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Using flawless components are important for a proper material selection and best working conditions 

to achieve the best performance of solid oxide fuel cells (SOFCs). Tape casting is the most used 

process for the fabrication of SOFC parts, especially anode and electrolyte due to its advantages 
regarding the other processes. In this study, the effect of slurry composition and milling time were 

successfully investigated on anode and electrolyte tapes defects. The results showed that the addition 

of terpineol to electrolyte slurry as a dispersant would reduce the size of agglomerates to 5μm. 
Furthermore, 6h of ball milling showed the optimum result for the anode slurry due to the 

disappearing of island defects, which agrees well with optical microscopy images of samples with 

minimum apparent defects on the surface. Afterward, the optimum tapes of anode and electrolyte 
were laminated and sintered at 1400°C for 4h. Half-cells had minimum apparent deformations and 

surface defects after sintering. Scanning electron microscopy images exhibited a uniform distribution 

of porosities without any separation in anode layers, as well as the full dense electrolyte. 
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1. INTRODUCTION 

 

Solid oxide fuel cells (SOFCs) are attracting more 

attention due to their advantages such as zero emissions, 

fuel flexibility, high-energy efficiency, and co-

generation [1-3]. SOFCs operate based on an 

electrochemical reaction between oxygen and hydrogen. 

Generally, a SOFC consists of three main parts, which 

are anode, electrolyte, and cathode. Hydrogen is oxidized 

on the anode side and consequently, provides electrons. 

Electrons move to the cathode side and cause the 

reduction of oxygen on the electrolyte/cathode interface. 

Oxygen ions pass through a solid electrolyte commonly 

8YSZ and react with oxidized hydrogen in the anode to 

produce water [4-6]. 

In recent years, many types of research were carried out 

to improve the performance SOFCs by optimization of 

anode and electrolyte layers. Materials selection, 

compositions, and fabrication process are the most 

important parameters for researchers [7-9]. Typical 

materials for the electrolyte are fluorites (YSZ, GDC, and 

SDC), perovskites (LSGM), or apatites (LSO and LGO). 

As for anodes, the most frequently used materials are 

cermets, where the metallic part is typically nickel and 
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the ceramic component is generally the same material as 

the electrolyte. Finally, LSM, LSCF, LSC 

(La0.8Sr0.2CoO3), or LSF (La0.8Sr0.2FeO3) are the most 

frequently applies cathode materials [10-13]. The 

conventional manufacturing process for SOFCs requires 

more than three steps of heat-treatment at high 

temperatures to burn-out supports, sinter the electrolyte, 

and fire the cathode. These heat-treatments during SOFC 

fabrication account for most of the manufacturing time 

and consume a lot of energy. A co‐sintering process of 

multi‐layer structures yields significant benefits in time, 

effort, and energy savings, for SOFC manufacturing. The 

successful application of this technique would increase 

production throughput and decrease energy usage [14-

18]. The microstructures of the electrodes and 

electrolyte, as well as the density of the electrolyte, need 

to be considered when performing a high temperature 

single-step co-firing. Electrolyte sintering is one of the 

significant factors that affect the co-firing temperature, 

which can be decreased by the deposition method or 

metal oxide addition to the electrolyte as a sintering aid 

[19]. 

Tape casting is the basic fabrication process that provides 

multilayered ceramic packages., Tape casting is very 
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simple compared with other conventional ceramic 

preparation techniques and requires only basic equipment 

[20-23], which also makes it possible to produce a SOFC 

single cell (anode-electrolyte bilayer) by single-step co-

firing.In tape casting, the behavior of the slurry, as well 

as the material flow during casting, are very important. 

These parameters determine the final properties and 

hence, the quality of the cast product. As a result, an 

increasing number of works in literature were conducted 

during the last decades within fluid flow analysis of tape 

casting, the effect of viscosity, particle size distribution, 

and solid loading [24,25]. The effect of milling time after 

binder addition, tapes thickness, and slurry ingredient 

addition sequencing were less considered in the 

conducted studies. In this research, the effect of some 

process parameters such as milling time after binder 

addition and dispersant usage was studied for anode and 

electrolyte layers. 

 

 

 

2. MATERIALS AND METHODS 
 

Anode slurry was prepared by mixing ceramic powders 

(NiO-8YSZ), solvent (toluene and ethanol), pore-former 

(starch), dispersant (terpineol), and plasticizers (Benzyl 

butyl phthalate (BBP)) in a ball-mill with 5mm YSZ balls 

as grinding media. After 16 hours of ball milling, 3%wt 

binder (Poly Vinyl Butyral (PVB)) was added, and 

milling continued for 2, 4, 6, and 8 hours. The 

composition of anode slurry is shown in Table 1. Anode 

green tape with a thickness as much as 80μm was tape-

casting by a lab cast machine, and dried at room 

temperature for 24 hours. 

Electrolyte slurry was prepared in the same way as anode 

slurry. The recipe is shown in Table 2. A slurry was 

prepared without terpineol as the dispersant for 

comparison. Electrolyte green tape was tape casting with 

a thickness as much as 20μm as the same procedure with 

the anode. Table 3 summarrizes the prepared anode and 

electrolyte tapes.  

 

 

 
TABLE 1. Composition of anode slurry 

 

Producer 
Weight 

percent 

Role in 

slurry 
Material 

Fuelcellmaterials 42 Anode powder NiO-8YSZ 

Merck 24 solvent Ethanol 

Merck 24 solvent Toluene 

Merck 4 Pore-former Starch 

Merck 0.4 dispersant Terpineol 

Sigma Aldrich 2.8 plasticizer BBP 

Sigma Aldrich 2.8 binder PVB 

 

 

 

 

TABLE 2. Composition of electrolyte slurry 
 

Producer 
Weight 

percent 

Role in 

slurry 
Material 

Tosoh 50 
Electrolyte 

powder 
8YSZ 

Merck 21.3 solvent MEK 

Merck 21.3 solvent isopropanol 

Merck 0.4 dispersant Terpineol 

Sigma Aldrich 3.5 plasticizer BBP 

Sigma Aldrich 3.5 binder PVB 

 

 

 

TABLE 3. Prepared anode and electrolyte tapes 
 

Sample Tape 
Ball milling after 

binder adition 
Dispersant 

an-2h-te anode 2 h terpineol 

an-4h-te anode 4 h terpineol 

an-6h-te anode 6 h terpineol 

an-8h-te anode 8 h terpineol 

el-2h-te electrolyte 2h terpineol 

el-4h-te electrolyte 4h terpineol 

el-6h-te electrolyte 6h terpineol 

el-8h-te electrolyte 8h terpineol 

el-10h-te electrolyte 10h terpineol 

el-2h electrolyte 2h - 

el-4h electrolyte 4h - 

el-6h electrolyte 6h - 

el-8h electrolyte 8h - 

el-10h electrolyte 10h - 

 

 

The defect-free green tapes were dried at room 

temperature for 12 hours. One electrolyte tape was 

laminated on five anode layer with a laminator (Desktop 

Laminator 110-AX) machine and was sintered at 1400°C 

for 4 hours according to the procedure shown in Figure 1 

to produce a SOFC half cell. The optical microscopy 

(SAIran - ZSM1001) and grindometer were used to 

evaluate the quality of prepared tapes and the presence of 

agglomerates in tapes. The microstructure of the half cell 

was studied using a scanning electron microscopy 

(VEGA-TESCAN II). 

 

 

 
Figure 1. Heating profile for half cell sintering 

13 



H. Mohebbi et al. / ACERP:Vol. 5, No. 4, (Fall 2019) 12-16  

 

3. RESULTS AND DISCUSSION 
 
The surface images of anode tapes, which casted at 

different times after binder addition are shown in Fig. 2. 

The island features, as well as the surface non-

uniformity, can be seen in the samples with shorter 

milling times. These features are visible even with 

unaided eyes (Fig. 3). A short mixing time does not allow 

the complete solubility of the binders or perfect polymer 

cross-linking, which leads to heterogeneous drying that 

has been seen by other researchers [15,16]. The amount 

and the size of these features decreased and completely 

disappeared after 6 hours milling by increasing milling 

time after binder  

The surface of the samples became a bit shiny by 

increasing milling time. Whatever the milling times led 

to the excessive dissolution of the binder and migration 

to the surface by the solvent during the drying process, 

consequently, the amount of precipitated binder on the 

surface increases. The sticky characteristic of the surface 

confirms the binder migration. The quality of green tape 

directly affects the sintered anode. As shown in Fig. 4, 

the quality of an-6h-te sample (Fig. 4A) was much better 

than an-2h-te sample (Fig. 4B). According to the above 

results, the optimum time for milling the anode slurry 

after binder addition is 6 hours. 

 

 

Figure 2. Optical microscopy image of Anode surfaces A) an-2h-te, B) an-4h-te, C) an-6h-te and D) an-8h-te 

 

   

           

       Figure 3. Digital photo of an-2h-te surface 

 
            Figure 4. Sintered anode A) an-6h-te and B) an-2h-te 
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The optical microscope image of the surface of the el-2h 

sample is shown in Fig. 5A. The presence of large 

amounts of agglomerates is evident in the tape. The 

number of agglomerates and their size was reduced 

without terpineol by increasing the milling time, but they 

were not completely disappeared even though after 24 

hours of ball milling.  

The results showed that terpineol has a considerable 

effect on agglomerates as dispersant (Table 4). In the 

same milling time, terpineol reduces the size of 

agglomerates and disappeares agglomerate at shorter 

ball-milling times. Agglomerates size reduced to less 

than 5μm with terpineol after 6h of ball milling, which 

was not visible on green electrolyte tape (Fig. 5B). 

However, other types of research reported a longer time 

of ball-milling as long as 24h for complete dispersion, 

which might be due to the nature of applied dispersant 

[15,25]. Therefore, the optimum time for electrolyte 

slurry ball-milling after binder addition was 6h in the 

presence of terpineol. Therefore, a perfect green 

electrolyte tape is impossible without terpineol. 

 

TABLE 4. Agglomerate size in electrolyte tape 
 

Agglomerations size 
Ball mill time after 

addition binder 

(h) Without terpineol With terpineol 

<50 μ <10 μ 2 

<50 μ <10 μ 4 

<50 μ <5 μ 6 

<30 μ <5 μ 8 

<30 μ <5 μ 10 

<15 μ <5 μ 24 

 

The microstructure of the half-cell prepared from the 

optimum anode tape and the optimum electrolyte tape is 

shown in Fig. 6. The thickness of the anode layer is about 

413µm and the porosity has spread uniformly throughout 

the anode. Furthermore, there is no evidence of a poor 

connection between anodic layers, as well as electrolyte 

and anode layers. The electrolyte is almost fully dense 

(Fig. 6B), and no defect is observed. The resulting 

microstructure is a typically suitable microstructure for a 

SOFC half cell. 

  

Figure 5. Surface optical microscopy of A) el-2h and B) el-6h-te sample (300X) 

 

 

 
 

 

Figure 6. SEM image of the cross-section of sintered half cell; A) 200X, B) 6000X 
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4. CONCLUSION 
 

In tape casting, the ball-milling time is an important 

parameter to reach a perfect tape after binder addition. In 

short milling time, binder is dissolved incompletely, and 

migrated to the tape surface during drying in long milling 

time. Both of them deteriorated the quality of green tapes. 

The optimum milling time after binder addition was 6 

hours for anode slurry. 

Terpineol was used successfully as a dispersant in 

electrolyte slurry. A perfect green electrolyte tape is 

impossible without terpineol. Milling the electrolyte 

slurry 6 hours after binder addition disappeared the 

agglomerates in the presence of terpineol, and an 

acceptable green electrolyte tape was achieved. The 

achieved SOFC half-cell showed a perfect quality and 

microstructure with appropriate milling time, which 

could be used to produce SOFC button cell. 
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