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. �

Ï[ªÒ»b� ¾*î2ê z�¾�Ê b~(NMP)¢ OÒ~� Özn;z ³ê¢ æz�B w�z RF~ Î��æ¢
BÚ~&b�, w�z RF¢ �Ï~� Li-ion �N*æ ¦�j B�~� ÏÁO* �ÿ 5 Ïïj G;~&
. Ï[ª
Ò��ö V¢ B�B b~RF~ çãf 4 µm�¦V 16µmræ 
·~&
. �7öB çã 10µm� b~RF¢ F
�~� ^&æ ßN³ê �� 2oC/min, 5oC/min, 10oC/minöB Özn;z ê 1000oCöB ê²z~� 2650oCöB
w�z � Ö", RF ��� Özn;z �� 2oC/min~ ãÖº ¢:r ��, 5oC/min~ ©f ¢:r-Â� ��,
10oC/min~ ãÖº skin-core ��¢ ;W~&�, ßN³ê& � ãÖ¢>� �w�zW� �
. �©f � ßN³êö
Bº ê²zÁw�z ";öB RF��öBò Özn;z& ¢Ú¾�, Ú¦öBº b~ª¶& FÿW� 
 ßN";öB
�Ö;W~ w���& B�� ©b� ºGB
. V¢B �w�zW� � 10oC/minöB Özn;z� ©� Ï*O*
Ïï� 2oC/min~ ãÖö j�B 1.3V� £ 400 mAh/g, ÏO* ÎNê 96.8%� &Ë Ö>� ßWj ¾æî
.

Abstract : Naphthalene derived mesophase pitch (NMP) was spun into short fibers by using melt-blown technology.
The pitch fibers oxidative stabilization were carried out heating rates of 2oC/min, 5oC/min, and 10oC/min. The heating
rate was a key factor to maximate the capacity of the Li-ion secondary battery through controlling the morphology
of the graphitized fiber. The diameters of the melt-blown fibers prepared were in the range of 4µm-16µm with func-
tions of air jet speed, air temperature and the temperature of the nozzle. The graphitized fibers of 10µm diameters
showed various morphological structure with heating rate of the stabilization. Radial, radial-random and skin-core
cross-sectional structure of the fibers were observed at the respective heating rate of 2oC/min, 5oC/min and 10oC/
min. Most crystalline structure of graphite was obtained from the fiber stabilized at heating rate of 10oC/min exhib-
iting the best anode performance with 400 mAh/g of capacitance and 96.8% of charge/discharge efficiency.

Key words : NMP, Melt-blown spinning, Stabilization conditions, Heating rate, Li-ion secondary battery

1. B  �

*Ò, �ÿÚ Û�VV~ *ö�&b� ¶ÒÇ� ®º ÒÒ�
N 2N *æº �² ;�ö ÒÒ�F Özb(LiCoO2,
LiMn2O4, LiNiO2), FVê *�� �Ò� ¦�ö '« ê²Ò
ò� �WB j>ê *æ�
1). ÒÒ�N 2N *æº ;Á¦�

Îv [ç��¢ <º bî��, Ï*�öº ;�b�¦V ÒÒ
�N� îÒ>Ú ¦� ê²[*ö ã«>Ú ÒÒ-w� [*z�
b(Li-graphite intercalation compound, Li-GIC)j ;W�
. O
*�öº �b� ê² ¦�b�¦V ;�b� ÒÒ�N� �ÿ
~º >w�
. �f ?f ÒÒ�N 2N *æ~ 
Ïzf �W
Ëzöº ¦� ê²Òò~ � �ò� ®î
.
ÒÒ�N 2N *æ~ /³� B*ö ~� *æ~ Ïêê ^
ªz >�, �Ïï, �³Ï*, �ÎN �~ �WËzö &� º
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�& Ã&>� ®
. ß®, �ÏO* Ïïf ¦� ê²Òò~ �
^��, �^��~ VË 5 ;ç, *Vz�' ßW~ 'Ëj �
² A� ®
. ê²Òòº �Ö;W w�Òò�¦V Z;; ê
²Òòö ��Vræ 
«
·~�, ÂBbî 5 B���ö V
¢ 
·� ;�¾ bÒz�' Wîj &ê
. 
*Ò ÒÒ�N 2N *æÏ ê²Òòº MCMB (mesocarbon

microbead)2), z�¾�Ê b~ê ê²RF (milled mesophase
pitch-based carbon fiber, m-MPCF)3), Â�w�4)b� &�>º
�w�zW ê²~ w�zê 5 '« �ª¶ êb� &�>º
Âw�zW5,6) ê²ê� &ê>� ®
. w�ê~ ãÖ, O*�
*{;~& 'Ú n*W� ¸b¾ ��'� Ïïöº �ê& ®

. Âw�zê~ ãÖ, &NöB ²W~� jv' &Ï� &Z
~�, ��Ïïj .ú~º &ËW� ®æò, Ö;��& �Ç~
�, **& ®n;~
º �6j &æ� ®
. ß®, Z&VVö
®Ú ÒÒ �N 2N *æ~ ÒÏÏ'f Ë�* VVÒ¢ �ÿ
�
º 6öB **~ n;W� ¸f w�ê& FÒ~² ï&>
� ®º 
;�
. w�RF~ ãÖ w�Ö;~ edge�� RF
��ö �Â>Ú ®Ú ÒÒ�N~ ã«" îÒ& Ï�~�, ;
�n;W� Ö>~� �ÚÂ *� ßWj ¾æÚ� ®
3).
Nishimura7), Imanish8) �~ ��Ö"ö ~~� ê²RF~ �
���ö ~� *�ßW� ²Ö>º ßWj ��� ®
. ¢�
ßî�B B 6-168725 (1994), 6-85246(1994)öº z�¾�Ê
b~�¦V B�B ê²RF¢ w�z ¾Ò~� áf w�RF
& ÒÒ�N 2N *æ~ '« *�G;öB Ö>~
� ��~
� ®
. 
Ï*æö ®ÚBê skin[" core¦ª~ Ö;��¾
Î��æ& 
� 27 ��~(bamboo skin structure, sheath-
core structure) w�RF& Ö>� *�ßWj ¾æÚ� ®
.
��¾ �f ?f �WË w�RF~ �^��~ BÚö &�
��Ö"º ��>æ p� ®
. 
Ï[ªÒ O�(melt-blown spinning)f &�B �V¢ ªÒ~
� Ï[bîj �RFz~º O»b� RFçã� �V~ Nê
f ªÒ³ê 5 �¶~ Nêö ~�B 
·~² BÚ&Ë~�,
�ÖWê ¢> ËRF B�O»ö j~� 8-10V ¸
. � O»
j �Ï~� ËRF B�O�ö j~� �Öj& .6>� �
�>Ú¢� VF� �² �Ç~æ pjB ËRF& j>'�æ
pº jV¾ Li *æÏ ¦�ö ÞÒ~² �Ï>
. 

� ��öBº z�¾�Ê b~¢ Ï[ªÒ(melt-blown
spinning) O»ö ~� B�~�, '' 
� n;z �;� ê
², w�RF~ �^��ö ÚÆ� 'Ëj �~ºæ¢ ��®

. 6�, B�B ê², w�RFº X-ray, Raman, SEM �j
�Ï~� ��ªC ~&b�, ÒÒ�N 2N *æ ¦� ßW �
~ 
þÖ"ö &�Bê ��~�¶ �
.

2. 
  þ

2.1. �ò
� ��öBº ¾*î2j ;Ö /
 HF/BF3¢ �Ï~� 7
��Î z�¾�Ê b~ (Naphthalene derived Mesophase
Pitch, NMP, Mitsubishi Co., Ltd.)¢ OÒÏ *Ò
B b~�
ÒÏ~&
. Table 1öº � ��ö ÒÏB z�¾�Ê b~~
bWj ¾æî
. 

2.2. Ï[ªÒOÒ (melt blown spinning)
¶Ú B·� Ï[ªÒOÒ Ë~º Fig. 1ö ¾æÞ :f ?b
�, OÒ
�öº L/D(length/diameter ratio)& 10� OÒ�¶
(Fig. 1b) 40B& �Ö>Ú ®
. OÒ�.f b~�¶"
0.5 mm~ *Ïj &ê Òåç~ �³�¶� �W>Ú ®
. O
ÒÏ z�¾�Ê b~º ^¢öB extruderö �Ú^ Ï[, b
N�B VÚ²*öB êï>Ú ÆÂï 0.15-0.3 cc/minÁhole�
êï>Ú OÒ
�� �Úr
. �³f 400 kPa~ {»�V¢
1428-3571 m/min~ ³ê� 320-360oC� &��B OÒ
�ö
�/®
. b~RFº b~& �¶�¦V {Â>Ú �³�¶ö
B ¾N �³b� ��>Ú �ÆÚ*ö ÷³B ©j �Ï®
. 

  .
Table 1. Properties of NMP

Softening 
pointa (oC)

Mnb Density H/C ratio
Solubility (%)

BS BI-PS PI
278 1040 1.4 0.64 33.0 19.5 47.5

aSoftening point measured by Mettler FT-80 (ASTM D 3104).
bMolecular weight measured by V.P.O
BS : Benzene soluble, BI-PS : Benzene insoluble-Pyridine soluble, 
PI : Pyridine insoluble

Fig. 1. Schematic diagram of melt-blown spinning apparatus (a) and die (b).
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2.3. n;z, êz, w�z
Table 2öº OÒNê 330oC, �³Nê 340oC, ³³

1428 m/minb� OÒB b~RF~ n;z, êz, w�z ��
ö &�B ¾æî
. n;zº çNöB ßN ³ê 5 Fæ�*
j �Ò~� �«Nê 290oC� ¯®
. êzº Â2; *V�
¢ ÒÏ~� j�
 &Ê ª*V~öB 1000oC, 60ª* ¯~&
b�(CF), w�z(GF)º w� *V&��¢ ÒÏ~� �Bê j
�
 &Ê~ 2650oCöB 30ª* 
�®
. 

2.4. �� 5 *Vz�ªC
X-ray diffractometer(DMax 1200, Rigaku, 30 kV, 20 mA,

CuKα, λ = 0.15406 nm)¢ �Ï~� Ö;��¢ ªC~&
. R
F�� 5 ����º FE-SEM(Field Emission Scanning
Electron Microscopy, S-4700, Hitachi, Co., Ltd.)j �Ï~�
&V®b�, ��çê¢ áV *� &³*{f 5 kV�~öB ¯
®
. ¢òª7 ªCf 2Ë 514.5 nm~ Ar-ion .�&¢ �Ï
®b�(Renishow Image system 1000, UK), .�&ö ~�
�¾Ò Î"¢ b~V *� 2òº 5 kW¢ ÒÏ®
. S/Nj
(signal/noise ratio)¢ Ëç~V *� 3² Êºj ¯~&b�,
back scattering O»ö ~� �çê 2 cm-1~ ¢ò Ê¿Þ"j
áî
.
w�Ö; 2¢zæ� [*�Ò(interlayer spacing, d002) 5 '
[�Ò (stacking hight, Lc002)º (002), (110) ².Fb�¦V
Scherrer �" Bragg �j �Ï~� êÖ~&
. 

�VB, λº CukvF~ 2Ëb� 0.15406 nm��, βº Ö;
'�öB ¾æ¾º X-F ².F~ b�¦ªöB áÚê >'�
(FWHM, Full width at half maximum)�
. 
*Vz�ªCb�º pyrex glass¢ �Ï~� 3�»b� ¯~
&b�, ·Ï*�(working electrode)b�º w�z ¾Ò� �ò
95wt.%ö PVDF(polyvinylidene fluoride) 5wt.%¢ b��B
î.�(5 mmÜ5 mm)*ö £ 1 gj �¢ ªÖ�B z+� 
r
120oCöB 48�* ê����B &j®
. ç&*�(counter
electrode)" ^�*�(reference electrode)b�º ÒÒ.³j Ò
Ï®b�, *��b�º 1M LiClO4ö EC(ethylene carbonate)
f DEC(diethyl carbonate)¢ 50 :50b� b�� Ï�j ÒÏ®

. Î� 
þf glove box ÚöB 25oCöB ¯~&b�, ÏO
* 
þf potentiostat/galvanostat(Hokuto Denko Co., Ltd.
HA-151)� ÏÁO* º*º 0-2.8 V, *~&êº 0.1 mA/cm2�

¯~&
.

3. Ö" 5 �V

Fig. 2öº 1B~ OÒ �¶� ÆÂïj 0.15 cc/minÁhole�
®j r �³Nêf ³ïö V� b~RF~ çãæz¢ ¾æ

Þ ©�
. �³Nê& Ã&�>� RF~ çãf 6²~º ã
Ëj ¾æîb�, ��ö V¢B RFçã� £ 4-16µm, RF
^�& 10-20 cm~ 
·� b~RF¢ Ï[ªÒOÒ O�ö ~
� áj > ®î
. �³~ Nêö V¢ 'Ë� 
�Vº ~æ
ò, OÒ�.~ Nê& 330oCöB 340oC� Ã&�ö V¢ b~
RF~ çã� 1-2µm;ê 6²>º ©b� ¾æÒ
. �©f
OÒ�.~ Nê& Ã&�ö V¢ b~~ 6ê& &~>Ú O
Ò� b~~ FÿW Ëçö ~� �³ö £² �� >Ú ¾æ
Â *ç�¢� �'B
. ß®, �³~ Nê& 340oC~ ãÖ, �
³~ ³ê& 1428 m/minöB 3571 m/minb� Ã&�ö V¢
b~RF~ çã� 8-10µm�î~ ©� 4-5µm;ê� £ 50%
;ê� *Ú�º ©j &V� > ®î
. ��� *çf b~R
F~ çã� �³~ Nê�
º �³~ ³ê, ¯ ³ïö �²
'Ëj Aº ©j r > ®î
. 

Fig. 3öº n;z ��ö V� êz 5 w�zB �ò~ X-
ray ².Fj ¾æî
. 1000oCöB êzB �ò~ ãÖ 2θ =
25o¦"öB ;� (002) ².F� ¾æ¾º *;'� �w�z
W Òò~ ßWj ¾æîb�, n;z ��ö V� � 'Ëf
&V� > ìî
. ��¾ w�zB �ò~ ãÖº(Fig. 3b) n
;z ��öB ßN ³ê& �� �ò¢>� (100)/(101) ².
F� «{~² ªÒ>º ©" (112) ².F �~ 3Nö'� '
[ ��Wj ¾æÚº b�& ¾ B�>Ú ®º ©j " > ®
î
. �©f n;z ³ê& �� �ò¢>� RF��ò Öz
n;z>�, Ú¦�º Ö²~ ê«� 'Ú ê²z, w�zö ~
� w�Ö;� �¢~² V�, B�B ©b� �'B
.

Table 3öº X-F ².b��¦V �� w�[*�Ò, d002f

'[¸�, Lc002, '[~ 9� La110 8j ¾æî
. êz, w�z
B �ò Îv, Lc002 8f n;z� ßN ³ê& �� �ò¢>
� Ã&~º ãËj ¾æîb¾, d002 8f n;z ��öº �
'Ëj Aæ pº ©b� ¾æÒ
. ß® w�zB �ò~ ã
Ö, La110 8f Lc0028 �
 n;z ��ö "6~² 'Ëj A
º ©b� ¾æÒ
. �f ?f *çf, �w�zW ê²~ ã
Öf îR&æ� 2000oC �çöB w�z ¾Ò�, w�Ö;�
3Nö'b� �� :�² Ã&~º ©" ÿ�ö d0028f 6²

d002
n λ⋅

2 θsin⋅
------------------ Lc, K λ⋅

β θcos⋅
-------------------= =

  .
Table 2. Stabilization, carbonization and grapitization conditions
for melt-blown mesophase pitch fiber

Stabilization 
(270oC)

Heating Rate (oC/min) 2 5 10

Holding time (min) 30

Carbonization (1000oC/60min) CF1 CF2 CF3

Graphitization (2650oC/30min) GF1 GF2 GF3

Fig. 2. Diameter of pitch fibers as a function of hot air :�� Dia temp.
330oC, νν = 1428m/min, �� Dia temp. 340oC, νν = 1428m/min, �� Dia
temp. 330oC, νν = 3571m/min,�� Dia temp. 340oC, νν = 3571m/min
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~�, w�Ö;~ a» OËb�º ê³ Ã&~æ� Lc0028~ Ã
&�
º La1108~ Ã&& *&~² ¾æ¾º ©9)" ¢~~º
©b� �'B
. 
ê²Òòº �Û öò FVb� �ª�� ê ê²��~ ö
²¢ OÂ~� ê² �FN� ¸f �Ú� B
. V¢B ö²ç
~ ßû� ì�, ¢>'b� ö² ªC»b�º áÚæº ;�
ï� �;>Ú ®Ú �� Òòö 'ÏW� ¸f FT-IRê ê²
Òò~ ãÖ *¶Â�ö ~� �>& 
 Î"'� ªCO»f
jî
10). ��¾ ¢ò ª7ªC~ ãÖ, ê²Òò~ ��ö "
6~² >w~æ� Ö;�� �C~ FK� >�b� �Ï>�
®
. ß®, ¢ò ª7ªCö ~� ê²Òò~ ���C O»b
�º ¢ò b�(D-, D'-, G-band)~ *~, b� >'�, b�j
(R = ID/IG) �f ê²Òò Ö;�Cö ®Ú �� F�� ;�¢

B�~� ®
10). Fig. 4öº n;z ��ö V� êz 5 w�
zB �ò~ Raman Ê¿Þ"j ¾æî
. ê²z, w�z �ò
Îv, *;'� �w�zW ê²öB ¾æ¾º ãÖf ?�
1350 cm-1 ¦"~ Z;; ê²ÒòöB ¾æ¾º D-bandf w
�Ö;~ E2g2êÿ Î�ö V�� G-band& 1580 cm-1¦"öB

¾æ¾� ®
. 6�, w�z ¾Ò� �ò~ ãÖ, 1620 cm-1¦

"öB D'-band& ¾æ¾º ©j {�� > ®î
. �f ?f
©f, w�z ¾Òö ~� w� êz�(domain)~ WËö V�
� F�~ w�Ö; 5 ¢òÖ¦ö ®ÚB 2>ÇV~ F�G
� 2Z>Ú kÞ0ö ~� 1620 cm-1¦"~ phonon~ ç�&ê
~ Ã&ö V�� ©b� �'B
12). ß®, ¢ò b�j, R8
j jv� Ö", GF1~ ãÖ 1.07�î~ ©� GF2~ ãÖ,
0.97, GF3~ ãÖº 0.92� n;z ��� ßN³ê& �� �
ò¢>� R8� 6²~º Ö"¢ áî
. �©f Fig. 3~ X-
ray Ö"fê ¢~~º ©b�, NMP �ò~ ãÖ n;z� ß
N³ê& �� �ò¢>� w�zê& Ã&~º ©j ¾æÚ�

Fig. 3. X-ray diffraction patterns of (a) the carbonized and (b) the
graphitized fibers.

Table 3. Crystallite parameters of the carbonized and graphited
fibers

Sample I.D. d002 (Å) Lc002 (Å) La110 (Å)
CF1 3.50 47.4 -
CF2 3.51 51.1 -
CF3 3.50 52.3 -
GF1 3.38 441.9 383.2
GF2 3.37 449.5 429.1
GF3 3.38 486.2 557.3

Fig. 4. The first Raman spectra of (a) carbonized fiber and (b)
graphitized fibers.

Fig. 5. FE-SEM photographs of graphitized fiber and their models.



108 J. Korean Electrochem. Soc., Vol. 4, No. 3, 2001

®
. 
Fig. 5öº n;z ��ö V� w�z ¾ÒB �ò~ FE-

SEM Òê 5 ��æ¢ ¾æî
. ßN ³ê& Ã&�ö V¢
¢:r ��(radial structure)öB ¢:r-Â� ��(radial-randon
structure), �7��(sheath-core structure)� æz~º ©j r
> ®î
. Lu�11)�f NMP(Naphthalene-derived Mesophase
pitch)�¦V B�B b~RF~ RFã� 30-40µm� � ãÖ,
n;z ��ö ~� RF��ò n;z>Ú êz� RFÚ¦,
core '�� Ï[>Ú halo fiber& ;W>º ©j ��®b�,
RFçã� 30µm �~~ ãÖ 27 ��& ¾æ¾º ©j �
�®
. ¯, Özn;z �;~ �.ö ~� �« ê², w�R
F~ �^�� BÚ& &Ë�j r > ®î
. 

Fig. 6öº w�z ¾Ò� �ò~ ÏÁO* 
þ Ö"¢ ¾æ
î
. �ò Îv ÏO* ïê¦& 0.25 V �~öB ¾æ¾º *
;'� w�Òò~ ßûj ��"� ®
. ��¾ GF1 ãÖº
ÏO* Ïï� GF2¾ GF3ö j� 'f 8j ¾æÚ� ®b�,
GF2 5 GF3~ ãÖº ÏO* Ïï� 400 mAh/gö &rÚ 8
j ¾æÚ� ®
. GF1~ ãÖº GF2¾ GF3ö j� w�Ö;
��& � B�>Ú®�, w� Ö;~ �^��f Î��æ~

'Ë�¢� �'B
. �©f Nishimura7)¾ Imanish8)�~ ��
fê jÝ� Ö"¢ ¾æÚ� ®
. 

4. Ö  �

�ç~ 
þ Ö"� ¦V 
r" ?f Ö�j áj > ®î

. 
� z�¾�Ê b~~ Ï[OÒ� b~RF~ çãf �³~
Nê�
º �³~ ³³, ³ïö æV'� 'Ëj Aº ©j r
> ®î
. 
� X-ray, ¢òª7 ªCÖ" êz, w�zB RFº n;z
�;� ßN ³ê& �¢>� w�Ö;��& B�~º ©j r
> ®î
. ß®, w�z RF~ ãÖ n;z 'Ëf Lc0028 �

º La1108ö 'Ë� ¢j r> ®î
.
� n;z �;j �.~º ©ö ~� ê², w�RF~ �^
��¢ BÚ~º ©� &Ë®
. ß® n;z� ßN ³ê& Ã
&�>� Radial ��öB Radial-random ��¢ ãÖ�B
sheath-core ��& >º ©j r > ®î
. 
� ÒÒ�N 2N *æ ¦� G;Ö" ÏÁO* Ïïf w�
RF~ Ö;�� 5 Î��æö 'Ëj Aº ©j r > ®î

. 

6Ò~ &

� ��º "V.*K �� �ÿ ��²"~ ��j æöö ~
~� ¯~� rb� �ö 6Ò�
.

^�^ò

1. M. Endo, C. Kim, T. Karaki, Y. Nishimura, M. J. Matthews, S. D.
M. Brown, and M. S. Dresselhaus, Carbon, 37, 561 (1999).

2. A. Mabuchi, K. Tokumitsu, H. Fujimoto, and T. Kasuh, J.
Electrochem. Soc., 142, 1041 (1995).

3. M. Endo, C. Kim, T. Kasai, M. J. Matthews, S. D. M. Brown, M.
S. Dresselhaus, T. Tamaki, and Y. Nishimura, Carbon, 36, 1633
(1998).

4. H. Fujimoto, A. Mabuchi, K. Tokumitsu, and T. Kasuh, Carbon, 32,
193 (1994).

5. K. Sato, M. Noguchi, A. Demachi, N. Oki, and M. Endo, Science,
264, 555 (1994).

6. M. Endo, C. Kim, T. Hiraoka, and K. Karaki, Molecular Crystals &
Liquid Crystals, 310, 353 (1998).

7. Y. Nishimura, T. Takahashi, T. Tamaki, M. Endo, and M. S.
Dresselhaus, Tanso, 172, 89 (1996).

8. N. Imanishi, H. Kashiwagi, T. Ichikawa, Y. Takeda, O. Yamamoto,
and M. Inagaki, J. Electrochem. Soc., 140, 315 (1993).

9. S. P. Jones, C. C. Fain and D. D. Edie, Carbon, 35, 1533 (1997).
10. M. Endo, C. Kim, T. Karaki, T. Tamaki, Y. Nishimura, M. J.

Matthews, S. D. M. Brown, and M. S. Dresselhaus, Physical Review
B, 58, 8991 (1998).

11. S. Lu and B. Rand, "24th Biennial Conference on Carbon", Carbon,
99, 176 (1999).

12. M. S. Dresselhaus, G. Dresselhaus, Light Scattering in Solids III, 51,
3 (1982). Edited by M. Cardona and G. Guntherodt, Springer-Verlag
Berlin, Topics in Applid Physics.

Fig. 6. Discharge/charge curves of graphitized fiber : �� first cycle
and �� second cycle.


