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. �

ÒÒ�N*æ ·�Òò�B ÒÒ-�*ê Özbj �-º O»b� *�bîj �W~� 400oCf 800oCöB �¾Ò~
� �W~&
. ÂBbî�º (CH3)2CHOLif Mn(CH3COO)2Á4H2O¢ ÒÏ~&
. �ªC G;j Û� �¾Ò �
�j ;~&
. 6� �WB bîf X-F ².ªCb� ��¢ {�~&b� ;ç 5 «¶~ �Vº "Ò*¶*�ã
b� G;~&
. *Vz�' ßWf 1.0 M LiClO4/propylene carbonate(PC) *�� ��öB B~*{*~»,
chronoamperometry, v~ ªb~Ê » 5 ;*~ ÏÁO* ßWj �Ò~&
. v~ ªb~Ê »b� {Öê>¢ G;
� Ö" 6.2× 10-10cm2s-1¢ ¾æÚî
. 

Abstract : A precursor of lithium manganese oxide was synthesized by mixing CH3)2CHOLi with Mn(CH3COO)2Á4H2O
in ethanol using a sol-gel method, then heat-treated at 400 and 800oC in air atmosphere. The condition of heat treatment
was determined by thermogravimetric analysis/differential thermogravimetric analysis (TGA/DTA). The characterization
of the lithium manganese oxide was done by X-ray diffraction (XRD) spectra and scanning electron microscopy
(SEM). The electrochemical characteristics of lithium manganese oxide electrode for lithium ion battery were measured
by cyclic voltammetry (CV), chronoamperometry and AC impedance method using constant charge/discharge process.
The electrochemical behaviors of the electrode have been investigated in a 1.0 M LiClO4/propylene carbonate electrolyte
solution. The diffusivity of lithium ions, D+Li

+, as determined by AC impedance technique was 6.2× 10-10 cm2 s-1. 

Key words: Sol-gel, Lithium manganese oxide, Impedance spectroscopy, Charge/Discharge capacity 

1. B  �

1980j& 
Ú î�Ú ÒÒ 2N*æ �Ê�~ r� �bî
(anode active material)j ÒÒ .³ &�ö ÒÒ �Nj [*
ã« (intercalation) �Ò > ®º bî� ê²(carbon) _f w
�(graphite) êÛb� &Ú~� ·� �bî(cathode active
material)� ÒÒ �N~ [* ã«� &Ë� *�.³Özbj
ÒÏ� *æ� ÒÒ �N 2N*æ& ��>V �·~&
. �ê
1991j ööº Sony Energy Tec.öB *æ >«� 1,000² �
ç� 3.6 V/ ²; LiCoO2/ê²(Carbon) �N 2N*æ¢ 
Ï
z®
.1,2) ÒÒ �N 2N*æº ÒÒ .³j ÒÏ~æ pbæ

� n*W" *æ >« ^B& �ÖF > ®b� �Ö �&&
Ôbæ� �Ú*�î; *æf z®Ú Î� 2N*æ�~ wÏ
ö &� ôf ��& ê³>� ®b¾ �ç >w(solid state
reaction)ö ~� B�~æ� ;ïj *� «¶ �V� µm �*
�~�º �.~V& £æ p
. LiCoO2, LiNiO2, LiCoxNi1-x

O2 5 LiMn2O4 bî
f ÒÒ �N 2N*æ ·�(cathode)bî
� ÒÏ � > ®bæ� �"ö ôf ��& ê¯>� ®
.3-5)

�
 Özb
f j>Ï�öB *� **& 4 V vs. Li/Li+ ;
ê~ ¸f **¢ ¾æÚæ� ÒÒ �N 5 �Ú*�î; 2N
*æ~ *�bî� �ÏF > ®
. ~ã �zW� � �Öz�
*f Â�öB 
ï ÖÂ>� ÒÒ 1N*æÏ bî� ô� Ò
Ï>� ®
. �Öz�*öº γ-β-MnO2, δ-MnO2, Li2MnO3,
α-MnO2, LiMn2O4, γ-MnO2 5 λ-MnO2 �~ ��&æ Ö;
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;�& �Ò�
.6) *Ò 2N*æÏb�º LiMn2O4 5 LiOHf
MnO2¢ 375oCöB �¾Ò~� áf ²WÚ� Li2MnO3f γ-β-
MnO2~ ��Ú ��� CDMO(Composite Dimensional
Manganese Oxide) �� ô� ÒÏ~� ®
.7-9) �"ö
Na2CO3f MnO2¢ ÂB bî� NaMnO2¢ �W� ê �Ö ³
öB LiCl_f LiBrj ÒÏ~� ÊbR;(spinel type)� jò
[ç ��~ LiMnO2¢ �W� ��ê ®
.10) LixMn2O4º Ê
bR; z�b�� 3Nö'� �Ï��¢ &æ� ®b�
0.2<x<1~ º*öB 3~4.5 V º*öB ÏÁO*� &Ë~
.
LiMn 2O4~ �� Ïïf 148.2 mAh/gb� 
² Ôæò,
LiMn2O4� � B~ ÒÒ� î ã« &Ë~V r^ö LiCoO2

5 LiNiO2& 0.5B~ î ã«~º ©j �J~� �~ jÝ�
ö.æ &ê¢ &ê
� " > ®
. ��¾ ÒÒ~ ã«ö V
¢ ��& Jahn Teller ¢��öö ~� GOÚ(cubic) ��öB
Ò�Ú(tetragonal) ��� :2� ¦b& £ 6.5% ;ê Ã&~
º ^Bê ®
. � z�bf ß® "¯~ ÒÒj ã«~�
Li2Mn2O4� ò
 > ®V r^ö11,12) r�b� ê² Òò¢ �
Ï� r ¾æ¾º j &� Ïï~ �çö �Ï� > ®
º Ë
6� ®
. LiMn2O4 5 CDMOº �*~ &Ï� �� ~ã
^B& '
º 6öB ôf &�j r� ®
. ��¾ ÒÒ"~
«~, ³ê, �¾Ò �� �ö V¢ 
·� ��¢ &æ� *V
z�' ßW 6� 
�V r^ö ê³'� ��& jº~� j
çræ çÏz �êöº ��æ á~� ®
. ÒÒ�*Özb~
�WöB, AMnO4(A= Li +, Na+, K+, NH4

+, N(CH3)4+) >Ï�
ö �îÓÖ(C4H4O4) ?f FV~öB¢ �Ï� �-º O»,13)

j�W VÚ ª*VöB ÂB bî� j^r�Þ 5 îÖ" Ï
�ö LiOHf NH4OH¢ Î&� &>ª� >wj �Ï� �*
»14,15), Li2CO3f MnCO3j �Öj ÒÏ~� 850oC� �¾Ò
� O»16) " LiOHf MnO2¢ Ï[ ã«»b� �W� .ê
®b�17), �ÞÓÖ" ö�2 &Ò�j b�� ê LiNO3 5
Mn(NO3)2 6H2O¢ �Ï~� LiMn2O4¢ �W~� *Vz�'
ßWj ��� .ê ®
.18) ��öê ÒÒ j^r�Þf �*
j^r�Þ¢ >Ï�çöB �-º»b� *�bîj �W~�
300oC 3 hr, 800oC 48 hrb� �¾Ò~� LiMn2O4¢ �W~
&�,19) LiNO3f Mn(NO3)2Á6H2Oj �Þ.�Þ º O»b�
�Wj � : ®
.20) �"öº �ÞÓÖ 5 j:cÖj ÒÏ�
�-º O»b� LiMn2O4¢ �Wj �� ��öB ��� :
®b�21-26), j>ÏW �-º O»b� LiCH3COCHCOCH3f

Mn(CH3COCHCOCH3)¢ 1-¦êR" j^ÞÖ Ï�³öB �W
� .ê ®
.27)

� ��öBº *�.³Özb� LiMn2O4¢ �W~V *�
rzR Ï
 ³öB �-º »b� �W~&
. r{��f ?f
FV.³ z�b~ �ª¶zö ~� �³'� �ç�çb� º
j ;W~� z�·�' �Wj &æ� 
 Wªê~ �¢� Ö
zbj áj > ®î
. *�bîj &N 5 �NöB '' �
¾Ò�B LiMn2O4¢ B�~&
. � *�bîj ÒÒ �N 2N
*æ~ r�b� ÒÏ~V *� *Vz�' ßWj �Ò~&
.
�-º»b� *�.³Özbj B�~� B�öB Þ/� ©"
?f �� Ë6
� ®
. B�� *�.³Özb~ Ö;��
2kj X-F ². ªCj ¯~&b�, SEM Òê &Vj Û~
� ªö~ ;çj �Ò~&
. 6� �WB LiMn2O4� B��
*�b� �WB ÒÒ�N 2N*æ~ *� ßWj 2k~V *
� B~*{*~»(cylic voltammetry, CV), ;*~ ÏÁO* ß
W 5 v~ ªb~Ê G;»j �Ï~� ÒÒ~ ã«/î ã«ö
V� ßWj ��~&
.

2. 
  þ
 
2.1. LiMn2O4~ �W
� ��öB �-º»j ÒÏ� LiMn2O4~ �Wj *�B

glove box (Jisico Co.)ÚöB (CH3)2CHOLi (Aldrich Co.)
9.9 gj zêR (Hayman LTD-A.R. Quality, 99.9%) 300 mlö
��
. � Ï�ö Mn(CH3COO)2Á4H2O (Aldrich Co.) 73.5 g
j zêR 600 mlö �� Ï�j &Ú"�B BB® Î&~�
8�* ÿn >w�B FV .³ Ob~ � Ï�j B�~&
.
�r Li" Mn~ jº 1 : 2 Öj� ~� >w�V
. zêRj
BB® ÃB�B ³»Ï�j ò
� ºz�B LiMn2O4 *�b
î (precursor) ªöj �W~&
. �ªC Ö"¢ :ûb� �
*�bî ªöj Â2; *V�ö I� ßN ³ê¢ 10oC/min
b� ~� �V ª*VöB 400oC 5 800oCöB '' 12�*
O �¾Ò ê ï¶ÒBj �Ï� ªê(grinding)~� öêR
(Hayman LTD. A.R. Quality, 99.9%) Ï�öB v>~� �"
� ê ê� ��Vö ��~� LiMn2O4 ªöj áî
. Fig.
1ö LiMn2O4~ �W ";ö &� BÛê¢ ¾æÚî
. 

2.2. *�B� 
LiMn 2O4 *�j B�~V *~�, �bîf 400oC 5 800

oC� �¾Ò� LiMn2O4¢ '' 84%O Î&~�, ê*B�
10% j^�2 :¿, Ö�B�º 6% �ÒjöÒ�2��¢��
(polyvinylidene fluoride, PVDF)¢ N-z�b�Òî(N-methyl
pyrrolidone, NMP)ö �� �¢~² b�~&
. NMP Ï�j
Î&~� '.� 6ê¢ &æº Ò�Ò(slurry)� ò
Ú ÷*�
(current collector) *ö ê�~�. LiMn2O4 *�f 1 cm2~

Êr�.Ê Ê�(stainless-steel 316 exmet; SUS)*ö ·�b�
ê�~� ò
î
. B�B *�f ê���VöB 120oC, 24�
*ÿn ��� ê ÒÏ~&
. *��f 1.0 M LiClO4/*�j
2 ���J�Þ(Propylene carbonate; PC)¢ ÒÏ~&
. *V
z� G;j *� V&*� 5 ^�*�f ÒÒ.³ ;
(0.38 mm, Aldrich Co. 5 Foote Mineral Co.)j SUS *ö
·�b� {O~� ÒÏ~&
. CV 5 v~ ªb~Ê 
þf
LiMn 2O4 ·ë*�, ÒÒ .³ V&*� 5 ^�*�j ÒÏ�
â*�»b� 
þ~&b� ;*~ 
þf �*� �Ê�j Ò
Ï~&
.

 

Fig. 1. Synthetic procedure of LiMn2O4 powders by sol-gel method.
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2.3. 
þ VV
�-º >wb� &jB *�bî~ Nêö V� 7ï6²f
Ö;z Nê¢ �7ïªCV(Labsys TG 1600, SETARAM)¢
ÒÏ~� ª� 10oC ßN ³ê� 900oCræ �V ª*VöB
G;~&
. *�bîj �¾Ò~� áÚê LiMn2O4 ªö 5
*�~ ��f Ö;Wj �Ò~V *� X-F ².ªCV(Rigaku
D/Max 2400, CuKα1 (1.5405 A))¢ ÒÏ~&
. ªö 5 *�
öB~ LiMn2O4 «¶~ ï� �V 5 �� ç�¢ "Ò*¶*
�ã(Hitachi 4200 SEM)b� �Ò~&
. LiMn2O4 *�~ Ö
z/~ö ßWj �Ò~V *~� j�
 ª*V~ glove boxÚ
ö 1 M LiClO4/PC *�îj ÒÏ~� G;Ï LiMn2O4/Li *
æ(cell)j �W~&b� Potentiostat/Galvanostat(EG&G PAR
Model 273)¢ �Ï~� B~*{*~»b� G;~&
. ;*
~ Ï/O* ßW 5 B� *{(Open circuit volatage; OCV) 

þf Potentiostat/galvanostat(EG&G PAR Model 363)f A/D
æ~V¢ ��Vö �Ö~� ¯~&
. v~ ªb~Ê G;f
Potentiostat/galvanostat(EG&G PAR Model 273A) 5 EG&G
5208 Lock-in amplifier¢ ��Vö �Ö~�, ¢;*{j _f
;*~ ÏÁO*�Ê�B ªb~Ê¢ G;~&
. G;"2> º
*º 105 HzöB 5 mHz&�, *{ ê�f 5 mVrms� ~&
. 

3. Ö" 5 �V

3.1. LiMn2O4 *�bî~ �ªC
LiMn 2O4~ �Wj *� ÒÏB ' ÂB bî
~ TG(Fig.

2)¢ G;� Ö" Mn j^r�Þ~ ãÖ 60~150oCf 350~
450oC Ò�öB H2O, j^r�Þ~ ª�ö ~~� 28.3% 5
33.6%~ Z² 6²& ®îb� 500oC �êöº Z²6ï� ¢
Ú¾æ p~
. Li �²*��Ò��~ ãÖ C Z² 6ïf
75.09%&b� �²*��Ò��~ ª�ö V¢ Z² 6ï� ®
î� 450oC �êöº Z² 6ï� ìî
. ÂB bî
~ ãÖ
450oC �*ö H2O 5 FVb~ ª�& Îv ¢ÚÎj {��
> ®î
. LiMn2O4¢ �W� *�bîf 800oCræ~ *Ú
Z² 6ï� 33.5%&b� 400oC ¦"öB &¦ª~ îï6²
& ®î
. 350~450oC Ò�öB � 7ï 6²º Mn j^r�
Þf Li �²*��Ò��& ¢~Nj ��
. � 7ïªC
(Thermal gravimetry; TG) Ö" 650oC �êöº � 7ï 6

²& ¾æ¾æ pbæ� LiMn2O4 z�b� >w� ¢Ú¾ Ö
;z& B
º Ò
j r > ®
. � Ö"�¦V &N �¾Ò
�òº 400oCöB 12�* �¾Ò~�, �N �¾Ò �òº 800
oCöB 12�* �¾Ò~V� Ö;~&
. 
�WB ªö~ �W{�f FêÖ�2¢®î OÂª7V

(Inductively coupled plasma atomic emission spectrometer:
ICP, ICP-IRIS)¢ ÒÏ~� {�� Ö" Li/Mn~ j& 1 : 2~
j¢ ¾æÚî
. 

3.2. LiMn2O4 ªö~ XRD ßW
�V ª*VöB 400oCf 800oC~ Nê� '' �¾Ò�

LiMn 2O4 ªö~ XRD NZj Fig. 3ö ¾æÚîb� jv¢
*~� Cyprus Foote MineralÒ (CFM)~ XRD NZê �þ
¾æÚî
. '' 
� Nê(400oC, 800oC)öB �¾Ò�
LiMn 2O4~ ãÖ CFM(Cyprus Foote Mineral)" jÝ� XRD
NZj ¾æÚîb�, JCPDS(Joint Committee on Powder
Diffraction Standards)~ ^ò8" jÝ� XRD NZj ¾æÚ
î
. 800oC~ XRD NZöB~ b� �V& 400oC~ © �

 z ;� ©b� ��Ú Ö;z& ¾ ¢ÚÂ ©b� 6�>�,
B�B 400oC 5 800oC LiMn2O4~ (111), (311) 5 (400)~
d8� JCPDS ̂ ò8" �~ ¢~�j {�� > ®î
. 
B�� v &æ LiMn2O4~ ãÖ (111) �~ ^V& 
Ö
�² ¾æ¾ LiMn2O4º ÊbR ��¢ &ê
º ©j r >
®î
. � ��öB �-º»ö ~~� B�B LiMn2O4 ªöf
�ç >wö ~~� �WB bî�
 Ôf �¾Ò Nê(800oC
�~)öBê �W� &Ë�j r > ®
. ��� �¾Ò ";
f �Úç�& jò �ç >w, ¢>'� �-º >wöB &V
>º *ç�
. 

3.3. LiMn2O4 ªö~ SEM &V
¢>'b� *� bî~ «¶�V 5 �� ;ç �f *�~

Fig. 2. TGA thermogram for the decomposition for the organic
metal complex in air; (a) Maganese acetate tetrahydrate, (b) Li
isipropoxide, (c) LiMn2O4 precursor.

Table 1. XRD data of LiMn2O4 heat treated at 400oC, 800oC and
JCPDS.

d value (Å)
(111) (311) (400)

400oC 4.7538 2.4867 2.0629
800oC 4.7716 2.4893 2.0634
JCPDS 4.764 2.487 2.0621

Fig. 3. XRD patterns for LiMn 2O4 powders obtained by heating at
(a) precursor (b) CFM (Cyprus Foot Material Co.) (c) 400oC (d)
800oC.
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*Vz�' ßWö 'Ëj ��
. �¢~� �^� «¶~ �
ç >wö ~� �Wöº �ê& ®b¾ �-º»j ÒÏ~º ã
Ö �¢� �Wj æò ·f «¶~ B�& &Ë� ê
. � �
�öB �W� �ò ªö~ �� SEM ;çj Fig. 4ö ¾æÚ
îb� 400oCöB áÚê �òº 1 µm �~ �V~ �¢� «
¶
� �W>Ú^ ®º ©j " > ®î
. ��¾ 800oCöB
�¾Ò� �ò~ «¶ �V ªC Ö" £ 3 µm ;ê~ «¶�
V¢ ¾æÚî
. �©f �NöB~ ²Ö *çö ~~� «¶
~ Ö;z ;ê& Ã&� *çb� 6�B
. SEM &V Ö"
&NöB �¾Ò� �ò& �NöB �¾Ò� �òö j� �
^� «¶ ª�¢ ¾æÚî
. 

3.4. LiMn2O4 *�~ CV ßW �Ò
ÒÒ �N 2N*æ~ ·� bî� ÒÏ>º LiMn2O4~ *V
z�' ßWj �Ò~V *� 1.0 M LiClO4/PC *��öB Ö
z/~ö ßWj CV� �Ò~&
. "Ò³ê¢ 0.01 mV/sec, *
* '�j 2.5~4.5 V� ®j r~ 400oC 5 800oC� �¾Ò
� LiMn2O4 *�~ B~*{-*~ �Fj Fig. 5ö ¾æÚî
.
ÒÒ�N 2N*æ~ Ï*ö ��>º LiMn2O4~ Öz, ¯ ÒÒ
~ î ã«f 2.9 VöB¦V �·>Ú 3.0 VöB � Öz2¢
¾æîb�, O*ö ��~º ÒÒ ã«f 2.8 VöB �·~�
2.6 VöB � ~ö2¢ '' ¾æÚî
. ÒÒ �N~ ã«ö
��~º ~ö2~ *~& Li+�N~ î ã«ö ��~º Öz
2~ *~�
 ·
. �©f LiMn2O4/Li *æöB ÒÒ �N�
Özb Ú�~ îï �ÿ(mass transfer) ³ê& ¶Ò
º ©j

~��
. ��� j &� ÒÒ î ã« �ÿf .V ÏÁO*
ÎN 6²~ ö�� B
. �©f 2.8 V �ç~ ** '�öB
î ã«B ÒÒ�N� ~ö>w � ã«>æ á~V r^� ©
b� ��
. Fig. 5ö ®º a, b, c 2¢ ��,21,28) j¾f ?
f >wö ��B
.

 
 Öz2 a : (Li2)oct[Mn2]octO4 � Litet[Mn2]octO4 
 (rock-salt composition) (spinel composition)

 Öz2 b, c : Li[Mn2]O4 � [Mn2]O4

 (spinel composition) (defect spinel composition)

Fig. 6ö 400oC 5 800oCöB �¾Ò� LiMn2O4 *�j Ò
Ï~� "Ò³ê 1 mV/sec, 2.5~4.5 V~ **'�öB, 20² B
~®j r~ B~*{-*~ �Fj ¾æÚî
. �¾Ò Nêö
&êì� "Ò³ê& ��� Öz2& ·² ¾æÒ� ~ö2&
3.4 VöB �² ¾æÂ ©f ÒÒ �N� *� Ú� ã«F r
*� Ú�~ îï�ÿ >w� 
Ö ¶Ò
º ©j ~��
. ¯
�N O*j *�Bº *�~ vþ& ­j¢ ÎN'�¢º ©
j r > ®
. 400oCöB �¾Ò� LiMn2O4 *�~ ãÖ, 10
²ræº ÖzÁ~ö *~& *Ú
� �êöº �~ ¢;� ß
Wj ¾æÚîb¾, 800oCöB �¾Ò� LiMn2O4 *�öBº
�² æ~æ p� ¢;� ßWj ¾æÚî
. � 
þ Ö"
800oC~ LiMn2O4*�bî� 400oCö j� *� ßW� Ö>
�j r > ®îb�, *�~ n;Wj *� ';� Nê~ �
¾Ò& jº�j r > ®î
.

LiMn 2O4 *�~ B� *{öB~ ÏÁO* ßWj �Ò~&

. 0.24 mA/cm2 (10 mA/g)~ *~ &ê� 1.0 M LiClO4/PC

Fig. 4. SEM photographs of LiMn2O4 powders heat treated at (a)
400oC (b) 800oC.

Fig. 5. Cyclic voltammogram of LiMn2O4 electrode in 1.0 M LiClO4/
PC at 0.01 mV/sec scan rate ; (a) 400oC (b) 800oC. The potential
range was 2.5~4.5 V.
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*�îöB *æ¢ 30ª* Ï*, 10ª* Zæ ç�� Fæ�B
**& ï; ç�ö ê�®j r~ **¢ G;� Ö" **
ïê æ6� 4.0 VöB ¾æÒ
. � 
þ Ö"º 0.01 mV/sec
~ "Ò³ê� áf B~*{-*~ �F Ö"f ¢~~� B�
*{�FöB 2 �ê� ¾æ¾º� �©f B~*{-*~ �F
~ 4.0 VöB 2B~ /ÖÒ& ¾æ¾º ©" ¢~~º ßWj
" > ®î
.

3.5. LiMn2O4 *�~ ÖzÁ~ö **ö V� ªb~Ê ßW
Fig. 5~ B~*{-*~ �FöB~ Öz/~ö >w" ªb~
Ê ßW"~ jv¢ *~� ÖzÁ~ö **¢ æz�Ê�B v
~ ªb~Ê¢ G;~&
. 1.0 M LiClO4/PC *�îÏ� ³ö
B LiMn2O4 *�~ ÒÒ�N� î ã«>V *, ¯ �.~ B
�*{ö &� Nyquist �FöBº � "2> º*öB ¾æ¾
º j�(arc) �F" &"2> '�öB ¾æ¾º VÞÚê ç
F(inclined line)~ ªb~Ê B;b� �ª>Ú ¾æÒ
. Fig.
7f LiMn2O4 *�ö 3.9 VöB 4.2 Vræ~ Öz (Li î ã«
>w) **¢ &�"�B 1.0 M LiClO4/PC *�� ³öB v~
ªb~Ê¢ G;~� áf Nyquist �Fj ¾æÚî
. 3.9 V
5 4.1 V~ B�*{öBº � "2> '�~ 1B~ j� �F
" 
N�� �" &NB &"2> '�~ VÞÚê çF� ¾
æÒ
. �©f Özb «¶~ 7/ &�(contact resistor)" *
�î/Öz*� ê�öB~ *~ �ÿ &�(charge transfer
resistance)ö ~� ©b� 6�>� B~*{-*~ �FöB~
Ö"¾" 3.9 V �~öBº Öz >w� ¢Ú¾æ prj ~�
�
. ��¾ 3.9 V �çöBº LiMn2O4 *�~ Öz >wö
~� Özb *�/*�î ê�öB~ >wö ~� 2B~ j�&
¾æÒb¾ 20 mHz~100 kHz~ "2> º*öBº Warburg ª
b~Êº ¾æ¾æ p~
. &"2 '�~ v ®� j�º Öz
b *� ��ö ÒÒ�N~ �O(adsorption) 5 »'
(accumulation)" &NB ©b� Özb Ú¦öB �ÿ� �³

Fig. 6. Cyclic voltammogram of LiMn2O4 electrode in 1.0 M LiClO4/
PC at 1 mV/sec scan rate; (a) 400oC (b) 800oC. The potential range
was 2.5¥¥4.5 V.

Fig. 7. Total Nyquist plot obtained from LiMn2O4 electrode in 1 M
LiClO 4/PC electrolytic solution at various oxidation potential. (a)
3.85 V (b) 4.00 V (c) 4.10 V (d) 4.25 V (e) 4.40 V (f) 4.20 V. The
frequency range is 100 kHz~1 mHz.

Table 2. Values of the parameters of equivalent circuit used to construct the simulated curves presented in Fig. 7. Rs(Q1[R1(Q2[R2Q3])])

Oxidation 
Potential, V

Rs, Ω Rct, Ω
Q1

Rad, 
Q2 Q3

Y0,  mho× 10-6 n1 Y0, mho× 10-3 n2 Y0, mho n3

3.85 78.93 16.61 10.98 0.6750 365.7 18.21 0.8532 0.1284 0.7393

4.00 80.29 15.54 95.33 0.7078 65.16 17.31 0.7927 0.2234 0.7368

4.10 81.21 14.70 84.49 0.7574 43.51 15.30 0.8064 0.6709 0.6008

4.25 80.09 14.45 66.40 0.7386 42.49 14.15 0.8417 0.2248 0.4496

4.40 80.61 16.32 14.87 0.662 31.03 14.70 0.8780 0.4230 0.5614
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ê~ ÒÒ �N� Özb ��öB~ ïö ~� ©�
.
6� Öz**¢ æz�Êº 
þ ê, ~ö**¢ 4.1 VöB

3.5 V� æz�Ê�B v~ ªb~Ê¢ G;� Ö" � "2>
'�öB Özb «¶~ 7/ &�" *�î/Özb *�~ *
~ �ÿ >w" &NB 2B~ j�& &V>î
. >�ö &"
2> '�öBº LiMn2O4 *� Ú� ÒÒ �N~ ã«ö &ê
B Warburg ªb~Ê~ VÞÚê çF� &V>î
. 2®� j
�º ~ö >wö V¢ ÒÒ �N~ *� ��ö~ �Oö ~
� �O &�[ Rad& 6N'b� Ã&~&
. 3.9 V �~öB
º ªb~Ê ;�º B~*{-*~ �FöB ~ö2¢ æ¾ ~
ö >w� �~ ¢Ú¾æ p�, ;*~ ÏÁO*� Ú¦ &�b
� �� *{� /Ï® 6²~º *ç" ¢~~&b� B�*
{öB G;� ªb~Ê Ö"f jÝ� �ÿj ¾æÚî
. �
�� *çf LiCoO2 5 LiCoyNi1-yO2 *�j ÒÏ� �� Ö
"öê ��>Ú ®
.29) 

3.6. LiMn2O4 *�~ ÏÁO* **ö V� ªb~Ê ßW 
LiMn 2O4 *�~ ;*~ Ï/O*ö V� ªb~Ê ßWj �
Ò~V *� 1 mA/cm2~ *~ &ê� 10 kHzöB 5 mHz Ò
�¢ 1.0 M LiClO4/PC Ï� ³öB 20, 40, 60, 80, 90 mAh/g
� Ï*�Ê� ªb~Ê 
þj ~&
. 400oC, 800oCöB �
¾Ò� LiMn2O4 *�~ *;'� Nyquist �Fj Fig. 8ö ¾
æÚî
. ªb~Ê 
þ Ö" 1.0 M LiClO4/PC FV *��"

LiMn 2O4 *� ê�öB ÒÒ �N~ *Vz�' >wf Ñ�,
ÒÒ .³ Özb*~ 7/&�" LiMn2O4 *�/FV *�î
ê�öB ÒÒ �N~ *¶ *� *ç ~�, LiMn2O4 *��ö
ÒÒ �N� �O>º *ç 5 ~ö~ ãÖ LiMn2O4 *� Ú
¦�~ ÒÒ �N~ �> 5 {Ö *çb� �ª� > ®î
.
� (1)" (2)¢ �Ï~� LiMn2O4 *�~ z�' {Öê>
(chemical diffusivity)¢ êÖ~&
. 

Zw = Aw ω-1/2(1-j) (1)

Aw = (VM/FA(2D)1/2)(dVoc/dV) (2)

�VB VMf Ö ¦b(molar volume), (dVoc/dV)º Li1-x

Mn2O4~ x Wªö &� B�*{�F~ VÞV��, Fº
Faraday ç>, Aº �W ��'j ~��
. êÖB z�' {
Öê>º 6.2× 10-10cm2s-1� �-º� �W� LiCoO2~ ^ò8
�
º �. ·f 8j ¾æÚî
.29) NLLS fitting Ö" ϕ2 =
1.39 E-4j ¾æÚî
. �Ò� ÒÒ� *� ÚöB Ï� ³b�
î ã«Nö V¢ Rad (*� ê�/*�� Ò�~ &�)º 6²
~&�, *� Ú� ÒÒ� [* ã«Nö V¢ Radº Ã&~º
ßWj ¾æÚî
.

3.7. LiMn2O4 *�~ ÏÁO* ßW
LiMn 2O4 *�j 1.0 M LiClO4/PC *�� ÚöB 20 mA/g,

4.4 VöB 2.5 V~ º*� ÏÁO*�Î �Fj Li1-xMn2O4~

x, ¯ ÒÒ ³êö &� *{~ �>� ¾æÚî
 (Fig. 9).
Fig. 9öBf �º :f ?� LiMn2O4/Li *æ Ï* � **
ïê&(potential plateau)º 4.0 V "OöB ¾æÒ� CV, OCV
f îR&æ~ Ö"¢ �&b� O*�öº 
² Ôf 3.8 Vö
B ¾æÒ
. �VB ÒÒ~ ³ê xº rJê ��' Ïï"

Fig. 8. Total Nyquist plot obtained from LiMn 2O4 treated at (a)
400oC (b) 800oC electrode at various charged conditions. a: fresh b:
20 mAh/g c: 40 mAh/g d: 60 mAh/g e: 80 mAh/g f: 90 mAh/g.

Fig. 9. Curves of voltage as a function of x in Li1-xMn 2O4 for the
charge/discharge for heat treated LiMn2O4 :(a) 400oC (b) 800oC.



��*Vz�²æ, B 6 ², B 4 ̂ , 2003 235

*Ú *~�ÿ(total charge transfer)b�¦V êÖ~� ÒÏ~
&
. 400oC LiMn2O4/Li *æ~ ãÖ Ñ ®� ÏÁO* Ïï
f 75.77/100.12 mAh/gj ¾æÚî
. v ®� ÏÁO* Ïï
f 94.5/82.5 mAh/gj ¾æÚb� �ê BB® 6²~� ¾æ
Ò
. 800oCöB �¾ÒB LiMn2O4/Li *æ~ ãÖ Ñ ®�
ÏÁO* Ïïf 70.35/66.4 mAh/gj ¾æÚÚ 
² Ôæò v
®� ÏÁO* Ïï¦V ÎN� �~ ¢;~² ¾æÒ
.

3.8. LiMn2O4~ �¾Ò �* 5 �V"«³êö V� ßW
LiMn 2O4 �Wö ®ÚB �W��j �'z~V *� æ>�
º �¾Ò Nê, �¾Ò �*, �V"«³ê, ï'³ê �� ®

. * 
þ
~ Ö"�¦V LiMn2O4º 800oCöB �¾Ò~&
b� �¾Ò ê ÂÂ® ï'~&
. LiMn2O4 *�bîj 800
oCöB 1, 2, 4, 6, 8 5 10�* ÿn '' �¾Ò� ê XRD
G;j ¯� ãÖ XRD NZf ê N�& ¾æ p~b�,
LiMn2O4¢ 800oCöB 4�* ¾Ò � �V~ "« ³ê¢ '
' 600, 1200, 1800 5 2400 ml/min� æz �Î ãÖ XRD
NZ~ æzº �² ¾æ p~b¾ *�j B�~� CV¢ G
;� Ö" �V"«³ê& Ã&�>� *~~ �� >b� *
Ú
î
. � Ö"¦V LiMn2O4~ �¾Ò � �V"«³êº
600 ml/min� Ö;~&
.

4. Ö  �

� ��öBº �-º»b� rzRj Ï
� ÒÏ~� j�
W VÚ ª*VöB LiMn2O4¢ �W~&b� 400oC, 800oCö
B '' �¾Ò~� ÊbR ��& ¾ B�B LiMn2O4¢ �W
� > ®î
. 1.0 mV/sec~ "Ò³ê� 20® B~�Vj r~
B~*{-*~ �Fj �� 400oCöB �WB �ò~ ãÖ 800
oCöB �¾Ò� �òfº �Ò 10²ræ~ ÖzÁ~ö *~&
*Ú�º ßWj �&b¾ 800oCöB �WB �òº �² æ~
æ pº ¢;� ßWj ¾æÚî
. LiMn2O4 *�j 1.0 M
LiClO4/PC *�� ³öB 20 mA/g, 4.4 VöB 2.5 V Ò�~
ÏÁO* 
þj ¯� Ö", 400oCöB �WB LiMn2O4/Li *
æ~ ãÖ Ñ ®� ÏÁO* Ïïf 75.77/100.12 mAh/gj ¾
æÚîb� v ®� ÏÁO* Ïï¦V ÎN� 6²~� ¾æÒ

. 800oCöB �¾Ò� LiMn2O4/Li *æ~ ãÖ Ñ ®� ÏÁ
O* Ïïf 70.35/53.83 mAh/gj ¾æÚî�, ÎNf 76.52%
� 
² Ôæò v ®� ÏÁO* Ïï¦V ÎN� Ã&~&b
æ� 800oC� �¾Ò� �ò& 400oC� �¾Ò� �ò�

ÏÁO* ßW� z Ö>�j r > ®î
. LiMn2O4j �Ï
~� ;*~ ÏÁO*ö V� ªb~Ê 
þ Ö" ÒÒ� *�
ÚöB Ï� ³b� îÁã«Nö V¢ Radº 6²~&�, *�
Ú� ÒÒ� [* ã«Nö V¢ Radº Ã&~º ßWj ¾æ
Úî
. LiMn2O4 *�bîf 4�* �¾Ò �öê ßW� Ö>
�j {�~&b�, �V "« ³êº 600 ml/minb� ~º ©
� '�~&
. 
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