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. �

Ï[êÖ"; �ò*æ~ ßWj Ö;ùº êÖ" *�îö ®Ú, V�~ Li-Kf Li-Na êÖ""º 
� Li-Na-K â
öê êÖ"~ ßWj Ö²~ö 5 Özî. Ï��ÿj Û� ¦Æ~&
. &ç âöê *�îf Li-Na-K = 47.4-32.6-
20, 60-20-20, 50-40-10, 40-40-20 mol%�îb�, 650oC, 1V{ ��öB Ö²~ö �ÿf *Vz�' O»j Û�,
NiO Ï��ÿf z�' O»j Û� ¦Æ~&
. âöê �Wö V¢ Ö²~ö *~~~ N�& &V>Ú, Ö²Ï�ê
& �Wö ~��j ¾æÚî
. 6� Li-Na-K = 50-40-10 mol% �WöBº 
� ;�~ Ö²~ö b�& &V>Ú
�Wö V¢ Ö²~ö z�î¾~ N�& �Ò� > ®rj �Ò~&
. ��¾ Özî. Ï�êº �Wö �² ~�~
æ pº ßWj ��"î
.

Abstract: The oxygen reduction and NiO dissolution behaviors in Li-Na-K three component carbonate melts have
been investigated with various compositions through electrochemical and chemical ways. The oxygen reduction cur-
rents and NiO solubilities were measured at 650oC and atmospheric condition in Li-Na-K = 47.4-32.6-20, 60-20-20,
50-40-10, 40-40-20 mol% carbonate melts. The oxygen reduction currents showed dependence on the composition,
indicating oxygen solubility is a function of carbonate composition. At the composition of Li-Na-K = 50-40-10 mol%,
a broader peak was observed, suggesting different oxygen reduction mechanism probably prevails in this composition.
In contrast, insignificant differences of NiO solubility were obtained among the compositions.
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1. B  �

Ï[êÖ"f ¢>'b� 
r" ?f ï;ç�¢ Fæ�
.

(1)

�VB, 

¯ Ï[B êÖ"f .³ r¢Ò ·�N" êÖ r�N
(CO3

2-) b� ªÒ>Ú �Ò~² >�, � r�Nf Öz

(Oxide) �N (O2-)" CO2� �Ò>Ú ï;ç�¢ ��
. V
¢B Öz�N~ ³ê(�ÿê)º � Ï[êÖ"~ ßWj ¾æ
Ú² >�, �©f >Ï�öB~ >²�N (H+) ³ê& � Ï�
~ ÖWê¢ ¾æÚº ©" ?
� � > ®
. 

Lux-Flood~ Ö/"V ��ö V�� >Ï�öB~ Ö/"V ß
Wj �N~ Ï["öê 'Ï� > ®² B
.

>Ï� : Ö = "V + H+ (2a)

Ï[" : "V = Ö + O2- (2b)

V¢B Öz�N~ �ÿê(³ê)º � Ï["~ Ö/"Vê¢
¾æÚ² >�, Ï[êÖ"~ ãÖ CO2& Öb� ·Ï~º ©

CO3
2–

O
2–

⇔ CO2+

kd O
2–

P CO2( )⋅=
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j r > ®
. 
Andersenö1) V�� ' Ï[êÖ"~ ï;ç>(kd)º ���
' êÖb�¦V �� > ®�, Li Wª� ôj>� 
æ�, K
f NaWª� ôjî>� ·jæº ©b� ��>Ú ®
. ¯
Li Wª� ôj>� êÖ"f "VW� >�, >&� Kf Na
Wª� ôjî>� "f ÖW� >º ©j ¾æÞ
. ��� �
ÿf �N>ã~ 6²f ÿ¢� ãËj &æ� ®
. ��� V
ãb�¦V Ï[êÖ"j "VW� � BB� ¾�~� 
r"
?
.

Li � Li-Na� Li-K � Na-K (3)

��ö V�� ÖW êÖ"¢>� Ö² Ï�ê& Ã&~�,
�N*êêº >&� "VW"¢>� Ã&�
2).
��� Ï[êÖ"~ Ö/"V ßWf Ï[êÖ"j *�î�
ÒÏ~º Ï[êÖ"; �ò*æ(Molten Carbonate Fuel Cell,
MCFC)~ ßWj Ö;ù² B
. Ï[Nê& £ 500oC� Li-
Kf Li-Na êÖ"� "� *�î� ÒÏ>� ®º�, ~ 7
ç&'b� ÖW� Li-K êÖ"� Ö²~ö ßWöB �Bº
>�, Ú¦&�ö 'Ëj �~º �N*êêf �V�� Özî
.~ Ï��ÿöBº "VW� Li-Na *�î� Öú� ©b�
��>Ú ®
3).
6 
� �ê�B Li-Na-K b�"ö &� ¦Æê ê¯>Ú
J� ®
. � âöê b�"~ &Ë � ßûf Ï[Nê& 

� Li-Na, Li-Kö j� £ 100oC Ôj2), �
 &NöB
MCFC¢ Ú*� > ®Ú Òò �z ^B �~ BFö V��
©b� V&>� ®
.
�" Uchida ��öBº Ï[êÖ"öB~ bî*� &� 5
�N*êê G�öB Li-Na-K=47.4-32.6-20 mol%& �' �W
ªj Bn~&
4).
� ��öBº *~ �' �W 5 � "æ~ âöê b�ê
Ö"~ �Wö &� Ö²~ö, Özî.~ Ï�ê G�öB *
�î ßWj ¦Æ~&
. 

2. 
þË~ 5 O»

ÒÏB Ï[êÖ"f Li-Na-K = 47.4-32.6-20, 60-20-20, 50-
40-10, 40-40-20 mol%~ �W�îb�, 200oC~ ê���B
êÖ"j b�~� �Úö J~~�, ê���"; ì� î>
CO2� ª:ç~� êÖ" 7~ ê² 5 >Öz�N �~ ®B
bj B�~&
. 

2.1. *Vz� G;
*Vz� G; 5 Özî.~ Ï�ê G;Ï ff Ï[" ç
�~ &V� &Ë~ê� � Ú�W� C'FÒ� B·>îb�,
Ï["j �º ÏV�º �Bê r��¾ ê&î¢ ÒÏ~&
.
f Â÷f Pyrex FÒ� B·~&b�, �*3, *� �j J~
� > ®ê� �Ö�¢ J~~&
. ®Vº öÛ; *V�¢ Ò
Ï� �¦�¦V &�~ê� ~&
. 
*Vz� G;j *� ·ÿ*�f 0.05 mm~ . ;6j i
B; (0.39 cm2)b� ò
îb�, ^��f ·ÿ*�" ÿ¢~²
ò� *�j ÒÏ~� FÒ^��b� ÒÏ~&
. ç&�f ç
ã 0.1 cm, ̂ � £ 20 cm~ .Fj £ 1 cm~ çãb� 6
j ÒÏ~&
.
Ö²~ö ßW 2kj *� *Vz� G;f B~ *{*~

» (CV)f v~ ªb~Ê »j �Ï~&
. CVº Solartron
1286" ** "ÒV(scanner)¢ �Ï~� G;~&
. v~ ª
b~Ê »f Solartron FRA 1255f Solartron 1286 Interface
¢ �Ï~� "2> 1 kHzöB 1 Hz� "2>¢ æ�&� G;
~&
.

2.2. Özî.~ Ï�ê G;
âöê *�î~ Özî. Ï�ê~ ßWj ¦Æ~�¶ IHI

(Ishikawajima-Harima Heavy Industry)öB ÒÏ~º 
B �
V�j 5Ü10 mm �V (£ 70 mg)� ~� ÒÏ~&
. 
Ï["f jº� êÖ" �Wb� C Z²º 5 g� >² ~
&b�, çã £ 2 cm~ ²; ê&îö jò, f Ú~ � ê&
îö C J B~ ²; ê&î& ËO>² ~&
. � 7 ~¾
~ ²; ê&îö �*3j hj Ï["~ Nê¢ �.~&
.
Ï�êº Jarrell-ashÒ~ ICP (Inductively coupled plasma,

Model IRIS1000)¢ �Ï~� �'ê £ 200�* êö G;~
&
.
Ö²~ö 5 Özî. Ï��ÿf Ï[" Nê& 650oC, &
V{, O2/CO2 = 90/10%~ b�&Êª*VöB ¦Æ~&
.

3. Ö" 5 �V

3.1. Ö²~ö ßW
3.1.1. Ï[êÖ"~ CO2 ª*VöB~ ßW
Fig. 1f Li-Na-K=47.4-32.6-20 mol% âöê b�"j CO2

ª*V� ~� G;� CV Ö"�
. >wb� Ö²& �/>æ
pV r^ö Ö²~ö b�& &V>æ pb�, *� ��~ *
V�7[ö Ï*>º Ï**~(nonfaradaic current) ò� &V
B
. £ -0.8 V ¦"öB~ *~Ã&º CO2~ CO�~ ~ö
6º êÖ�N� CO3

2- ~ ~öö ~� ©b� �'>�, 0 V
�ç~ Öz*~º Ö²~ö >w~ �>w� êÖ�N~ Öz
>wö ~� ©b� ��ê
2).

3.1.2. âöê *�î~ Ö²~ö ßW
Fig. 2º O2/CO2 = 90/10%, 1V{ ��~ âöê êÖ" *
�îöB G;� CV Ö"¢ ¾æÚ� ®
. Fig. 1~ CO2 ò
~ ��öB G;� CV Ö"f �Ò «{� ~öb�& áÚ
^ Ö²~ö >w� ¢Ú¾º ©j ��� ®
. � 
þöBº

Fig. 1. A cyclic voltammogram of Li-Na-K = 47.4-32.6-20 mol% at
P(CO2) = 1 atm, 650oC, scan rate = 0.2 V/s.
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FÒ^��j ÒÏ~&bæ�, B²� **& ¢~~� ¾æ¾
®
. ¢>'� CV Ö"~ �ÿ"º �Ò B²� **öB /
Ï® *~& çß~º b� Î·j ¾æÚº ©j r > ®
.
��� ßûf �Wb� *�î ¶Ú� ãÖö ¾æ¾º �ÿ
b�B, >w �Wb� êÖ�Nb�B êÖ" ¶Ú�V r^ö
¾æ¾² B
. ��� �ÿö &� Berzinsf Delahayº 
r
" ?� b� *~~f ³ê�' �¶f~ ç&&ê¢ Bn~
&
5).

(4)

�VB iPº b�*~, nf >w*¶>, Fº Faraday ç>,
Rf VÚç>, Cº >wb ³ê, Dº >wb {Öê>, vº
²�³ê�
.
� (4)öB r > ®�� b� *~~º >wb~ ³ê 5
{Öê>~ �>�B Ï["~ Ö²Ï�ê 5 Ö² >wb~ {
Öê>~ �V¢ ¾æÞ
� � > ®
. Fig. 2öB ����
Li-Na-K = 47.4-32.6-20 mol%~ ãÖ& &Ë � b� *~~¢
¾æÚº ©b�¦V 
� âöê êÖ"ö j� Ö²Ï�êf
Ö² >wb~ {Öê>& ¢j r > ®
.
��� Li-Na-K = 50-40-10 mol%~ Ï["~ ãÖ 
� �
W"º �Ò �
 9f b�¢ ��º ©j r > ®
. Ï[
êÖ" 7~ Ö² >wb�Bº ."Öz (Superoxide) �N
(O2

-)" "Öz (Peroxide) �N (O2
2-)� Bn>Ú ®
6-8). �


f êÖ"" 
r" ?f z�>wö ~� �W>º ©b�
rJ^ ®
.

(5a)

(5b)

æ.ræ Ö²~ö z�î¾ö &�Bº ôf ��& >¯>
îb¾ jç ¢~~º Ö�öº ê�� ®æ p
. ��¾ &¶

f Ï[êÖ"öB~ Ö²~öö &� >ã*æf 
B*æ
öB~ bî*� �ÿb�¦V Ï[" 7~ Ö²~ö� O2

-f

CO2~ b� {ÖæV ";�¢º ©j Bn~&
9,10). � ."
Öz �Nf 
r" ?� v�êö �ö ~ö>º ©b� ��

>Ú ®
7).

(6a)

(6b)

Na-K b�êÖ"~ ãÖº *~ v �êö �� Ö²~ö�
«{® &V>¾7), Li-K 6º Li-Na b�"~ ãÖ � v";
� �~ ÿ¢� **öB ê¯>º ©b� �'>� ®
8).
Fig. 2~ âöê �W~ ãÖê "� �¢ b�& &V>¾,
Li-Na-K = 50-40-10 mol% ãÖ~ 9f b�º �
 >w«~
~ö**& N�¢ &æV r^b� �'>�, V¢B ¾^æ
^ Ï[""º 
� >wV�¢ &î &ËWj �Ò~� ®
. 
� (4)¢ �Ï~� CV Ö"~ b� *~~f ²�³êf~
&ê�¦V bî*�ö &N>º ;�� ³êf {Öê>~ ï
O"~ �� 8j �� > ®
. Fig. 3f b� *~~f ²�
³ê~ ïO""~ ç&&ê¢ ¾æÚ� ®
. Ú¶ �WöB¾
jf~º ßWj «{® ��� ®
. ß® �' �WöB~ V
ÞV& &Ë ¢j r > ®�, V¢B 8ê � ©j .ç� >
®
. Table 1f ' *�î �WöB~ 8j ¾æÚ� ®
.

Fig. 4º âöê *�îöB G;� v~ ªb~Ê Ö"¢
¾æÚ� ®
. *~ *�";j ¾æÚº >ö� &V>æ p
�, £ 45ê~ çF¦ªò &V>º 6b�¦V, �
 Ï["ö
B~ Ö²~ö>wf bî*� æV>w� ©j r > ®
11).
*�>wj *~�ÿ" bî*�� �W� &Ë �B� Î
�� Randles-Ershler Î�(Fig. 5)j 'Ï� ãÖ, ªb~Ê

>8 (ZRe)" '³ê(ω)f~ Ò�öº 
r" ?f &ê& W
ãB
.

ip 0.6015= nF× nF RT⁄ C D ν

O2 2CO3
2–

+ 2O2
2–

= 2CO2+

3O2 2CO3
2–

+ 4O2
 2–

= 2CO2+

O2
 -

e
–

+ O2
2–

→

O2
2–

2CO2 2e
–

+ + 2CO3
2–

→

Fig. 2. Cyclic voltammograms for different carbonate melts at scan
rate of 0.2 V/s, 1 atm, P(O2)/P(CO2) = 0.9/0.1 atm, 650oC.

Fig. 3. Replot of the peak currents (ip) vs. square root of scan rate
(v) in Fig. 2.

Table 1. Comparisons of the CD1/2 value estimated from the results
of Fig. 3.

Li-Na-K / mol% CD1/2 / mol cm-2 s-1/2

47.4-32.6-20 3.55Ü 10-10

60-20-20 2.80Ü 10-10

50-40-10 2.66Ü 10-10

40-40-20 2.83Ü 10-10
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ZRe= RΩ + Rct+ σω -1/2 (7)

�VB RΩº Ï�&�, Rctº *~*� &���, σº {Ö
&�j ¾æÚº Warburg ê>�
.

Fig. 6f ZRef ω -1/2 ~ ç&&ê¢ ¾æÚ� ®
. &"2>

¦ªöB ±f F;W� áÚöj r > ®
. {Ö&�f "�
&"2> ¦ªöB ¾æ¾² >æ�, &"2> ¦ªöB áf
VÞV& � (7)~ &ê�¦V Warburg ê>& B
. Table 2º
� (7)~ &ê�¦V �� ¯�V Warburg ê> (σapp)¢ ¾æ
Ú� ®
.
�ç~ Ö"�¦V CV�¦V �� f v~ ªb~Ê�
¦V �� Warburg ê>& &w~� ®º ©j r > ®�,
BnB Li-Na-K = 47.4-32.6-20 mol%& ¦ÆB âöê �W 7
&Ë ±f Ö²~ö ßWj ��º ©j r > ®
.

3.2. Özî. Ï�ßW
�V�� Özî.~ Ï�>wf CO2 ³ê& 10% �ç~
��öBº 
r" ?f ÖWÏ�V�¢ V�º ©� rJ^ ®

12).

NiO + CO2= Ni2++ CO3
2- (8)

¯ CO2 ³ê& ¸jî>� Özî.~ Ï�êº 
æ² B

. 

Fig. 7f O2/CO2 = 90/10% ��öB âöê �W Ï[êÖ"
~ Özî.~ Ï�ê¢ ¾æÚ� ®
. Li-Na-K = 40-40-20
mol%~ ãÖ¢ B�~� âöê �Wö ~� N�º �æ p
f ©j r > ®
. 
B MCFC~ ãÖ �ÎNj *� �V
�ö �/~º CO2¢ �ò� VÂ&Ê�¦V Ï�~² �WB

. ��¾ Fï� �R ôf �V�~ ßWç �ò� VÂ&Ê
�¦V �/B CO2º �� ';ï� 30 mol%¢ 7òj, *Ò

C D

Fig. 4. Cole-cole plots measured at 650oC, 1 atm, P(O2)/P(CO2) =
90/10%, 5 mV AC signal, 1 kHz - 1 Hz.

Fig. 5. Randles-Ershler equivalent circuit.

Fig. 6. Estimation of Warburg coefficient at Li-Na-K = 47.4-32.6-20
mol%, 650oC, P(O2)/P(CO2) = 90/10%.

Table 2. Comparisons of the Warburg coefficient from the results of
Fig. 4.

Li-Na-K / mol% σ app / Ω cm2 s1/2

47.4-32.6-20 316

60-20-20 377

50-40-10 497

40-40-20 364

Fig. 7. Ni2+ solubilities in Li-Na-K carbonate melts at 650oC, 1 atm,
P(O2)/P(CO2) = 90/10%.
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�Ö"�¦V Ôf CO2 ��öB æç�º 
B MCFCö ®
ÚB Özî.~ Ï�êº âöê *�î �Wö �² ~�~
æ pj ©b� .çB
. Li-Na-K = 40-40-20 mol%~ ãÖö
�² ¾æÂ Ï�êº jç �Fº «{~æº pæò Li~ �
W� &Ë ·f "b�, ç&'b� ÖWj jV r^b�ê �
'� > ®
.

4. Ö  �

�W� 
� âöê êÖ" *�î, Li-Na-K = 47.4-32.6-20,
60-20-20, 50-40-10, 40-40-20 mol%ö &� Ö²~ö 5 Öz
î. Ï��ÿj ¦Æ� Ö" 
r" ?f Ö�j áî
.

1) �
 âöê êÖ"öB B~ *{*~» 5 v~ ªb~
Ê G;Ö" �
 êÖ"öB Ö²~ö >wf bî*� N³
�îb�,

2) Li-Na-K = 47.4-32.6-20 mol%& &Ë � Ö²~ö *~
~ 5 &Ë ·f bî*� &�j ��º ©j r~b�, ��
¦V � �W~ Ö²Ï�ê& ¦Æ� êÖ" 7 &Ë � ©b
� 6�B
.

3) Ôf CO2 ª{~ âöê êÖ" ��öB Özî. Ï�
êº �W* � N�¢ ��æ pj, 
B MCFC� ·ÿ� �
W� Ni CÂö �² 'Ëj �~æ pj ©b� .çB
.

4) � ��öB ¦Æ� âöê êÖ" 7 Ö²~ö 5 Öz
î.~ Ï�ßWb�¦V Li-Na-K = 47.4-32.6-20 mol%& &Ë
'�� *�î� �'B
.
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