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Research progress of specific capacity improvements of silicon-based

anodes in lithium-ion batteries

YU Chenlu, TIAN Xiaohua, ZHANG Zhejuan, SUN Zhuo
(School of Physics and Electronic Science, East China Normal University, Shanghai 200214, China)

Abstract: Optimizing the initial coulombic efficiency and cycling stability of anode materials is
important to improve the specific capacity of lithium-ion batteries. Acknowledgedly, silicon-carbon
composite material has been regarded as the most promising candidate for the next generation of
lithium- ion batteries. In this paper, to the point of higher specific capacity, the structure design of
secondary particles of silicon-based carbon anode material is detailed. Meanwhile, the up-to-date
achievements and bottlenecks in secondary particles design, pre-lithiation strategies and binder
explorations of silicon-based anodes are systematically reviewed, given their importance in
electrochemical performance promotion and specific capacity upliftment. Based on many basic
scientific issues and critical technologies for specific capacity of silicon-based anodes, the suitable
design of structure, process and selection of binder are recommended to the achieve in higher power
and better stability of anodes on lithium-ion batteries.

Key words: lithium-ion batteries; silicon-based anodes; initial coulombic efficiency; structure of

secondary particles; pre-lithiation; binder

PSS NS EEN R A, BA
ReEEEE. WREES. THEGK. BRHEE
L[S TR A § AN e o (AR W A -
WS HER: 2020-04-30; &S HHEA: 2020-05-25.

HEWmMB: RiEWARZLAKIH (19DZ1205102) 5 Ak 17 i H

(2018KFRO125); fkA#HIiH (2020KFRO051) .
HE—EE. REHE (1996—), 2, BW-LWHIFA, W7 E T /b

FEI9NFHREAFBANTIHMEM, WS DRAE
BRETHL. (ks BT, AiEHiR. Bal
TR, REHSRFIIERE T2 M. T8

TS, E-mail: 614724850@qq.com; BRERAN: FK¥UE, =g LALM,
HF T8 07 10 AN KAL) i 4% S 6 He 7484, E-mail: zjzhang@phy.ecnu.

edu.cn.



%6 RIRTESE:

B 7 R R R A B R T ORI ST

1615

oK, AR T RE R R TR R kS, 1E
DI BT H B e e A B T b
PR T R AR . R BRI

SEE R RGP IEAUBONTEYERRL, 2 REEAT
k. IR R E
Em=1i]X(UC—UJK (1)
0. 0

X, E. O~ 0. U U~ KZr 59
RERE. EARLAR. ARLA R, ERTFE
B SARCPI AL, IR SRR VA R T & L B
FALE O AN B i)™, 356 yth 19 8 52 25 P2 2 ()5
VB AR AT, @ kT, LA EH
b Tl 2 A7 b 2 B N AR A R

E, o
@a(Q+Qy

A, EHRILEE QB NZ 140 mA-h/g, DA
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AR, TR ois gy, HEERS BN RET &
29804V, TEHE = I B A R 7 [R]
A DLBE G A S A . SR A UL EILE, BERAA
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Ko, Wil o, & w5k 2808 80%~
88.1%, 0.5 A/g I FLVLZ B T EH 100 B L 25 &0k
1250 mA-h/g, 5 A/gf KL% E T LA EIE
558 mA-h/g. Cao &5l #% | LALLRHIARZ) 9 50 m*/g
12 FLREN SRR BRI R, %R
BTk 83.5%, TE 1 A/g [FHLLE BT I 200 & Lt
AR X 1846.1 mA-h/g. Zhao ZEMPAEERN ()5 pm).
FERFEONUEA RE, I Ag 4 B R 1th 2 AR K &5 T
Fr il 46 7 an B 2 AT 1 Si/Ag/C S5 12 &M R %
AN A 6.154 m?/g, il £ 1 5 B 20rT 1A 84.6%
1E 2.1 Alg () LU % BT 1 26 200 FE EE &5 & I8
782.1 mA-h/g. bR TAEUEH], ROKHEE. 2 FLAE]
13 B RE R — O W G 30 L S B A9 3 1 R IR 2
T, R AT 2 LA FE R R B AT BT L
FEPE G RS ik (R R AR A0 5 35 %) A7 A s e
)R, A, H T R 2 A AR R ST AT R A
RPN RERORLAT) 2 fE G PR L, 4544 L
[ (1) R B2 S PR B A, 5 S0P A P B K RO 0 ) 34
5, AR 10%~20% F 2R .
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Fig.1 Schematic illustration of preparation process from
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L B RG34 200 P Jig LE 25 204 31 1459 mA-h/g,
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Fig.3 Preparation process from SiO precursor to Si-C
composite
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KT, P E 4R, NEBHZ) 10 nm AR
L HEAR T e X FPRERR — R T M AR 2 25 ¥ 2
0.68 g/em’s  HARFERUR I RSF/NT 15 nm, (HAE2RE
B R B IR R N 76.0%,  HH A B EIHE & .
PN ) A OB RO ST AR 8 /0N, RERE SO % B N )
77, ARRAERRL R/, $RS% BEAR A 2
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Figd Schematic illustration of synthesis route of
interconnected sub-10 nm silicon nanoparticles
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SR AT DA R B — Ok T R R R R TR KT
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WAERR. . S BRIk 7 I REAR
A EERFW

Li S L4k 1 (£ 50 nm). A7 52 (4 10 um).
Wi NUE RS E 7 E12%), Hil4 TEER X
Wi T S54GRS IR,
BAELS um £ 4, %12 F il & 1 AR s e
ik 1.0 glem®, 0L 90.5%, 7£0.2 Alg IR E R
A3 LA B4 640 mA-h/g, E0.5 Alg L T
TEFE 300 P LU 25 SR 730N 85%. Fit 5 1 5 747 [
gih, I EEBRER, BE SRR 2
WERER RGN RR e MR SR tL ik,
KiemE AW FEE, B R TR R
FRIEL I SRR ER, Z RN T HGERTI
K, AATERERE. Yig27E Sio Al 2 Hr s
MR B3N T A SRR (GO), @I vt
T 2450 2% 7 Si-C Fm i 2534 F1 G/Si-C XUk i
Ik — KL T (B 5), A sl oA ZIRRL Tt T K
AR S ML, 5 Si-CHibkAitk, G/Si-C ki
AR A R A B 2 Rk, RIUAAE
B B A AR R P N, TR TR R R 4R
e GO I B 1 iR B R4 2%, fiG 36 100
W 5 A R AR E 99.57%. LB AL B RER —
BT ISR AR B IS5, IR
i, T LA R 5 — ok T 2 (A R B A, PR
UORL T LT BRSBTS AR A, 38 v SR S SR T 24

fasE k. (HA2, A BEHA S LA R, fF1E
REZHGREALL, HIIABATRES R E S R L
AEAE AR, PR BB S PR L AN 4G
Ha), STA A L A B NN AR e
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Fig.5 Preparation process of G/Si-C
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SiO #IA SR 3 B gk 2 Lk By Al LisE R dE
WA EME. SEAmEEML, JFER
IR FE SR B A S BR, AG il 4 i A
TR0 LA 68% $TFF 2 78%. [FIMAR R, JEHHFER
gER PR G AR, 7E 1.05 Ag I HLIR 25 BN 5 30
1000 F&] bb 25 8477 38 £ 1500 mA-h/g. X 32 22 [H
MAEE R AT ELS T, W ERRIT T 2 4L
WES R, $REE T R AU IE R [FIBS K 80
T SELSARTIAN, FRIK T LR EIRA. NEEiHE
2O XA GR T RE @ B O0XKIBAERE N3 T N
FE AR BV AL TR B e 25 18], $R 4 T B i AR e 1k
It H 2 s A i, RERIRR 2 2 1A S8 %
AW, KRR TR A E.

Wit Uk P EE R, X T URE R AT A
Wt e, FE— A PR — R RIORE ¥ 2 i AR Rt
WL B 5ING, ] DA EAR M REREAT T

2016 4 Sohn Z5" EARER (£ 100 nm) A1 5 T4 4 iR
(PAAYIEAEL, Hil# T ik ki, Wi 7 R
TIRKLFEAL L um, BONERIRGE . 2R, Bk
0, 5% 2 ) I A7 5 AR R 3 T AR RORE 22 ) o DA e 1)
IR E 0K 82.2%, AL N 933 mAh/em’,
£ 2 A/g I HLIL 2 FE R IR 34 100 B8l L 25 & ik 31 2
1500 mA-h/g, fE12 A/g B R HELE B R AR
15906 mA-h/g, FILH TSRS PAA TR
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PRI IEALAFBE A 2 M PO ik, T T A g Si—
O—C=O—CNT %: [, # ¥}z [a] () 4% fh 58 . Si-
CNT 3K P AEE K FE 418 30~50 nm S B, fe
R R ORL AR AR N AR o A 22 LR &5 40 ek
AR A E), RN —80,  HARAE AT (8] 9
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Fig.6 Schematic of coating design on mesoporous Si TR e e AT 2 LA B - S5 E & 0T LUK AR

microparticles (pSiMPs) and their structural evolution W% ICE 2 T+ 25 %) 84%, FL K W1 (46 55 17 75 10% ~
20% LIk, AR AIWE TR D o @ MK T (2

WSR2 RS 2 AL, 20t VR IARRIARAL,  15nm) H & Bt — YOk T 45 4 Al 4 IO RERR — Ik
IR Rk 742 1) S HIBIE, FTCLRARAO AT R R b B RO 74% 4R 5 90.5%, I K 104G
BB R, JEARIA, ARV 5 R IR AUIR(0.1%~10%), [R5 PR 1)
B, RUNZESH P BRI NN DAY i R R A g R, BRI A itk
51, PAA B WURR A BEAE AR 0 DO AT AN SR 7. EE ML BB R T BT RE

during cycling

5. Bk, SRR SPUREER G, RRRME Bk ORI R 2 LR LA

Inge B i AR SEIE , (BAEAE € 1Y HR AL (1D BEE5HE— LS T 22 il 4k
FIHIAERL 18] ) B BER MO RIBR LB B & = BN, MM =24 LU R LR 7 %
YCRLT (K RT3 LA B AR SR AR VRS i BT AR FE Rk 0 SKRORE o i N3 2 % 7 P AR (R PR i 5
AR W), BEJEEERRZ, FERAE B R AR )

2017 4 Li " & 3 CNTs(10 nmx1 um) A fK  FUn] BAT OB EAL, BR3E wl s s ab PP 3R 25 bR
VRRPRE, JE I BRI TR T SIEONT I B RN TRIMABRISKRE . A 0 55 v iR
R, B8R, UWERMEARL 1~10 pm, W SRPENEE A RME Y G5 SCHER . SR ah RE AR AR
A2 CNT WAL 20 nm [ ST IZ M E A b =7 0 2 AR = A0 B #2 22 AL (1]t R A

Osilicon nanoparticle (Si NP) ’\_)polymer (PAA) ’ aerosol droplet 0 carbon-coated Si NP

aerosol S8y carbon coating/

process calcinations 4
e ) 1N
)
step 1 & step 11 %
<, 0y POTC o R .
primary "‘3’3". generation polymer carbon filling
particle carbonization

aerosol precursor of semimicro-size Si NP-PAA  agglomerate structured semimicro-size
Si NP and polymer (Si NP-PAA) composite (mSi-PAA) Si-carbon composite (mSi-C)

(@ (b) (©

E7 WAREEHRESMHEAREHNEEERE. (a) BTRIARLCEMENRFRIRSMPAARTIEER; (b) SIRRE
SHRMBRINMKIES PAAmSi-PAABERE &ML (o) BIIRE/MRIREREIREDRERE &8 (mSi-C)
Fig.7 Formation process of agglomerate structured semimicro-size silicon-carbon (mSi-C) composite. (a) precursor solution
of silicon nanoparticles and polymer (PAA) for aerosol process, (b) super structured composite of silicon nanoparticle and
PAA (mSi-PAA) constructed by aerosol process induced agglomeration, (c) agglomerate structured silicon carbon composite

(mSi-C) after carbon coating/calcination
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Fig.8 A Si-CNTs (CSs) composite material was prepared
by spray drying

PAASEIRZE ) 51 AT S5, Pilsd 25 K 2 1)

() fETHEGHAKTHETRT, RaEE
15 22 L2 B R0 ek RORE A 3 THT/ — YR ek B AR A
KRIMNBEHEE, A A BEE = oh 7 E R A
TRUFRE B AR 2 8] ) F e s kMG R 1) o5
[ I S AR B 2 I R B2, Ak L B R A 1
WS4

P I A0 ) e e — WOORE 1 35 0 1) 5% P A7 R 1 3
B OB BHEE A 590%); @R EX A RA 7
BT & LA 52370 mA-h/g, RALLL AR B2
370 mA-h/em’); OFFF e & Mk 247 #2(99.99%) 1)
90%; (@ B A [ AR P A7 BN Al U (29 1 mg/
em’) A A EERT .

2 EEER SAROPEOR B TR LA xS K
B 5 v

FERE R B X EECHRAIR, 2SS aditihiIE
s B EE 2 M T, e R B R
FEFEAR . BRI 45 b e it ] LAk SEIR Y i
PR AR E R B ORAE kT
JECRL I v o AN T St A B SELIR, 3 RG 1A
RIANTT %, AT AR . BRI, AR T
AL BN I T AR —— 38 5 PR BOARNS B AR R
BEAT AN, KT SELRSIE A AN P IE AL ERAE, AT

R L I R AR

BB TRV A 11 5 2 3 s 7 AR A B
% FELAE 1) 4 8 80 B Al 5 Ak 5 4 A B fh B
B, LI B R AL 2 I BLIA B SR A kLG &
PP FR S, D AR PR T B R 7 I R
PIATTITTEFE, Mg Rt A . AR G
TNEREA VLU LM SRR A SOAREE AT
RS il = 2 IS A R
2.1 ARMGREEME

7T T U R V25 A i LA R B A R AR T
e B A& IR E 48 B0 R (SLMP), it
W ARKEETTER BN b, DTS B8R
B, SLMP {I°F¥ k4221 10~50 um, B &5 5L
97% ] SLMP #13% ] Li,CO,(1F J R4 fH 15 2 0. 78
1E 1L UKL 2 T 4 B . 24 4h FE IR 718 6 MPa i,
SLMP K THI [ G4 BB a i, B YRURE 50 5 FE AR A el mT
e, PRI FE TP A6, Jeong 517 A fik/
YK/ A 52 2 AW (HC-nS/G) H bl A i N 5 &7 31
8.3% M SLMP, X HL#l Jr PR AvAb 3 . 5 %A Tl
e AR AR b, TRERAL S AR, B IR SRR IA
FT93.1%, HIBHITFEEETEM, MZ2.6 V%
N#10.37 Vo @it SLMP J77%, Forney 25" 1144 Si-
CNT F1 Al B 15 2% B 58% $2 T+ & 68%~78%. Zhao
SOV 3 T 1) A 3 AR NN SLMIP K £ B B AR
65.41% 127t 22 84%.

b T BB AR AR T, wd R, &
e S R VRV T T B, B8 K SLMP N £t
W pldr, TP B B . Pan 524 SLMP 71
BUE Ui b Xt Sios i A S VR R &
M2 A FORGEAT TREEAL, K 7R ) 7 2K ER 68.1% $2
T+ % 98.5%.

SLMP 7£ AR Wi Bk Hp i A, (B A
MANHE, KIS ST EBCRZ . Han
SRR I A &, A &I 6 nm,
20 nm. 300 nm A1 3 pm PYFf I 1 Sio, #E47 e 1k
AbHE, AR R AT I TR 75%~87.5%, WK
B, SiO, MR F AL S TR LiSi 2, FAMiE L
JZ Li,0 e A AT AN ROKRL T, BRIF T
Li Si/Si 5 WA, A 808> 1 SELE PR, A
WG B A B B RSO S B E RS E 1 . 2019 4F Zhu
=2 P LiBH, NARTE, %) Si@Sio, £ A1 LiBH, 3k
TGS, 53] T TR RIRE 51 i) Si@Li,SiO,
WIE 9 Frar, DL 25 00 2 F i 1 80k 89.1%. #2



1620 o B ¥ 5 O OR 2020 £ 9 &

4 4:(Li,Siv LiBH, %) gk, e BEmARER A2 87%, 1EH 200 [ )5 A & E .

PEM ELARSS, (H2 T2 i b A0 N AL B (1 25 3R, 2020 4 Wu 555 H U0 B2 11T A0 BT VE 5T S1/Si0,
REFER S, HARMEF AR, AL 2& 0, Sl xS E 90% M L,
FIFK - 7£0.5 A/g [ FEIUE FE T 1635 400 PE 7545 1000 mA-h/g

P2 . Rodrigues %P LA NMCS32 Ay Mk, il
T AR BT A B RT AT B A (Si-Gr) Ul TRAR AL, H
Mg RN 77.1% $E 7t 5 88.5%, HAG A Fe e 1 B 3
Pemi, 1ECAMAREE TIEH 500 18 f5 L A=A A
WA HE 2 R A 80% . Kim Z5127 F A 97 4 % T4 7 &6

9 Si@Li,Si0,F|&F[RIE B . e 3 S H e s . o
Fig.9 Schematic diagram of Si@Li,SiO, E&Eﬂ 1 Si0, ﬁ *& B/] _ﬁ)& ’ :': it E/] ﬁxﬁl%ﬁ)ﬁ@] 90%
PLE, EOAREGRTHR S T 25% L o A, H 7
22 DARRIRRTLRRE PR AR T AR TR ) F i
BB A RS2 Al A TSk S AR BRI A fik 3 AR A R G, Jd e TR A B T R

HARFR AR, 1R AN FE R A T B B SEL A ST R SEL B2, AT A RUCH i ek 22k £ A b
JE,  HET AN A IEAR 2, Meng S AR BHE R BUELG, SOAF i 8 ES T rT DAAE
PR BE AL A PERE . I 10 FToR, Sk Sio,  WIIEME R SRR, I ol T HAR R [ 5
IR I B, ARG SIO k. FEFHZEMZ, 4 IR, PR E & CRMEIAN, T L
HIZEZ, WNEMR, E2kgMIEI FRMNO~ B 7 HEMEA A/ IEE AR, BRI LS 5
20 min, #JEH SiO, MARLE 1,3- A 2 b b iE Y, HEHl, PSS RE AR, R, ki
FH LRI MR, ERAR IR . % BTSRRI A% B AR B R R R, TR R
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