparent particle size is mainly attributed to the breaking of 
agglomerates. 

For the as-received Fe2O3 powders, the apparent particle size distribution shows a unimodal profile (see 
Figure 2(b)), and the 𝑑𝑑50 is measured to be ~1.4 µm, which is larger than the sizes of the most particles 
shown in Figure 1(b), which implies the existence of a large number of big agglomerates. The 𝑑𝑑50 is not 
modified by the one-step milling process, but dramatically reduced to 0.53 µm by the two-step milling 
process although there are still few (< 20 vol%) particles with apparent sizes above 1 µm (see Figure 

(a) (b) 

(c) (d) 
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2(b)). These large particle sizes can possibly be the sizes measured for the remaining agglomerates. The 
specific surface areas of Fe2O3 is changed insignificantly. 

For the as-received Co3O4 powders, the apparent particle sizes are distributed in a unimodal profile (see 
Figure 2(c)), with 𝑑𝑑50 is ~7.5 µm, which is noticeably close to the sizes of agglomerates (see Figure 1(c)), 
indicating that the agglomerates are very compact and do not break during the measurement. The 𝑑𝑑50 is 
reduced by one-step milling and two-step milling to ~3.0 µm and ~0.35 µm, respectively. The particle 
size distribution of the one-step milled Co3O4  powders shows a bimodal profile, while the two-step 
milled Co3O4 powders have a unimodal distribution profile (see Figure 2(c)). Although the specific surface 
area of the two-step milled Co3O4 is increased to 13.0 m2/g, the 𝑑𝑑50 of the two-step milled Co3O4 is still 
larger than the size of the primary particle indicated in Figure 1(d). These observations indicate that 
large agglomerates in the as-received Co3O4 are milled into small agglomerates by two-step milling; the 
small agglomerates appear to be rather compact and cannot easily be shattered by ball milling. 

Therefore, it can be concluded that the two-step milling method is an effective way to reduce the 
particle size and size distribution of the precursor powders. Such effects on different precursor powders 
decrease in the order of Co3O4 > Ce0.8Gd0.2O2-δ > Fe2O3. A further increase of the milling time for the two-
step milling procedure is verified to make no significant change regarding the apparent particle sizes 
(not shown here).  

 

 

 

 

 

 

 



9 
 

0.1 1 10 100
0

10

20

30

40

50

60

70

80

90

100
Cu

m
ul

at
iv

e 
vo

lu
m

e 
(%

)

Particle size (µm)

 Before milling
 one-step milling
 two-step milling

(a)

Ce0.8Gd0.2O2-δ

0.1 1 10 100
0

10

20

30

40

50

60

70

80

90

100

Cu
m

ul
at

iv
e 

vo
lu

m
e 

(%
)

Particle size (µm)

(b)

Fe2O3

 

0.1 1 10 100
0

10

20

30

40

50

60

70

80

90

100

Cu
m

ul
at

iv
e 

vo
lu

m
e 

(%
)

Particle size (µm)

(c)

Co3O4

 

Figure 2 Particle size distributions of precursor powders before and after ball milling: (a) Ce0.8Gd0.2O2-δ, (b) Fe2O3 

and (c) Co3O4. (the legends in (a) also apply to (b) and (c)). 

 

To further investigate the effect of the different milling procedures on powder mixtures, the wet ball-
milled powder mixtures were characterized by BSEM and EDS. As shown in Figure 3, Ce-rich, Fe-rich and 
Co-rich grains represent, respectively, Ce0.8Gd0.2O2-δ, Fe2O3 and Co3O4 particles. Large Co3O4 and Fe2O3 
particles or agglomerates can be seen in the powder CF-1. By contrast, Co3O4 and Fe2O3 in the powder 
CF-2 exhibit small and homogenous particle sizes (see Figure 4). Fe2O3 shows larger particle sizes than 
Co3O4 in the powder CF-2. No obvious agglomerates are found in the powder CF-2. The specific surface 
areas are 8.2 m2/g and 13.8 m2/g, respectively, for the powder CF-1 and CF-2. These results suggest that 
agglomerates can be shattered by the two-step milling procedure for the precursor powders milled 
together. 
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Figure 3 BSEM micrograph and corresponding EDS elements mapping on the powder CF-1 embedded in epoxy 
resin. Ce-rich, Fe-rich and Co-rich grains represent, respectively, Ce0.8Gd0.2O2-δ, Fe2O3 and Co3O4 particles. 
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Figure 4 BSEM micrograph and the corresponding EDS elements mapping on the powder CF-2 embedded in epoxy 
resin. Ce-rich, Fe-rich and Co-rich grains represent, respectively, Ce0.8Gd0.2O2-δ, Fe2O3 and Co3O4 particles. 

 

3.2 Phase and microstructure characterizations 

The microstructure and phase constituents of the membranes prepared by the wet ball-milled powder 
mixtures are shown in Figure 5. The closed porosities of CF-1 and CF-2 are below ~2 %. The grains that 
appear black in Figure 5(a, c) are FCO or CoO according to the EBSD phase mapping (see Figure 5(b, d)), 
while the grey and light grey grains are CGO and GCFCO, respectively. The FCO grains are well dispersed 
within the CGO phase. The grain size of FCO in CF-1 shows a large variation due to the existence of a 
high amount of large grains (see Figure 5 (a, b)). The CoO phase is a residue from sintering, which should 
be re-oxidized to the spinel structure during cooling. The CoO phase is only detected in CF-1 (see Figure 
5(b)). Apparently, the re-oxidation of the large grains in CF-1 would need more time and, thus, is not 
completed. Obviously, the one-step milling process is much less effective compared to the two-step 
milling process resulting in a coarse microstructure. 
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Figure 5 BSEM micrographs (left column: a, c) and EBSD phase mapping (right column: b,d) of (a,b) CF-1 and (c,d) 
CF-2. In the SEM micrographs, the grains denoted as 1, 2, 3 represent CGO, FCO (or CoO) and GCFCO grains, 

respectively. In the EBSD phase mapping, the yellow, blue, red and green phases are CGO, FCO, GCFCO and CoO, 
respectively, while the black spots and dark lines are pores and grain/phase boundaries, respectively. 

 

Furthermore, EDS reveals the existence of Co-rich phases at the grain boundaries of CGO or GCFCO in 
CF-1, as shown in Figure 6. The Ce-rich, Gd-rich and Co-rich grains represent, respectively, the CGO, 
GCFCO and FCO (or CoO) grains, while the Fe-rich grains can be either GCFCO or FCO (or CoO) grains. 
The FCO grains mainly contain Co and Fe, and the GCFCO grains consist of Gd and Fe, as well as very 
little Ce and Co. A little amount of Co seems to segregate along the grain boundaries of CGO or GCFCO 
forming a grain boundary phase, which appears to create a connection between two isolated FCO grains 
and potentially provide paths for electronic conduction along the grain boundaries but may hinder ionic 
conduction across the grain boundaries [33].  

 

(b) 

(c) (d) 

(a) 
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Figure 6 BSEM micrograph and the corresponding EDS element mapping on CF-1. The Ce-rich, Gd-rich and Co-rich 
grains represent, respectively, the CGO, GCFCO and FCO (or CoO) grains, while the Fe-rich grains can be either 

GCFCO or FCO (or CoO) grains. 

 

By contrast, for CF-D, the FCO and CoO grains are noticeably only distributed in one specific zone, and 
have rather small grain size variation (see Figure 7(a)); phase areas in CF-D can be well distinguished as a 
monophase zone and a multiphase zone (see Figure 7(b)). The different zones are well connected on the 
mesoscale with connections between the larger regions, rather than having connections only between 
distributed grains. The phase distributions are considerably homogenous in the multiphase zone in CF-D 
(see Figure S1 (a)), which is much like the one reported for 70 wt% Ce0.8Gd0.2O2-δ:30 wt% FeCo2O4 
membrane [34]. The multiphase zone appears to have fewer pores than the monophase zone (see 
Figure S1), which benefits from the phase interactions between CGO and FCO during sintering. These 
phase interactions result in the formation of the GCFCO phase, and dominate the densification process 
[19]. The monophase zone, which mainly comprises pure CGO, suffers from low sintering activity leading 
to small but closed porosity (Figure S1(b)). In addition, few defects, e.g., cracks and voids (marked by 
arrows in Figure 7(a)), are found in the monophase zone and interfaces between different zones, but the 
membrane is still gastight as verified by the low helium leakage rate (< 10-8 mbar·L·s-1). 

CGO 

GCFCO 
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Figure 7 BSEM micrographs of CF-D. Only few defects exist and are indicated by arrows in (a). Two zones consisting 
of a different number of phases are observed, i.e., multiphase and monophase zones, as labeled in (b). 

 

The phase constituents in the different zones within CF-D are analyzed in detail by EBSD. As shown in 
Figure 8, CGO, FCO, GCFCO and CoO phases are observed in CF-D. Few GCFCO grains are located at the 
interface between the monophase zone and the multiphase zone (see Figure 8(a)). This is an indication 
of elements diffusion and phase interactions between the different zones, which contributes to 
obtaining a robust interface and a dense microstructure. 

The multiphase zone contains four different phases as expected (see Figure 8(b)). Microscale 
percolations of ionic conducting phase (i.e., CGO) and electronic conducting phases (i.e., FCO, CoO and 
GCFCO [18, 26]) can be observed (see Figure 8(b)). By contrast, the monophase zone mainly consists of 
CGO phase (see Figure 8(c)). The EDS point quantification results suggest that the average Ce/Gd ratio in 
CGO in the monophase zone is close to the one in pure Ce0.8Gd0.2O2-δ (see Table S1), but lower than the 
one in the multiphase zone. The depletion of Gd content in CGO in the multiphase zone is caused by the 
formation of GCFCO [18]. It also indicates that the Gd content in the different zones has not been 
homogenized through mixing or diffusion under the current sintering conditions, because the diffusion 
pathways might be too long. 

 

 

 

 

 

 

Multiphase zone 

Monophase zone 

(a) (b) 
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Figure 8 EBSD phase mapping of CF-D: (a) overview, (b) multiphase zone and (c) monophase zone: the yellow, blue, 
red and green phases are CGO, FCO, GCFCO and CoO, respectively, while the black spots and dark lines are pores 

and grain/phase boundaries, respectively. 

 

Volumetric quantifications were determined based on the average of three different areas investigated 
by EBSD for each membrane and each phase zone; the sizes of the areas investigated were the same as 
the ones exemplarily shown in Figure 5(b, d) and Figure 8 (b, c). Among these phase constituents, only 
CGO shows ionic conductivity, and hence, contributes to the ionic conduction during oxygen 
permeation, while FCO, CoO and GCFCO are good electronic conductors and responsible for electronic 
conduction [18, 26]. A result of a scan is shown in Table 1, the amount of ionic/electronic conducting 
phase in CF-1 and CF-2 is comparable, and electronic conducting phases are characterized to possess a 
minor volume. 

By contrast, phase amounts are fairly different in the two phase zones in CF-D, as shown in Table 1. The 
monophase zone in CF-D can be regarded as pure CGO phase despite the existence of a small amount of 
FCO, GCFCO and CoO. The amount of electron conducting phases is almost two times higher in the 
multiphase zone in CF-D than in either CF-1 or CF-2, representing the original 70 wt% Ce0.8Gd0.2O2-δ:30 
wt% FeCo2O4 powder mixture. This reveals that the concept of using a pure ionic conducting phase and a 

(b) 

(a) 

(c) 

Multiphase zone 

Monophase zone 

Interface 
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mixed ionic-electronic conducting composite with high electronic conductivity to form a novel “dual 
phase” works from the microstructural point of view. 

 

Table 1 Volume fractions of individual phases in the sintered membranes. 

Sample 

Ionic 
conducting 

phase 
Electronic conducting phase 

CGO 
(vol %) 

FCO 
(vol %) 

GCFCO 
(vol %) 

CoO 
(vol %) 

Sum 
(vol %) 

CF-1 81.1 8.5 9.8 0.6 18.9 

CF-2 82.3 7.6 10.1 - 17.7 

CF-D 
Monophase zone 99.7 0.1 0.1 0.1 0.3 

Multiphase zone 68.4 19.9 7.9 3.9 31.6 

 

 

3.3 Oxygen permeation 

The helium leakage rates of all sintered membranes are determined to be below 10-8 mbar·L·s-1, which 
confirms dense microstructures that are sufficient for oxygen permeation measurements.  

The oxygen permeance, i.e., oxygen permeation flux (see Figure S3) normalized by the oxygen partial 
pressure gradient (see equation (4)) as a function of temperature [15], was determined via: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐽𝐽𝑂𝑂2

ln
𝑃𝑃𝑂𝑂2
′

𝑃𝑃𝑂𝑂2
′′

                                                                                                                                                                      (4) 

where 𝐽𝐽𝑂𝑂2  is the oxygen permeation flux; 𝑃𝑃𝑂𝑂2
′  and 𝑃𝑃𝑂𝑂2

′′  are oxygen partial pressure of oxygen rich and lean 
side of the membrane. 

For the coated membranes, the limiting effect from surface exchange is believed to be overcome by an 
LSCF coating so that oxygen permeation process is merely limited by bulk diffusion, the oxygen 
permeance can be expressed as [18, 35]: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑅𝑅

16 ∙ 𝐹𝐹2
∙

1
𝐿𝐿
∙ 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑇𝑇                                                                                                                                            (5) 

where 𝑇𝑇 is the temperature, 𝑅𝑅 the gas constant, 𝐿𝐿 the thickness of the membrane, 𝐹𝐹 the Faraday 
constant. At a fixed temperature, 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 is a constant, hence, oxygen permeance tends to increase with 
decreasing thickness according to equation (5). The activation energy of oxygen permeance is 
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independent of thickness but equal to the activation energy of bulk diffusion represented by 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑇𝑇, 
which can be described by an Arrhenius approach. 

The cross section of the coated membrane is shown in Figure 9 for CF-D as an example. A ~4 μm thick 
porous coating was successfully synthesized at the surface of CF-D. The coating possesses an LSCF 
perovskite structure as revealed by XRD (see Figure S2).  The EDS mapping at the interface (see Figure 
S3) indicates no significant element diffusion between the coating and substrate. Similar coatings were 
also prepared for CF-1 and CF-2. 

 

 

Figure 9 Cross section of the coated CF-D. 

 

For the coated CF-D, average oxygen fluxes (see Figure S4) were obtained, and the experimental errors 
for each oxygen flux value are ~±2 %, the upper and lower bounds of which represent oxygen fluxes of 
two samples. The temperature difference between the two samples is less than 7 K, i.e. <0.7%, for each 
data point. For other membranes, the experimental errors of oxygen fluxes were estimated to be the 
same due to the same test conditions and the reproducible microstructures. 

The oxygen permeances of the coated membranes, as provided in Figure 10, increase in the order of CF-
1 < CF-2 < CF-D which indicates that the limiting effect from bulk diffusion decreases following CF-1 > CF-
2 > CF-D. 

LSCF porous coating 
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Figure 10 Oxygen permeances of the sintered membranes with an average thickness of ~0.95 ± 0.02 mm. 

 

When compared with the oxygen flux reported for the LSCF coated 85 wt% Ce0.8Gd0.2O2-δ-15 wt% 
FeCo2O4 composite prepared by a Pechini process [15], the oxygen fluxes of the coated CF-D are lower as 
can be seen from Table 2. It should be noted that these results were obtained under the same test 
conditions and similar sample dimensions. It indicates that the microstructure obtained by the Pechini 
process is advantageous for preparing a better performing dual phase membrane. However, the Pechini 
process involves expensive raw materials, significant NOx emissions, and is difficult to scale up. By 
contrast, the solid-state reactive sintering process we used contains facile treatments of commercially 
available precursor powders, which benefits for a feasible upscaling production. For commercialization, 
a balance of processing efforts and performance benefits has to be found. 

Table 2 Comparison of oxygen fluxes of the membranes prepared by different methods. 

Preparation 
methods 

𝐽𝐽O2  (mL·cm-2·min-1) 
Reference 

850 °C 900 °C 

Pechini 0.16 0.20 [15] 

Solid-state 
reactive sintering 0.11 0.15 This work (the 

coated CF-D) 
 

The activation energy (𝐸𝐸𝑎𝑎) of oxygen permeance was calculated from the Arrhenius plot of oxygen 
permeance for each membrane, as listed in Table 3. In contrast to the oxygen permeance, 𝐸𝐸𝑎𝑎 values for 
the coated membranes decrease in an order CF-1 > CF-2 > CF-D. The 𝐸𝐸𝑎𝑎 value of the coated CF-D is 
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nearly the same as the 𝐸𝐸𝑎𝑎 value of ionic conductivity of Ce0.8Gd0.2O2-δ (~79 kJ/mol [16]), which suggests 
that the ionic conduction within CGO is the rate-limiting steps in the coated CF-D. The 𝐸𝐸𝑎𝑎 value of the 
coated CF-2 is marginally higher than the 𝐸𝐸𝑎𝑎 value of ionic conductivity of Ce0.8Gd0.2O2-δ. Nevertheless, it 
can still be indicative that the ionic conduction within CGO is the permeation rate-limiting steps in the 
coated CF-2, but the ionic conductivity of CGO in CF-2 is lower than that of Ce0.8Gd0.2O2-δ, which can be 
attributed to the depletion of Gd within CGO, after phase interactions. Since such phase interactions 
only occur at the multiphase zone in CF-D, the composition of CGO in the monophase zone is close to 
that of Ce0.8Gd0.2O2-δ, ensuring fast ionic conduction. In comparison, the 𝐸𝐸𝑎𝑎 value of the coated CF-1 is 
close to the 𝐸𝐸𝑎𝑎 value of electronic conductivity of FeCo2O4 (~102 kJ/mol [15]), suggesting the electronic 
conduction within FCO is the rate-limiting step. 

 

Table 3 Activation energies of oxygen permeances of the sintered membranes. 

Sample 
𝐸𝐸𝑎𝑎  (kJ/mol) 

bare coated 

CF-1 99 ± 5 100 ± 4 

CF-2 107 ± 4 89 ± 2 

CF-D 103 ± 5 77 ± 2 

 

These results emphasize the importance of the microstructure in a composite, in particular when the 
phase ratio is in the range where the transition of the rate-limiting mechanism from ionic to electronic 
conduction occurs. Although the volume of electronic conducting phases is almost the same in all 
samples, the total number of grains of the electronic conducting phases is lower in CF-1 than in CF-2 due 
to the existence of large FCO grains (see Figure 5(a)). Considering each grain of electronic conducting 
phases as one unit in continuous electronic conducting networks, it is harder to form long-range free 
paths for electronic conduction in CF-1 than in CF-2. The best percolations of ionic conducting phase and 
electronic conducting phases are formed in CF-D through, respectively, the monophase zone and the 
multiphase zone. 

Possible diffusion paths through each membrane are illustrated and compared in Figure 11. The 
electronic conduction in CF-1 might partially rely on the Co-rich grain boundary phases, which bridge the 
neighbouring grains of electronic conducting phases, but only provides limited electronic conduction 
due to a bottleneck effect. As a consequence, CF-1 tends to possess the lowest performance, although 
the volume fraction of ionic/electronic conducting phases within CF-1 and CF-2 is similar (see Table 1). 
Such a blocking effect on electronic conduction is overcome in the CF-2 by an increased amount of 
robust electronic conductive paths through smaller grains (see Figure 11(b)), providing a higher effective 
electronic conductivity. Since the intrinsic electronic conductivity of FeCo2O4 is almost two orders higher 
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than the intrinsic ionic conductivity of CGO [26], once there are robust paths for conducting electrons, 
the bulk diffusion is limited by the ionic conductivity through the CGO. 

CF-D appears to have more free paths for electronic conduction with lesser tortuosity since the small 
grains of electronic conducting phases are concentrated in the multiphase zone and closer to each other 
(see Figure 11(c)). More importantly, CGO within the monophase zone, which can be regarded as 
Ce0.8Gd0.2O2-δ and has a somewhat higher ionic conductivity than the Gd-depleted CGO within CF-2, 
provides rather straight conductive paths dominating the ionic conduction within CF-D. Therefore, CF-D 
shows the highest performance, in particular when the porous LSCF coating distributes electrons on the 
surface instantaneously suppressing surface exchange limitations. 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

 

 
Figure 11 Schematic illustrating oxygen ion diffusion paths (red dashed lines) through ionic conducting phase (grey 

background) and electrons diffusion paths (yellow dashed lines) through electronic conducting phases (blue 
hexagons) in (a) CF-1, (b) CF-2 and (c) CF-D. The thicker lines represent better paths with less tortuosity. 

(a) 

(b) 

(c) 
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For the bare membranes, the oxygen permeances of CF-D are slightly higher than that of CF-2 but 
remarkably higher than that of CF-1 (see Figure 10), which suggests that both surface exchange and bulk 
diffusion are faster during oxygen permeation in CF-2 and CF-D than in CF-1. The oxygen permeances of 
the bare CF-1 and the bare CF-D are lower than that of the coated CF-1 and the coated CF-D, respectively, 
over the entire temperature range due to the sluggish surface exchange [22], while the oxygen 
permeances of the bare CF-2 are marginally lower than that of the coated CF-2 below ~950 °C. This reflects 
the existence of limitations from the surface exchange during the oxygen permeation within the bare 
membranes. It is noteworthy that for CF-2 the improvement of oxygen permeance by LSCF coating is 
relatively low. This indicates that the surface exchange at the bare surface of CF-2 is relatively fast related 
to the fine and homogeneous microstructures providing long TPBs at the surface. 

The bare samples share similar high 𝐸𝐸𝑎𝑎 values (see Table 3), indicating the same permeation rate-
limiting factors. The 𝐸𝐸𝑎𝑎 value of the bare CF-1 is comparable to that of the coated CF-1, while the 𝐸𝐸𝑎𝑎 
values of the bare CF-2 and the bare CF-D are larger than that of the coated CF-2 and the coated CF-D, 
respectively, indicating different permeation rate-limiting steps, i.e., increased surface exchange 
influence [15]. 

Although the 𝐸𝐸𝑎𝑎 values of the bare membranes are close to that of electronic conductivity of FeCo2O4, it 
is unlikely that the electronic conductivity becomes rate-limiting. It is rather likely that the oxygen 
permeance is controlled by both surface exchange and bulk diffusion, which is investigated by 
comparing two different membrane thicknesses. 

When the limiting effects from surface exchange are not negligible, the oxygen permeance is reduced 
according to [35]: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
1

1 + 2 ∙ 𝐿𝐿𝑐𝑐
𝐿𝐿

∙
𝑅𝑅

16 ∙ 𝐹𝐹2
∙

1
𝐿𝐿
∙ 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑇𝑇                                                                                                                       (6) 

where 𝐿𝐿𝑐𝑐  is the characteristic thickness, defined as the thickness where oxygen permeation process 
experiences equal resistance from bulk diffusion and surface exchange [36]. When 𝐿𝐿𝑐𝑐 ≪ 𝐿𝐿, the limiting 
effect from surface exchange is negligible, hence, bulk diffusion is the major rate-limiting factor, and 
equation (6) can be simplified leading to equation (5). However, when 𝐿𝐿 is in the vicinity of 𝐿𝐿𝑐𝑐, the 
limiting effects from surface exchange are nonnegligible, and oxygen permeance and its activation 
energy are then sensitive to thickness changes [35]. 

Figure 12 compares oxygen permeances of two bare CF-2 membranes with different thicknesses. 
Although the thickness difference is small (~0.2 mm), the change of oxygen permeance, as well as its 
activation energy, are significant. The oxygen permeance is improved when the thickness is reduced as 
expected according to equation (5), and the improvement is more significant at high temperatures, 
correlated with the increase of the activation energy. The bare 0.76 mm thick membrane has a higher 
activation energy of oxygen permeance indicating an increased limiting effect from surface exchange 
compared to the 0.96 mm thick membrane. For the bare 0.96 mm thick CF-2 membrane, the activation 
energy of oxygen permeance is smaller, but still higher than that of the coated CF-2 membrane (see 
Table 3). 
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It can be concluded that for the bare CF-2 the oxygen permeation is controlled by both surface exchange 
and bulk diffusion in the investigated region of thickness and temperature. With activation energy of 
oxygen permeance similar to that of the bare CF-2, the bare CF-1 and CF-D, are expected to suffer from 
the same multiple bottlenecks during oxygen permeation as the bare CF-2. The surface exchange 
characteristics of composites need further attention because it is not only an intrinsic material property 
but dependent on the length of TPBs present at the surface and, thus, again microstructure dependent. 
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Figure 12 Arrhenius plot of oxygen permeances of the bare CF-2 membranes with different thicknesses. 

 

Given that the coated CF-D exhibits the highest oxygen permeance, the stability of the coated CF-D was 
investigated. One coated CF-D sample was operated for 335 h at 863 ± 1 °C using the same test 
conditions as described in the experimental section; the gas analysis was stopped twice for recalibration 
of the mass spectrometer. As presented in Figure 13, the oxygen permeation flux of the coated CF-D 
first experiences a slight decrease of ~4 % from the initial state or from the initial state after each 
recalibration within a relatively short time (less than 40 h), then remained constant at ~96 % of the 
initial value. 
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Figure 13 Oxygen permeation flux of the coated CF-D at 863 ± 1 °C as a function of time. 

 

After operation for this long-term oxygen permeation test, the sample was fractured to reveal the cross 
section for further investigations. When compared with the cross section of the fresh sample, the cross 
section at the argon side of the measured sample shows no significant difference in microstructure (as 
can be seen by comparing Figure 14(a) and Figure 9) or elemental distribution (see Figure S3 and Figure 
S5). However, the cross section at the air side of the measured sample (see Figure 14(b)) exhibits 
different characteristics: several grains segregate out of the multiphase zone at the interface between 
membrane and activation layer. These grains appear to be FCO grains since they mainly contain Fe and 
Co (as revealed by EDS mapping shown in Figure S6). Such phase segregation was also observed for the 
same composite prepared by a Pechini process [15], and was reported to have a limited influence on 
oxygen permeation in the measured time frame [15]. Similarly, the segregated FCO grains at the air side 
shown here have not caused a significant decrease in oxygen permeation flux over 335 h as shown in 
Figure 13. 

Therefore, considering the fact that the oxygen permeation flux of the coated CF-D stabilizes at around 
96 % of the initial value after an operation time > 300 h despite the phase segregation, a rather stable 
performance regarding oxygen permeation can be concluded for the CF-D. 
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Figure 14 Cross sections at the (a) argon and the (b) air sides of the coated CF-D after a long-term (over 300 h) 
permeation test. 

 

4 Conclusions 

85 wt% Ce0.8Gd0.2O2-δ: 15 wt% FeCo2O4 composites were prepared by solid-state reactive sintering using 
powder mixture containing Ce0.8Gd0.2O2-δ, Co3O4 and Fe2O3 as precursor powders. Different powder 
preparation methods were used to synthesize membranes with varied microstructural characteristics. 

The results reveal that homogenous microstructures were obtained using the powder mixtures prepared 
by the traditional ball milling method. The particle sizes of powder mixtures are reduced gradually with 
increasing milling time and reduction of the ball size due to the improved crushing effect on 
agglomerates. The reduced particle sizes of powder mixtures contribute to sintering a membrane with a 
fine and homogeneous microstructure, which exhibits higher oxygen permeance than the membrane 
with large grains due to good connections between ionic/electronic conducting phase and long TPBs at 
the surfaces. In comparison, a rather inhomogeneous microstructure with fine grains was sintered using 
inhomogeneous powder mixtures, which were prepared by dry mixing of Ce0.8Gd0.2O2-δ powder with 70 
wt% Ce0.8Gd0.2O2-δ:30 wt% FeCo2O4 powder resulting in the same nominal weight ratio 85:15 of 
Ce0.8Gd0.2O2-δ and FeCo2O4. The fine but inhomogeneous microstructure exhibits two clearly 
distinguishable and percolating phase zones: one monophase zone mainly consists of Ce0.8Gd0.2O2-δ, 
permitting fast ionic conduction through relatively straight paths, and a multiphase zone contains both 
ionic and electronic conducting phases, providing mixed ionic-electronic conductivity with high 
electronic conduction through robust paths. Such a novel microstructure results in the highest oxygen 
permeance. 

We present the successful synthesis of such a novel “dual phase” membrane containing a pure ionic 
conducting phase and a mixed ionic-electronic conducting composite with high electronic conductivity, 
which demonstrates how the limiting effect on bulk diffusion caused by unfavorable microstructural 
characteristics can be overcome. Further improvements are expected by using alternative ionic 
conducting compounds with high intrinsic ionic conductivity. 

(a) (b) 

FCO FCO  FCO  
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