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Chapter 1 │ Introduction  

1.1.  Global environment and energy issues 

 

Since the industrial revolution at the beginning of the 19th century, global industrial 

activity has continued to increase, and energy consumption has been increasing year by 

year [1–9]. As shown in Fig1-1-1 (a), the demand for electricity and energy is expected to 

increase further in the future due to rapid economic growth and population growth in 

emerging countries. Until now, human beings have mainly used fossil fuels such as coal, 

oil, and natural gas as energy sources. Accordingly, the emission of air pollutants, such 

as nitrogen oxides, sulfur oxides, and carbon dioxide, has become a serious social issue. 

NOx and SOx are causative agents of acid rain, which acidify rivers and soils, adversely 

affect ecosystems and degrade buildings and structures [10–14]. In addition, CO2 is 

called a greenhouse gas and has a great impact on climate change on a global scale [14–

19]. Continuing reliance on fossil fuels is likely to lead to greater pollution and climate 

change in the future. 

At the 3rd Session of the Conference of the Parties to the United Nations Framework 

Convention on Climate Change (COP3) in 1997, the world's first international target for 

greenhouse gas reduction (Kyoto Protocol) was adopted. At COP21 in 2015, the Paris 

Agreement was adopted, and the greenhouse gas emission reduction target was 

expanded to include not only developed countries but also emerging countries [20–27]. 

These environmental issues are spreading globally toward the realization of a carbon-

recycling society. Additionally, changes in fossil fuel prices due to fossil fuel depletion 

and political factors, such as a oil crisis are also important issues, therefore methods 

which enable the stable supply of energy are being sought. 
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In order to solve these problems, attempts have been made to reduce fuel consumption 

and save energy by improving the efficiency of conventional power generation methods, 

such as thermal power generation. As an alternative energy source, the introduction of 

solar, geothermal and wind power generation methods using renewable energy that is 

clean and has little impact on the environment is being promoted. In addition, hydrogen 

produces only water even when it burns, so in recent years, efforts have been actively 

made to establish a hydrogen energy-based society. Fuel cells, which are power 

generation devices using hydrogen, have been put into practical use in homes, in-vehicle 

use, and emergency use, and are being installed in large power generation facilities. 

Research is ongoing, not just in the power generation, but also in the development of 

power storage devices such as Li-ion batteries. In recent years, the concept of a “Smart 

Grid” that comprehensively manages all these power generation and storage methods by 

using information technology has been proposed [28–32]. In order to achieve a high 

efficiency of energy resources, technological development has been actively conducted in 

various fields as already described. 

As shown in Fig1-1-1 (b), thermal power generation (e.g., using coal, natural gas, oil) 

currently accounts to 60% of the world's power generation, and is the most widely used 

power generation method. The improving efficiency of thermal power generation greatly 

contributes to the reduction of NOx, SOx, and greenhouse gas emissions. In recent years, 

thermal power generation has shifted from use of a simple steam turbine to an 

Integrated Coal Gasification Combined Cycle (IGCC) that uses a steam turbine and a 

gas turbine, resulting in large gains in efficiency [33–41]. The integrated Coal 

Gasification Fuel Cell Combined Cycle (IGFC), which incorporates fuel cells into IGCC 

facilities, is also in the demonstration stage [42–45]. Particularly, in recent years, oxyfuel 
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combustion technology using pure oxygen or oxygen-enriched gas as a combustion-

supporting gas instead of air has also attracted attention to further improve power 

generation efficiency and environmental performance [46–50]. In the general air 

combustion method, oxygen (approximately 21% of the atmosphere) contributes to 

combustion, but the remaining nitrogen does not. Therefore, when pure oxygen is used, 

the combustion efficiency can be improved, the amount of exhaust gas can be reduced, 

and nitrogen oxides can be reduced, which enables Carbon dioxide Capture and Storage 

(CCS). CCS is a technology for underground storage of exhausted high-purity carbon 

dioxide because the gas discharged by the pure oxygen combustion method is only carbon 

dioxide and water vapor.  

In recent years, there has been a strong demand for the development of oxyfuel 

combustion technology to realize the CCS [51]. In particular, technologies for producing 

high-purity oxygen and separating and storing carbon dioxide in an exhaust gas are 

being developed. Industrially, pure oxygen has been produced by cryogenic air separation 

units (ASU). This method requires a large amount of energy in the process of creating a 

high pressure and extremely low temperature. For this reason, alternative oxygen 

separation methods are attracting attention as they can significantly reduce the amount 

of energy used than the current ASU technology and can effectively use the exhaust heat 

from the facility [52–60]. 
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Fig. 1-1-1 World gross electricity production, by source, 2017 (a) and 2000-2040 (b) [2] 

 

1.2.  Industrial gases use 

 

Many types of atmospheric gases and source gases have been used in various 

industrial fields such as steel, chemical, glass, electronics, shipbuilding, automobiles, 

pulp, energy, food, aviation and space, agriculture and biotechnology, and medicine [61–

63]. Typical industrial gases are classified by application as shown in Table 1-2-1. In 

addition to these gases listed in Table 1-2-1, the following gases are likewise used only 

in their respective specific fields. 

(1) Industrial single gas: Oxygen (O2), Nitrogen (N2), Argon (Ar), Neon (Ne), Krypton 

(Kr), Xeon (Xe), Helium (He), Carbon dioxide (CO2), Hydrogen (H2), Acetylene (C2H2), 

Liquefied Petroleum (LP) Gas 

(2) Industrial gas mixture: Shielding gas for welding, Laser oscillation gas 

(3) Special gas for semiconductors (high-purity gas): O2, N2, Ar, Monosilane (SiH4), 

Arsine (AsH3), Phosphine (PH3), Diborane (B2H6), Monogerman (GeH4), etc. 

(4) Medical gas: O2, Synthetic air, Nitrous oxide (N2O) 
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Table 1-2-1 Industrial gas application [64] 

 

 

Among these, oxygen, nitrogen, and argon are manufactured by separation from air. The 

characteristics of each gas are shown below. 

 

(1) Oxygen 

Oxygen is extremely chemically active; it has a strong ability to oxidize other things 

(combustion-supporting property) and combines with many elements. When pure oxygen 

is used instead of air, high-temperature combustion is possible, so it is widely used for 

combustion-related applications. Oxygen is an indispensable gas for removing impurities 

such as desulfurization and dephosphorization in the steel industry, and for plasma and 

laser cutting in metal processing. A large amount of oxygen is used for glass melting and 

pulp bleaching. Oxygen is an important gas even in the medical field. In recent years, 

due to the population aging in Japan, home medical care has been popularized, and pure 

oxygen has been used for home oxygen therapy. In addition, ozone produced from oxygen 

has effects such as sterilization, deodorization, bleaching and purification. 

Industry Oxygen (O2) Nitrogen (N2) Argon (Ar) Herium (He) Carbon deoxide (CO2) Hydrogen (H2)

Steel / Nonferrous ◎ 〇 ◎ - 〇 〇

Machine / Metal processing ◎ ◎ ◎ 〇 ◎ ◎

Automobile / Ship ◎ 〇 ◎ - ◎ -

Civil engineering / Construction 〇 〇 〇 - 〇 -

Chemical / Medicine ◎ ◎ 〇 〇 〇 ◎

Nuclear - 〇 〇 〇 - -

Superconductivity - 〇 - ◎ - -

Aerospace 〇 〇 - 〇 - 〇

Marine 〇 〇 - 〇 - -

Glass / Ceramic ◎ 〇 - ◎ - ◎

Pulp ◎ 〇 - - - -

Electronics 〇 ◎ 〇 〇 - 〇

Food ◎ - - ◎ -

Medical ◎ 〇 - ◎ 〇 -

Agriculture / Bio 〇 - - 〇 -

Environment 〇 〇 - - 〇 -
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(2) Nitrogen 

Nitrogen gas is the most used industrial gas. It is an inert gas, widely used for 

controlling the heat treatment and sintering of semiconductors and metal compounds, 

for purging and preventing oxidation in the petroleum field, and as a purge and carrier 

gas in the semiconductor field. Nitrogen is also inert in liquids, and is used for the freeze 

processing of foods and freeze preservation of special substances. 

 

(3) Argon 

Argon is very chemically inert and does not combine with other elements even at high 

temperatures and pressures. It is used as an atmosphere gas during stainless steel 

refining and silicon single crystal production, and as a seal gas during welding.  

 

1.3.  Air separation gas 

 

Industrial gases are widely used for raw materials and atmosphere control. In 

particular, nitrogen, oxygen and argon, produced by separating air, are called air 

separation gases [65–69]. They account for the top three gas productions in the world. 

As shown in Figures 1-3-1 and 1-3-2, the production volume is increasing year by year 

in Japan, contributing significantly to worldwide production. The production volume of 

these gases will continue to increase in the future as industrial activities become more 

active. Efficient separation and production methods for these gases are roughly divided 

into three processes: cryogenic separation, pressure swing adsorption, and membrane 

separation. The principle of the separation method is described below. 
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Fig.1-3-1 Production of air separation gas in Japan [70] 

 

 

Fig. 1-3-2 Production of oxygen by major region in 2018 [71] 
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1.4. Manufacturing technology of air separation gas [72–77] 

1.4.1. Cryogenic separation 

 

Cryogenic separation is a technology in which air is compressed, purified, cooled, and 

liquefied, then nitrogen, oxygen, and argon are separated from the liquefied air using 

the difference in boiling points. In this method, each component can be separated and 

concentrated by continuously distilling the liquefied air under the gas-liquid equilibrium 

condition of the gas composition ratio of the liquefied air containing a plurality of 

components. 

In a general cryogenic air separation device, air can be divided into nitrogen, oxygen 

and other gases; therefore, nitrogen and oxygen can be simultaneously produced. By 

adding a distillation apparatus for separating argon to this, oxygen, nitrogen and argon 

can be simultaneously produced. There are four types of cryogenic air separation devices; 

i.e., oxygen production device, nitrogen production device, the device that simultaneously 

produces oxygen and nitrogen, and the device that simultaneously produces oxygen, 

nitrogen, and argon, with the latter called an air separation unit (ASU).  

 

1.4.2. Pressure swing adsorption 

 

A system in which adsorption separation is repeated is called a pressure swing 

adsorption (PSA) method. In the adsorption separation method, the adsorbent is reused 

by driving out adsorbed gas molecules. If the adsorption is performed at high pressure 

and the desorption is performed at low pressure, the adsorbent can be repeatedly used. 

In the PSA method, a specific gas is concentrated by repeated adsorption and desorption 
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using the difference in the adsorption rate, not the difference in the equilibrium 

adsorption amount of each gas component. 

 

1.4.3. Membrane separation 

 

Membrane separation is a method capable of concentrating a single component gas 

by using the difference in the partial pressure between the gas components on the 

upstream side and downstream side across a separation membrane and the difference in 

the membrane permeation speed of each component. Membrane separation is 

characterized by a low energy consumption because it can continuously separate gases 

and has a relatively high separation performance. The efficiency of this method depends 

on the gas partial pressure difference, and when the upstream partial pressure 

approaches the downstream partial pressure, further separation is impossible. Therefore, 

there are limitations on the yield and product purity. While gas produced by the 

cryogenic separation method is a high-pressure gas, and its handling is subject to legal 

regulations in Japan, the gas produced by the membrane separation method is not 

regulated because it is not a high-pressure gas. In addition, the membrane separation 

method requires a simpler apparatus than the PSA method, and gas separation can be 

easily performed.  

Gas separation by a membrane is classified into two methods; i.e., using a porous 

membrane and using a nonporous membrane. In the case of a porous membrane, gas 

molecules are physically separated by Knudsen diffusion and the molecular sieving 

mechanisms by using a microporous material having a pore diameter similar to the size 

of gas molecules as shown in Table1-4-1. On the other hand, in the case of a nonporous 
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membrane, specific gas molecules are separated by a dissolution-diffusion mechanism. 

This gas separation characteristic is based not on the size of the gas molecule but on the 

difference between the affinity between the gas molecule and the membrane surface and 

the difference in the permeation rate of the gas molecule in the membrane.  

The membrane separation materials in practical use are shown in Table 1-4-2. Many 

of the gas separation membrane materials that have been practically used are polymer 

materials. In particular, a hollow fiber-structured polymer membrane is used for air 

separation. In the case of the hollow fiber membrane, untreated air is circulated inside 

the hollow fiber. Moisture, carbon dioxide, and oxygen are permeated out of the 

membrane and discharged through the membrane, so that nitrogen is concentrated 

toward the outlet side. Gas separation by a hollow fiber membrane is not 100% gas 

selective and the method is difficult to separate argon, methane, carbon monoxide, etc., 

so it is used for the production of relatively low purity nitrogen (95-99.9%). Therefore, an 

air separation membrane having a high selectivity and high separation efficiency is 

required. In addition, the development of inorganic gas separation membranes for 

chemical manufacturing processes using zeolite, silica, and carbon with an excellent heat 

resistance and chemical resistance has been actively conducted. 
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Table1-4-1 Types of membrane separation and separation range 

 

 

 

Table1-4-2  Examples of practical use of gas separation membranes [78] 

 

 

 

 

Application Materials
Membrane

structure

Separation

layer
Mechanism

Inorganic gas separation

H2, He, O2, N2, CO2 etc.

Polyimide, cellulose acetate,

Polysulfone, polyamide,

polyetherimide, etc.

Hollow fiber Non-porous Solution-diffusion

High purity H2 production Palladium metal
Thick film,

composite
Non-porous Solution-diffusion

Dehumidification
Polyimide, cellulose acetate,

Fluorine resin, etc.
Hollow fiber Non-porous Solution-diffusion

Volatile organic substances Silicon rubber Composite Non-porous Solution-diffusion

H2 separation from

Hydrocarbon, H2S, H2

Carbon Composite Microporous Selective surface flow

 Separation of

hydrocarbon, inorganic gas etc.
Carbon Hollow fiber Microporous Molecular-sieving

Concentration of uranium Porous alumina Tubular Porous Molecular flow
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1.4.4. Comparison of manufacturing technology 

 

The characteristics of each separation method are shown in Table 1-4-3. As already 

described, the cryogenic separation method can simultaneously produce high-purity 

oxygen, nitrogen, and argon from the atmosphere, and can produce a liquefied gas. The 

cryogenic separation method requires enormous energy for gas liquefaction and 

distillation of the liquefied mixed gas. The PSA method and the membrane separation 

method can separate only one specific component from the atmosphere, but the scale of 

the equipment is small compared to the cryogenic separation method. Similarly, the PSA 

method requires high energy because the gas is adsorbed and desorbed by the pressure 

change and thermal energy. On the other hand, the membrane separation method is a 

low energy gas separation technique in which gas separation is performed at a relatively 

low pressure, but the purity of the produced gas is relatively low. Membrane separation 

technology has been commercialized for nitrogen gas, but not yet commercialized for 

oxygen. As shown in Fig. 1-4-1, the membrane separation technology is still developing 

compared to the other methods. 
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Table 1-4-3 Industrial air separation method [79,80] 

 

 

 

Fig1-4-1. Technologies and use maturities of separation techniques [81] 

 

Product Oxygen Nitrogen Argon Purity Scale
Energy

intensity

Technical

status

〇

〇

〇 〇

〇 〇 〇

〇

〇

〇

〇

Cryogenic separation

(Air separation unit : ASU)

Pressure swing adsorption

(PSA)

Membrane separation Small

Medium

Large

High

>99.8% O2

>99.999% N2

Medium

90-93% O2

99-99.99% N2

Low

95-99% N2

High

Medium

Small

Established

Established

Emerging
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1.5. Oxygen separation membrane using Mixed Oxide Ionic-Electronic Conductor 

(MIEC) 

1.5.1. Principle and features of MIEC-based oxygen separation membrane 

 

An oxygen separation membrane using MIECs having both oxide ion conduction and 

electron conduction is an electrochemical device that can selectively separate only 

oxygen [82–88]. The operation principle of the MIEC oxygen separation membrane is 

shown in Fig. 1-5-1. The operating principle is as follows: when an oxygen partial 

pressure difference is applied to both sides of a dense MIEC film, a chemical potential 

gradient of oxygen would be formed across the membrane. On the surface of the 

membrane on the high oxygen partial pressure side, oxygen gas adsorbs and dissociates 

to generate oxide ions. The generated oxide ions diffuse in the lattice of the membrane 

driven by a concentration gradient. As a result, oxide ions re-associate into oxygen gas 

on the film surface on the low oxygen partial pressure side. Finally, to maintain the 

overall charge neutrality in the membrane, electrons separated from the oxide ions 

diffuse in the opposite direction of the oxide ions. The electrons returning to the high 

oxygen partial pressure side contribute again to the oxygen dissociation reaction. 
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Fig. 1-5-1 Oxygen separation mechanism of dense MIEC membrane 

 

The requirements for the operation of the oxygen separation membrane are as follows: 

a temperature of 600-1000°C at which oxide ions can sufficiently move, a dense, gas-

tight membrane structure, and a sufficient high oxygen partial pressure difference. This 

membrane does not require an external circuit like a zirconia oxygen pump as shown in 

Fig. 1-5-2. It is a simple mechanism and the device can be scaled down. Theoretically, 

oxygen with 100% purity can be obtained with a single film. Such an oxygen separation 

membrane is expected to be applied to a high-temperature gasification melting furnace, 

an iron manufacturing process, an oxygen-enriched incinerator, etc. By supplying 

separated pure oxygen to these furnaces, it is possible to improve the combustion 

efficiency, reduce NOx emissions, and increase the purity of the emitted carbon dioxide 

for CCS technology. At this time, the heat energy necessary for the operation of the 

oxygen separation membrane can utilize the exhaust heat from these facilities. In 
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addition, as shown in Figure1-5-3, it is expected to be applied as a membrane reactor 

that generates synthesis gas by reacting oxygen and reactants immediately after 

separation.  

 

 

 

 

Fig. 1-5-2 Zirconia type oxygen pump (a) and MIEC oxygen separation membrane (b) 
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Fig. 1-5-3 Summary of selected processes where oxygen- and hydrogen-permeable 

membrane are applicable [89] 
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The theoretical electrochemical oxygen permeation flux jO2 (mol· cm-2 · s-1) of a mixed 

oxide ionic-electronic conductor is derived from the Wagner ’s equation (1-1) [90].   

 

         𝑗𝑂2 = −
𝑅𝑇

16𝐹2𝐿
∫

𝜎𝑖𝜎𝑒

𝜎𝑖+𝜎𝑒
𝑑 ln𝑃(𝑂2)

ln𝑃(𝑂2)"

ln 𝑃(𝑂2)′
              (1-1) 

 

where σi is the oxide ion conductivity (S/cm), σe is the electronic conductivity (S/cm), R is 

the gas constant (8.314 J/mol·K), F is the Faraday constant (96485 C/mol), T is the 

temperature (K), L is the film thickness (cm), and PO2 is the oxygen partial pressure 

(atm). Fig. 1-5-4 shows oxygen partial pressure dependence of the electrical conductivity 

and oxygen permeation flux of MIEC. The oxide ion conductivity σi and the electron 

conductivity σe are determined by the lower value of the two, and these values should be 

similar. Therefore, to improve the oxygen permeation flux, it is required to improve the 

mixed conductivity, to reduce the film thickness, and to have a large difference in the 

oxygen partial pressure between both sides of the membrane. Furthermore, the surface 

exchange reaction concerning the adsorption dissociation between oxygen and oxide ions 

on both surfaces of the membrane is also an important factor for improving the oxygen 

separation efficiency.  
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Fig. 1-5-4 Oxygen partial pressure dependence of electrical conductivity and oxygen 

permeation flux of MIEC [91] 
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1.5.2. Mixed oxide Ionic-Electronic Conductors (MIEC) 

 

In general, oxide ion conductors are used as electrolyte materials in solid oxide fuel 

cells, oxygen pumps, and oxygen sensors. In order for oxide ions to move in a solid, it is 

necessary to have vacancies in which the oxygen atoms do not exist at the lattice points. 

When oxide ions at the lattice points move and diffuse while exchanging positions with 

neighboring lattice defects, such as oxygen vacancies, oxide ion conductivity occurs. 

There are substances in which the electronic conductivity increases due to the occurrence 

of defects. On the other hand, many substances having a fluorite-type structure or a 

perovskite-type structure that can stably exist exhibit an oxide ion conductivity, even 

when lattice defects are generated.  

Electronic conductors are used as electrode materials in solid oxide fuel cells, exhaust 

gas catalysts, various gas sensors, spintronics fields, etc. Mixed conductors are materials 

having properties of both oxide ionic conduction and electronic conduction [82,84,88,92–

94]. The composite materials of the oxide ion conductors and the electronic conductors 

are also mixed conductors.  

 

1.5.2.1. Crystal structure 

1.5.2.1.1. Fluorite-type crystal structure 

 

The structure of the fluorite face-centered cubic is shown in Fig. 1-5-5. The fluorite-

type crystal structure, the general formula of which is given by MO2, is derived from the 

mineral fluorite (CaF2). Ca2+ is surrounded by 8 F- (8-coordinate), and F- is surrounded 

by 4 Ca2+. The coordination number of cations and anions is 8: 4, and the condition that 
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must be met for a material to exist as a fluorite structure is that the radius ratio of 

cations and anions is r+ / R-> 0.732. When alkaline earth elements or rare earth elements 

with different valences are substituted at the cation sites of the fluorite-type oxide, 

oxygen corresponding to the lack of valences is released and oxygen vacancies are formed 

in order to maintain electrical neutrality. Oxide ion conductivity develops when the oxide 

ions move while exchanging positions with the oxygen vacancies. As an example, the 

reactions in which Y2O3 is dissolved in ZrO2 and oxygen vacancies are generated are 

shown by equations (1-2) and (1-3). 

 

(1 − 𝑥)𝑍𝑟𝑂2 + (𝑥/2)𝑌2𝑂3 = 𝑍𝑟1−𝑥𝑌𝑥𝑂2−𝑥/2𝑉𝑜
∙∙
𝑥/2

                  (1-2) 

 

Here, 𝑉𝑜
∙∙ is oxide ion deficiency. According to the Kröger-Vink notation: 

 

𝑌2𝑂3
𝑍𝑟𝑂2
→   2𝑌𝑍𝑟

′ + 3𝑂𝑜
× + 𝑉𝑜

∙∙                                (1-3) 

 

The properties of the fluorite-type structure include a stable crystal structure and no 

phase transition, a high melting point, thermodynamic stability at high temperatures, 

cation substitution, and the generation of oxygen vacancies. ZrO2-based and CeO2-based 

oxides having a fluorite structure are well-known as oxide ion conductors. In particular, 

CeO2-based oxides have been studied as fluorite-type mixed conductors because they 

exhibit an electronic conduction when part of Ce4+ is reduced to Ce3+ in the low oxygen 

partial pressure region above 700°C. 
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Fig. 1-5-5 Crystal structure of fluorite face-centered cubic 

 

 

 



25 

 

1.5.3.1.2. Perovskite-type crystal structure 

 

The perovskite crystal structure, the general formula of which is given by ABO3, is 

derived from the calcium titanate (CaTiO3) mineral (perovskite). Its ideal structure is a 

simple cubic. As shown in Fig. 1-5-6 (B-type unit cell), the B-site element is located at 

the body center position, oxygen (or anion) is coordinated at the face center position, and 

the B-site element is located at the center of the oxygen octahedron structure. The A-site 

element is located at the apex of a simple cubic lattice. The A-site has a 12-coordinate 

structure of the oxygen as shown in Fig. 1-5-6 (A-site unit cell). By substituting the 

elements at the A site and B site with other elements, the symmetry of the crystal 

structure decreases and rhombohedral, hexagonal and orthorhombic crystal structures 

are formed. The crystal structure of the perovskite-type oxides is stable even when the 

composition becomes non-stoichiometric due to the lack of A-site elements and oxygen. 

In addition, both an A-site element and B-site element can be substituted with other 

elements. In general, it is known that an oxide having a perovskite structure changes its 

electrical and dielectric properties depending on the valences of the A and B cations. 

There are three combinations of A and B cations: 1+:5+, 2+:4+ and 3+:3+. Since the ionic 

radius of the A element should be larger than that of the B element, the alkali metal and 

alkaline earth metal are structurally substituted by the A-site, and the transition metal 

and group VIII metal are substituted by the B-site. In general, an oxide having an A: B 

ratio of 1: 5 or 2: 4 is an electrically insulating material, and an oxide having a 3: 3 ratio 

has a high conductivity. Substituting another ion with a different valence from the 

original ion at the A site or B site of the perovskite oxide causes defects at the oxide ion 

site, resulting in an oxide ion conductor or mixed ionic-electronic (or hole) conductor. 
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Typical perovskite-type oxide ion conductors include those based on CaTiO3 and LaGaO3. 

Typical electron conductors include those based on LaMnO3, LaCoO3, LaFeO3, and 

LaCrO3. In particular, perovskite oxides in which both the A-site and B-site are 

substituted, such as (LaSr) (CoFe)O3, and (BaSr)(CoFe)O3, are known as typical mixed 

oxide ionic-electronic conductors. 

 

 

 

Fig. 1-5-6 Crystal structure of perovskite oxide 
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1.5.2.3. Composite dual-phase material 

 

A schematic diagram of the oxygen separation mechanism of the two-phase 

membrane is shown in Fig. 1-5-7. A dual-phase membrane is a film having an oxide ion 

conduction phase and an electron conduction phase composed of two different composite 

materials such as an ion conductor-electron conductor or an ion conductor-mixed 

conductor[84,94–96]. An oxide phase is used for the oxide ion conductor, and a metal or 

an oxide phase is used for the electronic conductor. In the dual-phase film, it is required 

that no reaction layer is formed at the interface and that the film is not damaged due to 

the difference in the thermal expansion coefficients between the two phases. In 

particular, it has been reported that each phase must be connected to both ends of the 

membrane, and in the case of Fig. 1-5-7(a), at least 40 vol% of the electronic conductor 

must be added to the oxide ion conductor. Since the oxide ionic conduction rate-controls 

the oxygen separation performance than the electronic conduction, it is preferable to add 

the oxide ionic conductive phase as much as possible. When the electronic conductor 

phase can be formed into a fibrous structure in the tissue structure, the amount of the 

electronic conductor phase can be reduced to 20 vol% as shown in Fig. 1-5-7(b). 
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Fig. 1-5-7 Cross-sectional schematic diagram of (a) a dual-phase membrane and (b) a 

dual-phase membrane with a minimum electronic conducting phase (internal short-

circuit). Isolated areas (referred to as an “ island ” ) which would not contribute to the 

dual-phase membrane are marked by red rings in Fig. 1-5-7(a) [95].  

 

1.5.3. Oxygen separation performances of MIEC materials 

 

Various MIEC materials and their oxygen permeation flux are shown in Fig.1-5-8. 

MIEC materials include perovskite oxides, fluorite oxides, oxide-metal or oxide-oxide 

composites. In order to put the MIEC-based oxygen permeable membrane into practical 

use, MIEC materials having a high oxygen permeability are required. Among the MIEC 

materials, perovskite-type MIEC has been actively developed because of its high oxygen 

permeability as shown in Fig. 1-5-9. The high mixed conductivity of La1-xSrxCoO3-δ-based 

perovskite oxide ceramics was reported in Japanese Patent Application Laid-Open No. 

56-92103 in 1979. Later, in 1985, Teraoka et al. reported that La0.8Sr0.2Co0.8Fe0.2O3-δ and 

SrCo0.8Fe0.2O3-δ show excellent oxygen permeabilities. In particular, it has been reported 
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that the oxygen permeation flux of the perovskite-type MIEC is 1 or 2 orders of 

magnitude higher than that of YSZ (yttria-stabilized zirconia)/LaCrO3 at 500-900°C. In 

this study, we selected Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), which has the highest oxygen 

permeability among all the MIEC ceramic materials. BSCF is a perovskite complex oxide 

having Ba and Sr at the A-site and Co and Fe at the B-site. However, in general, MIEC 

materials with high oxygen permeability have many defects in the crystal structure, and 

cracks tend to occur in the membrane, and this remains a problem for practical use. 

 

 

 

 

Fig. 1-5-8 Temperature dependence of oxygen flux [85] 
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Fig. 1-5-9 Evolution of oxygen fluxed exhibited by perovskite membranes over the past 

decades [97] 

 

 

1.5.4. Membrane structure 

 

The general membrane classification is shown in Fig. 1-5-10. Various types of 

separation membranes have been devised in terms of materials, membrane structure, 

module, and separation mechanism. Figure 1-5-11 shows a schematic diagram of 

different membrane morphologies. The simplest membrane structures are a 

homogeneous, dense (nonporous), porous, or structure composed of a single material. 

These membranes are called symmetrical membranes because they have symmetrical 

structures as seen from the gas feed side and the gas sweep side. The symmetric 

structure is the most common membrane structure used as a self-standing membrane. 

In order to make the membrane self-supporting, it is necessary to ensure the mechanical 
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strength of the membrane, with a thickness of at least 0.5 mm is preferable. The 

asymmetric-structured membrane is composed of two layers, a thin dense layer and a 

porous support layer, with a single material. Composite membranes also consist of two 

layers, a thin dense layer, and a porous support layer, but the material of each layer is 

different. In the MIEC-based oxygen separation membrane, as can be seen from the 

Wagner equation (1-1), the oxygen permeation flux is inversely proportional to the film 

thickness. Therefore, in order to improve the oxygen permeation flux, it is necessary to 

reduce the thickness of the dense membrane to 0.5 mm or less [98,99]. Moreover, since 

the surface of the dense film is smooth, there are also problems, such as a small specific 

surface area and low surface exchange reactivity [100–102]. 

Asymmetric structured membranes were devised to solve the problem of reducing the 

thickness without any loss of mechanical strength. These membranes have an 

asymmetric structure as viewed from the feed side and the sweep side. Asymmetric 

membranes generally consist of two layers; i.e., a thin dense layer and a thick porous 

support layer made of the same material. Since the porous support bears the mechanical 

strength of the entire membrane, the dense layer formed on the porous support can be 

thin. In addition, asymmetric-structured membranes show a greatly improved surface 

exchange reactivity due to the high specific surface area of the porous support [103–108]. 

The requirements of this porous support are to control the porosity, gas permeability and 

morphology so that the feed gas can reach the surface of the dense layer while ensuring 

the mechanical strength of the porous support [109–112]. In particular, it is necessary to 

form a dense layer on the complex surface of the porous body with a high adhesion.  

There are many other membrane structures, such as multi-layered structure have 

been reported. The types of the structures include membrane in which a catalyst layer 
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is modified on a self-supporting membrane. Membranes in which a porous oxygen 

evolution layer is formed on a dense layer having an asymmetric film structure, and 

membrane with a catalyst layer inserted at the layer interface between porous support 

and dense layer have been reported to contribute to the improvement of oxygen 

separation performance [105,106,113–121]. 

There are three module types of membranes; i.e., plate type, cylindrical type, and 

hollow fiber type [82,85,122–124]. Since the flat plate type has a simple structure, its 

production is relatively easy and its production cost is low. Another feature is that many 

manufacturing methods are applicable. In the plate type modules, it is important to 

control the stress distribution by designing the temperature distribution and gas flow 

path. In the cylindrical type, gas sealing is relatively easy, and a sealless structure in 

which one end of the cylinder is closed can be manufactured. Since a single hollow fiber 

membrane has a small amount of permeated gas, it is necessary to bundle multiple fibers 

into a module. 

 

Fig. 1-5-10 Membrane classification [125] 
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Fig. 1-5-11 Schematic diagram of different membrane morphologies [126] 

 

1.5.5. Trends of MIEC-based oxygen separation membrane 

 

In order to obtain a high gas separation performance, it is desirable to optimize each 

process from the three viewpoints of material selection, module design, and system 

construction as shown in Fig.1-5-12. Polymer membranes are already widely used at the 

industrial level, but the purity and quantity of the separation gas is not high enough. 

Therefore, an alternative membrane that can separate a single gas of high purity and 

has a high gas permeation rate is required. In a general MIEC oxygen separation 

membrane, the oxygen permeability depends on the temperature and shows the 

maximum performance at the maximum operating temperature of 900 °C. However, to 

use metal parts, it is desirable to reduce the operating temperature to below 700 °C [127–

129]. The oxygen permeation rate is improved by reducing the thickness of the bulk 

diffusion-control step rather than the surface exchange reaction-control step of the 

membrane.  
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In a typical asymmetric-structured membrane fabrication process, a porous substrate 

with a sufficiently high mechanical strength is first prepared, and then a thin dense 

layer is formed on it. The thin dense layer can be formed by sol-gel, sputtering (ion beam, 

pulsed laser deposition: PLD), spray deposition, chemical vapor deposition (CVD), slip 

casting, screen printing, tape casting, dip coating, and plasma spraying method 

[104,130–138]. Recently, the immersion induced phase inversion method has been 

reported as capable of forming an asymmetric structure in a single step, which is quite 

efficient in terms of cost and time [139–146]. However, in the asymmetric membrane, 

thermal stress is generated at the interface between the porous support and thin dense 

layer during the co-sintering process. Thermal stress often causes cracking and peeling-

off of the membrane. Therefore, matching the thermal expansion coefficients of the two 

layers is an important factor. The easiest and most effective way to estimate the problem 

is to use the same material for the thin dense layer and the porous support. Another 

advantage of this method is that the interfacial reaction between the two layers can be 

completely eliminated. 

When the film thickness is small to some extent, the rate-control step of the surface 

exchange reaction cannot be ignored. The oxygen surface exchange reactions tend to be 

the rate control step due to the smooth surface of the dense free-standing membranes 

and insufficient reaction area. By simply roughening the surface of the free-standing 

membrane or forming a porous layer, the specific surface area used for the oxygen surface 

exchange process (adsorption, dissociation, oxidation) can be increased. In the case of the 

above-mentioned asymmetric structure membrane, the surface exchange reaction can be 

promoted by a porous layer having a large specific surface area [100–102]. Attempts have 

also been made to improve the surface exchange reactivity by applying a noble metal or 
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oxide nanoparticles having a high catalytic activity to the porous layer by the 

impregnation method. 

In order to improve the oxygen permeability, it is necessary to improve the mixed 

conductivity. However, a single-component MIEC material has a limit in improving the 

oxide ion conductivity. One solution to improve the oxide ion conductivity is a dual-phase 

membrane that uses an oxygen conductor phase and an electron conductor phase 

material in combination as a MIEC material [84,85,93,147]. Many dual-phase 

membranes in which materials used metals and oxides as the electron conductor phase 

have been developed. In particular, it has been suggested that two-phase films using a 

precious metal as the electron conductor phase have a high surface activity. 

 

 

 

 

Fig.1-5-12 Three viewpoints for improvement of membrane performance [148] 
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1.6. Ceramics Processing 

1.6.1 Importance of ceramics processing 

 

Ceramics have a long history and ceramic products have progressed from traditional 

ceramic technology to fine ceramics in recent years. Globally, fine ceramics were 

systematically developed in Japan, the United States, and Europe just half a century 

ago, and the industrial history is shorter than that. However, fine ceramics have various 

functions and are an essential material that supports modern advanced industries such 

as electronics, semiconductors, information and communications, aviation and space, 

environment and energy, automobiles, medicine, and biotechnology. Ceramics have very 

excellent properties, such as high strength, high corrosion resistance, wear resistance, 

and heat resistance, and various functional ceramic materials have attracted attention. 

In ceramic processing to form such materials, various processes, such as mixing, molding, 

firing, and processing, are performed from raw materials to products. The processing of 

fine ceramics has a number of important factors to optimize related to the materials, 

shapes, applications, and manufacturing methods. In recent years, the demands for 

ceramic products having a small size and a complicated shape due to technological 

progress have been increasing. Ceramic sintered bodies are extremely difficult to finish, 

such as polishing and cutting, and a high-precision molding method that can produce 

near net shapes that can produce final products by light finishing close to the final 

product at the molding stage is required. In addition, in order to improve the product 

reliability and maximize the functionality of materials, it is necessary to design an 

organizational structure suitable for each application, select a process to realize it and 

optimize the process parameters [149–158]. 
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1.6.2 Colloid processing 

 

In the ceramic manufacturing process, a product is completed through various 

processes such as powder synthesis, pulverization, mixing, molding, firing and finishing. 

Regarding the mixing and forming process after the synthesis of the powder, in general, 

nonhomogeneous portions in the sample, such as density gradients and cracks, at the 

time of forming are factors that cause defect structures, and deformations and cracks at 

the time of firing. As a result, the various properties of the material are impacted, and 

the reliability and reproducibility are reduced during the production of ceramics. 

Therefore, in order to obtain a homogeneous ceramic compact from the powder, it is 

necessary to establish a process that has better control of the structure than conventional 

powder processes. In addition, it is difficult to process hard and brittle ceramic samples 

after sintering, and there is a need to establish a near-net shaping method that can 

produce compacts close to the target shape. Ceramic forming methods are roughly 

classified into two types; i.e., colloidal and dry. In the dry process, the main forming 

method is to fill a mold with the synthesized and milled powder and press it to produce 

a compact. A feature of this method is that a green compact can be obtained simply by 

filling powder into a mold, and mass production is possible. However, it is difficult to 

uniformly fill the powder. When the filling rate of the powder is not uniform, a defect 

structure is introduced into the sample. It also requires a sufficient film thickness 

[153,158–160]. 

The colloid process is a method to perform solidifying and shaping from a colloidal 

suspension. By controlling the interaction between particles and then solidifying the 

dispersed particles in the liquid, it is possible to produce compacts with a controlled 
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microstructure. Compared to the dry method, the colloidal method can control the 

microstructure and produce a homogeneous and high-density compact body. In order to 

a ensure high dispersibility and fluidity of the particles in the liquid, it is necessary to 

select a solvent, dispersant, binder, and optimize the ionic strength, i.e., the pH. 

Furthermore, the colloid process has a problem that it takes more time to solidify 

particles in a suspension and is not suitable for mass production as compared to the 

conventional dry process [161–166]. 

Figure1-6-1 and Table1-6-1 show a typical solidification method using a colloid 

process. The slip casting method is the most widely-used method among the colloidal 

processes. In this method, a solidified body can be produced by pouring the suspension 

into a porous mold having a hygroscopicity, such as gypsum, and allowing the mold to 

absorb the solvent by capillary force. In centrifugal molding, a centrifugal force is applied 

to the slurry, and then particles in the liquid are deposited in the direction of the 

centrifugal force. Tape casting is a method in which the suspension flows out from the 

knife edge of a doctor blade, and the carrier film with the suspension is moved while 

receiving it on the blade to form a tape. It is often applied to the production of a laminated 

film. Electrophoretic deposition (EPD) is a method in which charged particles in a liquid 

are electrophoresed on an electrode substrate immersed in an electric field and deposited 

onto the substrate. In this method, the solidification rate does not depend on the particle 

size, and a high-density deposited layer can be obtained. Furthermore, the EPD method 

is easy to control the film thickness and has an excellent laminated film-forming property. 

Moreover, by applying an external field, such as a magnetic field, the particle 

arrangement can be controlled, which is suitable for the production of ceramic higher-

order structures.  
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Table 1-6-1 Classification of solidification methods in colloidal processes [167] 

 

 

 

Fig. 1-6-1 Solid-liquid separation technique [168] 
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1.6.3. Colloid dispersion system 

 

A colloidal dispersion system is a state in which colloidal particles are uniformly 

suspended in a dispersion medium. Colloidal particles are fine particles having a scale 

of about 1nm(10-9m)‐1μm(10-6m), which is larger than atoms and low molecular weight 

molecules and small enough not to immediately settle due to gravity. As shown in Table1-

6-2, the colloidal system has various names depending on the combination because the 

dispersoid and the dispersion medium can be any of gas, liquid, and solid. When a solid 

is the dispersoid and a liquid is the dispersion medium, such a colloidal system is called 

a suspension or a slurry. 

 

Table 1-6-2 Classification of colloids 

 

 

Dispersion

phase

Dispersion

medium
Colloidal type Example

Gas Gas - -

Liquid Gas Liquid aerosol Mist, Clouds, Fog

Solid Gas Aerosol Dust, Smoke

Gas Liquid Foam Suds, Whipped cream

Liquid Liquid Emulsion Cream, Milk, Mayo

Solid Liquid Sol Paints, Jellies, Sewage

Gas Solid Solid foam Marshmallow, Cake

Liquid Solid Solid emulsion Butter, Cheese

Solid Solid Solid sol Colored Glass, Opal
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Dispersion colloids are systems in which particles of an insoluble material are 

dispersed in a medium, and are clearly distinguished from solutions of soluble materials. 

For example, crystalline and powdered sodium chloride (NaCl) and sucrose (C12H22O11) 

are not colloidal particles because they dissociate and dissolve into Na+ and Cl- ions and 

glucose and fructose in water. A solution is a state in which crystals are dissolved in a 

solvent and dissociated to the level of atoms and molecules that are constituent units of 

the substance. A colloid, on the other hand, is a state in which a large number of atoms 

and molecules are gathered to form one particle, which is dispersed in a medium. Thus, 

in the colloidal dispersion system, since the dispersion medium and the dispersed phase 

are distinct phases, an interface is formed in the system. When the dispersed particles 

are very small, the ratio of the specific surface area of the dispersed particles to the total 

volume becomes very large. At that time, the properties of the interface become dominant 

over the properties of the whole material system. In general, the surface of the particles 

has a high energy, and the particles tend to aggregate in order to stabilize the entire 

system. The movement of coarse particles, such as bulk particles, in the solvent is 

determined by the sedimentation velocity (Stokes viscosity) due to the balance between 

gravity and floating power. On the other hand, colloidal particles are constantly moving 

due to Brownian motion caused by the collision between particles and solvent molecules 

due to thermal motion. In particular, when the particles in the liquid are sufficiently 

small, any thermal disturbance inhibits the sedimentation of the particles, so that the 

particles are always suspended in the liquid without sedimentation [169–171]. 
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1.6.4. Electric double layer of colloidal particles in aqueous system 

 

Factors that determine the dispersibility of the suspension include the surface 

condition of the powder and the interaction between the particles. Figure1-6-2 shows the 

charged state of an oxide particle surface in an aqueous solvent. Generally, when 

colloidal particles, such as oxide particles, are added to an aqueous dispersion medium, 

hydroxyl groups are formed on the surface by a hydration reaction as expressed by the 

following equations [172].  

 

(𝑀 − 𝑂𝐻)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐻
+ ↔ (𝑀 −𝑂𝐻2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒

+      (at lower pH)   (1-4) 

(𝑀 − 𝑂𝐻)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑂𝐻
− ↔ (𝑀 − 𝑂)𝑠𝑢𝑟𝑓𝑎𝑐𝑒

− + 𝐻2𝑂   (at higher pH)   (1-5) 

 

The surface of the oxide particle is positively or negatively charged by the 

adsorption/dissociation of protons to the hydroxyl group. For this reason, the charged 

state of the oxide particles significantly depends on the pH of the solvent. On the acidic 

side, the surface is positively charged due to the addition of protons to the surface 

hydroxyl groups. On the other hand, when the pH is basic, protons are extracted from 

the surface hydroxyl groups, and the surface is negatively charged. When the particle 

surface is not charged either positively or negatively, the pH is called the point of zero 

charge (PZC). If the surface is partially positively or negatively charged but the overall 

particle balance is the same at both sites and the surface is apparently not charged; this 

state is called the isoelectric point (IEP). The IEP varies not only with the pH but also 

with the materials and additives [165,173–175]. 

In the vicinity of the surface of the charged particles in the solvent, there are many 
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counter ions having a charge opposite to the surface charge compared to the co-ions 

having the same polarity. This is because a repulsive or attractive Coulomb force acts 

between the surface-charged particles and ions in the solvent. At absolute zero (0 K), 

counter ions are adsorbed on the particle surface to neutralize the particle charge. 

However, at temperatures higher than absolute zero, the electrostatic attraction is 

hindered by the thermal motion of the ions, so that the counter ions form a broad 

distribution. This space in which ions are distributed is called the electric double layer. 

The types of counter ions and co-ions and their degree of dispersion depend on the solvent, 

additives and electrolyte, such as an acid and base, used for pH adjustment. The degree 

of diffusion of the electrolyte, such as the counter ions and co-ions, is expressed by 1/к 

(Debye length) indicating the thickness of the electric double layer. This thickness is the 

distance at which the attractive force between the surface charge and the counter ion 

balances the thermal motion that prevents it. к is called Debye-Hückel parameter and 

is expressed by the following equation. 

 

к = √
(2𝜋𝑛𝑧2𝑒2)

𝜀0𝜀𝑟𝑘𝑇
                                   (1-6) 

 

where z is the valence of the symmetric electrolyte, k is the Boltzmann constant, ε0 is the 

dielectric constant of the vacuum, ε0 is the relative permittivity of the solvent, T is the 

absolute temperature, e is the unit charge, and n is the number density of the electrolyte. 

к-1 plays a crucial role in the zeta potential and the stability of distributed systems. This 

will be described later. 

Figure1-6-3 shows a schematic diagram of the structure of the electric double layer 

when the particle surface is positively charged and the corresponding potential 
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distribution [176–180]. In the first layer on the particle surface, there is a Stern layer in 

which counter ions are strongly attracted and fixed. On the outside, there is a diffusion 

layer in which counter ions and co-ions are mixed. When an external electric field is 

applied, the charged particles move with the Stern layer and some diffusion layers. At 

this time, the boundary surface on which particles can move with ions is called a slipping 

plane. When the potential of the electrically neutral region far from the particle is 0, the 

potential at the slipping plane is called the zeta potential. In many cases, the zeta 

potential, which is the potential at the slipping plane, is treated as an approximate value 

of the potential (𝜓σ) at the Stern plane. The zeta potential is an important factor for 

evaluating the dispersion stability of particles. 

 

 

Fig1-6-2 pH dependence of the surface of metal oxide in water 
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Fig. 1-6-3 Electric double layer of water system by Stern model 

 

1.6.5. Nonaqueous system 

 

In aqueous systems, even if deionized water is used, water is dissociated and protons 

and hydroxide ions are generated, so the ionic strength cannot be completely reduced to 

0 (10-7 or less). The dielectric constant of a nonaqueous solvent is generally small, and 

the ionic strength is also low. In the above-described equation (1-6) representing the 

Debye parameter к, n and εr are the factors that differentiate between the aqueous 

system and the nonaqueous system. The change in n is generally different in number of 

digits compared to the change in εr, and as a result, к is very low in nonaqueous systems. 

In other words, the electric double layer considerably spreads in the solvent. Therefore, 

the change of the electric double layer in the nonaqueous system is often as shown in a 
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and b in Fig.1-6-3. When the ionic strength is high, the curve becomes (c). As described 

above, in the electrophoresis process, it is necessary to charge the particle surface 

positively or negatively, and it is difficult to prepare a stable suspension having a high 

zeta potential by simply putting particles in a solvent and stirring them. Therefore, 

generally, after the powder is put into a solvent, an appropriate amount of acid, alkali or 

polymer electrolyte is added to charge the particles. The acidity dependence of the zeta 

potential is one of the very important evaluation factors as a suspension evaluation 

method [161]. In general, the acidity in an aqueous solvent is represented by the 

hydrogen ion concentration index pH = -log[H+]. In nonaqueous solvents, lower alcohols 

and ketones that are readily miscible with water can be easily evaluated using a normal 

pH electrode. The acidity of the nonaqueous solvent is defined by the following equation 

in which the hydrogen ion concentration is replaced by the activity of proton aH. 

 

                          𝑝𝑎𝐻 = − log 𝑎𝐻                             (1-7) 

𝜇𝐻 = 𝜇𝐻
°  + 𝑅𝑇 ln 𝑎𝐻                          (1-8) 

 

when the acidity of the nonaqueous solvent is measured with a normal pH electrode (KCl 

electrolyte) calibrated for aqueous solvents, the following relational expression holds 

between the pH meter reading pHop (operational pH) and a H: 

 

𝑝𝐻𝑜𝑝 − 𝑝𝑎𝐻 =
∆𝐸𝑗

(
𝑅𝑇 ln10

𝐹
)
                           (1-9) 

or 

𝑝𝐻𝑜𝑝 − 𝑝𝑎𝐻 =
∆𝐸𝑗

(0.05916)
 at 25˚C                       (1-10) 
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Here, ΔEj is a residual liquid junction potential, R is the gas constant, and F is the 

Faraday constant. When the solvent is ethanol, it is represented by the following formula. 

 

𝑝𝐻𝑜𝑝 = 𝑝𝑎𝐻 + 1.23                          (1-11) 

 

Since the pH measurement is useful data for suspension evaluation, it should be 

measured regardless of whether it is aqueous or nonaqueous. However, it should be 

noted that a completely anhydrous solvent cannot obtain an accurate value because 

the glass membrane of the measurement electrode is dehydrated and the impedance 

increases. 

 

1.6.6. Dispersion and aggregation mechanism of colloidal particles in aqueous solvents 

(DLVO theory) 

 

The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory is about theory on the 

stability of colloidal dispersion systems based on the interaction of the electric double 

layer when two particles approach in a liquid [181,182]. Figure1-6-4 shows the 

relationship between the distance between two particles in the suspension and the 

interaction potential of the electric double layer. When one particle surface is at the 

origin and the other particle approaches from infinity, the repulsive force due to the 

overlapping of the electric double layer is VR, and the van der Waals attractive force, 

which is the sum of the intermolecular attractive forces, is VA. The energy of van der 

Waals attraction VA between two homogeneous spherical particles of radius a is 

expressed by the following equation as a function of the interparticle distance D. (D<< a)  
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𝑉𝐴(𝐷) = −
𝐴𝑎

12𝐷
                             (1-12) 

 

Here, A is the Hamaker constant, which macroscopically determines the van der Waals 

force between materials. The electrostatic repulsive force acting between two particles is 

expressed by the following equation using the Derjaguin approximation. 

 

𝑉𝑅(𝐷) =
64𝜋𝑎𝑛𝑘𝑇𝛾2

к2
exp (−к𝐷)                      (1-13) 

 

The interaction energy VT acting between particles is the sum of the attractive force and 

repulsive force and is expressed by the following equation: 

 

𝑉𝑇 = 𝑉𝑅 + 𝑉𝐴                             (1-14) 

 

A typical VT potential curve given by this equation is shown in Figure1-6-4. In the VT 

curve, there is a potential barrier (EB) that prevents particles from approaching. In a 

system with a low EB, the thermal motion energy of particles is higher than that of EB, 

resulting in the aggregation of adjacent particles by the van der Waals attractive force. 

Therefore, in order to improve the dispersibility, it is necessary to increase Vmax, that 

is, the surface potential. 
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Fig. 1-6-4 Schematic of the interaction energy as a function of separation between two 

particles in a suspension. [183] 

 

1.6.7. Theory of electrophoresis phenomenon 

 

Electrophoresis is generally known as one of the properties of colloidal particles. The 

electrophoresis is a phenomenon of the movement of charged particles in a solvent by an 

applied electric field [179,184–187]. It is assumed that there is an electric double layer 

on the solvent side of the solid/liquid interface, and a DC electric field E is applied in a 

direction parallel to the interface. At that time, since the solid surface is stationary and 

laminar flow is generated on the solvent side, a velocity distribution is formed from the 

interface to the solvent side. Furthermore, assuming a microcube in the solvent, the 

electric attractive force and the viscous resistance acting on the cube must be balanced 
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in a steady state. When the average charge density in the cube is ρ, the electric force is 

ρE, which is balanced by the viscous force (ηd2u/dx2) in the steady-state as shown by the 

following equation.  

 

𝜌𝐸 = 𝜂
𝑑2𝑢

𝑑𝑥2
                              (1-15) 

 

where u is the relative velocity between the interface or particle and the solvent and is 

the mobility of electrophoresis. Substituting Poisson's equation into this relation and 

integrating both sides twice, the following equation is obtained.  

 

𝑉 = (
𝜀0𝜀𝑟

𝜂
)ф0𝐸                            (1-16) 

 

Therefore, the electrophoretic mobility u = V / E is expressed by the following equation. 

 

𝑢 = (
𝜀0𝜀𝑟

𝜂
)𝜁                              (1-17) 

 

Here, η is the viscosity. Furthermore, the surface charge ф0 is replaced with the zeta 

potential 𝜁. This equation is called Smoluchowski’s equation and is the most widely used 

electrophoresis equation. Smoluchowski’s equation is derived for a flat plate, but this 

equation can apply to cylindrical particles with a large radius and spherical particles 

with a particle radius (𝑎) larger than the electric double layer thickness (1/к): 𝑎>>1/к. It 

is an extremely useful formula because it can be applied to relatively large particles of 

any shape. Furthermore, the equation when the external electric field acts on the point 



51 

 

charge is expressed by the following equation, it is called the Hückel’s equation. The 

Hückel’s equation can be applied to the case where the particle radius a is small and the 

limit of the electric double layer is a << 1/к. 

 

𝑢 =
2𝜀0𝜀𝑟𝜁

3𝜂
                                (1-18) 

 

Here, the unit of u is [µmV-1s-1cm]. The Hückel’s equation differs from the 

Smoluchowski’s equation in that it has a factor of 2/3. Therefore, the zeta potential 

calculated by the Hückel’s equation is 1.5 times higher than that calculated by the 

Smoluchowski’s equation. The difference between these equations is that the 

Smoluchowski’s equation takes into account the distortion of the electric field due to the 

presence of particles, whereas the Hückel’s equation ignores the distortion of the 

external electric field due to its very small particles. Henry defined this electric field 

distortion as a function of кa. Henry also took into account the effect of moving in the 

liquid (delay effect) and derived the following equation: 

 

𝑢 = (
𝜀0𝜀𝑟

𝜂
) 𝜁 ∙ 𝑓(к𝑎)                           (1-19) 

 

Here, the function 𝑓(к𝑎) is called the Henry coefficient and represents the degree of 

distortion of the external electric field due to the presence of particles. The Henry’s 

coefficient is 𝑓 = 2/3 when к𝑎 → 0, and the Hückel equation is explained using the 

Henry equation. On the contrary, the Henry coefficient is 𝑓 = 1  from к𝑎 → ∞ , and 

Smoluchowski's equation is explained by the Henry equation. In this limit, the external 
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electric field is completely distorted. The zeta potential, which is an important factor for 

evaluating the dispersion/aggregation state of colloidal particles, is calculated by 

applying an electric field in the solvent and measuring the electrophoretic mobility u of 

the particles migrating in the electric field. 

 

1.6.8. Electrophoretic Deposition Process (EPD) 

 

Electrophoresis is known as one of the characteristics of colloids. Electrophoresis is a 

phenomenon in which a charged substance in a solvent moves due to an electric field 

[172,188–194]. Electrophoresis can detect a difference in the molecular weight of DNA 

or a protein as a difference in mobility, and is often used as an analysis method in 

molecular biology and biochemistry. On the other hand, the electrophoretic deposition 

(EPD) method is a processing technique in which charged particles in a solvent are 

electrophoresed and then directly deposited on an electrode substrate as shown in Fig1-

6-5. The EPD method is classified as colloid processing, and its feature is that it is easy 

to produce a dense film with a uniform thickness controlled even on a complex-shaped 

electrode substrate. In the industrial field, the EPD method has been applied to a method 

for the understanding of a vehicle body and has been frequently used as a method for 

forming a ceramic film in various products as shown in Table1-6-3. The particle 

deposition process by EPD mainly consists of the following two steps: Electrophoresis of 

charged particles onto a substrate by an electric field and particle deposition on the 

substrate. The rate-controlling step of EPD is not the electrophoresis but the process of 

depositing particles on the electrode. The accumulation of particles reaching the 

substrate means that the particles aggregate on the substrate, and the charge of the 
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particles themselves and the repulsive force between the particles must be lost. De and 

Nicholson et al. performed the EPD of alumina particles dispersed in an acidic ethanol 

solvent. The concentration of protons as charge carriers locally decreases around the 

negative electrode substrate. Since the pH in the vicinity of the electrode is close to that 

of the alumina IEP, particles that migrate to the vicinity of the electrode substrate 

rapidly lose their electrostatic repulsion. As a result, migrating particles are aggregated 

and deposited by van der Waals attraction beyond the potential barrier. For such a 

mechanism, a pH localization model has been proposed as shown in Fig.1-6-6. 

In a general colloid process, an aqueous system is often used as the solvent because 

of its low cost, low environmental burden, and ease of dispersion control. Although an 

aqueous solvent can be used in the electrophoresis process, a nonaqueous solvent is 

often used in order to avoid the porous formation of deposits due to gas generated by 

electrolysis of water at the electrode.  

 

 

Fig.1-6-5 Electrophoresis and deposition of ions and particles in a suspension [195] 
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Fig.1-6-6 Schematic diagram of particle solidification by three effects by electric field 

and pH localization model [183] 

 

As shown in Table1-6-4, the electrophoretic deposition method can obtain the desired 

deposit by optimizing the EPD conditions according to various parameters. In addition, 

as shown in Fig.1-6-7, one of the features of EPD is that the applicable film thickness is 

wider than other film forming methods. 
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Table1-6-3  Advantages and disadvantages of EPD [196] 

 

 

 

Table1-6-4 Operating factors of electrophoresis [196] 

 

 

　Adventages

・Low manufacturing cost (Simple equipment and instruments)

・Rapid film formation of uniform and high quality particle layers

・Easy film thickness control (Applied voltage or current, Deposition time,

  Suspension concentration)

・Capable of film formation on conductive substrates with complex shapes

・Easy to scale up to manufacturing industry

・Green process using aqueous solution

　Disadvantages

・Electronic conductivity is required for electrode substrate

・Heat treatment is required to densify the deposit

Object Operating Factors

Powder

  Material: Metal, Ceramics, Polymer

  Particle property:  Shape, Size, Distribution

  Amount

Solvent

  Type: water, Nonaqueous

  pH value: Acidic, Alkalinity, Neutral

  Type and amount of dispersant

Electrode
  Material, Size, Shape, Surface condition,

  Geometric arrangement, Electrode distance

Condition

  Constant voltage or Constant current,

  Deposition time, Stirring, Temperature,

  Surface charge of power

Suspension

Electrophoresis
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Fig.1-6-7 Typical thickness of coatings applied by different processes [195,197] 

 

1.7. Purpose of this study 

 

An oxygen separation membrane using a mixed oxide ionic-electronic conductor 

(MIEC) is an electrochemical device that can selectively separate only oxygen from air 

by the permeation of oxide ions due to the partial pressure difference of oxygen. In order 

to improve the oxygen separation efficiency, it is necessary to improve the surface 

exchange reactivity in which oxygen molecules dissociate into oxide ions and the oxide 

ions associate into oxygen molecules, and the bulk diffusivity through which the oxide 

ions permeate in the membrane. In designing an MIEC oxygen separation membrane, it 

is necessary to select the membrane structure, geometric shape, film formation method, 

etc., according to the application. In particular, progress has been made to improve the 
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oxygen separation efficiency from simple dense self-supporting membranes to multi-

layered membranes composed of a porous layer / dense layer / porous support. Also, the 

same material is used for all layers in order to minimize the reaction between each layer, 

and thermal stress during co-firing. In the film formation technique, various types of 

membranes have been produced by many film formation methods according to 

applications. The problem with coating methods, such as tape casting, which is most 

commonly used for lamination and film formation, is that many binders are required, 

and structural defects are likely to form in the dense layer after sintering. Also, with this 

method, it is difficult to form a good adhesion at the interface between the dense layer 

and the porous layer, and the applicable module target is limited to a flat-plate type. 

In this study, we focused on electrophoretic deposition (EPD), a colloidal deposition 

method in liquids. There are not many cases where the EPD method is applied to 

electrochemical cells, such as oxygen separation membranes, compared to other film 

forming methods. Since the MIEC has a high electron conductivity at room temperature, 

the pre-made porous support layer can be directly used as an electrode for the EPD film 

formation. Therefore, when the EPD method is applied to the fabrication of the MIEC 

oxygen separation membrane, it is considered that an EPD layer having a good adhesion 

can be formed on the surface of the porous support having a complicated shape. 

Furthermore, when the porous layer is formed by the EPD method, the porous layer may 

be formed by co-depositing and firing the base material particles and the pore former 

particles. However, there are very few examples of EPD using a two-component slurry. 

The purpose of this study was to investigate the process parameters in order to form a 

dense layer and a porous layer on a porous support by the EPD method and to apply the 

EPD process to the multi-layered oxygen separation membrane. 
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Chapter 2 │ Application of electrophoretic deposition process to BSCF 

asymmetric membrane 

 

Preface 

 

As mentioned in the previous chapter, BSCF-based MIEC membrane with 

asymmetric structure have been attracted attention for air separation application. In 

this chapter the process parameters such as suspension preparation and subsequent co-

firing conditions in the EPD process of an oxygen separation membrane with an 

asymmetric structure have been examined. After that, the air separation characteristics 

of the produced oxygen separation membrane have been evaluated. Consequently, the 

effectiveness of the EPD process in the production of the oxygen separation membrane 

using BSCF-based MIEC has been verified.  

 

1. Introduction 

 

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

such as the chemical industry, iron metallurgy, glass manufacturing, clean power 

generation and environmental protection. Oxygen is industrially produced by the 

separation from air and the methods are roughly classified into three types; i.e., 

cryogenic separation, adsorption separation and membrane separation. Among them, 

the cryogenic separation method using the difference in the boiling points of oxygen, 

nitrogen and argon is the most common method suitable for the mass production of the 

high purity gas (>99%). At present, only cryogenic distillation is a commercialized 

technology for the large-scale production of pure oxygen. In recent years, the idea of not 
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only large-scale industrial production, but also the distributed placement of small to 

medium scale production, the so-called “local production for local consumption”, has been 

widely used mainly in the field of energy production. Adsorption separation using a 

zeolite is a suitable method for small to medium scale production, but the purity of the 

obtained oxygen is as low as 95%. On the other hand, membrane separation by utilizing 

the difference in the molecular sizes of the oxygen and nitrogen and their affinity to the 

membrane surface is also suitable for small-scale production. For example, high-speed 

oxygen separation technology using graphene having nanoscale windows (pores?) as 

large as molecular oxygen has recently been reported [1]. Oxygen pumping using an 

oxide ion conductor is another effective method for obtaining high purity-oxygen, but an 

external circuit connection is necessary for driving the reaction. Oxygen separation 

membranes using mixed ion electron conductors (MIECs) are attracting attention 

because they can be driven only by the oxygen partial pressure difference across the 

membrane at high temperatures without connecting to external circuits [2–7].  

The oxygen separation membrane using a perovskite-type La1-xSrxCo1-yFeyO3-δ 

(LSCF)-based MIEC was first reported by Teraoka et al. [8]. Since then, the oxygen 

separation properties of the MIEC membrane have been improved by partially or totally 

replacing the A or B site cations in many perovskite-type oxide systems. Especially, it 

has been reported that the Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)-based membrane exhibits an 

excellent oxygen separation property [9]. In general, the bulk diffusion rate of the oxide 

ion in an MIEC membrane increases in proportion to the oxygen concentration gradient. 

Reducing the membrane thickness is a common strategy to improve the oxygen 

separation property, however, further improvement of the oxygen separation property is 

required for practical use.  
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For example, improvement of the oxygen separation performance has been attempted 

using an asymmetric-structured membrane consisting of dense/porous bi-layers. The 

porous layer plays the role of the site for the dissociation reaction of oxygen as well as 

the support for thinning the dense layer. Teraoka et al. reported that the dense/porous 

asymmetric structure can effectively to improve the mechanical strength and oxygen 

separation performance of the La0.6Sr0.4CoO3-δ (LSC)-based oxygen separation 

membranes. They demonstrated that the oxygen separation performance was 

significantly improved by reducing the thickness of the dense layer from 1.5 mm to about 

15 μm [10,11]. For the fabrication process of oxygen separation membranes with an 

asymmetric structure, thin layers are usually prepared on porous supports by tape 

casting, screen printing, dip coating and spin coating [10]. The phase inversion method 

is a promising technique to produce a ceramic asymmetric membrane in a single step at 

a lower cost. However, since the phase inversion of ceramic films involves many variables 

during the manufacturing process, control of the film thickness and structure is possible, 

but not easy[11–13]. The tape casting method is generally used as a method for 

producing a free-standing film, but is not suitable for producing an asymmetric film. 

Besides these methods, porous body preparation methods, such as the perovskite foam 

method, have been reported[14–16]. However, organic substances, such as binders 

contained in the green layer, often prevent the formation of good interface bonding 

between the thin dense layer and the porous support [17–22]. An alternative method to 

these wet processes is the electrophoretic deposition (EPD) process which is one of the 

colloidal processes wherein ceramic layers are directly shaped on a conductive substrate 

from stable colloidal suspensions by the application of a DC electric field. The MIEC 

exhibits an electronic conduction at room temperature, therefore, it can be directly used 
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as an EPD electrode without any further surface treatment, such as a graphite coating. 

However, in order to obtain a gas-tight dense and thin layer on a porous support by the 

following co-firing process, the thermal expansion and shrinkage characteristics of the 

porous support and thin layer should be determined [23].  

In this study, we tried to fabricate BSCF-based asymmetric oxygen separation 

membranes using the EPD process followed by co-firing. It may be a problem of practical 

concern that BSFC membranes have a low mechanical resistance and low chemical 

stability. In particular, the high chemical reactivity of BSCF will lead to the formation 

of a very resistant reactive phase at the interface when another mixed conductor is used 

as a support layer. However, such problems would be solved by using the same BSCF for 

the support and the thin dense membrane. The pre-firing temperature of the support 

must be lower than the co-firing temperature to prevent cracking and peeling of the thin 

layer due to the generation of thermal stress during the co-firing. The co-firing conditions 

should be optimized so that the thin layer is fully densified, while the support layer 

retains a porous structure [18–22]. Based on these factors, a detailed study was made of 

the preparation conditions of the porous support and thin layer as well as the co-firing 

conditions.   

 

2. Experimental methods 

 

Figure 2-1, Process (I) shows a schematic illustration explaining the preparation 

procedure of the porous support. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) prepared by the citrate 

precursor method with a D50 particle size of 0.55 m (Kusaka Rare Metal Products Co., 

Ltd.) and wheat starch as the pore-forming agent with a particle size of 1-30 m (Nakarai 
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Tesque, Inc.) were used. The BSCF powder and pre-determined ratio (0~50 wt%) of the 

starch powders were mixed in a mortar. The powder mixture was uniaxially pressed into 

a disc with a 1.0-mm thickness and 28-mm diameter, then pre-fired at 500 C for 1 hours 

to obtain a porous support. To prepare the suspension for the EPD, the BSCF powder 

was dispersed in reagent-grade ethanol (0.6 g/ 100 ml), then ultrasonicated. The zeta 

potential of the suspension was measured by laser doppler velocimetry (Zetasizer Nano-

ZS, Malvern Instruments, UK). For adjustment of the pH, acetic acid or ammonium 

hydroxide diluted ten times with ethanol in volume was used. The zeta potential of BSCF 

exhibited the highest value of +37 mV at pH 7 as shown in Fig. 2-2, suggesting that the 

suspension would be most stable at pH7. Therefore, the pH of the suspension was 

adjusted to 7. 

 

 

Fig. 2-1 Schematic illustrations showing the preparation procedure of the BSCF-

based asymmetric membrane. 
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Fig. 2-2 Relation of zeta-potential of BSCF versus pH. 

 

Figure 2-1, Process (II) shows a schematic illustration explaining the formation of a 

thin layer on a porous support by the EPD process. The electrode distance, the applied 

voltage and the deposition time were fixed at 10 mm, 150 V and 10 min, respectively. A 

10-ml suspension was used for the fabrication of one layer. The porous support was 

degassed by solvent impregnation in a vacuum atmosphere before the EPD. The post-

EPD specimens were slowly dried in a beaker covered with a perforated film, then co-

fired at 800-1100 °C for 3 hours in air to densify the thin layer. The sintering behaviors 

of the porous support and the thin layer were separately characterized by dilatometry to 

determine the co-fired temperature at which cracking does not occur. The relative 

density of the porous support and green layer formed by the EPD were measured by the 

Archimedes method in kerosene. The microstructures of the fabricated membranes were 
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observed by scanning electron microscopy (SEM) using a field-emission SEM (JEOL, 

JSM-6500F) and a mini-SEM (Hitachi, TM-3000). The experimental setup for the 

measurement of the oxygen separation performance is schematically shown in Fig. 3. 

The oxygen separation performances of the BSCF asymmetric membranes were 

evaluated at the constant flow rate of 200 ml/min for the air feed gas rate and 200 ml/min 

for the Ar sweep gas rate at fixed temperatures between 600 - 850 °C. The porous support 

was placed on the feed gas side. The membrane disc (diameter of 14 mm) was sealed to 

an aluminum tube using a silver ring at 900 °C. The permeated gas was analyzed by an 

oxygen sensor and gas chromatograph (G.C.). The nitrogen concentration in the 

permeated gas was monitored to make sure that no leakage of air occurred. It was 

confirmed by gas chromatography that the sample after the performance measurement 

remained gas tight even after cooling to room temperature. 
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Fig. 2-3 Schematic of oxygen separation performance test. 
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3. Results and discussion 

 

Figure 2-4 shows the relationship between the relative density and firing 

temperature of the BSCF molded body produced by a uniaxial molding method and the 

BSCF free-standing layer produced by the EPD method. The BSCF free-standing layer 

produced by the EPD method has not been subjected to the subsequent mechanical 

pressing treatment. Nevertheless, it showed a higher green density than that of the 

green compact prepared by 50 MPa uniaxial pressing. It was also shown that the sintered 

density of the EPD layer was equivalent to that of the uniaxially-pressed compact. Both 

samples were able to be densified to a relative density of 95% or more by sintering at a 

temperature of 1000 °C or higher. However, the BSCF heat treated at 1200 °C melted. 

In general, to maximize the conductivity of the solid electrolyte, the material should be 

densified to a relative density of 95% or higher. Therefore, a co-firing temperature of 

1100 °C was considered to be optimal in order to densify a thin layer formed on a porous 

body. 

 

Fig. 2-4 Density change of the BSCF compacts by sintering in air. 
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Figure 2-5 shows the relationship of the porosity versus the amount of pore-forming 

agent for a porous support sintered at 1100 °C. Figure 2-6 shows SEM images of the 

microstructure of the porous supports sintered at 1100 °C prepared with different 

amounts of the pore-forming agent.  The porosity of the BSCF support increased with 

the amount of starch. In the samples having a starch addition amount of 40 wt% and 50 

wt%, the pores tended to be connected and coarsened, resulting in a very brittle property 

when used as a support and EPD electrode. Therefore, the optimum addition of the pore-

forming agent was determined to be 30 wt%. In general, delamination and cracking 

caused by differences in the shrinkage are major problems for the production of layered 

composites by a co-firing process; therefore, it is necessary to make the heat shrinkage 

rates of both materials as close as possible. In our case, the pre-sintering temperature of 

the porous support should be optimized between 500 °C, which is the burnout 

temperature of the pore-forming agent, and 1100 °C, which is the co-firing temperature. 

 

 

Fig. 2-5 Relationship between porosity of the porous body sintered at 1100 ˚C and 

starch content as the pore forming agent. 
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Fig. 2-6 SEM micrographs of (a)as-received wheat starch powder and porous BSCFs 

prepared with wheat starch of (b) 10wt%, (c) 20wt%, (d) 30wt%, (e) 40wt% and (f) 

50wt%. 

 

Figure 2-7 shows the relationship between the porosity and sintering temperature of 

the BSCF compacts to which 30 wt% of the pore-forming agent was added. At the pre-

firing temperature of 500 °C, the porosity was 70% or more, and a large change was not 

seen up to around 800 °C, then it sharply dropped to about 30% at 1100 °C. In both the 

porous body and the EPD layer, sintering significantly progresses at 800 °C or higher. 

The thermal stress at the interface between the two during the co-sintering is also 

considered to mostly increase at 800 °C or higher. In order to reduce the thermal stress 

of the porous body pre-fired at different temperatures and the EPD layer, the thermal 

shrinkage during the heating process was evaluated. 
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Fig. 2-7 Relation of porosity of BSCF porous support versus sintering temperature. 

Porous BSCFs were prepared with the addition of 30wt% wheat starch. Sintering at 

each fixed temperature was performed in air for 3h. 

 

Figure 2-8 shows the dilatometric measurements during the heating process from 

room temperature to 1100 °C for the green EPD layer and the porous supports pre-fired 

at different temperatures. The sintering-shrinkage of the porous supports strongly 

depends on the pre-firing temperatures. The difference in the degree of contraction of 

the porous body and the EPD layer in this temperature range is a major factor causing 

the cracking and peeling. The porous support pre-fired at 500 °C had the lowest 

shrinkage mismatch with the EPD layer between 800-1000 °C. Based on these results, 

it was suggested that a crack-less, no peeling thin dense layer would be prepared on the 

porous support by setting the pre-firing temperature of the porous support to 500 °C and 

the co-firing temperature to 1100 °C.  
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Fig. 2-8 Thermal shrinkage of BSCF compacts during heating at the constant rate of 

5 ˚C/min 

 

 

Fig. 2-9 Microstructures of the outer surfaces of the thin dense layers (a-c) as well as the 

fractured cross-section at the interfaces of the dense/porous BSCFs (A-C). The pre-firing 

temperatures were (a, A) 500 ˚C, (b, B) 800 ˚C, and (c, C) 900 ˚C. The co-firing 

temperature was fixed at 1100 ˚C for all the samples. 
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Figure 2-9 shows the outer surfaces of the thin dense layers as well as the fractured 

cross-sectional microstructures at the interfaces of the dense/porous BSCFs. Under the 

optimized sintering conditions, a dense layer of about 20-μm thickness without any 

cracking and peeling was successfully obtained. The interface between the dense layer 

and the porous support was well bonded. Figure 2-10 shows the comparison of the oxygen 

separation performances of a free-standing membrane fabricated by uniaxial pressing, 

an asymmetric membrane fabricated by the optimized EPD condition and the previously-

reported asymmetric membrane with a similar film thickness prepared by the tape 

casting method [10,24]. In the inserted figure of Fig. 2-10, the logarithm of the oxygen 

permeability vs. temperature reciprocal is plotted for each sample.  Since the Arrhenius 

plot showed linearity, the apparent activation energy was calculated. For the oxygen 

separation membrane using the perovskite-type MIEC, it has been reported that the 

rate-determining steps in the high and a low temperature regions are bulk diffusion and 

a surface exchange reaction, respectively [3,25,26]. The apparent activation energy of 

the former is lower than that of the latter. In this study, the temperature at which the 

surface exchange reaction control shifts to the bulk diffusion control is around 750 °C, 

which is almost similar to that reported in previous studies. Baumann et al. reported 

that the activation energies in the high and low temperature regions of BSCF are 32.0 

kJ mol-1 and 51.7 kJ mol-1, respectively [27]. Their experiments were performed at 

different gas-flow rates, but the activation energies are almost similar to those of our 

results. The jO2 of the asymmetric membrane prepared by EPD was comparable or 

higher than that by the tape casting [10,24]. The highest oxygen permeation flux of 2.5 

ml (STP) min-1cm-2 was obtained at 850 °C for the asymmetric membrane prepared by 

EPD. In general, the EPD process does not limit the size and shape of the substrates, 
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therefore, the production of a long cylindrical asymmetric membrane would be easy. It is 

expected that the EPD method will significantly contribute to the widespread use of the 

oxygen separation system using the oxide ionic-electronic mixed conductors. 

 

 

Fig. 2-10 Oxygen separation performance of BSCF membranes. 

 

4. Conclusions 

 

The EPD method was used for the fabrication of a dense/porous asymmetric oxygen 

separation membrane based on the BSCF mixed ionic-electronic conductor. The electric 

conductivity of the porous BSCF supports is satisfactorily high at room temperature, 

therefore, the BSCF powder was deposited onto porous BSCF supports without any 

surface treatment. Fabrication of a crack-free and non-peeling asymmetric membrane 

by the EPD method was successfully performed by minimizing the thermal stress 
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between the EPD layer and porous support during the co-firing. An asymmetric 

membrane composed of a thin dense layer with a relative density of 95% or more and a 

porous support with a porosity of about 30% exhibited an oxygen permeation flow rate 

of up to 2.5 ml (STP) min-1 cm-2 at 850 °C. 
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Chapter 3 │ Fabrication of BSCF multi-layered oxygen separation membrane 

using sequential electrophoretic deposition process 

 

Preface 

 

In the previous chapter, the EPD process was applied to the fabrication of an oxygen 

separation membrane with an asymmetric structure composed of a dense layer / porous 

support based on BSCF. As a result, sufficiently high oxygen separation characteristics 

were shown compared with the BSCF asymmetric membranes reported so far, and the 

effectiveness of the EPD process was demonstrated. The asymmetric-structured 

membrane can promote the oxygen reduction reaction due to the high specific surface 

area of the porous support layer. In order to increase the area for sufficient oxygen 

generation reaction on the sweep side, it is preferable to form a porous MIEC layer on 

the dense MIEC layer as well. In this chapter, the fabrication of tri-layered structure, 

composed of an porous oxygen-evolution layer / dense oxide ion-transporting layer / 

porous oxygen-reduction support in which a porous oxygen evolution layer is formed on 

an asymmetric structure, has been attempted expecting improved oxygen separation 

performance compared to a bi-layered structure composed of dense layer / porous support.   

 

1. Introduction 

 

As the methods for forming a bi-layer composed of porous oxygen-evolution layer / 

dense oxide ion-transporting layer on a porous oxygen-reduction support, spin coating, 

dip coating and tape casting have been reported very often[1–9]. However, there are few 

reports on film formation of such a bi-layer only by the EPD method[10–13]. When 

producing a laminated body by EPD method, it is common to perform EPD sequentially 
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by changing the suspension for each layer[14–21]. In order to form a bi-layer consisting 

of a porous layer / dense layer in a single sintering process, a suspension composed of 

only the base material must be used for the first layer, and a suspension composed of the 

base material and pore former must be used for the second layer. At this time, in the 

formation of the second layer, the two kinds of particles must be uniformly co-deposited 

to obtain a porous layer having a uniform pore distribution. In that case, a major problem 

is that the suspension for forming the first layer is mixed into the suspension for forming 

the second layer. Using the cylindrical cell reported in the previous chapter, a suspension 

containing a minimum amount of particles necessary for forming a film thickness 

required for each layer was injected into the cell. By doing EPD in this way, concentration 

unevenness and contamination of the suspensions were prevented.  

In this study, in order to obtain the above-mentioned bi-layered structure by sequential 

EPD followed by co-sintering, the dispersion control of the BSCF and polymethyl 

methacrylate (PMMA) particles, and the EPD deposition conditions were examined. 

 

2. Experimental methods 

 

Figure 3-1, Process (I) shows a schematic illustration explaining the preparation 

procedure of the porous support. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) prepared by the citrate 

precursor method with a D50 particle size of 0.55 m (Kusaka Rare Metal Products Co., 

Ltd.) and wheat starch as the pore-forming agent with a particle size of 1-30 m (Nakarai 

Tesque, Inc.) were used. The BSCF powder and pre-determined ratio (30 wt%) of the 

starch powders were mixed in a mortar. The powder mixture was uniaxially pressed into 

a disc with a 1.0mm thickness and 28mm diameter, then pre-fired at 500 °C for 1 hours 
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to obtain a porous support. To prepare the suspension of EPD for the forming dense layer, 

the BSCF powder thermal-treated at 250 °C for 30 min, was dispersed in reagent-grade 

ethanol (0.6 g/ 100 ml), then ultrasonicated. The zeta potential of the suspension was 

measured by laser doppler velocimetry (Zetasizer Nano-ZS, Malvern Instruments, UK). 

For adjustment of the pH, acetic acid or ammonium hydroxide diluted ten times with 

ethanol in volume was used. The zeta potential of thermal-treated BSCF exhibited the 

highest value of +53 mV at pH 7 as shown in Fig. 3-2, suggesting that the suspension 

would be most stable at pH7. Therefore, the pH of the suspension was adjusted to 7. The 

EPD suspension for the porous layer is composed of heat-treated BSCF and Polymethyl 

methacrylate (PMMA) as a pore former, 0.3 g each in 100 ml ethanol. The EPD 

suspension for the porous layer was also prepared in the same procedure as for the dense 

layer. 

   Figure 3-1, Process (II) shows a schematic illustration explaining the formation of a 

thin layer on a porous support by the EPD process. The electrode distance, the applied 

voltage and the deposition time were fixed at 10 mm, 150 V and 10 min, respectively. A 

10-ml suspension was used for the fabrication of one layer. The porous support was 

degassed by solvent impregnation in a vacuum atmosphere before the EPD. The post-

EPD specimens were slowly dried in a beaker covered with a perforated film, then co-

fired at 1100 °C for 3 hours in air to densify the thin layer. The sintering behaviors of the 

porous support and the thin layer were separately characterized by dilatometry to 

determine the co-fired temperature at which cracking does not occur. The relative 

density of the porous support and green layer formed by the EPD were measured by the 

Archimedes method in kerosene. The microstructures of the fabricated membranes were 

observed by scanning electron microscopy (SEM) using a field-emission SEM (JEOL, 



105 

 

JSM-7600F) and a mini-SEM (Hitachi, TM-3000). The oxygen separation performances 

of the BSCF asymmetric membranes were evaluated at the constant flow rate of 200 

ml/min for the air feed gas rate and 200 ml/min for the Ar sweep gas rate at fixed 

temperatures between 600 - 850 °C. The porous support was placed on the feed gas side. 

The membrane disc (diameter of 14 mm) was sealed to an aluminum tube using a silver 

ring at 900 °C. The permeated gas was analyzed by an oxygen sensor and gas 

chromatograph (G.C.). The nitrogen concentration in the permeated gas was monitored 

to make sure that no leakage of air occurred. It was confirmed by gas chromatography 

that the sample after the performance measurement remained gas tight even after 

cooling to room temperature. 

 

 

Fig. 3-1 Schematic illustrations showing the preparation procedure of the BSCF-based 

multi-layered membrane 
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Fig. 3-2 Zeta potential of thermal-treated BSCF 

 

3. Results and Discussion 

 

Figure 3-3 shows the pH dependence of the change in the microstructure of the layer 

after the co-firing. Since the pore distribution was the most uniform in the pH 7 porous 

layer, it is considered that BSCF and PMMA were uniformly deposited. The porous layer 

at pH 5 had a non-uniform pore distribution compared to that at pH 7. Further, the 

oxygen generation layer having pH 3 was peeled off at the interface with the dense layer, 

and a portion where no porous layer was formed was observed. 
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Fig. 3-3 pH dependence of the change in the microstructure of the layer after the co-

firing. 

 

These results were examined from the principle of electrophoresis. For the binary slurry, 

Hückel’s equation representing the electrophoretic deposition rate and Stokes’ equation 

representing the gravity sedimentation rate are shown below  

 

𝑣 = [(𝜀0𝜀𝑟)𝜁/18𝜂
2]𝐸                          (3-1) 

𝑣 =
[𝑑2(𝜌𝑝−𝜌𝑤)𝑔]

18𝜂
               (3-2) 

 

here, ε0 is the vacuum permittivity, εr is the relative permittivity of the solvent, 𝜁 is the 

zeta potential, η is the solution viscosity, E is the electric field, d is the particle size, 𝜌𝑝  

is solute density, 𝜌𝑤 is the solvent density, g is the gravitational acceleration. Based on 

the electrophoretic velocity equation, the difference in the electrophoretic velocity of the 

two components depends only on the zeta potential. For example, when the zeta 

potentials are the same, the electrophoretic speeds s coincide with each other, and 
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conversely, a speed difference is generated by the difference between the zeta potentials. 

On the other hand, the gravitational settling speed depends on the density of the 

dispersoids because the average particle sizes of BSCF and PMMA are the same. BSCF 

has an average particle size of 0.5 µm and a theoretical density of 5.72 g/cm3, and PMMA 

has an average particle size of 0.5 µm and a theoretical density of 1.18 g/cm3. When 

calculating the respective gravity settling rates, the settling rate of BSCF is about 3 

times higher than that of PMMA. Therefore, in this study, the applied electric field was 

set sufficiently high so that the electrophoretic velocity could be neglected. 

Figure 3-4 shows the relation of zeta-potential of BSCF and PMMA versus pH. 

Based on this formula, the zeta potential of the two components at pH 7 is almost the 

same, and the migration speed of the particles is almost the same, so that a porous layer 

having a uniform pore distribution could be formed. The difference between the two zeta 

potentials is bigger at pH 5 than pH 3, resulting in a greater difference in electrophoretic 

speed. Pore distribution is uneven and coarse pores are observed at the interface with 

the dense layer, so the PMMA concentration may vary from the dense layer to the porous 

layer surface. Finally, at pH 3, there is a large gap in the zeta potential of each other, 

and the electrophoretic speed of PMMA is much faster than that of BSCF. Therefore, 

PMMA is preferentially deposited on the interface with the dense layer interface, which 

is thought to have led to peeling of the deposited layer after co-firing. 
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Fig. 3-4 Relation of zeta-potential of BSCF and PMMA versus pH. 

 

Figure 3-5 shows the microstructure of the porous layer after co-firing with respect to 

the added amount of PMMA at a pH 7 where the migration speed of the two components 

is uniform. As the amount of PMMA added increased, the number of pores in the porous 

layer increased. In the porous layer with an added amount of PMMA of 10 wt%, Although 

the distribution of pores was uniform, there were many isolated pores because the 

amount of pore-forming material was small to form continuous pores. The porous layer 

with 30 wt% PMMA increased the pore connectivity. However, it was insufficient for 

pores to connect from the interface with the dense layer to the surface. Finally, in the 

porous layer added with 50 wt% PMMA, the pore distribution was uniform and closed 

pores were not observed, and a structure in which the base material formed a three-

dimensional network was observed. Therefore, a sample with a suspension pH 7 and an 

added amount of PMMA of 50 wt% was used for the oxygen separation characteristics 

test under the conditions examined in this study. 
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Fig. 3-5 The dependence of the amount of PMMA on the microstructure of the porous 

layer  

 

4. Conclusions 

 

In this study, we tried to deposit a porous layer / dense layer on porous support by 

sequential electrophoretic deposition. In the co-deposition of two components by EPD, 

the difference between the two zeta potentials and the concentration ratio of BSCF and 

PMMA were investigated as process parameters. Based on the electrophoretic velocity 

equation, it was clarified that the two components can be deposited uniformly by forming 

a film under conditions where the zeta potential is sufficiently high and the difference is 

as small as possible. As a result, it was shown that a porous layer having a uniform pore 

distribution can be formed by uniformly depositing and firing two components of BSCF 

as a base material and PMMA as a pore former. Moreover, it was suggested that an EPD 

layer with a concentration gradient can be formed by using the difference in zeta 

potential. It was also suggested that the porosity of the porous layer can be controlled by 
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changing the concentration ratio of BSCF and PMMA under conditions where the two 

components are uniformly deposited. From the above results, when applying the EPD 

method as a method for forming a porous layer, it was an essential factor in using the 

difference in the zeta potential and the concentration ratio for control the microstructure. 
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Chapter 4 │ Fabrication of BSCF porous body with excellent pore connectivity 

 

Preface 

 

The porous support prepared by the conventional sacrificial template method has a 

problem that the open porosity is not always sufficiently high for the supply gas to 

permeate to the dense layer. The formed closed pores would not contribute to the surface 

exchange reaction. To fabricate a porous body having high open porosity, the 

gelatinization-retrogradation phenomenon of starch has been to produce a porous body 

with high air permeability. In this chapter, a novel production method using the 

gelatinization-retrogradation phenomenon of starch as a pore-forming material has been 

demonstrated in order to develop a porous material with excellent connectivity that can 

be applied to porous support of the oxygen separation membrane. 

 

1. Introduction 

 

Porous ceramics are often used in various applications such as thermal insulation, 

adsorbents, filters, gas sensors, and catalyst supports [1]. In particular, a porous body 

using a mixed ionic-electronic conductor (MIEC) is used as an electrode of solid oxide 

electrochemical cells such as a solid oxide fuel cell or a porous support of an oxygen 

separation membrane. In these porous ceramics, it is very important to design the 

porosity, microstructure and mechanical properties according to the applications. In 

order to sufficiently promote the electrode reaction, the MIEC porous body must have a 

percolated network structure in which raw materials, such as a reaction gas, can easily 

reach the surface of the electrolyte or separation membrane layer [2–4]. Moreover, it 



116 

 

must have a large specific surface area as a reaction field. Typical fabrication processes 

for macroporous ceramics include partial sintering, sacrificial templates, replica 

templates and direct foaming. In addition to these fabrication processes, many new 

approaches for macroporous ceramics, such as phase separation and three-dimensional 

printing (3D printing), have been developed [1,5–9]. In particular, sacrificial template 

method [3,10–13], tape casting method [2,4,14–17], phase inversion method [18], and 

freeze-drying method [19] have been reported for the fabrication method of porous 

BSCF. 

For the fabrication of a conventional porous body, like the sacrificial template method, 

a mixed powder in which pore-forming agent particles are uniformly dispersed in a 

matrix material, is shaped, followed by removal of the pore-forming agent before, during 

or after sintering of the matrix material. A wide variety of sacrificial materials have been 

used as pore formers, including natural and synthetic organics, salts, liquids, metals, 

and ceramic compounds [9]. However, even if the pore forming agent material is 

uniformly dispersed in the matrix material, closed pores are generally formed if the 

amount of the pore-forming material is not sufficient as shown in Fig. 4-1(a). 

Many porous ceramics using starch powders as a pore forming agent have been 

reported [4,20-30]. In the conventional method, various plant-derived starch particles 

suitable for the target pore shape have been used in their original states. By using starch 

particles as a pore-forming material, a good porous body without any residue can be 

obtained by firing at about 500 °C. However, simply using starch powder as a substitute 

for polymer beads, such as polystyrene and PMMA, is not always a good method to form 

a percolated pore network.  
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Fig. 4-1 Schematic illustrations showing the preparation of a porous body by the 

sacrificial template method 

 

Starch is a polysaccharide composed of amylose and amylopectin produced by the 

photosynthesis of plants, and is a granular solid, and the ratio and shape of the particles 

differ depending on the type of plant. Figure 4-2 shows a schematic illustration of the 

gelatinization and retrogradation of starch [31–36]. The amylose and amylopectin 

fractions become loose during heating and in the presence of excess water, and these 

fractions start to solubilize at 70 °C and 90 °C, respectively. Starch granules initially 

absorb water causing them to gradually swell and form a viscous slurry. As heating 

continues and the temperature increases, the granules start losing their crystallinity 

and become amorphous. Subsequent heating causes the granules size to increase until 

they can no longer absorb more water and burst. As molecules making up the granule 

start to leach out from the swollen granules and disperse/solubilize in the aqueous 
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medium, they yield a gel or paste whose properties depend on the concentration and type 

of the starch. Retrogradation begins immediately after stopping the heating. 

Retrogradation of the amylopectin is a slow process, on the other hand, amylose 

retrogrades very quickly during cooling. The gelatinized starch then starts to cool to 

ambient temperature and solidifies, leading to water separation and molecular 

realignment. Retrogradation is associated with recrystallization of the starch molecules. 

 

 

Fig. 4-2 Phenomena of starch gelatinization and retrogradation 

 

When an aqueous slurry in which starch powder, which is a pore-forming agent, and 

the matrix material powder are dispersed, is heated, the starch is gelatinized and 

connected to each other. This starch consolidation technique has been reported in which 

the starch powder is swollen by heating a mixture of starch and matrix material in an 

aqueous slurry to form a connected pore network [37–43]. We have recently devised a 

method for fabricating a porous support using the gelatinization and successive 

retrogradation phenomena of starch. We postulated that it would be possible to produce 

porous materials with an excellent pore connectivity using these phenomena as shown 

in Fig. 4-1(b). The purpose of this study is to produce a porous material with an excellent 

pore connectivity and electrical conductivity based on the (Ba,Sr)(Co,Fe)O3-δ (BSCF) 

mixed conductor by utilizing the gelatinization-retrogradation phenomena of starch.  
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2. Materials and methods 

 

Figure 4-3 shows a schematic illustration explaining the preparation procedure of the 

porous bodies. Five vol% of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) powder (Kusaka Rare Metal 

Products Co., Ltd.) with an average particle size of 0.5 μm was added to distilled water. 

Next, rice starch powder (Sigma-Aldrich Co. LLC) with the particle size range of 2.0−8.0 

μm was added to the slurry in an amount of 25 wt% versus the BSCF powder. The mixed 

slurry was deflocculated using an ultrasonic homogenizer. Next, the resulting slurry was 

heated and stirred at about 65 °C for 1 h using a hot stirrer to gelatinize the rice starch 

in the slurry. This slurry was poured into an acrylic cylindrical container standing on a 

metal plate, then the sample was cooled in a refrigerator at 0±2 °C for 2h to accelerate 

the retrogradation and the exudation of moisture in the gelatinized starch. Furthermore, 

the sample was gradually frozen at −18 °C or rapidly frozen at −196 °C with liquid 

nitrogen, then freeze-dried under a reduced pressure of 10 Pa to obtain green bodies.  

 

Fig. 4-3 Preparation procedure of porous body of BSCF using rice starch as the pore 

forming agent.  
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 Figure 4-4 shows SEM micrographs of (a) the as-received starch powder, (b) the 

gelatinized starch after freeze-drying, and (c) retrograded starch after freeze-drying. The 

sacrificial templates of the starch, like these images, would be formed. Thereafter, the 

green bodies were fired at 900 °C or 1100 °C for 3 hours to produce the BSCF porous 

bodies. The porosity of the green bodies and porous bodies were measured by the 

Archimedes’ method in kerosene. The microstructures of the sample were observed by 

scanning electron microscopy (SEM) using a field-emission SEM (JEOL, JSM-6510) and 

a tabletop-SEM (Hitachi, TM-3000). The electrical conductivity of the porous bodies 

sintered at 1100 °C was evaluated by the DC 2-terminal method using a source meter 

(Keithley, model 2400). 

 

 

Fig. 4-4. SEM images of (a) as-received rice starch powder, (b) freeze-dried gelatinized starch 

and (c) freeze-dried retrograded starch. 

 

3. Results and discussion 

 

Fig. 4-5 shows the microstructure of the green bodies after freeze-drying. Table 4-1 shows 

the retrogradation progress, porosity and the apparent pore size of each sample. The green 

body (Fig. 4-5(a)), which was rapidly frozen at −196 °C and vacuum freeze-dried with no 

retrogradation treatment, showed an open porosity of 57.6%. The green body (Fig. 4-5(b)), 
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which was rapidly frozen at −196 °C and vacuum freeze-dried with the retrogradation 

treatment, showed an open porosity of 77.6%, and the pore size range was 5.0−10.0 μm. The 

green body (Fig. 4-5(c)), which was slowly frozen at −18 °C and vacuum freeze-dried with the 

retrogradation treatment, showed an open porosity of 87.8%, and the pore size range was 

10.0−50.0 μm. 

 

 

Fig. 4-5 Microstructures of the green bodies after freeze-drying (a-c): (a) no 

retrogradation treatment + rapid freezing, (b) retrogradation treatment + rapid freezing, 

and (c) retrogradation treatment + slow freezing.  

 

Table 4-1 The degree of retrogradation progress, porosity and the pore size of green 

bodies after freeze-drying: (a) no retrogradation treatment + rapid freezing, (b) 

retrogradation treatment + rapid freezing, and (c) retrogradation treatment + slow 

freezing.  
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In the rapidly frozen and then freeze-dried samples (Figure 4-5 (a) and (b)), a 

difference in the microstructure of the green bodies was observed depending on whether 

aging was promoted. This is probably because the exuded water from the gelatinized 

starch was frozen during the retrogradation process, and voids were formed by the ice 

crystals sublimating by the freeze drying. In addition, in the rapidly frozen and slowly 

frozen samples followed by the retrogradation treatment (Figure 4-5 (b) and (c)), a 

difference in the microstructure of the green bodies was also observed depending on 

whether aging was promoted. This is likely because in the case of the slow freeze, not 

only the exudate during the retrogradation treatment, but more water will be exuded 

during the subsequent freezing process. When the sample is rapidly frozen at liquid 

nitrogen temperature, the time for water exudation from the gelatinized tissue is 

extremely short, and the amount of water to be exuded is relatively small, resulting in 

the formation of fine ice crystals, thus smaller pores. On the other hand, the freezing 

rate of water at −18 °C is slow, therefore, there is sufficient time for more water to 

exudate out, resulting in the formation of large ice crystals and consequently coarse 

pores. 

Figures 4-6 (a-c) and (A-C) show SEM images of the fractured surfaces of the porous 

bodies produced by firing the green bodies of Figs. 4-5 (a) to (c) at 900 °C or 1100 °C, 

respectively. Figure 6 (A’-C’) are the wide-area images of Figure 6 (A-C). The sample 

prepared by firing the green body at 900 °C is not shown here because the sample was 

too brittle to observe the microstructure. When the porous body shown in Fig. 4-5 (c) was 

fired at 1100 °C (Fig. 4-6 (C)), a high open porosity was obtained, but the brittleness was 

not improved. When the rapidly frozen compacts shown in Figs. 4-6 (a) and (b) were fired 

at 900 °C, the pores were uniformly distributed and favorably connected regardless of 



123 

 

the retrogradation treatment as shown in Figs. 4-6 (a) and (b). In the porous bodies fired 

at 1100 °C, it was observed that the sample with the non-retrogradation treatment (Fig. 

4-6 (A)) had a significantly reduced porosity compared to the other samples (Fig. 4-6 (B) 

and (C)). This is probably because the sintering between the particles progressed as the 

firing temperature increased, and the pores of 0.5−5.0 μm in size, which were observed 

in the porous body fired at 900 °C, shrunk, and the connected structure was lost. On the 

other hand, in the porous body that was retrograded, then fired at 900 °C, the pores of 

5.0−10 μm size were maintained as shown in Fig. 4-6 (b). Furthermore, even at the 

1100 °C firing, connected pores having a range of 2.0−8.0 μm were retained as shown in 

Figs. 4-6 (B) and (C). Based on these results, it is considered that the pore size of the 

retrograded sample increased due to the more exuding from the gelatinized starch, 

resulting in the formation of coarse pores as compared to the non-gelatinized sample.  
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Fig. 4-6 Microstructures of the porous bodies fired at 900 ˚C (a-b) and 1100 ˚C (A-C): (a, 

A) no retrogradation treatment + rapid freezing, (b, B) retrogradation treatment + rapid 

freezing, and (c, C) retrogradation treatment + slow freezing. (A’-C’) are the wide-area 

images of (A-C). 
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Figure 4-7 shows the microstructure of (a) the dense body produced by the uniaxial 

pressure molding method, (b) the porous body by the conventional method, and (c) the 

porous body by freeze drying followed by firing at 1100 °C. Table 4-2 shows the porosity, 

apparent pore size, and electrical conductivity of each sample. Porous bodies prepared 

by this technique have a pore size similar to that of the conventional methods, but have 

a higher porosity, and 99% of the total pores are open pores. The electrical conductivity 

of the porous body obtained by this method was similar to that of the porous body 

prepared by the conventional method, and the connectivity of the matrix was sufficiently 

high as well as the connectivity of the pores. 

 

 

 

Fig. 4-7 Microstructures of the BSCFs sintered at 1100 ˚C via different preparation 

methods: (a)uniaxial pressing without pore forming agent, (b) common sacrificial 

template method, and (c) method using the gelatinization-retrogradation phenomena of 

starch (retrogradation treatment + rapid freezing). The added amounts of starch in (b) 

and (c) are both 25 wt%. 
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Table 4-2 Porosity, open porosity, pore size, electrical conductivity of the BSCFs sintered 

at 1100 ˚C via different preparation methods: (a)uniaxial pressing without pore forming 

agent, (b) common sacrificial template method, and (c) method using the gelatinization-

retrogradation phenomena of starch (retrogradation treatment + rapid freezing). The 

added amounts of starch in (b) and (c) are both 25 wt%.  

 

 

In general, the pore structure is evaluated by gas adsorption, mercury intrusion, and 

X-ray CT. In the pore distribution measurement by the gas adsorption method, the range 

in which the pores can be measured is 0.1 to 100 nm, which is not suitable for the 

measurement of the pore diameter of the porous BSCF prepared in this study. In the 

mercury intrusion method, pores with a diameter of several nm to several hundred μm 

are measured. However, in this method, a cylindrical pore is a measurement target and 

is not suitable for the measurement of a three-dimensional network structure in which 

many pores are connected. Therefore, we tried to observe the pore structure of the sample 

by X-ray CT. Although the maximum measurable resolution of the instrument was 5 μm, 

observation of the pore structure of this sample was difficult, and visualization of the 

pore shape and three-dimensional network structure was not possible.  

To confirm that the fabricated porous BSCF has excellent pore connectivity, a high-

precision specific surface area measurement using krypton gas was performed. The 

specific surface area measurement results were: 0.24 m2/g for rapidly frozen samples 
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without retrogradation treatment (Fig.6 (A)), 0.27 m2/g for rapidly frozen samples with 

retrogradation treatment (Fig.6(B)), 0.07 m2/g for samples prepared by the sacrificial 

template method (Fig.7 (c)), 8.6 m2/g for BSCF raw powder. The specific surface area in 

which the porous bodies produced by utilizing the gelatinization and retrogradation 

phenomena after sintering (Fig.6 (A and B)) were smaller than that of the raw powder. 

However, the specific surface area of these porous bodies was 3 to 4 times higher than 

that of the porous body prepared by the sacrificial template method (Fig.7 (c)). Further, 

the sample of Fig.6 (B) with retrogradation treatment had a higher specific surface area 

than the sample of Fig.6 (A) without no retrogradation treatment. This suggests that the 

sample in Fig. 6(B) has a high open porosity, which is consistent with the porosity 

measurements. The wide-area SEM image shown in Fig. 6 (A’-C’) exhibits that the porous 

bodies produced by utilizing the gelatinization and retrogradation phenomena have a 

highly connective pore structure. These results of specific surface area measurement, 

porosity measurement, and SEM observation show that the porous body formed by using 

the gelatinization and retrogradation phenomena forms a network structure with a 

highly connective pore structure. 

Figure 4-8 shows the relationship between the porosity and the firing temperature of 

the porous materials prepared under different conditions. The porosity of the non-

retrograded sample increased due to the 900 °C firing and decreased at 1100 °C. 

Considering that the burnout temperature of starch is around 500 °C and the starting 

temperature of the sintering of BSCF is around 900 °C, the reason why the porosity 

increased by firing at 900 °C is probably because the densification does not significantly 

progress. At the firing temperatures of 1000 °C or higher, the densification further 

proceeds, so that the pores diminish and the porosity decreases. On the other hand, the 
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porosity of the retrograded sample slightly decreased at 900 °C, and further decreased 

by firing to 1100 °C. This is probably because the coarse pores hinder the sintering 

progress of the matrix.  

 

 

Fig. 4-8 Sintering properties of the BSCFs: (upper side) Relative density of BSCF with 

no starch prepared by uniaxial pressing; (lower side) open porosity of the sintered bodies 

prepared by different methods and conditions. 

 

In this study, rice-derived starch was used, but using starch from other plants with 

different ratios of amylose and amylopectin would result in the formation of pores with 

different tissue structures. The method of producing a porous body using the 
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gelatinization-retrogradation phenomena of starch is a promising method with excellent 

environmental compatibility for producing a porous body with excellent connectivity, 

which can be applied to other matrix materials. 

 

4. Conclusions 

 

A new processing method for producing porous materials has been proposed by 

selecting the combination of rice starch and BSCF; i.e., starch powder as a pore-forming 

agent is gelatinized to connect them together and promote the appropriate 

retrogradation phenomenon to freeze the exuded water, and subsequent vacuum freeze-

drying the ice crystal and firing. Consequently, connected pores having a pore diameter 

such that pores formed later would not disappear due to heat shrinkage are formed, and 

a porous body of BSCF having an excellent open porosity is produced. 
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Chapter 5 │ Development of novel materials for dual-phase membrane 

 

Preface 

 

Utilization of dual-phase membranes composed of ionic and electronic conducting 

phases would be another approach to further improve oxygen separation characteristics, 

because single component MIEC has insufficient oxide ion conductivity for practical 

application. In order to compensate for this, an oxide ion conductor has been added to 

the electron conductor and MIEC, and has been studied as a technique for improving the 

characteristics. CeO2 is an oxide ion conductor and is frequently used in the ion 

conduction phase of a dual-phase membrane because it exhibits high electronic 

conductivity above 700 °C depending on conditions. Numerous oxygen separation 

properties have been reported for materials combining CeO2-based oxides with metals 

and Co-, Fe-, and Mn-based perovskite oxides as the electronic conduction phase. 

However, no dual-phase membrane materials have been reported yet that exceed the 

oxygen separation performance of existing single-phase MIECs. The reason is that the 

composite material does not exhibit the characteristics of each phase as expected because 

a by-product is generated at the interface by a reaction between different materials 

during the sintering process. In order to fundamentally solve such problems, it is 

necessary to control the defect structure of materials and understand the interface 

reaction mechanism in material development. In this chapter, an attempt has been made 

to develop an oxide ion conductor having low interfacial reactivity with different 

materials during the sintering process. 
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1. Introduction 

 

The recent studies focusing on electrochemical devices, such as the solid oxide fuel 

cell (SOFC) and solid oxide electrolysis cell (SOEC), have been of increasing importance 

in modern society [1–10]. The SOFC can directly covert chemical energy, such as 

hydrogen, and hydrocarbon energy of a reaction into electric energy. The SOEC can store 

the electricity as hydrogen and hydrocarbon energy. The reversible system having both 

the SOFC/SOEC properties are especially attracting widespread attention [11–19]. The 

materials and fabrication technologies, which are used for SOFCs, are directly applicable 

to SOEC devices. During the past years, the question of lowering the operating 

temperature of the SOFCs has become a fundamental issue for improving materials 

compatibility, reducing energy consumption and startup time, and enhancing the 

durability and reliability over the long-term [9]. Considering that the material selection 

of the cell components and the stack design are mainly determined by the properties of 

the solid electrolyte, because the oxide ion conductivity strongly depends on the 

operating temperature. The electrolyte material selection is a crucial step in the 

development of suitable devices. In addition, this purpose is further complicated because 

the attention must also be focused on many other parameters such as gas-tightness, 

electronically non-conducting, chemical stability over a wide oxygen partial pressure and 

temperature range, good mechanical properties, chemical and thermal expansion 

compatibility with electrodes and other components [9,20,21].  

In the literature, many studies can be found about the improvement of the ionic 

conductivity for the different ceramic-based oxide electrolyte materials, such as zirconia, 

ceria, lanthanum gallate and bismuth-based oxides. Zirconia-based electrolytes, such as 
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yttria-stabilized zirconia (YSZ), are the most popular materials employed as the 

electrolyte in SOFCs, because of their attractive ionic conductivity, stability in both 

oxidizing and reducing environments, and compatibility with the electrode materials. 

However, the ionic conductivity of YSZ at low and intermediate temperatures(450–800◦

C) is much lower than that of ceria-based electrolytes such as gadolinium-doped ceria 

(GDC) or lanthanum gallate-based electrolytes such as La0.8Sr0.2Ga0.8Mg0.2O3-δ 

(LSGM8282). La1-xSrxGa1-yMgyO3-δ (LSGM), in which Sr is replaced with the La site and 

Mg with the Ga site, is one of the most interesting systems [22–26]. Both dopants 

generate oxygen vacancies to compensate their lower valences. However, one of the 

problems is the high chemical reactivity of LSGM at the temperatures required for cell 

manufacturing, which makes the preparation of the LSGM-based IT-SOFCs difficult. 

Generally, the densification of LSGM to a gas impermeable level requires a very high 

sintering temperature (around 1400-1500 ˚C) [21,27–29]. The advantage of the LSGM 

electrolyte is its compatibility with the Mn- and Co-based perovskite-type cathode 

materials [30–36]. It has been reported that a small amount of Co doping in the LSGM 

structure is not detrimental to its oxide ion-conduction properties and thus enables a 

lower temperature operation [37].  

However, the incompatibility with the other electrode materials, such as the Ni- and 

Zr- based anode materials, is well known to form the insulating La2Zr2O7 pyrochlore and 

SrZrO3 perovskite phases [38–40]. Furthermore, it creates thermal stress at the 

interface between the electrode and electrolyte due to the big difference in the thermal 

expansion coefficient. Cermet anodes, such as Ni- and Ce- based materials, which are 

usually selected for the LSGM electrolyte, can react with LSGM during sintering at high 

temperatures; La3+ ions diffuse into the anode through the electrolyte–anode interface, 
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resulting in the formation of LaNiO3 at the interface, and highly-resistive LaSrGa3O7 

phases in the electrolyte bulk [21].  

Many authors have reported that ceria-based interlayers can suppress the reaction 

between the LSGM and the electrodes during the sintering process [21,41–48]. Kim et 

al. reported that GDC could significantly relax the interfacial reactions between the 

LSGM electrolyte and Ni-GDC anode even through the partially formed LaSrGa3O7 

phase [45,46]. The Cation non-stoichiometry has been recognized to have a significant 

influence on the properties of the perovskite-type oxides. The A-site cation deficiency in 

the perovskite systems is a widely adopted strategy for endeavoring to engineer the 

defect chemistry, which affects the physicochemical properties of the perovskite oxides 

[35,49–61]. Some A-site deficient perovskites exhibit a high thermal stability and 

chemical compatibility while maintaining good electrochemical characteristics. For 

example, the introduction of a La deficiency in the Sr-doped LaMnO3 (LSM) electrode 

suppresses the formation of the La2Zr2O7 pyrochlore phase at the interface with the YSZ 

electrolyte at temperatures higher than 1000 °C [49,54]. A similar effect of the 

suppression of the high temperature reactivity of an A-site deficient perovskite has been 

reported for the La-deficient La1-xCoO3-δ with alumina [55]. Based on these results, the 

high temperature reactivity between the perovskite LSGM8282 electrolyte and ceria-

based interlayer material could also be suppressed by introducing an A-site deficiency in 

the LSGM. In our previous study, LSGM powders with various A-site deficiencies were 

synthesized, and their reactivity to Ce0.9Gd0.1O3-δ was compared. The reaction-

suppressed effect is much more remarkable by keeping the oxygen amount the same as 

LSGM8282 (oxygen amount= 2.8). The best composition was La0.9Sr0.05Ga0.8Mg0.2O2.8 

(A-site = 0.95, O = 2.8) [50]. However, the conductivity of the LaSrGa3O7 phase, which is 
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inevitably formed at the interface, has not been considered; it decreases by increasing 

the substitution amount of Sr to the La site [62]. 

In this study, to further investigate the interfacial reaction between the LSGM and 

GDC electrolytes, we focused on the Sr doping dependence on the La3+ diffusion from 

LSGM, which results in the forming of the LaSrGa3O7 phase from LSGM. The screening 

of the most stable LSGM was performed using the thermally-treated LSGM powders 

mixed with GDC by X-ray diffraction (XRD). The reactivity of the selected LSGM with 

GDC was further investigated by energy dispersive X-ray spectroscopy (EDS) and 

electric conductivity measurements. 

 

2. Experimental procedure 

2.1. Preparation and characterization of Sr-ion deficient LSGM8282 

 

LSGM powders were prepared by a conventional solid state reaction method. Reagent 

grade chemicals of La2O3, SrCO3, Ga2O3, and MgO (99.9% purity, Kojundo Chemical Lab. 

Co., Ltd.) were weighed for a series of LSGMs: La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ (LSGM8282, 

x=0.00, 0.05, 0.10, 0.15, 0.20). The La2O3 powder was pre-calcined at 1000 ˚C for 2h prior 

to the weighing in order to remove the hydroxide impurities. The weighed powders were 

mixed in an agate mortar with a small amount of ethanol. The powder mixtures were 

compacted at 50MPa, calcined at 1250 °C for 5h, then reground. The ground powders 

were recompacted at 50MPa, thermally treated at 1400 °C for 10h, and reground.  

GDC used in this study was a commercially-available powder (Anan Kasei Co., Ltd., 

CGO90/10 ULSA, D=0.3μm). The phase purity of the final products was examined by a 

powder XRD analysis (Bruker AXS, D8 ADVANCE). The diffraction patterns were 
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collected at room temperature over the range of 2θ = 20-80° using Cu Kα radiation. 

Electric conductivity measurements were performed for the sintered specimens. The as-

synthesized LSGMs were characterized by the electric conductivity measurements using 

the sintered specimens. The as-synthesized powders were pressed into cuboid bars 

(5mm×15mm×4-5mm in length) and sintered at 1400 °C for 2h. The electric conductivity 

of the sintered bar samples was measured by the DC four-terminal method in air. 

Commercial silver paste (DuPont, 4922N) and Pt wire were used for the electrode and 

conducting wire, respectively. The measurement was performed in the temperature 

range from 800 to 400 °C during cooling. 

 

2.2. Reactivity tests between LSGM and GDC 

 

Comparison of the reactivity of the various LSGMs and GDC was performed by three 

methods: i.e., XRD analysis, SEM-EDS analysis and electric conductivity measurements. 

The LSGM and GDC powders were mixed in the weight ratio of 1:1 using an agate mortar. 

The powder mixtures were lightly compacted, thermally treated in air at 1400 °C for 2h, 

then ground. The temperature of 1400 °C was selected for sintering since it is the 

maximum temperature required for the co-firing temperature of the LSGM and GDC. 

The phase composition of the ground powders was characterized by a powder XRD 

analysis. 

The LSGM and GDC were separately dispersed in ethanol with a dispersing agent to 

prepare their stable suspensions. Bi-layers of the LSGM/GDC were prepared by the 

sequential electrophoretic deposition (EPD) method on a palladium substrate. After 

drying at room temperature in air, the deposit was separated from the substrate, then 
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sintered at 1400 ˚C for 2h. Cross-sectional microstructure observations and EDS line 

mappings at the interface of the LSGM/GDC layers were performed by an field emission 

scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray 

spectrometry (EDS) analyzer (JEOL, JSM-6500F). The LSGM and GDC powders were 

mixed in the weight ratio of 1:1 using an agate mortar. The powder mixtures were 

pressed into cuboid bars (5mm×15mm×4-5mm in length) and sintered at 1400 °C for 

2h. The electric conductivity of the sintered bar samples was measured by the DC four-

terminal method in air.  

 

3. Results and discussion 

3.1. XRD examination and microstructural observation 

 

Figure 5-1 shows the XRD patterns of the prepared LSGM8282 powders. All the XRD 

patterns were mainly assigned as the perovskite phase with small peaks from LaSrGaO4 

and LaSrGa3O7. Though slight impurity phase peaks are observed, their main peaks were 

very similar to each other. The slight peak shift to a higher diffraction angle and the peak 

split due to the lattice shrinkage and distortion of the perovskite structure were observed 

for the x=0.1, 0.15, 0.2 specimens. This suggests that the cubic phase of LSGM8282 changes 

to the asymmetric phase such as the orthorhombic phase. Figure 5-2 shows the unit cell 

volume calculated from the lattice constants of the LSGMs evaluated from the XRD 

measurements. The unit cell volume decreased with the increasing amount of the A-site 

Sr-ion deficiency followed by the lattice shrinkage.  
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Fig. 5-1 XRD patterns of La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ (x=0.00, 0.05, 0.10, 0.15, 0.20). Secondary 

phase are indicated by the symbol ★ for LSGM, △ for LaSrGaO4, □ for LaSrGa3O7. 

 

 

Fig. 5-2 Unit cell volume of La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ (x=0.00, 0.05, 0.10, 0.15, 0.20). 
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3.2. Electric properties 

 

Figure 5-3 shows the total conductivity and the activation energy of the LSGM8282 

with different Sr-ion deficiencies. The total conductivity at x=0.00 was almost unchanged 

from that at x=0.05. The conductivity gradually decreased with the increasing 

deficiencies at x=0.10~0.20. The activation energy changed at around 600 °C. It has 

reported that the change in the activation energy around 600 °C in the LSGM-based 

oxide is due to the change in the association state of the oxygen vacancies [22]. Generally, 

it is considered that an increase in the amount of the Sr-ion deficiency changes the 

amount of oxygen vacancies and contributes to improvement of the oxide ion conductivity. 

However, it seems that the influence of the inhibition of diffusion of oxide ions by the 

influence of the structure distortion is superior. Therefore, the electric conductivity 

decreased. The reason could be explained by the dopant-vacancy interaction mechanisms, 

e.g., 𝑉𝐿𝑎
′′′ − 𝑉𝑂

∙∙, forming a trap (or associate), to the oxide-ion vacancies migration and 

thus reducing the total conductivity [63,64]. Another possible mechanism is the 

formation of a Ga, Mg-enriched second phase at the intragrain and grain-boundaries 

[65,66]. However, strong peaks attributed to the second phase are not observed in the 

XRD pattern shown in Figure 5-1, therefore, the influence of the latter is considered to 

be low.  
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Fig. 5-3 Arrhenius plots of the electric conductivity of La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ(x=0.00, 0.05, 

0.10, 0.15, 0.20) and the evaluated activation energies at 600-800˚C (E1) and 400-600 ˚C (E2). 

 

3.3.  Interaction between LSGM and GDC  

 

Figure 5-4 shows the XRD pattern change of the mixed powder of LSGM and GDC by 

the heat treatment at 1400 °C for 2 hours in air. The black and red lines show the spectra 

before and after the heat treatment, respectively. The peak positions of the stoichiometric 

(x = 0.00) LSGM 8282 and GDC powders before the heat treatment are also indicated by 

the dotted lines. The peaks of LSGM and GDC shifted after the thermal treatment, 

suggesting the mutual diffusion of cations at the interface between the LSGM and GDC. 

The peaks of LSGM shifted to higher diffraction angles, suggesting the occurrence of 

lattice shrinkage. On the other hand, the peaks of GDC shifted to lower diffraction angles, 
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suggesting lattice expansion. The peak shifts of the LSGM are probably due to the 

diffusion of the A-site-located La3+ and Sr2+ ions from the LSGM to GDC [41,46,50].  The 

peak shifts of the GDC are probably due to the diffusion of the Ce4+ and Gd3+ ions from 

the GDC to LSGM. The LSGM 110 and GDC 200 diffraction peaks near 2θ = 32.5 °shifted 

less by the increasing Sr deficiency due to the difference in the ionic radius (Sr2+ > La3+ 

> Ce4+, Gd3+). This means that the A-site cation diffusion of the A-site deficient LSGM is 

less likely to occur than that of the stoichiometric (x=0.00) LSGM. This result suggests 

that the stability of the LSGM phase at high temperatures can be improved by making 

the A-site-located Sr ions partially insufficient; the effect is especially prominent at 

x=0.15. However, the mutual diffusion of the cation between the LSGM and the GDC is 

still implied from the GDC peaks shifts.   

 

Fig. 5-4. Comparison of the XRD patterns of the mixed powders of the LSGM and GDC 

after the thermal treatment at 1400 °C in the air. The black line denotes the state before 

the thermal treatment. The red line indicates the reacted LSGM and GDC. 
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Figure 5-5 shows the relation between the thermal treatment temperature and the 

cell volume of the various the Sr-ion deficient LSGMs. The cell volume of the x=0.00-0.10 

samples decreased after the thermal treatment at the higher temperatures, however, 

this change is not notable for the x=0.15-0.20 samples. The cell volume of the 

stoichiometric (x=0.00) LSGM significantly decreased after the thermal treatment. The 

effect of the reactivity suppression of the LSGM with GDC by the Sr-ion deficiency is 

also confirmed from the formation of the reacted LaSrGa3O7 phase.  

 

 

Fig. 5-5 The relation between the amount of the temperature of thermal treatment and 

the cell volume of Sr-site deficiency prepared LSGMs. 

 

The ratio of the relative intensities of the LaSrGa3O7 211 diffraction peak and the 

LSGM 110 diffraction peak is shown in Fig. 5-6 as a function of the amount of the Sr-ion 

deficiency. It is difficult to identify what phase is formed only by interface line analysis. 
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So, in this study, the contact area of LSGM and GDC phase was increased by mixing 

those powders. As a result, the amount of phases formed at the interface by heat 

treatment was sufficient for identification by XRD. The LaSrGa3O7 is known as a high 

resistivity phase of which its formation should be suppressed. The most reaction-

suppressed powder was at x=0.20, however, the LSGM of x= 0.20 is not suitable for use 

as an electrolyte due to its very low electric conductivity as shown in Fig. 5-3. Based on 

these results, it is considered that x = 0.15 is the optimal among all the samples. 

 

 

Fig. 5-6 The relative intensity of the LaSrGa3O7 211 peak compared to the LSGM 110 

peak calculated for all the LSGM–GDC mixtures as a function of the amount of A-site 

deficiency. 

 

Figure 5-7 shows the SEM images and the EDS elemental profiling of La, Sr, Ga, Mg, 

Ce and Gd around the interfaces of the LSGM/GDC after the thermal treatment at 

1400 °C. The LSGM is on the left and GDC is on the right of the SEM images. As shown 
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in Figure 5-7, the La and Sr ions exist on the GDC side, and the Ce and Gd ions exist on 

the LSGM side, indicating the mutual diffusion of the cations at the interface. The 

elemental ratio at the interface "spot A" of LSGM (x = 0.00) and GDC analyzed by EDX 

is shown in Table 5-1. The ratio of (La and Sr) and the Ga was close to 2:3. The thickness 

of the reacted layer of x=0.15 is smaller than that of x=0.00, the thicknesses for the 

LSGM(x=0.00)/GDC interface and LSGM(x=0.15)/GDC interface are about 7 μm and 3 

μm, respectively.  
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Fig. 5-7 SEM image and EDS elemental profiling of La, Sr, Ga, Mg, Ce and Gd near the 

interface of the LSGM/GDC after the thermal treatment at 1400 °C. The LSGM is on the 

left and GDC is on the right of the SEM image. (Left side: x=0.00, light side: x=0.15) 

 

Table 5-1 EDX analysis of the reacted layer at the spot A of the LSGM (x= 0.00) 
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Figure 5-8 show the electric conductivity of the LSGM and GDC mixture compacts 

after the thermal treatment at 1400 °C. The A site-deficient LSGM of x = 0.05 to 0.20 

showed almost the same conductivity after the heat treatment, and its value was higher 

than in the case of stoichiometric (x = 0.00) LSGM. This suggests that the formation of 

the highly resistive phase in the Sr-ion deficient LSGM is suppressed.  

 

 

Fig.5-8 Arrhenius plots of the electric conductivity of La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ (x=0.00, 0.05, 

0.10, 0.15, 0.20) after thermal treatment with GDC. 
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Comparing the Shannon ion radii La3+ (1.36 Å), Sr2+ (1.44 Å), Ga3+ (0.62 Å), O2- (1.40 Å) in 

the perovskite structure with the ion radii Ce4+ (0.97 Å), Gd3+ (1.053 Å), O2 -(1.42 Å) in the 

fluorite structure, the size of the La3+ is considerably larger than that of the Ce4+. However, 

the diffusion of La ions in the interface reaction of LSGM / electrode has been reported in 

many papers, and it is probable that La ions substitutionally dissolve in Ce sites.  

Considering only the base materials LaGaO3 and CeO2, mutual substitution of the cations 

at the LaGaO3/CeO2 interface can be expressed as the following two equations using the 

Kröger-Vink notation: 

               2𝐿𝑎𝐶𝑒
′ + 𝑉𝑜

∙∙ + 3𝑂𝑜
× ↔  2𝐶𝑒𝐿𝑎

∙ + 2𝑉𝐺𝑎
′′′ + 4𝑂𝑜

× + 2𝑉𝑜
∙∙          (I) 

               2𝐿𝑎𝐶𝑒
′ + 𝑉𝑜

∙∙ + 3𝑂𝑜
× ↔  2𝑉𝐿𝑎

′′′ + 2𝐶𝑒𝐺𝑎
∙ + 4𝑂𝑜

× + 2𝑉𝑜
∙∙         (II) 

 

The Ce ion has a larger ion radius than the Ga ion, and in order to substitute the Ce ion 

for the Ga ion located at the center of the oxygen octahedron, the O-O bond must be heavily 

distorted. On the other hand, since the ion radius of the La ion is larger than that of the Ga 

ion, it is considered that the Ce ion is more likely to substitutionally dissolve in the La site 

than in the Ga site. Therefore, the mutual substitution at the LaGaO3/CeO2 interface would 

occur according the reaction (I) rather than the reaction (II).  

The reaction layer can be classified as the I-V layers: Layer I: (La0.8Sr0.2-x)1-y(Ga0.8Mg0.2)O2.8-δ, 

Layer II:(La0.8Sr0.2-xCeaGdb)Ga0.8Mg0.2O2.8-δ, Layer III: [(La1+xSr1-x)1-a-bCeaGdb)]Ga3O7-δ, Layer IV: Ce0.9-

x(Gd0.1-yLaaSrb)O1.95-δ, Layer V: Ce0.9(Gd0.1LaaSrb)O1.95-δ. The reacted layer I-V between LSGM and 

GDC are schematically shown in Figure 5-9. 
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Fig. 5-9 Reacted layer I-V in LSGM/GDC interface 

 

The formation of the above-mentioned reaction layers between the LSGM and GDC 

could be explained as follows: The first step of the LSGM/GDC interaction is triggered 

by the diffusion of the La and Sr ions in the LSGM, The amount of the A-site ion 

deficiency of the LSGM increases by diffusion of the La ion and Sr ion; that is, ABO3 to 

A1-xBO3- is expressed by Reaction (1). The La and Sr ions are dissolved in the GDC by 

Reaction (2).   

 

(La0.8Sr0.2-x)(Ga0.8Mg0.2)O2.8-δ → 

  (La0.8-aSr0.2-x-b)(Ga0.8Mg0.2)O2.8-δ + aLaO1.5 + bSrO                (1) 

Ce0.9Gd0.1O1.95 + aLaO1.5 + bSrO → Ce0.9(Gd0.1LaaSrb)O1.95-δ              (2) 

 



154 

 

In the second step, the LSGM further becomes an A-site deficient composition, such as 

A2B3O7, resulting in the formation of the highly resistive (La,Sr)2Ga3O7 phase according 

Reaction (3).  

 

15/4(La0.8-aSr0.2-x-b)(Ga0.8Mg0.2)O2.8-δ → 

(La1+ySr1-y)Ga3O7-δ + (-15/4a-y+2)LaO1.5 +15/4 (-x-b+4/15y-1/15)SrO + 3/4MgO  (3) 

 

In the third step, when the solution of the La and Sr ions in the GDC reaches the limit, 

the diffusion of the Ce and Gd ions in the GDC to LSGM occurs according to the Reaction 

(4). 

Ce0.9Gd0.1O1.95 +cLaO1.5 + dSrO → 

Ce0.9-e(Gd0.1-fLacSrd)O1.95-δ + eCeO2 + fGdO1.5                  (4) 

 

In the fourth step, the Ce and Gd ions diffuse into the A-site of the LSGM via the 237 

phase according to Reactions (5) and (6) [67,68].  

 

(La1+ySr1-y)Ga3O7-δ+ eCeO2 + fGdO1.5 → 

[(La1+zSr1-z)CeeGdf)]Ga3O7-δ+ (y-z)LaO1.5 + (-y+z)SrO            (5) 

(La0.8Sr0.2-x)Ga0.8Mg0.2O2.8-δ+ gCeO2 + hGdO1.5 → 

(La0.8Sr0.2-xCegGdh)Ga0.8Mg0.2O2.8-δ               (6) 

 

Otherwise, the Ce ion may preferentially substitute for the B site ions of LSGM and 

produce LaCeO3 and/or SrCeO3. 

In order to verify the validity of the reaction mechanism, the single phases of 
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(La0.8Sr0.1Ce0.1)Ga0.8Mg0.2O2.8-δ (LCSGM) and (La0.8Sr0.1Gd0.1)Ga0.8Mg0.2O2.8-δ (LGSGM), 

whose compositions  correspond to that of layer II, were prepared by the same 

preparation method of the LSGM and their electric conductivities were then evaluated. 

Figure 5-10 shows the measured electric conductivities of LCSGM and LGSGM of which 

compositions are correspond to the layer II phase (so called 113 phase). The reported 

electric conductivities of (La1+xSr1-x)Ga3O7-δ [62] of which the compositions correspond to 

the layer III phase (the so-called 237 phase) are also shown in Fig. 5-10. The electric 

conductivity of the 237 phase (x = 0.15-0.60) shows a lower value as the Sr content 

increases. 

 

 

Fig. 5-10. Arrhenius plots of the electric conductivities of the LCSGM, LGSGM sintered 

compacts. The reported electric conductivities of (La1+xSr1-x)Ga3O7-δ are also shown in 

solid lines in the figure [62]. 
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The conductivity after the reaction shows values similar to the 237 phase (x = 0.30) 

in the case of the stoichiometric LSGM and the activation energy is similar, thus the 

electric conductivity of the 237 phase will be dominant. On the other hand, for the A-site 

ion deficient LSGM sample, the electric conductivity after the reaction showed a value 

similar to the Sr-poor 237 phase (x = 0.45, 0.60). It is probable that generation of the low 

conducting Sr-rich 237 phase is suppressed even though the 237 phase is formed. On the 

other hand, the conductivities of the 113 phases also show values similar to those of the 

Sr-ion deficient LSGM samples after the reaction. Based on these results, it is considered 

that in the LSGM in which the A site ion is deficient, the influence of the layer II and 

layer III is dominant regarding the electric conductivity at the reaction interface with 

the GDC.  

In previous studies, it has been reported that the solid solution of La and Sr rather 

enhances the electric conductivity of GDC [69]. In this study, we focus on the formation 

of the high-resistance phase and its suppression, therefore we do not make a deep 

discussion on the rather improved conductivity of GDC. 

 

4. Conclusions 

 

A series of Sr-ion deficient LSGMs (La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ (LSGM8282, x=0.00, 

0.05, 0.10, 0.15, 0.20)) exhibited a decrease in the unit cell volume with the increasing 

amount of the A-site Sr-ion deficiency. The electric conductivity of all the samples 

gradually decreased with an increase in the Sr-ion deficiencies by the influence of the 

structure distortion and the dopant-vacancy interaction. The Sr-ion deficient LSGMs 

showed less reactivity at the high temperatures than the stoichiometric (x=0.00) LSGM 
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against the GDC interlayer material. The reaction layer formed at the interface of the 

LSGM and GDC during the sintering process due to the mutual diffusion of the cations 

can be classified by the I-V layers: Layer I: (La0.8Sr0.2-x)1-y(Ga0.8Mg0.2)O2.8-δ, Layer 

II:(La0.8Sr0.2-xCeaGdb)Ga0.8Mg0.2O2.8-δ (so called 113 phase), Layer III: [(La1+xSr1-x)1-a-

bCeaGdb)]Ga3O7-δ (so called 237 phase), Layer IV: Ce0.9-x(Gd0.1-yLaaSrb)O1.95-δ and Layer V: 

Ce0.9(Gd0.1LaaSrb)O1.95-δ. It was considered that layers II and III were dominant as the 

reacted layers, however the generation of the low conducting Sr-rich 237 phase was 

suppressed even though the 237 phase was formed by introducing a Sr-ion deficiency to 

LSGM. It was suggested that the Sr-ion deficient LSGM (La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ) of 

x=0.15 was the best composition for suppressing the reaction with the GDC interlayer 

while retaining a relatively good electric conductivity. 
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Chapter 6 │ Summary 

 

Pure oxygen is mainly produced by separating oxygen from the air, and its use is 

diverse, such as the industrial and medical fields. An oxygen separation membrane using 

a mixed oxide ionic-electronic conductors (MIEC) is an electrochemical device that 

selectively separates high-purity oxygen via oxide ions using the oxygen partial pressure 

difference on both sides of the membrane as the driving force. The reaction mechanism 

consists of (i) adsorption and dissociation of oxygen on the air feed side, (ii) diffusion of 

oxide ions and back diffusion of electrons in the membrane, and (iii) oxygen association 

and desorption on the permeate side. In order to improve the oxygen separation efficiency, 

it is important to increase the surface reaction area in (i) and (iii), and increase the bulk 

diffusion rate in (ii). In this study, a perovskite-type oxide-based MIEC with a high 

oxygen permeability was used to produce a multi-layered membrane composed of [porous 

association layer / dense thin film layer / porous dissociation layer (support substrate)]. 

As the method for forming the multi-layered structure described above, the 

electrophoretic deposition (EPD) method, which is a film formation method based on the 

colloidal chemistry of charged particles in a solvent, was applied. By optimizing various 

conditions, such as the suspension preparation conditions, EPD conditions, co-sintering 

conditions, etc., and evaluating the oxygen separation performance of the obtained 

oxygen separation membranes, the importance of the microstructure design and process 

selection was discussed. The study contents for each chapter are described as follows: 
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Chapter 1 

The background and purpose of this study was explained. In particular, the 

applicability of MIEC-based oxygen separation membranes was strongly suggested. The 

superiority of the electrophoretic deposition process, which is a colloidal process in a 

solvent was emphasized, as a membrane forming method. 

 

Chapter 2 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), which exhibits a high mixed oxide ionic-electronic 

conduction, was used for the fabrication of an oxygen separation membrane. An 

asymmetric structure, which was a thin and dense BSCF membrane layer supported on 

a porous BSCF substrate, was fabricated by the electrophoretic deposition method (EPD). 

Porous BSCF supports were prepared by the uniaxial pressing method using a powder 

mixture with BSCF and starch as the pore-forming agent (0-50 wt%). The sintering 

behaviors of the porous support and the thin layer were separately characterized by 

dilatometry to determine the co-fired temperature at which cracking did not occur. A 

crack-free and thin dense membrane layer, which had about a 15-μm thickness and >95% 

relative density, was obtained after optimizing the processes of EPD and sintering. The 

dense/porous interface was well-bonded and the oxygen permeation flux was 2.5 ml 

(STP) min-1cm-2 at 850 C. 

 

Chapter 3 

A porous layer / dense layer on a porous support was fabricated by sequential 

electrophoretic deposition. For the co-deposition of two components by EPD, the 

difference between the two zeta potentials and the concentration ratio of BSCF and 
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PMMA were investigated as process parameters. Based on the electrophoretic velocity 

equation, it was clarified that the two components can be uniformly deposited by forming 

a film under the conditions where the zeta potential is sufficiently high and the 

difference is as low as possible. As a result, it was shown that a porous layer having a 

uniform pore distribution can be formed by uniformly depositing and firing two 

components of BSCF as the base material and PMMA as the pore former. Moreover, it 

was suggested that an EPD layer with a concentration gradient can be formed by using 

the difference in the zeta potential. It was also suggested that the porosity of the porous 

layer can be controlled by changing the concentration ratio of BSCF and PMMA under 

the conditions when the two components are uniformly deposited.  

 

Chapter 4 

Porous (Ba,Sr)(Co,Fe)O3-δ (BSCF) ceramics with a high open porosity and good electrical 

conductivity were fabricated using Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), which shows a high mixed 

ionic-electronic conductivity. In general, during the fabrication of porous ceramics by the 

sacrificial template method using pore former particles, closed pores are easily formed unless 

sufficient pore former particles are added. In this study, a novel method was proposed using 

the gelatinization-retrogradation phenomena of starch for producing a porous body with an 

excellent percolated pore network structure. By dispersing BSCF and starch in an aqueous 

slurry (0-50% by weight) and heating, gelatinization of the starch occurred and the starch 

particles adhered to each other. Furthermore, in order to retain the percolated structure, the 

water solvent was removed by freeze-drying without heating to obtain a dried green body. 

The sintering behavior of the porous BSCF bodies prepared under various conditions was 

characterized by microstructural observations and relative density measurements. By 
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optimizing the process conditions of the gelatinization and retrogradation, a porous body 

having an open porosity of 48.3% and with 99% of the total pores open was obtained. The 

matrix was also well connected and showed a sufficiently high conductivity which was similar 

to the porous bodies made by the traditional sacrificial template method. 

 

Chapter 5 

A series of Sr-ion deficient perovskites, La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ (LSGM8282, 

x=0.00, 0.05, 0.10, 0.15, 0.20), was synthesized by a conventional solid state reaction 

method and their electric conductivity and chemical reactivity with Gd-doped ceria were 

investigated. Reactivity tests between the LSGMs and Ce0.9Gd0.1O2-δ (GDC) were carried 

out by X-ray diffraction (XRD), SEM-EDS and electric conductivity measurements. The 

Sr-ion deficient LSGMs have a lower reactivity against the formation of the high-

resistivity phases than the stoichiometric (x=0.00) LSGM. The reaction layer formed at 

the interface of LSGM and GDC during the sintering process due to the mutual diffusion 

of the cations was classified into five layers depending on the composition. The 

introduction of the Sr-ion deficient LSGM suppressed the formation of the highly-

resistive Sr-rich (La1+xSr1-x)Ga3O7-δ phase. It was suggested that the Sr-ion deficient 

LSGM (La0.8Sr0.2-xGa0.8Mg0.2O2.8-δ) of x=0.15 was the best composition for suppressing the 

reaction with the GDC interlayer while retaining a relatively good electric conductivity. 
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7. 打越哲郎, 石井健斗,”セラミックス粒子の電気泳動堆積法と酸素分離膜作製への応用”,一

般社団法人 日本粉体工業技術協会 国際粉体工業展東 2018 POWTEX TOKYO 2018 

(東京ビックサイト、2018 年 11 月) 3-4 (ポスター) 

 

Awards: 

 

1. ポスター発表「Oxygen Separation Performance of Asymmetric membrane based on 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ prepared by Sequential Electrophoretic Deposition Process (EPD)」

により，The 11th International Conference on the Science and Technology for Advanced 

Ceramics (STAC-11)において「Silver Poster Award」を受賞。2019 年 7 月 9 日 

 

2. ポスター発表「酸化物イオン-電子混合伝導体を用いた酸素分離膜に関する研究」により，

先進セラミックス研究会若手セミナー2019 において「最優秀ポスター賞」を受賞。2019 年

9 月 12 日    

 

Patent: 

 

1. 多孔質セラミックス焼結体、その製造方法およびそれを用いた用途, 特願 2018-092691 出願

中, 発明者:石井健斗, 打越哲郎, 他 1 名 
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