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Summary 

As an alternative to some mature techniques for pure oxygen production, such as 

cryogenic distillation or pressure swing adsorption, dense ceramic membranes 

can offer great potential because of their unlimited selectivity, low energy cost 

and possibility of integration inside oxygen consuming reactors. The operating 

conditions of the oxygen transport membranes include ultra-high temperature, 

large oxygen partial pressure gradient, as well as exposure to strongly reactive 

(both reducing and oxidising) atmospheres. These conditions bring formidable 

challenges to the membrane material and geometry selection, and sealing of the 

membranes to gas-tight permeation cells or reactors. 

Application of a suitable membrane geometry is important for the successful 

design of an oxygen separation unit. Membrane tubes, planar disks as well as 

hollow fibres are the most often used geometries for oxygen transport membranes. 

The comparatively easy fabrication process has made the planar disks widely 

applied at lab scale to investigate the membrane performance. However, in a 

membrane reactor, a large amount of reactant may by-pass the planar membrane 

and may remain un-reacted because of the low effective membrane area and 

insufficient gas mixing. Hollow fibres and tubular membranes have larger surface 

areas than planar disks, but the insufficient mechanical strength of hollow fibres 

hampers their application. Tubular membranes exhibit similar characteristics as 

hollow fibres (high area/volume ratio) while assuring high mechanical strength 

and ease of handling in membrane reactors. Therefore, tubular membranes are 

preferred for industrial processes. For industrial applications, it is necessary to 

seal the tubular membrane with a gas-tight connection to the permeation cell. A 

smaller sealing area can reduce the probability of leakage from the joining parts. 

To simplify the sealing process and to reduce the stress caused by the thermal 

expansion difference between the connection part and the membrane, it is 



 

 

preferred to seal only one side of the membrane tube. An overview of the research 

on mixed ionic-electronic conducting membranes for oxygen separation and their 

application in membrane reactors is given in Chapter 2, whereas several dead-

end tubular membranes are prepared in Chapter 3 with a modified phase inversion 

casting method. The phase inversion process in the water bath result in finger-

like channels inside the membrane, thereby reducing the mass transfer resistance 

for oxygen permeation. 

The harsh operating conditions of ceramic membranes require special membrane 

materials to provide simultaneously a high permeation flux and a good 

mechanical and chemical stability. However, most of the materials provide good 

permeability, e.g. several perovskites, show insufficient stability in the chemical 

process. Dual-phase membranes, which can combine a sufficient permeability 

with good stability are developed to overcome the dilemma of single-phase 

membranes. In Chapter 4, several different combinations of materials were used 

for the preparation of dual-phase membranes, and their permeability and 

chemical stability have been compared. Based on the performance of the dual-

phase membranes, some triple-phase membranes with good stability have also 

been developed in this chapter. Element substitution was considered to be another 

way to improve the chemical stability of some highly permeable membrane 

materials. To compare the strategies of phase combination and element 

substitution, a Sb doped SrFeO3-δ membrane was fabricated and tested in Chapter 

5. 

The increased wall thickness of the tubular membranes compared to the hollow 

fibre membranes results in better strength but at the same time lower their 

permeability. To solve this problem, an asymmetric membrane was developed, 

where a thin membrane layer was coated onto a porous support. With this 

structure, combined high mechanical strength and good permeability can be 



 

realised in a membrane tube. The porous support tubes were usually produced 

with an extrusion process, which results in a sponge-like microstructure. The 

highly tortuous channels in this structure cause large mass-transfer resistance. In 

Chapter 6, the modified phase-inversion casting method is used for the fabrication 

of the porous support. Finger-like channels can be obtained in the support during 

the phase inversion process, which decrease the mass transfer resistance for 

oxygen transfer. The selective layer material is mixed in the slurry for the 

preparation of membrane support with the purpose to achieve a compatible 

shrinkage behaviour of the two layers during sintering at ultra-high temperature. 

The modified phase-inversion casting method is a low-cost method with high 

versatility. It can be applied for the production of dead-end membranes and 

porous membrane supports from different materials. Membranes of different 

thickness and length can also be produced by adjusting the size of the casting 

tools. With this method suitable membranes for oxygen separation can be 

prepared, bringing their application in membrane reactors a step closer. 
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Chapter 1 Introduction 
 

Air

N2

Sweep 

gas

 

In this chapter, current challenges related to the production of robust oxygen 

transport membranes for industrial applications, strategies to solve the problems, 

as well as the outline of this thesis is presented. 
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1.1 Problem definition 

Great attention is paid to global warming driven by anthropogenic greenhouse 

gas emissions in these years. Reduction of anthropogenic emissions to the 

atmosphere can be realized by carbon capture from fossil-fuel power plants and 

from other energy intensive plants, like steel, iron or cement facilities. Oxyfuel 

combustion, i.e. using clean oxygen instead of air to combust the fuels, represents 

an efficient way for carbon capture, as it enables the production of highly CO2 

enriched exhaust gas due to the absence of N2 in the combustion process, which 

allows a more direct and cheaper CO2 separation process. Oxygen is generally 

produced by cryogenic distillation or pressure swing adsorption (PSA) systems, 

which both require high investments and operating costs [1,2]. Cryogenic 

distillation technology provides high-purity oxygen (>99%), while, generally, the 

purity is lower for PSA at around 95% [3]. Recent international policies about 

energy security and greenhouse gas emissions are challenging the conventional 

oxygen production systems.  

Air separation using ceramic membranes with mixed electronic and oxygen-ionic 

conductivity is a clean technology with high energy efficiency, which makes it a 

potential cheaper alternative to conventional methods for oxygen production [4]. 

Continuous supply of oxygen and infinite perm-selectivity can be achieved at 

elevated temperatures with an oxygen chemical-potential driving force across the 

membranes. Additionally, the mixed-conductive membranes can be coupled with 

some high temperature oxygen-consuming reactions resulting in even higher 

benefits due to the process integration [5]. The integration of membranes into 

membrane reactors has been one of the main applications for oxygen transport 

membranes because of the high operating temperatures required by both the 

separation and reaction processes. Oxidative coupling of methane, partial 

oxidation of methane, and oxidative dehydrogenation of ethane are the reaction 
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systems where the application of these membranes attracted the most interest in 

the literature. Actually, companies among which Air Products and Praxair are 

currently doing big efforts in this field, developing novel oxygen membrane units 

for both air separation and their integration into reaction processes. Looking at 

the different reaction systems, oxidative coupling of methane is a high-

temperature reaction, which is commonly performed between 750 and 950 °C. 

This process directly produces olefins from natural gas as feedstock, which 

mainly consists of three primary reactions and many consecutive reactions (for 

instance, Stansch et al. [6] used 10 reactions to describe the OCM kinetics), 

making this process rather complex. The main problem with this reaction system 

is that consecutive oxidation reactions make it difficult to achieve both high 

conversion and high yields. Generally, the C2 yields in conventional reactors are 

restricted to less than 20%, while yields higher than 30% are required to make 

the systems economically viable [7]. The use of membrane reactors allows 

obtaining high yields by distributively feeding the oxygen along the reactor, thus 

preventing the complete oxidation reactions [8]. 

Another application of the oxygen transport membranes in the oxyfuel power 

plants, for electricity production with CO2 capture.  

The exposure to complex strongly reducing and strongly oxidizing gas mixtures 

during operation inside the reactor requires the membrane to have good chemical 

stability. In particular, exposure to CO2-containing gas mixtures generates the 

demand for a CO2-tolerant membrane material. 

The mixed ionic and electronic conduction (MIEC) of solid oxide material was 

initially described by Takahashi et al. [9] in 1976. Afterward, Cales and Baumard 

[10,11] introduced the mixed conducting oxide concept to oxygen transport 

membranes. However, favourable oxygen permeability was not achieved until 
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Teraoka et al. [12] made a breakthrough on oxygen separation membranes in 1985 

by introducing perovskite membranes. One of the drawbacks of many perovskite 

membranes with good permeability has always been the thermal instability at the 

high temperatures required for achieving appreciable oxygen fluxes, and the 

chemical instability in acid gases. Attempts of increasing the stability include 

doping the perovskite (and MIEC) with different elements, which clearly 

improved the thermal and chemical stability while resulting in a decrease in the 

oxygen permeation rate [13,14]. It is generally accepted that materials with 

superior oxygen ionic conductivity usually have correspondingly lower stability 

when exposed to reducing atmospheres. This is easily explained by the fact that 

weak chemical bonding of metal and oxygen could be favourable for the fast 

oxygen mobility in membranes, but it also increases the chances for metals to be 

reduced at a high temperature in reducing atmosphere [15].  

Till now the trade-off between the oxygen permeability and membrane 

(chemical, thermal or mechanical) stabilities, and the problems associated with 

the sealing and handling of the membranes in the reactors are all the factors 

that hamper industrial application of oxygen transport membranes. 
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1.2 Purpose of this study 

The performance of the membranes can be influenced by the partial pressure 

difference across the membranes, the operating temperatures, the surrounding 

atmospheres, and the membrane materials, geometric configuration and 

thicknesses. Since the development of the oxygen transport membranes, great 

effort has been devoted to improve the permeability, stability and compatibility 

of the membranes to the reactors. 

The oxygen permeation rate in MIEC membranes is controlled by two different 

mechanisms, namely ionic transport within the membrane and surface membrane 

exchange. When the permeation process is controlled by bulk diffusion, the 

oxygen permeate flux will increase when decreasing the thickness of the 

membrane [16,17]. Membranes with a thickness in the order of 400 to 500 m 

are, however, sufficiently thin, because the surface exchange rate becomes the 

limiting factor for smaller membrane thicknesses, as shown in Figure 1.1 [18]. 

 

Figure 1.1. Thickness dependence of oxygen permeation of self-supported (Bi2O3)-(Er2O3)-Ag 

(a) (b) 
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membranes at 750 °C (a) and 850 °C (b) [18]. 

However, thin film membranes of these thicknesses are typically not sufficiently 

mechanically stable. To develop more stable membranes, research is ongoing to 

produce asymmetric MIEC membranes with a thin dense layer coated on a thicker 

porous support, as proposed by Teraoka et al. [19] in 1989. With supported 

membranes, a high oxygen permeation flux can be achieved without sacrificing 

the mechanical stability of the membrane. Meanwhile, thinner membranes 

usually maintain their chemical stability better, because elevated bulk diffusion 

rates of oxygen can help reduce unwanted chemical reduction on the surface of 

the membrane [20].  

Catalytic layer (porous or dense)

Catalytic layer (porous or dense)

O2 selective layer (dense)

Porous layer 

(symmetric or asymmetric)

 

Figure 1.2. Schematic representation of an asymmetric membrane with several functional layers. 

An oxygen selective layer supported onto a porous substrate is the simplest 

example of an asymmetric membrane structure. Additional layers with specific 

functions can be added, for example a surface activation layer and/or a catalytic 

layer, to improve and extend the performance of the membranes, which also 

increases the complexity of the membrane structure (see Figure 1.2) [17,21]. 

While many articles have been published on self-supported MIEC oxygen 

transport membranes, only a limited number of articles were published on the 

production and testing of asymmetric membranes. Since the preparation of 

ceramic membranes includes a sintering process at ultra-high temperatures and 
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the high-temperature sintering normally leads to a large shrinkage of the material, 

compatible shrinkage behaviour for the martials of different layers is critical for 

obtaining leakage free supported membranes. Moreover, each layer of the 

membrane should have good chemical stability and no reaction should take place 

between layers. All of these requirements bring challenges for the material 

selection for supported membranes. 

This work aims at making a step forward to the industrial application of 

ceramic membranes for oxygen separation by application of robust membrane 

materials, reduction of the membrane thickness and formation of membrane 

geometries that are suitable for their integration inside membrane reactors. 

Membranes of different materials or composites are prepared and compared, 

and also triple-phase membranes are developed to obtain membranes with high 

chemical stability. A modified phase-inversion method is applied for the 

membrane fabrication process to obtain ceramic membranes with low gas 

transfer resistance due to the formation of microchannels inside the membrane. 

Porous supported membranes are prepared with the purpose to improve the 

membrane permeability without sacrificing the mechanical strength, and 

sealing and handling of the membranes in the reactor was simplified with the 

formation of a dead-end membrane geometry. 
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1.3 Outline of the thesis 

In Chapter 2, we report the mechanism for oxygen transport through MIEC 

membranes, and summarize recent advances on self-supported and supported 

oxygen membranes. We also give a comparison between single-phase and dual-

phase membranes, and discuss factors that affect the oxygen permeation and 

membrane stability. Possible strategies that can be pursued to increase the oxygen 

permeation rate are also indicated in this chapter. 

A modified phase inversion casting method for the formation of a dead-end 

tubular membrane shape in a single step is introduced in Chapter 3. Considering 

the difficulties to achieve combined good permeability and chemical stability in 

a single-phase material, dual-phase composites are applied for the membrane 

fabrication. In this chapter, Ce0.9Gd0.1O1.95-δ (CGO)-Ba0.5Sr0.5Co0.8Fe0.2O3‑δ (BSCF) 

composites are used as the membrane material. The performance of the 

membrane is optimised by adjusting the process conditions in the fabrication 

process. Long finger-like channels, which are found to promote the oxygen 

permeation flux without decreasing the membrane mechanical strength, are 

obtained in the dead-end tubes by adjusting the ceramic loadings of the casting 

slurries. The performance of the dual-phase membranes with varied CGO:BSCF 

ratios are compared. The membranes containing more BSCF showed higher 

oxygen permeation fluxes with helium as sweep gas. It will also be shown that 

the CGO content plays an important role in enhancing the mechanical strength of 

the CGO-BSCF membranes. 

In Chapter 4, except for the CGO-BSCF membrane, the oxygen ionic conductor 

Ce0.9Gd0.1O2‑δ is paired with two other electronic oxides, including NiFe2O4 (NFO) 

and La2NiO4+δ (LNO), forming different kinds of dual-phase membranes. The 

performance of the membranes is compared in terms of oxygen flux and CO2 
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tolerance. The CGO/BSCF provides the highest permeation flux among the three 

composites with either helium or CO2 fed as sweep gas, although a sharp decrease 

in the permeation rate is observed for the CGO/BSCF when CO2 was in contact 

with the membrane. Based on the results for the dual-phase membranes, some 

CGO/BSCF/NFO triple-phase membranes are developed. The triple-phase 

membranes are found be less sensitive to the presence of CO2 in the sweep gas 

than CGO/BSCF, and the application of the two triple-phase composites instead 

of the dual-phase ones promotes the oxygen permeation fluxes when the 

membranes are swept with 100 % CO2. The results provide valuable information 

for the material selection and performance optimization of the CGO-based multi-

phase membranes for oxygen permeation. Some Sb doped SrFeO3-δ membranes 

are fabricated and tested in Chapter 5, the permeability, activation energy and 

operation stability of which will be compared with that of the CGO/BSCF with 

pure helium or CO2 as sweep gas.   

Thin-film membrane layers coated onto porous supports is widely considered as 

an efficient way to obtain high-performance oxygen transport membranes with 

both good permeability and high mechanical strength. However, conventional 

preparation methods of membrane support usually result in highly tortuous 

channels with high mass transfer resistance. In Chapter 6, tubular porous MgO 

and MgO/CGO supports are fabricated with a simple phase inversion casting 

method. Long finger-like channels are obtained inside the dual-phase supports by 

adjusting the ceramic loading, polymer concentration and particle surface area, 

as well as by introducing ethanol inside the casting slurries. These supports are 

used to produce thin supported CGO membranes. The shrinkage of the support 

tube at high temperatures was greatly affected by the polymer/ceramic ratio in 

the slurry. Compatible shrinkage behaviour of the two layers will be realized and 

gas-tight membrane will be obtained by adjusting the slurry composition for 

membrane preparation. 
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The main results obtained from the experiments in Chapter 1-6 as well as the 

outlook for the future research are summarised in Chapter 7. 
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Chapter 2 Mixed ionic-electronic 

conducting membranes for oxygen 

separation 
 

 

 

In this chapter, the mechanism for oxygen transport through MIEC membranes, 

popular membrane materials and configurations, and factors that affect the 

oxygen permeation and membrane stability are presented. Possible ways that can 

be pursued to increase the oxygen permeation rate are also indicated. 

This chapter is based on the paper: Mixed ionic-electronic conducting 

membranes (MIEC) for their application in membrane reactors: a review. 

Processes, 2019, 7(3): 128.  
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2.1. Mechanism for the oxygen transport through MIEC membranes 

In general, the driving force for oxygen permeation through the mixed ionic-

electronic conducting (MIEC) membranes is the oxygen chemical potential 

difference between the feed and permeate side of the membrane. A schematic 

representation of oxygen separation is shown in Figure 2.1. 

 

Figure 2.1. Schematic representation of oxygen permeation through dense ceramic membranes 

when air is employed as feedstock stream [1]. 

The oxygen diffusion mechanism involves five steps [2]: 

1. Bulk-to-surface mass transfer of gaseous oxygen. 

2. Dissociation (surface exchange): The oxygen molecule is adsorbed on the 

membrane surface and dissociates catalytically in oxygen ions (O2-). On the high 

oxygen partial pressure side, this can be expressed using the Kröger-Vink 
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notation below. 

- ''

2 O O

1
O + 2e + O

2

xV →  (2-1) 

where 
''

OV  refers to oxygen vacancies in the ceramic and 
OOx

 to oxygen ions 

(O2-) occupying the oxygen lattice. 

3. Bulk diffusion: under a pressure gradient between the feed and permeate side, 

the oxygen ions diffuse through the ceramic crystal lattice (mainly oxygen 

vacancies, but also other defects). To maintain electric neutrality, electrons are 

transported at the same time in the opposite direction. 

4. Association (surface exchange): The oxygen ions recombine to form oxygen 

molecules and desorb from the surface of the membrane. The reaction involved 

in this step can be represented by the following formula.  

- ''

O 2 O

1
O O + 2e +

2

x V→  (1-2) 

5. Surface-to-bulk mass transfer of gaseous oxygen (permeate side): Gas 

transport in the permeate side alone or helped by a sweep gas (helium, CO2, etc.). 

Membranes of different thickness and varied materials were found to have 

different controlling steps among the five. 
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2.2. Materials for MIEC oxygen membranes 

2.2.1. Single-phase ionic transport materials 

Oxygen transport membranes can be composed of different structures, such as 

perovskite, fluorite, spinel and Ruddlesden–Popper-type oxides. Among all 

materials, the perovskite and fluorite-type materials are the most studied as 

oxygen membranes. Both types of structures have been well investigated with 

different doping strategies, and both as self-supported membranes and supported 

selective layers with different thicknesses.  

2.2.1.1. Perovskites 

 

Figure 2.2. Crystalline structure of perovskite (ABO3) [3]. 

Perovskite-type ceramics represent one of the most attractive oxygen transport 

membrane materials because of their high electronic conductivity as well as good 

ionic conductivity. The perovskite structure can be expressed as ABO3. As Figure 

2.2 shows, the unit cell is an FCC (face-centred cubic) crystal, where A cations 

are located on the corners of the cubic lattice and the smaller B cation is located 

in the body-centred position. Oxygen anions are located at the face-entered 

positions. Alkaline earth metal ions (Ca2+, Ba2+, Sr2+, etc.) and/or lanthanide metal 
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ions (La3+, Ga3+, Sm3+, etc.) are usually located at the A-sites [4], while the B-

sites are mostly transition metal ions [5]. When cations with lower oxidation 

states partially substitute the original A-site ions, oxygen vacancies, which can 

facilitate the oxygen ion movement in the membranes, would develop to sustain 

the electrical neutrality. Besides, the oxidation state of the B-site cations can also 

increase to compensate for the effective negative charge which allows the 

electrons transporting through the membranes by hopping between the valence-

variable metal ions.  

The oxygen transport rate in a perovskite is governed by an Arrhenius expression 

(positive activation energy) and is higher when the temperature is increased. The 

activation energy depends mainly on the bond energy of metal-oxygen in the 

lattice and the parameter rcritical, which corresponds to the radius of the opening 

between the two A site cations and the one B site cation through which the mobile 

anion must pass [6]. During the last three decades, there have been several series 

of perovskite oxides that attracted a great deal of attention of researchers. 

SrCoO3-δ based perovskite materials have excellent conductive properties of 

oxygen. A high oxygen permeation flux of 2.1∙10-6 mol/cm2·s for self-supported 

SrCo0.8Fe0.2O3-δ (SCF) membrane was reported by Teraoka et al. [7] However 

lower chemical and thermal stabilities of SCF oxides were observed in their 

application processes. A big effort has been devoted to improve the stability of 

this kind of membranes by doping A-site ions with La, Ba, Ca etc. and/or doping 

the B-sites with some stable cations, for example Mn, Nb, Ti, Ta, Cr, Al and Zr. 

The La1-xMxCo1-yFeyO3-δ (M = Ba, Sr, and Ca) membranes are a type of perovskite, 

which have been widely studied. Stevenson et al. [8] investigated the oxygen 

permeability and the lattice weight loss at a high temperature for A-site 

substitution of this type of membranes. They observed a weight loss of the 
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membranes when the temperature increases, which was attributed to lattice 

oxygen release. This effect would contribute toward increasing the concentration 

of oxygen vacancies and the ionic conductivity in the membrane, resulting in an 

increase in the oxygen permeation flux. In particular, Stevenson’s group found 

that, as the Sr content is increased in the oxide, the oxygen permeation flux 

increased significantly, and this was consistent with the thermogravimetric (TGA) 

results showing a greater oxygen deficiency at higher temperatures. The oxygen 

permeability of La0.2M0.8Co0.2Fe0.8O3-δ (M = Ba, Sr and Ca) perovskite 

membranes has also been tested by Li et al. [9]. Sr substituted membranes showed 

the best oxygen permeability. However, the thermal stability is lower than the Ba-

substituted oxides, which is attributed to the low average bond energy and high 

free volume of the Sr substitution compounds.  

Since Shao et al. [10] improved the phase stability of SCF materials by partially 

substituting Sr in the perovskite compounds with Ba, lots of studies have been 

conducted on the BaxSr1-xCo0.8Fe0.2O3-δ (BSCF) compounds. Different Ba content 

BSCF composite oxides were synthesized by Babakhani et al.[11], and the phase 

stability and oxygen permeability were studied. They found that 

Ba0.5Sr0.5Fe0.2Co0.8O3-δ has the highest oxygen permeation flux among the BaxSr1-

xCo0.8Fe0.2O3-δ (x = 0.3, 0.5, 0.7 and 0.9) oxides over the entire temperature region 

because of its combined high free state of oxygen vacancies and high oxygen-

vacancy gradient. Afterward, Babakhani [12] and his colleagues exploited the 

Ba0.5Sr0.5Co0.8Fe0.1R0.1O3-δ (R= Mn, Co, Fe, Ce, Ni, Cr, Al) membrane materials 

by doping Fe ions in the B-site of Ba0.5Sr0.5Fe0.2Co0.8O3-δ and found that 

introducing Al, Ce and Ni cations can help to increase the oxygen transport 

capability of BSCF oxides, but doping Fe with Al, Ce and Cr can impair the 

structural stability of the BSCF membranes. Several researchers have tried to 

fabricate asymmetric oxygen transport membranes with a selective layer of BSCF, 

and due to the shrinkage mismatch problem, similar material is usually chosen to 
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prepare the porous support. For instance, Li et al.[13] produced a supported 

membrane with the BSCF powders for both the selective layer and the support, 

and an improved oxygen permeability was observed when comparing with self-

supported BSCF membranes. 

Additionally, the full substitution of Sr in the A site of BSCF oxides with Ba has 

also been investigated with different substitutions in the B site. For instance the 

BaCo0.7Fe0.2M0.1O3-δ (M = Ta, Nb, Zr) membranes were successfully prepared by 

Cheng et al. [14], and the research group reported that among the three kinds of 

membranes, BaCo0.7Fe0.2Zr0.1O3-δ showed the highest oxygen permeability while 

BaCo0.7Fe0.2Ta0.1O3-δ gave the best structural stability. After that a series of 

perovskite oxides, BaCo0.7Fe0.3-xTaxO3-δ (BCFT, x=0-0.15) were synthesized by 

Liu et al. [15] and the oxygen permeability in the BCFT membranes is observed 

to first increase and then decrease with increasing Ta content in the symmetric 

membranes. Finally, a similar influence of the Zr content on the oxygen 

permeation flux of the BaCo0.7Fe0.3-xZrxO3-δ (BCFZ, x=0-0.12) oxide membranes 

was reported by Yao et al [16]. 

2.2.1.2. Fluorite-type material  

Fluorite oxide structures, are represented by MO2, where M is the large four 

valent cations, such as Zr4+ or Ce4+ [17]. The crystal structure of a fluorite is 

shown in Figure 2.3, where the cations are in the FCC (face-centred cubic) 

structure, while the oxygen anions are positioned in the interstitial holes forming 

a simple cubic structure inside the FCC structure of the cations. These structures 

exhibit a very poor electronic conductivity. Thus, an external electronic 

conduction is required to apply fluorites as oxygen transport membranes. 
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Figure 2.3. Fluorite-type structure [18]. 

Typical fluorite oxides used are ZrO2, CeO2, and Bi2O3. Several oxides such as 

yttria-stabilized zirconia (YSZ), gadolinium-doped ceria (CGO), or samarium-

doped ceria (CSO) present high oxygen ion conduction as well. Employing Gd 

as a dopant in cerium oxide, the best conductivity was obtained in concentrations 

of around 10% to 20% [19]. Doped ceria with trivalent elements shows a stable 

crystal lattice due to the similar size of the host and dopant ions [20]. In case of 

doping with Pr, the ambipolar conductivity is enhanced [21]. 

Bismuth oxide-based materials provide a comparatively high level of oxygen 

permeability. However, the oxygen flux is too low compared with some 

perovskites since the fluorite oxides have a low electronic conductivity [4].  

Zirconium oxide is one of the most studied fluorite type materials. Bulk zirconia 

is a polymorphic ceramic material, which may exist at different ranges of 

temperatures and atmospheric pressures: monoclinic (<1000 °C), tetragonal 

(1100‒2370 °C), and cubic (>2370 °C) [22]. The cubic structure is stable at 

temperatures above 2300 °C with a high oxygen ionic conductivity. This phase 

can be stabilized by doping with rare earth oxides like Y2O3, which is the most 

employed metal oxide for that purpose.  



Mixed ionic-electronic conducting membranes for oxygen separation 

 
21 

The main benefit of these fluorite-type materials is their small chemical 

expansion and their phase stability under CO2 and reducing environments in 

comparison to perovskite materials [23]. 

2.2.2. Dual-phase composites 

Due to the difficulties in identifying a single material that exhibits both high 

permeation flux and good stability, dual-phase membranes are attracting 

increasing interest by several research groups. In a dual-phase membrane, one 

phase can act as the oxygen-ionic conductor while the other one as the electronic 

conductive phase. An infinitely continuous or percolative network is required to 

enhance both processes (ionic transport through a ceramic conductive phase and 

electron conduction through an electronic conductive metallic or ceramic phase) 

[18]. To maintain electroneutrality in the membrane, a balance between oxygen 

ions and electrons is required. At the same time, the electronic conductive phase 

can also promote the association/dissociation of oxygen molecules at the surface, 

compared with the single-phase materials with only oxygen-ionic conductivity 

[24].  

A precise control on the preparation process is necessary to avoid the formation 

of defects and cracks, since the expansion coefficients between the materials 

would cause leaks and jeopardize complete gas separation for the dual-phase 

membrane [25]. 

2.2.2.1. Dual-phase composites based on ceramic-metallic mixtures 

In the early stage of the development of dual-phase membranes, noble metals 

were applied as the electronic conduction phase, while ceramics like fluorite-

based materials were generally selected as the ionic conductive phase. 
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Mazanec [26] produced and tested the first dual-phase composite membranes 

consisting of YSZ with Pd, Pt, In90Pr10, and In95Pr2.5Zr2.5. The oxygen permeation 

flux was improved when the volume percentage of metal was above the critical 

value for obtaining a percolative composite, while the best results were obtained 

with a 50 vol.% of In95Pr2.5Zr2.5. It was observed that 30 vol.% of metal is required 

in the mixture to obtain a percolated network [27].  

Chen et al. [24] worked extensively on YSZ/Pd. In their first study, they compare 

a YSZ fluorite with a dual-phase YSZ/Pd with different volume ratios. When the 

volume percentage of palladium is around 40%, the oxygen flux through the 

membrane increases three orders of magnitude compared with YSZ alone. Kim 

and co-workers [28] prepared a 10 µm thick layer of YSZ/Pd onto a porous 

alumina support by dip-coating with an extra YSZ thin layer on top of that to 

reduce the leakage of the composite. The oxygen permeation rate through the 

asymmetric membrane was lower than expected at 1050 °C when using either air 

or pure oxygen as feed gas. The authors attributed the observed low membrane 

flux to the YSZ submicron layer deposited on top of the YSZ/Pd, which led to a 

decrease in electron conductivity. 

In another study by Chen et al. [29], an erbium-stabilized bismuth oxide-noble 

metal (Ag and Au) membrane was prepared and compared with a YSZ/Pd 

membrane. A higher oxygen permeation rate (1.19∙10-7 mol/cm2·s) was observed 

for the self-supported 1.6 mm thick (Bi2O3)(Er2O3)-Ag (40% in volume) 

membrane at 800 °C, which is one order of magnitude higher compared with the 

permeation rate through the 1.72 mm thick membrane of YSZ/Pd. The thickness 

dependency of the erbium-stabilized bismuth oxide-silver composites were 

studied at different temperatures, which have the best result with self-supported 

membranes of 230 µm thick at 852 °C (3.08∙10-7 mol/cm2·s) [30]. A thicker 

membrane (1 mm) was tested at a lower temperature (680 °C) and exhibited an 
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O2 flux of one order of magnitude lower [31]. 

Capoen et al. [32] observed that when CaO replaces erbium oxide, there is no 

improvement in the oxygen permeability. The authors also found that addition of 

Au instead of Ag does not improve the oxygen flux due to the low activity of Au 

for oxygen dissociation. A higher permeation flux (1.79∙10-7 mol/cm2·s) was 

measured at 680 °C for a composite (Bi2O3)0.75-(Er2O3)0.25 with 40 vol.% of 

silver. Kim et al. prepared a fluorite type Bi1.5Y0.3Sm0.2O3 (BYS) mixed with 40 

vol.% silver [33], which showed a larger O2 flux (5.8∙10-7 mol/cm2·s) at a higher 

temperature (850 °C) for a membrane with a thickness of 1.3 mm. From a 

practical and industrial application perspective, employment of noble metals is 

restricted due to their high price [29], unless thinner yet stably-supported 

membranes can be produced. In Table 2, some physical properties and prices of 

the metals used in the dual-phase oxygen membranes are summarized. 

Table 2.1. Physical properties and price of some metals used as the electronic conductive phase in 

dual-phase membranes [34]. TEC: thermal expansion coefficient. Tm: melting point. 

Element 
Tm 

(°C) 

TEC  

106 (°C-1) 

Cp at 25 °C 

(J/g·K) 

Electrical Resistivity 

10-8 (Ω·m) 

Price 

(€/kg) 
700 °C 800 °C 900 °C 

Pd 1555 11.8 0.246 24.2 27.1 29.4 60000 

Ag 962 18.9 0.235 4.21 4.91 5.64 700 

Pt 1768 8.8 0.133 25.4 28.7 32 24000 

Au 1064 14.2 0.129 5.82 6.81 7.86 52000 

2.2.2.2. Dual-phase composites based on mixed ceramics 

Another option to enhance the electronic conductivity without increasing the 
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price as much as with noble metals, is to mix the ionic conducting phase with 

another ceramic phase that can conduct electrons, such as perovskites and spinel 

materials. For the case of ceramic-ceramic systems, some other aspects need to 

be considered, including the stability of both phases (temperature and CO2 

tolerance, etc.) and the thermal-chemical expansion compatibility between both 

phases, and this is discussed in the next section. 

Perovskite and spinel structures show a higher electronic conductivity than other 

ceramic materials, and, therefore, they are employed as the electronic phase, 

whereas structures of the fluorite type are used as the oxygen conductive phase. 

Furthermore, fluorite structured materials present good phase stability under CO2 

and reducing atmospheres and have low thermal expansion coefficients when 

compared with perovskites [23].  

A dual-phase oxygen membrane based on 40 wt.% of Pr0.6Sr0.4Fe2O3-δ (PSFO) 

and 60 wt.% of Ce0.9Pr0.1O2-δ (CPO) was found to be chemically stable under a 

reducing atmosphere and  provided an oxygen flux of 1.34∙10-7 mol/cm2·s and 

1.93∙10-7 mol/cm2·s at 950 °C when CO2 and helium was employed as sweep gas, 

respectively [35]. In another study [36], the Pr was replaced with La in the 

electronic conducting phase (La0.9Sr0.1FeO3-δ) and Sm was used instead of Pr for 

the fluorite type oxygen ion conducting phase (Ce0.8Sm0.2O2-δ, CSO). The highest 

oxygen permeation flux was obtained for (CSO)0.7-(LSFO)0.3 at 950 °C, which 

is 1.59∙10-7 mol/cm2·s for a 1.1 mm thick membrane swept with either helium or 

CO2. In case of CO as sweep gas, the oxygen partial pressure difference became 

larger leading to an increase in the oxygen permeation flux (8.92∙10-7 mol/cm2·s) 

and, at the same time, the activation energy decreased to 96.2 kJ/mol compared 

to 115 kJ/mol obtained when CO2 or He was employed as sweep gas. In order to 

accelerate surface reactions for the CGO-LSCF membrane, Pt was deposited as a 

catalyst in the surface [37]. The oxygen flux was enhanced with the addition of 
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Pt. A thinner membrane (600 µm thick) made by CSO mixed with a 40 vol.% of 

LaBaCo2O5+δ (LBCO) exhibited an oxygen flux of 4.59∙10-7 mol/cm2·s at 950 °C 

[38].  

Yoon et al. [39] reported on a highly permeable and stable membrane under an 

H2-CO2 atmosphere, composed by Ca-doped and Co-doped yttrium chromite, 

Y0.8Ca0.2Cr0.8Co0.2O3-δ (YCCC) and samaria-doped ceria, Sm0.2Ce0.8O1.9 (SDC). 

An oxygen flux of 2.1∙10-6 mol/cm2·s was measured for a 1.3-mm thick 

membrane at 950 °C. A long-term test was performed at 950 °C with air at the 

feed side and 50% CO2 + 50% forming gas (3% H2 + 97% N2) at the permeate 

side. The initial flux decreased less than 2% after 350 h. 

A 1-mm thick CGO-LSM membrane showed no degradation after 100 h of 

operation at 950 °C, which showed an oxygen flux of ~8∙10-8 mol/cm2·s [40]. 

However, after 500 h of operation, the oxygen flux decreased to ~2.2∙10-9 

mol/cm2·s. No phase transformation was found according to XRD analysis. The 

authors attributed the decay to the possible formation of a new phase between 

CGO grains due to the diffusion of elements from the perovskite phase, which 

blocked the ionic conductivity. Employing CGO and replacing LSM with BSCF 

[41], higher oxygen fluxes were achieved of 8.04∙10-7 and 1.33∙10-6 mol/cm2·s at 

875 and 950 °C, respectively, using helium as sweep gas. 

An YSZ mixed with La0.8Sr0.2MnO3-δ (LSM) membrane showed a lower 

permeation rate at 900 °C, when it was prepared by two-step sequential tape 

casting (3.31∙10-8 mol/cm2·s) compared to a membrane obtained via phase-

inversion casting (1.90∙10-7 mol/cm2·s) [42]. In both cases, the thickness of the 

selective layer was around 150 µm. In the case that LSM was replaced by BSCF, 

the oxygen fluxes were observed to be 1 to 2 orders of magnitude higher in the 

temperature range of 875-950 °C, despite the thicker membrane (500 µm) [41].  
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2.3. Performance loss of the membranes under different conditions 

As has already been amply discussed, the operation conditions of the oxygen 

transport membranes include ultra-high temperature, large oxygen partial 

pressure difference and the exposure to different gaseous components, like H2S 

and CO2. The selection of the membrane materials is a very critical point since 

the high permeability and good operation stability need to be fulfilled at the same 

time. The chemical and thermal expansion, cation diffusion and creep, phase 

transformation, and gas poisoning under different operation conditions are all 

factors that may cause performance loss of the membranes. 

2.3.1. Chemical and thermal expansion 

Chemical and thermal expansion is one of the key factors that may influence the 

performance of MIEC membranes, especially during the sealing process and co-

sintering of different layers for asymmetric membranes. In engineering, the 

thermal expansion behaviour is usually considered to be linear. However, for 

some MIEC oxides such as the Fe-containing or Co-containing perovskites, two 

factors may cause dilatometric behaviour. When the membrane is operated in the 

low temperature range, the lattice atomic vibrations with temperature would lead 

to the intrinsic thermal expansion and this expansion behaviour is almost linear, 

while at higher temperatures, apart from the thermal expansion, the creation of 

oxygen vacancies resulting from the loss of lattice oxygen could be another factor 

that contribute to the dilatometric behaviour which is the chemical-included 

expansion (even if most of the reported expansion coefficients are specified as 

thermal). As a result, those membranes usually exhibit higher thermal expansion 

coefficients at higher temperatures.  

The undesired chemical expansion is the result of high temperatures and 
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fluctuations in the partial pressure of oxygen on the feed and the permeate side. 

As the operating partial pressure of oxygen decreases and the temperature 

increases, the number of oxygen vacancies increases considerably, which may 

result in significant chemical expansion and cause stress across the membrane 

and, eventually, lead to membrane failure [43,44]. The thermal expansion 

coefficient of some perovskites and fluorite-type structures are presented in Table 

2.2. 

Table 2.2. Thermal expansion coefficient of some perovskites and fluorites for different 

temperature ranges and oxygen partial pressures, P(O2). RT = room temperature 

Membrane 
p(O2) 

(atm) 

Temperature 

Range (°C) 
𝜶 106 (K-1) Reference 

SrCo0.8Fe0.2O3-δ 

 

1.00 

1.00 

RT-430 

430-1000 

18.5 

31.1 

[45] 

1.00 600-900 31.1 [46] 

0.21 

0.21 

RT-500 

500-1000 

17.8 

30.3 

[45] 

0.21 

0.21 

27-427 

427-827 

18.8 ± 0.3 

29.4 ± 0.8 

[47] 

0.21 RT-1000 17.9 [48] 

10-4 

RT-540 

540-1000 

12.3 

19.7 

[45] 

Ba0.5Sr0.5Co0.8F

e0.2O3-δ 
1.00 

RT-440 

440-1000 

12.2 

24.5 

[45] 
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0.21 

RT-440 

440-1000 

13.6 

24.1 

[45] 

0.21 

RT-500 

700-1000 

13.6 

24.8 

[49] 

0.21 RT-1000 11.5 [48] 

10-4 RT-1000 18.2 [45] 

La0.5Sr0.5FeO3-δ 0.21 

RT-400 

700-800 

15.3 

16.1 

[50] 

La0.5Sr0.5Co0.5F

e0.5O3-δ 
0.21 

RT-400 

700-1000 

16.9 

28.6 

[51] 

La0.5Sr0.5CoO3-δ 0.21 

RT-400 

700-1000 

17.9 

30.6 

[51] 

(ZrO2)0.92-

(Y2O3)0.08 

(YSZ) 

0.21 RT-1000 10.7 [45] 

(ZrO2)0.85-

(Y2O3)0.15 

(YSZ) 

0.21 50-1000 10.8 [20] 

CeO2 0.21 50-1000 12.3 [20] 

Ce0.9Gd0.1O2-δ  0.21 Room-1000 12.4 [45] 

Ce0.8Gd0.2O2-δ  0.21 50-1000 12.5 [20] 

Ce0.6Gd0.4O2-δ  0.21 50-1000 12.1 [20] 

Ce0.5Er0.5O2-δ  0.21 50-1000 11.4 [20] 

Ce0.9Ca0.1O2-δ  0.21 50-1000 12.8 [20] 
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Ce0.8Ca0.2O2-δ  0.21 50-1000 13.6 [20] 

Choi and co-workers [49] reported on the thermochemical expansion of BSCF 

perovskites that are often employed as oxygen membrane. The thermal expansion 

was measured for Ba0.5Sr0.5Co0.8Fe0.2O3-δ at around 13.6∙10-6 °C-1 up to 500 °C, 

while, from 700 °C to 1000 °C, the total expansion measured was 24.8∙10-6 °C-

1. This increase is related to the chemical expansion. On the other hand, fluorite 

type structures exhibit lower expansion than perovskites, which represents an 

advantage in avoiding (or decreasing) stress problems and membrane failure [23]. 

Bishop et al. studied the chemical expansion of gadolinium and un-doped cerium 

oxide [44]. The study reported a chemical expansion for very low oxygen partial 

pressures that are less than 10-16 atm. Omar et al. [43] studied the expansion effect 

of doping ceria with different cations. The experimental data were compared with 

results obtained employing a mathematical model proposed by Hong and Virkar. 

As the radius of the trivalent doping increases, the chemical expansion (or 

chemical elastic strain induced by the non-stoichiometry) of the material 

increases. The expansion coefficients of ceria and doped-ceria with Gd, Er, and 

Ca have been reported by Mogensen et al. [20]. Their constant expansion 

coefficient over a large temperature range (50-1000 °C) indicates that their 

chemical expansion can be considered negligible. Besides, ceria stabilized with 

Gd and Sm are promising materials since their fluorite structure does not show 

high chemical expansion compared to most perovskites [23]. 

2.3.2. Phase transformation 

As previously explained, perovskite materials present a relatively high oxygen 

flux. Between all the possible phases that a perovskite can adopt, the cubic 

perovskite phase is the most favourable structure for oxygen permeation. The 

examples are the BSCF and SCF, which present high permeation rates at high 
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temperatures (>850 °C) due to the relatively stable cubic phase. Below 850 °C, 

these cubic perovskite transforms into an orthorhombic brownmillerite phase 

[52,53], with a concomitant dramatic decrease in the oxygen permeation rate. The 

ordered arrangement of oxygen vacancies in the brownmillerite structure, in 

which one-sixth of the oxygen sites are vacant, reduces the oxygen flux. 

Nevertheless, the brownmillerite phase can change again into a perovskite phase 

when the temperature is increased [54,55]. The lattice expansion associated with 

the phase transition results in mechanical instability issues [56].  

In order to improve the phase stability of the perovskite material, several 

strategies have been reported [18]. For instance, cations with higher valence (i.e., 

La) were introduced into the A site [57] or (i.e., Ti, Cr) [47,58] into the B site 

cation. Moderate amounts of Ti or Cr into the Co or Fe sub-lattice improves the 

structural stability, but might decrease the electron conductivity and oxygen 

permeability [59].  

Partial substitution of the A site or the B site cation with ions of larger radius is 

another option. For instance, the Zr doping was found to reduce the lower 

temperature limit of the perovskite phase stability range to below 800 °C. 

Ravkina et al. [60] extended the research done with Zr-doped BSCF on long-term 

experiments at an intermediate temperature range and they could conclude that a 

BSCF membrane with up to 3 mol% Zr content at an intermediate temperature 

range (i.e., 773‒1123 K) showed improved phase stability compared with pure 

BSCF. In case of introducing Ba into SrCo0.8Fe0.2O3-δ by partial substitution of Sr, 

improved phase stability is obtained while the conductivity remain unaffected 

[10,61]. Unger et al. [62] studied the effect of Y doped BSCF for different Y 

concentrations to analyze the partial transformation to an Fe-depleted hexagonal 

phase during long term annealing in ambient air for 240 h at intermediate 

temperatures, as well as cobalt precipitates and anomalies in the morphology. 
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They concluded that the partial B site doped with 10% of Y extended the stability 

range of the cubic BSCF perovskite phase at lower temperatures. In addition, no 

secondary phase formation was observed at 800 ºC and, at lower temperatures, 

the degradation was significantly reduced.  

The development of perovskite compounds without cobalt can help improving 

the phase stability of the membranes. Cobalt based perovskite type membranes 

present high oxygen permeability but the stability at intermediate temperatures 

or under reducing conditions is poor because the cobalt easily reduces, which 

results in large changes in the unit cell dimension. Development of cobalt-free 

MIEC membranes could also be a strategy to solve the long-term stability 

problems caused by the reaction with gas species like CO2, SO2, or water vapor 

[63]. One of the most studied cobalt-free membranes is the BaFeO3-δ, but it shows 

a low oxygen permeability because it crystalizes in the hexagonal structure, 

which permeates less than the cubic structure. Tan et al. [64] fabricated a cobalt-

free La0.7Sr0.3FeO3-δ hollow fiber membrane and observed that the stability in a 

He and CO2 atmosphere was higher than for the LSCF membrane. However, the 

LSF membrane still suffered from a reaction with H2 and CH4 and porous debris 

were formed, which resulted in membrane leaking or even in a mechanical 

stability decrease. 

Many of the fluorite-type structures do not show phase changes, but ZrO2 presents 

a mixed phase and/or phase transition, depending on the operating conditions. 

This phase transformation vanishes with Y2O3 or Bi2O3 addition, since they 

stabilize the cubic phase [65]. 

2.3.3. Cationic diffusion and creep 

When MIEC membranes are employed for oxygen separation, the oxygen 
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chemical potential gradient across the membranes would result in an inverse 

cation chemical potential gradient. Cation diffusion is, therefore, expected 

through the membranes. Although, for most perovskite materials, the activation 

energy for cation diffusion is several times higher than the oxygen ionic diffusion, 

and its contribution to the electrical conductivity is also negligible, cation 

diffusion is still necessary to be studied with regards to the long-term stability of 

some materials. At an elevated temperature, cations tend to diffuse from the low 

oxygen chemical potential side to the high oxygen chemical potential side. 

Different diffusivities of the cations may result in de-mixing of the material or 

precipitation of certain elements on the surface of the membrane. For instance, 

Lein and co-workers [66] observed several secondary phases on the oxidizing 

side of LSCF membranes after 1 month of operation at 1150 °C, which was 

attributed to the higher mobility of Fe and Co than that of Sr and La. 

Apart from cation diffusion, a high oxygen partial pressure also applies stress and 

sufficient activation energy to provoke creep deformation of some MIEC 

membranes. Creep refers to the non-elastic or plastic deformation of some solid 

materials, influenced by temperature, time, and the material properties. For MIEC 

oxides, the oxygen partial pressure is also one of the key factors that may cause 

creep [67]. For engineering ceramics, the acceptable strain is reported to be lower 

than 1% per year. 

2.3.4. Gas poisoning 

Membrane surfaces exposed to atmospheres containing carbon dioxide (CO2), 

sulphur compounds (H2S and SO2), or steam (H2O) could be poisoned, which 

results in a decrease in the oxygen flux and, in the worst case, cause the membrane 

failure. The effects of the gases on the membranes depend on the membrane 

material. The surface morphology is modified as those materials react with the 
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gases to create new phases, which may result in permeation losses. Doping 

strategies can again improve the tolerance towards these gases. However, in many 

cases, the stability improvement comes at the expense of decreased permeability. 

2.3.4.1. CO2 poisoning 

When exposed to CO2, some MIEC perovskite membranes show a decrease in 

the O2 permeation. This variation could be attributed to the absorption of CO2 on 

the surface of the membrane or to a carbonation process. For instance, 

carbonation of some alkaline earth elements (e.g., Ba or/and Sr) can destroy the 

perovskite structure. On top of it, the formation of a new phase may produce a 

partial or complete loss of oxygen permeation [18].  

Arnold et al. [68] reported an immediate decrease in the oxygen flux for a BSCF 

membrane when CO2 was used as sweep gas. Tong’s group [69] also found that 

exposure of BCFZ membranes to CO2 could lead to a significant decrease in the 

oxygen permeability. This process is also associated with the formation of some 

metal oxides such as the CoO and/or Fe3O4 [10,68,70]. Efimov et al. evaluated 

the stability of the carbonates for metals such as Ca, Sr, Ba, and La [71] using the 

Ellingham diagram, and found that the carbonate of Ba is more stable than SrCO3 

and CaCO3, which means the BaCO3 is much easier to be formed. Although Ba2+ 

(large alkaline earth cation) favours a high oxygen conductivity, this cation can 

also lead to inferior CO2 tolerance. On the other hand, the smaller cation of Ca2+ 

shows better stability but disfavours the oxygen permeability. Substitution of Fe 

with Ti also improves the CO2 tolerance while the O2 permeability decreases 

slightly [72]. Moreover, a high cobalt-containing perovskite also presents a low 

chemical stability in CO2-containing atmospheres [73]. According to the research 

of Waindich et al. [74], Ba0.3Sr0.7Fe0.8Co0.2O3-δ is more stable than 

Ba0.5Sr0.5Fe0.2Co0.8O3-δ in the presence of CO2. 
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Zeng et al. [75] improved the CO2 tolerance of SCF perovskite oxides by 

introducing Ti into SCF oxides, and they found that the sample with a low Ti 

content showed a dramatic decrease in the oxygen flux after exposure to CO2 for 

70 h, while higher Ti-substituted samples remained almost stable after 90 h. The 

author attributed the improved CO2 tolerance to the stronger chemical bond 

between Ti and O than the Fe-O and Co-O bonds. 

Another possibility is doping with a highly charged metal B5+ like Ta and Nb. 

Chen et al. [76] found that, when SCF is doped with Ta, the CO2 erosion is almost 

negligible. Yi et al. [77] investigated the corrosion of BaCo1-x-yFexNbyO3-δ (x=0.2-

0.8, y=0.1-0.5) in the temperature range of 800 to 1000 °C. The chemical stability 

was found to be improved when increasing the Nb content, while no significant 

degradation was observed when Co was totally substituted by Fe and Nb. The Ba 

and/or Co substituted perovskite materials can provide increased chemical 

stability, but the oxygen permeability may also be decreased. The addition of 

metals B6+ (Mo, W) can stabilize the membrane in a CO2 environment as well as 

suppress the polymorphic transition. Popov et al. [78] reported that substitution 

of Co by W to a BSCF not only improves the CO2 tolerance, but the O2 

permeability was also enhanced by one order of magnitude. The same effect has 

been reported by Shubnikoba et al. [79] when cobalt was substituted with 

molybdenum. 

Another type of perovskite, La0.6Ca0.4Co0.8Fe0.2O3-δ, was studied under a 

continuous gas flow containing CO2, which revealed a higher resistance than the 

one considered from Ellingham diagrams [71]. Un-doped cobalt La0.6Ca0.4FeO3-δ 

can resist the presence of CO2 in the stream.  

Many fluorite type materials have good phase stability under CO2 atmospheres. 

Due to this reason, a dual phase type membrane could help increase the tolerance 
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to CO2 poisoning.  

2.3.4.2. Sulphur poisoning 

The presence of CO2, which commonly comes from the combustion of light 

hydrocarbons, is, in many cases, accompanied with the presence of SO2 coming 

from sulphur containing feedstocks (like coals, natural gas, or biomass). It has 

been proven that this SO2 can lead to a degradation of the oxygen flux and 

decrease in the mechanical stability of oxygen membranes. Specifically, alkaline 

and alkaline earth metals compounds, commonly present in MIEC membranes, 

can form sulphur compounds. 

BSCF-based membranes exhibit a low stability in the presence of sulphur 

compounds, since the heat formation of BaS and SrS are very high, which are -

406 kJ/mol and -472 kJ/mol, respectively. YSZ is also a sensitive material under 

sulphur compound containing atmospheres since yttrium present a high tendency 

to form the corresponding sulphate with a heat formation of -1260 kJ/mol. In 

addition, lanthanum-based perovskites are strongly affected by sulphur and the 

corresponding heat formation for La2S3 is -1205 kJ/mol [80]. The influence of 

SO2 on the oxygen permeation of LSCF hollow fiber membranes was studied 

after the membrane was exposed to SO2 [81]. Surface decomposition was 

observed, which resulted in a significant decrease in the oxygen permeation flux. 

The XRD analysis showed a peak related to the formation of SrSO4. In another 

study, an LSCF membrane was exposed to 200 ppm of H2S for 100 h at 900 °C 

[82]. Again, strontium sulphate was formed with the corresponding decay in the 

oxygen flux. The membrane performance was, however, completely recovered 

when air was switched back.  

Alkaline earth elements should be avoided to obtain MIEC membranes, which 
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can offer a stable performance under CO2 and SO2 containing atmospheres. A 

CO2 stable NFO-CTO dual-phase membrane also showed sulphur resistance after 

exposure to SO2 for 170 h at 800 °C [83], which makes this membrane very 

interesting for applications where CO2 and SO2 are both present in the feed gas 

stream. However, there is a need to use a less expensive and toxic material for the 

development of CO2 and SO2 resistant oxygen membranes. Cheng et al. [84] 

reported ZnO-based dual phase membranes as an alternative. They fabricated an 

Al0.02Ga0.02Zn0.96O1.02-CGO membrane and the post XRD characterization 

indicated that the membrane showed sufficient stability when in contact with CO2 

for 120 h at 850 °C and in contact with SO2 for 2 h at 850 °C. 

Garcia et al. [85] prepared a LaCo0.2Ni0.4Fe0.4O3-δ (50 vol%)-Ce0.8Gd0.2O2-δ (50 

vol%) membrane activated by the deposition of a 30 µm thick porous layer of 

Ce0.8Gd0.2O2-δ (50 vol %)-La0.8Sr0.2MnO3-δ (50 vol %) at both sides of the 

membrane. The oxygen flux permeation under a SO2 atmosphere for the coated 

membrane was higher than the un-coated one, which shows that the coating 

composite works as a protective layer to preserve the performance of the 

membrane. 

It is also worthy to underline that not only the SO2 coming from the process can 

affect the membrane performance, but also sulphur coming from impurities of the 

raw materials used in the membrane preparation can result in a detrimental effect 

on the membrane performance. Wu et al. [86] showed that a dual phase membrane 

Ce0.9Gd0.1O2-δ-SrCo0.8Fe0.1Nb0.1O3-δ prepared with low sulphur content raw 

materials presented a constant permeation rate of 30 ml/min·cm2 in which the 

permeation is higher than the same composite prepared with high sulphur content 

(because of the impurities in the raw material), which contributed to sulphate 

formation in the membrane. 
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2.4. Oxygen permeation improvement 

As has been illustrated, the oxygen permeation through the membranes mainly 

involves five steps, and membranes of different thickness and materials were 

found to have different controlling steps. When the permeation was controlled by 

the bulk diffusion, the oxygen permeability through the membranes can be 

described by the Wagner equation: 
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where jO2 is the oxygen permeation flux, F is the Faraday constant, R is the gas 

constant, L is the membrane thickness, P’’O2 and P’O2 are the low and high oxygen 

partial pressure and σel and σion are partial electronic and ionic conductivity, 

respectively. Accordingly, the oxygen permeability could be improved by 

increasing the partial pressure difference across the membrane, improving the 

operating temperature, choosing material with high conductivity or reducing the 

membrane thickness. 

When the bulk diffusion resistance gets very small, which may be attributed to 

the reduced thickness and/or improved mixed-conductivity of the membrane, the 

limiting step would become the surface-exchange reaction. The dissociation and 

association processes at both sides of the membrane need to be promoted, and 

this can be realized by depositing an activation layer on the membrane. 

2.4.1. Thickness reduction of the membranes 

Thinner membranes usually provide an improved permeation flux, but may also 

show decreased mechanical strength. Accordingly, asymmetric membranes were 
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developed with thin membrane layers on a thicker porous layer. This structure 

allows not only a high permeation flux, but also good mechanical strength of the 

membrane. For successful fabrication of a supported thin-film membrane, certain 

criteria must be fulfilled [4]: 

1. The thermal and chemical expansion of the selective layer and the support 

should be as close as possible. 

2. No reactions should take place between the different materials at high 

temperatures. 

3. The dense selective layer should be free of defects, such as cracks and pinholes. 

For the selection of the support material, there are two options including using 

the same material as employed for the selective layer or using a different material, 

but with good chemical and thermal compatibility. Fluorite type oxides are good 

candidate materials for the support material due to their good chemical and 

mechanical stability. There would be cracks and/or pin holes on the membrane 

layer, or the membrane layer may peel off from the support during the sintering 

process due to the a mismatch in thermal expansion of the different materials. For 

example, porous substrates made of Al2O3 are very common in the water 

purification industry and can be applied as a support for hydrogen separation 

technologies, which takes advantage of their low cost. However, the low thermal 

expansion coefficient of this material may frustrate its application as support 

material for asymmetric oxygen transport membranes. Perovskites which are 

usually applied as the membrane layer because of their good mixed-conductivity 

generally have a much larger chemical and thermal expansion coefficient in 

comparison with aluminum oxide, and some perovskites, such as BSCF, was 

found to react with the aluminum oxide. Another support candidate is MgO 
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thanks to its good chemical and mechanical stability at high temperatures and 

lower cost compared to perovskite and fluorite materials. Since the thermal 

expansion coefficient of MgO (13.9∙10-6 °C-1) is close to that of CGO (12.7∙10-

6 °C-1) [87], this material is preferred as support. Ovtar et al. [88] prepared a thin 

dense layer (10 µm) of CGO-LSF onto MgO. The measured oxygen flux at 

850 °C was 1.56∙10-6 mol/cm2·s, using N2 as sweep gas, while this value increased 

to 1.16∙10-5 mol/cm2·s when H2 was employed as sweep gas. A larger flux 

(2.97∙10-6 mol/cm2·s) was reported under the same conditions by Ramachandran 

et al. [87] for a 30 µm-thick CGO dense layer deposited onto MgO. Apart from 

MgO, CeO2 may also be a good support candidate for the fabrication of CGO-

based membranes because their thermal expansion coefficients closely resemble 

those of CGO. Yin et al. [89] tested the performance of a CeO2 supported CGO 

membrane (10-20 µm-thick), where an oxygen flux of 3.35∙10-7 mol/cm2·s was 

measured at 900 °C.  

Metal supports are attractive because of their high mechanical strength and easier 

integration in the reactor. However, it is usually very hard to find metals with 

similar thermal expansion coefficients as the ceramic membrane layer material, 

and there are not many papers on metal-supported oxygen transport membranes. 

A successful example was given by Sadykov’s group [90], which reported on the 

deposition of a mixture of LSFN and CGO onto a Ni–Al alloy foam substrate. 

Stainless steel is a common low-cost metal, but, depending on the steel grade, 

their use at high temperatures (>500 °C) is hampered by loss of their mechanical 

properties due to the precipitation of carbides and differences in thermal 

expansion coefficient with the membrane layer also restricts their application as 

support. However, in recent years, some researchers have tried to apply oxygen 

selective materials onto a stainless-steel support using a plasma spray deposition 

method, which could avoid the problems caused by high-temperature sintering. 

Fan and Kesler [91] deposited a 55 µm-thick LSCF layer onto a stainless-steel 
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support using the plasma spray deposition method, which showed a very low gas 

leakage during testing at high temperatures. Niu’s group [92] tried to fabricate an 

LSCF layer onto a stainless-steel support with two plasma spray-based methods, 

where the plasma spray deposition method performed better by avoiding vertical 

cracks on the membrane layer.  

Large oxygen fluxes are required for industrial exploitation of the oxygen perm-

selective membranes. One of the best results for supported membranes were 

reported by Baumann et al. [93], who coated a BSCF layer (70 µm) onto a BSCF 

substrate that showed an outstanding O2 flux of 4.62∙10-5 mol/cm2·s at 1000 °C 

using pure oxygen as feed and argon as sweep gas, whereas, when air was used 

as feed, a flux of 8.32∙10-6 mol/cm2·s was measured. Cao et al. [94] reported a 

dual-phase supported membrane with a large oxygen flux (2.90∙10-6 mol/cm2·s), 

composed of a 40-µm dense layer of SDC-SSAF on top of a porous substrate 

made of the same material. Meng et al. [95] fabricated asymmetric membranes 

using the BaCo0.7Fe0.2Nb0.1O3-δ (BCFN) as material for both the dense layer (20 

µm-thick) and porous support. At 900 °C, the oxygen flux was 3.35∙10-6 

mol/cm2·s. 

The porosity of the support also has influence on the permeation flux, which was 

observed by Schulze-Küppers et al. [25]. They reported that, when the porosity 

of the BSCF support was increased from 26% to 41%, the oxygen flux of the 

supported dense BSCF layer with a thickness of 20 µm increased by 50% 

(2.01∙10-6 mol/cm2·s at 1000 °C).  

Some advanced membrane preparation methods result in large channels in the 

support layer, which facilitates lower resistance for the gas permeation. Zhang et 

al. [96] prepared an YSZ–LSCrF asymmetric composite membrane with a dense 

layer of thickness ~30 μm and a finger-like porous support with a thickness of ~1 
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mm by using a phase-inversion tape-casting method. The YSZ-LSCrF composite 

was subsequently coated with Sm0.2Ce0.8O2 nano-particles on the inner surfaces 

of the support, and the oxygen permeation flux observed was 1.64∙10-6 mol/cm2·s 

at 900 °C. Another membrane consisted of a micro-channelled CGO-LSF layer 

with a dense 100 µm-thick layer was prepared by one-step phase inversion [97]. 

This membrane showed an oxygen flux of 7.51∙10-6 mol/cm2·s at 900 °C using 

CO as sweep gas with air as feed gas. The freeze cast is another promising method 

for preparing asymmetric membranes with oriented pores and low gas transfer 

resistance. This method starts with the preparation of a colloidal suspension and 

this suspension was then freed in a mould. During the sublimation of the solvent 

in the suspension, a network of oriented holes is formed inside the membrane, 

which provides a shorter gas transfer distance than the sponge-like microstructure 

formed by burning the sacrifice phase. Liu et al. [98] fabricated a Zr0.84Y0.6O1.92-

La0.8Sr0.2Cr0.5Fe0.5O3-δ dual-phase asymmetric membrane by the frozen cast 

process and the oxygen permeability is proven to be better when compared with 

the one fabricated phase-inversion tap-casting strategy. 

2.4.2. Membrane surface modification 

Modifying surface of the membrane can lead to an enhancement on the oxygen 

permeation when the limiting step is the surface-exchange reaction. As the 

surface per volume ratio increases in a porous top layer, the adsorption and 

dissociation of oxygen molecules is promoted [99]. A very thin layer composed 

of nanoparticles is an interesting approach to obtain a meso-structured layer on 

top of the oxygen selective layer [100,101]. The layer can be obtained by using 

sacrificial agents, which are removed during a sintering step, such as carbon black 

or polymeric nanoparticles [102]. The material used for the porous coating can 

be the same as the selective layer [97,103] or a different material [104], which 

possess ionic and/or electronic conductivity.  
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The oxygen permeation of a 20 μm-thick LSFT membrane was improved by 50%, 

when the surface at the permeate side was modified, as described in [103]. At 

1000 °C, the membrane permeation increases from 2.23∙10-6 to 4.31∙10-6 

mol/cm2·s by increasing the roughness of the membrane at the permeate side. On 

the other hand, the addition of a porous LSC layer (20 μm-thick) on both sides of 

a SDF-SSF (75wt% Ce0.85Sm0.15O1.925-25wt% Sm0.6Sr0.4FeO3) membrane not 

only increased the oxygen permeation, but also provided a faster steady state 

permeation rate obtained (0-8 h) than without the presence of the porous LSC 

layer (18-40 h) [105]. For the case of a LSTF-coated BSFC membrane, an 

increase of 20% in the oxygen flux was obtained relative to the flux through a 

bare BSFC at 950 °C [104], which resulted in an oxygen flux of 2.23∙10-6 

mol/cm2·s at atmospheric pressure. The authors reported a reduction in the 

performance of both membranes after 12 days of testing, but the reduction for the 

coated membrane was significantly smaller (7.6%) compared to the decrease in 

performance for the non-coated BSCF (31%). Hayamizu et al. [106] reported a 

decrease in the activation energy by addition of a thin porous layer. The activation 

energy in the temperature range of 725-775 °C decreased from 177.8 kJ/mol to 

102.6 kJ/mol after a 6.5 μm thick porous BSCF layer was deposited onto a 120 

μm thick dense BSCF membrane, while the oxygen permeation flux increased by 

a factor of 3.6 and 1.35 at 700 °C and 850 °C, respectively. The addition of a 

ceramic catalytic layer of SDC-LSCF onto an asymmetric dual-phase membrane 

composed of CGO-LSM (30 µm-thick dense layer) resulted in an increase in the 

oxygen permeation flux from 7.16∙10-8 to 5.32∙10-7 mol/cm2·s at 950 °C [107]. 
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2.5. Conclusions 

Oxygen is an essential gas for many industrial processes, which is industrially 

produced by the expensive and energy intensive techniques, such as cryogenic 

distillation. The development of membrane technology with dense mixed ionic 

and electronic conducting ceramic membranes (MIEC) could open up the 

possibility to supply pure oxygen at reduced production costs. In this context, in 

the last few decades, significant efforts have been made to develop new materials 

to improve the oxygen permeation and stability of MIEC membranes. 

Some perovskites materials are very unique because of their favourable capacity 

to transport oxygen ions and electrons, but these perovskite materials usually 

show insufficient chemical stability under certain operating conditions 

(especially in the presence of CO2 and sulphur compounds). On the other hand, 

most fluorites show a better performance under atmospheres containing CO2 and 

sulphur compounds, but their permeation is lower because of the insufficient 

electronic-conductivity. Combination of two phases may lead to a better 

membrane performance, but good compatibility of the two materials during the 

sintering and operation process is crucial. 

Asymmetric membranes allow us to increase the oxygen flux while maintaining 

sufficient mechanical strength due to the possibility to deposit a very thin dense 

layer on top of porous support. However, for the successful fabrication of 

asymmetric membranes, the layer(s) should attach well with to each other, which 

requires good chemical and thermal compatibility between the selected material 

of the support and the selective layer during the preparation, sintering, and 

operation at high temperatures. Papers have been published about asymmetric 

membranes by focusing on the same or similar materials for both the support and 

selective layers, and most papers have proven that asymmetric membranes allow 
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reduced bulk diffusion resistances compared with single layer membranes by 

reducing the selective layer thickness. Some advanced membrane fabrication 

techniques allow the fabrication of asymmetric membrane structure in a single 

step and the formation of less tortuous channels for gas transfer in the support 

layer. For some asymmetric membranes, there is a point at which a further 

decrease of the membrane thickness no longer results in a higher oxygen 

permeability because of the limitation by surface kinetics. Activation layers can 

be applied on top of these membranes to improve the surface exchange rate.  
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Chapter 3 Dead-end CGO-BSCF 

membranes fabricated with modified 

phase-inversion casting method 

 

A modified phase inversion casting method was employed for the fabrication of 

dead-end tubular membranes, applying dual-phase composites of CGO-BSCF as 

the membrane material. Performances of the membranes were optimised by 

adjusting the processing conditions and the CGO:BSCF ratio.  

This chapter is based on the paper: Performance control of dead-end tubular 

membranes fabricated with a modified phase inversion casting method. 

Ceramics International, 2020, 46(14): 22429-22437.  
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3.1. Introduction 

Compared with planar discs and hollow fibres, tubular membranes are preferred 

for industrial processes especially when integrated in membrane reactors. For lab 

tests or practical applications, it is necessary to seal the tubular membrane with a 

gas-tight connection to the permeation cell/reactor. A smaller sealing area can 

reduce the probability of leakage from the joining parts. To simplify the sealing 

process and to reduce the stress caused by the thermal expansion difference 

between the connection part and the membrane, it is preferred to produce dead-

end membranes so that only one side of the membrane tubes needs to be sealed.  

Polymer
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Figure 3.1. (a) Phase diagram for the precipitation process and (b) schematic presentation for the 

formation process of finger-like channels during phase inversion [1].  

In this chapter, dead-end tubular membranes were fabricated with a novel phase-

inversion casting method. With this method the dead-end membrane shape is 

formed in a single step. The phase inversion process was initially developed for 

the polymer membrane fabrication. This process starts with adding certain 
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polymers into a solvent forming a polymer solution. The solution is then cast into 

a desired shape and introduced into a precipitant (e.g. water) bath for phase 

inversion. In the precipitant-bath, the solvent in the polymer solution exchanges 

with the precipitant, and since the dissolved polymer exhibits low solubility in 

the precipitant, the system solidifies due to polymer precipitation. Phenomenon 

for the solidification process of the membrane in the precipitant-bath can be 

explained by the phase diagram (Figure 3.1a). The three corners of the diagram 

represent the precipitant, solvent and polymer respectively, and the triangle can 

be divided into two regions, namely a single-phase region and a dual-phase region. 

In the single-phase region everything is miscible, while the system separates to a 

polymer-lean phase and a polymer-rich phase in the dual-phase region [1]. The 

phase is a liquid with low viscosity when the polymer concentration is low. 

However, the viscosity increases rapidly with the polymer concentration 

improved, and the system is regarded as a solid when the polymer reaches a 

certain concentration. In the phase diagram, point A is the initial solution, C 

represents the membrane system obtained finally, and the path from A to C is the 

membrane formation process. At point C, two phases are considered to be 

equilibrium, which are a polymer-rich phase (point S) forming the membrane 

structure and a polymer-lean phase (point L) filling the pores of the membrane. 

Point B on the path is the start point for the polymer precipitation. As the 

polymer-rich phase lose more solvent, the viscosity of which increased and then 

at point D the phase is considered as solid.  

Finger-like channels can be formed inside the membrane due to the fast phase 

inversion process. The formation of the channels can be divided into two stages 

[1], including the initiation of the channels and the channel growth (Figure 3.1b). 

At the moment when the solution brought into contact with the precipitant, a thin 

skin layer of precipitated polymer was formed. The skin layer protects the 

solution underneath from the direct exposure to the precipitant. As a result, 
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sponge structure is formed dure to the slowed-down precipitation. However, the 

syneresis cause a shrinkage stress on the skin layer. When the polymer creep 

relaxation cannot relive the stress, the skin would fracture, which means the 

channels are initiated. Afterwards, the channels grow with draining the mixture 

at the precipitation front.  

In recent years the phase inversion technique has found its application in the 

formation of asymmetric ceramic membranes. Ceramic-based slurries are 

prepared by adding ceramic powders into the polymer solution. The green 

membranes, which are formed by the ceramic powders together with the polymer 

precipitated during the phase inversion, are densified after sintering process. 

Although many researchers reported the fabrication of ceramic oxygen transport 

membranes with phase inversion technique, most works were focused on flat 

membranes [2–5] or hollow fibres [6–10]. Application of this technique to the 

fabrication of tubular membranes and especially dead-end tubes is rather limited. 

The processing parameters of the phase-inversion-based membrane fabrication 

process has great impact on the microstructure and performance of the dead-end 

tubes. For instance, the micro-channelled structure favours slurries with low 

viscosity, while high fluidity of the slurries would bring difficulties in the 

formation of a dead-end membrane shape. Thus, selection of optimised 

processing parameters to obtain highly performing dead-end membrane tubes is 

an area of great interest. 

Some of the perovskite materials, typically BSCF, shows a very high oxygen 

permeability, but low stability in a CO2-containing atmosphere, so the perovskites 

were mixed with some CO2-stable material to form the dual-phase membranes 

[11–14]. In this chapter, the CGO-BSCF composites are applied for the 

preparation of the dead-end membrane tubes. The effect of the ceramic loading 

in the casting slurry on the micro-channel length in the dead-end tubular 
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membrane was investigated to obtain reduced resistance for oxygen permeation. 

Dual-phase membranes with different CGO:BSCF ratios were prepared, and the 

performance of these membranes were compared in detail based on their oxygen 

permeation flux, CO2 resistance and mechanical strength.
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3.2. Experimental procedure 

3.2.1. Manufacturing of the dead-end membranes by phase-inversion casting 

method 

The dual-phase membranes of CGO/BSCF composites were fabricated using 

commercially available powders. The CGO powder provided by Ningbo Sofcman 

Energy was applied as the oxygen-ionic conductor after milling with a planetary 

ball mill (Pulverisette 6, Fritsch) for 3 h, while the BSCF powder (Cerpotech) 

was used as received for the formation of the electronic conductive phase. 

Table 3.1. Ceramic loadings in the slurries, BSCF concentrations and sintering temperatures of 

the dead-end membranes under study. 

Membrane Ceramic loading, 

(CGO+BSCF)/ 

(CGO+BSCF+NMP), 

wt% 

BSCF 

concentration, 

BSCF/ 

(CGO+BSCF), 

wt% 

Sintering 

T, ℃ 

CGO/BSCF40-I 73 40 1170 

CGO/BSCF40-II 71 40 1170 

CGO/BSCF40-III 69 40 1170 

CGO/BSCF40-IIII 67 40 1170 

CGO/BSCF50 69 50 1160 

CGO/BSCF60 69 60 1150 

CGO 69 0 1350 

BSCF 69 100 1130 

For preparation of the green dead-end tubes (i.e. before calcination), a starting 

polymer solution was prepared by adding 5 g of polyethersulfone (PES, Veradel 
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3000P, Solvay Advanced Polymers) and 1 g of polyvinylpyrrolidone (PVP, 

Sigma-Aldrich) into 20 g of 1-methyl-2-pyrrolidone (NMP, 99.5%, Sigma-

Aldrich), which were mixed in a centrifugal mixer (ARE-250, Thinky) for 20 min 

to ensure that the polymers were fully dissolved in the solvent. Then the ceramic 

powder for each phase was added to the polymer solution in a predetermined ratio 

and mixed for 90 min, followed by a defoaming procedure of 30 min in the same 

mixer to remove the bubbles that may influence gas tightness and mechanical 

strength of the formed membranes. A mixer rotational speed of 1900 rpm (after 

optimization) was used for both the mixing and defoaming procedures. The slurry 

compositions and relative abbreviations of the membranes are listed in Table 3.1.  

A C D E

H2O
NMP

B

 

Figure 3.2. Schematic representation of the dead-end membrane manufacturing process. 

The defoamed slurries were poured into a simple cylindrical casting device to 

perform the phase-inversion casting process (Figure 3.2). A screw cap is 

connected to the cylindrical mould to prevent outflow of the casting pastes. Good 

slurry fluidity and a slow pouring speed are required to avoid air trapped in the 

mould (A). The casting device which was filled with the ceramic slurry was kept 

in ice for 30 min to reduce the slurry fluidity, because insufficient viscosity of the 
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slurry would give difficulties to the formation of dead-end membrane shape (B). 

Subsequently, the cap of the casting mould was taken off and a piston was used 

to push the slurries out into water for the phase inversion process (C-D). After 12 

h in the water bath (E), the solidified green bodies of the membranes were 

removed from the piston and dried for 48 h at room temperature. The green dead-

end membrane tubes were sintered at high temperature for 4 h to obtain gas-tight 

membranes with sufficient mechanical strength. The sintering temperature was 

varied for membranes with different components (Table 3.1); these temperatures 

have been optimized in a separate study (data not reported here). The samples 

were heated to the sintering temperature with a slow rate of 30 ℃/h to void 

nonuniform heating and breakage of the membranes inside the oven. Finally, a 

cooling rate of 60 ℃/h was used to cool the membranes back to room temperature. 

3.2.2. Characterisation of the dead-end membranes 

The morphology of the membrane tubes was studied by scanning electron 

microscopy (SEM) using a Quanta 3D FEG, which operated at a voltage of 5 kV 

with the secondary-electron mode. The element distribution on the cross section 

of the membranes was obtained at an excitation voltage of 15 kV with the EDS 

mapping coupled to another SEM (Phenom ProX). A rheometer (Physica MCR 

301) was used to study the rheological behavior of the casting slurries. A three-

point bending test was performed to measure the mechanical strength of the dense 

membranes with the assistance of the Zwick Zmart Pro universal testing machine 

equipped with a 10 kN load cell. The span length was fixed at 30 mm while a 

crosshead speed of 1 mm/min was used during the testing process. The specific 

surface area of the membranes with different channel lengths was obtained from 

the BET nitrogen adsorption isotherm using TriStar II, Micromeritics. The 

adsorption of CO2 by the CGO/BSCF40-III membrane samples was studied by 

TGA experiments at three operation temperatures (850 ℃, 900 ℃ and 950 ℃). 
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The in-house developed TGA setup is described by Coenen et al. [15]. The TGA 

test can be divided into three sections, with pure helium fed into the quartz reactor 

in the first and last stages for 12 h and CO2 as the fed gas in the middle stage for 

24 h. Flow rate of the feed gas was fixed at 500 mL/min. Phase structure of the 

membrane samples was determined by XRD (Rigaku MiniFlex 600). 

3.2.3. Oxygen permeation measurement  

A helium setup was used to examine the gas tightness of the sintered membranes 

and only gas-tight membranes were used in the permeation test. The oxygen 

permeation fluxes through the membranes were tested with a high-temperature 

experimental setup (Figure 3.3). 
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Figure 3.3. Simplified scheme of the experimental system used for oxygen permeation. 

An Ag-CuO braze paste was used to seal the open-end side of the membrane to a 

vertically positioned tube of Fe-Cr alloy at 1020 ℃ for 30 min (via reactive air 

brazing). A rate of 60 ℃/h was used to heat the permeation cell to 1020 ℃, which 
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was then cooled down to 825 ℃ with the same speed for the permeation test. The 

oxygen permeation flux was measured in the temperature range of 825-950 ℃. 

Several digital mass flow controllers were used for delivering the gas mixtures to 

the permeation cell after calibration with a film flow meter (STEC SF, Horiba). 

Helium/CO2 mixtures were fed as the sweep gas inside the membrane tube while 

air was used as feed gas. The concentration of the permeate side was detected 

with a micro-GC (Varian, CP-4900), while the flowrate was measured by the film 

flow meter. The leakage resulted from the imperfect sealing, which was always 

less than 2% of the flux of oxygen for each membrane, was subtracted during the 

calculation of the permeation flux: 

2

O2 O2 N2
(mL/min cm ) ( ) /0.21/ 0.79 28 / 32J C C f S = −   

 
(1) 

where CO2 and CN2 are the calculated concentrations of oxygen and nitrogen from 

the GC, f (mL/min) is the outlet flowrate measured from the sweep side, and S 

(cm2) is the area of the dead-end membrane.  
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3.3. Results and discussion 

3.3.1. Oxygen permeation and chemical stability of the CGO-BSCF membrane 

  

  

    

Figure 3.4. (a, b) Photographs; (c) SEM image of the cross section; Element distribution: (d) Iron 

mapping; (e) Barium mapping; (f) Cerium mapping; (g) Combined mapping of the 

CGO/BSCF40-III membrane. 

The dead-end CGO-BSCF dual-phase membrane tubes of ~8 mm outer diameter 

and ~1.2 mm thickness were successfully prepared with the phase inversion 

casting method (Figure 3.4a, b). The length of the membranes can be tailored by 

adjusting size of the casting mould. A SEM micrograph of the overall cross 

section of membrane CGO/BSCF40-III is given in Figure 3.4c. The membrane 

tube showed a clear asymmetric microstructure consisting of a membrane layer 

and a support layer with large finger-like micro-channels. The channels initiate 

from the outer surface and extended into the bulk of the membrane. The diameters 

of the channels near the membrane surface were less than 10 μm, which merged 

(a) (b) (c) 

(d) (e) (f) (g) 
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into larger ones in the bulk. The internal membrane layer was found to be free of 

defects and connected holes which might influence the selectivity of the 

membranes. Figure 3.4d-g present the element distributions over the cross section 

of the CGO/BSCF40-III membrane. A homogeneous distribution was observed 

for each element, suggesting a good mixing of the two phases, and it can be seen 

from Figure 3.4g that the distribution of Ce in the dual-phase membrane was 

much higher than the other elements, owing to the lower concentration of BSCF 

compared with CGO. 

The oxygen permeation flux through the CGO/BSCF40-III membrane was 

measured as a function of the sweep gas (helium) flowrate and temperature. Each 

data set was collected when a steady state was reached for the oxygen permeation 

and the results are summarized in Figure 3.5. It has been generally accepted that 

higher surface exchange and bulk diffusion rate, which means higher 

permeability of oxygen, can be obtained by increasing the operating temperature; 

besides, an increase in the sweep gas flow rate reduces the oxygen partial pressure 

on sweep side of the membrane, which results in a higher oxygen permeation flux 

because of the increased driving force. Similar trends can be observed for the 

CGO-BSCF dual phase membrane in Figure 3.5a. It is noteworthy that the 

Arrhenius plots in Figure 3.5b exhibit constant slopes, which indicates constant 

activation energies of the oxygen permeation throughout the investigated 

temperature range, and a close correspondence was observed for the activation 

energies at different helium flow rates. Constant activation energy is one of the 

key factors that suggests good phase stability of the membranes during the test 

period [16,17]. 
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Figure 3.5. (a) Helium flowrate dependence of oxygen permeation fluxes through the 

CGO/BSCF40-III membrane at different temperatures; (b) Arrhenius plots of oxygen fluxes 

through the CGO/BSCF40-III dual-phase membrane. 
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Figure 3.6. Stability test of the CGO/BSCF40-III membrane with (a) sweep gases of different 

CO2 concentrations and (b) pure CO2 as sweep gas at different operation temperatures. 

The chemical stability of the CGO/BSCF40-III membrane was investigated under 

an oxygen partial pressure gradient with pure helium, CO2 or a mixture of the two 

gases on the permeate side and air on the feed side. Figure 3.6a reports the effect 
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of CO2 presence in the sweep gas in different concentrations on the oxygen 

permeation flux. The operating temperature was fixed at 850 ℃ and the total 

flowrate of the sweep gas was 500 mL/min. When the membrane was swept with 

pure helium during the first 4 h of the test, the oxygen permeation flux was found 

to be stable at ~0.1 mL/min·cm2, which instantaneously reduced when CO2 was 

introduced to permeate side of the membrane. Additionally, from Figure 3.6a a 

gradual drop of oxygen flux was observed with increased CO2 concentration in 

the sweep gas, and the maximum cutting down of the flux was 67% with 100% 

CO2. However, the oxygen permeability can reach a stable value in the CO2 

containing atmosphere even when pure CO2 was fed inside the membrane tube, 

and almost a full recovery (and almost immediately) of the permeation flux was 

obtained with the sweep gas switched back to helium, which proved good CO2 

resistance of the CGO/BSCF40-III dual-phase membrane.  

Figure 3.6b presents the temperature influence on the oxygen permeation flux 

through the CGO/BSCF40-III membrane with pure CO2 fed to the permeate side. 

As swept with helium, the membrane exhibited an improved permeation flux at 

higher temperatures when pure CO2 was used as sweep gas, and the highest 

oxygen flux is 0.063 mL/min·cm2 at 950 ℃. However, a maximum cutting down 

of 79% in the oxygen flux was also observed at 950 ℃ when 100% CO2 was used. 

It should be noted that, at all the operation temperatures the oxygen permeation 

rates could be recovered when switching back to helium as sweep gas. The 

oxygen permeability reduction in CO2 atmosphere can be attributed to mainly 

two reasons [18]. Firstly, alkaline earth metals, which occupy A-site of many 

perovskite phases, can be eroded by forming carbonates in the presence of CO2. 

Besides, adsorption of CO2 on the membrane surface lowers the exchange rate of 

oxygen on the interface between the membrane and the sweep gas, but due to the 

weak adsorption at high temperature, the oxygen permeation flux can be 

recovered when the sweep gas is switched back to helium. Permeability 
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degradation of the CGO/BSCF40-III membrane under a CO2 atmosphere can 

result from both factors because of the alkaline earth metals of Ba and Sr 

contained in the BSCF phase. However, less alkaline earth metal is exposed to 

the CO2 atmosphere on the membrane surface due to the presence of CGO in the 

dual-phase membrane, which is assumed to be the cause of the higher CO2 

resistance of the CGO-BSCF membranes compared with the BSCF membranes.  

To further examine the stability of CGO/BSCF40-III membrane in CO2, a weight 

recovery test under N2-CO2-N2 at different temperatures was carried out with the 

assistance of TGA. At each temperature the starting weight was collected when 

the desorption of the lattice oxygen reached a steady state in N2. The membrane 

sample was found to lose weight after being heated up in N2, but in order to 

compare the weight gains when the sample was exposed to a CO2 atmosphere, 

the starting weight at each temperature was set at 0 mg. A piece of 78.7 mg was 

cut off from a fresh CGO/BSCF40-III membrane and was used for the TGA test. 
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Figure 3.7. TGA test results for the (a) piece-formed and (b) powder-formed CGO/BSCF40-III 

samples with feed gas periodically changed at 850 ℃, 900 ℃ and 950 ℃. 

The test results are given in Figure 3.7a. The results show that the sample weight 

increased immediately when pure CO2 was fed into the reactor instead of N2, and 

higher operation temperatures were found to result in larger weight gains. 

Moreover, when it was shifted back to N2 as the feed gas, the weight of the sample 

almost fully returned to the initial value because of desorption of CO2. Due to the 

small surface area of a single membrane piece, the amount of CO2 adsorbed on 

the membrane surface is relatively small, with the maximum weight gain of 0.49 

mg at 950 ℃, which is only 0.6% of the fresh sample weight. To make a 

comparison, a piece (73.9 mg) of the CGO/BSCF40-III membrane was crushed 

into powder and tested at the same conditions, and the result is shown in Figure 

3.7b. Similar to the results obtained using the single membrane piece, a higher 

temperature caused a larger weight increase of the powders when CO2 was fed 

into the reactor. However, compared with the single membrane piece, the powder 

showed a much higher weight increase in CO2 because of the much larger surface 
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area. 

 

Figure 3.8. XRD patterns of the CGO/BSCF40-III membrane: (a) Fresh membrane; (b) 

Membrane after oxygen permeation test with CO2 as sweep gas; (c) Piece-formed sample after 

TGA test; (d) Powder-formed sample after TGA test. 

The XRD patterns of the CGO/BSCF40-III membrane before and after the 

oxygen permeation test in CO2, together with the membrane piece and powder 

after the TGA test are presented in Figure 3.8. It can be observed that BSCF and 

CGO retained their major phases after sintering at high temperature, with only a 

very small amount of impurity phase of BaSO4 found in the fresh CGO/BSCF40-

III sample. The formation of BaSO4 phase is assumed to result from the 

generation of SO2 during the burning of PES in the ceramic slurry. Figure 3.8 

also shows that although the peaks of BSCF were weakened after the permeation 

and TGA test in CO2, no new phases were observed from the XRD patterns, or 
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only a very small amount of impurities was formed on the membrane surface, 

which are very hard to be detected by the XRD and this small amount of 

impurities did not have a significant effect on the oxygen permeability of the 

membrane.   

3.3.2. Influence of ceramic loading in the casting slurry 

The asymmetric structure with finger-like channels is a unique microstructure 

formed with the phase inversion technique. The channels facilitate the oxygen 

permeation through the membranes. Concentration of the ceramic slurry is a key 

parameter that affects the channel growth during the phase inversion process. In 

this work the channel length and the oxygen permeability are compared for the 

membranes fabricated with different ceramic loadings in the slurries. If the 

ceramic loading was below 67 wt%, it would be difficult for the membrane to be 

fully densified during the sintering process because of the high ratio between the 

polymer and ceramic powder in the green tube, and the slurry would be difficult 

to be shaped into dead-end tubular shape due to its high fluidity (several 

concentrations below 67% were tested and the results are not reported here). 

Accordingly, ceramic loadings from 67 wt% to 73 wt% were applied during the 

membrane fabrication. For each 20 g of solvent, 40 g, 45 g, 50 g and 55 g ceramic 

powders with a fixed weight ratio of CGO to BSCF (60:40) was added to the 

polymer solution, which resulted in ceramic loadings of 67 wt%, 69 wt%, 71 wt% 

and 73 wt%. 
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Figure 3.9. Cross section of CGO-BSCF dual-phase membranes fabricated from the slurries with 

(a) 73 wt%, (b) 71 wt%, (c) 69 wt% and (d) 67 wt% ceramic loadings. 

Figure 3.9 gives the SEM images of the CGO-BSCF dual phase membranes 

prepared at varied ceramic loadings. From the cross sections of the membrane 

tubes it is clear that all membranes had two layers: one fully densified layer and 

the other one with finger-like channels. It can also be observed that the loading 

of ceramic powder in the recipe had a great influence on thickness of the micro-

channelled layer. The largest volume of channels was obtained in the membrane 

prepared using a casting slurry with 67 wt% ceramic loading, while the finger-

like pores tended to be smaller with ceramic powders added into the slurries.  
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Figure 3.10. Rheological behaviours of casting slurries with varied ceramic loadings. 

The rheological behaviour of the casting slurries with different ceramic loadings 

is compared in Figure 3.10. A shear thinning behaviour was observed for all the 

ceramic pastes, and the slurry viscosity was found to increase with improved 

ceramic loading, which provided a higher resistance for the growth of the micro-

channels. 
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Figure 3.11. Temperature dependence of (a) oxygen fluxes through membranes with different 

ceramic loadings and (b) permeation enhancement factor of CGO/BSCF40-III membrane 

compared with the CGO/BSCF40-II membrane. 

Figure 3.11a shows the oxygen permeation flux as a function of temperature for 

the dual phase membranes prepared with different ceramic loadings. For each 
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membrane the effect of increasing the operating temperature was an increase of 

the oxygen permeability. Figure 3.11a also reveals that membranes fabricated 

with lower ceramic loading provided a higher oxygen permeation flux, which can 

be attributed to the longer channels formed during the phase inversion process. 

Especially when the loading of ceramic powder was reduced from 71 wt% to 69 

wt%, a significant improvement in the oxygen flux from 0.20 ml/min to 0.29 

ml/min was obtained at 950 ℃. The enhancement factor (ratio of the permeation 

flux) of the CGO/BSCF40-III relative to CGO/BSCF40-II membrane is plotted 

as a function of temperature in Figure 3.11b. It can be seen that the oxygen 

permeation enhancement factor increased with temperature. The explanation of 

the observed phenomena is assumed to be as follows. The permeation rate-

determining step is the surface exchange reaction at lower operation temperatures, 

which shifts to bulk diffusion at higher temperatures [19]. Compared with the 

CGO/BSCF40-II membrane, the thickness of the selective layer in the 

CGO/BSCF40-III membrane is reduced because of the improved channel length. 

However, the increase in the surface area is not obvious, as given in Table 3.2. 

This is because although the length and diameter of the channels are improved in 

the CGO/BSCF40-III membrane, the number of channels was not significantly 

increased owing to the combination of the small channels in the bulk of the 

membrane. 
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Table 3.2. Measured specific surface areas and mechanical strengths of membranes fabricated 

with slurries of varied ceramic loadings. 

Membrane Specific surface areas 

(m2/g) 

Mechanical strength 

(N) 

CGO/BSCF40-I 0.011 208.2 

CGO/BSCF40-II 0.019 208.0 

CGO/BSCF40-III 0.022 205.9 

CGO/BSCF40-IIII 0.056 203.2 

Table 3.2 provides the effect of ceramic loadings on the mechanical strengths of 

the membranes. A rather small decrease in the mechanical strength was observed 

with improved channel length resulting from a lower ceramic loading in the 

casting slurry. The test results proved that the micro-channels formed with the 

phase inversion casting process provided low resistance for the oxygen 

permeation without obvious sacrifice of the membrane mechanical strength.  

3.3.3. Influence of the weight ratio between CGO and BSCF 
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Figure 3.12. (a) Temperature dependence of oxygen permeation fluxes; (b) Arrhenius plots of 

oxygen fluxes through the membranes with different CGO:BSCF ratios. 

The oxygen permeation fluxes, chemical stabilities in CO2 and the mechanical 

strengths were compared for the CGO-BSCF membranes with different 

CGO:BSCF ratios, while the ceramic loading in the casting slurries was fixed at 

69 wt%. The CGO:BSCF ratio is one of the factors that controls the oxygen 

permeation flux through the dual-phase membranes as shown in Figure 3.12a. At 

fixed operating temperature the oxygen flux with helium as sweep gas increased 

with improved BSCF percentage in the preparation recipe, while the permeation 

activation energies (Ea) were observed to drop gradually in the order of 

CGO/BSCF40-III (Ea =120.2 kJ/mol) > CGO/BSCF50 (Ea =118.6 kJ/mol) > 

CGO/BSCF60 (Ea =111.2 kJ/mol), which is given in Figure 3.12b. The 

membrane that provided higher oxygen flux showed a lower permeation 

activation energy. Additionally, each membrane showed a constant activation 

energy in the operation temperature range, which proves the phase stability of the 

tested CGO-BSCF membranes. 
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Figure 3.13. (a) Oxygen fluxes through the membranes with different CGO:BSCF ratios while 

alternating sweep gas between pure helium and CO2 at (a) 850 ℃ and (b) 950 ℃. 

Since a favoured CGO:BSCF ratio in terms of the oxygen permeation flux is 

selected, further tests were focused on the CO2 resistance of the membranes with 
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different BSCF concentrations. Permeation recovery tests with pure helium or 

CO2 as sweep gas were conducted at two different temperatures. Figure 3.13a 

exhibits that at 850 ℃ the permeation flux through all the three membranes could 

reach a stable value while pure CO2 was fed to the permeate side. The membranes 

with more BSCF showed larger degradation of the permeation fluxes when the 

sweep gas was shifted from helium to CO2, but the CGO/BSCF60 membrane still 

provided the highest permeability with CO2 as sweep gas. Compared with their 

performance at 850 ℃, it can be observed from Figure 3.13b that when the 

membranes were swept with pure CO2 at 950 ℃, the CGO/BSCF60 membrane 

provided the lowest oxygen flux among the three dual-phase membranes, which 

is totally different from the result obtained with helium as sweep gas. Moreover, 

from the plots in Figure 3.13, it is clear that at both temperatures the permeability 

of the CGO/BSCF60 and CGO/BSCF50 membranes could not be fully recovered 

after helium was switched back, suggesting lower stability of CGO/BSCF60 and 

CGO/BSCF50 membranes in CO2 atmosphere compared with the CGO/BSCF40-

III membrane. 

Table 3.3. Measured mechanical strengths of membranes with different CGO: BSCF ratios. 

Membrane Mechanical 

strength (N) 

CGO/BSCF40-III 205.9 

CGO/BSCF50 181.6 

CGO/BSCF60 81.0 

CGO 251.3 

BSCF 69.4 

Table 3.3 gives the results of the mechanical strength measurements conducted 

for the three dual-phase membranes with different CGO:BSCF ratios, as well as 
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the single-phase CGO and BSCF membranes. The three-point bending strength 

of the CGO membrane is 251.3 N, which is more than three times the strength of 

BSCF membrane (69.4 N), and the forces needed to break the membranes were 

observed to reduce in the order of CGO/BSCF40-III > CGO/BSCF50 > 

CGO/BSCF60, proving the enhancing role of the CGO content on the mechanical 

strength of the membrane. 
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3.4. Conclusions 

Dead-end CGO-BSCF membrane tubes with a finger-like-channelled 

microstructure were successfully manufactured with a low-cost phase inversion 

casting technique. The dead-end tubular membrane geometry assures simple 

sealing process and ease of handing in membrane reactors. Although a drop of 

oxygen permeation rate through the CGO/BSCF40-III membrane was observed 

when CO2-containing sweep gas was fed to the permeate side instead of helium, 

the oxygen flux was found to be recovered with helium switched back. Higher 

CO2 concentration in the sweep gas caused lower oxygen flowrate through the 

membranes. Increased operation temperature caused more CO2 adsorbed onto the 

membrane and bigger drop of the permeation flux, but the oxygen flux still 

increased with temperature when pure was CO2 fed as sweep gas. Ceramic 

loading in the casting slurry was a key factor that affected channel length in the 

CGO-BSCF membranes. Reduced ceramic loadings facilitated channel growth 

and resulted in higher oxygen permeability of the membranes. With fixed 

CGO:BSCF ratio, no obvious sacrifice of the mechanical strength was observed 

with longer channels inside the membranes. Oxygen permeability of the 

membranes with different CGO:BSCF ratio was observed to reduce in the order 

of CGO/BSCF60 > CGO/BSCF50 > CGO/BSCF40-III, while CGO/BSCF60 and 

CGO/BSCF50 membranes exhibited a lower CO2 resistance than the 

CGO/BSCF40-III membrane. Moreover, higher CGO concentration caused 

improvement of the mechanical strength of the CGO-BSCF membranes.  
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Chapter 4 Dual-phase and triple-

phase membranes with high CO2-

tolerance 

In this chapter, the oxygen ionic conductor CGO was paired with NFO, LNO and 

BSCF, forming three kinds of dual-phase membranes. Performance of the 

membranes was compared. Based on the results for the dual-phase membranes, 

some CGO/BSCF/NFO triple-phase membranes were developed. The application 

of the two triple-phase composites promoted the oxygen permeation fluxes when 

the membranes were swept with pure CO2. This chapter provides valuable 

information for the material selection and performance optimization of the CGO-

based multi-phase membranes. 

This chapter is based on paper: Ce0.9Gd0.1O2‑δ-based multi-phase membranes 

with high CO2-tolerance. Under review.  
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4.1. Introduction 

For a dual-phase membrane, compatible materials need to be selected to avoid 

the reactions between the two phases and to minimize the chemical-thermal 

expansion mismatch between both ceramics. Several combinations of crystalline 

materials, including fluorite, perovskite, spinel and Ruddlesden–Popper-type 

oxides, have been reported in the literatures [1-11]. The material with fluorite 

crystalline structure is generally applied as the oxygen-ionic phase in the 

composites since the ionic conductivity is dominant, while the Ruddlesden–

Popper-type oxides and the perovskites can serve as electronic phase. Because of 

the much higher mobility of electrons than the oxygen ions, an increase in the 

oxygen-ionic conductivity of the membrane may allow the improvement of the 

total oxygen permeation flux. Following this strategy, the mixed conducting 

perovskites instead of the pure electronic conductors were combined with the 

fluorites by some researchers for the fabrication of dual-phase membranes [7]. 

Such composites ensure that both phases can provide the paths for the oxygen-

ionic percolation. However, the presence of alkaline-earth-metal-containing 

perovskites would cause the formation of carbonate and immediate reduction of 

the oxygen permeation when the dual-phase membrane was exposed to CO2, 

although this reduction was found to be reversable. Therefore, CO2-stable 

electronic conductors are preferred by some researchers. For example, several 

fluorite-spinel composites, such as CGO-NiFe2O4 (NFO) and Ce0.8Tb0.2O2-δ 

(CTO)-NFO membranes were tested in CO2-containing atmospheres and 

excellent results were obtained in terms of the membrane stability [6,8]. However, 

the studies of different dual-phase composites were mostly based on varied 

membrane thicknesses, geometries (tubular, hollow fibre and planar) and surface 

modifications, and were tested under varied test conditions, which bring 

difficulties to the comparation between the performance of the fluorite-

perovskites and other the dual-phase composites with the pure electronic and 
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ionic conductors. 

The CGO-BSCF membranes have been investigated in Chapter 3. In this chapter, 

the strategy to composite the dual-phase membranes with CGO as the oxygen-

ionic conductor is further investigated. The modified phase-inversion casting 

method, which has been reported in Chapter 3, was applied to the production of 

the dead-end tubular membrane geometry. The permeability of the formed CGO-

BSCF, CGO-NFO and CGO- La2NiO4+δ (LNO) membranes is compared in detail 

together with an investigation in their permeation behaviour in CO2 atmosphere. 

Based on the test results of the dual-phase membranes, some CGO/BSCF/NFO 

triple-phase membranes are developed, with the purpose of optimizing the 

membrane performance in CO2-containing atmosphere. Large amount of each 

phase is required for the formation of continuous ionic/electronic paths in the 

dual-phase membranes. However, in the triple-phase membranes, concentration 

of BSCF can be reduced with maintaining the continuous electronic network by 

adding the electronic conductor NFO. The oxygen permeability and CO2-

tolerance of the triple-phase membranes are compared with that of the CGO-

BSCF and CGO-NFO membranes. 
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4.2. Experimental methods 

CGO powders purchased from Ningbo Sofcman Energy were milled for 3 h in a 

ball mill (Pulverisette 6, Fritsch) before being used for the formation of the 

oxygen-ionic conductive phase. The NFO powders for the electronic conductive 

phase was supplied by Alfa Aesar, while the BSCF and LNO powders was 

ordered from Cerpotech.  

The fabrication of the dead-end tubular membranes has been reported in Chapter 

3, which stated with the preparation of a solution by adding 5 g PES and 1 g PVP 

in to 20 g NMP. Subsequently, ceramic powders were then mixed with the 

solution. The total amount of the ceramic powders was set at 45 g for each 20 g 

of the NMP, while the components were varied for different multi-phase 

membranes, as listed in Table 4.1. The defoamed ceramic slurries were 

transferred into the home-made casting device, cooled with ice and pushed into 

water for phase inversion. Those solidified tubes formed after phase-inversion 

process were dried and sintered at ultra-high temperature. The green membranes 

with varied components required different sintering temperatures (Table 4.1) to 

achieve gas-tight membranes showing good mechanical stability, and the 

optimized sintering temperature for each kind of membrane has been determined 

in a separate study. A slow heating ramp of 30 ℃/h was used to heat the 

membranes up to the sintering temperatures which was cooled down with a higher 

ramp of 60 ℃/h. 
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Table 4.1. Weight percentage of each phase and sintering temperatures for the multi-phase 

membranes under study. 

Membrane CGO 

content, 

wt% 

BSCF 

content, 

wt% 

NFO 

content, 

wt% 

LNO 

content, 

wt% 

Sintering 

temperature, 

℃ 

C6L4 60 0 0 40 1400 

C6N4 60 0 40 0 1450 

C6B4 60 40 0 0 1170 

C4B4N2 40 40 20 0 1235 

C6B2N2 60 20 20 0 1245 

The multi-phase membranes before or after oxygen permeation were observed by 

SEM and the element analysis was performed with EDX, and XRD was used to 

determine phase structure of the membranes. Gas-tightness of the multi-phase 

membranes after sintering process was tested with a helium setup, and only 

leakage-free membranes were selected for the permeation tests. A high-

temperature experimental system, which was described in Chapter 3, was 

employed for the study of the oxygen permeation fluxes through the different 

multi-phase membranes. The open side of the dead-end membrane was sealed to 

the Fe-Cr tube. The permeation cell was heated to 1020 ℃ with a rate of 60 ℃/h, 

kept for 30 min, and directly cooled down to 825 ℃ for the permeation test after 

the sealing procedure. Helium and/or CO2 were used as the sweep gas for the 

permeation test with air applied as feed gas.  

  



Chapter 4 

 
94 

4.3. Results and discussion 

4.3.1 Oxygen permeation and CO2-tolerance of the dual-phase membranes  

Measurements for the oxygen permeation as a function of operation temperature 

were performed on the dual-phase membranes with fixed sweep gas flowrate of 

500 ml/min. The performance of three type of membranes, including C6L4, 

C6N4 and C6B4, were compared. 

0.82 0.84 0.86 0.88 0.90 0.92

0.01

0.1

1

Temperature (C)

O
x
y
g

e
n

 p
e
rm

e
a
ti

o
n

 f
lu

x
 (

m
l/
m

in
c

m
2
)

1000/T (K
-1
)

 C6L4  Ea=73.3 kJ/mol

 C6N4  Ea=71.2 kJ/mol

 C6B4  Ea=120.1 kJ/mol

950 925 900 875 850 825

 

 

 

Figure 4.1. Temperature dependence of the permeation fluxes through the C6L4, C6N4 and C6B4 

dual-phase membranes, together with the corresponding activation energies. 

For the ceramic oxygen transport membranes, it was generally found that 

increased operation temperatures led to a rise in the permeation fluxes, which is 

because of the enhanced surface-exchange and bulk-diffusion rate of oxygen. 

This trend also applies to these three dual-phase composites, as shown in Figure 

4.1. Of the three membranes, it can be observed that the C6B4 provided much 
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higher permeation value than the other two composites. Taking the data at 950 ℃ 

as a reference, the permeation flux through the C6B4 was 0.29 ml/min·cm2, 

which is more than 6 times the value obtained for the C6N4 and 12 times the 

value achieved for the C6L4 at the same conditions. These results prove the 

promoting effect of using mixed-conductive material instead of the pure 

electronic conductor in the dual-phase membranes on the oxygen permeation flux, 

which results from the increased paths for oxygen ion percolation. The activation 

energies (Ea) for oxygen permeation through the three membrane samples are 

also included in Figure 4.1. Constant activation energies were observed for all of 

the three dual-phase membranes, and it is one of the factors that proves the good 

phase stability of the membranes under the test conditions [12,13]. The highest 

activation energy is obtained for the C6B4 membrane which is 120.1 kJ/mol. This 

could be attributed to two factors: Since both CGO and BSCF provide paths for 

the oxygen ion conduction, travel of the oxygen ions through the borders of the 

two phases may contribute to the high activation energy; The sintering 

temperature of 1170 ℃ for the composite is lower than the desired sintering 

temperature of the CGO phase (although a gas-tight membrane was obtained 

because of the presence of BSCF), and the increased grain boundary area of CGO 

due to the lower sintering temperature may lead to higher activation energy for 

the oxygen permeation [10].  
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Figure 4.2. Permeation fluxes through the C6L4, C6N4 and C6B4 membranes with the sweep gas 

alternated between He and CO2 at (a) 850 ℃ and (b) 950 ℃. 

The chemical stability of the three dual-phase membranes was studied by feeding 

CO2-containing sweep gas to the permeate side of the membranes at varied 

temperatures. Flowrate of the sweep gas was fixed at 500 ml/min. Figure 4.2a 
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reports the permeation evolution for the three composite membranes as a function 

of time with the sweep gas switched between 100% CO2 and He at 850 ℃. The 

experiment started with pure helium fed to the permeate side, and after the 

permeation had become stable for 4 h in helium, CO2 was feed instead of helium 

as sweep gas. It can be observed that the permeation flux through the C6B4 

membrane dropped instantly to 0.048 ml/min·cm2 when the sweep gas was 

switched to pure CO2. Afterwards, a gradual decline was observed and then the 

flux tended to be stable at ~0.032 ml/min·cm2. The O2−CO2 competitive 

adsorption on the membranes and the carbon formation due to the reactions was 

found to be the two factors that may cause the permeation loss of the membranes 

in CO2 [14]. The sharp decline of the oxygen permeation may be mainly 

attributed to the competitive adsorption of the two gasses, while the gradual drop 

afterwards may be due to the reaction forming the carbonate, since the carbonate-

formation process would take longer time. The carbonates such as SrCO3 were 

reported to be decomposed to oxides with exposed to CO2-rare atmosphere at 

temperatures above 800 ℃ followed by the possible recovery of the perovskite 

structure due to the reactions of the solid-state oxides [15,16]. This explains the 

recovery of the permeation flux through the C6B4 when He was switched back 

as sweep gas. The performance loss with the exposure to CO2-containing 

atmosphere was also observed for some other membranes (not reported here) e.g. 

the permeation value dropped to zero when the BSCF membrane was swept with 

CO2. The comparatively high oxygen flux through the C6B4 membrane when 

exposed to CO2 proves the enhancing role of CGO on the CO2-resistance of the 

membrane. Figure 4.2a also shows that the CO2 atmosphere brought little 

poisoning effect on the C6N4 and C6L4 membranes. However, it is noticeable 

that although a large drop of the oxygen flux was observed for the C6B4 

membrane, the stable permeation value was still higher than that of the other two 

composites. Similar results were obtained at 950 ℃ (Figure 4.2b). The 
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permeation performance of the three dual-phase membranes all can reach to a 

steady state in CO2 atmosphere and the C6B4 composite provided the highest 

oxygen flux when swept with either He or pure CO2. 
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Figure 4.3. Permeation fluxes through C6L4, C6N4 and C6B4 membranes (a) with sweep gas of 

different CO2 concentrations at 950 ℃ and (b) with CO2 as the sweep gas at varied temperatures. 
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The effect of CO2 concentration in the sweep gas on the oxygen permeation flux 

through the three dual-phase membranes with the operation temperature fixed at 

950 ℃ is presented in Figure 4.3a. The permeation value was observed to decline 

with the rise of CO2 content in the sweep gas for the C6B4 membrane, while the 

CO2 produced little poisoning effect on the C6N4 and C6L4 membranes. This 

result can be explained by the higher concentration of oxygen vacancies on 

surface of the C6B4 membrane compared to the other two membranes, which 

means more CO2 could be adsorbed on the C6B4 composite. However, it should 

be noticed that, at each CO2 concentration, C6B4 provided the highest oxygen 

permeation value among the three composites.  

Figure 4.3b shows the temperature effect on the permeability of the three 

composites when 100 % CO2 was fed as the sweep gas. It can be observed that, 

as swept by He, rise of the operating temperature caused a permeation flux 

increase for all the three dual-phase membranes, because of the improved surface 

exchange and bulk diffusion speed at higher temperature. It can also be seen from 

Figure 4.3b that at each temperature C6B4 provided the highest permeation flux 

of the three investigated membranes. 

4.3.2 Phase and morphology of the triple-phase membranes 

The C6B4 exhibited superior permeability but also a larger reduction of oxygen 

permeation than the C6N4 and C6L4 compounds when swept by CO2. 

Accordingly, some triple-phase membranes were prepared using the CGO, NFO 

and the mixed conductive BSCF oxides. Several types of triple-phase membranes 

can be obtained by adjusting the ratio between the different phases, and two of 

these composites were investigated and compared with C6B4 and C6N4 dual-

phase membranes in this work. 
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Figure 4.4. (a,b) Back-scattered electron microscopy and (c-e) EDS analysis of three points on 

surface of the C6BN membrane. 

Figure 4.4a/b are the SEM images of the C6BN triple-phase membrane. With the 
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BSD mode of SEM, three kinds of grains can be clearly observed on the 

membrane surface. These uniformly distributed grains are sized between 1-4 µm. 

According to the EDS analysis, the light grey blocks (point 1) are the CGO phase, 

the ones in darker grey (point 3) are supposed to be BSCF phase, and the black 

grains (point 2) can be assigned to the NFO phase (Figure 4.4c-e). The SEM 

images show well-connected network of the CGO phase, while the other two 

phases appear less continuous. However, connected electronic pathways can be 

obtained due to the collective effect of BSCF and NFO. No new phases were 

observed on the C6BN membrane after sintered at ultra-high temperature, and 

this can be confirmed by the XRD test result (Figure 4.5). A weak signal of Gd 

was detected on the BSCF grains, which was repeatable in the EDX tests. This 

result can be explained by the trace Gd diffusion from CGO to the BSCF phase 

at high sintering temperature. Gd of the CGO was also found to defuse into 

La0.6Sr0.4Co0.2Fe0.8O3-δ during sintering of the dual-phase membrane by Han et al. 

[10] From the XRD patterns of the fresh C6BN membranes (Figure 4.5), it is 

obvious that the characteristic peaks of the BSCF phase all have shifted to the left, 

and this can be explained by the large amount of lattice oxygen release during 

sintering process. 
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Figure 4.5. XRD pattern of the C6BN membrane (a) before and (b) after the permeation test with 

CO2 as sweep gas. 
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4.3.3 Performance comparation between the triple-phase and dual-phase 

membranes 
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Figure 4.6. Helium flowrate dependence of the permeation value for the (a) C6B2N2 and (b) 

C4B2N2 membranes; (c) Temperature dependence of the permeation fluxes through the C6N4, 

C4B4N2, C6B2N2 and C6B4 membranes. 

Figure 4.6a/b give the permeation fluxes through the C6B2N2 and C4B4N2 

membranes when swept by helium with different flow rates at the temperatures 

ranging from 825 to 950 ℃. A positive correlation was observed between the 

permeation value and the flowrate of helium for both of the membranes e.g. at 

950 ℃ the oxygen flux through the C6B2N2 and C4B4N2 rose from 0.13 to 0.15 

and from 0.10 to 0.12 ml/min·cm2, respectively, when flowrate of the sweep gas 

increased from 250 to 750 ml/min.  The rise in the oxygen permeation flux can 

be attributed to the reduced oxygen partial pressure on permeate side of the 

membranes. Besides, the permeation was found to be less sensitive to the helium 

flowrate increase at higher feeding rate of the sweep gas.  

The temperature dependence of the permeation values for the two triple-phase 



Dual-phase and triple-phase membranes with high CO2-tolerance 

 
105 

membranes together with the C6B4 and C6N4 dual-phase membranes are 

presented in Figure 4.6c. Apparently, the permeation fluxes of both triple-phase 

membranes are higher than that of the C6N4 but lower compared with that of the 

C6B4 membrane at the same temperature. The activation energies of the four 

composites are also given in Figure 4.6c. Constant activation energies for the 

oxygen permeation through the two triple-phase membranes were observed over 

the test temperature range, and similar as their permeation fluxes, activation 

energies of the C6B2N2 and C4B4N2 are between those of the two dual-phase 

composites. The C6B2N2 membrane was observed to show a higher activation 

energy than the C4B4N2, which can be due to the low activation energy of the 

oxygen-ion percolation in BSCF compared to that of the ionic conduction in CGO 

[17]. 
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Figure 4.7. Oxygen fluxes through the C6B2N2 and C4B4N2 membranes with the sweep gas 

alternated between helium and 100 % CO2 at 850 ℃. 

Figure 4.7 exhibits the permeation evolution trend for the C6B2N2 and C4B4N2 

membranes versus experiment time with the sweep gas switched between pure 
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CO2 and He at 850 ℃. Similar as the C6B4 membrane, an instant breakdown of 

the permeability was observed for both triple-phase membranes when CO2 was 

fed as sweep gas instead of helium. However, in the following 24 h, the 

permeation fluxes through C6B2N2 and C4B4N2 were found to rise gradually to 

0.041 ml/min·cm2 and 0.034 ml/min·cm2, respectively, as illustrated by curve-2. 

When helium was switched back as the sweep gas, the oxygen permeation 

through the C6B2N2 membrane restored to 0.092 ml/min·cm2 immediately. It is 

worth noting that the restored permeation value is much higher than the original 

level of curve-1, which is 0.047 ml/min·cm2. This upgrade of the oxygen 

permeation flux can be explained by the postulation that the formation and 

decomposition process of the carbonates on the membrane could increase 

roughness of the membrane surface, and the resulted larger surface area would 

facilitate the surface-exchange reactions of oxygen. The postulation is supported 

by the SEM images of the C6B2N2 before and after the permeation test in CO2 

atmosphere (Figure 4.8). It is obvious that the surface of the membrane tube, 

which was exposed to the sweep gas, became rough and porous after the exposure 

to CO2, while a smooth surface was observed for the fresh C6B2N2 membrane. 

However, the XRD pattern of the membrane after exposure to CO2 shows no new 

phases (Figure 4.5), which can be explained by the decomposition of the 

carbonate and recovery of the perovskite structure in the CO2-rare atmosphere or 

that the trace amount of the carbonate is hard to be detected by XRD. 
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Figure 4.8. SEM images of the C6B2N2 membrane tube: (a) fresh inner surface and (b) 

inner surface after the permeation test with pure CO2 as sweep gas at 850 ℃. 

When CO2 was fed again to the permeate side of the C6B2N2 membrane, the 

permeation flux instantly dropped to 0.052 ml/min·cm2 and then gradually 

reduced 0.043 ml/min·cm2 (stage-4 in Figure 4.7). Then, as helium was switch 

back, the permeation value restored to 0.093 ml/min·cm2, which is at the similar 

level of curve-3, and this is because of the already-formed surface microstructure 

of the membrane. Similar trend was observed for the oxygen permeation of 

C4B4N2 when CO2 and helium was fed alternatively to the permeate side, but 

permeability of the C4B4N2 seems to be less sensitive to the microstructure 

changes, that resulted from the CO2 corrosion, compared to the C6B2N2 

membrane.  
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Figure 4.9. Permeation fluxes through the C6N4, C4B4N2, C6B2N2 and C6B4 membranes (a) 

with sweep gas of different CO2 concentrations at 950 ℃ and (b) with pure CO2 feed as the sweep 

gas at different temperatures. 

Permeation of the two triple-phase membranes were compared with that of the 

C6B4 and C6N4 at 950 ℃ by feeding the sweep gas with varied CO2 

Temperature (oC) 
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concentrations. As can be seen in Figure 4.9a, although the oxygen fluxes through 

the C6B2N2 and C4B4N2 also declined with increased CO2 concentration in the 

permeate side, the slopes of the permeation rates were much smaller than that of 

the C6B4 membrane. For instance, with 25 % CO2 in the sweep gas, permeation 

flux through the C6B4 membrane reached 0.23 ml/min·cm2, but reduced by 74 % 

to 0.06 ml/min·cm2 when feeding pure CO2 to the permeate side, whereas the 

permeation rate of the C6B2N2 decreased from 0.15 ml/min·cm2 to 0.14 

ml/min·cm2 with the CO2 concentration in the sweep gas rising from 25 % to 

100 %. The application of the triple-phase composites instead of the C6B4 and 

C6N4 promoted the oxygen permeation when the high CO2-containing sweep gas 

was fed to permeation side of the membranes.  

Figure 4.9b gives the oxygen permeation flux through the C6N4, C6B2N2, 

C4B4N2 and C6B4 membranes with pure CO2 fed as the sweep gas at varied 

temperatures. Permeation value of the four membranes all exhibited positive 

correlation with the temperature, and the triple-phase membranes showed higher 

permeability than both the C6N4 and C6B4 membranes at each temperature. 

  



Chapter 4 

 
110 

4.4. Conclusions 

Several CGO-based dual-phase and triple-phase membranes with a dead-end 

tubular geometry were fabricated. Performance of the membranes were compared 

at varied conditions. Three dual-phase membranes were obtained by paring BSCF, 

NFO and LNO oxides with CGO. Results of the oxygen permeation tests 

exhibited that the C6B4 membrane provided the highest permeation flux, and the 

constant activation energies reflected good phase stabilities of the three 

composites over the operation temperature range. CO2-tolerance of the 

membranes was investigated by feeding CO2 and helium alternatively as the 

sweep gas. Large drop of the oxygen flux was observed for the C6B4 composites 

when CO2 was fed instead of helium to the permeate side, but eventually a stable 

permeation was obtained which was still higher than that of the other two 

membranes. Two triple-phase membranes, C6B2N2 and C4B4N2, were 

fabricated with CGO, BSCF and NFO powders. The permeation values and 

corresponding activation energies obtained for the triple-phase composites were 

higher than that of the C6N4 but lower compared with that of the C6B4. When 

CO2 was fed instead of helium as the sweep gas, the permeation fluxes through 

C6B2N2 and C4B4N2 exhibited only a small reduction compared to the C6B4 

membrane, and the C6B2N2 was found to provide the highest oxygen 

permeability among all the dual-phase and triple-phase membranes investigated 

in this work, when 100 % CO2 was fed as the sweep gas. 
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Chapter 5 Co-free SrFe0.8Sb0.2O3-δ-

based membranes 

 

In this chapter, B-site doped SrFeO3-δ material was used for the preparation of 

oxygen transport membranes. New phases were observed on the surface of the 

SFSb membrane after the permeation test. Adding CGO into the membrane 

preparation recipe resulted in a better thermal stability of the membrane. 
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5.1 Introduction 

As elaborated in previous chapters, the operation condition for the oxygen 

transport membranes include the exposure to CO2-containing gases, which 

generates the demand for membranes with good chemical stability when operated 

in presence of CO2. Several dual-phase and triple-phase membranes have been 

fabricated and compared in Chapter 3 and Chapter 4, and some of these 

membranes provided good CO2-resistance. However, the fabrication cost of 

multi-phase composites can be relatively high compared with that of the single-

phase membranes, and the high cost may limit the industrial application of those 

membranes. As a result, some doped single-phase oxides were adopted for the 

membrane fabrication by researchers with the purpose of developing low-cost 

CO2-tolerant membranes [1–7].  

Perovskite material is an attractive candidate for the membrane assisted oxygen 

separation process under the premise of the good CO2-tolerance. ABO3-δ is the 

structural formula for ideal perovskite-type oxides. The A-site of the perovskite 

crystals can be occupied by alkaline earth metals, e.g. Sr, Ba or Ca, and/or 

lanthanides, e.g. Pr or La. The B-site cations are normally chosen from transition 

metals. The electronic conductivity of the membranes with a ABO3-δ crystal 

structure originates from the valence changes of the transition metals, while the 

oxygen ionic conductivity is mainly influenced by the oxygen non-stoichiometry 

[8]. Permeability as well as the chemical stability of the perovskites are strongly 

affected by the selection of the A-site and B-site metals. Using a rare earth metal 

instead of an alkaline earth element as the A-site cation would reduce the oxygen 

permeability. Ba-based perovskites usually show high oxygen permeability but 

rather low CO2 stability [9]. Ca2+ favour good chemical stability but disfavours 

the permeation flux [10]. Accordingly, Sr is a better choice as the A-site element 

among the alkaline earth metals. Co and Fe are the popular transition metals for 
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the B-site of the perovskite-type oxides because of the variable valence state [11]. 

Considering the relatively low CO2-resistance of the Co-containing perovskites, 

Fe is preferred for the B-site. Nevertheless, the SrFeO3-δ did not show sufficient 

CO2 tolerance, so some other transition metals are applied to substitute the B-site 

elements with the purpose to improve the chemical stability of the material. A 

good dopant on the B-site provides high valence and high metal bond energy after 

doping. Ta, Ti, Nb, Sb, Mo and Zr are all the candidates that meet the 

requirements and may be suitable dopants for the perovskite oxides [12–14]. 

In this work, SrFe0.8Sb0.2O3-δ (SFSb), SrFe0.8Nb0.2O3-δ (SFN) and SrFe0.8Ta0.2O3-δ 

(SFT) green tubes are fabricated with the a phase-inversion casting method. 

However, SFN and SFT were found to react with the Al2O3 holding plate at ultra-

high sintering temperatures (1350 ℃ and 1400 ℃), which restrained the 

shrinkage of the membrane during the sintering process and caused failure of the 

membrane. As a result, only the permeability and stability of SFSb were tested. 

According to the performance of the SFSb membrane, some CGO-SFSb 

membranes are prepared, the performance of which are compared with that of the 

single-phase membranes. 
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5.2 Experimental methods 

5.2.1. Manufacturing of the membranes 

SFSb powders used for the preparation of the single-phase and dual-phase 

membranes were supplied by Marion Technologies, while the CGO powders used 

for the fabrication of CGO-BSCF membranes were also applied as the ionic-

conductive phase in the CGO-SFSb membranes. 5 g PES and 1 g PVP were added 

into 20 g NMP to obtain a polymer solution after mixing for 30 min. 45 g ceramic 

powders were mixed with the polymer solution for preparation of the casting 

slurries. For the CGO- SFSb dual-phase membrane, the weight ratio between 

CGO and SFSb is 60 : 40. 

Dead-end green membrane tubes were prepared with the phase-inversion casting 

method reported in Chapter 3. Both of the green SFSb and CGO-SFSb dual-phase 

membranes were sintered at 1310 ℃ for 4 hr. It is noticeable that, although the 

reaction between SFSb and the alumina plate is not as obvious as that of the SFN 

and SFT membranes due to the lower sintering temperature, the reaction can also 

cause the SFSb membrane stick to the holding plate. To solve this problem, a 

thick layer of MgO powders was spread between the SFSb membrane and the 

plate during the sintering process. Contrary, the CGO-SFSb dual-phase 

membrane was placed directly on the alumina plate, since the presence of CGO 

depressed the reaction. 

5.2.2. Characterisation and permeation test 

Microstructure of the membranes were observed with the secondary electron 

detector (SED) of SEM (Phenom ProX), while the backscattered electron detector 

(BSD) was used to detect the phase composition. EDX-point and mapping were 

applied to investigate the element distribution on the membrane surface and phase 
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structure of the membranes after sintering and permeation test were determined 

with the assistance of XRD. 

Permeability and CO2-stability of the membranes were tested in the high-

temperature experimental setup with air as the feed gas and He/CO2 as sweep gas. 

The dead-end membranes were sealed with the gas-tight Fe-Cr tube with an Ag-

Cu paste, which was densified at 1020 ℃. 
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5.3 Results and discussion 

5.3.1 Performance of the SFSb membrane 

Figure 5.1(a, b) give the XRD patterns of the SFSb powders and the fresh SFSb 

membrane after sintering process, respectively. It shows that SFSb retained the 

major phase after sintering at ultra-high temperature, but very small peaks of 

SrSO4 can be observed in the plot of the fresh membrane. 
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Figure 5.1. XRD patterns of (a) SFSb powders, (b) fresh SFSb membrane and (c) SFSb 

membrane after permeation test with CO2 as sweep gas. 

The reason for the formation of the trace amount of SrSO4 is assumed to be the 

reaction between the Sr in SFSb with the SO2 released during the polymer (PES) 

burning. The amount of SrSO4 formed on the SFSb membrane is relatively small 

compared to that of the BaSO4 formed on the CGO-BSCF membranes (Figure 

3.7), because Ba-containing perovskites exhibit a lower chemical stability in SO2 
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atmosphere. 
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Figure 5.2. (a) Temperature dependence of the permeation fluxes through the SFSb membrane 

with varied flowrates of the sweep gas; (b) comparation of the permeation fluxes through CGO-

BSCF and SFSb membranes. 
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The oxygen fluxes through the SFSb single-phase membrane as a function of 

temperature were measured at different He flowrates. As shown in Figure 5.2, the 

increases in the sweep gas flow rate and the operation temperature both resulted 

in higher permeation fluxes. For example, when the flowrate of He was 250 

ml/min, the oxygen permeation flux through the membrane was 0.034 

ml/min·cm2 at 825 ℃, which increased to 0.096 ml/min·cm2 at 925 ℃, while the 

permeation flux increased form 0.041 ml/min·cm2 to 0.114 ml/min·cm2 with the 

temperature raised from 825 ℃ to 925 ℃ at the He flowrate of 500 ml/min. The 

activation energies for oxygen permeation through SFSb appeared to be constant 

over the test temperature range with different flowrates of sweep gas, and only a 

slight rise of the activation energy was observed for a lower He sweep flow rate. 

The permeation fluxes through the SFSb and CGO-BSCF membranes are 

compared in Figure 5.2b. The CGO-BSCF dual-phase composite provided higher 

permeation fluxes than the SFSb membrane, e. g. at the 925 ℃ the oxygen fluxes 

through the CGO-BSCF and SFSb membranes are 0.114 ml/min·cm2 and 0.242 

ml/min·cm2, respectively. However, the dual-phase membrane also exhibited 

higher activation energy than the SFSb membrane which can be attributed to the 

travel of oxygen ions through the borders between the two phases of the CGO-

BSCF membrane. 
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Figure 5.3. Permeation fluxes through the SFSb membrane as functions of (a) CO2 concentration 

and (b) flowrate of CO2 at different temperatures; (c) Arrhenius plots of the permeation through 

the SFSb membrane with pure CO2 as sweep gas. 

Subsequently, CO2 was introduced into the sweep gas to test chemical stability of 

the SFSb membrane. Figure 5.3a gives the effect of CO2 concentration in the 

sweep gas on permeability of the SFSb membrane with a fixed sweep gas flowrate 

of 500 ml/min. It is clear that adding more CO2 in the sweep gas depressed the 

permeability of the membrane. The permeation flux was 0.080 ml/min·cm2 when 

25 % CO2-containing sweep gas was applied to the permeate side and the flux 

dropped to 0.070 ml/min·cm2 when the CO2 concentration was increased to 100 % 

at 900 ℃. Permeation of oxygen was blocked by the adsorption of CO2 on the 

membrane. Then, pure CO2 with varied flowrates was used to sweep the 

membrane for the permeation test. It can be seen in Figure 5.3b that similar to the 

case using He as sweep gas the permeability of the membrane rose with increased 

flowrate of CO2 due to the increased oxygen partial pressure difference across the 
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membrane. Similarly, a rise of the operation temperature brought an increase of 

the membrane permeability even with pure CO2 fed as sweep gas (Figure 5.3c), 

which is due to the enhanced surface-exchange and bulk-diffusion rate. The 

activation energies of the oxygen permeation with different CO2 concentration in 

the sweep gas are also given in Figure 5.3c. The activation energy was 111.3 

kJ/mol when the membrane was swept with pure He but increased to 126.7 kJ/mol 

when the sweep gas was switched to pure CO2. This can be explained by the lower 

oxygen vacancies on the membrane surface due to the adsorption of CO2. It 

should be noted that, when swept with pure CO2, performance of the SFSb 

membrane is better than that of the CGO-BSCF dual-phase membrane, for 

instance, a permeation flux of 0.070 ml/min·cm2 was measured for the SFSb 

membrane at 900 ℃, which was only 0.044 ml/min·cm2 for the CGO-BSCF 

membrane at the same condition (Figure 4.3b). 
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Figure 5.4. BSD microscopy of the SFSb membrane (a) before and (b) after the permeation test; 

(c) EDS-mapping of Fe; (d) EDS-mapping of Sr; (e) EDS-mapping of Sb (f, g) EDS analysis of 

two points on the membrane surface. 

The SEM images of the SFSb membrane before and after the permeation test is 

given in Figure 5.4(a, b). A large amount of new phase was found on the 

membrane surface after the permeation test. EDS mapping and point analysis 

embedded in the SEM were used to identify the element composition of the new 

phase. The Figure 5.4(c-g) exhibit that this new phase is enriched with Fe and O, 

so it can be inferred from the EDS results that some irons oxides precipitated 

during the high-temperature operation of the SFSb membrane. To further 

investigate the reason for the formation of the new phase, as piece of fresh SFSb 

membrane was heated up to 950 ℃ and kept for 3 days in air. It was found that 

even without the oxygen partial pressure difference or CO2 contact, there was still 

some new phase precipitated from the SFSb oxide at high temperature, which 
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proved the thermal instability of the material for long-term operation. 

5.3.2 Comparation between the SFSb and CGO-SFSb dual-phase membranes 

  

Figure 5.5. SED microscopy of (a) SFSb membrane and (b) CGO-SFSb dual-phase membrane. 

Considering the thermal instability of the SFSb membrane and the reaction of the 

material with the alumina plate during the sintering process, some CGO powders 

were mixed into the casting slurry for the fabrication of the CGO-SFSb dual-

phase membrane. Microstructure of the SFSb and CGO-SFSb membranes were 

observed with the assistance of the SED in SEM (Figure 5.5). Although no large 

leakage was detected, some small holes can be observed on the SFSb single-phase 

membrane, which means inferior sintering temperate. In comparation, the CGO-

SFSb membrane which was sintered at the same condition was found to be free 

of obvious defects and holes form the SEM images, and this result indicates that 

the CGO powders can act as sintering aid for the SFSb membrane. 
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Figure 5.6. (a) BSD microscopy of the CGO-SFSb membrane; (b) combined EDS-mapping (c) 

EDS-mapping of Ce; (d) EDS-mapping of Sr; (e) EDS-mapping of Fe (f, g) EDS analysis of two 

points on the membrane surface. 



Co-free SrFe0.8Sb0.2O3-δ-based membranes 

 

127 

Phase composition of the sintered dual-phase membrane was determined with 

SEM and the EDS analysis. With the BSD of SEM, two phases in light and dark 

grey, respectively, can be observed. The two phases showed similar grain size of 

1-3 µm. According to the EDS analyse, the light grey grains are supposed to be 

CGO, while the darker ones are SFSb. No new phases were observed for the fresh 

sintered dual-phase membrane from the SEM and XRD analysis (Figure 5.7), 

however weak signals of Ce and Gd were detected in the SFSb phase. A similar 

phenomenon was observed for the triple-phase membranes in Chapter 4. 
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Figure 5.7. XRD patterns of (a) fresh CGO-SFSb membrane and (b) CGO-SFSb membrane after 

permeation test in CO2-atmosphere 
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Figure 5.8. Permeation fluxes through SFSb and CGO-SFSb dual-phase membranes at different 

temperatures. 

The oxygen permeation rate through the SFSb and CGO-SFSb dual-phase 

membranes are compared in Figure 5.8. Over the test temperature range, the SFSb 

single-phase membrane provided higher permeability together with a slightly 

lower activation energy compared with the CGO-SFSb membrane. With a He 

flowrate of 500 ml/min, the oxygen permeation flux through the SFSb membrane 

is 0.114 ml/min·cm2 at 925 ℃, which is 0.040 ml/min·cm2 higher than that of the 

dual-phase composites at the same operation temperature. Adding CGO into the 

membrane recipe depressed permeability of the SFSb membrane. 
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Figure 5.9. (a) Permeation fluxes through the CGO-SFSb membrane as a function of temperature 

with different CO2 concentrations in the sweep gas; Permeation fluxes comparation between the 

CGO-SFSb and SFSb membranes with (b) different CO2 concentration in the sweep gas and (c) 

different sweep gas flowrates. 

Figure 5.9 (a) compares the oxygen permeation evolution trends with temperature 

when the CGO-SFSb membrane was swept with pure Helium, 50% CO2 and 100% 

CO2. Similar to the results obtained for the SFSb membrane, increased 

temperature brought in higher permeation fluxes even with pure CO2 as sweep 

gas, and improved CO2 concentration in the permeate side increased the 

activation energy for oxygen permeation.  

The permeabilities of the CGO-SFSb and SFSb single-phase membranes were 

compared by feeding 500 ml/min sweep gas of different CO2 concentrations 

(Figure 5.9b). The permeation fluxes through SFSb membrane were found to be 

higher than that of the dual-phase membrane at each CO2 concentration in the 

sweep gas. Then the permeability of the SFSb membrane was compared with that 
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of the CGO-SFSb membrane by feeding pure CO2 of different flowrates to the 

permeate side of the membranes. It can be observed from Figure 5.9c that higher 

CO2 flowrates led to higher permeation fluxes through both of these two 

membranes, and adding CGO in the preparation recipe caused lower permeability 

at each flowrate of CO2. However, according to the SEM images (Figure 5.10) 

and XRD analysis (Figure 5.7) no new phases were formed in the membrane after 

the permeation test, which suggests better operation stability of the CGO-SFSb 

membrane compared with that of the SFSb membrane.  

  

Figure 5.10. BSD microscopy of the CGO-SFSb membrane (a) before and (b) after the 

permeation test. 
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5.4 Conclusions 

B-site doped SrFeO3-δ material was used for the preparation of oxygen transport 

membranes. The resulted SFSb membrane showed lower permeability than the 

CGO-BSCF dual-phase membrane but better performance when swept with pure 

CO2. An increase in temperature and sweep gas flowrate led to higher 

permeability of the SFSb membrane when pure CO2 was used as the sweep gas. 

SEM images of the SFSb membrane exhibited new phases formed after operation 

at high temperature, which indicated a low thermal stability of the material. To 

solve the problem, CGO was mixed with the SFSb forming a dual-phase 

membrane. The CGO-SFSb membrane showed lower permeability than the SFSb 

membrane with either He or CO2 as sweep gas, however no phase precipitation 

was observed on the dual-phase membrane after the permeation test, indicating 

improved thermal stability of this dual phase CGO-SFSb membrane. 
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Chapter 6 Supported membranes 

fabricated with a combined phase-

inversion and dip-coating process 

 

Conventional preparation methods of membrane supports usually result in highly 

tortuous channels with relatively high mass transfer resistance. In this chapter, 

tubular porous MgO and MgO/CGO supports with finger-like channels were 

fabricated with the phase inversion casting method. These supports were used to 

produce thin-film supported CGO membranes. Compatible shrinkage behaviours 

of the two layers was realized and gas-tight membranes were obtained by 

adjusting the slurry composition for membrane preparation. 

This chapter is based on the paper: Microstructure control of tubular micro-

channelled supports fabricated by the phase inversion casting method. 

Processes, 2019, 7(6): 322. 
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6.1. Introduction 

The membranes reported in previous chapters showed good chemical stability but 

comparatively low permeability of oxygen because of the relatively large 

membrane thickness. As a simple way to achieve high oxygen fluxes, thin-film 

membranes are preferred for separation processes. Since a reduced membrane 

thickness is accompanied with lower mechanical stability, the thin-film 

membrane layers are usually coated onto porous supports resulting in asymmetric 

membrane structures [1–7]. 

Thermoplastic extrusion is frequently used to produce tubular substrates for 

asymmetric membranes. Pores in the support tubes are formed by burning of the 

sacrificial phases, which are added to the paste prepared before the extrusion 

process. The resulting support tubes usually show a sponge-like microstructure. 

Although compared with the single-layer membranes, improved oxygen 

permeability has been achieved by coating thin-film membrane layers on to 

porous supports, the highly tortuous channels in the sponge-like support layer 

(Figure 6.1a) still result in mass transfer resistances that limit the oxygen flux. To 

further decrease the gas transfer resistance, phase inversion can be used for 

preparation of membrane substrates showing low tortuosity. In this process, no 

pore formers need to be introduced into the ceramic paste. Instead of connected 

pores, finger like channels are formed because of the solvent replacement with 

water. The channels provide comparatively short path for gas transfer through the 

membrane support, which is shown in Figure 6.1b.  
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(a)

Air Oxygen-deprived Air

Sweep gas Sweep gas with oxygen  

(b)

Air Oxygen-deprived Air

Sweep gas Sweep gas with oxygen  

Figure 6.1. Schematic illustration of gas transport through porous supports with (a) sponge-like 

microstructure and (b) micro channels. 

In this chapter, the modified phase inversion casting process is applied to 

fabricate MgO and MgO-CGO dual-phase support tubes. CGO layers were 

coated onto the substrates with dip-coating method. The effect of ceramic and 

polymer concentrations, particle size of the ceramic powders and the introduction 

of ethanol inside the casting slurries on the micro-channel size and tube shrinkage 

speed during sintering process were investigated to obtain MgO-CGO supports 

with a low mass transfer resistance and to achieve compatible shrinkage 

behaviour of the membrane layers and supports. 
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6.2. Materials and Methods  

6.2.1. Materials 

MgO powders purchased from VWR were used as the support tube material. 

CGO powders supplied from Ningbo Sofcman Energy were used as the second 

phase in the support tube, after milling for 1 h in a planetary ball mill. The 

influence of particle surface area on the channel growth was studied by applying 

two other kinds of CGO powders provided by Solvay and Marion Technologies, 

respectively, which were also ball milled for 1 h before adding them into the 

slurries. 

The milled CGO powders from Ningbo Sofcman Energy were used for the 

membrane layer fabrication. PVP and PVB purchased from Sigma-Aldrich were 

used as the dispersant and binder in the suspensions for the dip-coating process, 

while ethanol (absolute, VWR, Pennsylvania, USA) was employed as the solvent.  

6.2.2. Phase inversion casting for support tube preparation 

For preparing the casting slurries, first, PES and PVP were fully dissolved into 

NMP to form polymer solutions in the mixer reported in Chapter 3. MgO and 

CGO powders (or only MgO powders) were mixed successively with the 

solutions to form the slurry. The PVP concentration (weight ratio of PVP over 

PVP+NMP) was fixed at 3.2 wt%, while the ceramic loadings (the weight ratio 

of CGO+MgO to CGO+MgO+NMP) were varied from 43 wt% to 60 wt% and a 

range of polymer concentrations (weight ratio of PES to PES+NMP) from 11 wt% 

to 25 wt% was selected to investigate their influence on the microstructure and 

shrinkage of the support tubes. 

The phase-inversion casting process employed for the preparation of the micro-
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channelled support tubes is schematically depicted in Figure 6.2. The same 

casting device as in the previous chapters was used for preparation of the support 

tubes. An appropriate amount of the de-foamed slurry was used in the mould and 

pushed inside the device with a piston for driving air out. Then the slurry was 

pushed out into water with the piston at a controlled speed. The slurry was kept 

inside water for 12 h at a temperature of 20 ℃. Afterward, the green tube was 

taken off from the piston and dried at room temperature for 48 h before deposition 

of the membrane layer, because wet surfaces of the porous supports would result 

in non-uniform membrane layer formation. Outer and inner diameters of the 

obtained green support tubes were ~12 mm and ~8 mm, respectively. 

 

Figure 6.2. Schematic representation of the supported membrane preparation process by 

combined phase-inversion casting and dip-coating method. 

6.2.3. Fabrication of membrane layer  

CGO membrane layers were coated onto the green tubular supports by a dip-

coating method. Because the micro-channels grew from outside surface of the 

porous supports in the water bath, CGO membrane layers were coated inside, 

while the external surface of the tubes was covered with plastic films during the 
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dip-coating process. Before the dip-coating process, an ethanol-based suspension 

with a concentration of 23.9 wt% CGO, 2.4 wt% PVP and 1.9 wt% PVB was 

prepared with the planetary centrifugal mixer. Similar as for the preparation of 

the casting slurries, PVP and PVB were firstly added into ethanol to make a 

solution and subsequently the CGO powders were mixed with the solution at a 

speed of 1850 rpm for 30 min. An automatic dip-coater was employed to dip-coat 

membrane layers onto the green support tubes. The thickness of the membranes 

could be precisely controlled by programming the dip-coating speed and times 

with the dip-coater. The tubes were coated three times to achieve desirable gas-

tightness by increasing the thickness of the coating. 

The sintering process is of great importance for the fabrication of asymmetric 

membranes. After drying at room temperature, the membrane layers were 

sintered together with the green support tubes at 1350 ℃ for 2 h to form ceramic 

membranes with good mechanical strength. A heating rate of 30 ℃/h was 

employed to increase the oven temperature to 1350 ℃. The low heating rate is 

required because of two reasons. Firstly, uneven heating could break the ceramic 

supports and lower heating rate provides enough time for each part of the tubes 

to reach a uniform temperature. Besides, faster heating rate could result in a larger 

difference in strain rate between the membrane layers and the support tubes, 

which would cause cracks on the membrane layers. After sintering, the samples 

were cooled down inside the oven with a speed of 60 ℃/h.  

6.2.4. Analysis of the membranes 

The microstructure of the tubular asymmetric membranes was observed with 

SEM (Quanta). The element distribution of the CGO-MgO dual-phase supported 

CGO membrane was obtained using the EDX mapping (Phenom). The specific 

surface area of the ceramic powders was measured with BET nitrogen adsorption 
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isotherm (TriStar II, Micromeritics) and the slurry viscosity was determined with 

the same rheometer reported in Chapter 3. Nitrogen permeation measurements 

were conducted to test the mass transfer resistance of the support tubes. The setup 

for the permeability test mainly consisted of a chamber, a gas supply unit and a 

film flow meter (STEC SF, Horiba). The membranes were introduced into the 

chamber after being sealed with some metal tubes. Nitrogen was fed into the 

membranes through the tubes using a mass flow controller and the nitrogen 

permeated through the porous supports was collected at the shell side and sent to 

the flow meter for the flow rate measurement. In this work, we are only interested 

in the gas tightness of the membranes, thus no perm-selectivities and oxygen 

fluxes have been measured. The chemical stability of the dual-phase supported 

membrane was tested in pure CO2 atmosphere at 850 oC for 500 min. The flowrate 

of CO2 was set at 480 ml/min. For better contact of the membrane material with 

the feeding gas, the membrane was crashed into small pieces. The XRD patterns 

of the samples before and after the stability test were obtained. 
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6.3. Results and discussion 

SEM images of the prepared porous MgO-supported CGO membrane are 

presented in Figure 6.3a. Partial delamination of the sintered CGO layer from the 

support tube can be observed from surface and cross section of the asymmetric 

membrane. This result was reproducible for several membranes and is mainly 

caused by differences in shrinkage behaviour of the membrane support and the 

selective layer. To increase attachment of the membrane layer onto the substrate 

and to improve gas tightness of the supported membrane, a mixture of 60 wt% 

MgO and 40 wt% CGO powders was used instead of the pure MgO powders for 

the preparation of the casting slurries for phase inversion. A defect-free CGO 

membrane layer with a thickness of ~20 µm was obtained on the dual-phase 

support and strong attachment was achieved between the two layers (Figure 6.3b). 

This result was again quite reproducible for several membranes. However, the 

figure also shows a very homogeneous membrane support, which would result in 

pronounced mass transfer resistances. Thus, the next step is to create a porous 

structure in the supports before coating the selective layers. The composition of 

the casting slurry was varied to investigate the effect on the microstructure and 

performance of the dual-phase ceramic support.  
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Figure 6.3. Scanning electron microscopy (SEM) images of CGO layers fabricated on (a) MgO 

and (b) MgO-CGO dual-phase support tubes. 

The element distribution on the cross section of the CGO-MgO dual-phase 

supported membrane is presented in Figure 6.4. It can be observed that in the 

membrane support both the element of Ce and Mg were detected, while only Ce 

was found in the membrane layer and the distribution of Ce in the membrane 

layer is denser than that in the support, suggesting that the CGO concentration is 

higher in the membrane layer than inside the support. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 6.4. Element distribution on the cross section of the CGO-MgO dual-phase supported 

membrane: (a) Combined mapping and SEM image; (b) Combined element mapping; (c) Mg 

mapping; (d) Ce mapping. 

6.3.1. Influence of ceramic loading 

The polymer concentration in the solution is the key factor that can influence the 

channel length in the polymer membranes by affecting the resistance for water 

transfer into the solution. In addition to the polymer concentration, also the 

ceramic loading in the slurry is an important parameter that can influence the 

length of the micro-channels in the ceramic tubes. Moreover, the ceramic 

concentration also influences the shrinkage behaviour of the support tubes during 

the sintering process and thereby the adherence of the membrane layers on the 

supports. When the ceramic loading was lower than 43 wt%, the slurry exhibited 

inadequate plasticity to maintain the tubular shape during the casting process, 

while a ceramic loading above 60 wt% caused cracks on the sintered support tube 

because the chosen PES concentration in the solution was insufficient to handle 

this ceramic loading. According to this, the ceramic loading was varied from 43 

wt% to 60 wt% to investigate its influence on quality of CGO coatings and growth 
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of the micro-channels, while the polymer concentration was fixed at 18 wt%. For 

each 20 g of NMP, 15 g, 17.5 g, 20 g, 25 g and 30 g PES were added, respectively, 

in the polymer solution, resulting in ceramic loadings of 43 wt%, 47 wt%, 50 wt% 

56 wt% and 60 wt%. Bigger step was applied for the change of ceramic loading 

from 50 wt% to 60 wt%, because the ceramic content in the slurry shows smaller 

influence on the slurry viscosity and microstructure of the support at high ceramic 

loading than at the range from 43 wt% to 50 wt%.  
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Figure 6.5. SEM images of MgO-CGO porous supports fabricated from slurries with (a) 60 wt%, 

(b) 56 wt%, (c) 50 wt%, (d) 47 wt% and (e) 43 wt% ceramic loadings together with the CGO 

layers coated inside. 

Figure 6.5 shows SEM images of porous supports prepared with different ceramic 

loadings and the membrane layers coated on top (in the inner part of the support). 

It can be observed from cross sections of the membrane supports, that all the 

support tubes have two layers: one layer with finger-like pores (channels) which 

provides low mass transfer resistance and the other one with a sponge-like 

microstructure. It is also clear that the ceramic loading in the preparation recipe 

has a large effect on the thickness of the layer with channels. Sufficiently long 

and very homogeneous channels were obtained in the support tube, when the 

ceramic loading was 43 wt%, while the “pore-size” decreased when adding 

ceramic powders to the casting slurries, which could be attributed to the improved 

resistance for the channel growth because of the increased viscosity of the slurries 
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(Figure 6.6). It should be noted that the slurry with a ceramic concentration of 43 

wt% showed a rather high fluidity, which means a high pushing speed was 

required to keep a tubular shape of the slurry when introducing the piston into 

water. 
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Figure 6.6. Rheological behaviour of the slurries with different ceramic loadings. 

Large shrinkages of the porous support tubes were observed after the sintering, 

because of burning of the polymers and sintering of the ceramic particles. The 

ceramic loading had a great influence on the tube shrinkage. In this work the 

shrinkage of a support tube was quantified by measuring the tube length before 

and after the sintering process. Table 6.1 shows the effect of the ceramic loading 

in the casting slurry on the shrinkage of the porous supports. The results can be 

explained by the decrease in the weight ratio of polymers to ceramic powders, 

where the smaller shrinkage of the support is attributed to reduced polymer 

burning during the sintering process. Dense membrane layers can be achieved 

only when the porous supports and membrane layers exhibit uniform shrinkage 

behaviours. From SEM images of the surfaces of the membrane layers (Figure 

6.5), it is clear that with a ceramic loading of 60 wt%, several cracks were formed 
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on the membrane layer which indicates that the shrinkage of the membrane was 

faster than that of the support tube. However, when the ceramic loading was 

below 47 wt%, the MgO-CGO supports shrank faster than the layers, which 

caused the membrane layers to be corrugated and thus also fragile. Accordingly, 

in terms of the shrinkage behaviour compatibility between the membranes and 

supports, ceramic loadings between 50 wt% and 56 wt% (polymer/ceramic ratios 

between 0.225 and 0.180) were the best choice for preparing the casting slurries, 

which resulted in selective layers with no connected pores or cracks but some 

closed pores and surface defects with a pore size of 0.2-1µm. No obvious effect 

of the closed pores and surface defects was observed on the gas-tightness of the 

selective layers. 

Table 6.1. Shrinkage comparison of the coated support tubes fabricated from slurries with 

different ceramic loadings. 

Ceramic 

loading (wt%) 

Polymer/ceramic 

ratio 

Shrinkage of 

support tube 

(%) 

Microstructure 

of CGO layer 

60 0.150 33.6 Cracked  

56 0.180 35.6 Smooth 

50 0.225 36.7 Smooth 

47 0.257 37.1 Corrugated 

43 0.300 38.6 Corrugated 

Nitrogen permeation measurements were conducted for the porous supports 

fabricated with different ceramic loadings. Pressure differences (ΔP) from 10 kPa 

to 50 kPa were applied across the support tubes and the gas permeation through 

the supports are plotted as a function of ΔP in Figure 6.7. A small increase in the 

nitrogen permeability with ΔP was observed for all the test membranes, because 
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of viscous flow through the small pores [8]. Figure 6.7 also reveals that the effect 

of reducing ceramic loading inside the slurry is an increase in gas permeability 

through the support tubes. Especially when the ceramic loading was decreased 

from 47 wt% to 43 wt%, a very significant increase in the gas permeation flux 

was observed, which could be attributed to a decrease in the tortuosity of the 

micro-channels.  
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Figure 6.7. Nitrogen permeability through MgO-CGO supports fabricated from slurries with 

different ceramic loadings. 

6.3.2. Influence of polymer concentration 

A high water-solvent exchange rate promotes the growth of micro-channels 

during the phase inversion. For polymer membranes, the number and size of 

finger-like channels formed in the water bath tend to decrease when the PES 

concentration in the solution was increased, which indicates that a high polymer 

concentration would frustrate the conversion between water and solvent [9]. 

Based on the research of polymer membranes, in this work the effect of the PES 
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concentration on the channel growth in the ceramic membrane supports was 

investigated. As with excessive ceramic loadings inside the slurries, when the 

polymer concentrations were below 11 wt%, the supports generally broke during 

the sintering process, because the polymer was insufficient to handle the ceramic 

powders. As a result, a range of polymer concentrations from 11 wt% to 25 wt% 

was selected to investigate its influence on the microstructure of the supports and 

membrane layers while the ceramic loading was kept at 50 wt%. For each 20 g 

of NMP, 2.5 g, 3.5 g, 4.5 g, 5.5 g and 6.5 g PES was added, respectively, in the 

polymer solution. 

As shown in Figure 6.8, for the chosen ceramic loading, the channel length 

increases when increasing the polymer concentration in the recipe, which is 

opposite to the result obtained for polymer membranes. Adding ceramic powders 

to the polymer solutions caused a large increase in the resistance for water 

exchange with the solvent, while PES in the suspension performed as a surfactant 

for the ceramic powders by adsorbing on the surface of the particles [10]. 

Aggregation of the ceramic particles could be avoided due to the presence of the 

polymers, so increased PES contents resulted in a reduced resistance for channel 

growth. In addition, the finger-like pores were found to disappear gradually with 

increasing the phase inversion time [11] but a higher content of PES, which also 

performed as binder of the particles, would result in stronger walls of the channels. 

The rheological behaviour of the slurries with different PES concentrations at a 

fixed ceramic loading of 50 wt% is shown in Figure 6.9a. It is evident that all the 

slurries exhibited shear thinning behaviour (viscosities decreased with increased 

shear rate) and this behaviour became more pronounced when the polymer 

concentration was decreased. As a result, at low shear rate the viscosities of the 

ceramic slurries decreased with increased PES concentrations, while at high shear 

rate the slurries with low PES concentrations were less viscous than the ones with 

more PES. The rheological behaviours in the zero-shear viscosity plateau region 
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were consistent with the decrease of water transfer resistances when increasing 

the PES concentrations.  
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Figure 6.8. SEM images of MgO-CGO porous supports fabricated from slurries with (a) 11 wt%, 

(b) 15 wt%, (c) 18 wt%, (d) 22 wt% and (e) 25 wt% polymer concentrations together with the 

CGO layers coated inside. 
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Figure 6.9. Rheological behaviour of the slurries with different polymer concentrations when the 

ceramic loadings fixed at (a) 50 wt% and (b) 43 wt%. 

Table 6.2 presents how the shrinkages of the porous supports after the sintering 

process are affected by the polymer concentrations in the slurries. It is clear that 

increased polymer concentrations result in larger length shrinkages of the support 

tubes. During sintering, shrinkage of the ceramic substrate can be divided into 

two stages: the initial stage starts at relatively low temperature, which is caused 

by the release of the organic polymers, while the second and more significant 

shrinkage occurs at a much higher temperature due to sintering of the ceramic 

particles and the reduction of the residual porosity formed by the burning of the 

polymers. Increase of the polymer content in the green substrates caused larger 

initial shrinkages during release of the polymers and larger pore volumes, which 

also resulted in increased shrinkages during the second stage. Microstructures of 

membrane layers formed on substrates with different polymer concentrations are 

shown in Figure 6.8. Good membrane layers were obtained with polymer 

concentrations between 15 wt% and 18 wt% (polymer/ceramic ratios between 
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0.175 and 0.225), which is because of the compatible shrinkage behaviour of the 

substrates and the inside films. No connected pores or cracks but some surface 

defects and closed pores with a pore size of 0.2-1µm were observed in these 

selective layers. However, these closed pores and surface defects did not show 

obvious effect on the gas-tightness of the selective layers. Detachment and cracks 

of the membrane were formed with a polymer concentration of 25 wt% in the 

casting slurry, because of over-shrinkage of the support tube. 

Table 6.2. Shrinkage comparison of the support tubes fabricated from slurries with different 

polymer concentrations. 

Polymer 

concentration 

(wt%) 

Polymer/ceramic 

ratio 

Shrinkage of 

support tube 

(%) 

Microstructure 

of CGO layer 

11 0.125 31.8 Cracked  

15 0.175 35.3 Smooth 

18 0.225 36.7 Smooth 

22 0.275 38.3 Corrugated 

25 0.325 38.7 Corrugated 

Figure 6.10a shows the gas permeation as a function of ΔP for the support tubes 

prepared with different polymer concentrations, when ceramic loadings fixed at 

50 wt%. The slurry with 25 wt% PES resulted in a porous support with the highest 

permeability and a declined permeation flux was observed when the polymer 

concentration was reduced to 15 wt%, which is attributed to the reduced channel 

length and the decreased porosity formed by burning of the polymers. However, 

decreasing the polymer concentration to 11 wt% did not further reduce the gas 

permeability, because some micro-cracks were formed on the support tubes 

(Figure 6.10b), which could be expected from the insufficient polymer 
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concentration for handling the ceramic loading.  
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Figure 6.10. (a) Nitrogen permeability through MgO-CGO supports fabricated from slurries with 

different polymer concentrations; (b) SEM image of cracks on the support tube made from a 

slurry with 11 wt% polymer concentration. 

To further examine the role of PES in the phase inversion process for ceramic 

support fabrication, another group of slurries with a ceramic loading of 43 wt% 

was prepared and the polymer concentration was increased from 11 wt% to 25 

wt% to investigate the growth of micro-channels inside the tubular supports. 

From the SEM images of the support tube cross sections (Figure 6.11), it is 

observed that the longest and most homogeneous channels were achieved when 

the polymer concentration was 18 wt%, which means that this slurry provided the 

lowest resistance for water-solvent exchange. Below the polymer concentration 

of 18 wt%, the channel length increased with the PES content, which could be 

attributed to the dispersing effect of PES. However, a reduced channel size was 

observed when more PES was added into the slurry with polymer concentration 

of 18 wt% and this can be understood by considering that, when the surfaces of 
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the particles were fully covered with polymer, excess polymer increases the 

resistance for phase inversion, as for the polymer membranes. Consistent results 

were also observed for the rheological behaviour of the slurries at the zero-shear 

viscosity plateau region (Figure 6.9b), which means that the lowest viscosity of 

the slurries (lowest channel growth resistance) was obtained at the polymer 

concentration of 18 wt%. Dong et al. [10] reported similar rheological behaviour 

for NiO/YSZ ceramic slurries by adjusting the dispersant concentration in the 

suspension. By comparing the results of these two sets of experiments with the 

ceramic loadings fixed at 50 wt% and 43 wt%, it is evident that an increased 

ceramic loading requires more polymer as surfactant to achieve sufficiently long 

channels in the ceramic supports because of the improved specific surface areas 

of the powders.  
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Figure 6.11. SEM images of MgO-CGO supports fabricated from slurries with (a) 11 wt%, (b) 15 

wt%, (c) 18 wt%, (d) 22 wt% and (e) 25 wt% polymer concentration with a fixed ceramic loading 

of 43 wt%. 

6.3.3. Influence of particle surface area 

Three kinds of ceramic powders with BET specific surface areas (SSA) of 12.53 

m2/g, 24.11 m2/g and 26.33 m2/g, respectively, were applied to the preparation of 

ceramic casting slurries for phase inversion. The PES concentration was fixed at 

25 wt%, while the ceramic loading was 50 wt%. The microstructures of the 

support tubes fabricated with these three slurries are shown in Figure 6.12. The 

channel length decreased significantly when the SSA of the ceramic particles was 

increased from 12.53 m2/g to 24.11 m2/g, leading to an abrupt decrease in the gas 

permeability through the porous support (Figure 6.13). This result further 

confirms the surfactant role of PES by coating on the surface of the ceramic 

particles. Larger SSA of the powders requires more surfactant to reduce the 

resistance for the water-solvent conversion. Accordingly, for a specific polymer 

concentration, the slurry with the lower SSA might have a lower resistance for 

channel growth.  
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Figure 6.12. SEM images of MgO-CGO porous supports fabricated using ceramic powders with 

specific surface areas of (a) 12.53 m2/g, (b) 24.11 m2/g and (c) 26.33 m2/g. 
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Figure 6.13. Nitrogen permeability through MgO-CGO supports fabricated with ceramic powders 

of different specific surface areas. 
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Figure 6.14 reports the effect of the ceramic powder SSA on the slurry viscosities. 

At low shear rate, the CGO powders with an SSA of 12.53 m2/g resulted in a 

much lower slurry viscosity than the ones with an SSA of 24.11 m2/g and 26.33 

m2/g.  
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Figure 6.14. Rheological behaviour of the slurries prepared with ceramic powders of different 

specific surface areas. 

6.3.4. Addition of ethanol to the ceramic slurry 

Smolders et al. [12] proposed a mechanism for the formation of macrovoids 

(channels), by attributing the occurrence of the channels inside polymer 

membranes to the instantaneous liquid-liquid demixing and the formation of 

membranes without channels to the delayed demixing. They also concluded that 

the low non-solvent (water) concentration in the diffusion front would cause 

delayed demixing, which would hinder growth of the channels, while adding a 

certain amount of water to the polymer solution could change delayed demixing 

to instantaneous demixing and increase the channel length.  
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In this work, also the effect of adding a non-solvent to the casting slurries on the 

microstructures of the ceramic membrane supports was also investigated. Ethanol 

was applied instead of water as the non-solvent addictive because of the low 

solubility of PES in water, which would cause precipitation of the PES before the 

phase inversion casting process when adding a small amount of water into the 

polymer solutions. Excess ethanol in the mixture would also cause precipitation 

of the polymers, which means that the amount of ethanol added to the solution 

should be precisely controlled. Various NMP-ethanol-PES-PVP solutions with 

ethanol contents (weight ratios of ethanol to ethanol+NMP) ranging from 0 wt% 

to 27 wt% were prepared. Precipitation of PES occurred at the surface of the 

polymer solution when ethanol was dripped into the mixture because of the lower 

density of ethanol compared to NMP. However, the solution tended to become 

pellucid after mixing for 5 min in the centrifugal mixer, when ethanol mixed 

thoroughly with the solution. Then, the ceramic powders were added into the 

solution to obtain the ceramic casting slurries. The PES concentration (weight 

ratio of PES to PES+ethanol+NMP) was fixed at 18 wt%, while the ceramic 

loading (weight ratio of ceramic powders to CGO+MgO+ethanol+NMP) was 50 

wt% in this set of experiments. 

From the cross sections of the obtained ceramic supports (Figure 6.15), it can be 

observed that the length of the channels tended to increase when the ethanol 

contents were increased from 0 wt% to 27 wt%. Jin et al. [11] employed the 

solubility difference parameter (|∆δ|) for the evaluation of the driving force to 

form finger-like channels. By applying liquids with different solubilities as the 

coagulants to adjust the driving force, they verified that the figure-like channels 

are easier to form when |∆δ| between NMP and the coagulant is improved. The 

solubility parameters for NMP, water and ethanol are 22.9, 47.9 and 26.0 

respectively. In the channel growth front, the water concentration is lower (NMP 

concentration is higher) than at the initial interface between the slurry and water 
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bath, which may result in a declined solubility of the coagulant and the resulting 

|∆δ| is insufficient for the formation of long enough channels. Since the solubility 

parameter of ethanol is higher than that of NMP, adding a certain amount of 

ethanol to the casting slurry can help increasing the solubility in the diffusion 

front and improve the driving force for channel growth. Moreover, in Figure 6.16 

it is shown that the slurry viscosity at the zero-shear viscosity plateau region 

declined when the ethanol concentration was increased. According to the former 

results, a decreased low shear rate viscosity would promote channel growth inside 

the ceramic membrane supports. 
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Figure 6.15. SEM images of MgO-CGO porous supports fabricated from slurries with (a) 0 wt%, 

(b) 7 wt%, (c) 13 wt%, (d) 20 wt% and (e) 27 wt% ethanol concentrations. 
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Figure 6.16. Rheological behaviour of the slurries prepared with different ethanol concentrations. 

6.3.5. Chemical stability of the membrane 

The XRD patterns of the dual-phase supported CGO membrane pieces before and 

after the chemical stability test in CO2 atmosphere, together with the XRD 

patterns of MgO and CGO powders are presented in Figure 6.17. It indicated that 

CGO and MgO remain unchanged in the CGO-MgO dual-phase material after 
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the heat treatment during the membrane preparation process. Moreover, it can 

also be observed that after the stability test, the membrane pieces completely kept 

their dual phases (CGO and MgO). No carbonate was formed. The chemical 

stability of the membrane in CO2 atmosphere was confirmed to be good during 

the testing period (500min). 
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Figure 6.17. X-ray diffraction (XRD) patterns of (a) CGO powders, (b) MgO powders, (c) CGO-

MgO dual-phase supported CGO membrane before the chemical stability test, (d) CGO-MgO 

dual-phase supported CGO membrane after the chemical stability test. 
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6.4. Conclusions 

Micro-channelled MgO and MgO-CGO dual-phase support tubes were fabricated 

with a low-cost phase inversion casting method. Gas-tight CGO membrane layers 

were obtained on the dual-phase supports, while the layers tended to peel off from 

the MgO tubes after sintering. The composition of the casting slurries was a key 

factor that influenced channel length and shrinkage of the MgO-CGO supports. 

Increased ceramic loading frustrated the channel growth, causing decreased gas 

permeability through the support tubes. PES performed as surfactant of the 

ceramic powders, which means that addition of a certain amount of PES to the 

casting slurry or a decrease in the specific surface area of the ceramic particles 

can help reducing the channel-growth resistances. However, saturated adsorption 

of polymers onto the ceramic powders resulted in a lower water-solvent 

conversion speed and reduced channel length. Moreover, addition of ethanol to 

the casting slurry was found to be an effective way to increase the channel length 

in the casted support tubes. Slurries that provided lower channel-growth 

resistances exhibited lower viscosities at the zero-shear plateau region. An 

increase in the PES/ceramic ratio caused larger shrinkage of the tubes during the 

sintering process and compatible shrinkage behaviours between the dense 

membranes and substrates were achieved when PES/ceramic ratios were between 

0.175 and 0.225. The chemical stability of the dual-phase supported membrane 

in CO2 atmosphere was confirmed to be good during a testing period of 500 min. 
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7.1 Conclusions 

The MIEC membrane opens the possibility of the oxygen production for 

industrial application. Great efforts have been made in last few decades to 

improve the membrane performance by development of robust materials. Many 

perovskite oxides show favourable permeability, but the low chemical/thermal 

stability restricts their application, while many fluorite-type compounds show a 

better performance under harsh conditions, but their oxygen permeation is 

hindered by the insufficient electronic-conductivity as summarised in Chapter 2.  

In order to develop oxygen transport membranes suitable for the industrial 

applications at various conditions, the material, micro-structure, geometry and 

preparation method of the membranes have been studied in detail in this thesis. 

Considering the dilemma of single-phase material, the preparation of an oxygen 

membrane from a composite material is considered to be a promising alternative 

strategy. Several dual-phase and triple-phase membranes have been fricated from 

various materials in Chapter 3 and Chapter 4, and their performance have been 

compared. A modified phase-inversion casting method was used to shape the 

membrane into dead-end tubular geometry, which simplifies the sealing process 

and is preferred for integration of the membranes in membrane reactors. The 

phase inversion process was initially developed for the polymer membrane 

fabrication. However, in recent years this technique has found its application in 

the formation of asymmetric ceramic membranes. Ceramic-based slurries need to 

be prepared and casted into desired geometries before introduced into water for 

phase inversion. In the water bath, the solvent in the slurry exchanges with water, 

and since the dissolved polymer exhibits low solubility in water, the solution 

solidifies due to polymer precipitation. Although many researchers reported the 

fabrication of ceramic oxygen transport membranes with phase inversion 

technique, most works were focused on flat membranes or hollow fibres. 
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Application of this technique to the fabrication of tubular membranes and 

especially dead-end tubes is rather limited.  

The CGO-BSCF dual-phase membranes fabricated with different ceramic 

loadings and CGO/BSCF ratios have been investigated in Chapter 3, and it was 

found that higher CO2 concentration in the sweep gas caused lower oxygen 

permeation rate through the membranes, while the permeation flux increased with 

temperature when pure CO2 fed as sweep gas. Channel length inside the CGO-

BSCF membranes and oxygen permeation fluxes were observed to be promoted 

by the reduced ceramic loading in the casting slurry, but the ceramic loading 

showed little influence on membrane mechanical strength. The composites with 

higher BSCF concentration showed higher permeability but lower CO2 resistance. 

Moreover, adding CGO into the preparation recipe for the CGO-BSCF 

membranes facilitated better mechanical strength of the dual-phase membranes. 

The three-point bending strength of the CGO/BSCF50 membrane is 181.6 N, 

which is more than two times the strength of CGO/BSCF60 membrane (81.0 N) 

When the CGO-BSCF was compared with the CGO-NFO and CGO-LNO 

membranes, it was clear that the CGO-BSCF membrane provides the highest 

permeability among the three type of membranes, both when using He or pure 

CO2 as sweep gas. Taking the data at 950 ℃ as a reference, the permeation flux 

through the C6B4 was 0.29 ml/min·cm2, which is more than 6 times the value 

obtained for the C6N4 and 12 times the value achieved for the C6L4 when swept 

with He. Two tripe-phase membranes were prepared with CGO, BSCF and NFO 

powders with the purposed to further improve the CO2-resistance of the 

membranes. Permeabilities of both triple-phase membranes were higher than the 

CGO-NFO but lower than the CGO-BSCF membranes. However. performance 

of the triple-phase membrane with 60 wt% CGO was found to be the best among 

the dual-phase and triple-phase membranes investigated in this work, in high 
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CO2-containing atmosphere. 

B-site doped SrFeO3-δ material was used for the preparation of oxygen transport 

membranes in Chapter 5. SEM images of the SFSb membrane exhibited new 

phases formed after operation at high temperature, which suggested low thermal 

stability of the material. To solve the problem, CGO was mixed with the SFSb 

forming a dual-phase membrane. No phase precipitation was observed on the 

dual-phase membrane after the permeation test. 

The modified phase inversion casting process applied in this work is a rather 

flexible technique, which can be applied to the formation of membranes with not 

only different materials but also varied structures and geometries. Some MgO and 

MgO-CGO porous supports were prepared with this method in Chapter 6, and 

CGO membrane layers were deposited onto the support with dip-coating method. 

Better compatibility of the CGO layer was observed with the dual-phase support 

than with the MgO support. The channel growth in the support and the shrinkage 

of the support after sintering were investigated at different slurry concentrations. 

As a surfactant of the ceramic powders, a certain amount of PES added to the 

casting slurry helps promoting the channel growth in the support, but a lower 

water-solvent conversion speed and reduced channel length was observed when 

adsorption of polymers onto the ceramic powders was saturated. Similar 

shrinkage rate of different layers during sintering process is crucial for the 

successful fabrication of multi-layer membranes. Compatible shrinkage and 

leakage free membranes were obtained with the PES/ceramics ratio from 0.175 

to 0.225. 
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7.2 Future work 

The main purpose of Chapter 3-5 was to select robust material for oxygen 

production, so a single-layer membrane structure with a relatively high 

membrane thickness was applied. This membrane structure allows an easier 

fabrication process but results in a higher resistance for oxygen permeation 

through the membranes. In future work, some dual-phase porous support with 

similar material as the selective layer can be prepared with the same phase-

inversion casting method. Sacrificial phases, e.g. graphite, can be added into the 

slurry for the formation of the porous structure after sintering. Then, the dual-

phase membrane layers can be coated onto the support with dip-coating method. 

With this strategy supported dual-phase membrane with improved permeability, 

good thermal and chemical stability and sufficient mechanical strength can be 

manufactured. Phase ratios in the supports and membrane layers can be adjusted 

to achieve compatibility of the shrinkage behaviours and good performance of 

the membranes. 

An Ag-CuO braze paste was used to seal the membranes to the metallic cells. 

Gas-tight sealing was obtained for the membranes studied in this work under the 

test conditions. However, for the membranes containing BSCF, reactions were 

observed on the interface between the sealant and the membrane after the 

permeation test at high temperature for several days. Although no leakage was 

observed from the sealing area, it reflects that this sealing method is not 

favourable for the long-term operation of the membranes in the industrial process. 

Accordingly, better sealant or protective layers needs to be developed to join the 

membranes to the gas-tight cells.  

The multi-layer membrane structure is gaining increased popularity. The special 

preparation condition of the ceramic oxygen transport membranes with ultra-high 
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sintering temperature bring difficulties for producing the multi-layer membranes. 

Shrinkage was observed for the ceramic powders when heated up and only 

compatible shrinkage behaviours of the different layers can result in gas-tight 

membranes. Selection of cost-effective and compatible material for the multi-

layer membrane preparation remains an important topic. 
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