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2 AN 18 55 AR EEEs H2l 5SS Jds] $lEl SICNTIC 5 SEAAE Az
SIS SICNT= W 7Nl 2Jst okxls) 229 333k ONTS] 47714 Qg oJsliA Ax=H N, A3l
JafA T 9] SICNT/C BEaAAS Akt A= A2 poly(vinylidene fluoride) (PVDF), polyacrylic acid (PAA)
4 styrene butadiene rubber (SBR) HFQIT] & A}8-3F31 31, 1.0 M LiPF, (EC:DMC:EMC = 1:1:1 vol%) A 3j < gl
fluoroethylene carbonate (FEC)7} 7}l 3l dl& AHg-sto] AR E Axstlh SICNT/IC 55 J34A= SEM,
EDS, XRD % TGAZ AMg-ato] B]2] BEAS BAsIion, AolF, 85, do/dv U 9~ HAES S 2F
o] wllElg]e] A5S ZARISITE BEAE SiICNT/C 344, vlRIt|E PAA/SBR, A3 OE FEC 10 wt%/} 3
7V EC:DMC:EMC £S5 ARE3S 79, 50 AJolE 5 914 mAh/gd] & 7o) 3k} 83%2] &% H-4& 4 2
C/0.1 ColA] 70%S] H= EAS Rt

Abstract — In this study, silicon/carbon nanotube/carbon (Si/CNT/C) composites for anode were prepared to improve
the volume expansion of silicon used as a high-capacity anode material. Si/CNT were prepared by electrostatic attraction
of the positively charged Si and negatively charged CNT and then hydrothermal synthesis was performed to obtain the
spherical Si/CNT/C composites. Poly(vinylidene fluoride) (PVDF), polyacrylic acid (PAA), and styrene butadiene
rubber (SBR) were used as binders for electrode preparation, and coin cell was assembled using 1.0 M LiPF;
(EC:DMC:EMC = 1:1:1 vol%) electrolyte and fluoroethylene carbonate (FEC) additive. The physical properties of Si/
CNT/C anode materials were analyzed using SEM, EDS, XRD and TGA, and the electrochemical performances of
lithium-ion batteries were investigated by charge-discharge cycle, rate performance, dQ/dV and electrochemical impedance
spectroscopy tests. Also, it was confirmed that both capacity and rate performance were significantly improved using the
PAA/SBR binder and 10 wt% FEC-added electrolyte. It is found that Si/CNT/C have the reversible capacity of 914
mAh/g, the capacity retention ratio of 83% during 50 cycles and the rate performance of 70% in 2 C/0.1 C.
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2 viE g7} o] AR-E 1 glk. 2Ev 2E o] wiElEell AR
Hi S 22 AlghE 592 pouX] g 2hs AXE )
wah= ol ofgo] Jlet. o] g A ouA] deg 2= 5
= g EE 18] FHow 74 Q= AR sk AR E Al
shek 7 ik mEbA] diarRe] A7|xF Al ol-g-skr] 218l arell
YA U 3= Ax A7 Q3.

T2 S T E A Rl =2 ol28%(3,572
mAh/g, Li;sSi)#t 52 A5 A4 o=, A4 18 viE e 55
aAE FEa Qlok Bl Eshael e A HEA 2 5y
o] wAsto], 1 Al M5 A0 FE Qs A% 89 IAE
ZH37] witel o] & adsh= Zo] mlg- Fastth2]. AelE &
=9 AL A dat] $l8l A= WA Az g ellA] vl W
A Ao & AF7} o] Fo| A 2 Qe A BRelT QL
polyacrylic acid(PAA) % carboxymethyl cellulose (CMC) 5= A}
Gl et A Ao R Dy Adtelo] 5] e o3t
S A7 Xy a1 9l o [3], el H7FAIQ! fluoroethylene
carbonate (FEC)E AHE-3to] -2 3 A= Qlgh Y&t SEI &
PJo g AEE 5 59S MAdshe B A7 s Qlrk
[4].

A71818H e JiAdsh ] Q13 vkt AeE 558
A= A gRke] sl A AR 9 A EEA
Al ZE- 5ol AUt v AelEe d A Al vEl 2l Est
N Ui 71A1A S8 ehstato] 71818 s ANAE
THST Ve AEE2s E-8-5 A a/mia 3ol AH-EE
A MEY A= A By WS gelsla A7) AEEE Y
Al g glom, Fr S, TR 9 g YK H(CNT) 5%
ZE 53t Aot =2 way 94| 9 R 5] B vkt
AREEITH6,7]. 73 271 AEA 9 71A1A A S 2 ONT=
AP/ S5 B 2 %S vEpdtkn HaE gl
TH7). B3, v w40 WA R SR8 ARESte] kst
W TS B3 ARl A o) A E BERAAE AT
ATHS.

& ATrellx= gl ol v E]e] &3 A Tl 4
8, Ael22k ONT, 255 ARS8l &
]9} A HE MR 3fo] A S-S
¥ A2 2 ONTE 1714 Hkg-& S8l SICNTE A3
FAzEAe} £ F8te] SUCNT/C 5= HEaAE Ax8s]

dlo

o©
i

CTAB modified Si
SIS
f

SDBS modified CNT

SI/ICNT

CHHE - ofF

%152 PVDF, PAA %! SBR HIRIT| & AF8-810] Al 238131 0H, 1.0 M
LiPF, (EC:DMC:EMC=1:1:1 vol%)%} FEC7} H 7}l Al S A
Gl AAE Ax3 F Aol &5, ddV B IR HAES
sato] A7)3keHA e ARSI
2.4

2-1. UM HISS S8t Si/CNT SR ’IZ=

X JhE e 9ste] S73Fe] CNT (multiwall, diameter ~15 nm,
length ~5 pm, Carbon nano-material Technology)2} %F%35}2] A2
(30 nm, CN-VISION) Ato] 9] %71 4] Wk~ A-g-31o] SYCNT
FaAE AU 04 g A2 27 0.04 g9 cetyltrimethy-
lammonium bromide (CTAB, Sigma Aldrich)E %5 80 mLell
Gallgh 5 4Rt 25ukE A E]sigi on, AAk A2l ONT 0.04 gt
sodium dodecylbenzene sulfonate (SDBS, Sigma Aldrich) 0.04 g& %
7 60 mLol| Baletal 43t 25k Agste] 7 &odls FH
atalvh 1 /i | A G0 ONT S35 o as |
EA 122413 F_F wRkslelt), o] 5, A4e] o 24413F 54
EF 3 SIONT 2 Az,

22, 8 SIMHE &2l Si/ICNT/C 2= S M=

B A2 I 2 A(SAMCHUN chemical, > 99%)3 AF&
ato] - WS B3 SI/CNT/C BEFAANS Azt A%
H SYCNTS} A 7|02 sulle] A =A~E Sl €oi 30
T 2595 AEskaL, ol 1217 waksksivh, &5t 89S
Teflon-lined stainless autoclave®l] 2] 200 Tl 1047+ B2t <=
A Aol A ES IF o7E T3l THTY olvkES Ab
gato] ofg] ¥ FAIBI L, 60 T QB0 AFAIZ] $of|, o}2
7 2-917] shell 750 TolA 6A13F B3 SA2lsksint. HFH o
2 AZE E34AE SiICNT/CE Y stdon, 33 B34
A zel] et NAEE Fig. 19 ERASITE ¥]LE 913 CNT F-2h
37 lol 919 7 Yo = AF3to] SiICE EI]8I3AT

2-3. 2SO0 2 H FU S 4 M

A Z ¥ Si/CNT/C E&AaAe] EAS #4317 9l8l, FE-SEM
(Scanning electron microscope, LEO-1530, Carl Zeiss)S &-8-5}o]
A Z7] W A JElE FAFSF L, EDS (Energy dispersive x-

ray spectrometer, Bruker-NS7)& 3l 94 w25 2RI &=

Hydrothermal

—

sucrose

SI/ICNT/C

Fig. 1. Schematic diagram of the synthesis process of Si/CNT/C composites.
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st AYFx2E 54337 98l XRD (High resolution x-ray
diffraction, Bruker-D-5005)5 A8-3}%1 o™, A2 4 §k49] &
-2 TGA (Thermogravimetric analysis, SDT-2960, TA-Instruments)=
B3l ATt

71818 EAL olZ 3t E97 ol ¥ 21 A(CR2032)&
AHEslo] 2AVEIATE A2E Az Slal, Alxe SEdy =
2 7 (Super P), HFQIGI(PAA, PAA/SBR H1= PVDF)S A}-4-3}o]
60%, 20%, 20%2] SFH = E55E $ Gullof] AMAZTE AlzE
<H2 s FAAl T2 3 fJofl =xskar, 1 SvlE A A
7] Sl A2olA 12417 Tt Azt FAS 2287 38
roll pressE ©]-&3}1 70%7FA] 9+ 3, 120 CollM 2412 A3 A
ZaRith A A= 0 Z Li metal, F2]7HS Celgard 24003 A
3}, 1.0 M LiPF, (EC:DMC:EMC=1:1:1 vol%) 3l 9 H=1= 10 wt%
] FEC H7HI7F 7k Al o& Akgato] AA]E Alz=si3ict.

Az AA = 24413F b 3 5 EH| AESF AL, WBCS 3000
Battery Cycler (Won A Tech)E ©]-8-3}%] CC/CV (constant current/

constant voltage) 3 R=F 443515 Tth Alo| & HIAEE QY
9] 0.05-1.5 V (vs. LULINoIA Alo]E9] {351 18-S 2AKe13
AL, &% 5420.1,02,05, 1 3 2 C2 7k = AFae W7
St A -GS gRlskiT. B8, 1000 kHz~0.01 HzS] W
A BIRAE FHE

3. 2y 3 nE

3-1. SICNT/C = 2K 228 5

AzE 2F o WE] 558 SIICNT/C EdaA1Y ik &
& #A3517) 98 SEM AFAS: Fig, 20 YERASITE SEM H-4]
A3} Fig. 2(a)°lA] A2 23} CNTZF F-2HE] o] FA 1A #AakE o
USRI o= Aol ol AU CTABS
ARl 32 ZfEste] ko st Hlar, ol A dAR]
SDBSZ 213l CNT/} 713k 3 /| =]7] wlitell, 471714 vt
o= anFor ¥ Ao YAHAY9]. FARSE

Fig. 3. EDS mapping images of Si/CNT/C composites.
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AFEEke] 9 A EHE Fig. 2(b)9) 2] B A7 AAE 4
.01, Fig, 2(c)olA SYCNTS FARAE 529 A5 B A=
T3] &2A7F SYICNTE 1= FElE ehiiglct de2 W
kAo B 5 ER15}17] $13l EDS mapping =412 et Ay=
Fig. 3¢ AIASISITE. SEMZ} fAkekA 3739 'ha 774 U A=l

o] A FaxE o] Q= Ag GRIE 4= ek AN A5
A7} Baks) ¥]%] 38 Si/CNTZ} 3 a9l oH, o= 5
A A4S 23 SI/CNT v, B4 A4 ko] & o} S7ied 7
T S Aolgkal AZETH10].
a0 AYTZE st 93] XRD BA41< 54
Fig. 40 TAISFATE B3t A Ag] &2 28.29, 47.2°, 55.9°,
68.9°, 76.2°¢ A1 Fo I A7} YEFCH, (111), (220), (311),
(400) 2! (331)°] AAFZE YERATH11]. EE3E, 22-25%004] K2
933 8144 B 725 Yeh 3, CNT 3] 213 26.4°, 42.9°0])
A mAEHA BZEE, o]= (002) D (100)2] A F2E 2= 4
S ERIskITH12]. o) 5 Fal AEl, ONTS} Bl A g4 5
B3 H 141011 X QIS & Sl

AZE S AAE 5 T/ming $& £5F 25~900 T2 &5
Tl F7] 9171 stellA TGA #2381 Fig. 59 A3& LE}

(111) + SiJCPDS #27-142
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Fig. 4. XRD patterns of Si/CNT/C composites.
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Fig. 5. TGA curves of Si/CNT/C composites.
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Fig. 6. Differential capacity plots of (a) Si/fCNT/C and (b) Si/C micro-
spheres.
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Fig. 7. Cycle performances of the anode materials.

PAJsh= 5 ALO)E tin] 50 AfolEollA 9] S8 71O F el
STk Si/C B3 A= 1,557 mAh/g, SI/CNT E-8 441 2,102
mAh/g, SI/CNT/C 534+ 1,638 mAh/gS] %7] 719 §3S
LERRQITE B3, Alo)F QA 22t 56, 42, 70%%, CNTZF A
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Fig. 8. Cycle performances of the Si/CNT/C composites according
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&:2)0ll thet &= A2 7] 32 2,001, 2,151 mAh/g, Alo]&
RHg4d2 89, 80%& HERSITE Skt %3*42.301 73 SBR
HRQITI= PAA HIQITI 9] Uh FA)S RS 5= glo], PAA HIRIT]
5 G50 F AR-SE 9ol n]s| Z A E < é*é & UrERdith H4]
18- %F<] SBR HRRIEIE] ARE-E g4 o] gl Wallsta &
=4 34 9 84 Oi Q3 Ate]E J5E 2AsiZ 4 9lod,
SBRS 10 wt% A718S v 53 ASS Jeh)= Ao r A7)
HoH19].
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Fig. 9. Cycle performances of the Si/CNT/C composites with and
without FEC.
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