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ABSTRACT 

Porous (Ba,Sr)(Co,Fe)O3-δ (BSCF) ceramics with high open porosity and good electrical 

conductivity was 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, we have devised a method 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 

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. 
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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 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].  

 To fabricate 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 method for preparing a porous body using phase inversion of 
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polymer is a promising method that can be applied to the production of ceramic 

asymmetric membranes in a single step at a low cost. However, the phase inversion 

method involves many processing parameters that need to be optimized during the 

manufacturing process, so controlling film thickness and structure is not easy[11–13]. 

Tape casting is commonly used to produce homogeneous free-standing films but is not 

suitable for producing asymmetric films. In addition to these methods, perovskite 

foaming has been reported as a method for preparing porous materials[1,14,15]. In 

particular, sacrificial template method[3,16–19], tape casting method[2,4,20–23], phase 

inversion method[24], and freeze-drying method[25] 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. 1(a). 
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Many porous ceramics using starch powders as a pore forming agent have been 

reported[4,26,35,36,27–34]. 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.  

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 2 shows a schematic illustration of the 

gelatinization and retrogradation of starch[37–42]. 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 medium, they yield a gel or paste whose properties depend 
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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. 

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 [43–49]. 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.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.  

 

2. Materials and methods 
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Figure 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. Figure 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 
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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). 

 

3. Results and discussion 

Fig. 5 shows the microstructure of the green bodies after freeze-drying. Table 1 shows the 

retrogradation progress, porosity and the apparent pore size of each sample. The green body 

(Fig. 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. 5 (b)), 

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. 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. 

In the rapidly frozen and then freeze-dried samples (Figure 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 
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the freeze drying. In addition, in the rapidly frozen and slowly frozen samples followed by 

the retrogradation treatment (Figure 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 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. 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. 5 (c) was fired at 1100 °C (Fig. 6 (C)), a 

high open porosity was obtained, but the brittleness was not improved. When the rapidly 

frozen compacts shown in Figs. 6 (a) and (b) were fired at 900 °C, the pores were uniformly 

distributed and favorably connected regardless of the retrogradation treatment as shown in 
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Figs.6 (a) and (b). In the porous bodies fired at 1100 °C, it was observed that the sample with 

the non-retrogradation treatment (Fig. 6(A)) had a significantly reduced porosity compared 

to the other samples (Fig. 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. 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. 

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.  

Figure 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 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 
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connectivity of the matrix was sufficiently high as well as the connectivity of the pores. 

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 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 
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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 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 
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of 1000 °C or higher, the densification further proceeds, so that the pores diminish and the 

porosity decreases. On the other hand, the 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.  

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 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 
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having an excellent open porosity is produced. 

 

This research did not receive any specific grant from funding agencies in the public, 
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Figure and table captions 

Fig. 1. Schematic illustrations showing the preparation of a porous body by the sacrificial 

template method: (a) common method, (b) method using the gelatinization-

retrogradation phenomena of starch. 

Fig. 2. Schematic illustrations of the gelatinization and retrogradation phenomena of starch. 

Fig. 3. Preparation procedure of porous body of BSCF using rice starch as the pore forming 

agent.  

Fig. 4. SEM images of (a) as-received rice starch powder, (b) freeze-dried gelatinized starch 

and (c) freeze-dried retrograded starch. 

Fig. 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.  

Fig. 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. 

Fig. 7. Microstructures of the BSCFs sintered at 1100 ˚C via different preparation methods: 

(a) uniaxial pressing without pore forming agent, (b) common sacrificial template 
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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%. 

Fig. 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. 

Table 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.  

Table 2. Porosity, open porosity, pore size, and 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.%. 
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Fig.1 

 

 

 

 

 

 

 

Fig. 1.  Schematic illustrations showing the preparation of a porous body by the sacrificial 

template method 
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Fig.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Phenomena of starch gelatinization and retrogradation 
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Fig.3 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Preparation procedure of porous body of BSCF using rice starch as the pore forming 

agent.  
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Fig.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. SEM images of (a)as-received rice starch powder, (b) freeze-dried gelatinized starch, 

and (c) freeze-dried retrograded starch. 
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Fig.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 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.  
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Fig.6 

 

 

 

 

Fig. 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). 

 

 

 

 

 

Fig.7 
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Fig. 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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Fig.8 

 

 

 

 

 

 

 

 

 

Fig. 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. 
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Table.1 

 

 

 

 

 

 

 

 

 

Table 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample (a) (b) (c)
Degree of

retrogradation progress small medium Large

Porisity (%) 57.6 77.6 87.8
Pore size (µm) 5 < 5～25 10～50
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Table.2 

 

 

 

 

 

 

 

 

 

Table 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.%. 

 

 

Sample (a) (b) (c)
Porosity (%) 2.8 21.8 48.4

Open porosity (%) 0 7.9 48.3
Pore size (µm) < 5.0 5.0 ～ 10.0 5.0 ～ 10.0

Electrical conductivity (S/cm) 26×10-3 1.42×10-3 1.97×10-3


