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Chapter 1│Introduction 

1.1 Application of oxygen gas 

Oxygen gas (O2) is the most abundant element on earth. It is a chemically 

reactive gas and a strong oxidant, which means that it is nonflammable, but can 

significantly accelerate the rate of combustion [1, 2]. There are a variety of 

industrial applications for oxygen. Oxygen gas is used to enrich air and increase 

combustion temperatures for cutting, welding, heating, and melting processes in 

the metal industry. The conversion of combustion systems from air fuel to oxy-

fuel resulted in the reduction of particulate and greenhouse gas emissions which 

were developed for use in the manufacturing of glass and ceramics [3, 4]. Oxygen 

is utilized in the chemical industry for both heating applications and chemical 

synthesis. In addition, home medical care has grown in popularity in recent years, 

resulting in a high demand for oxygen gas generator equipment for home oxygen 

therapy [5].  

 

1.2 Oxygen separation technologies 

The production of oxygen gas is necessary because there is a high demand 

for its industrial applications. Typically, oxygen gas can be produced by separating 
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air [6, 7]. The air in the earth’s atmosphere is composed of a mixture of 79% 

nitrogen, 21% oxygen, 1% argon and other gases. There are mainly three methods 

for separating oxygen gas from air; i.e., cryogenic, pressure swing adsorption, and 

oxygen separation membrane [8]. 

 

1.2.1 Cryogenic air separation 

Cryogenic air separation is currently the most efficient method to produce 

large quantities of oxygen, nitrogen, and argon gases. The cryogenic air separation 

technique utilizes the difference in boiling points of the gases to separate each 

high-purity gas from air. This method is temperature and assisted pressure 

dependent. Cryogenic separation is currently commercially available for oxygen 

gas separation due to its ability to produce large quantities of gas with a purity of 

99 %. However, large-scale production requires very large facilities and a 

significant amount of energy to run the process [9, 10]. 

 

1.2.2 Pressure swing adsorption 

Pressure swing adsorption (PSA) is a cyclic separation process in which 

oxygen gas is separated from air using microporous-mesoporous adsorbents, such 



7 

 

as a zeolite, activated carbon, molecular sieves, etc., under the pressure of the 

feeding air. During pressurization, the process of adsorption occurs. There is a 

difference in the attraction between the absorbent material and absorbed gases 

[11, 12]. By passing other gases through an absorbent medium, the most strongly 

attracted gases are drawn to the solid surface. The operation then shifts to low 

pressure to remove the adsorbed gas after separation. This method is appropriate 

for small to medium scale oxygen production [13]. The pressure swing technique 

is widely employed in the air-drying sector, for the purification of hydrogen, and 

for the generation of approximately 95% purity oxygen gas [14]. It has been 

determined to be more cost-effective than the cryogenic approach since it 

functions at temperatures close to those of the surrounding environment, whereas 

the cryogenic process requires high temperatures. In addition, it is simple to 

operate and has a long operational lifetime. However, this approach is not suitable 

for the production of high-purity oxygen, as it was developed to obtain oxygen 

with a low purity [15, 16]. 

 

 

 



8 

 

1.2.3 Membrane separation  

Membrane separation technology is one of the promising methods for 

separating a selective substance from mixtures utilizing membrane materials with 

a physical or chemical interaction [17]. High efficiency, simple operation, and low 

cost has made the gas separation membrane attract attention. The mechanism for 

separation depends on the differential permeability of materials and substances. 

Differences in the pressure, concentration, and electric potential provide the 

driving force for the separation. The pressure differential across the membrane is 

the driving force behind the gas separation process, which separates one gas from 

a mixture of gases. There are several advantages to using a membrane separation 

procedure for separating gases. The concept of operation and employed method 

are both simple and easy to perform; no chemical additives or phase 

transformation processes are required. In addition, the equipment can be reduced 

in size to meet the current requirement for a home gas generator [18, 19].  
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1.3 Gas separation membrane classification 

The gas separation membrane can be categorized by barrier selection, 

membrane shape and morphology, and membrane material as shown in Figure  

1-1. 

 

 

Fig. 1-1 Membrane classification[20]. 

 

1.3.1 Gas separation membrane based on selective barrier 

The gas separation membrane can be categorized into two groups; i.e., 

porous and nonporous, depending on the selective barrier they employ. Transport 

over a porous membrane is accomplished by the diffusion or flow of a viscous 

substance. The basis of this selection is size selection. A nonporous membrane 
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facilitates molecular transport via a solution-diffusion process, in which separation 

is achieved by differences in the solubility and/or diffusivity of the solutes. 

Measuring porosity has no relation to the characterization of this type of 

membrane, which is determined by its physical and chemical properties [21, 22]. 

  

1.3.2 Gas separation membrane based on membrane structure 

Membrane morphology can be divided into two types; i.e., isotropic 

or symmetric membrane and anisotropic or asymmetric membrane, as shown 

in Figure 1-2. The symmetric membrane is a dense or microporous membrane 

with a uniform structure over its entirety. The structure of the symmetric 

membrane is nearly consistent across the membrane's depth. This enables the 

membrane to function as a selective barrier against the transport of particles or 

molecules. Flow can continue in either direction across the symmetric membrane. 

In addition, the symmetric membrane tends to retain particles that are nearly the 

same size as the membrane's pores. Because of this, the membrane serves as both 

a depth filter and a surface filter. The separation efficiency of the symmetric 

membrane may gradually decrease as the membrane becomes permanently 

obstructed. To describe an asymmetric membrane, a selective thin layer was 
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formed on the top surface of the porous support layer. Dense membranes were 

enhanced in their mechanical qualities by attaching to a thick, porous support 

material whose porosity and pore size varied throughout the cross section of the 

membrane. To separate substances, a thin dense layer is utilized as a selective 

layer. The separated fluxes depend on the substantial thickness of the selective 

layer [23].  

 

 

Fig. 1-2 Classification of membrane based on membrane morphology [24]. 

 

1.3.3 Gas separation membrane based on membrane materials 

Based on the membrane materials, the separation membrane can be 

characterized as an organic membrane or an inorganic membrane. A membrane 

composed of polymers such as cellulose acetate, polytetrafluoroethylene, 
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polyvinylidene fluoride, polyamide, etc., is an organic membrane. Currently, the 

polymer membrane is utilized in the production of natural gas. This type of 

membrane is very selective, inexpensive, and easy to process. However, the 

operating temperature and pressure are limited, and it is chemically unstable and 

has a limited life [25]. Therefore, an inorganic membrane with increased chemical 

and thermal stability and resistance to severe atmospheres are actively being 

developed [6, 26].  

 

1.3.3.1 Mixed ionic-electronic conductor 

The mixed ionic–electronic conductor (MIEC) membrane is a type of 

dense ceramic membrane that separates oxygen gas from air by the transport of 

oxide ions through the ceramic crystal structure [27, 28]. As shown in Figure 1-

3(a), the crystal structure of mixed conductor materials is typically a perovskite 

structure. The perovskite material is derived from the mineral perovskite 

(CaTiO3). ABO3 is the general chemical formula used to designate perovskite 

substances [27, 29]. The ideal perovskite structure is a simple cubic. A framework 

structure constructed of the BO6 octahedra with A cations located in 12-

coordinated interstices, where the A cation is a larger ion, such as a rare earth, and 
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the B cation is generally a smaller ion and often a transition metal. The unique 

characteristics of perovskite materials that are required for the oxygen separation 

property are the crystal structure's stability when it becomes nonstoichiometric 

[30-32]. Two cation sites in the perovskite oxides make it possible to substitute 

lower valence cations, thus expanding the class of materials that may conduct 

oxide ions or mixed ions and electrons (Figures 1-3(b)). In general, the 

conduction mechanism occurs when oxide ions pass through vacant or interstitial 

sites, which is assisted by the structure disorder [33]. 

 

 

 

Fig. 1-3 (a) Crystal structure of perovskite oxide (b) Schematic representation of 

the formation of oxygen vacancies [34]. 
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1.3.3.2 Oxide ionic conductor 

An oxide ionic conductor is a material whose oxide ionic conductivity is 

two orders of magnitude higher than its electronic conductivity, and which is 

classified as a pure oxide ionic conductor. Figure 1-4 show the example of the 

materials that have oxide ion conductivity. The most common oxide ionic 

conducting materials are the fluorite-type oxides [35, 36]. The crystal structure of 

fluorite is a face-centered cubic arrangement of cubic cations with anions 

occupying the entire tetrahedral site. Fluorite oxide has the general formula AO2, 

where A represents a large tetravalent cation. To generate an oxide ion 

conductivity, it is necessary to provide oxygen vacancies by substituting a cation 

with a lower valence element, which has the additional effect of introducing 

oxygen vacancies to maintain charge neutrality. These oxygen vacancies provide 

the corresponding site for oxide ion migration, resulting in an oxide ionic 

conductivity [37]. The zirconia-based oxide is the most used fluorite oxide for 

oxygen separation at temperatures between 500 and 1000 ºC. The zirconia based 

oxide known as yttria-stabilized zirconia (YSZ) is commonly used [38]. It is highly 

stable in oxidizing and reducing environments and has an excellent oxygen 

diffusivity in addition to its excellent mechanical properties. Figure 1-5 show the 



15 

 

crystal structure of YSZ. Normally, ZrO2 has a monoclinic structure at room 

temperature, however, a phase transition occurs at 1170 ºC to a tetragonal 

structure and a cubic structure at 2370 ºC, accompanied by a large volume change. 

To avoid the volume change caused by the pure zirconia phase transitions, doping 

with yttria can prevent the phase transform, resulting in a stable cubic structure 

at room temperature. Furthermore, the substitution of Y3+ also introduced oxygen 

vacancies, leading to a high ionic conductivity. In Kröger–Vink notation, the 

defect equation for the dissolution of yttria into the fluorite phase of ZrO2 is as 

follows: 

                                 (1-1) 

At a dopant concentration of 8 mol% Y2O3, the oxide ion conductivity of 

YSZ reaches its maximum value; below this concentration, the conductivity 

generally increases. However, based on the mol percent of Y2O3, substituting 

higher than 8 mol%, the defect interaction takes over as the primary contributor 

to lowering the conductivity due to the reduced mobility of the oxide ions [39, 

40]. 
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Fig. 1-4 Comparison of oxide ion conductivity in typical materials [41]. 

 

Fig. 1-5 The crystal structure of Yttria-stabilized zirconia [40]. 
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1.4 Principle of oxygen permeation 

The theoretical oxygen permeation mechanism in single-phase MIEC 

membranes is illustrated in Figure 1-6. The MIEC membrane allowed oxygen gas 

to dissociate and associate from the feed side to the permeate side on the 

membrane surfaces [42, 43]. On the side with a high oxygen partial pressure, the 

vacancies are filled by oxide ions created by the ionization and dissociation of 

oxygen molecules in the gas phase. Oxide ions in the air move through the 

vacancies in the membrane lattice, and oxygen is neutrally released into the gas 

phase on the side with a low partial pressure. At elevated temperatures, the 

process is driven by the oxygen partial pressure difference across the membrane. 

When a partial pressure gradient is present, oxide ion diffusion results in hopping 

from the high-pressure side to the low-pressure side. Kröger–Vink notation is used 

to describe the reaction of the oxide ion transport, which is the reaction between 

the gaseous oxygen and the oxide lattice: 

                            (1-2) 

The expression for the reaction between the electrons and holes is 

                                               (1-3) 
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Fig. 1-6 Oxygen separation mechanism of the oxygen separation membrane [44] 

 

1.4.1 Factor controlling the oxygen permeation 

The permeation rate across a dense oxygen-permeable membrane is 

primarily determined by two factors; i.e., the rate of solid-state diffusion within 

the membrane material and the rate of interfacial oxygen exchange on both sides 

of the membrane. As shown in Figure 1-7, a membrane is separated into a central 

bulk diffusion-controlled zone and nearby interfacial zones. The bulk diffusion 

rate depends on the thickness (LC) of the membrane, which changes based on the 

material and the environment [45]. To improve the oxygen permeability, the 

membrane thickness should be reduced. Due to the rate control of the surface 

exchange kinetics and bulk diffusion, when this thickness is decreased, the oxygen 

flux limitation due to the surface exchange kinetics at the interface becomes 
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dominant. Oxygen penetration through the membrane will be controlled by 

surface reactions with regard to LC [46]. 

 

 

Fig. 1-7 Diagram representing the chemical potential of MIEC membrane. 

 

1.4.2 Bulk transport  

According to the bulk transport theory, the rate-limiting steps in oxygen 

moving through the bulk oxide are thought to be the diffusion of oxygen anions or 

the transport of electrons and holes. The oxygen permeation flux, jO2 (mol· cm-2· 

s-1), through a solid crystal can be described by the Wagner equation: 

                        (1-4) 
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where R is the gas constant (8.314 J/mol·K), T is the temperature (K), F is the 

Faraday constant (96485 C/mol), L is the membrane thickness (cm), and P'O2
 and 

P''O2 represent the oxygen partial pressure on the high and low oxygen pressure 

sides of the membrane, respectively. σe is the electronic conductivity, σi is the 

oxide ion conductivity (S/cm), and P(O2) the oxygen partial pressure [47]. 

 

1.4.3 Surface exchange kinetic  

There are multiple reaction steps in the oxygen exchange reaction 

between the membrane surfaces and the gas phase, and each step can determine 

the overall reaction rate. Oxygen molecules first adsorb onto the membrane 

surface, where they then dissociate, transfer charges, undergo surface diffusion of 

the intermediate species, and finally integrate into the lattice structure in the near-

surface layer. In most cases, it is assumed that the association of oxide ions follows 

the same processes in the reverse direction. For oxygen transport across a 

membrane, Wagner’s equation is valid only if the bulk transport is the rate-

determining step. When the thickness of the membrane decreased, the surface 

exchange reactions became the rate-determining step. The kinetics of the oxygen 

permeation were determined using the characteristic thickness (Lc) to define 
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whether bulk diffusion or surface exchange was the controlling mechanism [47-

49]. Lc is determined by the ratio between the oxygen self-diffusion coefficient 

(DS) and the oxygen surface exchange coefficient (kS): 

                                                (1-5) 

In general, Lc is not a material property, it depends on the temperature, 

oxygen partial pressure, surface roughness, etc. In consideration of the bulk 

diffusion and surface exchange kinetics limitations, the Wagner’s equation can be 

rewritten as follows: 

                          (1-6) 

 

1.5 The limitation of the MIEC 

Generally, the thermodynamic and kinetic stabilities of single-phase 

perovskite oxides (ABO3) contribute to their overall stability. The average bond 

energy (ABE) of the A- and B-site ions with oxygen is a major factor in 

determining the thermodynamic stability. Although an increased stability is 

observed at the higher ABE levels, the oxide ion mobility inside the lattice is 

hindered. The kinetic stability of a single-phase membrane is dependent on the 
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metal cation self-diffusion coefficients. When the oxygen partial pressure on 

opposite sides of a membrane is different, both oxide ions and metal cations are 

transported across the membrane. This kinetic reaction is dependent on changes 

in the temperature, atmospheric conditions, membrane microstructure, the 

oxygen pressure gradient across the membrane, and oxygen exchange rates at the 

surfaces. Besides a single-phase membrane, a dual-phase membrane could be 

developed by the combination of oxide ionic conducting materials and electronic 

conducting materials. Generally, it is challenging to obtain a membrane with both 

a great permeability and stability. Dual-phase membranes provide several 

advantages over a single-phase mixed ionic-electronic conductor membrane, 

including a greater chemical stability, compatibility in interaction with the other 

membrane components, mechanical stability, and easiness to be tailored for a 

particular application. For these reasons, a dual-phase membrane attracts 

attention to overcome the obstacle that a single-phase membrane could not by 

selecting the optimal oxide ion conductor and electronic conductor [47, 50, 51]. 
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1.6 Dual-phase membrane 

The dual-phase oxygen separation membrane is a composite membrane 

composed of oxide ionic conductors and electronic conductors or a mixed oxide 

ionic and electronic conductor, in which the diffusion path of oxide ions and the 

transport path of electrons are separated in the membrane bulk. By constructing 

a dual-phase membrane, it is possible to get both a high oxygen permeability and 

stability [52-56]. Thus, by using a dual-phase membrane, it is possible to 

overcome the limitations of a single-phase membrane, such as its inferior oxide 

ion diffusion rate, lack of stability under harsh conditions, and limited oxygen 

permeability. In general, the microstructure of a dual-phase membrane has a 

significant influence on performance. First, the oxygen-permeable dual-phase 

membrane requires a good percolation of both the ionic and electronic conducting 

phases. Typically, the conductivity of an electronic conductor is significantly 

higher than that of an oxide ion conductor. Therefore, the lowest volume fraction 

of the electrical conducting phase would result in a high-performance dual-phase 

membrane. Consequently, even with comparable volume fractions, the 

performance of a particular material combination can be significantly dependent 

on the processing. In addition, the microstructure of the phase mixture defines 
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the triple phase boundaries, which are necessary for oxygen surface exchange 

reactions. 

There are important criteria for selecting the oxide-ionic and electronic 

conductors in a dual-phase membrane since the various interactions between the 

two phases, including chemical, thermal, and mechanical, among others, 

introduce further complications compared to the single-phase membrane [27, 40, 

57]. Normally, the oxygen separation membrane is operated at high temperatures 

(500-900 ºC), the feed side of the membrane is exposed to an oxidizing 

atmosphere, while the permeate side is exposed to a strongly reducing atmosphere 

containing oxygen and a sweep gas. As a result, membrane materials must 

maintain their crystal structure in both the oxidizing and reducing environments. 

Moreover, the other criterion for the selection of the ionic conducting phase is 

chemical compatibility with the electronic conducting phase. The sintering 

process can lead to the formation of a secondary phase at the interface of the two 

phases, which negatively affects the membrane's performance, so the selected 

composite should have a good chemical compatibility that has no reaction under 

the sintering and working conditions. Furthermore, not only the above 

requirements but also the thermal stress and microstructure of both selected 
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materials should be considered [58-62]. Generally, the dual-phase membrane can 

be mainly classified into two groups based on the selection of an electronic 

conductor; i.e., (i) pure electronic conductors, and (ii) mixed conductors, as 

shown in Figure 1-8 [42, 63].  

 

 

Fig. 1-8 Schematic illustration of (a) oxide ion-pure electronic conductor dual-

phase membrane and (b) oxide ion-mixed oxide ion and electronic conductor 

dual-phase membrane [44]. 

 

1.6.1 Types of dual-phase membrane 

1.6.1.1 Metal-ceramic dual-phase membrane  

The dual-phase metal-ceramic membrane consists of a metal phase as the 



26 

 

electronic conducting component and a ceramic phase as the oxide ionic 

conducting component. R. Kiebach et al. report that the initial study about the 

dual-phase membrane started with the dual-phase membrane made of noble 

metals (for example, Au, Pd, Pt, Ag, etc.) and oxide ionic ceramic conductors [47]. 

Due to the high cost of noble metals, using noble metals as an electronic 

conducting phase is not suitable for industrial applications [64]. To reduce the 

material costs of a dual-phase membrane, electronic conducting oxides or alloys 

have been proposed as noble metal replacements [65]. 

 

1.6.1.2 Ceramic-ceramic dual-phase membrane 

Combining the oxide ion conducting phase with another ceramic phase 

that can conduct electrons, such as perovskites and spinel materials, is another 

approach for enhancing the electronic conductivity without increasing the price 

as much as noble metals. In the case of ceramic-ceramic systems, the stability of 

both phases and the thermal-chemical expansion must be carefully considered. 

Perovskite and spinel structures exhibit a higher electronic conductivity than 

other ceramic materials, so they are typically employed as the electronic phase, 

whereas structures of the fluorite type are typically utilized as the oxide ion 
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conducting phase [66].  

 

1.7 The Fabrication of dual-Phase Membrane 

1.7.1 Preparation method of dual-phase membrane powders 

The efficiency of a dual-phase membrane is directly related to the raw 

material powder. The microstructure of the two phases in the dual-phase 

membrane is significantly affected by the powder properties, such as surface area, 

particle size distribution, and homogeneity of the two powder phases, combined 

with the sintering process. Porosity, the percolation of oxide ionic or electronic 

pathways, or the contact area between both phases are all aspects of the 

microstructure that have a significant influence on the membrane performance. 

For example, to fabricate a thin membrane layer and achieve full densification, the 

powder from the two phases must have a small particle size. Generally, the 

characterization of a powder mostly depends on the fabrication process. Powder 

manufacturing techniques can be mainly categorized into two types; i.e., solid 

state reaction method and wet chemical procedures (such as co-precipitation, sol-

gel, hydrothermal, and spray techniques)[67]. 
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1.7.1.1 Solid state reaction 

The common method for producing a ceramic powder is the solid-state 

reaction technique, often known as the mixed powder technique [68]. This 

fabrication method is widely employed to produce a dual-phase ceramic 

membrane. Due to its low cost, ease of use, and reliance on readily available 

precursors and industrial equipment, this technique has the potential to be 

utilized on an industrial scale. Usually, the membranes derived using this method 

have a higher oxygen permeability than those derived from a liquid phase 

synthesis. The main reason is that the oxide ionic conductivity and oxygen 

exchange are improved by the defects present in the membrane. However, a large 

particle size, limited surface area, poor chemical homogeneity, and the 

development of undesirable phases are some of the problems that occur due to the 

high sintering temperature [69, 70]. 

 

1.7.1.2 Wet chemical method 

Wet synthesis is an alternative to using only solid precursors. The one-pot 

method is an attractive wet chemical route for the synthesis of dual-phase powders 

because it allows the two compositions to be synthesized in a single step using 
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conventional solution fabrication techniques for ceramics, such as sol-gel, co-

precipitation, hydrothermal synthesis, or spray pyrolysis. All these processes 

utilize a precursor solution, although the crystallites or powders are produced in 

different ways. The main advantages relative to this technique are the smaller 

particle size, higher purity, and homogeneity of the powder, which is an 

improvement over the mixed powder method because of the substantially lower 

calcination temperatures required to achieve the necessary oxide phases. 

However, it is difficult to minimize the phase volume because the minor phase 

might not percolate, which will decrease the conductivity and reduce the oxygen 

flux [47, 71]. 

 

1.7.2 Preparation method of dual-phase membrane green compact 

1.7.2.1 Pressing 

In dry pressing, powders are generally compacted in the uniaxial direction 

between two punches in hardened metal molds. The compact membrane of 

millimeter thickness could be obtained by these methods. The compact membrane 

is then sintered in the furnace to obtain a self-standing planar dual-phase 

membrane [72]. This strategy is based on the simplicity of the fabrication method, 
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which enables the rapid preparation of small samples with a simple geometry. 

  

1.7.2.2 Tape casting 

Tape casting is a cost-effective method for producing an ultrathin planar 

ceramic membrane. A ceramic powder is dispersed in a slurry consisting of a 

solvent, surfactants, binder, and plasticizers to create a green tape, i.e., a sheet 

that is flexible and mechanically stable. The slurry is cast onto a flat surface using 

a doctor blade process followed by slow drying in a drying chamber with a well-

controlled atmosphere [73-76]. 

 

1.7.2.3 Screen printing 

Screen printing provides an economical method of applying films on an 

industrial scale. Ceramic ink is pressed into the empty spaces in a mesh aperture. 

For the fabrication of a dual-phase membrane, to minimize the shrinking of the 

layer during sintering on a pre-sintered membrane and maximize the density of 

the dual-phase membrane layer, it is preferable that the inks used in the dual-

phase membrane must have a high solids loading [54].  
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1.7.2.4 Radio Frequency (RF) Sputtering 

RF sputtering is an efficient technique for uniformly producing a large 

thin film from 50 nm to 5 μm in thickness. Applying an energetic wave to an inert 

gas (such as argon) in a vacuum chamber causes the gas to become ionized. By 

hitting a target with high-energy ions (Ar+), a plasma is created. This plasma 

contains positively-charged atoms that accumulate on the substrate face of the 

target [47]. 

 

1.7.3 Membrane sintering process 

Sintering dual-phase membrane presents several difficulties, including 

those related to achieving a uniform density throughout the material and 

preventing the reactions or evaporation of the dual-phase components at elevated 

temperatures. A dual-phase membrane is a composite of two or more phases 

which is necessary that these phases should be dense and have a close contact 

between the grains to prevent any leaking behavior. However, it might be 

challenging to sinter such compacts because the optimal sintering conditions vary 

depending on each phase. 
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1.7.3.1 Conventional sintering processes 

Conventional sintering procedures involve the uniaxial or isostatic 

pressing of the green disks, followed by several hours of sintering at a high 

temperature. Densification at high temperatures is always associated with grain 

growth and consequent grain boundary and interfacial issues. Therefore, various 

techniques have been developed to lower the sintering temperature. 

 

1.7.3.2 Hot pressing  

Hot pressing is a powder process that uses high pressure and a low strain 

rate to produce a compacted powder at a temperature high enough to induce 

sintering and creep. The process of applying heat and pressure at the same time 

accomplishes this. Generally, the loose powder or pre-compacted part is placed in 

a graphite mold that allows induction or resistance heating up to high 

temperatures under the application of pressure [77]. 

 

1.7.3.3 Spark plasma sintering process 

Spark Plasma Sintering (SPS) is an advanced sintering technique that 

permits grain development and densification to independently occur. Figure 1-9 



33 

 

shows a schematic of the SPS. During sintering, an external pressure and high 

current amplitude pulse are applied via the conductive die and the sample, 

internally heating the sample using the "Joule heating mechanism" as opposed to 

using an external heating source to improve the densification of the powder 

compacts as shown in Figure 1-10. Since the sample can self-heat from both the 

interior and exterior, it offers substantial advantages over conventional hot 

pressing and hot isostatic pressing sintering. In addition, both the heating rate and 

mass transfer speed are rapid and confined, so the sintering process is often quite 

rapid. Thus, in contrast to conventional sintering methods, which require a high 

sintering temperature and a long sintering time to achieve complete densification 

[78-82], the SPS process can produce dense ceramics in a very short sintering 

time and at relatively low temperatures allowing for microstructure control [83-

89]. This approach is especially effective for producing composite materials with 

a uniform microstructure. Since grain growth and coarsening are slowed by the 

high heating rate, extremely high relative densities are achieved. In addition, the 

rapid heating rate in SPS suppresses unfavorable reactions and prevents the 

development of undesirable phases and byproducts [89-91]. 
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Fig. 1-9 SPS process schematic representation [92]. 

 

Fig. 1-10 Schematic diagram of Spark Plasma Sintering process [93]. 
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There are generally four steps involved in the spark plasma sintering 

process. Gases must first be evacuated by generating a vacuum. The second stage 

involves applying pressure, followed by resistance heating in the third stage and 

cooling in the final stage. During the initial stage, the packing and necking of 

particles occur. During the intermediate stage, the compact shrinks and the 

densification is achieved. During this stage, volume densification and grain 

boundary diffusion are occurring. Finally, the isolation of pores takes place in the 

last stage [93, 94]. 

The densification mechanism by the spark plasma sintering process is 

based on the spark plasma effect, which supposedly consists of (i) spark 

discharges, (ii) plasma formation, (iii) surface oxide removal, (iv) 

electromigration, (v) thermomigration, (vi) an increased defect concentration, 

(vii) enhanced defect mobility, and (viii) local overheating up to melting of the 

contacts between the powder particles [95]. Figure 1-11 illustrates the 

fundamental mechanism of neck generation by spark plasma in which the pulsed 

current propagates across particle surfaces. The local heat generated in the 

discharge column results in a temporary increase in temperature when the spark 

generates in empty spaces or at contact points of the powder particles. This high 
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temperature causes the evaporation of impurities as well as the evaporation and 

melting on the surface of the powder particles, finally producing the necks 

between the powder particles. The compressive stress applied during SPS results 

in a better contact between the powder particles, changes the amount of those 

contacts, and promotes the densification mechanisms [96]. 

 

 

Fig. 1-11 Mechanism of neck formation by spark plasma [97]. 
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1.8 Purpose of this study 

The oxygen separation membrane is a device that electrochemically 

separates oxygen gas from air. It has attracted attention for use as a small-scale 

oxygen gas generator with a high-purity oxygen production, simple operation, and 

a low investment cost. MIEC materials are the most popular materials used in the 

oxygen separation membrane which demonstrate a high oxygen selectivity and 

high permeability. To improve the oxygen permeation performance, both the bulk 

diffusion rate and surface exchange reactions dominate the oxygen diffusion 

kinetics of the membrane. MIEC material development is currently limited due to 

the difficulty in improving the oxide diffusion rate in single-phase materials. The 

dual-phase membrane of an oxide ion conductive phase and an electronic 

conductive phase was attempted to be fabricated in order to combine the good 

properties including high oxide ion and electron diffusion, high mechanical 

properties, and high stabilities. Based on the sintering process, the conventional 

sintering technique is commonly used to fabricate a membrane. However, to 

achieve a high densification of the membrane materials, a high sintering 

temperature and time are required, which can result in an inter-phase reaction. 

As already mentioned, the spark plasma sintering (SPS) technique, which is a high 
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pulse direct current and pressure-assisted sintering process, has attracted 

attention. The advantage of SPS is that this sintering technique can lower the 

densification temperature of the membrane material by applying high pulses of 

direct current and pressure during the sintering process within a short sintering 

time. There are a few studies that have applied SPS to the fabricated dual-phase 

membrane. In this research study, the SPS process was investigated to achieve a 

dual-phase membrane with a percolation structure to obtain oxygen dissociation 

and associated exchange activities. Variations of the material combination, 

fabrication process, and modification were studied to improve the oxygen 

separation performance of the dual-phase membrane. 
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Chapter 2│Fabrication of YSZ-carbon felt oxygen separation dual-

phase membrane by vacuum filtration method. 

 

Preface 

The dual-phase membrane constructed of both an oxide ion conducting 

phase and an electronic conducting phase has attracted attention for oxygen 

separation applications, as discussed in the previous chapter. Achieving both the 

percolation structures of the oxide ion conduction phase and the electron 

conduction phase is necessary to achieve an oxygen dissociation and association 

reaction. In this study, a new and simple fabrication method using a vacuum 

infiltration and spark plasma sintering (SPS) process for a dual-phase oxygen 

separation membrane consisting of YSZ and carbon felt has been developed. 

 

1. Introduction 

Oxygen is one of the most important industrial gases widely used in 

various fields. Generally, oxygen is produced by separation from air. The methods 

to separate oxygen from air can be classified into three types which are cryogenic 

separation, adsorption separation and membrane separation. First, the cryogenic 

separation method, which is a method using the difference in the boiling points of 
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the air components, is a commercialized technology for the large-scale production 

of pure oxygen. Adsorption separation is the process of using an adsorbent to 

separate oxygen gas through adsorption and desorption cycles. The oxygen 

separation membrane is a method of sieving a specific gas based on differences in 

the material’s micropore size and gas molecule size [1]. Currently, a household 

oxygen supplier, which is a small to medium scale oxygen separation production, 

has attracted attention [2]. Among these three methods, the oxygen separation 

membrane is suitable for small-scale production. Among the various types of 

separation membranes, the separation membrane using a mixed oxide ion-

electron conductor (MIEC)-based membrane is a promising oxygen separation 

membrane that electrochemically separates oxygen gas because it can be driven 

only by the oxygen partial pressure difference across the membrane at high 

temperatures without connecting to external circuits [3, 4]. The mechanism of the 

oxygen separation process on the oxygen separation membrane is as follows: 

oxygen molecules in the air dissociate on the surface of the membrane to generate 

oxide ions on the high oxygen partial pressure side or feed side, then the oxide 

ions diffuse from the feed side through the lattice vacancies in the crystal structure 

to the low oxygen partial pressure side or permeation side, and recombine to form 
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oxygen molecules. In this process, electrons are transported in the opposite 

direction of the oxygen transport path to balance the charge neutrality [5]. 

Important requirements for the membrane material selection are a high oxide ion 

conductivity, chemical stability, and high mechanical strength. Oxide-ion 

conductors with the structure of fluorite (AO2) and perovskite (ABO3) meet these 

requirements [6, 7]. MIEC are commonly used as single-phase oxygen separation 

membranes [8]. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), which has both a high ionic and 

electronic conductivity, has the highest oxygen permeability of all  the MIEC 

ceramic materials [9, 10]. To further improve the oxygen separation properties, it 

is not enough to just look for new MIEC materials, as the diffusion rate of oxide 

ions in the MIEC-based single-phase membrane is almost at its limit. 

In this study, attention is being paid to a dual-phase membrane. A dual-

phase membrane is a composite material consisting of an oxide ion-conducting 

phase as the oxide ions transportation path and an electron-conducting phase as 

an electron transportation path [11, 12]. By separating the transport paths of the 

oxide ions and electrons, it is possible to obtain a membrane that can achieve a 

high conductivity for both the oxide ions and electrons. Eight mol% yttria-

stabilized zirconia (8YSZ) is an excellent oxide-ion conductor with a fluorite 
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structure. It is suitable for use as the oxide ion conductive phase in a dual-phase 

membrane [13, 14]. Carbon with a high electron conductivity is suitable for the 

electron conduction phase [15, 16]. Most conventional methods for producing a 

dual-phase membrane are by a solid-phase reaction in which different types of 

powders are simply mixed and sintered [17, 18]. However, it is quite difficult to 

achieve both the percolation structures of the oxide ion conduction phase and the 

electron conduction phase. Therefore, a new method is necessary to realize the 

co-continuous structure of the two phases for improvement of the separation 

performance. In this study, a new and simple manufacturing process of a dual-

phase membrane by filling an oxide ion conductive phase material in the pores of 

an electron conductive phase material with a three-dimensional network structure 

is presented. 

 

2. Experimental methods 

The microstructure of the carbon felt is shown in Figures 2-1. The 

continuous porous structure, which leads to the continuous transportation of 

electrons, exhibited a high electronic conductivity. TG-DSC analyses (STA 449 

F3 Jupiter, NETZSCH Japan K.K., Japan) were used to measure the carbon 
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oxidation over the oxygen permeation temperature range of 500 to 900 ºC in an 

air atmosphere. Figure 2-2 show the TG and DSC profiles of the carbon felt. The 

mass loss rate significantly changes at the temperature around 550 ºC. Carbon felt 

was drastically oxidized from 550 to 680 ºC. The TG-DSC result indicated that 

the dual-phase membrane made of carbon felt was suitable to perform an oxygen 

permeation test below 550 ºC. 

 

 

Fig. 2-1 Microstructure of carbon felt. 
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Fig. 2-2 Combined TG-DSC measurement of carbon felt. 

 

The zeta potentials of TZ-8YS and TZ-8Y (8 mol% yttria-doped zirconia 

powders (TZ-8YS (D50: 0.6 μm) and TZ-8Y (D50: 0.6 μm), Tosoh 

Corporation, Japan)) suspensions were measured using laser doppler velocimetry 

(Zetasizer Nano-ZS, Malvern Panalytical Ltd., UK) as a function of the dispersant 

addition (ammonium polyacrylate, Alon-A6114, Toagosei Co., Ltd., Japan). The 

result is shown in Fig. 2-3. The zeta potentials of both TZ-8YS and TZ-8Y with 

the addition of 2 wt% ammonium polyacrylate exhibited high values of -54.96 and 

-58.96 mV, indicating their high stability in aqueous solutions. Thus, the addition 

of 2 wt% ammonium polyacrylate was used to stabilize both the TZ-8YS and  
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TZ-8Y suspensions. 

 

Fig.2-3 Relation of zeta potential of YSZ versus dispersant addition. 

 

A schematic showing the preparation process of the YSZ-carbon felt dual-

phase membranes is shown in Figure 2-4. To prepare the suspensions, 30 vol% 

TZ-8Y and 40 vol% TZ-8YS were dispersed in distilled water with 2 wt% 

ammonium polyacrylate as a dispersant. The carbon felt was cut into a 15-mm 

diameter disk with a thickness of 3 mm and placed in distilled water, followed by 

an evacuation for 30 minutes to remove all the gas in the porous structure.  The 
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green composite bodies were formed by the vacuum filtration of the YSZ 

suspension into the carbon felt. The excess powder was removed with sandpaper 

before being cold isostatically pressed at 350 MPa for 10 minutes to achieve 

uniform packing of the YSZ particles inside the porous structure. The green 

samples were sintered by two types of sintering processes which are the 

conventional sintering process under an Ar atmosphere and the spark plasma 

sintering process under a vacuum atmosphere (SPS, LaboxTM-325 Sinter Land 

Inc., Japan). As mentioned in Chapter 1, SPS is a high-pulse direct current 

technique to densify the sample at a low sintering temperature and short sintering 

time [19]. The YSZ-carbon felt dual-phase membranes were sintered by SPS for 

10 minutes at different temperatures and pressures. By using this new fabrication 

technique, a continuous-phase structure would be formed with a simple, low-cost, 

and low-energy consumption. 
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Fig. 2-4 Schematic showing the preparation process of YSZ-based dual-phase 

membranes. 

 

The phase stability and chemical compatibility of the dual-phase 

membranes fabricated at the different sintering temperatures were investigated. 

The sintered samples were ground in an agate mortar and analyzed by X-ray 

diffraction (XRD, Miniflex 600, Rigaku Corporation, Japan). The XRD patterns 

were obtained with a step of 0.02 deg and a speed of 10 deg/min at 40 kV and 15 

mA. The microstructure of the dual-phase membranes was observed using a 

scanning electron microscope (SEM, JSM-5600LV, JEOL Ltd., Japan) at a 5 kV 

accelerating voltage. Finally, an oxygen separation test was performed using the 

selected sample. Figure 2-5 is a schematic of the experimental setup for the oxygen 
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permeation test. The sealing of the 15-mm diameter membrane disk and the 

aluminum tube was performed using a silver ring at 900 ºC under the Ar 

atmosphere to prevent any oxidation that may occur before the measurement. 

After the silver ring attachment, the temperature was decreased to 550 ºC, then 

air was flowed on the feed side at a rate of 250 ml/min. On the other side, an Ar 

sweep gas was flowed at the rate of 250 ml/min on the permeation side, and the 

amount of oxygen in the permeate gas was monitored by an oxygen galvanic 

analyzer (MC-8G-L, Iijima Electronics Corporation, Japan). This experimental 

setup was operated at temperatures ranging from 400 to 550 ºC. A gas 

chromatograph (GC-8A, Shimadzu Corporation, Japan) was used to monitor the 

air leak behavior. 
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Fig. 2-5 Schematic of oxygen separation performance test. 

 

3. Results and discussion 

3.1 Comparison of sintering properties of different raw material powders 

In this experiment, two types of YSZ powders (TZ-8YS and TZ-8Y) were 

used as mentioned in the experimental procedures. The company's catalog states 

that TZ-8Y has a smaller primary particle size and is easier to sinter than TZ-8YS; 

therefore, it was inferred that TZ-8Y could be densified at lower temperatures. 

However, the solid concentration of the highly-fluid suspensions was 

approximately 40 vol% and 30 vol% for TZ-8YS and TZ-8Y, respectively, even 
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when the amount of the dispersant was optimized. The specific surface areas of 

TZ-8YS and TZ-8Y were 7 m2/g and 16 m2/g, respectively. This difference is 

reasonable considering that TZ-8Y has more particle-to-particle interactions and 

is more likely to agglomerate than TZ-8YS. It was difficult to fill the voids of the 

carbon felt with the agglomerated powder like TS8Y, and only low-density 

compacts were obtained as shown in Figure 2-6, resulting in the requirement of a 

higher temperature for densification. Therefore, TZ-8YS was used for preparation 

of the membrane. 

 

 

Fig. 2-6 Schematic illustration showing the relationship between the dispersion 

state of the two 8YSZ powders in their slurries and the microstructure of the 

subsequent sintered bodies. 
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Figure 2-7(a) shows the microstructure of the YSZ-carbon felt dual-phase 

membrane prepared from TZ-8YS. The sample sintered at 1600 C has a relative 

density of 95%. Compared to the microstructure of the YSZ-carbon felt dual-

phase membrane prepared from TZ-8Y in Figure 2-7(b), the sample sintered at 

the same temperature has a relative density of only 86%, and small particles can 

be seen around it. Based on these results, the TZ-8YS was used as the YSZ source 

for preparing the YSZ suspension. 

 

 

Fig. 2-7 The microstructure of (a) 40 vol% TZ8YS, and (b) 30 vol% TZ8Y of YSZ-

carbon felt dual-phase membranes sintered by SPS at 1600 C. 

 

3.2 Comparison of sintering characteristics by different sintering methods 

Achieving a gas-tight dense structure is one of the requirements for 

fabricating the oxygen separation membrane without leaking nitrogen gas on the 
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permeation side. The dense packing of the YSZ particles would increase the 

transportation path of the oxide ions. The YSZ sintered sample with a low packing 

could lead to gas leakage in addition to low oxygen transportation. To achieve a 

gas-tight dense membrane, the sintering process should be optimized. The effects 

of the sintering process on the microstructure and density of the sintered samples 

were characterized. The sample sintered at 1600 ºC for the YSZ-carbon felt dual-

phase membrane was fabricated by SPS in a vacuum and the conventional 

sintering process in an argon atmosphere was investigated. 

Figure 2-8 compares the microstructures of the YSZ-carbon felt dual-

phase membrane sintered by SPS and the conventional sintering process. The 

samples sintered by SPS have a good attachment between the YSZ and carbon felt. 

Small, flaky YSZ crystals were observed in the samples sintered by the 

conventional sintering process, and the relative density decreased from the green 

compact density to 23.9%. As a result of the spark plasma sintering process, the 

densification of the YSZ-based dual-phase membrane with a high structural 

stability was clearly enhanced. Thus, the SPS process is a promising technique for 

the sintered membrane in this research study. 
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Fig. 2-8 Surface and cross section images of the microstructures of YSZ-carbon 

felt dual-phase membrane sintered at 1600 C by SPS ((A), (a)) and conventional 

sintering((B), (b)). 

 

3.3 Sintering parameters in spark plasma sintering  

For the sintering process, it is necessary to study the sintering conditions 

of the SPS to successfully fabricate a gas-tight YSZ-carbon felt dual-phase 

membrane.  

3.3.1 Applied pressure  

The effect of the applied pressure on the relative density of the YSZ-carbon 

felt membrane sintered at 1600 ºC for 10 minutes under the applied pressures of 
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40, 60 and 80 MPa is shown in Figure 2-9. An applied pressure increases of 40–

80 MPa increases the relative density of the sintered membrane. The relative 

density of the YSZ-carbon felt dual-phase membrane can be achieved up to 95% 

at the applied pressure of 80 MPa. 

 

 

Fig. 2-9 Relative density of the YSZ-carbon felt dual-phase membranes sintered 

by SPS at different applied pressures. 
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3.3.2 Sintering temperature 

Figure 2-10 depicts the relationship between sample relative density and 

sintering temperature. To enhance the conductivity of an oxide ion conductor, it 

is preferable to achieve a high level of densification. The graph reveals that 

acceptable dense samples for achieving a high oxide ion conductivity were 

produced by sintering at temperatures up to 1500 ºC. 

 

 

Fig. 2-10 Relative density of YSZ-carbon felt dual-phase membranes sintered by 

SPS at different sintering temperatures. 
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Figure 2-11 illustrates the XRD pattern of the YSZ-carbon felt membrane 

sintered using SPS. The XRD patterns of the sintered samples at 1200 and 1500 

ºC indicated that the sintered sample consisted of YSZ and graphite, suggesting 

that there is no reaction between the YSZ and carbon felt at the sintering 

temperatures below 1500 ºC. When the temperature was raised to 1600 ºC, small 

peaks of the secondary phase zirconia carbide were observed. This secondary 

phase indicated the strong bond between YSZ and carbon felt sintered at high 

temperatures. 

 

 

Fig. 2-11 XRD patterns of YSZ-carbon felt membrane sintered at 1200-1600 C 

by SPS. 
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Figure 2-12 shows an SEM image of the microstructure of a YSZ-carbon 

felt dual-phase membrane sintered at the temperatures of 1200, 1400, and 1600 

ºC. This demonstrates that the two phases in the membrane were tightly attached. 

Since there are no voids between the two phases, it can be assumed that there will 

be no gas leaks during the air separation process. 

 

 

Fig. 2-12 Surface and cross section images of the microstructures of YSZ-carbon 

felt dual-phase membranes sintered at (A) and (a) 1200 C, (B) and (b) 1300 C, 

and (C) and (c) 1400 C, (D) and (d) 1500 C, (E) and (e) 1600C. 
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3.4 Oxygen separation performance of the YSZ-carbon felt dual-phase membrane 

As a result, a YSZ-carbon felt dual-phase membrane was selected to 

perform an oxygen separation performance test. Figure 2-13 shows the oxygen 

permittivity of the YSZ-carbon felt dual-phase membrane as a function of the 

temperature. The YSZ-carbon felt dual-phase membrane has the ability to 

separate the oxygen gas from air which exhibited the oxygen permeation flux of 

0.42 ml(STP)/min·cm² at 550 ºC, suggesting that this fabrication route could be 

used to produce the dual-phase membrane for oxygen separation applications. 

  

 

Fig. 2-13 Oxygen separation performance of the YSZ-carbon felt dual-phase 

membrane. 
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4. Conclusions 

YSZ-carbon felt dual-phase membranes using TZ-8YS powder as a YSZ 

source were successfully fabricated by SPS with a good phase stability and high 

chemical compatibility. The relative density of 95% could be obtained by the YSZ-

carbon felt dual-phase membrane sintered at 1600 ºC. Due to the strong 

attachment between the two phases in the YSZ-carbon felt dual-phase membrane, 

the XRD results revealed the appearance of zirconia carbide when sintered at 1600 

ºC. The YSZ-carbon felt dual-phase membranes achieved a tight attachment at 

the performed temperatures. Finally, the YSZ-carbon felt dual-phase membrane 

sintered at 1500 ºC was chosen for the oxygen separation performance test. The 

highest oxygen permeation flux of 0.42 ml(STP)/min·cm² was obtained at 550 ºC. 

However, oxidation of the carbon felt is a critical problem, so further improvement 

of the oxygen separation performance of the YSZ-based dual-phase membrane 

will be described in the next chapter. 
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Chapter 3│Selection of electron conductive metal foam for 

percolation design of dual-phase oxygen permeable membrane 

 

Preface 

In the previous chapter, YSZ-carbon felt dual-phase membranes were 

successfully fabricated by applying the SPS method. The oxygen diffusion rate 

generally increases with the temperature and an operating temperature of 500-

900 ºC is required for an improved oxygen separation performance. However, an 

operating temperature above 550 ºC will cause oxidation of the carbon felt in air, 

significantly degrading the performance of the dual-phase membrane. In this 

chapter, several metallic materials, selected for their high melting point and 

oxidation resistance, were investigated for their applicability as an electronically-

conductive phase alternative to carbon felt for oxygen separation applications. A 

commercially-available metal foam was used as the electron-conducting phase, 

and dual phase membranes with a structure in which 8YSZ filled the metal foam 

were fabricated by vacuum filtration and the subsequent spark plasma sintering 

process as described in Chapter 2. 
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1. Introduction 

In a dual-phase membrane, the percolation structures of both the oxide 

ionic conducting phase and the electronic conducting phase are very important in 

achieving the oxygen separating capacity. The methods for fabricating a dual-

phase membrane include the solid-state reaction process [1-4], tape casting [5, 6] 

and screen printing [7]. With the conventional ceramic process, the formed dual-

phase membrane typically possesses a random packing structure for both the oxide 

ion conducting phase and the electronic conducting phase. [8]. Achieving the 

percolation structure [9, 10], reduction of the membrane thickness [11, 12], and 

optimization of both phases are necessary. For the simplicity of the percolation 

structure of the dual-phase membrane, the design and preparation of the dual-

phase membrane with a continuous microstructure were presented. In the 

previous research, the YSZ-carbon felt dual-phase membrane was produced by 

impregnating carbon felt with the YSZ phase. The percolation structure could be 

automatically achieved by using electrically conductive foam as the carbon felt. 

Carbon felt is unsuitable as an electronic conducting phase for a dual-phase 

oxygen separation membrane due to the oxidation of the carbon felt during the 

oxygen separation process. In general, composite membrane material selection is 
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challenging [13]. The conductivities and reaction of the two materials must be 

considered [14, 15]. To achieve a high oxygen permeability, the chemical 

compatibility of the oxide ionic and electronic conducting phases is critical [16]. 

Currently, the most popular construction is an oxide ionic conductor-MIEC dual-

phase membrane. Zirconia-based materials, such as YSZ, are promising oxide ion 

conductors, but they readily react with perovskite-type oxides, leading to the 

formation of a secondary phase with poor oxide ionic and electronic conductivities. 

As a means of preventing the formation of a secondary phase, the selection of a 

metal as an electronic conducting phase is gaining attention. There is a number 

of metals which can be used as an electronic conducting phase, and most of them 

have a high electrical conductivity. However, the low melting point and the 

oxidation resistance present a significant challenge when constructing the YSZ-

based dual-phase membranes. Nickel (Ni) is a low-cost metal that exhibits an 

excellent electrical conductivity and a high melting point. It was chosen as a close 

match for the criterion. Not only can it significantly improve the electronic 

conductivity, but also the mechanical stability. Nickel-based alloys are also of 

interest, as the alloying of nickel with chromium (Ni-Cr) reduces oxidation in 

oxidizing environments, making them suitable for oxygen separation applications. 
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Silicon carbide (SiC) is a ceramic with promising physical and chemical properties, 

such as a high mechanical stability at high temperatures, a low thermal expansion 

coefficient, and high oxidation resistance. Stainless steel (SS) is a cost-effective 

alloy with an extremely high oxidation resistance and excellent electrical 

conductivity. In this study, different types of electronic conducting foams were 

investigated in order to select the most suitable material for use in the YSZ-based 

dual-phase membranes created by impregnating YSZ into the pores of an 

electronic conductive phase material. 

 

2. Experimental methods 

In this research, Ni foam (Sumitomo electric Toyama Co., Ltd., Japan), 

Ni-Cr foam (Sumitomo electric Toyama Co., Ltd., Japan), SS316L foam 

(Nagamine Manufacturing Co., Ltd., Japan), and SiC foam (Fushimi 

Pharmaceutical Co., Ltd., Japan) were selected. Figures 3-1 indicates the 

structures of the various metal foams. 
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Fig. 3-1 Microstructure of (a) nickel foam, (b) nickel chromium foam, (c) 316L 

stainless steel foam and (d) silicon carbide foam. 

 

Figure 3-1 shows a schematic illustration of the YSZ-metal dual-phase 

membrane preparation procedure. To prepare the suspensions, 8 mol % yttria-

doped zirconia powders (TZ-8YS (D50: 0.6 m), Tosoh Corporation, Japan) were 

dispersed in distilled water with 2 wt% ammonium polyacrylate as a dispersant 

(Alon-A6114, Toagosei, Japan). The metal foams were cut into a 15-mm diameter 

disk shape. The prepared metal foams were placed in the YSZ suspension then 

evacuated for 30 minutes to remove all the gas inside the porous structure. The 

YSZ impregnated metal foams then had the distilled water removed by the vacuum 

filtration process to obtain the green composite compact. The green sample was 

polished by sandpaper. A cold isostatic press process (350 MPa, 10 minutes) was 
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used to achieving the uniform packing of the YSZ particles inside the porous 

structure. A spark plasma sintering (SPS, LaboxTM-325 Sinter Land, Inc., Japan) 

process was used to sinter the green sample in a vacuum atmosphere. Depending 

on the melting point of the metal foams, the YSZ-metal dual-phase membranes 

were sintered at 1200 ºC. The SPS was performed at the pressure of 80 MPa for 

10 minutes.  

 

 

Fig. 3-2 Schematic showing the preparation process of the YSZ-based dual-phase 

membranes. 

 

The Archimedes' method was used to determine the relative density of the 

sintered dual-phase membrane using kerosene. The phase stability and chemical 
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compatibility of the dual-phase membranes fabricated at the various sintering 

temperatures were studied. An X-ray diffraction analysis was performed on the 

sintered samples that were ground in an agate mortar (XRD, Miniflex 600, Rigaku 

Corporation, Japan). Using a scanning electron microscope (JSM-5600LV, JEOL 

Ltd., Japan), the microstructure of the dual-phase membranes was observed. For 

the oxygen permeability test of the fabricated dual-phase membrane, the air flow 

rate on the feed side and the Ar flow rate on the permeation side were both set to 

250 ml/min. Prior to the measurement process, a 14-mm-diameter silver ring was 

placed on the membrane and sealed at 900 C. An oxygen galvanic analyzer was 

used to measure the amount of oxygen in the permeate gas (MC-8G-L, Iijima 

Electronics Corporation, Japan). The temperature range for this experiment was 

500 to 900 ºC. The air leak behavior was analyzed using a gas chromatograph (GC-

8A, Shimadzu Corporation, Japan). 

 

3. Results and discussion 

3.1 Characterization of the membranes 

By using the vacuum filtration technique, it was possible to successfully 

produce the green YSZ-electronic conducting foam membrane compacts. During 
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the spark plasma sintering process, the high pulsed direct current was transferred 

from the punch to the green compact. Metals have a much higher thermal 

conductivity than graphite. As a result of the DC current applied to the specimen, 

the metallic phase rapidly heated up, and the temperature inside the die probably 

significantly exceeded the set temperature. At a temperature of 1200 C, the 

relative density of the YSZ-metal foam composite membrane increased to more 

than 90%. However, the excessive SPS current caused both the Ni-Cr and SiC 

foam to melt. Therefore, a high-density YSZ-based dual-phase membranes cannot 

be produced with Ni-Cr and SiC. For the nickel and stainless-steel foam, the 

melting did not occur at 1200 C. Figure 3-3 shows the XRD pattern of (a) YSZ-

Ni foam membrane and (b) YSZ-SS foam membrane sintered by SPS in the 

temperature range of 900 to 1200 ºC. The XRD patterns of the sintered samples 

at all temperatures indicated that the sintered sample consisted of YSZ and a metal 

(nickel or stainless steel), suggesting that there is no reaction of YSZ with either 

the nickel or stainless steel. 
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Fig. 3-3 XRD patterns of (a)YSZ-Ni foam membrane and (b) YSZ-SS foam 

membrane sintered at 900-1200 C by SPS. 

 

Figure 3-4 show the microstructure of the YSZ-Ni foam and YSZ-SS foam 

dual-phase membrane. At a sintering temperature greater than 1100 C, a 

structure was observed in which the two phases were tightly bound. 
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Fig. 3-4 Surface images of the microstructures of YSZ-Ni foam and YSZ-SS foam 

dual-phase membrane sintered at various temperatures. 

 

3.2 Oxygen separation performance of the YSZ-metal foam dual-phase membrane 

The oxygen permittivity of the YSZ-metal foam dual-phase membrane as 

a function of the temperature is indicated in Figure 3-5 As shown in the graph, 

the oxygen permeability of the YSZ-SS foam dual-phase membrane is greater than 

that of the YSZ-Ni foam dual-phase membrane at all operating temperatures. 

Typically, nickel has a higher electronic conductivity than stainless steel. 

However, nickel has a low oxidation resistance, so the oxidation of nickel readily 

occurs during operation, resulting in a decreased oxygen exchange activity. The 

YSZ-SS foam achieved the highest oxygen permeation flux of 0.32 
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ml(STP)/min∙cm².  

 

 

Fig. 3-5 Oxygen separation performance of the YSZ-Ni foam and YSZ-SS foam 

dual-phase membranes. 

 

4. Conclusions 

YSZ-metal foam dual-phase membranes were successfully fabricated by 

applying the SPS process. Due to the high thermal conductivity of the metal foam, 

a relative density of 90% could be achieved for a YSZ-metal foam dual-phase 

membrane when sintered at the set temperature of 1200 ºC. Among all the types 
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of electronic conducting foams tested, only the nickel and stainless-steel foam did 

not melt during the sintering process. Both composite membranes can achieve a 

good phase stability and high chemical compatibility. The YSZ-Ni foam and YSZ-

SS foam dual-phase membranes attained the highest oxygen permeation flux of 

0.32 and 0.34 ml(STP)/min·cm², respectively. Due to nickel's low oxidation 

resistance, oxidation occurred during the measurement, resulting in a significant 

decrease in the oxygen permeation flux at high temperature. Therefore, it was 

concluded that stainless steel is an excellent candidate for composting with YSZ 

in order to create a dual-phase oxygen separation membrane. 
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Chapter 4│Percolation structure design and surface modification of 

YSZ-stainless steel dual-phase membrane fabricated by powder 

mixing method 

 

Preface 

In the previous chapter, a dual-phase membrane composed of YSZ and 

electronic conducting foam was investigated. Among the utilized metal phases, 

the 316L stainless steel (SS) exhibited an excellent oxidation resistance and YSZ 

inertness. However, the dense packing of YSZ was difficult, and increasing the 

sintered density of YSZ was limited. In this chapter, an attempt was made to 

fabricate a dual-phase membrane with percolation structures by sintering the 

316L SS and YSZ powders. The percolation structure was optimized by varying 

the SS concentrations in order to obtain a good oxygen transport activity. The 

catalyst surface coating was applied to increase the membrane's oxygen 

permeation flux. 

 

1. Introduction 

Oxygen production has been in high demand for use in numerous 

industries, including chemical synthesis, wastewater treatment, medical care, and 

metal production[1-4]. Generally, pure oxygen gas is produced by separating air. 
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There are various types of air separation procedures, including cryogenic 

separation [5], pressure swing adsorption [6] and membrane separation [7]. The 

oxygen separation membrane is one of the most energy-efficient and cost-

effective air separation processes with a low oxygen production volume that is 

suitable for the development of household oxygen generators [7]. In a pandemic 

situation, portable oxygen generators for the household will be essential for 

medical care. Inorganic ceramic membranes are a type of membrane having a high 

mechanical strength, heat resistance, and chemical stability [8, 9]. The single-

phase mixed ionic-electronic conducting (MIEC) membrane is typically used as 

an oxygen separation membrane [10]. The MIEC membrane enables selective 

oxygen transport via the following elementary processes: (i) adsorption and 

dissociation of oxygen in the atmosphere, (ii) diffusion of oxide ions and back 

diffusion of electrons in the membrane, and (iii) association and desorption of 

oxygen on the recovery side. The mechanism is driven by the oxygen partial 

pressure difference across the membrane at elevated temperatures. To develop 

oxygen separation membranes with an improved performance, there are many 

studies seeking a new kind of MIEC to enhance the performance of the membrane; 

however, the main limitations are the material's limited oxide diffusion rate. The 
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well-known MIEC material, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), a single-phase 

perovskite oxide (ABO3), is currently the most promising material for use in an 

oxygen separation membrane [11-13]. However, practical applications require a 

higher oxygen diffusion. Typically, MIEC materials have an insufficient oxide ion 

conductivity, which is the current challenge for a single-phase oxygen separation 

membrane [14]. Due to the demand for new materials that exceed the oxide 

diffusion rate limit, dual-phase membranes are gaining attention. The dual-phase 

membrane is a composite membrane made up of an oxide ion conductive phase 

(transporting oxide ions) and an electronic conductive phase (transporting 

electrons). The dual-phase membrane has an advantage over a single-phase 

membrane in which the best characteristics of the used compounds are combined 

to achieve both a high oxygen permeability with good chemical and mechanical 

stabilities at elevated temperatures and under harsh conditions. Ceramic oxide ion 

conductors, such as the yttria-stabilized zirconia (YSZ) and gadolinium-doped 

ceria (GDC) mixed with noble metal electronic conductors (Pd, Ag, Pt, etc.), have 

been initially reported as dual-phase membranes. Since the noble metal influences 

the oxygen permeability with a high stability under harsh conditions, however, the 

noble metals are expensive, which makes them unsuitable for industrial 
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applications. Therefore, there is more interest in ceramic-ceramic dual-phase 

membranes [15]. These composites consist of an ionic conductor and a pure 

electronic conductor or mixed ionic electronic conductor (MIEC). Ceramic-

ceramic dual-phase membranes are currently the most studied, but there are many 

concerns such as phase stability, chemical compatibility, and sintering behavior 

between the two phases [16]. Moreover, each of the two phases requires a 

percolation structure. As shown in Figure 4-1, the oxygen exchange reaction takes 

place at the triple phase boundary (TPB) of the dual-phase membrane where air, 

an oxide ion conductor and an electronic conductor are in contact. However, 

simultaneously controlling the percolation structure and TPB in the ceramic-

ceramic membranes is very difficult. For these reasons, the study of a dual-phase 

membrane for oxygen separation applications is limited. It is of great significance 

to establish a process for fabricating dual-phase membranes consisting of a 

combination of ceramics and inexpensive metals. 
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Fig. 4-1 Schematic overview of triple phase boundary (TPB) in a dual-phase 

membrane material. The white and grey regions indicate the oxide ion and 

electron-conducting phases, respectively. 

 

Yttrium stabilized zirconia (YSZ) is commonly used as an oxide ion 

conductor for intermediate to high temperature reactions due to its high oxide ion 

conductivity, mechanical strength, and chemical stability [17]. Stainless steel (SS) 

is a metal alloy mainly containing iron, chromium, nickel, and small amounts of 

other elements. SS, as an electronic conductor with a high oxidation resistance, 

strength, and melting point [18], is suitable to mix with YSZ in order to achieve a 

high-density sintering. The solid-state reaction process is one of the most widely 

used methods for the preparation of a dual-phase membrane [15, 19]. The spark 

plasma sintering (SPS) process is a rapid sintering technique in which a pulsed 

DC current and uniaxial pressure are applied during the sintering process [20]. 

This sintering technique is useful for producing composites in which both metals 
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and ceramics are densified at low temperatures and in a short period of time [21]. 

Research on the fabrication of a dual-phase oxygen separation membrane using 

SPS is limited by various the concerns and obstacles, such as damage caused by 

thermal shrinkage during the rapid sintering. The difference in densification 

temperatures between different materials and the reduction in the membrane 

thickness to improve the oxygen separation capability also make crack prevention 

difficult. In this study, the fabrication of YSZ-SS dual-phase membranes by the 

SPS process was investigated with the aim of pursuing new possibilities for oxygen 

separation membranes. Basically, the oxygen permeation rate is controlled by two 

different mechanisms, i.e., the surface exchange reaction and bulk diffusion [22]. 

When the permeation process is controlled by bulk diffusion at a high operating 

temperature, reducing the membrane thickness is necessary [23]. However, it was 

difficult to form an extremely thin self-supporting film by SPS sintering. In this 

study, an attempt was made to improve the oxygen separation performance from 

the viewpoint of increasing the TPB by changing the content of the SS powder. In 

addition, silver paste was used as a catalyst to improve the surface exchange 

reaction. 
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2. Experimental methods 

Commercially-available 8 mol% yttria-doped zirconia (TZ-8YS (ρ = 5.9 

g/cm3, D50: 0.6 μm), Tosoh Corporation, Japan) and 316L SS ((ρ = 8.0 g/cm3, 

-100 mesh) Nilaco Co., Tokyo, Japan) powders were used as the raw materials. 

The 316L SS powder in the amount of 15-55 vol% to the YSZ powder was mixed 

in a mortar. The powder mixture was then put in a graphite die with an inner 

diameter of 15 mm and sintered by the SPS process. The melting point of the 

316L SS and the densification temperature of the YSZ by conventional 

pressureless sintering are around 1400 ºC and 1500 ºC, respectively. The SPS 

process enables a temperature reduction of approximately 200 ºC compared to the 

pressureless sintering process. Thus, in this study, the powder mixtures were 

sintered by SPS (SPS, LaboxTM-325 Sinter Land, Inc., Japan) in a vacuum 

atmosphere at 1200 ºC and an applied pressure of 80 MPa for 10 minutes.  

Figure 4-2 shows the spark plasma sintering program optimized by the 

preliminary experiments in this study. In order to fabricate dense membranes with 

a thickness of 0.5 mm by a fast-sintering process like SPS, it was necessary to 

control the sintering rate step by step. First, for the heating process, a heating rate 

of 100 ºC/min was applied to rapidly remove the moisture and adsorbed gases on 
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the particles to prevent gas blockage which affects the subsequent densification of 

the membrane. After increasing the temperature to 800 ºC, the heating rate was 

changed to 50 ºC/min to avoid high thermal shrinkage leading to crack formation. 

When the temperature reached 900 ºC, a pressure of 80 MPa was applied. The 

heating rate decreased to 25 ºC/min during the subsequent heating from 1000 ºC 

to the maximum temperature. After reaching the maximum temperature, the 

pressure was maintained for 10 minutes. The cooling process was then carried out 

without applying any pressure. It was important to control the cooling rate at 10 

ºC/min for crack prevention during the cooling process. By using this program, 

no cracks were detected despite the differential sintering program. The selected 

membrane was then coated with silver paste on both sides of the membrane 

surface; silver was used as a catalyst to enhance the oxygen permeation flux by 

improving the oxygen exchange rate. 
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Fig. 4-2 Spark plasma sintering temperature and pressure cycle. 

 

For the prepared specimens, their relative densities were measured by 

Archimedes’ method. The stability of the YSZ and SS phases during the sintering 

process was characterized by X-ray diffraction (XRD, Miniflex 600, Rigaku 

Corporation, Japan). A scanning electron microscope (SEM, JSM-5600LV, JEOL 

Ltd., Japan) with an energy dispersive spectrometer (EDS) (JEOL Ltd., Japan) 

was used to determine the microstructure and composition of the dual-phase 

membrane. The microstructure inside the sintered body was observed by a non-

destructive method using high-resolution 3D X-ray microscopy and computed 

tomography (Xradia 520 Versa, Carl Zeiss Co.,Ltd., Tokyo, Japan). In order to 
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confirm the percolation structure of the SS inside the sintered body, the cross-

sectional slice images were three-dimensionally visualized by image processing 

software (Avizo, Thermo Fisher Scientific, Inc., USA). The total conductivity was 

measured by the direct current two-probe method at room temperature. A 

schematic of the experimental set-up for the oxygen permeation test has been 

described in Chapter 2. The sealing of the 15-mm-diameter membrane disk and 

the aluminum tube was performed using a silver ring at 900 ºC. Air was flowed on 

the feed side at the rate of 250 ml/min. On the permeation side, Ar sweep gas was 

flowed at the rate of 250 ml/min, and the amount of oxygen in the permeate gas 

was monitored by an oxygen galvanic analyzer (MC-8G-L, Iijima Electronics 

Corporation, Japan). This experimental setup was operated at temperatures 

between 500 to 900 ºC. A gas chromatograph (GC-8A, Shimadzu Corporation, 

Japan) was used to monitor the air leak behavior. 

 

3. Results and discussion 

3.1 Membrane characterization 

  During conventional pressureless sintering, densification of the YSZ 

requires temperatures in excess of 1500 ºC, which is higher than the melting point 
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of SS. However, by using SPS, the YSZ-SS dual-phase membrane was densified to 

a relative density of 98% at the temperature of 1200 ºC, resulting in a gas-tight 

YSZ-SS two-phase film with a diameter of 15 mm and a thickness of 0.5 mm. A 

membrane was successfully fabricated. Figure 4-3 shows the XRD patterns of the 

YSZ-SS membranes sintered by SPS. No phases other than YSZ and SS were 

identified at the sintering temperatures up to 1200 ºC regardless of the SS content, 

indicating that no reaction occurred between them. 

 

 

Fig. 4-3 XRD patterns of the YSZ-SS membranes sintered by SPS. (a) 15-55% SS 

content, 1200 ºC sintering temperature; (b) 45% SS content, 1000-1200 ºC 

sintering. 
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  The microstructures of the YSZ-SS dual-phase membrane prepared with 

varying amounts of SS are shown in Figure 4-4. The surface images of the 

membranes sintered by SPS showed that SS was tightly attached to the YSZ, which 

confirms the gas-tight structure. Increasing the SS content enhanced the triple 

phase boundary point which is the ion exchange site and raised the surrounding 

temperature inside the die. With an increase in the SS contents to 45 vol%, YSZ 

achieved a full densification. However, when the SS was increased to 55 vol%, 

there was an outflow of molten SS. Therefore, it was determined that the 45 vol% 

SS addition amount is suitable for forming a dual-phase membrane with a 

percolation structure under the conditions of this experiment. The EDS mappings 

of the backscattered electron (BSE) images of the membrane surfaces in Figure 

4-5 indicated that the YSZ and SS are homogeneously distributed. 
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Fig. 4-4 Surface and cross-section images of the microstructures of the YSZ-SS 

dual-phase membranes with various additions of SS by SPS and conventional 

sintering (CS) at 1200 ºC for comparison. 
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Fig. 4-5 Back scattered electron image of the YSZ-SS45vol% dual-phase 

membrane: (a) Surface (b-d) EDS element mapping images. 

 

  The percolation structures in both the YSZ and SS phases are necessary 

to achieve oxygen and electron transportation pathways through the dual-phase 

membrane. Figure 4-6 shows the internal structure images of the YSZ-SS45vol% 

dual-phase membrane observed by X-ray CT. The YSZ and SS phases are shown 

as the white and black parts, respectively. The 3D images of the YSZ and SS phases 

suggested that both phases have percolation structures. The volume ratio of YSZ 

and SS calculated from the 3D image was 55:45, which is in good agreement with 

the actual ratio.  
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Fig. 4-6 X-ray CT image of YSZ-SS45vol% dual-phase membrane. The white and 

black regions indicate the YSZ and SS phases, respectively. 

 

The total conductivity of the YSZ-SS dual-phase membrane with different 

amounts of SS measured in air at room temperature is shown in Figure 4-7. 

Typically, the electric conductivity of the electronic conducting phase (SS) is 

much higher than that of the oxide-ionic conducting phase (YSZ). As a result, the 

total conductivity of a dual-phase membrane was dominated by the electronic 

conducting SS part. Enhancing the SS contents tends to increase the total 

conductivity of the dual-phase membrane. The YSZ-SS45vol% dual-phase 

membrane showed a high conductivity of 7.93 S/cm2, indicating that the 
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electronic conduction path of the SS phase was achieved. However, increasing the 

SS content to 55 vol% significantly decreased the electronic conductivity to 0.0143 

S/cm2. This is probably because the percolation structure of the SS phase was 

destroyed due to the melting of the SS as will be described later. 

 

 

Fig. 4-7 Total electric conductivity of the YSZ-SS45vol% dual-phase membrane. 
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3.2 Oxygen separation performance of the YSZ-SS dual-phase membrane 

  Figure 4-8 shows the oxygen permittivity of the YSZ-SS dual-phase 

membrane with the different SS contents from 15 to 45 vol% as a function of the 

temperature. As show in the graph, increasing the contained SS phase improved 

the oxygen permeation of the composite membrane due to increasing the triple 

phase boundaries on the membrane surface which act as the sites for oxygen 

exchange. However, when SS was added up to 55 vol%, the membrane almost lost 

its ability to permeate oxygen. This is probably due to the sudden rise in the 

amount of current flowing through the SS part during the SPS process. This led 

to an abnormal rise in temperature, which caused molten SS to flow out of the 

graphite die and be lost. Also, molten SS may have interfered with the formation 

of the percolation structures in the YSZ, the oxide ion conducting phase. The 

highest oxygen permeation flux (jO2) of 0.83 ml(STP)/min·cm2 was obtained at 

900 ºC for the YSZ-SS45vol% self-standing dual-phase membrane without 

surface modification. For the silver paste coating on both sides of the membrane 

surfaces, a YSZ-SS45vol% dual-phase membrane was selected. The improvement 

of the oxygen permeation flux (jO2) of 1.38 ml(STP)/min·cm2 was achieved at 900 

ºC.  
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Fig. 4-8. Oxygen separation performance of the YSZ-SS dual-phase membrane. 

 

Figure 4-9 shows the XRD patterns of the YSZ-SS dual-phase membrane 

before and after the permeation measurement. The composition of both the feed 

and permeate sides remained unchanged during the measurement. The secondary 

phase and metal oxide phase did not appear after the permeation test.  
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Fig. 4-9. XRD patterns of the YSZ-SS membrane before and after the oxygen 

separation performance test. 

 

Based on the performance of the zirconia-based dual-phase membranes, 

Zr0.79Sc0.2Ce0.01O2-δ-La0.7Sr0.3MnO3-δ, 10Sc1YSZ-MnCo2O4 and 10Sc1YSZ-

LaCr0.85Cu0.10Ni0.05O3-δ (LCCN) composites have realized the high oxygen 

permeation rates of 1.65, 1.05 and 1.02 ml(STP)/min·cm2, respectively [15]. All 

these membranes have either a porous support layer or a catalyst coating layer. 

Different membrane thicknesses, measurement equipment, and surface 

treatments also change their properties. Therefore, the properties of our YSZ-SS 
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free-standing membranes cannot be simply compared to them. Further 

performance improvement of the YSZ-SS membrane would be expected by a post-

surface treatment such as the formation of porous layers. 

 

4. Conclusions 

Gas-tight YSZ-SS dual-phase membranes were successfully fabricated by 

a spark plasma sintering process. A high-volume percentage of SS addition 

affected the oxygen permeation flux of the membrane by enhancing the oxygen 

exchange rate. The YSZ-SS45vol% dual-phase membrane demonstrated a good 

percolation structure with the high oxygen permeation flux of 0.83 

ml(STP)/min·cm² at 900 C. A coating of silver paste significantly enhanced the 

oxygen permeability of the dual-phase membrane which exhibited the highest 

oxygen permeation flux of 1.38 ml(STP)/min·cm² at 900 ºC. 
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Chapter 5│Formation of porous MIEC layer on dense dual-phase 

oxygen separation membranes 

 

Preface 

In the previous chapter, a YSZ-SS45vol% dual-phase membrane with a 

good percolation structure was successfully fabricated resulting in a high oxygen 

permeation flux. In this chapter, a method to further enhance the oxygen 

separation performance of the 8YSZ-45% SS dual-phase membrane was 

investigated. To increase the oxygen flux by increasing the oxygen exchange rate, 

the formation of porous layers of the mixed oxide ionic electronic conductor 

(MIEC) was applied to both sides of the YSZ-SS dual-phase membrane surface. 

In order to prevent the reaction between the two phases, a thin buffer layer was 

created prior to the MIEC coating. The MIEC layer was deposited using 

electrophoretic deposition (EPD). In this study, an attempt was made to produce 

a membrane with a five-layer sandwich structure as a prototype for the fabrication 

process of a multilayered membrane. 
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1. Introduction 

The current challenge of the dual-phase membrane for oxygen separation 

application is to increase the oxygen permeability. The surface exchange reaction 

involving the adsorption/dissociation and association/desorption mechanisms of 

oxygen and oxide ions on both sides of the membrane is also an important factor 

for improving the oxygen separation efficiency [1-3]. The limitation of the surface 

exchange can be overcome by increasing the membrane surface area or by coating 

the membrane surface with a porous layer with superior oxygen and electron 

exchange properties [4]. Mixed ionic–electronic conductors (MIEC) are the most 

popular material for the oxygen separation membrane. In the MIEC membrane, 

both oxide ions and electrons transport through the material which can be a single-

phase membrane [5, 6]. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is one of the most 

promising mixed ionic-electronic conductors [7-9]. However, BSCF has a poor 

chemical stability with YSZ during the fabrication and operation process [10, 11] . 

Direct formation of a porous BSCF layer on a YSZ-SS dual-phase membrane may 

generate a highly resistant secondary phase at the interface between them during 

the heat treatment process for bonding. Therefore, BSCF cannot be directly 

applied to the YSZ. Gadolinium-doped ceria (GDC) is known to be chemically 
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compatible with BSCF, which has an oxide ion conductivity significantly higher 

than that of YSZ [12-15], particularly at lower temperatures (500–700 ºC). In 

addition, the reduction of Ce4+ results in the simultaneous formation of oxide ion 

vacancies and Ce3+ in the reducing atmosphere causing the development of an 

electronic conductivity and thus being a mixed conductor [16, 17]. The inserting 

of GDC on YSZ as a buffer layer to prevent interaction between the BSCF and 

YSZ has attracted attention. This research aims to improve the oxygen separation 

performance of the YSZ-SS dual-phase membrane by coating BSCF on both sides 

of the membrane surface to increase the oxygen exchange activity on the 

membrane surface. Electrophoretic deposition (EPD) is a coating technique that 

uses the electrochemical effect of an electric current to deposit charged particles 

on a conductive substrate in a solvent. In this study, EPD was selected to deposit 

BSCF onto the multilayered membrane. 
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2. Experimental methods 

In Figure 5-1, Process (1) shows a schematic illustration of the 

preparation of the dense layer. Commercially-available 8 mol% yttria-doped 

zirconia (TZ-8YS ( = 5.9 g/cm3, D50: 0.6 μm), Tosoh Corporation, Japan), 

gadolinium-doped ceria (CGO10, grade UHSA, Solvay Special Chem Japan)), 

and 316L stainless steel (( = 8.0 g/cm3, -100 mesh) Nilaco Co., Tokyo, Japan) 

powders were used as the raw materials. The 316L stainless steel powder was 

combined with the oxide ion conductor powder (YSZ and GDC) in a mortar at 

the ratio of 45 vol%. The powder mixture was then placed in a graphite mold with 

the internal diameter of 15 mm, layer by layer (GDC-SS/YSZ-SS/GDC-SS) and 

sintered by the SPS process in a vacuum atmosphere at 1200 ºC and the applied 

pressure of 80 MPa for 10 minutes. In Figure 5-1, Process (2) shows the 

preparation of the EPD suspension. The most important factor for an efficient 

deposit is a high zeta potential of the particles, which determines the direction and 

mobility of the particles and provides repulsion forces to stabilize the suspension 

by an electrostatic repulsion mechanism. Therefore, the zeta potential of the 

suspension measured by laser doppler velocimetry (Zetasizer Nano-ZS, Malvern 

Panalytical Ltd., UK) was used to evaluate the stability of the BSCF suspension. 
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Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) was dispersed in reagent-grade ethanol after being 

prepared by the citrate precursor method with a D50 particle size of 0.55 m 

(Kusaka Rare Metal Products Co., Ltd., Japan). 1 M acetic acid or sodium 

hydroxide was used to adjust the pH of the suspension. The actual pH 

measurement of a nonaqueous solvent using a calibrated meter differs from the 

pH of aqueous solvents as shown in the following equation. 

pH − p𝑎𝐻 =
∆𝐸𝑗

(
RT ln 10

𝐹
)
 or pH − p𝑎𝐻 =

∆𝐸𝑗

0.05916
 (at 25 ºC)       (5-1) 

where paH (=logaH) is the negative logarithm of the proton activity in a 

nonaqueous solvent and ∆Ej is the residual liquid junction potential encountered 

during the calibration and testing phase of a standard pH meter. (∆𝐸𝑗/0.05916) 

=1.23 was calculated for an ethanol suspension [18]. Thus, in this research study, 

the operational pH was utilized. The zeta potential of the BSCF suspension as a 

function of pH is illustrated in Figure 5-2. The maximum zeta potential of BSCF 

is +36 mV at pH 7, indicating the suspension is stable at this pH. 
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Fig.5-1 Schematic showing the preparation process of multilayered dual-phase 

membranes. 

 

Fig. 5-2  Zeta potential of BSCF in ethanol as a function of the operational pH. 
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After measuring the zeta potential, 10 g of BSCF powder was mixed with 

100 ml of ethanol to make a suspension. The pH was then adjusted to 7. The 

electrode distance was fixed at 10 mm. To determine the optimal EPD conditions, 

the applied voltage was varied at 25, 50, 100 and 150 V with a variation in the 

deposition time of 5, 10 and 15 minutes. After the EPD process, the coated 

membrane was dried, then fired at 800 ºC for 3 hours in an Ar atmosphere. X-ray 

diffraction (XRD, Miniflex 600, Rigaku Corporation, Japan) was used to 

characterize the stability of each layer following the sintering process. The 

microstructure of the multilayered membranes was observed using a scanning 

electron microscope (SEM, JSM-5600LV, JEOL Ltd., Japan). 

 

3. Results and Discussion 

Electrophoretic deposition of the BSCF particles was successfully 

performed, and a five-layer sandwich structure membrane with a thickness of 0.5 

mm was successfully fabricated. Figure 5-3 shows the surface image of the BSCF 

deposits on a multilayer dual-phase membrane by EPD. It was found that uniform 

BSCF coatings were made with higher voltages. In terms of the deposit time, 

BSCF was unable to be coated on the entire surface of the membrane if the deposit 
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time was less than it should have been. Nevertheless, increasing the deposition 

time to 15 minutes produces a nonuniform coating on the membrane surface. 

Based on the result, the voltage and deposition time of 150 V and 10 minutes 

produced the most uniform coating. 

 

 

Fig. 5-3 The deposit BSCF with variation of the EPD voltage and deposition time. 

 

Figure 5-4 shows the microstructures of the BSCF porous layers of both 

the YSZ-GDC-BSCF and YSZ-BSCF multilayered membranes after cofiring at 

800 ºC. The BSCF porous layer was well-bonded to the membrane. The thickness 

of the BSCF coatings that were deposited on the membrane was approximately 20 

µm. 
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Fig. 5-4 Cross section and surface images of the microstructures of the 

multilayered membrane. 

 

Figure 5-5 shows the cross-sectional microstructure of the multilayered 

membrane of the GDC-SS/YSZ-SS/GDC-SS dense layer with BSCF porous 

layers on both sides of the membrane surface. To compare the reactivity of each 

layer, a similar membrane was created by sandwiching the YSZ-SS dense layer 

compact between two BSCF porous layers. Good adhesion between the layers was 

achieved. Since there are no voids at the bonding interface between the GDC-SS 

and YSZ-SS layers, gas leakage will probably not occur during the process of air 

separation. 
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Fig. 5-5 Cross section images of the microstructures of multilayered membrane. 

 

An X-ray diffraction analysis was performed on the raw powder mixtures 

after heat treatment to evaluate the presence or absence of the secondary phase 

formation at the interfaces of GDC-SS/YSZ-SS, YSZ-SS/BSCF, and GDC-

SS/BSCF. The results are shown in Fig. 5-6. Figure 5-6(a) suggested that there is 

no reaction taking place between the GDC and the YSZ phases. In Figure 5-6 (b), 

the formation of perovskite zirconate was confirmed for the YSZ-SS/BSCF 

mixture. The occurrence of the secondary phase may restrict the membrane's 

oxygen diffusion performance. Figure 5-6(c) demonstrates that the reaction 

between BSCF and GDC did not occur, indicating that the insertion of the GDC 

layer has a high chemical compatibility with both YSZ and BSCF, allowing it to 
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serve as a buffer layer to prevent any reaction between YSZ and BSCF. 

 

 

Fig. 5-6 XRD patterns of each layer of the multilayered membranes (a) GDC-

SS/YSZ-SS, (b) YSZ-SS/BSCF and (c) GDC-SS/BSCF interface. 
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4. Conclusions 

In this research study, a GDC-SS/YSZ-SS/GDC-SS dense multilayer 

membrane was fabricated using SPS. It was clarified that the two layers are firmly 

attached. The EPD process was applied to deposit a BSCF layer on the 

multilayered composite membrane. Since the substrate was a dual-phase 

membrane composed of a high electronic conducting phase (SS) and a low or non-

electronic conducting phase (YSZ and GDC), the coating process was adjusted by 

varying the voltage and deposition time. The homogeneous coating was achieved 

with an applied voltage of 150 V for 10 minutes. In addition, it has been confirmed 

that the GDC buffur layer can inhibit the formation of zirconate, a byproduct of 

the BSCF and YSZ reactions. As a result, a five-layer composite membrane was 

successfully fabricated. Although it was not possible to investigate the oxygen 

separation characteristics of this multilayered membrane, this structure would 

further improve the oxygen separation performance. 
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Chapter 6 Summary 

Oxygen separation membranes are expected to be used for small-scale 

oxygen production. However, the oxygen separation properties have not yet 

reached the level of practical use. A mixed ionic electronic conductor (MIEC) 

membrane is the most widely used membrane for oxygen separation. The oxygen 

partial pressure difference across the membrane acts as the driving force that 

selectively separates high-purity oxygen through this single-phase membrane. 

However, the main challenge with the MIEC is that it has a restricted oxide 

diffusion rate. Dual-phase membranes are attracting attention to improving the 

oxygen separation performance. The dual-phase membrane has an advantage over 

a single-phase membrane in that it separates both the oxide ion conductor and the 

electronic conductor, so it is possible to overcome the limitation of the MIEC 

through the selection of the appropriate materials. In this thesis, an attempt was 

made to fabricate a dual-phase membrane with a percolation structure. The spark 

plasma sintering (SPS) technique, which is a high pulse direct current and 

pressure-assisted sintering method, was utilized to sinter the dual-phase 

membrane. This thesis explored various materials and fabrication processes as 

well as the possibility of enhancing the membrane's performance through surface 
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modification. To achieve a high oxygen permeability, the microstructure, phase 

stability, and chemical compatibility of a sintered dual-phase membrane were all 

discussed. Each chapter's contents are as follows: 

 

Chapter 1 

The background and essential information for understanding the basics of oxygen 

separation membranes are explained, and the current status of this research field 

is described. 

 

Chapter 2 

A new facile fabrication method for a dual-phase oxygen separation membrane 

has been presented. This method allows us to form a co-continuous 

microstructure of the two phases, realizing the ideal structure of a dual-phase 

membrane with highly-efficient conducting paths for both carriers. A slurry of 

oxide ion-conducting materials (8 mol% yttria-stabilized zirconia, 8YSZ) was 

filled in the void of a porous body of electron-conducting materials (carbon felt) 

by a vacuum infiltration process. The spark plasma sintering (SPS) process was 

adopted as a sintering method. As a result, the YSZ-based dual-phase membrane 
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with gas-tight and continuous structures, high chemical compatibility, and good 

phase stability was successfully fabricated. YSZ-carbon felt felt that is a dual-phase 

membrane has the ability to separate the oxygen at 550 ºC,  suggesting that this 

new processing route can be used to fabricate oxygen separation membranes. 

 

Chapter 3 

Several electronic conducting phases were investigated to determine suitable 

materials to be used with 8YSZ for an oxygen separation application. 8YSZ was 

filled into the voids of the metal foam by a vacuum filtration process. For metals 

with a low oxidation resistance, a platinum coating was applied to the foam before 

the 8YSZ filling process and applied to the sample surface after SPS sintering. 

Among the metal phases used, 316L stainless steel (SS) showed a good oxidation 

resistance and non-reactivity with YSZ. The presence of the platinum coating 

prevented the oxidation of the metal phase during oxygen separation 

characterization and promoted gas exchange reactions at the membrane surface. 
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Chapter 4 

An 8YSZ-316L SS dual-phase membrane was fabricated with a variation in the 

stainless-steel powder contents. The SS content was varied from 15 vol% to 55 

vol% to achieve a percolation structure for obtaining the oxygen transport activity. 

The surface modification was done by applying silver paste to both sides of the 

membrane surface. A free-standing dense 8YSZ-SS dual-phase membrane with a 

thickness of 0.5 mm was successfully fabricated by SPS. The 8YSZ-SS45vol% 

dual-phase membrane achieved a good percolation structure in the 8YSZ and SS 

phases. With a silver coating, the oxygen permeability of the dual-phase 

membrane was successfully improved. 

 

Chapter 5 

Further improvement of the oxygen separation performance of the 8YSZ-45vol% 

SS dual-phase membrane was studied. To improve the oxygen flux by increasing 

the oxygen exchange rate, both sides of the YSZ-SS two-phase membrane surface 

were coated with Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), an excellent mixed oxide ionic 

electronic conductor (MIEC).To prevent any reaction between YSZ and BSCF, a 

thin GDC-SS buffer layer was fabricated on both sides of the YSZ-SS dual-phase 
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membrane before coating of the BSCF. In this study, electrophoretic deposition 

(EPD) was selected as a method to deposit BSCF on the multilayered membrane 

surface. The membrane with a five-layer sandwich structure was achieved. 
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