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. �

�ç >w»j �Ï~� La0.7Sr0.3Ga0.6Fe0.4O3-δ ªöj �W~� ²Ö~� b�*êW ªÒïj B�~&
. B�B ª
Òï
f ¾�Ê��Þ �¢ç Ö;��¢ ¾æÚîb�, 95% �ç~ ç&&ê¢ ¾æÚî
. Ö²�N æ~ ËKj Ë
ç�ÊV *� La0.7Sr0.3Ga0.6Fe0.4O3-δ~ · ��ö La0.6Sr0.4CoO3-δ paste¢ Ê�Ö *Ö+ O»b� z+� Ö", z
+>æ pf ªÒïö j� Ö²R" F³� �² Ã&~� 950oC, ∆PO2= 0.21 atmöB £ 0.5 ml/minÁcm2~ 8j
¾æÚî
. ��� Ö²R" F³f �� z+[� 
�W¢>�, La0.7Sr0.3Ga0.6Fe0.4O3-δ~ Ö;ã �V& Ã&�>�
Ã&~º ãËj ¾æÚî
. B�B :Ê� ;ç~ ²ÖÚ¢ �Ï~� 950oCöB zê¦ªÖz>wj ¯� Ö" 40%
�ç~ zê*~N" �W&Ê~ >Nj áj > ®îb�, CO~ F�êº 100%¢ ¾æÚî
. 6�, 950oC~ zê
ª*VöB 600�*~ ËV¦ªÖz>wj Û� ç~ n;Wj {�~&
. 

Abstract: We fabricated mixed ionic-electronic conducting membranes, La0.7Sr0.3Ga0.6Fe0.4O3-δ, by solid state reaction
method for solid oxide fuel cell. The membranes consisted of single perovskite phase and exhibited high relative
density, *95%. We coated La0.6Sr0.4CoO3-δ layer using screen printing method in order to improve surface reactivity
of the La0.7Sr0.3Ga0.6Fe0.4O3-δ. As a result, the oxygen permeation flux of the coated La0.7Sr0.3Ga0.6Fe0.4O3-δ showed
higher value, 0.5 ml/minÁcm2 at 950oC than the uncoated one. Higher oxygen permeation was observed in the
porously coated La0.7Sr0.3Ga0.6Fe0.4O3-δ membranes with larger grain sizes. Syngas, CO+H2, was successfully obtained
from methane gas, CH4, using the La0.6Sr0.4CoO3-δ coated La0.7Sr0.3Ga0.6Fe0.4O3-δ, with over 40% of CH4 conversion
and syngas yield. La0.7Sr0.3Ga0.6Fe0.4O3-δ membrane was stable even when it was exposed to the reducing environment,
methane, for 600 hrs at 950oC.

Key words : Membrane, LaGaO3, Syngas, Perovskite, MIEC

1. B �

�Ú Ö²�N *êÚ
f �� &æ ;�~ *Vz�' w
Ï� &Ë~� '« �² �;j BÚ~º Ö² bB, �V�¦
V Ö²¢ ªÒ~º Ö² ªÒï�¾ Ö² ²*, �Ú Özb
�ò*æ(solid oxide fuel cell: SOFC)~ �Ú *�î�B Ò
ÏF > ®
. �"öº ��� �Ú Ö²�N *êÚ
~ �Ú
Özb �ò*æ *�î�B~ �Ïö &� ��& �B® ê
¯>� ®
. �ò*æº �òVÚ& ²F~� ®º z�ö.æ
¢ *Vz�>wö ~� ç7 *Vö.æ� æ~�Êº ö.æ

æ~Ë~�B, ß® �ÚÖzb �ò*æº �ò*æ &Ú� &
Ë ÎN� ¸�, BîV& jº ìb�, æ.³ /
¢ ÒÏ~
æ pº � �� &æ Ë6j &æ� ®
. 6�, �ò*æº
H2, CO, CH4, Cê&Ê, zêR, ¾*æ � 
·� �ò¢ Ò
Ï� > ®
º Ë6ê æî� ®
1). ��¾ æ.ræ �ÚÖ
zb �ò*æ~ ·ÿNêº 800~1000oC�B 
Ö ¸V r^
ö �ÖÒ�B .³j ÒÏ� > ì� "æVV~ �z& ¢Ú
¾º �~ ^B6� ®
. V¢B �" 
Ú 7Á&N ·ÿ;
�ò*æ~ BBjºW� ¸jöö V¢ ·ÿNê~ 6²ö V
� ÎN~ 6²¢ ÿ�ö �Ö�¢� "B& 7º�>� ®b
�, �¢ �Ö~V *� ¾�Ê��Þ��~ �Ú Ö²�N *
êÚ¢ *�î�¾ *�b� �Ï~º ��& �B® ��Úæ
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� ®
2). 
�Þ, Ö²�Nòj F�'b� R"�Ò > ®º ^¢� ª
Òï ²Ò¢ �Ï~� Â�&Ê("� CH4)¢ �W&
Ê(H2+CO)� Bî�Êº VFö &� ��& �B® ��Ú
æ� ®º� �º ��� VF~ BB� Â�&Ê�¦V FÏ
� �ò¢ ãB'b� *~�Êº ©� &Ë~V r^�
3-6).
Fig. 1f Ö²R" ªÒïj �Ï� ¦ªÖz>w~ Î�êf
>w�j ¾æÞ ©�
. b�*êÚ~ � �öº �V¢, 
�
�ö zê � ~ö&Ê¢ ~J"² >� Ö²ª{Nö ~~�
Ö²�N� Ö²��(vacancy)j Û� Ö²ª{� Ôf ãb�
¶B'b� Ö²R"& ¢Ú¾² >�, R"B Ö²º �NöB
zê&Êf >w~� COf H2~ �W&Ê¢ �Ö~² B
.
�
 �"öº Â�&Ê�¦V �W&Ê¢ áº �;b�¦V
*Kj ÿ�ö á�¶ ~º ��& ��Úæ� ®
7-9). ¯ ê
z>²(hydrocarbon)¾ rzR �j *K" �þ �Ö~� z
�>wVf �ò*æ~ Ë6j Îv áj > ®
. 

LaGaO3ê~ �Wf �f ?� �ò�~ �ò�B �Ï &Ë
� �W&Ê~ B�ö �ÏF öò jî¢, êw >º Î&Bö
V¢ 1000oC �~~ 7, &NöB ·ÿ~º �ÎN �ÚÖzb
�ò*æ~ *�î�¾ *�b�ê �ÏF > ®
. � ��ö
Bº �ÚÖzb; �ò*æö ÒÏF > ®º ¾�Ê��Þ�
�~ b� �N*êÚ� La0.7Sr0.3Ga0.6Fe0.4O3-δ �Wj �W~
� Ö²òj F�'b� ªÒ R"�Ò r~ R"Nj &Ê�
�îÆ�¾b¢ Û� G;~&b�, ß® 
�W z+[ ê«�
¦f Ö;ã �V~ 'Ëj �V~&
. îæïb� ��� Ö
²R" ßWj �Ï~� zê~ ¦ªÖz>wb�¦V �W&
Ê(H2+CO)¢ �Ö~º ��¢ >¯~&
. 

2. 
þ O»

La0.7Sr0.3Ga0.6Fe0.4O3-δ~ �Wj <º Özbf �ç>w»j
Û~� �W~&
. ÂBbî�B La2O3(99.999%, Aldrich
Chemical Co, Inc.), SrCO3(99.9%, Aldrich Chemical Co, Inc.),
Ga2O3(99.99%, Aldrich Chemical Co, Inc.), 5 Fe2O3(99%,
Aldrich Chemical Co, Inc.)j Ö jNö V¢ �ï� ê, 2-
PrOH" æ�zîj "j �Ï~� 24�* ÿn Û� ball
milling~� ªê 5 b�~&
. �~ La0.7Sr0.3Ga0.6Fe0.4O3-δ~

�Wj 'LSGF'¢� �V~V� �
. �Þ, *~ b�ªöf
1250oCöB 5�*ÿn ~²~� ¾�Ê��Þ �¢çj �W~
&�, ~² ªöf 1 inch �V~ öÛ; .³ Ö�ö ¢» &
{~� disk;�� W;~&
. 6�, W; &ê¢ ¸�V *�
25000 psi(225 MPa)~ {Kb� ;>{ W;(Cold Isostatic

Pressing)j ~� �� &ê~ £ 55~60% ;ê� :Ê� ;�
~ {ªÚ¢ B�~&
. B�B disk {ªÚº *V�¢ �Ï
~� &V 7öB 1400oC 5 1500oC~ NêöB ²Ö~&
.
Ö²R" ";~ ��>w/
�B La0.6Sr0.4CoO3-δ(�~ 'LSC'
� �V�)j, zê ¦ªÖz>w~ /
�B Nij F;~&b
� '' Ê�Ö *Ö+j Û� ªÒï~ · ��ö z+~&
.
z+Ï pasteB� � FVÏ
�Bº >B Nê& ¸� Ï�K
� � α-Terpineol¢ ÒÏ~&�, FV :�zº α-Terpineolö
¾ Ï�>� �êW� Ö>� ©b� rJê ethlycellulose¢
ÒÏ~&
. z+[~ B� 
� �^��¢ áV *~� z+
B ªÒïj '' 800oCf 1250oC� ê�¾Ò ~&
. B�B
²ÖÚ~ �^��¢ &V~V *~� "Ò*¶*�ã(SEM)j
�Ï~&b� X-F².j Û� öòªö" ²ÖÚ~ çj ªC
~&
.

Fig. 2ö Î�'b� ¾æÞ G; Ë~öB, zêª{, Ö²ª
{, >wNê �j �.~�B Ö²R" F³ 5 zê~ ¦ªÖ
z>wj Û� �WB &Ê~ ·j G;~&
. G;j *� �
Þf æª 20 mm, vþ 1.7 mm~ :Ê� ;�� ��j
10µmræ �^�î ~&�, ç;�~ Agj 
çÒ� �Ï~
&
. 6�, Ö²R" F³ G; � �Þ =¦ªöBº Hej
115 ml/min~ F³b�, �Þ jÑ¦ªöBº �V¢ 100 ml/
min~ F³b� ~J"î
. F�'b� R"B Ö²~ ·f V
Ú��îÆ�¾b(GC)¢ �Ï~� G;~&� Ö²~ R"Nf

r" ?f êÖ�ö ~~&
.

(1)

çV êÖ�öB He~ Fïf G;Nêö ê�� ê, �Þ~

O2flux

HeFï ml min⁄( ) O2ªN ppm( )×
1 O2ªN ppm( )–

----------------------------------------------------------------------------------- 1

membrane area cm2( )
-------------------------------------------------------×=

Fig. 1. Schematic diagram of partial oxidation using oxygen ion
conductor.

Fig. 2. Schematic diagram of oxygen permeation flux measuring
system. 
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=¦ªö Heòj ~J G;~&�, &Ê��îÆ�¾b�¦V
Ö²~ ªNj �� *~ êÖ�b�¦V R"B Ö²~ flux¢
êÖ~&
. 

3. Ö" 5 �V

LSC¢ LSGFö z+� ê 800oC~1250oCöB �¾Ò�
�Þ~ Òêj Fig. 3ö ¾æÚî
. 800oCöB �¾Ò� ãÖ
º Fig. 3(a)f (b)öB �º ©¾" 
�W��~ z+[j áî
�, 1250oCöB �¾Ò� ãÖº Fig. 3(c)f (d)öB �º ©
¾" ~&� ��¢ áî
. ~&� [~ ãÖ z+[~ vþº
Òê ç(Fig. 3(d))b� ;{® r > ìb¾ 
�[~ ãÖ(Fig.
3(b)) � vþº £ 2~3µm ;êªj r > ®
.

LSC z+[� ìº LSGFf 800oCf 1250oC� LSC¢
z+� LSGF~ ^ &æ �Þ
�¦V Nêö V� Ö²R"N
j Fig. 4ö ¾æÚî�, Fig. 4(a)�¦V ^ &æ �Þ Îv N
ê& Ã&�ö V¢ Ö²R" F³� Ã&~º ãËj �&
.
��¾ z+[� ìº LSGF~ ãÖ >wNê 950oC, ∆PO2=
0.21 atmöBê 0.1 ml/cm2

Ámin �~~ Ôf Ö²R" F³j
�&b¾, ��öB~ Ö²ª¶-�N *~ v~>w� Ö>�
©b� rJê LSC z+[j ê«� ãÖ, Ö²R" F³� ç
�® Ã&~&rj r > ®î
. ß®, 
�W~ LSC z+[
j ê«� �Þ~ ãÖ, 950oC, ∆PO2 = 0.21 atmöB ��
0.48 ml/minÁcm2~ F³b� z+~æ p�¾ ~&~² z+B
ãÖ�
 * Nêº*öB ç&'b� 
Ö ¸f Ö²R" F
³j ¾æÚîº�, ��� Ö"º LSGF~ ���Wö ~�
Ö²R" �.� 
Ö 7º�j �Ò�
. ¯, z+[~ FÎ j
��'� Ã&�>� Ö²R" F³ 6� Ã&�j r > ®î

. Nêö V� R"F³~ æz�¦V Ö²R"ö &� �Wz
ö.æ¢ �~V *~� Fig. 4(a)~ ��VöB Ö²R" F³
j VÚÖ>� ~Ö~� �¢ Nê~ �>~ �>� Òê�~

Fig. 3. The microstructure of porously and densely LSC coated LSGF membrane : (a) top -view of porouly coated LSGF, (b) side-view of
porously coated LSGF, (c) top-view of densely coated LSGF and (d) side-view of densely coated LSGFUU

Fig. 4. (a) Oxygen permeation fluxes of uncoated, densely coated,
and porously coated LSGF, and (b) corresponding Arrhenius plots. 
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� Fig. 4(b)ö ¾æÚî
. �¾*~ VÞV 8b�¦V Ö²R
"ö &� �Wz ö.æ 8j �� > ®º� z+j ~æ p
f ãÖº 103.6 kJ/mol, ~&~² z+B ãÖ 73.3 kJ/mol,

�[b� z+B ãÖ 20.0 kJ/mol~ �Wz ö.æ 8j ¾
æÚî
. *~ Ö"�¦V ~&~² z+B ãÖ¾ LSC¢ z
+~æ pf ãÖ
�
 
�[b� z+� ãÖ, Ö²R"&

Ö £² ¢ÚÂ
º ©j r > ®
. ��� �Fº
LaGaO3êö ®ÚB � ¶Ú�B Òò Ú¦öB~ Ö²�N {
Ö³êº �¾, ßW ªÒï~ vþ�ç~ ÒòöBº � N³
>w� ��öB~ v~>w³ê~ æV¢ A² B
. � 
þ
öB ÒÏB �Þ~ vþº 1.7 mm�B ßW ªÒï vþ�ç
~ 8j <V r^ö ��öB~ v~>w³êº 
Ö Ô
. V
¢B ªÒï ��j LSC� z+�b�� Ö²~ v~>w ³
ê& Ã&>î�10) Ö²R" F³ 6� Ã&~&
. 
� ö~
�, LSGFê~ Ö²R" z
î¾ö ~� N³>wf Ö;ãÚ
~ Ú'{Ö� jò ªÒï �� >wb� Ö²R"ïj Ö;
~V r^�
.

Fig. 5º ²ÖNêö V� LSGF~ �^��~ "Ò*¶*�
ã Òê�
. Fig. 5(a)º 1400oCöB ²Ö� �Þ~ �^��
Òêj ¾æÚ�, Fig. 5(b)º 1500oCöB ²Ö� �Þ~ Òê
j ¾æÞ
. 1400oCöB ²Ö� �Þ~ ç&&êº 98.2%,
1500oCöB ²Ö� �Þ~ ãÖº 97.5%� Îv ~&~� ç
^ FÒ� ç&&ê¢ ¾æÚîb¾, Ö;ã~ �Vº �² N
�& ®rj r > ®
. 1400oCöB ²ÖB �Þ~ ï� Ö

;ã�Vº 2.07µm��, 1500oCöB ²ÖB ãÖ ï� Ö;
ã�Vº £ 5.54µmb� G;>î
. 1400oCf 1500oC~
²Ö�Þö &� Nê~ �>�� Ö²R" F³j G;~&�,
� Ö"¢ Fig. 6ö ¾æÚî
. ï�Ö;ã� �� ç&'b�
«ê~ ªN� 'f 1500oC ²Ö�Þ� 1400oC ²Ö�Þö j
� * Nêº*öB ç&'b� ¸f Ö²R" F³j ¾æÚ
� ®�, R"F³b�¦V Òê�� Fig. 6(b)~ �¾*~ VÞ
V�¦V Ö²R"ö &� �Wz ö.æ¢ êÖ���,
800oC¢ ªê6b� �Wz ö.æ~ 8� ¸f Nê'�" Ô
f Nê'�b� ¾~² B
. �f ?� v '�b� ªÒ>º
�Fº jçê ¢¦~ �æº ®æò Nêö V� N³�ê~
æz r^b� ÒòB
. 1400oC�Þ~ ãÖ �Wz ö.æ 8
f EH = 26.1 kJ/mol(�N'�), EL = 80.5 kJ/mol(&N'�)b�
êÖ>Úr�, 1500oC�Þ~ ãÖ~ �Wz ö.æ 8f ''
EH = 20.0 kJ/mol, EL = 48.8 kJ/mol�
. ��� Ö"�¦V ç
&'b� «êªN� 'f 1500oC~ �ÞöB �
 £² Ö²
R"& ¢Ú¾� ®rj r > ®î
. ��� �Fº Özb
Ú¦öB �N~ ;�� *ê>º �N*êW Özb~ ãÖ,
Ö²�N~ �ÿf "� Ö;ã Ú¦& £² {Ö>Úî ©�
æ� Ö²�N*ê~ Ë�b� F > ®º «ê~ ªN� ç&
'b� 'f ãÖö R"F³� ¸² G;>º ©b� �' B

11).

Fig. 5. SEM micrographs of LSGF showing different grain sizes
sintered at (a) 1400oC and (b) 1500oC. 

Fig. 6. (a) Oxygen permeation flux of LSGF with different micro-
structure sintered at 1400oC and 1500oC, and (b) corresponding
Arrhenius plots. 
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�ç~ Ö"�¦V ¸f Ö²R" F³j ¾æÞ, 1500oCö
B ²ÖB LSGF*ö LSC¢ z+~�, 800oCöB ê�¾Ò "
;j �ö 
�[j <º �Þj &j� ê zê¦ªÖz>w
j >¯~&
. �, zê� v�º ~öª*V Gú ¦ªÖz>
w~ /
12)� rJê Ni .³j ê�� ê zê~ ¦ªÖz>
wj ¯~� �WB &Ê~ ·j G;~&
. zê~ ¦ªÖz
>w~ ;ê¢ ¾æÚº æ��� ï&>º zê *~N
(Conversion of CH4)" �W&Ê~ >N(yield)f '' 
r"
?f êÖ�b�¦V �~&
.

(2)

(3)

(4)

(5)

zê*~N, >²~ >N, ¢Özê²~ >Nö �~º zê
F³~ 'Ëj �V� Ö"¢ Fig. 7ö ¾æÚî
. �Þ~ =
¦ªöBº zêj '' 22.4, 43.4, 67.7 ml/min~ F³b�
~J"î�, He~ F³f 36.9 ml/min� �;~&
. �Þ, �
Þ~ jÑ¦ªöBº �V¢ 100 ml/min~ F³b� ~J"î
b�, �W>º �W&Ê¢ G;~&
. Heö j� ç&'b�
zê~ F³� ·f 22.4 ml/min~ ãÖ 45%�ç~ ¸f z
ê *~N �&�, CO&Êf H2&Ê~ yieldº 40%�ç~
8j ¾æÚî
. >�ö Heö j� ç&'b� zê~ F³�
� 67.7 ml/min~ ãÖö ®ÚBº zê~ *~N 5 CO&Ê
f H2&Ê~ yield8� 20%�~� 
Ö ·f 8j ¾æÚî

. 6� � 
þ�� ÚöB zê~ *~N� �& 50%�¢
º 6b� ��Ú zê~ Îv& ¦ªÖz>wö ^�~æ p
� 
� >wöê ^�~&rj r > ®î
.

Fig. 8f zê" ��~ F³j¢ '' 22.4 ml/minf 36.9
ml/minb� �;� ê ·ÿNê¢ æz�B&�B 
þ� Ö"
�
. >wNê& 825oCöB 950oC� Ã&�ö V¢ zê~
*~N, CO 5 H2~ >N 8f '' F;'b� Ã&~�, >
wNê 950oCöB zê*~Nf �~ 50%ö ��� �W&Ê
~ >Nf 40%�ç~ 8j ¾æÚî
. ��� Ö"º Fig.
4(a)öB r > ®º :f ?� Nê& Ã&�ö V¢ Ö²R"
F³� Ã&� 'Ë� V�®V r^b� �'B
. ¯ zê~
¦ªÖz>w~ 7º� º�b� >wNê& 7º� æ>��
VÚ~ *~N" �W&Ê~ >N� R">º Ö²ïö ~�~
� ®rj ��&
. 

�[b� z+� LSGFªÒïj 950oC~ >wNêöB �
Ò� zê" ��~ jNj 22.4 : 36.9� �;� ê, ·ÿ�*ö
V� zê*~N" �W&Ê~ >Nj Fig. 9ö ¾æÚî
. �
& 600�*ÿn ËV n;W rÊÞ¢ ¯~&b�, � Ö" z
ê*~N" �W&Ê~ >N Îv 600�*ræ n;� 8j �

Conversion of CH4  %( )
CH4 in( ) CH4 out( )–

CH4 in( )
----------------------------------------------------= 100×

Selectivity of CO  %( ) CO out( )
CO2 out( ) CO out( )+
-----------------------------------------------------= 100×

Yield of H2  %( )
H2 out( )

2CH4 in( )
------------------------= 100×

Yield of CO  %( ) CO out( )
CH4 in( )
----------------------= 100×

Fig. 7. Methane conversion and syngas yield of LSGF as a function
of CH4/He ratio. 

Fig. 9. Methane conversion and syngas yield of LSGF as a function
of long-time duration.

Fig. 8. Methane conversion and syngas yield of LSGF as a function
of temperature. 
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�� ®rj r > ®
. ��� Ö"�¦V LSGFêº 900oC
�ç~ �N" �V 5 zê*~ � Ö²ª{ NöBê, 600�
* �ç n;~² Ö²& R">Ú zê&Ê�¦V ¢;� ·
~ �W&Ê� *~�Ò > ®º Ö>� Òòª� C&^, Ëê
�N �ò*æÏ Òò�B �9² ÒÏF > ®j ©b� V&
B
. 

4. Ö  �

�ç>w»j Û� La0.7Sr0.3Ga0.6Fe0.4O3-δ ¾�Ê��Þ ªö
j B�~� :Ê� ;�~ ²ÖÚ¢ B�~&
. ²ÖNêö
V¢ Ö;ã~ �Vº Ã&~º ãËj ¾æÚîb�, ç&&ê
95%�çb� ~&� ²ÖÚ¢ B�~&
. B�� ²ÖÚö &
~� Ö²R" F³j G;~� �W&Ê �W
þj >¯� Ö
" 
r" ?f Ö�j áî
.

1. LSGFº 950oC~ ¸f Nê 5 ∆PO2= 0.21 atm~ Ö²
ª{ NöB 0.1 ml/cm2

Ámin~ Ôf Ö²R" F³j ¾æÞ
>� LSC~ ���W z+[j ��ö ê«� ãÖ, Ö²R"
F³� Ã& ~&
. ß® 
�î� z+B ãÖ ��'~ Ã&
ö ~~� Ö²R" F³� �² Ã&~� 950oC, ∆PO2=
0.21 atmöB £ 0.5 ml/cm2

Ámin~ Ö²& R">î
.
2. LSGF~ Ö;ã~ �V 5 «êªNf Ö²R" F³öê
'Ëj ¢öB, ¸f ç&&ê¢ <º �� ~öB Ö;ã� �
� «ê~ ªN� 'f ãÖö ¸f R"F³j ¾æêj r
> ®î
.

3. 
�î~ LSC5 Ni� z+B LSGFö &~� zê~ ¦
ªÖz>w 
þj >¯� Ö", zê~ F³� 20 ml/min� ã
ÖöB 45%�ç~ zê*~N" 40%�ç~ CO 5 H2 VÚ

¢ áj > ®î� CO~ F�êº 100%¢ ¾æÚî
.
4. Ni 5 LSC¢ z+� LSGFö &~� 600�*ÿn~ ËV
¦ªÖz>wj ¯� Ö" 600�*~ rÊÞ ÿn CH4~ *~
N� 6²>æ prj r > ®b�, H2f CO~ >Nê � æ
z¢ ¾æÚæ p~
.
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