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Recent Development on Binders for Silicon—-Based Anodes in
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Abstract In the area of novel power sources, silicon anode in lithium-ion battery, with an ultrahigh theoretical specific ca-
pacity of 4200 mAheg ™', has drawn numerous attentions and got to highlighting spot. Nevertheless, it suffers rapid capacity
loss and short cyclability ascribed to the huge volume change during lithiation/delithiation process. So far, one of the most
effective methods to ameliorate performances of silicon anode is to modify binders. In this way, the contact integrity among
active materials, conductive additives and current collectors can be maintained, which may weaken the cracking and pulveri-
zation, keep high specific capacity as well as strengthen the cyclability of silicon anode. Considering both the advantages of
silicon anode and the developments of binders, a review on silicon anode in lithium-ion battery will be demonstrated system-
atically. Besides, we describe the main effects of binders against battery performances. We hope that our review would pro-

vide research directions in the developments and applications of binders used in silicon anode of lithium-ion battery.
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Figure 1 PVDF binder'™
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(a) The molecular structure of PVDF binder, the SiO powder composite electrodes with PVDF; (b) SEM images: before (left) and after (right) ten charge/discharge

cycles; (c) Schematic illustrations of the proposed mechanism
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(a) The molecular structure of CMC binder, (b) the SEM image before the cycle, (c) the capacity retentions for A, B, C, and D samples. The horizontal dashed line
indicates the expected capacity value for full Si lithiation (Li;5Sis). The table inset showing the different coordinates/compositions (wt%) of the prepared electrodes
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Figure 3 c-CMC-CA binder'®’
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(a) Proposed working mechanism of the as-prepared double-shelled-yolk-structured silicon (CVSS) electrode with c-CMC-CA as binder, (b) Cross-linked polymer
binder (c-CMC-CA), formed by thermally induced condensation of carboxymethyl cellulose and citric acid, and Chemical bonding between CVSS nanoparticles and
¢c-CMC-CA binder via the esterification between -COOH groups on the carbon shell and -OH groups of CMC, (c¢) Cycling behavior of the CVSS electrode (Cou-

lombic efficiency in inset) with different binders at the current density of 1 A/g
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(a) the molecular Structure of PAA binder!”. (b) Capacity retention (2nd to 30th cycles) of the Si-graphite electrodes with 10 wt% PVdF, PAH, PAH,4Nay,
PAH,,Nay s, and PANa binders. The electrode loading, including Si, carbon, and binders, was 0.46, 0.55, 0.40, 0.43, and 0.46 mg-cm72 for PVdF, PAH, PAH, 4Nay g,
PAH,,Nay g, and PANa respectively (PAA are same with PAH)!"") (c) Schematic illustrations of the improved mechanism for the Si-graphite composite electrodes
with PAH,Nags!"". (d) Schematic illustrations of the proposed mechanism for the improved cycle ability for the SiO powder composite electrodes with PAA bind-
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(a) The chemical structure and illustrative interaction between crosslinked PAA-PVA and silicon particles””), (b) Coulombic efficiency of Si electrodes with PAA-PVA,
NaCMC, and PAA binders"””), (c) design of the PAA-PANI binder'™), (d) Cross-sectional SEM images of the silicon electrodes with PAA-PVA binder before cycling
(left), at the end of the 5th discharge (middle) and at the end of the 5th charge (right)m], (e) Cycle life of LIBs having various compositions of PAA-PANI"®

28  http://sioc-journal.cn

© 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Acta Chim. Sinica 2019, 77, 24—40



W F F R

2.3.5 EDTA-PAA #5457

B R U AR AL 5] S IR 28 AR G Ab, AR
I3 FRAS FELAR I 1) RS20 R AR AR A, SO HLA O T 8 A B
PR UbAh, AR HF 7T RE 2 5L mRE Sl i A R
Lee 2:°M4 2, — iz D4 Z.F2(EDTA) 5| A\ PAA tH LA HE
A, JEEREa e A5 5 SEI . i 4 ¥ H Al AE
1C 1 B E 5 300 YA i 25 5 A BE 2R il 83%, J&
AN R R A 1 e

FELL B =Rk &7, PAA BORF IR, B Bk
PLAL, AN GBI PAA A F5CER TR I TR - MR s -1 g
(PAA-UPY)* . R ZEW-FHNERKR- KA 2B
(PDA-PAA-PEO)™ . % TR Jfs R - T (£ - 3L - 2R R ik
I )(PAA-PEG-PBI)™ 45 52 B Rk 45 711), #1 BUAS AN 10 45
R
24 N

ST B ARG 4570), PVDF R4 7 5 RERORHE] H
AT 59 MO A AR e B, 3 i R R PR R . T
CMC 5 PAA K& RIS REM BHE L B 51k, 76—
SERERE R BRI i . H = ROkl £ 70 S5 A A
e far o, oIk s R R 22 0 AL R FBLvE . AR R
AN, AN A R A AR A R, TR = 4R
SEFNGER, AF S GRS R SRR T Y R 2 s A HAEH,
A A01G7 LE AR RRORE (1 B 25, — DR T BT IR PR AR T 1
TEFEST 3D Z5RMIRIRT, ATLAE e A mtE. &
S LM 5 ) AR AR D 4L Ok N0 R 4 7 R AL
W5 Ak 2R R, R R e T I [ B R 2 R
R T I e Y BRG S5 770, i dikAg i 2 et
E IS LA T, KA E IRE A EHDF] 80% LA
T, ZAS REIH R DI L 2 R R AR E A IR
RZ TN RABTE T AR AT B AR IARL 45 7).

3 MBS TR

S GRS RIMIEL, BB o TR 25 70 B AN
BHARF I RIRBE YR, AR F =1k
RA . AT AR 2RSS 2 AL eI, AN AR

(a)c 2000 100 o
= —  Li insertion at 1200 mAh-g_| el
] F 15004 1200mAg ] §
o £ mA-g 3
8 < e 60 Z
£ -_E, 1000 nanosi electrode with alginate binder m
2 = 40 =
=F 3.
L g 500 20 8
= Q
v @ <
o O 0 ‘ 0 3
> 0 250 500 750 1000 1250 X
o

Cycle Number

Bl 6 Algl5 Ca*-Alg ki
Figure 6 Alg and Ca’"-Alg binders

I

(B B AR VI RG S5 R AP TEE B 2 PRI, e SRERRL
FKifl Si0, LR FEBEAT 7050 IR, TE AR E R 2 i
HAL Sz, il — DR m I R A PR A A R e
oy
3.1 ETREEREL(AlQ)E LA
30,1 EEEBREh (Alg)Hb 4 A

2011 4E, Kovalenko 253V 5f— Vi F M e i R H Hy
KR 2 WG VR TR £ (Alg), TR & 99 KRy, # &
Alg/C/Si 534 Hibk, WP 6a JiT=, 76 1200 mAsg ' {1
W T, FaE i 1300 &, Son il R
Fase M, o RN A — FloET B M BE AL 45 7).
R LA 6b BT, SR 1—>4 80 p-D H &5 b
BERR(M)M a-L- B BEIE IR (G) PR FE 2 I 3L ), Rhigh
FIN AR R BRI, 3N il R e v, AR i
Bk SEL M, SeBLLL H i A 0 A S8 A 5 1 st b 2%
B LA R R

WERREE S CMC HAT ALV ERE, (HH L
PEREIZ AR T CMC, FIREJEDR Jy: (1)IgEERR R, kA
H RARAEAE I S o A AR R A e R, i T CMC
FRERSE I BEAL A7 B4R, DR I v 8 R 6 T2 i ) FRL A B
Be). EEd. BRE; Q)RR CMC R At
(OB P T 5, R SR A R 2 39 R ek S () L A1
STHAR FLAE R, S R AR A el AR B I A ) B 5 (R P
P; )ik B FIFEPEREAT 75 (0 R 3h & LR/, T4
RERPRL SR, AR it e ™,
3.12 Ca’-Alg R BEHb4E A

kBRI S F R B, Liu 250549k
W, A FEERSEEE S G Bold B (I
Ca™" AT B 725, TE/K R ke i S BE 4%, el 6c
Fian, B Ca®-Alg /KB KGZE 7). Ca™ 8515 Alg FR 5 )
A TR, Alg 2 F4E BT 28BN 1T 57 HES,
TR 22 A R AS L 1, AR 45 70 3175 B AR 5 1) P Ak 2
RE. % Y SI/CB/Ca™-Alg &M, WK 6d Finw,
fE 420 mAsg~' . 120 TG G, 345 1822
mAheg ' [FIEL B 82.3% 1) A BRI .

(d)

4000 « alginate hydrogel binder
v alginate hydrogel binder 80 o
o 3000 = SA binder _c_-“_*_.
= = ;
< SA binder 1s0 g,
E & 3
= 2000 ©
z g
Q w
2 1000
o L
o
0 . . . L L
0 20 40 60 80 100 128

Cycle Number

(a) Electrochemical performance of alginate-based nano-Si electrodes (electrode density=0.50 gecm >, weight ratio of Si/C=3/1)!*¥. Effect of the mechanical integ-
rity of the electrode during the cycling processes: (b) the alginate hydrogel binder™! and (c) Ca**-Alg binder'®. (d) Cycle performances of Si/C anodes with pure SA

binder and alginate hydrogel binder at 420 mA/g!**
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Figure 7 f-CDp and -CDp-Alg binders®”!

(a) Structural formulas and graphical representations of -CD polymer (f-CDp) binder. (b) Schematic representations of Si-binder configurations with S-CDp binder
during lithiation/delithiation, (c) Proposed mechanism of synergistic effect in the f-CDp/Alg hybrid binder, (d) The cycle performance of the Si electrodes based on a
hybrid binder approach employing different ratios of f-CDp and Alg. The electrode compositions were Si/Binder/SuperP=60/20/20 by weight, and the loading
amounts of Si were 0.6 mg-cmfz, (e) Comparison of the cycle performance of Si.cp, with others when measured at 1C

Acta Chim. Sinica 2019, 77, 24—40 © 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 31



A =

X
X
t\,..r

s
S
[

(a

Hydrogen .
Bonding

Supramolecular
Crosslinking

B8 p-CDp-6AD Hligs7l
Figure 8 /-CDp-6AD binder®

| Dynamic Crosslinker -(b)240[)-
_ 9{? I 1600

Ny ,
3 oo o n
N @Wz:mgjijaﬁo Noomomoff /(mA-g)
B e

Control Guest Molecule

j
OH—— = Pt o 50 100 150
1AD

Si loading ~0.8 mg-cm™®

ﬂ.‘{é ,,,,,,,, —<—~oF5l Capacity

6AD 800 -

@ 6AD: 0 wt%

®6AD:4.2wit% @6AD:17.0 wt%

o ®6AD: 8.5wt% ®@B6AD: 25.5 wi%

Cycle Number —

(a) Proposed working mechanism of dynamic cross-linking of #-CDp and 6AD in an electrode matrix, (b) Cycling performance of Si electrode based on the different
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(a) Schematic diagram of the polymeric reaction: the generation of water and formation of the crack-blocking GA-PAA composite binder, (b) Reversible Li-extraction
capacity and Coulombic efficiency of the Si electrodes for the Li insertion level fixed to 1000 mAheg ' at 1 C rate (4200 mAe=g ') over the potential window of

0.01~1 V (Si/C/binder=2/1/1, wt%)
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(a) The chemical composition of guar gum (GG) and locust bean gum (LBG)!"™, (b) Schematic illustration of lithium-ion transfer in the GG binder''*"), (c) Electro-
chemical performance of SiNP anodes with different binders at 2100 mA+g ' between 0.01 and 1.2 VI'°"), (d) cycle performance with limited discharge capacity of

1000 mAheg '
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at 1000 mA+g """, (¢) The symmetrical cycling performance of SiNPs with GG, LBG, Na-CMC and PVDF binders!'**
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(a) Chemical structure of XG binder, (b) Concept transfer from macroscopic to nanoscopic world and structural analogy of millipede to that of native-XG towards
strong adhesion. A series of small legs in the millipede corresponds to multiple short side chains in native-XG (both colored in red). (c) Electrochemical performance
with different charged polymeric binders, the electrodes (Si loading=0.3 mgecm %) were measured at 1C (3500 mA=g ") for both charge and discharge in the voltage

range of 0.01~1.0 V vs. Li/Li"
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Figure 12 PFFPMB conductive binder!"'"!

(a) The molecular structure of the PF-type conductive polymers, with two key function groups in PFFOMB, carbonyl and methylbenzoic ester, for tailoring the con-
duction band and for improving the mechanical binding force, respectively. (b) Cycling performance of Si/PFFOMB electrode between a cycling voltage of 1 V and
0.01 V for over 650 cycles at C/10 rate
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Figure 13 PEDOT:PSS conductive binder

(a) Structure of PEDOT:PSS, PEDOT:PSS/SiNP electrode!™!: (b) working mechanism!"'¥, (c) the SEM imagems] and (d) Cyclability of lithiation of these electrodes
at 1 Asg ! after initial cycling at 0.5 Asg '!!!¥!
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Figure 14 PVA-PEI and PVA-FA binders

(a) The chemical structure and illustrative interaction between cross-linked PVA-PEI and silicon particles!
121 (¢) the cycling performance and the coulombic efficiency of Si anodes with PVA-PEI and other binders!

binder for silicon electrodes!

Y
150
Cycle number

Cycle number

121 (b) the proposed working mechanism of PVA-PEI

1231 (d) Schematic represen-

tation of the cross-linking of poly(vinylalcohol) (PVA) binders through esterification between PVA and fumaric acid!'??, (e) discharge capacities of the composite
electrodes employing PVAs with different degrees of cross-linking (0.5C constant current (CC) and constant voltage (CV) charge, 0.5C CC discharge, cut-off voltage:

0.01~1.5 V)"
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HFEAT AR B, vekb F R B AR O T AR 45 5,
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Table 1 Performance of different binders

(S)fea, wor il B AR AE, A DU i
MBS LE, [RIEE BB B AR 1 P et 2 R
EUORMSEm, fERTHRG S5, 25 8 BURG 4577 S AR
FLER R RIS, Ri%5 215 T A G Sk
s, W PSRRI

B2, M REEE I REA R ORSF A FAR IR i 52 4
PE, DA IS TEV R BB T SOk e, A L T s 23 DR KB
R B SRS AR E, DB T i e bR )
i A SR DI S R il vk T 6. BB H AN E, K
SRR AR R SRR _EIRAARE IR 2
LU RS S50, N RN 58 2] 3D 454, S HUARE .
BRI AR R 5 T S IR R, RS 45
7R BEAT Rt 8 At ek £ 7 B FL I A R A AR B AR S 1
A2, ASRAS AL ORI R RE, (AR IR B AE i
FIALCON T RE. TR, DO ARG S5 70 AN RE - A vl
AT, T Bl s el . ml 2 R I AE T ) R R,
T T HAt AR BRI R FR I AT, thoks 2 —Fif
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TR PERE
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PVDF LRrE. KM, VOrEAE )R ca. 1000 50th/715.6 mAheg ™! [54]
CMC s, mNITE. KIS ca. 4000 100th/1000 mAheg [37]
CMC-CA TR ARRA AT TR A ca. 850 1000th/720 mAheg ™" [67]
PAA FEEIRIE. KB ca. 3000 100th/2400 mAhsg ™" [47]
PAA-PVA =R ca. 3616 100th/2283 mAheg ! [78]
Ca™"-Alg BINS ca. 2200 120th/1822 mAheg ' [85]
reDNA-Alg ESES ca. 2500 160th/2000 mAheg ! [90]
CS-TPP =R ca. 2100 500th/1722 mAheg ' [93]
CS-ENR ERTE . Erak ca. 3500 500th/2310 mAheg ™' [96]
B-CDp-6AD B ATIE ca. 1800 150th/1640 mAheg™" [99]
GG ZHEEY ca. 3364 300th/1561 mAheg ' [102]
XG XU e 8 5 44 ca. 3000 200th/2150 mAheg ' [105]
¢-PEO-PEDO:PSS/PEI FMETHRSERSHTHSE 2440 500th/2027 mAheg "' [117]
PFPQ-COONA o T P A B £ T R ca. 3600 100th/2400 mAheg ' [121]
PVA-PEI i, K 3072.9 300th/1063.1 mAhsg ™ [124]
¢-PAM Rk T RS ca. 3160 100th/2843 mAheg ' [129]
fEEE N

MY, F,1974 54, BERR. 2004 518 b AR KA E A
WEFREFSH S FHFE LR L L LS4, BF#EN
LHERBRFETFREES LA IEZRBRALTFFELRAIERE
b TEAFH —KSHEALET T /B EEEE LR
BT
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IR, &,1995 4, MEA. 2013 4 F & FHE KRS
WETF 5 EAYFERERES E$45, 2017 F 3N L E
XFCFRESLAIRFRMMCTF RIGEM L5142,
ZRBMATEE T RS Wl &R R
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