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AR B SR - EE AT TR AR AERE ) - (B SR A i SR M T e - 2R TR
K T B A R B AR o bAh - BEREEIRY A B B R S M G (] A R A L
(solid electrolyte interphase, SEN)-REfHYHE 4 - SEIEHIEL EEIMRIHP IR - B EMIERSG - A
W [BIREATHAA BASI/CHE & BRI BT R RS - 5l im L & B S B - &St RE - Mhete

FRTTERIERE -

SRR LSRR - WA AE A S MED

FERNT > JRTTSICHE & SRR T R AE -

OTRSRALEN ~ AN IREAREER] > B e ftoc BSVCHE & ABAVHBIRMT & - AR E A

s Ty H B e T HYLIBs »
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1. BU

AT LR s ST B (lithium-ion
batteries, LIBs) 2 DAL 18 o] i =X & 7R o i
S T BT > (RIB SRR AT #E2019/2020
FESERT H R > 201 74E S BREHEE 720t
FE(H » i EE2S8(R ST (KB RLlTEE - 2019)
LIBsWi R Bt EE R ERL > Bl e ot i BB H)
i #i(electric vehicles, EVs) . B kA% (Schmuch
et al., 2018) » B jR201 91535 H (L2 2
§2&(Eshetu & Figgemeier, 2019; Chevrier et al.,
2018) o & ERE R & ELER i H% /> 2= (Department
of Energy’s Vehicle Technologies Office, DOE’s
VTO)3H 20124 1% & FLE0 Y S 130 - DA
$7 $ #ELLEY o FRIEBIEMEME
ST} 8 bR 50 22 (graphite) (DOE’s VTO,

B AT B A DT (LR T4 B B
B L TR A

*ENEEEES: 03-4711400#5987, E-mail: yschou@iner.gov.tw

2015) > AR EEEE A = 5372 mAh g BE
EHEEL100 Wh kg ' B{EAEERHE350
Wh kg™ FYEHREZLSK (Thackeray ef al., 2012) © fif
SRS N BHYES T 0 LIBsH s il aR -
FRERFEEET~10% » EREEEE A
ARLIBs B e (5 I Y (silicon) (LA R - 51T
&8~ §f - #8522 NMC (Ni, Mn, Co)IEfK > K]
KIEFEARLIBsE A - $HbR BB AT Fo (% 48 55 2 i
&> 4N[E 1 FTR(DOE’s EERE, 2019) - & FTHAl)
LIBs#% gl Bt - 20234 B s B2 &
el =330 Wh kg (KO EREL g - 2019) -
T MERE RN - AR TR R B & Y
i B o
FEsH AILIBs &l » AIFK1F/R » LIBs&
iR LRI PDRH A BE BB F B 4B (Wu & Cui,
2012) » Hrp DI H i = # w5 #.(4,200 mAh
L] H 53: 20204206 05 H

{&1F H#H: 20204209 503 H
BEZ HEA: 2020105 12H
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Graphite/High
’ Voltage NMC
$500 _ 4V, NMC

4.2V, 10%Si

$200

System Cost ($/kWh)
b4
8

$100 | e
4.7 Volt, 30%Si
T ~$80/kWh (1.5x excess
Li, 75%S
so I I I I ) 1 I I 1 I 1 I 1 1 1 I I I)
2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Year

Bl SEEIREIR TR G #E T M AR A B3 I 2 (DOE s EERE, 2019)

®1 BHEHTAULIBs Sk H FIASRHAE (Wu & Cui, 2012)

LiTiO, Si Sn Sb Al Mg

Materials Li C
Density (g/cm’) 0.53 225
Lithiated phase Li LiCq
Theoretical specific capacity (mAh/g) 3,862 372
Volume change (%) 100 12
Potential versus Li (V) 0 0.05

35 23 73 67 27 13
Li,Ti,0,, Li,,Si Li,,Sn Li,Sb LiAl LiMg
175 4200 994 660 993 3,350
1 420 260 200 96 100
16 04 06 09 03 0.1

g WAMY Rttt B WETE A
S TR A B e pa BT A B R B BB S e
EAEER > (75 5o IR 3% S S RELIBshY 2k S kA
THRAR > R ] DLPRER (R Ras L TR R i -
ity AR B LI/LE - TAFE R 0.4
Vo EAORERMERE K0S Vo Him AR
B R S ERAY - E (L er al., 2018)  #HEET

1 B A A B RO GRS B LIBsHY 14
fE B ~ fEE A% (amorphous carbon)Eif5 5
B4 BB R i (Persson ef al., 2010; Pierson,
1993) » FEEAFR2 » WELITAR Z BB R
%18 > HZEERME0.1~100 S m' » FEEERE
{ELIBsHYRLBE B2 & (Liu ef al., 2016; Du et al.,
2016; Su et al., 2013; Maranchi ef al., 2006) °

T2 HEETEN ~ FEBRE SR B A B L [ (A e

Diffusion coefficient (cm’s ")

Conductivity (Sm™)

silicon

amorphous carbon

graphite (parallel to basal plane)
graphite (perpendicular to basal plane)

10"~10" 10'~10°
10" 1.25x10° ~2.00 x 10°
107~10° 2.00 x 10° ~ 3.00 x 10°
10" 3.30 x 107
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LIBs#E{T /BN - $HEE IR AR - KR
P RKL S, > BSTRNE 7 B AR 2 IR AR R AR
300~400% - jB BB 5L A S M 45 SE 22 E (Liu et
al., 2009) » LAY Efi 2 LIBs - BRKIZAY 70K
ML AT VIAS LT R0 - R A G
B S8 RO EER % - RIS T-HRAVHR
Rl E AR ED - B ARG TR AR/ W 4 T
71 EWECRERI BRI 150 nm > HAFSLE
PR THIAE » (o B2 M A i i B5 4 MEE T R
WS 2P~ - B RRETRY A} B 8 g i S FE 25 Y
[ S 5 7 7 S B (solid electrolyte interphase,
SE)RETHYIE 4= » ME3FTR » SEIREAY A& B
MRS - EEEARF S ELIBsHY A &l
[EE 3% (coulomb efficiency, CE) (Shang et al.,
2018) °

ST BN E S HEA BN EA
fix » DNHZER AT ARSI o ASGRm SR 2 —
st HSI/CHE S LY & i = BB (L 22 MR A

thhlatlcn

AT smeE LIBs 2 - K oR {bLIBstERERY
7772 » BT &I pCE 2 E AYSEIRE »
AET R/ D LIBSAE e i EE TG ER 28 AE - BHINHFEN
Li"EBfigf - WA IERE e -

2. SIICRE BN EHEERE

LIBs Si/C# &k e i~ &h a5 et it
o RE H=H - WEBRRAIZ -4
(core-shell structure) ~ F AR FE T iR 7% 1Y 25
B 45T (yolk-shell structure) ~ B GIORFERL
TR 2% FLIESS I (porous structure) - 7R
FebadE T A ekl - B LB B &y
HEME - SEMUARESEERMEHENGER
3)

2.1 B-Z 458
SR A ROWRSIRER - BENA

Many cycles

5\'

&2 LIBs&ihy S b5 M A (AT se4g )

Charge

Discha rge

@ silicon

@ Lithiated silicon

Dlscharge

Charge { j

B skl

[&3 LIBsTE/i eE S M2 B AUy S i H plc B AG AR 2 BRI (AT Fe 48 )
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R3 AT SUCHE & BRET SRT R (AT T 42 58)

BRRGETE B 7R BRI

{EES G

WHETHES TRE - R
P
A -

AEnAE > WERINEE— | BIEGEE -

LIBSFE X2 88
B R -

W 2RI IESIO, - SRYIE

EEE-RAE

e

RESI@SI0, » ER AR | AR B2 E
R R IR SE - IHFERZE | B I% > B A gl
Si0, » AN B ZE R 22 | IE - iRk

B - WS I RO &) | LIBsA B IRFFRE -

BUREAERE

S BN R &Stk
ESINER

B -

T SRS - 1R | LIBsEERFFREE -

FHE AL BT -

& FERE - JREE - BIfE - B 2 (polyethylene,
PE) ~ & L)% (polyoxyethylene, PEO) ~ T &
Z.J%(polyvinyl chloride, PVC) ~ E(LE 2 )%
(chlorinated polyethylene, CPE)E1Z g — & )%
(polyvinylidene fluoride, PVDF) » £&8900°C#i:45,
i BRI S EE R (Kim ef al., 2019)
WZ-R4ERERY SI/CE &R - A 5R L BRIy
TR > BRI R bR P iy B S AR TR Y F A o K
DNy SRR AR S AR RIS - HEMFRE SEIRE (Lee
etal.,2018; Liu et al., 2011) °

Hit&60 nmiyy » JEEPVDFEELS » BR-
RS RS I 8 AR 2 B > FEBCLICIO/EC
+ DMC4HRZLIBs » MAE#660 mAh g » 48507
FERENERE - BREIRFFREET5% (Liu ef al.,
2009) - 25 EAMITE - AR 45
HigE - DEEEEGRENY /AL HFY
PR /1 2 @N-doped & F1 ) » N-dopedife /& A<
1% ] DU G0 BRI EL TR TR AR 1Y - RIS SR ET R Y
HSTERZ AR (MU er al., 2018) » {(RHEEEFELLI I
AR A RS S AR M B A AL
BEVERE - MAMNYIHA R B7412 mAh g
LEI00 R R % » X RRFF611.3 mAh g ' 58
R F582.5% (Zhou et al., 2016) °

2.2 B=-RRIGHE

DLVH 7, 8 E 1 fE (tetraethyl orthosilicate,

TEOS) ity FH & & Si0, » Si@SiO, M kh&E
EERATEEY) (carbon precursor) » T 5
o i B AS o R R E P RES10, /g Bl g
(Si@Sio,@C) » F % &M% (hydrofluoric acid, HF)
ZERFRZESIO, » BRI ERAYBY R BERY - 4
Ry oKV RS - AIERZERR > Si@void@CH iRt
HRRERE - ME4FTR o £ AR TR AR
A T ZE R > LIBsE i A DUPRRRR IR LI ik
NHREIARY FREUE ST » BAmFEL SRR S EAL
B FrRiEgE - — s tbREE - (L E
FEEIEL A f1(Jiang et al., 2018; Liu ez
al., 2018) - JHLAE R K BB B - R4S HYST/CHE &
FARE > ORI B A0S AR BB LERMERE - Y
i R R R bR R Y Si@CHZ-RR &S T AR - BRI
R B E A B E B SR Y BB (Liu et al., 2012) ©
M-SR SI@CH R Z Bl - 8 24
HERMNYIBE 1,479 mAh g7' > [HELS0
RAGEE% - ML ES52 mAh g o Sk
ZEBRFFR > R Si@CH -7 & A i
TEOS » #HSi@CFEHE K ASi@C@Si0, » ¥
BREeaRES DT KR e - PR
Si@C@Si0,@C » & LIHF{ZE:Si0,5[ A%
be - BUSHEEIRRSIQC@void@CHISI/CIE &
Mkt - Si@C@void@CHSi@void@C.2 & it
LR 0 RS EEL910811,132 mAh g 0 4850
TAEERE - HEIRFFRRT1EL66% » AIESHTR
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TEOS

<

@ silicon ™ Carbon

@ sio,

&4 EE-REESVCH M Z SRR E B (AT reE )

Carbon precursor a
A

Carbonizing

Carbon precursor

N

—

$
A1Ag?

—a— Si@C@void@C
—o— Si@vold@C
—o— Si@C

e Si

Specific Capacity (mAh g*)

Cycle Number

127 &EE ~ B RS TEHYSICHE & B RERATRY S i 75 & (Xie et al., 2017)

(Xie et al., 2017) L% EZERAERENISICES
B > R I— Bk - A E - s
(Si@void@C) » FEHEAFAVE T (Him it - [FKE
R AZHAPESL » ARCCREEWX o i EER
BB % > B AN n RIS E -

2.3 SIS

DA i) B filg 40 e AL 1 oK FE R A CHL CLZ
& BRIV IS - BRI AR R R IEN Bk
EYIBRIE - B EE L FLMES/CIPRL -
— L RES TR > NERRE SR
1% AHF R R £ Si0, » 4 B 25T SR 22
MBI o L2 FLMESI/ICHE G A PIhA &
£5856.5 mAh g » L1100 (B % » MiEEE

%732.1 mAh g » BEEFER 585.5% (Zhang
et al., 2014) - HTEERLHRAVEIRTIA > BIEK
A~ BBV Ry REFEY)HIN iR (silicon ingot)
ERYFREEEZY ~ BRIES(L TRl - 257820 nmb 2
JARFE200 nmfyEY > BLFFTRORER(2~10 um)iHy %
FLEESI/CHE G - IhIE A MRA EES15 mAh
gl BB00RTEIRTE - AEIRFFEF86.8%
S E A B E RS 5 20.044% (Tiana et al.,
2015) - BHREREBE I ZFLIESI/CEEE
tix 1120 v i b 75 7 BB IRRRHY A AE KR AV AR
R IR TR T HE S - MG AR LAY BRALES
& REEEEEEEE  FERFR b

-
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3. BREMA D ERT

FERER ST 40 o) 28 A PR LR ol ~ BRRR
DIEIEAREER > sfbhy A Ak 2 BRLEE RS -
fR e AMEETEELSEI - (ELIBsHYSI/ICHE A&
fix - EFEHEREE - EEFEHETEER

= o

=1 ©

3

3.1 YREE{bHiig

TETEMERAG R AR (F By T bR -
TR AR A4 B SEIRRFTMAERILI" » DUBEEE
fii(counter electrode) - ## ¥4 )& ~ Li,SO,B(H
il & ST B AR - T ERLER) (B S -
FEMEE I TR LR - MR RISI/CHE & A fiREL
PHSE Z B HETEREIRRMIPESEIRE © L
T AR BT > A LA R = S1/CHE &
BEMRHYFELECE - (B TSR LR B AT 4 &
fix > 4HpEMnO,/Si g8t - R 20 W
kg' > B{EFAILLAEE349 Wh kg ' > fEE %
1,710 W kg 5&{4F > % B IERE R FF138 Wh
kg ' (Shen et al., 2018) - 1Z-FASRERIRY T -

F—H PEREI110F38

VIR R 65~85% » BRI A B &
#90~94% - 1 F TH e 7t 8~ TR bRl -
EALER PRI 1B AV SRS > o3
ETAACE £594.981100% o N —{{LIBs4: ZE4R A
DAETAL Bl 3% 46 34 45 (roll-to-rol ) & 8 A FHEE §8 -
o TP T BRI TSR LR E R T (Jin ef al.,
2017) > ZAME6FT ©

3.2 BBERANIE
LIBsHy % & B CERIEEK - v B4
SEIFRMY AR E HIG IS - 2B RS L -
& BB RO IR S LY BLER R R S - R
ESREMCEME - DI S 4 BN
SEIf - #1-FA42K » C&EHR AR S EAE RS
BT LIBsHARAIAE] » G140 bk ol 24 B
(vinylene carbonate, VC) (Chen et al., 2007; Chen
et al., 2006) ~ T & (succinic anhydride) (Li
et al., 2013; Han et al., 2010) B3 (CHEE 2. 1%
fig(fluoroethylene carbonate, FEC) (Choi et al.,
2006) » HA1 LI VCRIFECHR E(CF#M: » AsEH
DARAZ b5y B By CERI S B ORFr 3 -

c-SiO, Electrode

Electrolyte

Voltage Check

&6 SiCHE & Ry G G (roll-to-rol ) IR L B FEMER AR i (Jin ex al., 2017)
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ORIV At NEBRE10 wt%
FEC » #:{ESSRIV T BEIEER - JH m SR
PRFEFRF599% » TR ARIRIIFECH EME - &
FERE R70% (Xu et al., 2015) « $HEFECTEE
SEIRRA% I » H#EHIFEC Y &8 K sl 8L Fo ik %
i /% BE(vinylene carbonate) @ FRE ST E
bl (polycarbonate)f& 72 SEIf# (Etacheri et al.,
2012) - FTHARFSCEEIR - FECHY X 28R EY)
-CHF-OCO,BHLEWYIMILIF » R HI4GSEIfES
SR B RE - 2T AIRIRERE - Pk
SEEA N ZISEIRR - [F25 R RILIBs 7R B
J& > EEERIE RO E AT - (& IS il
f R P £ 48 AU (Ree, 2020) ©

3.3 35EH!

REE 8 Ry IS MR R B B R IR
BERR . HRRHEERK S - AEEE
SRR A HIRREWNEE - MEAEAMRY
FHE B & M (poly (vinylidene
fluoride), PVDF) » ZA[fiPVDFAYi{E %% /7 (van
der Waals force)#z55 » fi)AFHHSI/CIR S B
RERRSE(L - BT SR A E R E R AT
VIR B REER > SRR EL B E R Ry R ¥ HR
FLa 4 2= (carboxymethyl cellulose, CMC) (Shao
et al., 2014) ~ R EEE (polyacrylic acid, PAA)
(Magasinski et al., 2010)EL# %S (alginate, Alg)
(Zhang et al., 2014) » FEVE A] LLBLEY 7B 5
B E(LE S - B ERAHEEER JT8RsE
Mo DLECRFFSICIE G By 5o B - HEMmE
HILIBsHY S fEER S ©

4. fSmEA 25

PHEE T AR - SREEEER
= LIFEERR M - e AT SR E -
BENEEW | FEAEER > EREEFILIBsHIS R
TR Rs S Pl B A B R RE R - 5 IS
N fULIBsHYHEE S - PR FI AV A
= BRI SRR E N - SUCHE &M RHATT K
Fo T E 350G - LIBs&S B IE » W RZARHA
ZHIIEARE M AR - EBRRA% L
> BEEHRMES/CHE & B MRLER > ] LU
RBEALR TR EEPE - ASGISI/ICHE G
Sty Re R LR ~ AR ERET ~ B
TEEIRE IS RS - SI/CHE &AM
R ] S TGS LIBs B G TR - ASLRFATST/CHE
G RMRHRRTRELIH] - PRETERGT - B
3RS RE N E TR - ZRIM > BFESYCHE S
o HATE S S ARER AR - RORFERE
S B P I e 7 B R R R o e e - &
RN SR - YeERBEIAHRESE
EAC/ 1082 ERTSO R B MG ER 2 "PH EE 380
IIMTEEBI% -7~ EEE - S F LA RS
LIBs& ik » FiPEAIFR4FTR » H P iR aE s
R R Rl 5 [BR ARG AZR 2 &
BB S TSR - AR E B ARSUE - B
EIRTTLIBSEEERREN -

fEBISYCR IR IERE Z FMNEF 2 BN T - B 58
Bl BALEMERE - TE LR M AP
FRSELRE R HFEsHERE T - BRI ELIBsHV AR
FE R BRI IIE S0 Bl B 5T
H > fRESEEESRE L MEE © F5EHIFH e
TESICHE & &t sEtEse M > LUK LIBSHYTE

/

T

®4 LIBSEBY &R - PR RS R AP R TT 5

=ty W& & (wt%) G A HRE B 2 (mAh cm ™) SRR AR (%)
“ity 100 0.12~0.33 5~10
Si/CH%-%% 65.5~72.4 0.23~0.64 55~70
Si/CE = -5 1.4~2.5 2.07~3.22 85~90
Si/CZ% L 35.4~66.0 1.51~1.95 90~94
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Recent Progress in the Development of Silicon/Carbon
Composite Anode for Lithium Ion Batteries

Yi-Sin Chou'"  Shi-Chern Yen?

ABSTRACT

The recent trend in lithium ion batteries (LIBs) has progressively developed to apply the novel silicon/
carbon composite anode, which combines high lithiation capacity of silicon and excellent mechanical
and conductive properties of carbon. The silicon/carbon composite anode enables the most promising
applications for next generation LIBs. Because lithium ions are inserted/de intercalated inside the silicon
carbon negative electrode, the volume expansion/shrinkage stress is generated, causing serious cracks in
the negative electrode, and thus affecting the electron transfer, and finally reducing the specific capacity and
increasing the impedance. Moreover, the cracked silicon materials react with the electrolyte to cause solid
electrolyte interphase (SEI) to continuously proliferate. The SEI growth and resistance increase affect the
battery cycle life. This article reviews the recent innovative technologies about performance enhancement
of the Si/C composite anodes. There are many discussion topics, including the battery reaction mechanisms,
structural design principles, material synthesis methods, morphological and electrochemical characteristics
of Si/C composite anodes. The other factors about the improvement of capability of Si/C composite anodes
and lithium ion batteries, such as prelithiation treatment, electrolyte additives and polymeric binders,
are also discussed here. The relevant technical information of Si/C composite anodes is aimed to help
understanding and designing of silicon based anodes in LIBs.

Keywords: Lithium Ion Batteries, Silicon/Carbon Composite Anodes, Anode Structures.
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