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Abstract 

Electrostatic spinnings were performed with the solutions of PAN/DMF to be nanofiber webs. The diameter of the 
fibers ranged from 200 nm to 1000 nm depending on the PAN concentration and on the applied DC voltage. The 
nanofibers were oxidatively stabilized and subsequently carbonized up to I 000°C with carbonization yield of 40%. The 
bulk electric conductivity of the carbonized web increased form 6.8 x 10-3 S/cm to 1.96 S/cm while the carbonizaton 
temperature increased from 700°C to 1000°C. 

Keywords: PAN, electrostatic spinning, carbonization 

1. A~ 

'l\:!-5:.1l%~ *~ ~lioJ1 u:}c} polyacrylonitrile(PAN);>ll, nJ 
~1;>Jl, Cl1°1-&;>J1 ';_2_£. -Y-~~ -'1'- <;)_2_u'J, <5JE11oJ1 u:}c} :>:J1J% 

91- B1l%£ -Y-~Bct[ l-3]. :>:J1J%~ rrc,PicJ1.:::L(prepreg)t..} 

~c}~E(filament)%_2_£. 01%~71 aJl~oJ1 At~ 0 1 \ict~ tlJ"At 

71~o1 Jl-Y-~u'J, .!i!..!8- %%tJJAt(melt spinning)t..} %~tlJAt 

(solution spinning)<'ite:j ~~<'it~ tlJ"~oJ1 9.J-5H ~1~~2 'Uct. 

B1J%~ z.J-% ~~AH, *~AH.li.% ~t:-1, B~AH %_2_£. o1% 

£] uoj, ~{) tlJ"At~ [4].:i!} %%~At~ (melt-blown spinning)[S] '; 

oJ1 9.J-5H Al1~~2 'Uct. 019} ~~ tlJ"AttlJ~oJ1 9.J-5H %711J% 

~ 'il%2 °1 ~ ~9}- ~:>:j:§l-~ ~ 2-&(Q.} -1500°C).9.1 ~~.Aj 

~~71oJJAi '1\:!-5:.9}- .:~pj ~ 7-l~ ~ ~017-1 ~ ~o1 'I\:!-5:.1J%o1 

ct. 0191- ~~ ~.!8-.3:J'D tlJ"AttlJ~oJ1 .9.1-5H ~01~ 1J%.9.1 ~TI

~ .78 ~ I 0-20 !J.m :>:j 5:. 01 u'J , * ~ lclJ" At t..} 2 ~ :>:t * 1}-~1 

(polymer blend)~ lclJ"At<'ite:j ~ "'-J~~ %-5H<5t7-lt..} ~C1<5te:j 

~~ ~-?~ tlJ"~S:.1J%9.J ~.73 ~ t..}.I:.o1Ei(nm) B-'?-1£. ~~ 

~~ oHJf- 01'1;12, 21:11%~ Jl<'it~ 71~o1ct. 5':.~, ;i]-2- :::!' 
{lo1 {l%'-~2 'U~ 7H~-t..}.I:.ff..!i.(carbon nanotube)[6)L-t 7H~· 

t..}.I:.Ifj-011:11(carbon nanofiber), 71"'-J"'-j:>:J 'I\:!-5:.1J%(vapor grown 

carbon fiber, VGCF)[7] %~ arc-dischargeY. laser ablation, 9l
'§f-3:j 71"'-J~;3f~(chemical vapor deposition, CVD) '; ~ 01% 

<'ite:j ~01,7-1 ~ ~_Q_£ 27t9.J ~1~~1:1191- ~-?~ ~z:J. ~ Jl<'it 

~ 71~o1uoJ, <5Jf11~ 1J%.AJ~ .!i!.01t..}1J%:>:J(UD)01 oHJf- <>} 

~ B1:l ~ .A1Y2 'Uct. 

1934\! Formhals[8)oJ1 .9.1-5H :>:j~tlJ"AtoJ1 9.1~ 1l%A11~oJ1 :::!
~ .!i!.27t 'U~_2_u'J, .::2 ° 1 ~ 2~7-t~ %%"'-JE11oJ1Ai :>:j~lclJ 

At~ .!i!.27t 'V_ct[9-12) . ;iJ-27Jt.A1 30e:j% o1.AJ".9.1 ~.Aj ~ ~ 

~ 2~7-t %~oJ1 t:Jl~ ~-Y-7t 'U~_2_y. 9-£ :>:j~ lclJ"AtB 1l 

%.9.1 <5JE119t o1 J.11 -Y-~oJ1 ~1:1 ~ w~~_2_uoJ, :>:j{ilclJAt ~9.1 JF
.:i!}~"'-ao1y. %~{'!..g. ~"'-J 0 1 4'-7t~01 ~-r~~ct[ l 3] . ;iJ-2-
oJ1~ :>:j{'!lclJ"AtB 1J%.9.1 ~"'-j.:i!} .:~FJ'D?-toJ1 t:Jl~ ~-Y-7t 7cJ#

Ei .£.A~ .!8--5H 0 1-'f-01 7-12 'U ct[ 14-16] . 

:>:j{itlJA)-2 2~7-t %~o1t..} %%%oJ1 ~~ {'!~~ 'D7t~ 

_2_£-Y-i 2~A SllZ!-9.1 ~"'-aB :>:j{'!71.3:J'D Jti-~~.:i!} g~(-).:i!} 
0J~(+) Ato1 oJ1 ~.A~~~ {'!7JAJ ~ o1%<5te:j -?~ nm3.71.9.1 

1J%£ 01-'f-01~ lj!-~_¥_ ~ ~ ~~ .:s-:>:ao1ct. {i~o1 'D7t~ 

71 {ioJ1 2~7-t %~~ .I:.~Q] ~oJ1Ai~ .R;:!:>:J~ rtll~oJ1 -r 

<5J9.J lclJ"% <5JE11£ oH..g-Pl 'Uct7t {'!~0 1 'D7t£11i:!Ai .::2 lclJ"% 

.9.1 lEli:!oJ1 ~<5t7t s:.~.so12 '?,l,.:::Lci.A171 A1<>f~ct. {'!~o1 ~ 

7t"5t li:!Ai ~;>J1 {'!~oJ1 s:...g-<5tli:! lclJ%9.1 ~ :>:a1:J-¥-Ei ~At£101 

t..}7t~t~1 o1~ ~ Tailor Cone[l7)01ct2 ~ct . .::2 ~~9.] '5J.AJ 

C\-%oJ1s:. ;>J14;'--5HAi %~11 ~ c-J 7~017-1 ~ t~1 om .AJ"f11 ~ :>:j ~ 

%~11 ~4'-~At(electrohydrodynamic cone-jet)[l8]ct ~ct . .::2 

~At~11 7r {)~:>:J~1oJ1 s:...g-<5t71 {ioJ1 .::2 *~19.1 ~~7cl""a ~ ~ 

7}<5tu'J, .::2 ~~:>:j.Ajo 1 2~7-t {'!<'it~ rH 2~111J% <5JE11£ {) 

~:>:J~1oJ1 {)~ ~711.'8ct. o1 ~~7-j"'-jQ] ~'D~ tlJ"A~J-_2_£. <>} 

%<5t~ {'!<5t9.] .3J~ aJl~_Q_£. O:j7j7-1u'J B~Ahsingle jet)~ e:j 

ci 7}~9.] 1J%£ Y.T-~(multiple filaments)~~ 7}hj_2_2 

.:::Lei~ ·~vJ~ ~At(spraying)ct Lf:ll:f:l<5t2 'Uct. 

:>:a {'! lclJ At 1l * .9.1 % s:. oJ1 <U 01 Ai 9.1 -F iL""a oJ1 s:. ~-r <'it 2 :>:a 
{ilclJ"At .:i!}:>:joJ1 t:Jl-5HAi~ O:jc-l ~AJAtQ] 01Pl% rtll~oJ1 1'-~~ 

~-Y-7} ~'6~~7-1 *'9:J._2_u'J, '{l#-Ei .£.AtoJ1 9.J<5te:j 01 ~~:>:j 

~ cJ1~<5tPj~ A1S:.~ -5H~2 Shin[19] ';~ glycerol.:i!} 

pol( ethylene oxide)/H20 %~ ~ 01%-5HAi Tailor Cone9.1 .£. 0J 
.:i!} %~19.) ~~:>:j.AjoJ1 t:Jl<5te:j '{J.f}Ei .£.At ~.:i!}9} ~'f8~1 ~ 
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1:1];:"5}7jj ~-2-A]7]~r:~j -"J?-"5}~c}. O:j7]oJJAi .A)-%i':! %Q!j~ 

"J-=-.£.C ~5:., ~7]~5:.5:., %~-"J-"1-=-, lE'tP'J-~ >go]s:J_.2_o:j, .:g
AJ ~"!-=-.£~ 'Z!7}~ 'iJ-.9.1 3..7]9-j- %Q!j 9.1 -¥-:IfJ%4i'-(volume flow 

rate)0 ] s:J. c}. 

~ '?1-ToJ]J.i ~ r:HlE-3J'Z! lfr5:1l% ~-T;'<~]'Z! PAN(polyacryl

onitrile)g_ DMF(dimethyl formamide)oJl %-5fl-5}0:j Aj~BJ-J.}, {} 

§j-<~}Aj§)-, lfr5:~ "5}0:j 7}~t..j-.I.:Ilj-o]l:li ~ g_ fil]~-5}2 ~~~ 

~ .:i!}oJ] r:J1-5flJ.i J!..~-5} J!..7.} ~c}. 

2. ~ ~ 

2.1. 'tf/.f-§-tll/ fi!/£ 
AJ~BJ-.A}.£1 .!fili'Z! PAN~ Aldrich.A}.£1[!-Ei fil]_:g-~~.2_o:j, 

%uH ~ DMF(dimethyl form amide) ~ .A)-%-5}~ cJ-. PAN g_ DMF 

oJ] '\5'-?J=l:l].£ 5oJJAi 25 wt.%77}7.] ~{I-5}0:j -"J---2:-oJ]J.i BJ-J.)-%Q!j 

2.2. /fi -If '!I /.f 
J!..~'i{ Zlfi-~-"~7-J-7-]~ (9-)~~~7.}.9-] DC power supply 

(HYP-303D)oJl J!..~'i{ ~-"~7] ~ -¥-.-3}-~?;:! g_ J.}%"5}~.2_o:j, BJ

J.}%Q!j g_ :Ifj':.l)oj] ~Oi OJ~(+)g_ ~~.A]7]J!.., ~4i'-~2-1 

(collector)oJl~ g~(-)g_ 1:J~A]Xl_c}. ojuj].AJ-%i':! BJ-J.l--§-Q!j.£1 

-'6'-S:.~ 5-25 wt.%~ J.)-%~c}. BJ-J.}.I.~ ~ -3).:78°] 0.5 mm'Z! 

?;:! g_ J.)-%~.2_o:j, BJ-.A}--T-9-J- ~4i'-7-J-7-l9-J-9.1 7-]2-j (tip-to-collector 

distance: TCD) ~ 10 em.£ J!..AJ ~ c}. o] uJl A}%i':! ~ 'i{ ~ 

5-20kV~.2_o:j, '\5'-~-"J-E1loJ]J.i BJ-J.}~c}. Fig. lOll~~ ~~oJl 

J.j-%i':! AJ~BJ-}.}7-J-7-j.£1 .£-615:.~ t..j-E}~c}. 

2.3. 1}§/- ~/fi§/- 'J! lf!-5;§/-

Aj~BJ-}.}B PAN 1J% ~ g_ 7}.£, J.~].£ 10 em x 10 em.£ {I 

PAN solution 

Ground 

Positive charge(+) 

AI sheath Negative 
charge(-) 

High voltage 
supplier 

Voltage 
controller 

Fig. 1. Schematic diagram of electrostatic spinning apparatus. 

PAN/DMF solution 

Electrostatic spinning 

PAN electropurfiber 

Oxidative stanilization 

Stabilized fiber 

Carbon nanofiber 

Fig. 2. Expe1imental procedure. 

B"-5}0:j ~%~%.£oJ] ~J!.. ~'if ]/.9-J _:g-7] ~ .!8-J!}A]7jli'l_J.i -"J

--2:-oJ]J.i 280°C77}7.] ~'if 1°C~ -;;-__g.-5};:1_Ai 280°CoJ]J.i lA]z_!-

-Jt-.7-]A]:lj {!-:§:)- ~}Aj§} "5}~c}. 

{!-~ <j-Aj §!-B A]li~ -ff-_1::!_-<§ ~7].£ ~ J.}%"5}0:j 700°CoJ] 

J.i 1000°C77}.7.] ~5:~~]7] -5}oJ]J.i lA] Z!- lfr5:~"5}0:j 7}~ t..j

.I.1J% ~ g_ ~s:J.cJ-. Fig. 201]~ ~ ~~.9-] ~"~.:i!J-Aj g_ t..j-q 

~c}. 

2. 4. -1?--t 
PAN %Q!j.£1 -'6'-S:.oJ] u:};:: ~5:.~ Brookfield.A}.9-] LVDV-II ~ 

s:_ljj ~ J.j-%"5}0:j 20°CoJ].Ai ~AJ"5}~c}. 

AJ~BJ-.A} , {1-~<j-Aj:§:)-, VJ--'-j~i':! A]ii_.9-].£%2.-J.7.J ~~~ 

SEM(Scanning Electron Microscopy, Hitachi , S-4100, Japan)g_ 

J.j-%"5}0:j ~~ "5}~J.2_o:j, ~AJ-T~ ~~ ~ X-ray diffractometer 

(DMax 1200, Rigaku, 30 kV, 20 rnA, CuKa, /... = 0.15406 nm) 
~ o]%"5}0:j -.5~"5}~c}. 

Aj~BJ-.A}i':! 1J%.9-J ~%?J= ~~(Simatsu TG50, Japan) ~ .:g-
7]9-j- ~5:7}..>-- ~-'?-j7]oj]J.i -;;--&4i'-S:. 2°C/min.2_.£ 800°C77}.7.] 

-.5~"5}~c}. 

FT-IR(Nicloet 520, USA) ~~ g_ -'?-] "5}0:j A]li ~ KBroJ] ~ 

{}Aj7:j pellet g_ .A-jj~~ c}% {!-~ '(1-AJ~ _:g-AjoJJAi.£1 -3)-%7] 

~~~ ~.A}-5}~-c.}. 

lfr5:1l% ~9.1 ~7]~.5:.5:. ~AJ(Model 2041, Kotronix, 
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Japan)~ 4 B::zPtJ ~ 0 1%-&-}0:j <~J-.A}A1 't!~1-8 <~J-cS"J_Q_.£ ~.Aj 

-&-}c;ct..2..uj, B::z}~ ~{l(silver wire), B::z}9} ~%.9.1 ~~l]L~~ 
~ ~W% 1l~fil1 ~ A}%-&-}O:j ;:z~..s-J-~ ~~§} -&-}c;ctq. tt::z} A} 
o 1.9.1 7-] c.1 ~ .£. .!f- 1 em£ JI..Aj -&-}O:j 1:11 7-~ ..s-J- 711 ~~ oJ]A~ Aj% 

~91 3.71 ~ JI.7<jA17'j 711~~ % 0 1-&-}711 -&-}c;ctq. ~ (l)oJ1 91-&-} 
O:j 1:117-~cS"J-~ 711~-&-}.2 1:117-~cS"J-91 Q:j"f=-.£l]LE~ ~71~.£.£~ '?;! 
~q. 

( I ) 

3.1. :ff-if'ff.-r.Jolf .E/"f! 1171-fi!/.:£ 
Fig. 3~ PAN %~91 q0J~ ~S:.oJ]A-j ~t!-4;=-.£oJ1 u:j-;:: {l 

.£~§}~ Lf-E}~q . .::::z.~oJ1.A-J .!J!..~l:l}9.} {fo1 ~t!-4;:-.£7} ~7} 

~ 'T ~ {i.£~ {1-~-&-H::- /cJcS"J~ Lf-E}t.J101 non-Newtonian 7-] 

%~ .!J!..o1~ -?;!~ ~ "f=- 'U..2..uJ, %~ ~t!-4;=-.£oJ1A-J ~.£7} ~ 

(a) 

(c) 

Cii 
Q.. 

~ 
Z;o 
·u; 
0 
() 

"' > 

103 

102 

(c) •-~--:;,jll.---~ 

(b) 
(a) 

10 1 L-------~------~--------L-------~ 
0.0 0.2 0.4 0.6 0.8 

Shear rate (1/s) 

Fig. 3. Viscosity vs. shear rate for PAN/DMF solution; (a) 5 
wt.%, (b) 7.5 wt.%, (c) 10 wt.%, (d) 12.5 wt.%, (e) 15 wt.%. 

(b) 

(d) 

Fig. 4. SEM micrographs of PAN electrospun fiber web; (a) 7.5 wt.%, (b) 10 wt.%, (c) 15 wt.%, and (d) 20 wt.%. 
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7}%{ y ~ {3.-s=.~ ~7}-51-1:=- -?;t~ ~ y ~~cJ-. ~-51, *.£7} 

7}-"'J '.;;!-~ 5 wt.%91 %~ ~ -"'j~<~Jl-}l-] '?:!~5017.] \?,§o} ~%7} 

~-"j501~ r:H~ l:l]~(bead)"-J91 .2~~l'i! ~% 501~.Q..uj, 25 wt.% 

o]"-J91 *.'r..ol] J-i~ ~~ {3.£ n:Jl¥-oll 0::]2.1 7}~91 ~%£. ~ 

C-1501~ ~J-}~"-Jo] ~o-jL.j-7.] \?,§o} L.j-.X.. .3..7]91 ~%~ ~~ 

y ~~cJ-. o]-?;t ~ ~~<~Jl-}A] %~91 *.£7} ';;to} {3.£7} '.;;!

% .?iJ Jf- "-JcJ1 .6J .Q_£. lf. ti'! -"'J?:j 0 J 7~ Al 'iJ :71] ~ ~ 0 ]-li}ojJ Al ~ ~ 

% ~Ell£ '?:!~5017] .!i!..c}~ ~~~191 <~J%0 1 50101 l:l]~"-J.Q..£. 

-6:l*~c}[20]. ~r:H£. .2~7.}91 *.£7} .3..7] n:Jl¥-oll {3.£7} -e
.?ilJf-oll~ .2~7.}~ l-}0 lo1l {33)-?:jo] 7~J-i %~~]7} ~C-150101 L.J
.X..~%£. ~J-}5017] ~ii~J-i ~ "-JcJ1.6j.Q..£. ~~ 'iJlll~~o ] ~ 

Jl.-5}7] n:Jl¥-oll ~C-15017-J *-5}0::] L.}E}L.}~ ~"-J .Q_£. .!i!_ '?] cJ-. o] 

2.~ ~ ~"-J ~ Shin %[ 19] ~ "-J~ ~ .£ ~ %ii~Ai glycerol~ 

polyethylene oxide y-§-~ ~ -"'j~<~Jl-}-5}0::] ~~~ .£.l-~% 

ii~J-i "-JEll.£~ Y-El-~~.2, .!f.lo11Ai ~-E-~ ~"-J~ 1l.t§~c}. 
oj_2} ~~ ~AJ~ ~~llJl-}ojJ 91~ -1l)~£_.2_A ~%91 ~Aj 

[2l]oll.£ l:l]~~ ~~ L.}E}~.Q..uj, toi.!f- ~~ {3.£.9.] %~ ~ 
-"'j~<~Jl-}Al .X.~ {tal] .2~7.} -§-~o] ~li~~ ~"-Jo] L.}E}L.} 

<~Jl-}7} ~~-5}711 o]if-o-j7.]7.] \?,§~ -?;t.Q..£. ~;:;jA:] ~c]-[8 , 22]. 

Fig. 4~ ~~~ 20kV£. .2-"'j-5}.2 PAN %~.9.] *.£~ 7.5, 

10, 15,20wt.%£. ;t!:§:j-A]~~ n:Jl-"'j~<~Jl-}~ PAN ~%.9.] SEM 

l-}~o]cJ- . .:::L~ol]Ai9} ~o] *.£7} 7.5 wt.%ol]Ai 20 wt.%£. ~ 

o}~ y ~ ~%.?il ~ ~-IT 200 nmollAi I IJ.m7l}7.] {"l~-6j.Q..£. 

7~7.] ~ .?iJ t>J% L.}E}~.2(Fig . 5), * .£7} '.;;!- ~ Fig. 4(a), (b )91 

.?iJJf-~ ~%9} l:l]~~Ejj7} ~:A~-51-1:=- -?;t ~ ~ y ~cJ-. o]-?;t ~ 

%~ 91 lE ti'!-"'J?:j 0 ] "-JcJ1.6j.Q..£. 7~l-i 'iJ :711 ~ ~ -¥--2-ol]J-i %~ 

<~J%01 '?:!~50101 ~%:§:]-~ -¥-~~ '?:!~5017.] *-5}0::] <~J% "-JEll 

£. ·~A -5}0::] ~ Aj ~ ~AJ .Q..£. 4--"'3 ~ c} . .2~7.}91 * .£7} 

E' 
-S 
Cii 

.Q 

""' 0 
2 
Q) 

E 
ro 
0 

1400.-----------....,.-----------., 

___._ 15kV 

1200 ___._ 20 kV 

__.____ 25kV 

1000 

800 

600 

400 

200 

0 
6 8 10 12 14 16 

Solution concentration (wt.%) 

Fig. 5. Fiber diameter versus solution concentrations. 

15 wt.%o11Ai 7}-"'J -IT~~ ~%.?il ~ .!i!..~.Q..uj(Fi g. 4(c)), ~-IT 

~%.?il ~ 300 nm~cJ- . 

Fig. 5~ c]-0J:~ '?]7}~~oj]J-i %~91 :'g-.£o1] II};:: ~-IT~ 

%.?iJ91 ;t!:§:}~ SEM -t!~£.lj!-E-i ~-"'j-5}0::] L.}E}';!l -?;to]cJ-.% 

~91 :'g-.£~ ~~~"T~. '?J7}B ~~~ ~~ y ~ ~%.?il~ 
~~-51-1:=- .?il~ L.}E}~c}. %~91 *.£7} 7.5 wt.%'?.1 .?iJJf- ~ 

-IT ~%.?il ~ 200-400 nm ~.Q..uj, :'g-.£7} 15 wt.%£. ~7}~ .?iJ 

Jf- ~-IT "-a%.?il ~ 1000-1200 nm£. IJ.mli±~£ :3J.?iJ.9.l .3..7]7} 
~7}-5}~ -?;t ~ ~ y ~c}. %~~~ojJAi -"'j~<~Jl-}AJ PAN/ 

DMF %~91 .?iJJf-, *.£7} Q.)= 21l~ ~7}~ .?iJJf- ~%.?il ~ ~-IT 

3-51l~ -"'j.££. ~7}-51-1:=- -?;t ~ ~ y ~~cJ- . 

3.2. 1}§/- 'l}-1/§} 1/H-
Fig. 6~ ~7]9} ~~ ~~7]-li}ol]Ai -"'j~<~Jl-}~ PAN~% 

91 ~%~ ~-6:j ~ ~~ 2°C1Q ~.g_-5}0::] ~A]~~%~ ~-6:j 

~~o]c}. ~~~~7]ol]J-i ~ Q.)= 250°C-¥-El 400°C7J}7.] %~0] 

-E-zj-5}711 ~~-51-1:=- ~ti'!. 450°C 0]"-Joj]Ai~ %~01 AiJ-i-51 ~ 

~ -li}O:j 800°Co1] Al 'T--%0 ] Q_j= 40%£. .2-"'j 501 ~ -?;t ~ ~ Y ~ 
~c}. o]-?;t ~ ~ ~~all l-}%~ PAN -"'j~<~Jl-}~ ~%91 .?iJJf-, 

~~Ad ~~7]ol] J-i li:!-~ 0 ].Qj91 °]~~~91 li].Qj <~J%0 ] 250°C 

lf-E-i 450°C l-}0 ]ol]J-i -E-zj-5}711, 450°C 0 ]"-J-91 -&.s=.~.!f.lo11Ai 

~ J-iAi-liJ ii~i;~;;<.~~ -?;t ~ ~ Y ~~c}. ~7]%ol]Ai ~%~ ~ 
~~ ~~ Q.j= 280°Clf-E-i %~~~7} Y-El-Y- -&.'r.."-J-~~ W7Jll 
-E-zj-5}71] ~~-51-1:=- -?;t ~ ~ y ~~cJ-. 0 ]-?;t ~ PAN -"'j~<~J-l-} 

~ ~%7} '.;;!-~ -&.s=.ol]J-i ~ ~7]%.9.] {!~9} ~%-li}cj-7} -&.s=. 

7} "-J-~-li}ti'!J-i '?:!~501~ ~go] ~~-5}711 ~o-jL.}~ ~"-J-.Q..£. 

_!;!_O:j ~ cJ-. 

~%.?iJo] ~-IT lO IJ.m -"'j.£91111.:;<]~%~ ~7~~~7]ol]J-i ~ 

120 

100 

80 

~ 
C/) 
C/) 

.Q 60 
:E 
Ol ·a; 

3:: 
40 

20 

0 
0 100 200 

~ ~ 
"\ \ 
'\ ......_ -....... ...::.2 

1 
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\ 
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Temperature ( C) 

600 

"""' 
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700 800 

Fig. 6. TGA thermo grams of elctrospun PAN nanofiber web. 
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Fig. 7. SEM photographs of oxidatively stabilized PAN nanofiber web; (a) low magnification and (b) high magnification. 

-3'-%1' ~~5}~ 3::7] -3'-%1'~7}~ _l;!_o]:: ?;!_o] ~~~~ ~AJ

[23]0]1.-]- ~ 1l~01] .A}%~ ;;<j1:l.Jo~J-.A}~ PAN t..}.I.11%.9.J 7J_!f-, 

-3'-¥o7} ~AJ-~ .Ef-;:;.15}71] t..]-E}t..]-7.] ~~ct. o]?;!_ ~ ;;<j1:llo!J-.A} 
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Fig. 8. FT-IR spectra of PAN electrospun fiber at various stabi
lization temperatures; (a) PAN spun fiber, (b) 150°C, (c) 200°C, 
(d) 250°C, (e) 280°C, (f) 280°C/60 min. 
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3':.9.] *~:4011 7] ~ ~ ?;!_.Q_.£ .!i!.. ~ct. 
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Fig. 9. Carbonization yield of PAN electrospun nanofiber web. 
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Fig. 10. X-ray diffraction patterns of the samples; (a) as-spun 
fiber (b) stabilized fiber, (c) 700°C, (d) 800°C, (e) 900°C, and 
(f) 1000°C. 

-"~z.j-~q . Jtl-~~ "f=-%~ c)-% ~ (2)oJl 9-]t;fl.Ai ll]{}i5}~q. 

Carbonization yield = 

wt.% of stabilized fiber- wt.% of carbonized fiber x !OO(%) 
wt.% of stabilized fiber 

(2) 

{b) 

.,. Fig. 11. SEM micrographs of carbonized PAN nanofiber web, low magnification; (a) 700°C, (b) 800°C, (c) 900°C, and (d) l000°C. 
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(c) 

Fig. 11. Continued. 

Fig. IOoJ]~ :Aa~<~J-;+8 1l%, '?.Fa~ 1l%, It!~~¥! 1l% 

9.J XRD ~~ t.}E}';&r:.J-. Fig. lO(a)9.J 7<:1-9-, 29 = 17° .!f-toJ] 

PAN t.t~-"J%9-J ~:Aa-=t-:i:oJl 7J~~ IlJ.3..~ -B--tl-w .y ~.£u1, 
~Fa~ ~ g ~ It!~~ ~ g 9.J ~ -5~ .:i!J- w-7Jll 29 = 24° ~ 40° 

.!f-toJ] PAN -=jl-:i:£] <~J15~~oJ] 7]~~ ~'?:!9.) (002) ~ (10) 

(a) 

(c) 

(d) 

~Hi Ilj.3..~ -B-%w .Y ~r:.J-. EE~, It!~~ .g..s=.7} ~7tw-oJl 

u:}c} PAN .J!..~.7.}9.) ~:Aa-=JL:i:oJ] 7]~~ §l~Ilj.3..9.j 7.{.£7} {} 

~"5t.J?.. ~'?:!~9-J ~:Aa ~.g-011 9-J~ <oo2) §l~IlJ.3.. 7J.£7t ""J 

r.Jl-6j.QS.. ~7}-5h=- ~-"Jg_ ~ .y ~.Q..t.} 1000°C7Jt.7.].£ PAN 

1l% ~Cll9.J ~:Aa-=JL:i:7} 'Jot~~ -?;:!.£..£ .!il.~r:.J-. 

(b) 

(d) 

Fig. 12. SEM micrographs of carbonized PAN nanofiber web, high magnification; (a) 700°C, (b) 800°C, (c) 900°C, and (d) l000°C. 
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Fig. 13. Conductivity versus carbonization temperature of the 
electrospun PAN nanofiber web. 
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