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1. A&

A71ALe) 7182 AES 18979 Rayleighol oaid A5 w3
Hom olF AFelste] 1934de] 532 Wl o]= Formhalsolth
[1]. A71AF =& 29 A o F A7F4S A7fste] o
w A g dye] FAgEE x| E whdgo] uEA §
ool ¥ YRt A HW AEo] 2 nmelA F wlo]a®E
719 A7 oA 1], 2 A AFoM ox §e
EWA N 1244 Yreg i E s, ZE, Ful, AA, ATEE,
A=A A 5 oy FokellA Es] AEH Urk[2-5].
oje]gh Aol whel A7EALY] W9l &l wEp B A7
Ab 7153 tARQle] whd] o] ghrh(4].

o] &, Fo]—d(core—shell) TFE 7IA&= AHE WE0] Y=
&% A7]"WAF(coaxial electrospinning) &+ 2000 ] Z=WHEE 3
e Eobstth ol 5 AVIMAPE avfWY] ARE Fol-4
TEv 2o FE&FokdA FYE =4 Aes HAAFV] W+
olth[6—11]. o]¥ Fo—-4 Fxo tixAQl o2 o AfelA
T B e A% VA4 RS A= AvlEe] v Adrt
%5 A7|WAbe A A FEo] uEAE Fo R EAS I
T 92s 7] wiEel, Fo FE& a9 ARy o' FR2
=277 W A 7% A} (single electrospinning) © B|& A
P& WA ek WA FZo] FEel AAo] 2 (oD, 77
A5, CNT (carbon nanotube), 23 ¥ (grapheme) ¥} -2 WAL7}

A 245 HUstAE gGA A71HArE Y [12-15]. ©]
A 79 A= Loscertales [16]9F Sun [11]9] &JsiA A5

AHgon 758 = A7|HAF 3A 9 g9 HAsS
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e A skl 5 AVWANE bwg o R 3 A R
Z9 Yyred 7t 271 =) - Wire—in—tube [13, 17, 18], 4
A'E (multi—channel) [19—-21], tube—in—tube. ©]& gt FF A
7t Fo Tske AwAtE Y BE @A (immiscibility) o =&
(nozzle) ©lAkRlo] W&kt W iF 725 FAst=H o8 I
gk [19]. ol¥g Fx9k o]59 8okl #I A= obF
z7] wAle]t}.

A71AFE &% multi—channel YA A
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A= A ol WA Af R
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U
= €
(A & dAYE AW A7PRAL ol B o
gdst7] wZeol AdH WHFY multi—channel 34Jo] 4H3 Ao
kel A et} [22—-24]. AlYE7F multi—channel YA/ A2
T2 2ol EZAL  polyvinylpyrrolidone (PVP) & | 315] o]
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Qlom ofH EH-S multi—channel W9 ¢ Y= A E+& o}F
B %A 9F9kth Multi—channel W= f9 &80l 3loA, 44
e 28 =5 L

Zhell 4 2t [20, 22]. Wb fe= 35 YA
43t silicon—filled multi—channel Yx=Ad-FE5 g |
o2 ARESINE W v o HS ZHAosE <l
7kt A Atele] o @ HAFAE v 77 wiel o
A A715ter4 Adse 7t

o] Ao 8= A4S =ZE multi—channel poly (styrene—
co—acrylonitrile) (SAN) o] /polyacrylonitrile (PAN)
U=AfE old ATl A" 24 24, x=F AR,
A= ol&ste] Azxekdvr [25-27]. Axd AR
AAY +HE AA HyAd @2y (mcHCNF)® uvpct,
olF Eall FEl= ¢ds] Aojd AME AxE HJo oo oish
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S8 9% silicon—filled HEAY ®©a2yxdHF (SimcHCNF) =
A E 292 A9staE mcHCNFE #A|xyy e 345 AA
Z=

Azt om o5 glF ol2dA §52F o]&3to] galvanostatic
T A AdS FEA E7EEAT =3 "HE Y daueal R
A A ARES WA |2 2 AAE EYE 2-Ad 3-dolo=
(layered) +x9 YHxAdd AxXE AZE &Y 1 39
FEQ 2—adol= 9= (cathode)?l lithium iron phosphate

(LIFEPO,, LFP) ATAl2} PAN &9 [28, 29]& &= (anode)<!
@ﬂ—f—ﬂr PAN &9 [14, 27l A4 Fd3t 7% (middle)

Zo= By 98-S 3= aluminium oxide (alumina) [30, 3119}
SAN &d& def= FZolo} mE9 FeE FobFr] s &7]
o3t® PAN &9& FHste FH=Z AFS AFsgion ol&
A Tl Aderm dmuige A 249 AVIEHAME

2Abssleh AR A fE 44 B9 AAA FE-SEME E9

- ’“5401]7\1%:— polyacrylonitrile (PAN, Mw=200,000 g/mol,
Mitsui chemical) ¥+ styrene—co—acrylonitrile (SAN, AN 28.5
mol%, Mw=120,000 g/mol, cheil industries)”} Z+ZF N N-—

J'A! : ‘:,3' T



dimethylformide (DMF, purity 99.5%, Daejung chemical)ll
gfEgom 1 ¥ xEE ZZh 20, 30 wteE  F=H|EIth
SImMHCNF ] Alzel o]&d Fo] &Mooz Si yxedEE (1 g,
D<100 nm, Aldrich)& DMF (7g)ell 3 A3t &<t 53 A 2o
wArEle '3l SAN (3g)ol &del HIFEAT AlxH
FANEL 12 A37F o] 90 TolM 320 rpm o2 wHESe] PAN
SAN §9& #ds & H?‘s} o} o] § AR7kA AW 5 oAb
skt PANY SAN £ 77 7hE A4 9} i)y 79
EAZ AREE I

=

uoyn|os 3103

B
lfa- B soky| 000

Shell solution
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Figure 1. Electrospinning process and nozzle design; schematic diagram



T = FE9 Abole] AYE olATowHN de] PANo| 0]
SANS # 95 5 Q&S v 3 o] Ags HToRA
de] PAN &9 3 W& fso] 74 WFozw FHgoEH
o9l SAN & 2 fF5s Wk AEF itk dnk =
=3 g 3o Fi3 A Fo s AR d =F el ¥
dstlnt. ol= Qe St QI7FE A%k Taylor cone 374 Ao
T 8N FAGTH JFS I AL AbE gRet o o
= ATPEAE I dAe ol WEd T X9 BAuxARE
A& 4 Atk [13, 14, 25-27]. 4-channel ©auAdf
(4cHCNF) 9] #|Zo| A 4—channel Zo] ==2] A 74 W

2 AQsty BE F£A7F gon A wZ w3 2cHCNF A ol A

ol g8 23} wrt.

.

2.1.3. A7A}

A/PRARE Fig. 134 ol #4718k A% 4% 34 (459 94
EY-LFOE 5 A Abole] TAGE skste] gL ol
Wk Aol §ulE de dsts B4 MAE ASsHs Pol

th 2 A= A7]AF FX (Nanotechnic A& o] &34
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o, A7|HAF 202 = Q7 AYS 18 kVE tip—to—collector
Ag (TCD)+= 15 cm® AAsidlen Fojg A &5 H=
(flow rate) = z}2z} 0.5 1.25 ml/h® A A3} Fig. 13 29|
FojR-o] SAN £ 207 PAN $d2 3 oz F9
H. 3% @A7]A2 dE] SAN #o)/PAN 3 dE Si +
SAN Fo}/PAN A& FH]&3t}

2.1.4. 948 374

A71gARE Al gE 450y BES Yil #4% (tube furnace)
oA Fig. 29} o] dxg= Wy},

Temp. (*C)

A
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Figure 2. Heat treatment process for carbon nanofibers

HE] SAN  Fo}/PAN & UYUxAdfF= PAN Ao Y3}
(stabilization) ¢ 7F%3} (carbonization) & T-%

ARTE el 270 T7HA B2 10 TR %
A 300 T7HA] 1 AZF &<k b3t dAE AT st WA=



371 FolA AU o] T 1000 T7HA £ 10 T2 5=
g ¥, 1000 CTellA 1A1ZF 9k N, 297]0lA w43 A= 7
Aot ®Aa3 3EE AX gdaveA i IR el A7
A8 YZhA ATt

@

Stabilization Carbonization
As-spun 2-channel 2-channel molten 2-channel/carbonized
SAN core/PAN SAN core/stabilized PAN shell NF
shell NF PAN shell NF
()

Stabilization Carbonization
As-spun Si-filled 2- Si-filled 2-channel Si-filled 2-
channel SAN molten SAN channel/carbonized
core/PAN shell NF core/stabilized PAN PAN shell NF
shell NF

Figure 3. Structural change of (a) 2—channel SAN core/PAN shell NF
(b) Si—filled 2—channel SAN core/PAN shell NF during heat

treatment. ‘NF’ represents nanofibers.
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Fig. 3& 92 % As—spun 2—channel SAN core/PAN shell
NF¢} As—spun Si—filled 2—channel SAN core/PAN shell®] &
gl Wistolth, egds @ANA (270 ~ 300 C)& o2 SANL
FRAog =7] Alzshy 4o PANS Atthg] (ladder) e
Z% v A "ok o] PANS] AtthE] F-x+ SANo] A3 w4
g Qe FHE AT 7 Ade TES AEE AYA Ak
400 T o]Fof SANS &x3] dis] =Hof A tel= T 3
g (@ Si (DS @713 PANS szt 2l gt

2.1.5. A A1d £H]

Aaz1gera SAS SA4e7] s EE4d (mcHCNF$
SimcHCNF), 7H& £ (carbon black, conducting agent), poly
amide imide (PAI, binder)7} 7:2:12] ¥4 8]S % N-—methyl
pyrrolidone (NMP)eol| £aj= 3t} o] £2lg] (slurry)+ copper
foile]l epRom 200 CTollA 4 AlZF sk 1x3H3AH Lithium
foile] Wl A= 2 Hlw HFORE o] §E3GOH  ethylene
carbonate (EC, PANAX)$} diethylene carbonate (DEC,
PANAX) 7} 5:58] F-Hnl& 41 &ufjell 1 M LiPF6% 4> &

& ARAz gt
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2.2 FEAE daveqdael Si—filled HE|REE

2.2.1. Adv 4 (FE-SEM, TEM) +4]

Field emission scanning electron microscope (FE—SEM)
(JSM—-7600F, JEOL KOREA) & &8l ghavtnAdf9 & 1l 4
e EAEAT B gdAaueAdfGo] Y 7x2E E457] 9
high resolution transmission electron microscope (HR—TEM,
JEM~-3000F) & AH&-3t3lth. HR-TEME AlA FH]E slA &

el g#aynAdFE oo ¥ H, carbon gridZ A|HEES A

2.2.2. XRD 4

AzxzE SimcHCNFE % YHEZ #o} X-ray diffraction
(XRD, New D8—Advance, Bruker miller) & 5733k th. A7}sk
X—ray+ 0.154 nm2] 3% zte=t},

2.2.3. TGA £

SimcHCNF 9] ®ri9} Sif #=n|s ¢719slia Alxzd
SimcHCNFE #9% del2 Zo} thermogravimetric analysis
(TGA, METTLER TOLEDO)< xI83taitt. “d2elA 850 CT7t
A ¥ 10 T2 s, A dele 37 #9718 FA8)
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&
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2.2.4. 1A 54 &4

mcHCNF9} SimcHCNFS] H7|gst EA4& #4371 A
Galvanostatic charge—discharge Al@©°] 0.01¢A] 1.5 V A}o]ej
A1 50 mA/gell A X3 = AT

2.3 Yruge Az

2.3.1. & Ax
ol =

Lithium acetate, phosphoric acid, iron acetate (Sigma Aldrich)
= 11119 Z8] 2 DMFel A& & Aeelx 320 rpmO2 24 A
b EQk wnbete] Watdth. LEP dAAlzE & RAakd $ PAN
(polyacrylonitrile co—polymer with 6% metahacrylic acid,
Mw=80,000, Polyscience) = F7}3to] AF&o|x 320 rpmOo =

12 A3 &k anbegict.

o] S

AelZ YievE]ZFS DMFe| 3 AltF ¢ 259 A sto] B4
stglom o] £ PANS F7hste] 90 CellA 12 A7k F<F 320
rpmO. 2 wWRFEFSITE =53 S=o PAN & F718te olf+ A
1A gR, A&y LFPY A9 7] "AxAo] wir] uji
A7 o] ¥ w©Ag Wile PANS F/MAA AEAS BeT

Aluminium oxide Yx=3E]E (D<50 nm, Sigma Aldrich) & 3 A
b ke =53 AEE F3lA DMFOl #4F A17]3L SANS F

10 y 1 - —
A& dskw



7vate] 90 CollA 6 AlF B¢ 320 rpm & W RESHIT

4 87

PANS DMFell 15 wt%9 %2 12 Az &<k 90 TelA 320
rpmO. 2 WHFSFS T}

717] Az &) HAVPIAMS Flsty] AsiA 2 Ay A

WA S A7 MALE A st
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(a)

==

=

Core Middle Shell Assembled

nhozzle hozzle nhozzle nozzles
(b)
Figure 4. (a) 2—channel 2 layered nozzle and (b) 2—channel 3 layered
nozzle
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5 AAle oA AW dEAd "@ay

Azl AHE-st

AABATE. @ 2 % channel distance® ©] 77}
7} 79 wireZt A HAY UF 7ke-A
578 A7k wEbA] o] A= dEAd

=
AU R Azl AFESN Y Zo] =53 22 ez HAs
Atk @9 ¢ core nozzle exit pipe length® ©] Ag7} o
s 0]

AgH wEE A 3%
el daA ATHE A ol d AelA Fzskdn (131,

13

o] T& ¢hds] IRA X
Sk
=]

= HEI Y 'AYUweAd S A Z
om fig. 4(b)o YERY= A =&

#h @9 A9 F A

core—cut



2.3.3. A7|AL

Figure 5. electrospinning system of 2—channel 3 layered nozzle

system

k

7019 7+ Ag, vE F, A T A7 gE EHEC] S
] Fo] F 4] A¥A HE (syringe pump)’} Z 23t} (fig.
5). Zol9 2-A4, &, 49 FeH5Ee 44 0.25, 0.25, 1,
1.25ml/h=2 AA3 o TCDE 15cm, A7F Ak 20kVE A
g3t

2.3.4. 9A ¥4

LFP AAlo|A LEP7F A7) flaiA= ®E 700 ~800 Cel
A Rk ol I B =2 2%oA & lithiumo] T#E
A7] wEeltt [28, 29, 32]. A2l 270 T7HA] 9 10 CT=
& 3 5, 270 CTolA 300 CTZHA 1 A|ZF F<F ek 3 dA =

14



ARt Hgst A= 7] FelA APYEHITE o] F 750 T
10 T2 52 3 5, 750 Tl 12417 Fe Ny #97]
A 'hAast 9 LFP 34 dAlE AR o] & Ass #E
oA A2 7kA] A3 WYZEA AL Fig. 6= A2 54 F2 JH
s ojth kst FAHAA 2-Ad T %—?Jr 4 Z9° PAN

)

=

LFPE #AstAldY. v= 59 SAN

Aluminium oxide®tro] @A Fc}.

Carbonization
and LFP
formation

Stabilization

Silicon+stab
ilized PAN

Silicon+PAN Silicon+carbon

LFP precursor
+carbon

LFP precursor + Alumina

stabilized PAN Carbon
Alumina + molten SAN

Stabilized PAN

LFP precursor
+PAN

Alumina+SAN

Figure 6. structural change of nanobattery during heat treatment
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AE]Z3 PAN &% £99 a5 A7|PA Al (75 5 0.5
ml/h, A7} Ak 20 kV, TCD: 15cm) @ As¥ 7 FHE FE-

2.4.2. %= 37}
LFP A7Al9} PAN E9 gee] w5 A7|UAL A9 Asdt I
FHS FE-SEM= ssliA dsiglov dA= dA= $ LFP

7} @A EE=A A 8E Zobx X-ray diffraction ¥4 3Fith

off
32

2.4.3. &9 7}

Aluminium oxide®} SAN =3+ £NS thx A7|WAL A9 A
¥ I ¥HE FE-SEM= &alA #Fslon dAg Fo=
aluminium oxide FE|7} FA5=4A X-ray diffraction &4 3t

ATt

2.4.4. 7% 34 A 2 vy Az

A7YAE o)t EAES o3l WA EX=Zde TFERE
=l 2.3.1.004 whE 7o) fels AVPEAR AlAEe] FYst
of e s Az or FE-SEME ol &3 dds st
At

3. 49 2% ¢ u&F
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9} Si—filled HE MY

3.1.1. HElAd gaueAg 34

Fig. 7+ 49xd ©] & 2-channel &4y (2cHCNF) £+
4—channel &rA4YxdHF (4cHCNF) 9] FE-SEM¥ TEM o]|n]X]
= HolFuh 2cHCNF9 4cHCNFO A& 77t 671.029
641.99 nm ©|t} (Table 1). 2cHCNF®} 4cHCNFQ] ©hw o]n]%]
(fig. 7(a, d)) oA 2cHCNF2} 4cHCNFO @S T deo »
&Folut 2cHCNFO] v epelol 7Hgt}. 2cHCNF £} 4cHCNF €]
o &S 77t 0.458 0.290]th. o] ES el dwh 7ke-A

= A= Axoly FH7F 0o § eSS o o 99 ¥
ol 7H4t} Fig. 7(@)olA 2cHCNF A9 U Mg o4&
FTHS AR OGE AS & 5 Sed 8 R FaEt £ O

2 PAN & 7H+ HS s §19 PANo| dXe & 9o
ol AAEEE P Qe HFe gEn PR F oy uUe

b fig. 7(d)elAE 4cHCNF+= Wi+
A9} PAN 9] oj wWgozgrn A H|E3 PAN %S 71X
7] wjoll 4cHCNFi= 2cHCNFRY ¢ F JdE 7Fch 19
ook Zgid AR E QdiAd 4cHCNFO Wiy Ad A&
(204.80 nm)> 2cHCNFE] W+ A2 A& (310. 25nm) K.t}
28 k& 7FAtE (Table 1). Fig. 7(b, e) oX & HA/7F 4&
o 2-AEH 4-ALY UF T2E e AS AT 7 itk
Fig. 7(c, ) oAl HojA= vke} Zo] Af U5 olF+= Ui A
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sy &jﬁ . A : Ef_t.;ﬁ-x.u
Figure 7. FE—SEM images of 2cHCNF with (a) high magnitude, (b)

low magnitude, and 4cHCNF with (d) high magnitude, (e) low
magnitude. TEM images of (¢) 2cHCNF and (f) 4cHCNF.
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Table 1. Diameter, shell depth, and channel diameter of mcHCNF and

SimcHCNF (nm)

2cHCNF | Si2cHCNF | 4cHCNF | Si4cHCNF |  SilcHCNF

Diameter 671.03 | 1097.60 | 641.99 690.86 710.07
Shell depth 49.58 61.32 58.77 61.76 126.81
(thin and 147.85 214.57

thick)

Channel 310.25 480.73 204.80 222.08 497.30
diameter
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Figure 8. FE—SEM images of Si2cHCNF with (a) high magnitude, (b)
low magnitude, and Si4cHCNF with (d) high magnitude, (e)low
magnitude and SEM image of SilcHCNF with (g) high magnitude.

TEM image of (c) Si2cHCNF and (f) Si4cHCNF.

3.1.3. Si—filled WEIAYE a2 XRD w4
= Si1cCHCNF
b Si2cCHCNF
= Si4cHCNF
[75]

Intensity (a.u.)

20 (degree)

Figure 9. WAXD pattern of SimcHCNF
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Figure 10. TGA of SimcHCNF
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Table 2. Calculated quantity fraction of Si and C in SimcHCNF based

on TGA
SilcHCNF Si2cHCNF Si4cHCNF
Si 32.15% 25.9% 18.1%
C 67.85% 74.1% 81.9%

Figure. 107} Table 2+ SimcHCNF9] thermogravimetric 4
(TGA) 3 o]ol| ajFst= AeZ# 729 FABE verdoh
200 CT7HAS] FA Fae w57l g3 zler AZHm olF
1A 200 T o] FE FA HFAEE JHEel o Aow RHSk

=
oo AdY s SAEREE et o Fe 9o deEe

e
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o
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gtk ol @M AR AY AR i 2
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woll o3k Ao oFgk Adk¥ (shear force) dl A2l Al
do] soldE FoliEs 20Tt A9 PANS| ¢fo] &9
S3 ol® 3 @AY dAdy Eg oo okaxich
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Figure 11. Comparison of the cycling performances of mcHCNF
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Figure 12. Comparison of (a) cycling performances of SimcHCNF,

differential capacity at (b) 1st, (¢c) 25th, and (d)50th of SimcHCNF
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Figure 13. Recalculated cycling performances based on Si quantity in

SimcHCNF

Table 3. Retention capacity at 50th cycle of SimcHCNF

SilcHCNF Si2ZcHCNF Si4cHCNF

Retention capacity 66.82% 67.61% 72.59%
at 50th cycle
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Figure 14. FE—SEM images of single electrospun (a) silicon:PAN —

co—MAA nanofiber and (b) silicon : carbon nanofiber
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Figure 15. FE—SEM image of single electrospun LFP precursor:PAN
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3.3.3 w9 F7t

(b)

Figure 17. FE—SEM image of single electrospun (a) alumina

nanoparticle:SAN and (b) zony! (fluorosurfactant, Dupont) added
alumina:SAN

Aluminium oxide Yx3E] &3 SAN =3+ Mo b Hbxlo] 7
S W= (figure 17(a))7F Ao vlalA o dlwstA B2
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Abstract

This paper reports on the fabrication and property evaluation
of multi—channel hollow carbon nanofibers and Si—filled
multi—channel carbon nanofibers fabricated by using coaxial
electrospinning. This paper proves the improvement of
specific capacity of Si as the number of Si—stuffed channel
inside nanofibers. This study includes the following contents.

Optimized nozzle including the core—cut concept was firstly
designed for electrospinning multi—channel carbon nanofibers

The morphology, microstructure, and material composition of

the fibers were examined by FE—SEM, TEM, WAXD, and TGA.

They showed homogeneous multi—channel structure and
carbon walls inside nanofibers. To investigate electrochemical
properties of Si—filled multi—channel carbon nanofibers,
galvanostatic charge—discharge test was conducted. When the
specific capacity of silicon in Si—filled multi—channel carbon
nanofibers was calculated based on carbon and silicon fraction
in Si—filled multi—channel carbon nanofibers, 4—channel Si—
filled carbon nanofibers showed the highest specific capacity
of silicon and buffering effect although it has the lowest silicon
quantity.

Furthermore, to conduct the experiment about
electrospinning anode, cathode, separator, and container at

once, the electrospinnability of solutions of anode, cathode,

46



and separator was investigated as beginning experiment.
Keywords: Coaxial electrospinning, electrochemical properties,
lithium—ion battery, multi—channel carbon nanofibers, Si—

filled multi—channel carbon nanofibers
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