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Lev Martinez Aguilera a, Stéven Pirou a, Peyman Khajavi a, Julio García-Fayos b, 
Jose Manuel Serra b, Henrik Lund Frandsen a, Peter Vang Hendriksen a, Andreas Kaiser a, 
Ragnar Kiebach a, Astri Bjørnetun Haugen a,* 

a Department of Energy Conversion and Storage, Technical University of Denmark, Anker Engelunds Vej 1, 2800 Kgs, Lyngby, Denmark 
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A B S T R A C T   

Oxygen transport membranes have the potential to deliver pure and cheap oxygen to chemical reactors, combustors, gasifiers etc., given that geometry, micro-
structure and material properties are optimized. This work demonstrates the first successful preparation of dual-phase tubular, asymmetric oxygen transport 
membranes consisting of a new electronic conductor LaCr0.85Cu0.10Ni0.05O3-δ mixed with (Sc2O3)0.10(Y2O3)0.01(ZrO2)0.89 as ionic conductor. Challenges related to Cr- 
volatility were overcome by using Fe2O3 as a sintering aid. The sintering aid decreased mismatches in shrinkage and thermal expansion between the four layers in the 
asymmetric membrane and decreased the sintering temperature such that the Cr-volatility was suppressed. The membranes reached an oxygen flux of 0.28 
ml•min− 1•cm− 2 in an air/N2 atmosphere at 950 ◦C. Furthermore, the membranes showed a stable oxygen flux after exposure to different atmospheres, including air/ 
CO2 and air/H2 gradients. The successful fabrication of stable, asymmetric, tubular membranes opens the possibility for future integration in syngas or oxy- 
combustion applications.   

1. Introduction 

Oxygen is an important commodity worldwide with several indus-
trial applications and a growing market [1,2], being the third largest 
volume chemical with a yearly production of ca. 100 Mton [3]. 
Currently, industrial production of oxygen is dominated by two tech-
nologies: 1) fractional distillation of liquefied air, a large-scale produc-
tion technology generating high purity oxygen (>99%), and 2) pressure 
swing adsorption (PSA), that uses pressurized systems and absorbents 
like carbon molecular sieves or zeolites to remove N2 and CO2 from the 
air. However, oxygen produced by PSA is only <97% pure, and the in-
vestment cost and process scale for distillation of liquefied air are 
massive [1,4]. 

Oxygen transport membranes (OTMs) are a promising alternative for 
high-temperature separation of oxygen from air [5,6]. An OTM is a 
gas-tight ceramic layer only permeable to oxygen ions and electrons, 
allowing a theoretical oxygen selectivity of 100%. The total oxygen flux 
depends on the ionic and electronic conductivity, membrane thickness, 
splitting and recombination rates of molecular oxygen at the mem-
brane/gas interfaces and gas permeability of the support layer. A dif-
ference in partial oxygen pressure (pO2) between the feed and the 
permeate side of the membrane provides the driving force for the 

process [7,8]. 
Promising applications for OTMs are oxy-fuel combustion where 

downstream CO2 capture is targeted and oxygen blown gasification. 
When air is used in combustion processes, extra energy is needed to heat 
the inactive N2 gas, i.e. ~79% of the air’s volume, which lowers the 
efficiency. It also increase the capital costs of the combustion equip-
ment, since dimensioning to handle the inactive N2 is needed [1,9,10]. 
Moreover, downstream CO2 capture form an exhaust stream is much 
simpler and cheaper if it does not require a CO2/N2 separation as is the 
case when air is used in the combustion. Biomass gasification is an 
especially interesting application [9,11]. However, in order to use OTMs 
in a tubular geometry suitable for integration for larger scale and real 
operation conditions, technical challenges related to the stability and 
the performance of the membrane materials under operating conditions 
of biomass gasification (ca 850 ◦C - 1000 ◦C and pO2 of 10− 20 atm) need 
to be addressed [7]. 

Mixed ionic-electronic conducting perovskite structures with the 
composition AxSr1-xCoyFe1-yO3-d (A = La, Ba) have high oxygen-ionic 
and electronic conductivity, which are the basic requirements for an 
OTM material. However, these perovskites have a limited pO2 operation 
range and can decompose at low pO2 values (~10− 12 atm) [12] and are 
also affected by carbonation when exposed to CO2-containing 
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environments [13–15]. By using dual-phase composites, with one elec-
tronic and one ionic conducting phase, it is possible to optimize either 
material in terms of stability and performance [16]. Fluorite-structured 
oxides based on Y2O3-stabilized ZrO2 (YSZ) have been widely studied as 
ionic conductors due to their highly stable conductivity in the pO2 range 
between 1 and 10− 21 [17,18]. By co-doping YSZ with Sc, as in 
(Sc2O3)0.10(Y2O3)0.01(ZrO2)0.89 – ScYSZ, an ionic conductivity up to 
0.12 S cm− 1 at 850 ◦C can be obtained [19,20]. 

Lanthanum chromite-based perovskites La1-xAxByCr1-yO3-δ (A = Sr, 
Ca; B = Fe, Cu, Mn, Co) have been studied as solid oxide cell in-
terconnects due to their high thermo-chemical stability at high tem-
peratures (~1000 ◦C), excellent stability in reducing environments (pO2 
~10− 20 atm) [21,22], and decent electronic conductivity. Ca or 
Sr-doped lanthanum chromite have an electronic conductivity that can 
reach up to 25 S cm− 1 and 6 S cm− 1 at 1000 ◦C in air and reducing 
conditions, respectively [21,23–26]. In addition, doping with Sr can 
accelerate the oxygen exchange kinetics [27]. However, in pO2 < 10− 7 

and above 600 ◦C, Sr segregates and the electronic conductivity de-
creases exponentially [24,26,27]. Thus, a Sr-free chromite is advanta-
geous for highly reducing environments and temperatures as high as 
1000 ◦C; operation conditions foreseen for OTMs in gasification 
processes. 

Previously, Pirou et al. [28] demonstrated that 
LaCr0.85Cu0.10Ni0.05O3-δ – LCCN – and ScYSZ can be combined to form 
an electronic and ionic conducting dual-phase OTM for oxy-fuel appli-
cations. However, manufacturing such chromite-based, asymmetric 
dual-phase materials with a thin (~10 μm), dense active membrane on a 
thick (~700 μm) porous support, was not successful [29], due to the 
following challenges: 1) formation of transversal cracks in the mem-
brane, caused by sintering stress or thermal expansion mismatches, 2) 
formation of longitudinal cracks caused by vaporization of Cr from 
LCCN and subsequent hydration of La2O3 to La (OH)3, and 3) segrega-
tion of an insulating secondary phase, LaZr2O7, on the membrane sur-
face [29]. The two latter problems are directly related to the high 
volatility of Cr [30] and its evaporation from LCCN [29] at the high 
sintering temperature needed to densify the LCCN (1450 ◦C). Avoiding 
the evaporation of Cr is therefore a cornerstone to keep the integrity of 
the LCCN phase and manufacture OTMs with a stable performance in 
reducing conditions. At the same time, the sintering stresses and thermal 
expansion of all the layers of the asymmetric membrane must be care-
fully tailored. 

Using sintering aids in the active membrane may allow densification 
of the membrane layer at lower sintering temperatures [31]. If a sin-
tering aid is added to the porous support, increased support shrinkage 
can potentially place the active membrane layer under compressive 
stress. This can aid the densification of the membrane [32], as long as it 
has reached a temperature where its sintering has been activated. 
Additionally, sintering aids may reduce mismatches in thermal expan-
sion coefficient (TEC) between the various membrane components and 
layers, minimizing stresses during thermal cycling. 

This work describes investigations to use Fe2O3 as a sintering aid 
with the aim to tailor the thermo-mechanical properties of the compo-
nents (both between the membrane layers and between the individual 
phases in each layer) in the asymmetrical ScYSZ-LCCN OTMs on 3 mol% 
Y2O3-stabilized ZrO2 (3YSZ) tubular porous supports. Fe2O3 was chosen 
as the sintering aid for the materials in this work based on previous 
reports on sintering aids in YSZ [33,34]. With this approach, Cr vapor-
ization could be avoided and the sintering temperature reduced to 1250 
◦C, resulting in dense and robust LCCN-ScYSZ membrane layers in an 
asymmetric OTM architecture. 

2. Experimental 

The asymmetric tubular oxygen transport membrane (OTM) archi-
tecture consist of four layers (a porous support, an inner porous acti-
vation layer, a dense active membrane, and an outer porous activation 

layer), as shown in Fig. 1. 

2.1. Powder pre-treatment 

Powders of (Sc2O3)0.10(Y2O3)0.01(ZrO2)0.89 – ScYSZ (Daiichi, Japan) 
and LaCr0.85Cu0.10Ni0.05O3-δ – LCCN (CerPoTech, Norway) were mixed 
in different volumetric proportions to prepare the different dual-phase 
composites investigated in this work. Fe2O3 (Alfa Aesar, USA) was 
added in 1 and 3 mol% to adjust the sintering behaviour of the different 
composites. Samples of single-phase ScYSZ and 3YSZ powders were also 
prepared. The powders were mixed by ball milling in ethanol using 5 
mm ZrO2 milling media until the mean particle size was below 250 nm. 

2.2. Preparation of tubular, asymmetric oxygen transport membranes 

The fabrication process of the dual-phase membranes is summarised 
in Fig. 2. Tubular porous supports were prepared by thermoplastic 
extrusion process following the previously developed procedure [29,35, 
36]. A volumetric-based mixture of graphite (Superior Graphite, USA), 
poly-methyl-methacrylate (Esprix, USA) ethylene-vinyl acetate copol-
ymer (DuPont, USA) and paraffin wax (Sigma-Aldrich, USA) was added 
to 3YSZ powders (Tosoh, Japan) coated with stearic acid (Sigma-Al-
drich, USA). Three different feedstocks were prepared, with 0, 1 or 3 mol 
% Fe2O3. The feedstocks were mixed and homogenized for 2 h at 100 ◦C 
using a BK20 mixer (Linden International, Germany). Tubes of 14 mm 
outer diameter and 1 mm wall thickness were extruded at 85 ◦C using a 
single screw extruder 19/20DN (Brabender, Germany). 

Dip coating slurries for the active membrane and activation layers 
were made according to the formulation proportions described in 
Table S1 (supplementary information). Ethanol was used as solvent, 
polyvinyl-pyrrolidone (PVP) K15 (Sigma-Aldrich, USA) as dispersant, 
PVP K30 (Sigma-Aldrich, USA) and polyvinyl-butyral (PVB) Mowital 
B30HH (Kuraray, USA) as binders, dibutyl sebacate (DBS) (Sigma 
Aldrich, USA) as plasticizer and graphite UF-1 (Graphit Kropfmühl, 
Germany) as pore former. The oxide powders, dispersant and solvent 
were ball milled for 72 h. Afterwards, the binder and plasticizer were 
added and subsequently ball-milled for 2 h, filtered through a 20 μm 
mesh filter paper and stored at constant rotation (5 rpm) to avoid 
agglomeration. Deposition on the tubular supports was done with an in- 
house built dip coater [37] varying the deposition speeds from 0.05 to 
0.5 cm•s− 1 to obtain 4–10 μm thick layers. 

A ramp of 15 ◦C•h− 1 and dwells of 2 h at 200 ◦C, 360 ◦C and 600 ◦C 
were used for the binder burnout of the porous support and the calci-
nation of the inner layer. A maximum temperature of 950 ◦C was 
reached and kept for 2 h to finalize the calcination. After that the furnace 
was cooled down at a rate of 120 ◦C•h− 1. This cooling rate was used for 
all thermal treatments in this work. The active membrane was deposited 
on the calcined inner layer. The dip-coating speed was adjusted to obtain 
uniform layers of 5–8 μm thickness. The membrane was sintered by first 
heating at a ramp of 60 ◦C•h− 1 with dwells at 360 ◦C and 600 ◦C for 2 h 
each. Two different ramp rates (60 and 200 ◦C•h− 1) were used from 600 
◦C up to the sintering temperature (1250 ◦C, held for 4 h). The outer 
activation layer was deposited on the sintered active membrane layer 
followed by a final thermal program with the same debinding step as for 
the membrane sintering, followed by heating at 200 ◦C•h− 1 from 600 ◦C 
to 1200 ◦C and a 2 h dwell. 

2.3. Characterization 

The particle size of the slurries was measured with a laser diffraction 
particle size analyser LS 13 320 (Beckman Coulter, USA). Rheological 
properties of the slurries were analyzed using a MCR302 rheometer 
(Anton Paar, Austria) with a 25 mm stainless steel parallel plate (PP25) 
at a gap of 0.5 mm. Sintering curves and thermal expansion coefficients 
(TEC) were obtained from 10 mm long rods on a DIL402CD dilatometer 
(Netzsch, Germany). For the sintering curves, pellets of uniaxially 
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pressed powders were heated with a rate of 1 ◦C•min− 1 up to 1250 ◦C 
and cooled using a ramp of 10 ◦C•min− 1. Pellets for the TEC measure-
ments were pre-sintered in a chamber furnace in stagnant air at 1350 ◦C 
for 2 h. The TEC measurements were performed using heating and 
cooling ramps of 2 ◦C•min− 1 with 1 h dwell at 1250 ◦C, with a 6 mm 
alumina rod as a reference. 

The strength of the porous supports was measured by four-point 
bending at room temperature. A maximum load of 10 N was applied. 
The test specimens were 6 cm long and semi-cylindrical, obtained by 
cutting the sintered tubes in two along their length direction. At least six 
specimens of each porous support were tested to obtain representative 
data. The test rig, loading fixture and methodology are described in 
more details by Kwok et al. [38]. The Darcy gas permeability constant of 
the porous supports was calculated by measuring the flow rate of N2 
through the supports at known pressure gradients at room temperature. 
The setup is described in more details in Ref. [39]. The porosity of the 
porous support was characterized by Hg-intrusion using a PoreMaster 33 
(Quantachrome, USA) and microstructure analysis using the scanning 
electron microscopes (SEM) TM3000 (Hitachi, Japan) or Merlin (Zeiss, 
Germany) with energy-dispersive spectroscopy (EDS) (XFlash 6–60, 
Bruker, USA). Image J (open source software) was used for the SEM data 
analysis. 

Oxygen permeability through the asymmetric, tubular membrane 
was tested by supplying air at the feed side (outer side) and various 

sweep gasses at the permeate side (inner side) as shown in Fig. 1. More 
details of the setup can be found in the supplementary information, 
Section S.2. Cyclic cooling and heating was applied to investigate the 
mechanical and chemical stability of the membranes: heating up to 
1000 ◦C with a ramp rate of 2 ◦C•min− 1, 30 min dwell and then cooling 
down with the same rate. This cycle was repeated 4 times in air and 3 
times in 5%H2–N2. A final cycle in air was carried out to re-oxidise the 
sample. 

2.4. Sample codes 

The amount of ScYSZ, LCCN and Fe2O3 of the different layers is 
abbreviated as “SLxyFz”, where S is for ScYSZ and x its content in vol%; 
L is for LCCN and y its content in vol%; and F for Fe2O3 and z its mol% 
added. For example, SL9010Fe3 refers to 90 vol% ScYSZ, 10 vol% LCCN 
with an addition of 3 mol% Fe2O3. 

3. Results and discussion 

3.1. Effect of Fe2O3 doping 

3.1.1. Thermomechanical properties of the OTM materials 
We used dilatometry to assess the effect of Fe2O3 doping on the 

membrane components’ thermomechanical properties (sintering 

Fig. 1. Schematic of the oxygen transport membrane architecture and materials analyzed in this study.  

Thermoplastic 
extrusion of 

porous support
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inner activation 
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950ºC/2h

Dip coating of 
active membrane

Sintering
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Dip coating of 
outer activation 
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Calcination 
1200ºC/2h

Fig. 2. Manufacturing steps of the asymmetric tubular oxygen transport membranes. Thermal processes are outlined in red. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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behaviour and TEC). Fig. 3 shows the shrinkage of cylindrical pellets 
made Fe-doped materials (used for the porous support and active 
membrane) during sintering. The temperature for the onset of sintering 
and the TEC are listed in Table 1 (with a split into four different tem-
perature intervals to account for the temperature dependence of the TEC 
values). 

Fig. 3a shows the sintering curves of the material for the porous 
support, 3YSZ, with different amount of Fe2O3 doping. A decrease of 
67 ◦C in the sintering onset temperature was observed by adding 1 mol% 
Fe2O3 (3YSZFe1). Further increase of the Fe2O3 content has a lower 
effect on the sintering; only a decrease by 10 ◦C was observed between 
the samples with 1 mol% (3YSZFe1) and 3 mol% (3YSZFe3) Fe2O3 
doping. The sintering rates were not affected by the addition of Fe2O3. 
The total shrinkage reached at 1250 ◦C increases with the same trend, 
from 10% in undoped 3YSZ to 18% in 3YSZFe1 and 20% in 3YSZFe3. 
These results are is in good agreement with literature: doping 8YSZ with 
3 mol% Fe was found to have no considerable effect on the sintering 
rate, but lowered the onset of sintering by approximately 100 ◦C [33, 
34]. This is caused by the co-existence of substitutional and interstitial 
Fe3+ ions that increase the Zr4+ diffusion coefficient [34]. Fig. 3b shows 
the effect of Fe2O3 doping on sintering of the active membrane material 
SL7030 (70 vol% ScYSZ, 30 vol% LCCN). As seen, the onset tempera-
tures for sintering increased with the addition of dopant, but the total 
shrinkage reached at 1250 ◦C still increases, from 6% in SL7030 to 7% in 
SL7030Fe1 (SL7030 with 1 mol% Fe2O3) and 11% in SL7030Fe3 
(SL7030 with 3 mol% Fe2O3). 

Doping with Fe2O3 also affects the thermal expansion coefficient 
(TEC) of both the porous support and active membrane materials, as 
seen in Table 1. The TEC of the single components (3YSZ, ScYSZ and 
LCCN) presented in Table 1 are in accordance with literature [40–42]. 
TEC values of the support material, 3YSZ, decrease with increasing Fe 
content below 650 ◦C; a difference of 2 × 10− 6 K− 1 between pure 3YSZ 
and 3YSZFe3 was found in the interval 50–650 ◦C. However, the effect is 
inverted at higher temperatures; the TEC of 3YSZFe3 is 0.71 × 10− 6 K− 1 

higher than of 3YSZ in the range 1050–1250 ◦C. The TEC of the active 
membrane materials decrease with increasing Fe content over the entire 
studied temperature range, but most markedly at higher temperatures. 

3.1.2. Properties of the tubular supports 
Since the asymmetric membranes rely on the mechanical and phys-

ical properties of the porous support, these properties were investigated 
before fabrication of multi-layered OTM was attempted. Porous tubular 
supports of 3YSZ with 0, 1 and 3 mol% Fe2O3 were fabricated and their 
main properties after sintering are displayed in Table 2. 

Fig. 4 shows cross-sectional SEM micrographs of the sintered tubes. 
Long, irregular pores are formed by graphite, while PMMA provides the 
larger spherical pores. The pores from PMMA are observed in all the 
samples, while the pores from graphite (Fig. 4a) are partially collapsed 

in 3YSZFe1 (Fig. 4b) and 3YSZFe3 (Fig. 4c). The total porosity generally 
decreases with Fe2O3 doping, but the pore size increases slightly. 

The gas permeability of the supports, expressed with the Darcy 
permeability coefficients (Table 2), are unaffected by the doping. This 
can be explained by how the doping influences the sintering and more 
directly the microstructure, analogous to observations in the same ma-
terial system when increasing the sintering temperature [43]. The 
increased densification, either by doping or higher sintering tempera-
ture, causes higher shrinkage (as observed by dilatometry, Fig. 3a) and 
lower total pore volume measured by mercury porosimetry (Table 2). At 
the same time, the remaining pores are brought in closed contact and 
coarsen (through an Ostwald ripening effect [43]), such that the 
remaining pore channels between them are wider. The effective pore 
size, as measured by mercury porosimetry (Table 2), therefore increases. 
These two microstructural changes affect the permeability in opposite 
directions, such that the effect of reduced porosity volume is compen-
sated by larger pore channels. This is also in accordance with previous 
studies [39,44]. All the three porous supports fulfil the requirement of a 
gas permeability larger than 1 × 10− 14 m− 2, for which gas permeability 
limitations through the support are not expected [39]. 

The strength values (Table 2) increase with the dopant content. By 
using 1 mol% Fe2O3, the strength of the 3YSZ porous support increases 
by 38%. In the case of 3YSZFe3, a strength of >138 MPa was calculated 
(the samples could withstand the maximum testing load of the equip-
ment (10 N)). The increased strength is an expected result of the 
improved densification of the Fe2O3-doped porous support. 

3.2. Analysis of porous support – active membrane material combinations 

Having established the thermomechanical properties of our active 
membrane and porous support materials with Fe2O3 doping (Table 1), 
we can now proceed to identify material combinations with similar 
thermal properties suitable for co-sintering. Fig. 5 is a graphic repre-
sentation of the TEC and TEC mismatch of all combinations of the three 
3YSZ-based porous support and three ScYSZ-LCCN-based active mem-
branes. The figure shows that the combinations with lower TEC mis-
matches (below 10− 6 K− 1 in all temperature ranges) are (i) 3YSZFe1 - 
SL7030Fe1, (ii) 3YSZFe1 - SL7030Fe3 and (iii) 3YSZFe3 - SL7030Fe3. A 
similar analysis was made using Fe-doped SL6040 (60% ScYSZ, 40% 
LCCN) composites for the active membrane material. These composites 
have higher content of LCCN to ensure percolation of the electronic- 
conductor phase within the membrane. 3YSZFe3 - SL6040Fe3 was 
found to be a suitable combination. 

The differences in the onset temperature for sintering of porous 
support and active membrane combinations are shown in Table 3. While 
this difference is more than 100 ◦C for the undoped samples, it decreases 
by Fe2O3 doping in both the porous support and the membrane mate-
rials, down to practically zero difference between SL7030Fe3 and 
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3YSZFe1. 

3.3. Fabrication of asymmetrical tubular oxygen membranes 

The most promising combinations of materials for porous support/ 
active membrane, presented in the analysis above, were prepared as 
tubular, multi-layered asymmetric membranes. The interactions be-
tween them, as well as the inner and outer activation layers, are 
described in the following sections. 

3.3.1. Effect of the porous support on the dense active membrane 
3YSZ porous supports containing 0, 1 and 3 mol% Fe2O3 were pre-

pared to be able to later assess the influence of the porous support on the 
densification of the active membrane. The SEM images of the sintered 
cross-section of these supports in combination with a SL6040Fe3 active 
membrane and a SL9010Fe3 inner activation layer are shown in Fig. 6. 
The active membrane layer densifies more with increasing content of 
Fe2O3 in the YSZ support. 

Some proposed porous support/active membrane combinations 

described in Section 3.2 considered the use of 3YSZFe1 porous support. 
However, the membrane layer did not densify in any of the prepared 
systems with 3YSZ or 3YSZFe1 porous support, irrespective of the Fe- 
content in the ScYSZ-LCCN active membrane. In contrast, all the 
active membranes co-sintered with 3YSZFe3 porous support showed 
>90% densification. The improved densification of the active mem-
brane with increasing Fe2O3 content in the porous support can be 
ascribed to the increased total shrinkage of the porous support (Table 2 
and Fig. 2), which is the structurally dominating part of the component. 
This generates compressive stresses in the membrane layer that likely 
assist its densification as long as the two materials shrink at similar 
temperatures. 

3.3.2. Effect of Fe-content in the dense active membrane 
In order to analyse the effect of the Fe2O3-content in the active 

membrane on its densification, SL7030, SL7030Fe1 and SL7030Fe3 
active membrane layers were deposited on tubes of the 3YSZFe3 porous 
support with SL9010Fe3 as the inner activation layer. All the active 
membrane layers densified, regardless the quantity of Fe2O3 in the 
active membrane’s formulation. 

Since evaporation from Fe2O3 starts around 1050 ◦C [45], it is likely 
that a significant amount vaporizes and redistributes during the sinter-
ing process at 1250 ◦C, for example from the 3YSZFe3 porous support or 
the SL9010Fe3 inner activation layer and into the active membrane. The 
elemental composition from EDS of the SL7030, SL7030Fe1 and 
SL7030Fe3 active membrane when deposited on SL9010Fe3 inner 
activation layer and supported on 3YSZFe3 porous support is shown in 
Table 4. This confirms that Fe has propagated into the SL7030 mem-
brane layer. Fe seems to have a preference for the LCCN phase, but 
because of the small average grain size of the LCCN (~330 nm) and of 
the ScYSZ (~900 nm) in the active membrane, the EDS could include 
signals from both phases. 

Table 1 
Thermal expansion coefficients (TECs) and sintering onset temperatures of membrane components. The TEC is reported for four different temperature intervals due to 
its temperature dependence.  

Material 50–650 ◦C 650–850 ◦C 850–1050 ◦C 1050–1250 ◦C Sintering onset [◦C] 

ScYSZ 10.1 12.1 13.1 13.8 987 
LCCN 9.5 10.8 11.7 12.2 993 
3YSZ 10.4 10.7 11.6 12.9 1103 
3YSZFe1 9.7 10.5 12.3 13.0 1036 
3YSZFe3 8.4 11.1 11.9 13.6 1025 
SL7030 9.4 11.4 12.9 13.7 977 
SL7030Fe1 9.4 11.2 12.6 13.5 997 
SL7030Fe3 9.1 11.1 12.4 13.1 1035 
SL6040 8.9 11.0 12.6 13.2 963 
SL6040Fe3 8.5 11.2 12.5 13.4 — 
SL8020 9.5 11.6 12.9 13.5 947 
SL9010 9.0 11.7 12.7 13.2 — 
SL9010Fe3 8.6 11.1 12.5 13.1 1036  

Table 2 
Main features of the Fe2O3-doped 3YSZ porous supports.  

Sample 3YSZ (0 mol% 
Fe2O3) 

3YSZFe1 (1 mol% 
Fe2O3) 

3YSZFe3 (3 mol% 
Fe2O3) 

Porosity [vol%] 59.9 53.4 48.6 
Pore size [μm] 1.29 1.37 1.38 
Darcy coefficient 

[10− 14 m− 2] 
2.2 2.1 2.2 

Average strength 
[MPa] 

83 ± 4 114 ± 3 >138 

Sintering onset 
temperature [◦C] 

1110 1040 1037 

Diameter shrinkage 
[%] 

19.9 24.9 25.7  

Fig. 4. Cross-sectional SEM micrographs of Fe2O3-doped 3YSZ tubular supports after sintering at 1250 ◦C for 4 h. (a) Single phase 3YSZ, (b) 1 mol% doped Fe2O3 and 
(c) 3 mol% doped Fe2O3. 
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3.3.3. Active membrane – porous support interaction at different heating 
rates 

The interaction between the 3YSZFe3 porous support and the 
SL7030Fe3 active membrane layer was studied with two different 
heating rates (60 or 200 ◦C h− 1) between 600 ◦C and 1250 ◦C, to analyse 

the possible effects caused by the different shrinkage behaviour of the 
materials. SEM analysis of the active membrane’s surface revealed 
extensive cracks on the set of samples sintered with ramp of 60 ◦C h− 1 

(Fig. 7a); however, when using a heating rate of 200 ◦C h− 1, crack-free 
membranes were obtained (Fig. 7b). Additionally, a higher membrane 
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Fig. 5. TEC analyses of 3YSZ-based porous supports and ScYSZ-LCCN active membrane materials with differents Fe2O3 concentrations as sintering aid.  
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density was obtained with the fastest heating rate: 98% densification 
was achieved in SL7030Fe3 sintered at 1250 ◦C using a ramp of 200 ◦C 
h− 1, while 92% densification was obtained using 60 ◦C h− 1. 

The effect of the heating rate can be explained with the results of our 
thermomechanical study (Section 3.1.1). The total shrinkages of 
SL7030Fe3 and 3YSZFe3 after sintering at 1250 ◦C are ~11% and 
~18%, respectively, and from 950 ◦C to 1150 ◦C the 3YSZFe3 shrinks 
faster than the SL7030Fe3 (Fig. 3). This means that if the heating rate is 
slow, the 3YSZFe3 support has enough time to shrink already at low 
temperatures (below 1150 ◦C), where the SL7030Fe3 active membrane 
attached to the support is unable to shrink at the same rate. Reaching the 
sintering dwell temperature (1250 ◦C), the already sintered support 
cannot shrink much further, which places the active membrane under 
tensile stress while it is sintering. To release the tension, the membrane 
would crack in some areas and locally sinter and densify. When the 

heating rate is increased from 60 to 200 ◦C h− 1, the 3YSZFe3 support has 
less time to shrink at low temperatures, allowing the SL7030Fe3 mem-
brane to shrink and densify together with the 3YSZFe3 support during 
the dwell time at 1250 ◦C. 

The same positive effect of increased heating rate in the sintering 
cycle was also observed for the combination of the SL4060 active 
membrane and a 3YSZFe3 porous support (Fig. S1 in the supplementary 
information). 

3.3.4. Effect of the inner activation layer 
A porous layer was introduced between the porous support and the 

active membrane to (i) increase the quantity of triple phase boundaries 
(TPB) where the surface exchange reactions can take place and (ii) to 
improve the gas diffusion from the gas stream to the TPBs. ScYSZ has 
been used as an activation layer between the 3YSZ and ScYSZ- 
LCCN6040 in previous studies [29]. Since LCCN hinders the densifica-
tion when added to ScYSZ, the possibility of using LCCN as a pore former 
in the activation layers was investigated. Consequently, LCCN was 
added not only to provide electronic conductivity, but also to utilize its 
low degree of densification to form a porous structure. Multilayer tubes 
were fabricated with SL9010Fe3, SL8020Fe3 or SL7030Fe3 as inner 
activation layers and SL6040Fe3 as active membrane on 3YSZFe3 
porous supports. 

The SEM images (Fig. 8) show how the LCCN content of the inner 
layer affects the densification of the SL6040Fe3 active membrane. 
Membrane densities of 95%, 90% and 70% were obtained for 

Table 3 
Difference in sintering onset temperature (◦C) between materials used in the active membrane (vertical) and in the porous support (horizontal).  

Materials 3YSZ 3YSZFe1 3YSZFe3 

SL7030 126 59 48 
SL7030Fe1 106 40 28 
SL7030Fe3 68 1 10  

Fig. 6. Effect of the Fe2O3 content in the 3YSZ porous support (PS) on the densification of SL6040Fe3 active membranes (AM) after sintering at 1250 ◦C: a) 3YSZ 
porous support, b) 3YSZFe1 and c) 3YSZFe3. SL9010Fe3 was used as the inner activation layer (IL). 

Table 4 
EDS elemental composition of the two phases in the active membranes. Com-
positions are normalized to Zr for the ScYSZ and to La in the case of the LCCN.   

ScYSZ, Zr = 0.89 LCCN, La = 1 

Element Sc Y Fe Cr Cu Ni Fe 
Theoretical 0.20 0.02 -/0.01/0.03 0.85 0.10 0.05 - 
SL7030 0.20 0.05 0.03 0.66 0.01 0.02 0.20 
SL7030Fe1 0.19 0.04 0.06 0.60 0.02 0.02 0.28 
SL7030Fe3 0.19 0.04 0.05 0.80 0.04 0.03 0.09  

Fig. 7. SEM micrographs of the top-view of the SL7030Fe3 active membranes supported on 3YSZFe3 tubes sintered with two different heating rates: a) 60 ◦C h− 1, b) 
200 ◦C h− 1. 
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SL9010Fe3, SL8020Fe3 and SL7030Fe3, respectively. Using SL9010Fe3 
allows forming TPB sites at the inner layer – active membrane interface, 
without limiting the densification of the active membrane, while a 
LCCN-content higher than 20 vol% leads to a too porous membrane 
layer, as observed in Fig. 8c. If no sintering aid was used in the inner 
activation layer, temperatures as high as 1100 ◦C would be required to 
bond it to the porous support. This would cause too much shrinkage of 
the porous support, such that it would not be able to co-sinter with the 
active membrane in the subsequent processing step. 

3.3.5. Outer activation layer 
As a last step to obtain a complete multi-layered membrane, it is 

necessary to deposit a porous outer activation layer to increase the TPB. 
The outer layer was deposited after sintering of the active membrane 
(Fig. 2), which allows using a low-density, high-LCCN content com-
posites for the outer layer. Consequently, tubular, asymmetric OTM 
consisting of 3YSZFe3 - SL9010Fe3 - SL7030Fe3 (porous support - inner 
activation layer - active membrane) and SL7030Fe3, SL6040Fe3 or 
SL5050Fe3 as the outer activation layer were manufactured. 

Only SL7030Fe3 attached to the active membrane at 1200 ◦C, while 
SL6040Fe3 and SL5050Fe3 did not properly attach even at 1250 ◦C. This 
is because larger quantities of LCCN decreases the sinterability of the 
LCCN-ScYSZ composite. Temperatures higher than 1300 ◦C would then 
be needed to properly adhere to the membrane, which would lead to 
formation of the insulating LaZr2O7 phase [29]. 

3.4. Performance of optimized asymmetrical tubular oxygen membranes 

The possible porous support/active membrane combinations based 
on the thermochemical analysis (Section 3.2) are after the investigations 
reported in Section 3.3 reduced to those with 3YSZFe3 porous supports, 
SL9010Fe3 inner activation layers, and SL7030Fe3 outer activation 
layer. The content of dopant in the active membrane was not found to be 
critical. The performance of complete tubular, asymmetric OTM systems 

with different active membrane layers were therefore studied. 
Fig. 9 shows cross-section SEM micrographs of an OTM containing 

SL7030Fe1 as the active membrane layer. An OTM containing 
SL7030Fe3 as active membrane showed the same microstructure; the 
densification of the active membrane layer was independent of the Fe 
content. The membranes were gas-tight and no delamination or cracks 
could be observed, which makes these configurations using SL7030 or 
SL7030Fe1 as the active membrane feasible options for further study 
and characterization. Tubes of 30 cm length could be fabricated and 
reproduced. 

3.4.1. Thermomechanical and chemical stability of the membranes 
Thanks to the optimization described in the previous sections, 30 cm 

long tubular asymmetric OTMs made of 3YSZFe3 porous support, 
SL9010Fe3 inner activation layer, SL7030Fe1 active membrane and 
SL7030Fe3 outer activation layer were successfully fabricated. The 
tubes were exposed to thermal cycling in air, reducing conditions and re- 
oxidation. The cross-sectional micrographs and the photograph of the 
tubes (Fig. 10) show that the membrane was crack-free, without macro- 
or micro-structural defects after each stage of the treatment. This in-
dicates high mechanical stability of the porous support as well as strong 
interfaces between all layers. The support turned black after the 
reduction step, probably due to reduction of Fe4+ to Fe3+ [46]. 

The elemental composition from EDS analysis of the active mem-
brane layer (SL7030Fe3) after sintering and after reduction are shown in 
Table 5. After sintering, the LCCN phase has lost ~50% of the Cu and 
13% of the Cr relative to its nominal composition, but no further changes 
to the composition are observed after the reduction step. 

3.4.2. Oxygen permeation flux 
The optimized OTM (3YSZFe3 porous support, SL9010Fe3 inner 

activation layer, SL7030Fe1 active membrane and SL7030Fe3 outer 
activation layer) was characterized in terms of oxygen permeation flux 
on a ~3 cm tubular section. The test was performed from 850 ◦C to 

Fig. 8. SEM cross-section images of 3YSZFe3 porous supports (PS) and SL6040Fe3 active membranes (AM), with inner activation layers (IL) containing three 
different amounts of LCCN: a) SL9010Fe3, b) SL8020Fe3 and c) SL7030Fe3. 

Fig. 9. SEM images of cross-sections of a) an OTM made of 3YSZFe3 (porous support), SL9010Fe3 (inner layer), SL7030Fe1 (active membrane) and SL7030Fe3 
(outer layer); and b) zoomed-in view of the SL7030Fe1 (active membrane). 
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950 ◦C. Fig. 11a shows the results from measurements in an air/N2 
gradient. The maximum oxygen flux (0.28 Nml cm− 2 s− 1) is obtained at 
950 ◦C with a sweep gas rate of 500 ml•min− 1. This flux value is slightly 
higher than the oxygen flux obtained in a 1 mm pellet of ScYSZ-LCCN 
with the same operating conditions [28], which is one order of magni-
tude lower than the oxygen flux expected for a ~10 μm thick membrane. 
Measurements were also performed with CO2, 5%H2–N2 and H2 as the 
sweep gas, but the oxygen flux data of these measurements could not be 
obtained due to a failure in the mass flow controllers that affected the 
continuous and correct supply of the sweep gases. However, after each 
measurement performed with different sweep gases the oxygen perme-
ation flux was measured in air/N2 at 850 ◦C (Fig. 11b) to check the 
membrane stability after the different operation conditions. The oxygen 
flux is relatively unchanged after the tests in air/CO2 and air/5%H2–N2 
gradients, indicating a high stability of the membrane materials. A 
slightly higher oxygen flux was observed after measurements in air/H2, 

probably caused by activation of the membrane due to reduction of the 
activation layer. While these test were only running over a few hours, 
the same membrane composition in a planar configuration was, after a 
slight initial decay, stable in CO2 for 250 h [47]. 

The performance of the OTM relies on both the ionic conductivity of 
the ScYSZ and the electronic conductivity of LCCN, which might be 
affected by doping. To the best of our knowledge, there are no studies of 
the effect of Fe on the electronic conductivity on LCCN. This could be 
determined by electronic conductivity tests in relevant conditions, as 
well as careful XRD analysis to identify any substitution of Fe in the 
LCCN crystal lattice. 

On the other hand, several studies [48–53] have investigated the 
effect of Fe2O3 on the ionic conductivity of the YSZ and other ZrO2-based 
oxides. Simulations carried out by Chen et al. showed that oxygen ion 
conductivity could increase from 0.08 S•cm− 1 to 0.3028 S cm− 1 at 700 
◦C when 3 mol% Fe2O3 was added to the 8YSZ [51]. Bohnke et al. 
determined experimentally that the bulk conductivity of 
scandia-stabilized zirconia is not affected by the addition of Fe2O3, 
keeping values close to 3 × 10− 3 S cm− 1 in air at 750 ◦C [49]. Van Hassel 
et al. [54] measured the ionic conductivity of an Fe-doped single crystal 
of (ZrO2)0⋅83(Y2O3)0.17 as function of pO2 (H2 and N2 atmospheres) and 
temperature (500 ◦C – 900 ◦C). At 500 ◦C, the ionic conductivity was 
found to be one order of magnitude lower than the one of the single 
crystal. This has been explained by the possible incorporation of Fe3+ on 
a Zr4+ lattice position in the YSZ lattice. Nevertheless, above 700 ◦C the 
ionic conductivities converge despite the used atmosphere. To the best 
of the authors’ knowledge, no studies of conductivity of Fe-doped ScYSZ 
in reducing conditions have been done. However, it is expected that 
ScYSZ follows a similar behaviour as YSZ crystal structures. Thus, the 

Fig. 10. SEM images of the cross-section of the tube after cyclic treatments at 1000 ◦C in a) air, b) 5%H2–N2 and c) re-oxidised sample. d) Photograph of the samples. 
The outer diameter of the tubes are 1 cm. 

Table 5 
EDS analysis of the SL7030Fe3 active membrane in different testing stages. 
Atomic values of the different components are normalized to Zr (for ScYSZ) and 
La (for LCCN).  

Element Nominal Sintered Reduced 

Zr 0.89 0.89 0.89 
Y 0.02 0.04 0.04 
Sc 0.20 0.14 0.10 
La 1.00 1.00 1.00 
Cr 0.85 0.78 0.78 
Cu 0.10 0.04 0.04 
Ni 0.05 0.04 0.04  
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ionic conductivity of the ScYSZ should not be compromised by the 
addition of Fe2O3 when working above 700 ◦C. 

The lower oxygen flux values obtained when using sweep gas flows 
of 20 ml•min− 1 might be related to gas diffusion limitations. Other 
possible causes of the low oxygen permeability could be lack of 
electronic-conducting phase percolation and triple phase boundaries. 
This could be analyzed by means of 3D SEM and statistical 2D SEM 
studies. Any formation of LaZr2O7 insulating phase could be observable 
by transmission electron microscopy (TEM). Additional characterization 
of the fabricated membranes is therefore required to identify the reason 
(s) for the limited oxygen permeability. An extensive oxygen flux mea-
surement campaign with relevant gases for syngas applications can also 
provide further insight. In addition, infiltration of a catalyst into the 
porous activation layers could help to overcome any surface exchange 
limitations to the oxygen flux. Still, the stable oxygen flux values after 
the using different gradients clearly indicates that the membrane has an 
outstanding stability towards different atmospheres, including highly 
reducing conditions, fulfilling one of the main requirements for syngas 
applications. 

4. Conclusions 

Tubular, asymmetric oxygen transport membranes with 
(Sc2O3)0.10(Y2O3)0.01(ZrO2)0.89 – LaCr0.85Cu0.10Ni0.05O3-δ (ScYSZ-LCCN) 
as the active membrane layer on (Y2O3)0.03(ZrO2)0.97 (3YSZ) porous 
supports were successfully prepared by using Fe2O3 addition in the 
porous supports and in the dense dual-phase membrane layers. The 
addition of Fe2O3 increased the sintering activity of both materials and 
decreased mismatches observed between the layers in both thermal 
expansion coefficients and the sintering activity, which diminished the 
thermo-mechanical stresses. By the addition of Fe2O3 and its action as a 
sintering aid, the membranes could be sintered at 1250 ◦C rather than 
1400 ◦C, significantly reducing the Cr-evaporation, which otherwise 
hinders full densification. 

Specifically, adding 3 mol% Fe2O3 to the 3YSZ porous support low-
ered the onset of sintering by 80 ◦C, lead to an additional shrinkage of 
~6% at 1250 ◦C and increased the strength of the tubes to >138 MPa 
without compromising the gas permeability. Only the active membranes 
co-sintered with the 3 mol% Fe2O3 doped 3YSZ porous support reached 
sufficient densification to be gas-tight, independently of the amount of 
Fe2O3 added to the active membrane layer. This demonstrates that the 
main factor that enables the densification of LCCN-based membrane 
layers is a good match of the shrinkage between the membrane layer and 
the support. 

Dense membranes without cracks could be obtained after increasing 
the heating rate from 60 to 200 ◦C h− 1 in the temperature range 

600–1250 ◦C. The shorter time spent below 1250 ◦C provided less time 
for the support to shrink before the membrane had reached its sintering 
onset temperature, and therefore reduced the sintering mismatches. 

The ScYSZ inner and outer activation layers were successfully 
modified with LCCN to increase porosity and triple phase boundaries, 
and with Fe2O3 to decrease the sintering temperature. 

We obtained an oxygen permeation flux of approximately 0.28 
ml•min− 1•cm2 in an air/N2 gradient at 950 ◦C. A further increase in 
performance could possibly be achieved by improving the percolation of 
the electronic conducting phase, and enhancing the surface exchange. 
The manufactured tubular, asymmetric oxygen transport membrane 
showed high stability after exposure to CO2 and reducing conditions and 
high mechanical stability towards cycling, making it a promising 
candidate for further investigation and application in syngas or oxy-fuel 
combustion. 
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