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. �

r�ææ; �ÚÖzb �ò*æ~ *�Wªf �ò*æ WË~ "B 6êº�b� æ'>� ®º ª�&�j *�V
*� ¸f *V*êêf &ÊR"ê�� º�>Úæ� ®
. � ��öBº SOFC r�~ WËö 'Ëj "º r�~
�^��, ß® r�~ V���¢ 
�² ;W�ÊV *� v &æ B� 
� "ã;W O»j �Ï~� r�j B�
~� �ö V¢ V6~ V���& Úá² :2ºæ 6 �� �� V6~ �^�� 5 *V*êê& ÚÆ� 'Ëj
Aºæ &V~&
. 6� �^��ö &� ;ï'� zçªCj Û� V6~ �^��'� �¶
" *�ßW*~ ç&
&ê¢ ªC~&
. 

Abstract:  It is well known that the anode substrate of anode-supported type SOFC should have high electrical
conductivity and high gas permeability to minimize the polarization loss of the cell performance during operation.
In this study, we made anode substrates of SOFC with two different methods, which gave different anode
microstructures, especially different pore structures with each other. We performed electrical and microstructural
characterization of Ni/YSZ cermet anode via extensive measurements of its electrical conductivity and gas permeability
combined with adequate image analysis based on quantitative stereological theory 
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1. B  �

�ÚÖzb �ò*æº *æ *Ú& �ÚWªb� ��Ú^
®b� vB~ 
�W *� Ò�ö ~&� �N *êW *�î
� *~~º ��¢ &æ� ®
. ÖzB� ·Ï~º Ö²º Ö
²*�(·�)b� �/>� �¦ ²��¦V *¶¢ Aj
�
Ö²�Nb� ~ö>� �º �ÚÖzb *�îj Û� r�b
� *êB
. >� �ò*�(r�)öBº �Ú*�îj Û� *
ê>ÚN Ö²�N� *V z�' >wj Û� >² 6º ¢Ö
zê²f Ö�~� b 6º �Özê²¢ ;W~�B *¶¢ O
Â~�, ��� *¶º r�öB �¦ ²�¢ �ö ·�b� *

êNb�� �¦'b� *V'� ¢j � > ®² B
1).
�ÚÖzb �ò*æº �*æ¾ Ê�~ ;� 6º Ú*Nê
ö V¢ 
·� «~& BB>� ®
. �*æº ��' ææÚ
ö V¢ *�î ææ; 5 *�ææ;� ®b�, *� ææ;ö
º 
� ·�ææ; 5 r�ææ;� ®
. � 7 ÂKWË�
&Ë ±j öò jî¢ ·ÿNêê &Ë Ô² *¢ > ®º �
F� *Ò &Ë ôf ��& ê¯>� ®º F;f r�ææ;
�
2-6). ¢>'b� r�ææ; SOFCº 
�W r�V6 *ö
~&� �Ú*�î ïj �&� ­² ;W�Ê� �� 
�W
~ ­f ·�ïj ;W�B �W~² >º� � r^ö �æ
F;~ SOFC �
 r�~ VË� 
·~² º�B
. 
r�ææ; �ò*æ r�~ V� VËf �ò& *Vz�'
b� Öz>ê� >wË²¢ B��" ÿ�ö �WB *¶¢ 
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� �Wº²� *�~º *êÚ�B~ ��f b� *�î" ·
�~ ææÚ�B~ ��ê Þ~� ®
. V¢B � �^��º
�ò&Ê~ R"& Ï�~ê� �¢~� Ïª� V�j <� ®
Ú¢ ~� ' *�>w~ �W6b� ·Ï~º *�î" *�,
�Ò� V�~ âçê�(TPB, Triple Phase Boundary)� Î"
'b� �W>Ú¢ �
. 
B �ò*æ ·ÿ7~ WË¶
º�
f &¦ª �WWª~ *V*êêf &N>Úæº ohmic &�
Wª" �ò¾ ÖzB~ Öz/~ö>w" &NB *�>w~ �
W" &NB ©b� /
·Ïj ~º Wª~ �Wêf *Vz
�>w� ¢Ú¾º FÎ �W6~ &êö � 'Ëj Aº
4).
V¢B �ò*æ r�~ �^�� 7 ß® V���º *æ¢
�W~º� jº� r�V6~ Vê'� bWf b� *�b�
B~ *Vz�'� VËj Ö;~º "º �¶� ·Ï~V r
^ö r�B�";öB r� �^��¾ V���¢ �~® Î
"'b� �.� > ®¶öö V¢ �'~ �ò*æ¢ �*�
> ®¶ö& Ö;>Úæ² B
. 
V¢B � ��öBº r�~ �^�� 5 V���¢ ÎN
'b� �.� > ®º V6 B� �;j BB~�¶ v &æ
B� 
� "ãB�» 5 B��;j ÒÏ~� r�V6j B
�~� �ö V� ßWj jv ªC~&
. � ��öBº b&
V�*�Ú¢ Î&~� ªZ��»b� "ãj B�~º O»
" �çwÖ»b� "ãj B�~º O»b� B� ç�� �
^�� 5 V���¢ &æê� r�V6j B�~&
. � �
�öBº ��� r�V6~ �^�� N�& r�b�B~ V
Ëö ÚÆ� 'Ëj "ºæ¢ rj�V *� � �^��¢ ;
ï'� zçªCj Û� ªC~&b� � Ö"¢ *���ö V
� *V*êê 5 &ÊR"ê N�f jv ªC~&
.

2. 
  þ

2.1. ªö"ã 5 r�V6~ B�
b& öò ªö� Nickel Oxide (J.T. Baker 0.8µm, USA)
f �V& B� 
� v «~~ YSZ (United Tech. 2.0µm,
USAf Tosho, 0.3µm, Japan)¢ 56 :22 :22 Z²jN� j^
Ê" �²*�j rzRö b�� ê V�*�Ú(Graphite,
5 µm)¢ 20wt%Î&~� Ò�Ò¢ B�� Ê �¢ ªZ��~
º O» (Spray Drying Method: SDM)" öòªö" Ö�B
¢ öêRö b�� ê � Ò�Ò¢ �çö '~~� w÷Ú¢
B� (Liquid Condensation Process: LCP)~º v&æ O»j
ÒÏ~� "ãj B�~&
. 
b& V�*�Ú¢ ÒÏ~º ãÖ �¢� �W~ �Þj á
V *� NiOf YSZ, �Ò� V�*�Ú� graphite¢ Ï
ö
b�~� 12�*ÿn Û� &ç� ê �¢ ªZ��~� w÷
Ú¢ B�~&
. ªZ��»b� B�B ªöf ¢»&{»b
� 6ç ;�~ �Þ (8Ü8 cm)b� B�~&b� W;� �Þ
j 300oC, 600oC 5 1000oCöB îæ(debinding)~&
. �Þ
V�*�Ú¢ ÒÏ~æ pf ãÖº ?f �W~ öò ªöö
FV Ö�Bf ethanolj ÒÏ~� �ãz»b� w÷Ú¢ ;W
~� �¢ �* &{W;~� 6ç ;�~ �Þ(8Ü8 cm)j B
�~&b� '.� îæ";j �ö �Þj B�~&
. îæ"
;j �� �Þf 5oC/min~ ßN³ê� �V7öB 1400oC, 3
�*ÿn �¾Ò~� ²Ö~&
. ²Ö� NiO~ �� ÃB"
{Öb� �� Ni Wª~ Ös*çj ïV *� 6ç�Þ~ ç
~ö ?f �W~ �Þj bÒ'b� 7/�B {Öö ~� ¶

" �� ÃBj �&� ÛB�V
. ²Ö� �Â NiO-YSZ

��Úº W; �;� "Úæº &{OËö ï¯� OË" >
ç� OËö &~� �^��f *V' bWj G;~&
. �
Þ ²Ö� �Â NiO-YSZ ��Úº 5oC/min~ ßN³ê�
900oC ~öª*VöB 12�*ÿn ~ö�B Ni-YSZ ��Ú¢
áîb� ~ö¾Ò� �Þ~ ÒÖz¢ Oæ~V *� çNræ
ê³ ~öW ª*V¢ Fæ~� "î
. 

2.2. �^�� 5 r�ßW ªC
~ö¾Ò� �Þf XRD (M03X-HF model 1031, MAC

Science, Japan)ªCj Û~� ��ö Öz[� �W>æ p~
rj {�~&� W; �;� "Úæº &{OËö V¢ *V
' bWj G;~&
. �Þ~ �^��º V� *�Úò~ Î
"¢ &V~V *� ²ÖÚf ~öÚ¢ &çb� SEM" 7�
*�ãj �Ï� &V~� áÚê zç¶òö &� Image Pro
(Image Pro Plus 3.0, Media Cybernetics, USA)¢º zçªC
*��Îj �Ï~� V��¾ Niç~ ª��ö &� ªCj >
¯~&
. �Þ r�V6~ *V*êêº ²ÖÚf ~öÚ¢ Î
v &çb� ~� DC 4-probe»b� G;~&b� 
B �ò
*æ~ ·ÿNê º*� 1000oC¦V 600oC º*öB *~�/
V(Keithley 224)f *{ê(Keithley 2000)¢ �Ï~� G;~&

. �Þ r�V6~ &ÊR"êº PMIÒ~ Perm porometer¢
�Ï~� G;~&b�, mercury porosimetry (Micromeritics,
USA)¢ �Ï~� V�N 5 V�~ �Vf ª�ê¢ G;~&
.

3. Ö" 5 �V

3.1. �^��ªC
Fig. 1f V�*�Ú� graphite¢ ÒÏ~� B�� r� ²

Fig. 1. SEM micrographs of NiO-YSZ composite with artificial pore
former (5 µm graphite) from SDM: (a) direction A, (b) direction B. 
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ÖÚ �Þ~ &{OËö V� �^�� Òê�
. �âöB (A)
OËf ¢»&{ OË, ¯ 6ç; V6~ � OËj ¾æÚ�
(B)OËf �ö >ç� 6ç�Þ~ ��ö ��~º �^��¢
¾æÞ
. �â~ Ö"öB �� V�~ ;ç� ' OËö V¢
B *& 
� ÎÛj ��� ®º ©j {�� > ®º� �F
º V�*�Ú~ ;ç� ­� Z 6ç;�¢ ¾æÚV r^ö
W;� {KOËö >çb� ÒV�~� �âöBf ?f �O
W V�j ò
V r^b� �'B
. >� �çwÖ»(Fig. 2)
~ ãÖº ��� V�*�Ú~ Î&ì� Ö�Bòj FVb�
ÒÏ~V r^ö W;� {KOËö &�B �OWj &ææ p
� Ö�B& *Ú'b� �¢~² ª�� �âöB ��� O
Ëö V� �OW� ìº ©b� ¾æÒ
. ��� V�~ ª�
º 
B �*æ~ Ú*7 >wË²¢ B�~º âçê�~ ª
�ö 'Ëj �~² >æ� ÂKßWöBê � 'Ëj �� ©
b� .ç>Úê
. 

Fig. 3" 4º Fig. 1" 2ö ¾f®º r�V6~ �^�� Ò
êj digital imagez � ê zçªC *��Îj �Ï� wW
«zj �&z~� Ò�W� zçÒê�
. � ��öBº data
~ �ÖWj ¸�V *� B�O»j �Ò~� ò� r�V6
ö &� Z·*� �² 10B ¦*~ �Þj j�� ê �^�
�¢ ªC®b� ' �Þö &�Bê �² 10B �ç~ zçj
á� �¢ zçªC� � Ö"¢ Ûê¾Ò~� ¶ò� �Ï~

&
. � ��öBº ÖF Fig. 3" 4ö ¾f®º zçö &�
2Nö'� V�ªN (areal pore fraction)j zçªCj Û� ê
Ö~&b� 6� V�~ ;ç 5 ª�~ �¢ê¢ G;��V
*� line interception »j �Ï~� ' zçö &� �âöB
¾" B� >çOËb� F;V�ªN (lineal area portion of
pores)j G;~� �¢ Ûê¾Ò~� � ï�8j Table 1" 2
ö ;Ò~&
.

Table 1~ Ö"öB �� SDMb� B�� V6~ ãÖ Fig.
3(a)öBf ?� (A)OË~ �^��öB G;� 2Nö'� V
�ªN8� 
B V6~ &ê G;b�¦V áÚê V�ªNö
j� ¸f 8j &æ� >&� 3(b)~ (B)OË �^��öB G
;� 8f 
B8ö j� Ôf 8j �&
. �º SDM �Þ~
V���& �ÞB��~ &{OËö V¢ �OWj &æ� ®
rj ¾æÚº ©b� 6ç;~ V�*�Ú& &{ö V¢ Ò
V�~�B &VOËö V¢ 
� Î·j ��"� ®º Fig. 1
~ Ö"¢ ÝA��&
. >� LCP� B�B V6~ ãÖ &V
OËö ç&ì� �¢� V�Nj ¾æÚº� 
B V6~ &
ê G;b� áÚê V�ªN8" JNº*ÚöB ¢~~º Ö
"¢ �&
. �º LCP� B�� V6~ ãÖ V6 *Ú'b�
�¢� V�ª�¢ ~� ®rj ~��
.
�Þ Table 2~ Ö"öB �� SDMb� B�� V6~ (A)

Fig. 2. SEM micrograph of NiO-YSZ composite without artificial
pore from LCP : (a) direction A, (b) direction B.

Fig. 3. Typical digital images being converted from micrographs in
Fig. 1: (a) direction A, (b) direction B (dark phase: pores, bright
phase: NiO-YSZ).
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OË zçï�ö &~� '' >çOË(V)" >ïOË(H)b�
G;� F;V�ªNj �� Table 1~ Ö"ö ¾f®º 2Nö
'� V�ªN8" � N�ì� ¢~~º Ö"¢ ��&
. �
º (A)OËöB &V>º V�~ ;ç� &Ú'b� ö;ªj
~�~� 
B �^�� zçöB &V>�� 6ç~ V�*�
Ú& V�>Ú ¾æ¾º ö;~ V�;ç" ¾ ¢~�
. >�
(B)OË zçï�ö &� ªCÖ"¢ �� >çOË(V)~ ãÖ
2Nö'� V�ªNö j� Ôf 8j >ïOË(H)~ ãÖ ¸
f 8j &öj " > ®º� �º 6ç V�*�Ú~ ��ö
B ¾æ¾º >ïOËb� ^o� æö~ V�;çj >'�&

. �Þ LCP� B�� V6~ ãÖº V6OË�¾ &VOË
ö ç&ì� &Ú'b� ¢;� 8j ¾æÚ� 2Nö'� V�
ªN"ê ¢~~º Ö"¢ �ªb�� �;~ V�� V6*Ú
ö �ö �¢~² ª�~� ®rj r > ®î
. 
�Þ Table 3öº porosimeter� G;� ' r�~ V�N
5 effective pore ªN" �V¢ ¾æÚî
. G;Ö" V�*
�Ú¢ ÒÏ~� B�� V6~ ãÖ ï� V�~ �Vº
0.72µm, ï� V�N 38%� ¾æÒb� V�*�Ú ì� �
*&{ W;b� B�� V6~ ãÖº '' 0.59µm, 28.8%�
¾æÒ
. ç&'b� V�*�Ú¢ ��� r� �Þ� V�~
�V 5 V�Nö ®ÚB z � 8j ¾æêj " > ®º�

ÒÏ� V�*�Ú~ �V 5 ªNj 6n� " r, 6� �B
&V� �^�� Ö"öBê " > ®�� Ïª® .ç� >
®º Ö"�
. �Þ �Þ~ *Ú V�N 7 
B &Ê R"ê
ö V�~º FÎV�ö &� ªNj Simwonis��7) B�� O
»j ÒÏ~� ªC� Ö" V�*�Ú¢ ��� ãÖ ¸f V
�Nj &ööê ®�~� FÎV�f £ 9% ;ê� �*&{
W;b� B�� V6~ FÎV�Nö j~� 
Ö Ôf Ö"
¢ ¾æÚî
. 6� *Ú V�ö &~�Bê 24%f 55%� 

Ö � N�¢ ¾æÚº ©j " > ®
. �º V�*�Ú~ w
÷b� �� �&� V�~ ;Wb� V�Nö j� &ÊR"
ö FÎ� V�~ �Öê& Ôj^ 
B �ò&Ê~ R«� F
Î� �ÖÛ�¢ B��"æ á~² Nj ö�&
. Fig. 5öº

B v&æ V6ö &~� perm porometeröB G;B &Ê
R"ê¢ ¾æÚî
. Fig. 5~ Ö"öB �� V�*�Ú¢ Ò
Ï� �Þ~ ãÖ V�N� ç&'b� ¸röê ®�~� �
*&{ W;~� B�� r� �Þ �
 Ôf &ÊR"ê¢ ¾

Table 1. Area fractions of pores in NiO-YSZ substrate from SDM
and LCP with respect to the plane directions.

Process SDM LCP

Plane direction A B

Area fraction 0.49 0.26 0.31 0.32

Table 2. Pore fractions from line intercept method for NiO-YSZ
substrate from SDM and LCP with respect to the plane and/or line
directions.

Process SDM LCP

Plane 
direction

A B A B

Line direction V H V H V H V H

Pore fraction 0.51 0.49 0.24 0.37 0.35 0.33 0.34 0.38

Table 3. Pore size and distribution data from mercury porosimetry.

SDM LCP

Pore diameter(�m) 0.72 0.59

Porosity (%) after sintering 38.1 28.8

Eff. porosity (%) 9.15(24%) 15.8(55%)

Porosity (%) after reduction 49.1 41.2

Fig. 4. Typical digital images being converted from micrographs in
Fig. 2: (a) direction A, (b) direction B, (dark phase: pores, bright
phase: NiO-YSZ).

Fig. 5. Comparison of the gas permeability constants of sintered
and reduced anode substrates from SDM and LCP. 
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æÚ� ®
. �º �Bê Þ/~&�� V�*�Ú¢ ÒÏ~º
ãÖ FV Ö�Bòj ÒÏ~� B�� r��Þ�
 ç&'b
� V�Nf ¸æò V���~ ®�¢� �� &Ê& R"F >
®º �Ö V�~ j6 {�& Ï�~æ p~rj ~��
. �
º �B mercury~ �R*çj �Ï� ªC� FÎ V�ªN�

B &ÊR"êöê �&� >'Nj ��"º Ö"� 
B �
ò&Ê~ '.� �/j *�Bº *Ú V�Nö j� FÎ~
² �ÖB V�j6~ {�& z 7º�j ö�"� ®
. 

3.2. *V*êê ßW
�Þ *êWç� Niç~ ª�¢ &V~V *� ~öê~ V

6j 7�*�ãb� &V� zç��æ¢ Fig. 6ö ¾æÚî

. (a)º �çwÖ»b� B�� r��� (b)f (c)º V�*
�Ú¢ Î&~� ªZ��»b� B�� r�~ ãÖ�
. Ö"
öB �� V6 B�� ?f ·~ NiO¢ Î&®röê ®�~
� Niç~ &ê 5 ª�;�& V6ö V¢ ô� 
�� ß®
V�*�Ú¢ ÒÏ~º ãÖ Niç~ ª�& 
Ö ®�¢~² ª
�~� ®rj r > ®
. �º V�*�Ú~ �OW 5 V�
*�Ú w÷ö V� �&V�~ ;Wö ~� Ni~ �¢ê& Î
ÚrV r^b� �'B
. ��� Niç~ ®�¢� ª�º *
Ò &¦ª~ SOFC r��W� �ò*æ ·ÿ7 *êWç� Ni
ç~ �&z� �� WË6²¢ ïV*� N i~ ·j
percolation� &Ë� �² jN� �;~� ®V r^ö �¦
'b� Niç~ ª�& ¦�� '�öF *êWç~ �£j &
^f V6 *Ú~ *V*êê¢ Ôºº Ö"& B�� > ®²
B
5,6). 
B V6~ *V*êê¢ G;� Fig. 7~ Ö"öB
�� SDMb� B�� V6~ ãÖ Fig. 1öB ¾æÒ~ �^
��ç~ �OW� *V*êêöê �&� >'>Ú ¾æÒb
� LCP»b� B�� V6ö j� j" Ôf *êê8j ¾æ
Úî
. ß® 
B �ò*æ~ ·ÿ7 *æ~ ohmic ¶
" ç
7'� �&Wj &ê (A)OËöB~ *V*êêº �ò*æ~
·ÿNê� 800oCöB º�>Úæº �² �ê� 100(s/cm)ö
ê á�ö *�b�B~ ��j >¯~Vö '�~æ á�j r
> ®î
. 

4. Ö  � 

"ã;W»ö V� r�ßWj ªC~�¶ ªZ��»" �
çwÖ»b� Ni-YSZ ��Ú¢ B�~� � �^�� 5 &N
ßWj jv~&
. ��Ö" r� ��ÚÚ~ V���º ¢>
'b� º�>Úæº r�b�B~ ^&æ º���� Ôf
ohmic &�Wª, ¸f &Ê R"ê, �W6� âçê�~ Î"
'� ª�f &7� &ê¢ &æ� ®î
. V¢B r�V6f
Ñ�, *êWç~ �Öê¢ ¸� *�bî~ ohmic &�Wªö
~� *K¶
j *��, v ®� *�>w~ �W� Ïª® ¸
ê� �W6~ &ê& ¸j¢ ~� îæïb� ³êª� &�
Wªö ~� *K¶
j �²z� > ®² �ò&Ê~ R"ö
'�~ê� Jê, B�>Ú¢ �j r > ®î
. �� G�ö
B � ��öB BB� �çwÖ»(LCP»)b� B�B r�f
V�ö 6Ò ��~ ªZ��»(SDM)b� B�B r�ö j�

Fig. 6. Typical Ni-distribution (bright phase) micrographs of Ni-
YSZ from (a) LCP (b) A direction of SDM (c) B direction of SDM

Fig. 7. Comparison of the electrical conductivity of anode substrate
with- and without pore former (5 µm graphite).
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�^��'� �öB 
Ö �¢~� ' �Wç
~ �Öê& ±
~b� ��� �^��'� �¢Wf *V*êêf &ÊR"
ê~ Ëçj &^f �*æ~ ÂKËçö V�� ©b� �'
B
. 
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