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Electrode-supported SOFCs exhibit highly electrochemical performance but they require gas-tight sealing 
between porous electrodes. Conventional sealing materials can sufficiently seal with dense materials such 
as ceramics and metals, but the sealing materials were much penetrated into porous electrodes and excess 
penetration caused severe gas-leakage. We have prepared insulating flexible sheets to realize gas-tight 
sealing against porous SOFC electrodes during fusion at 800°C. Amorphous NaP-Si02 spherical 
particles (NS particles) and amorphous Si02 particles (S particle) were synthesized by sol-gel method, and 
thick sheets containing NS and S particles were obtained by tape-casting method. Porous 
Lao.6Sro.4Co0.2Fe0.80 3 (LSCF) ceramics were used as a porous electrode to investigate penetration of sealing 
materials and identification of bonding phases. Fusion of the sheet against porous LSCF at 800°C resulted 
in gas-tight sealing and the formation of NaLlli)(Si04) 60 2 (NLSO) phase. The formation of NLSO phase 
was controlled by the addition of S particles. TEC ofNLSO did not show anomalous profiles which often 
result in severe cracks and are shown for some glasses at glass transition temperatures. Therefore, the 
NLSO phase would be valuable as the bonding phase between LSCF and glass seals. 
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1. INTRODUCTION 
In Solid oxide fuel cell (SOFC), fuel gas and oxygen 

gas is allowed to react electrochemically at relatively 
high temperatures and these electrochemical reactions 
generate electric power with high fuel utilization and 
high energy conversion efficiency. High performance 
and reliable SOFC requires tight gas separation between 
fuel and air in SOFC cells or stacks using three 
components; dense electrolyte ceramics that have high 
oxygen ionic conductivity, dense interconnects that have 
high electrical conductivity and gas sealing materials. 
The use of gas seals is essential to avoid burning the fuel 
gas outside the cells and depressing fuel utilization when 
interconnects and single cells are stacked alternately. 

We can currently use mainly two types of single cells; 
electrolyte-supported and electrode-supported cells [1, 
2]. The former electrolyte-supported cells are 
fabricated with thick solid electrolyte and thin electrodes 
of anode and cathode. Glass sealing materials are 
generally used for electrolyte-supported cells or stacks, 
and fused between electrolytes and interconnects. Both 
electrolytes and interconnects are dense ceramics or 
alloys, and viscous fluid obtained by fusion of glasses 
sufficiently wettable against dense electrolytes or 
interconnects to make gas-tight sealing. Generally, 
electrode-supported cells exhibit higher cell 
performance than electrolyte-supported cells because 
electrode-supported cells enable to reduce electrolyte 
thickness to less than 1 0 J..Lm. But electrode-supported 
cells have some drawbacks, and one of them is 
high-temperature gas-tight sealing. SOFC electrodes 
are porous and highly reactive with other materials. 
When conventional glass sealing materials were used for 

111 

electrode-supported cells, the viscous fluid obtained by 
fusion of the glass was much penetrated into the 
electrode and resulted in lack of sealing. Therefore we 
have developed glass-derived gas-tight sealing materials 
for electrode-supported cells or stacks. 

We prepared two kinds of silicate precursor particles, 
which are sodium-containing (NS particles) and 
sodium-free (S particles) silica precursor particles, by 
sol-gel methods, and the flexible gas-sealing sheets were 
obtained with the precursor particles by tape casting 
method [3]. NS particles were synthesized by sol-gel 
and ion-exchange method, which is promoted the ion 
exchange between sodium ions and protons of Si-OH 
groups that are formed by hydrolysis of Si alkoxide just 
before condensation [ 4, 5]. An adequate synthesis 
condition resulted in sodium containing amorphous 
silicate particles with the Na/Si molar ratio of 0.63. 
The synthesis conditions are described in elsewhere [3]. 
Sodium-free silica particles were synthesized with Si 
alkoxide and NH3 solution by St6er method [6] . 

Relationship between the ratio of NS particles to S 
particles (NS/S ratio) in the flexible gas-sealing sheets 
and penetration depth into porous SOFC cathode 
material was then investigated to seal against porous 
electrodes. Porous La0.6Sr0.4Co0_2Fe0.803 (LSCF) 
ceramics were used as SOFC cathode material because 
LSCF shows high cathodic properties at relatively low 
temperatures and it is one of the promising cathode 
materials for intermediate temperature SOFCs [7-9]. 
The flexible sheets with the various compositions were 
synthesized by tape-casting method and the penetration 
depths were estimated by scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy 



112 Bonding Phase of Amorphous Silicate Gas-tight Seals for Electrode-supported SOFCs 

Cl) 
fl. 
() 

20 

NaLa9(SiO 4)60 2 or 
la9"33(Si04)602 

Si 
LSCF 

Na/(Na+La) = 

25 30 35 
CuKa 2 e I degree 

40 

Figure 1. XRD profiles of the powder fused with 
LSCF and NS particles at 800°C for 2 h in air. Si was 
used as internal standard for quantitative analysis. 

(EDS). The addition of S particle was decreased the 
penetration into porous LSCF and the penetration depth 
was controlled at the range from 150 J.!m to 50 J.!m [10]. 

An adequate particle ratio led to gas-tight sealing 
against porous LSCF cathode material. However 
SOFC gas-sealing materials require not only to seal 
tightly against air or fuel gases but to remain the sealing 
for several or several dozen thousands hours. If the 
fused silicate materials led to rigid gas-sealing against 
relatively reactive LSCF, some bonding phases would be 
formed in the vicinity of interface between the porous 
LSCF and the fused silicate sealing materials. The 
bonding phase between LSCF and the sealing material 
was then investigated to develop long durable sealing 
materials for electrode-supported SOFCs. 

2. EXPERIMENTAL 
NS particles and S particles were synthesized by 

sol-gel and ion-exchange method and Stiiber method 
respectively as described at the previous section. NS 
particles and S particles were mixed at various ratios by 
ball milling. LSCF power was also mixed with the 
mixed particles and the mixed powder was calcined at 
500°C for 12h in air, and fused at 800°C for 2 h in air. 
The fusion resulted in powder dispersing glassy body 
and the body was ground with an alumina mortar to 
investigate the bonding phase. The glassy body was 
also sintered at 650°C for 240 h in air after the fusion to 
investigate changing amount of the bonding phase with 
sintering time. 

The bonding phase was identified by X-ray diffraction 
(XRD), and silicon powder was used as an internal 
standard for quantitative analysis of the bonding phase. 
Thermal expansions for the bonding phase and LSCF 
were also estimated with a thermo-mechanical analyzer 
at temperatures from room temperature to 900°C. 
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Figure 2. Relationship between NLSO/LSO formation 
and Na/(Na+La) ratios of fused powder. 

3. RESULTS AND DISCUSSION 
The power mixed with NS particles and LSCF was 

fired at 800°C. Figure I shows XRD profiles of the 
glassy powder obtained by fusion of NS particles and 
LSCF at various ratios at 800°C for 2h in air. The 
fusion resulted in the formation of NaLli<J(Si04) 60 2 

(NLSO) or La9.33(Si04) 60 2 (LSO) phase in the vicinity 
of the interface between LSCF and NS particles. LSO 
has apatite structure and NLSO is obtained by dissolved 
sodium at La sites of LSO. NSLO or LSO would be a 
bonding phase formed at the interface between LSCF 
and silicate sealing sheets by the fusion at 800°C. 
Gas-tight sealing with high electrical resistance and high 
stability for a long time requires appropriate bonding 
phases. Some researchers reported that electrical 
properties of LSO and Na doped LSO have low 
electronic conductivity and oxygen ionic conductivity at 
high temperatures, but they much depend on the 
compositions [ 11-13]. 

NS particles and LSCF were mixed at various ratios 
again and fused at 800°C. The XRD peak ratio of 
(2ll) of LSO or NLSO to (lll) of Si was estimated for 
the various fused powders. Figure 2 shows relationship 
between the XRD ratio and composition of the fused 
powder. All NS particles contained Si at the molar 
ratio of Na/Si = 0.63. This relationship was estimated 
in terms of Na/(Na+La) ratio, but Si also contained at 
the same ratio of Na/Si=0.63 for all the fused powder. 
This figure shows that (211) peak was increased with 
increasing Na/(Na+La) ratio and reached maximum 
peak intensity at about Na/(Na+La) = 0.1. Na/(Na+La) 
ratio in an NLSO molecular is 0.1, whereas Si/(Si+La) 
ratio in NLSO and LSO is 0.4 and 0.39, respectively. 
If the peak ratio was dependent of amount of Si in the 
fused powder, the relationship will show a maximum 
value in the Na(Na+La) range of 0.4-0.6. Thus, the 
maximum XRD peak at Na/(Na+La) ratio of 0.1 would 
conclude the (211) peak of Figure 1 was identified as 
NLSO instead of LSO, and the bonding phase between 
LSCF and the silicate sealing was NLSO. 

NLSO bonding phase was obtained in the vicinity of 
interface between LSCF and fused sealing sheet when 
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Figure 3. Change in the amount of NLSO phase with 
sintering time. 

the sheet was prepared with NS particles. The effects 
of addition of S particles in the sheets on the formation 
ofNLSO bonding phase and the change in the amount of 
NLSO phase with sintering time were then investigated 
by preparing the sealing sheets composed NS particles 
and S particles at various ratios. Figure 3 shows the 
change in the relative amount ratio of NLSO phase with 
sintering time at 650°C. The sheets synthesized with 
only NS particles resulted in NLSO formation at the 
NLSO/Si ratio of 0.4 and slightly increased with time 
sintering at 650°C. The increase in NLSO phase during 
sintering at 650°C will lead to degradation of gas-tight 
seal during SOFC working. However, the addition of S 
particle much suppressed the formation ofNLSO phase. 
The amount of the NSLO phase was determined by the 
fusion at 800°C for 2 h and the NSLO formation was 
independent of the time sintering at 650°C for 250 h. 
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Figure 4. Schematic illustrations of NLSO phase 
formation. 
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Figure 5. Temperature dependence of thermal 
expansion coefficients for LSCF and NLSO. 

The fused powder contammg NS particles and S 
particles at the NS/S ratio of 111 is estimated at the 
Na/(Na+La) composition of 0.12, whereas the powder 
containing only NS particles is estimated at Na/(Na+La) 
= 0.21. Figure 2 showed that the relationship between 
the NLSO formation and the composition had a 
maximum value at about Na/(Na+La) = 0.1. Thus, the 
suppression of NLSO phase was caused by not only the 
Na/(Na+La) composition in the bused powder but also 
the effect of addition of S particles. 

The addition of S particles led to suppress the 
penetration into the porous LSCF [10]. The 
penetration of the sealing materials into the LSCF 
actually changed the contact area between LSCF and the 
sealing materials. This relationship between the bonding 
phase and the NS/S ratios was examined using powders. 
Therefore, if even the contact area is unchanged, the 
NLSO bonding phase was depressed by the addition of S 
particle. 

The depression mechanism is still vague, but we 
suggest as follows. Figure 4 shows schematic 
illustration of NLSO bonding phase formation. Thick 
NLSO phase was formed in the vicinity of interface 
between LSCF and NS particles because lanthanum and 
sodium are diffused toward the interface. When S 
particles were added in NS particles, sodium would be 
diffused the interfaces both between LSCF and NS 
particles and between NS particle and S particles. Both 
the sodium diffusion led to insufficient supply to form 
thick NLSO phase in the interface between LSCF and 
NS particles. The diffusion of sodium at the interface 
between NS and S particles would also result in partial 
fusion at the surface of S particle at relative low 
temperatures. The sodium diffusion toward S particles 
would lead to form continual gradation of sodium in the 
vicinity of NS/S interface, and this gradient interface 
would much depress crack or separation in the interface. 

SOFCs are generally exposed to thermal cycles 
between room temperatures and 650-800°C. The 
severe thermal cycles often result in critical crack in the 
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vicinity of sealing interfaces. Thermal expansion of 
NLSO phase was also investigated as shown in Figure 5. 
Temperature dependence of thermal expansion 
coefficient (TEC) for some glasses showed anomalous 
profiles at glass transition temperatures [14], and the 
anomalous profile would lead to form cracks or 
separation between glasses and ceramics. The TEC of 
NLSO was slightly increased with increasing 
temperature and it did not show the anomalous behavior. 
ETC mismatch between LSCF and NLSO was relatively 
large, but NLSO that have no glass transition was 
applicable for the bonding phase of silicate glass sealing 
materials. 

4. CONCLUSION 
Insulating flexible sheets were developed to realize 

gas-tight sealing against porous LSCF. The sheets 
composed of NS particles and S particles were fused at 
800°C for 2h and sintered at 650°C for 240 h. The 
formation of bonding phase and change in the amount of 
the bonding phase were investigated in order to develop 
highly stable gas-tight sealing materials for 
electrode-supported SOFCs. Fusion of the sheet on 
porous LSCF ceramics at 800°C resulted in gas-tight 
sealing and simultaneously formation of NLSO. The 
addition of S particles suppressed the formation of 
NLSO bonding phase as well as suppression of the 
penetration into the porous LSCF. TEC of NLSO 
slightly increased with increasing temperature and did 
not show anomalous profile, which shows for some 
glasses at glass transition temperatures. The 
anomalous behavior often result in severe cracks or 
separation between sealing materials and ceramics, and 
then the NLSO phase would be valuable as the bonding 
phase between LSCF and glass seals. 
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