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Fig.1 Schematic of the interface clusters mixture model of amorphous SiO(A)"™", schematic illustration of
the reconstructed heterostructure model of amorphous SiO(B), atomic models of amorphous Si(C),
the model of interfacial silicon suboxide(D) and the model of amorphous SiO(E)"*”

(A) Copyright 2003, Elsevier; (B—E) Copyright 2016, Springer Nature.
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Fig. 2 O, spectra for SiO anodes in as-deposited state(A), charged state(B), and discharged state(C)"*’, sche-
matic diagram of SiO anode during lithiation-delithiation cycles(D), the diffusivity of Li,O and lithi-
um silicate(E)™*

(A—C) Copyright 2005, Electrochemical Society, Inc; (D—E) Copyright 2015, American Chemical Society.
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Fig.3 Ternary phase diagram showing transition of formed phases during the Li insertion for a SiO anode
(A), and transition of equilibrium electrode potential during the Li insertion(B)*”
Copyright 2016, Elsevier.
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Fig. 4 Schematic showing the fabrication process of the coralloid-like nanostructured Si/SiO, @ carbon com-
posites, ¢-nSi/Si0,@C,(A)*, schematic of the fabrication process of the SiO /asphalt membrane and
binder-free anode materials(B)*”, schematic of the encapsulation of SiO_ nanoparticles into a conduc-
tive graphene bubble film(C)"*"

(A) Copyright 2017, American Chemical Society; (B) Copyright 2017, The Royal Society of Chemistry; (C) Copyright 2018,

Wiley-VCH.
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Fig. 5 Schematic of fabrication process of the Sn,Fe@SiO, composites(A), the initial discharge/charge pro-
files of the SiO,, Sn,Fe, and Sn,Fe@SiO, hybrid electrodes(B), and initial Coulombic efficiency(ICE)
values of various SiO,-based anode(C)*
Copyright 2018, Elsevier.
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Fig. 6 Schematic of fabrication process of the 2D-SiO /0D-MoO, nanocomposites(A), galvanostatic charge/
discharge profiles(B) and Coulombic efficiency(C) of the 2D-SiO /0D-MoO, nanocomposites with the
different amount of MoQ,*”

Copyright 2020, The Royal Society of Chemistry.
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Fig.7 Schematic of the process to prepare Al@C/SiO, composites(A), schematic illustration of the surface
repair method for bare, AL,O,-coated, and porous Al/AL,O,-coated porous C/SiO, composites during
the charge/discharge process(B)"™, schematic diagram showing the process to synthesize FLG (few -
layered graphene)-wrapped and Fe,O,-pillared SiO, composites(C), and the charge/discharge curves
of Si0 @Fe,0,@FLG composite electrode with different cycles(D)"™
(A, B) Copyright 2019, Elsevier; (C, D) Copyright 2019, Elsevier.
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Fig. 8 Schematic of the synthesis process of C-SiO-MgSiO,-Si superparticles(A), schematic showing the
lithiation of C-SiO and C-SiO-MgSiO,-Si superparticles(B), the charge/discharge profiles of C-SiO-
Mg,SiO,-Si and C-SiO-MgSiO,-Si superparticles for the first cycle(C)", schematic illustration for
the preparation process of P@C/SiO, composites and the electrochemical properties(D)™
(A—C) Copyright 2019, Elsevier. (D) Copyright 2020, Elsevier.
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Table 1 Methods for structural design to improve ICE of SiO, anode

ICE  Reversible capacity/ Current density/

Year Material Electrolyte system Binder Ref.
(%) (mA-h-g™")) (A-g™")
2007  Si0,-C 76 800 0.1 1 mol/L LiPF in EC/ DEC PVDF [57]
2017 ¢enSi/Si0,@C, 85.53 2200 1 1 mol/L, LiPF, in EC/DEC/DMC+15%FEC  Sodium alginate [58]
2017  SiO/C/ Ni 76.3 1200 0.2 1 mol/L LiPF in EC/DEC/DMC+5%FEC ~ No [59]
2018  Si0,@G 69 1275 0.1 1 mol/L LiPFgin EC/DEC/DMC+5%FEC ~ CMC/SBR [60]
2019 SiO@CNTs/C 60.6 821.7 1 1 mol/L LiPF, in EC/DEC+5%FEC CMC [61]
2021 SiO,@CNTs/C 88 902 1 1 mol/L LiPF, in EC/DEC/EMC+FEC CMC [62]
2010  SiAly,0 67.4 1510 0.06 1 mol/L LiPF in EC/DEC/EMC PAI [63]
2018  Sn,Fe@SiO, 78 849 0.2 1 mol/L LiPF in EC/DEC+5%FEC CMC [65]
2012 TiO,-coated SiO 72 1000 0.2 1 mol/L LiPF in EC/DEC/EMC+10%FEC  PAI [66]
2013 SiO/Fe,0, 68 1893 0.16 1 mol/LL LiPF, in EC/DEC/DMC CMC [67]
2020  2DSi0/0D-MoO,  55.7 1051.6 0.2 1 mol/L LiPF in EC/EMC+2%FEC PAA [69]
2019  Al@C/Sio, 80.47 1385 0.1 1 mol/L LiPF, in EC/DMC PVDF [70]
2019 Si0,@Fe,0,@FLG  84.90 833.4 0.5 1 mol/L LiPF, in EC/DEC/DMC+10%FEC PVDF [71]
2019 C-SiO-MgSiO;-Si - 78.3 1608 0.15 1 mol/L LiPF in EC/DEC PVDF [72]
2020 P@C/SiO 79.2 1151.8 0.1 1 mol/L LiPF in EC/DEC/EMC PVDF [73]

EC: ethylene carbonate; DMC: dimethyl carbonate; DEC: diethyl carbonate; FEC: fluoroethylene carbonate; EMC: ethyl methyl carbon-
ate; PVDF: poly(vinylidene fluoride) ; CMC/SBR : carboxyl methyl cellulose/styrene butadiene rubber; PAI: polyamide-imide; PAA: poly-

acrylic acid.
3.2 SiO, AR TR

TR SR A LTt 2 25 2 WX AR A T AN, DATRAD BT UR SRR AN RIS E . % Si0, Ak,
FI AR PR AL 2 S S B S GR): . AC R TR ALY | Al A AL A TR A 12 (3 2).

Table 2 Various prelithiation methods

Method Material Introduction ICE of full cell(%) Matched cathode Ref.
Prelithiation additive Si0  SLMP was directly sprayed on the surface of the 89.77 LiNi, ;Mn,,Co,,0,  [77]
electrode
Si0O  SLMP was dispersed in xylene solvent and then 88.12 LiNi,;Mn,;Co,,0,  [80]
coated on the surface of the electrode
S0 Si0, and molten lithium are thermally alloyed to 94 LiFePO4 [82]

form Li Si/Li,0 composite for prelithiation
Self-discharge prelithiation Si0,  Inserting a resistance buffer layer (RBL) be- 87 NCM622 [84]

tween SiO, anode and Li foil toregulate the rate
and degree of prelithiation
Electrochemical prelithiation  ¢-Si0,  Assembling a temporary battery and introduce a 85.34 LiNi4Coy sAly 050,  [85]
rtheostat in the external circuit to control the pre-
lithiation rate
Chemical prelithiation Si0,  Employing molecularly engineered BP deriva- 86 NCM523 [88]
tives to adjust the reduction potential of Li-arene

(LAC) below 0.2 V drives active Li accommoda-

tion in SiO_ anodes

Si0/C  Controllable LiBp complex solution prelithiation 86 NCM811 [89]
and high - temperature calcination process were
combined to pregenerate Li SiO, in the interior

of Si0,/C

32.1 FEAMF A E  FaERHE 4R KK (Stable lithium metal powder, SLMP) | Li Si #5 . Li,Ge #3#5
JE A GON AR AL IS IR . AR TR A a0 700 X6 67 2 TR TV 7 A SR b A ) i R R s
HBRENSSE L Si0, M FER Ak . o, 38 FMC A FAE ™ 1 SLMP 3418812 I F Sio, B b i) T
1k, #5325 T SLMP A1 2Rk R B A (08T, {f SLMP REAE7E 25 P AR 5 BRFRER A7 & A 5 21K 29%0~5%
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Fig. 9 Schematics illustration showing SLMP particles loaded on the SiO anode(A), SEM image of SLMP
particles loaded on the SiO electrode before activation(B), SEM image of SiO electrode surface after
adding the electrolyte to the SiO electrode with activated SLMP for 12 h(C), cycle performance(D)
and first cycle voltage curves(E) of SiO/NMC full cell with or without the SLMP"", schematic of Si
NPs react with melted Li to form Li Si NPs(F)®", comparison of different behaviors of Li Si/Li,O
core shell NPs and Li Si/Li,O composite at the ambient condition(G)™”

(A—E) Copyright 2014, American Chemical Society; (F) Copyright 2014, Springer Nature; (G) Copyright 2016,
National Academy of Science.

SR FRVBE VA 12 s 75 0 A 00 3 1A 9 M 79 e ik 38 SLMP A 4 i, mT BB 2 & 2 il S oy 8 i v s )
RE™, B LAADRE SLMP FUC /0 BRI, FRAEA TR B0 iR B AT i A T 1R AL . (B T SLMP A5 4y
BT WL Mt (DMF) | V- R IR E i (NMP) A58 KL v, T 55 23 BICTE O Be R R S5 E i
VR, XA R S AR RIS MRS ] . AL SRR I T R R AR R i, R TR
VESHE A A F T SLMP I35 708G A, B XFEE 1 T ARG MR R L AR PR RE SR i 7 HOrERE &
BRI 0. 5% (BT 7380 T AR 0. 5% (570450 RIE L0 1) — W2 0N SLMP ) 73 HOSCR i
B 25 R EIRIEAE SIO M 2 i Al T sl 2 1 SLMP B2, BIr2H Y Si0/NMC 4 H {1 B 44
M 56. 78% $ T2 88. 12%.

Li, Si Byt 2 — b FTR AL IIGR] , 7T LR FBRIES T-Bealohs Sl A il Li SR 3RAS . Zhao 55 7E
TATATER T, BRI 1:4. 489 Si QARSI FIER F67E 200 CF ImPdsibl 6 h B Li Si44: [ 1519
(F) . B FFERE e 8 AAAE , Li SR 2P BUEUR 19 Li,0 BiL)2 , A -7e 451 Y Li,Si-Li,0
FURE, AR 1k Li Si i — 25 k. {HR LiSi FINMP ., BRIR — Z g A HEAE, 54 DG e O B 300
mA /g FFE s TIAE 1, 3- IR L HOR R BES BRI 1200~ 1400 mA - h/g IR im; FL AL . R oo He oy
50:15:20: 15 BREGRIBURE | Li Si-Li,0 UKL . 5B . PVDF IR AT 50, 20T LA 76% $& w5 51 94%.
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T Li,0 2 BEAR Y LiSi & A AL, MRBEEIIE 2 PR FFRE . Zhao 55 ORI Si0, F1
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Z -7 AR L, Si-Li,0 0RE, % 5 L AE S i T IR B0 Li,0 945 & B B 5 9 HL Li Si Rl Li,O (42 il
RGBT RES7E PR 25 S ORI EE S 40% ) R RS GEAFAE . SR Li Si/LiL0 &AWt Sio, 4 7 i
b, LB O] $E i BT 100%.
322 BEmE A  SLMPIERAL ARG RSB EIL S, (A2 SLMP 5 51 A% BRI T LR
v AR R, TR GE A R X SLIMP 18 (5. 3 550 He AR A 2o A A R R E T R e ) e A AT
TEBZ T Bt , (5 P ARV LA R A A 5 R T TSE T B SEL

Liu 25— ] 5 Ao 1 B R LR TR AL R oK 2k (SINW) B (18 7k [ 10(A)~(C) 1. K
AR AE ARG PSR (W RE ORI 5 21— B 4 8 96 b, 5 1) J2 1800 m e e, om0 (o e 4 oK 4
PR Z A LA B, REAORZ AL AR IR D B R A TR 24 N T IR AR AL . 284 20 min (Y FLERAL
FEAUK LS T 2000 mA -h/g FY LA . X L FERAL A JS AR ANOK Ze iy SEM BE -, 455 B, ik s
REGIRL RS T K, (A ROR PR RS e 3 . X Pl B b A 7 I T AL 1 i LA B ERCR
AT EASEOL A, (IR = X A R IR BE S ] . Meng 5558 12 7E Si0, R TE (B4 AL
BHZZ oh 2R A T AL R AR S, i BHLE 2 1) 2 L5 A A e v 558 ) Li G R A T A% 328
L2 0 2 10 2 300 P (A 9 RN SR A RE 6 IR S b 32 M, DT Si0 BRAL BERS 2 21wl 45 [ 1] 10(D) ~
(G) 1. LSS Y Si0, Ttk B it Hr 1 35 79% #2155 45 89% , NCM622//Si0, 4= Hi Hh B %M 68% 21 &
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Fig. 10 Schematic illustration of the prelithiation of SiINWs on stainless steel(SS) foil and the Li* and inter-
nal electron pathways during the prelithiation(A), SEM images of SiNWs before(B) and after 10
min(C) prelithiation™!, schematic of Li* and electron transfer in the direct contact prelithiation pro-
cess(D) and resistance buffer layer regulated prelithiation process(E), the initial discharge/charge
profiles of the NCM622 - Li half - cell(F), and the initial discharge/charge profiles of NCM622 -
SiO, full cell with and without prelithiation(G)™"

(A—C) Copyright 2011, American Chemical Society; (D—G) Copyright 2019, American Chemical Society.
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iR 0.31V, BAIKTF Li-Si &4 (Liy, ,,Si) B SR (0. 34 V), BEEFE 2L 73. 6% 3812 107. 9%, it
BF e i i A 3 KA FSE TR R T SEL, &4 T Si0, FARMmAR IS ; 445 TR AL i 18] %% 24 30 min, It
i e b T LR A 0. 38 'V, DB 30 min (8 FAR AR B[] AT LAGRUE SET BT B, thAS 2 0d B iR AL S 3k
PR AE R M TTRE . TR AL 30 min J5 19 Si0, Tl (9 1 R0HE 1R 22 94. 9%, FF FLF = B 1 M D IR ) 4 F it
WHA Tt e LA RE

324 WEHEMEK  ALFTERAE—FhTE R b AR IR 2 R S A ALY VRO SR A ) A L )
Jids . A HVEL R B A A, nT AR SRR e S 7 TR 5 7 R A AR A AR, DT 4 v S A A sk )
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Fig. 11 Schematic diagrams showing the prelithiation process of c-SiO, electrode(A) and its scalable roll-to-
roll process scheme(B), lithiation voltage profiles of the external circuit containing different resis-
tances(C), voltage profile during the external shorting with 100 € incorporated in the external cir-
cuit and open circuit voltages(OCYVs) after 10 h of relaxation at different prelithiation points(D), the
initial discharge/charge profiles of c-SiO, with different prelithiation durations(E), the specific ca-
pacity and ICE after different prelithiation times(F)*
Copyright 2016, American Chemical Society.
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Fig. 12 Lithiation/delithiation of pristine Si/SiO, during the initial electrochemical cycle accompanied with
SEI formation and irreversible lithium trapping(A), lithiation/delithiation of prelithiated Si/SiO,
using Li-arene complex beforehand with volume expansion and active lithium loss prior to cell as-
sembly(B)"**, schematic of the prelithiation of LiBp-SiO /C(C)*"

(A, B) Copyright 2020, Wiley-VCH. (C) Copyright 2020, American Chemical Society.
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Influencing Factors and Promotion Strategies of the
First-cycle Coulombic Efficiency of Silicon Suboxide
Anodes in Lithium-ion Batteries’

LI Huiyang', ZHU Siying', LI Sha', ZHANG Qiaobao™,
ZHAO Jinbao', ZHANG Li"

(1. College of Chemistry and Chemical Engineering ,
2. College of Materials , Xiamen University, Xiamen 361005, China)

Abstract The popularity of electric vehicles and various portable electronic devices has led to higher de-
mands on battery energy density. Silicon suboxide (SiO,, 0<x<2) shows high specific capacity and low Li-ion
insertion potential, and the volume expansion effect is significantly lower than that of pure silicon anode, and
therefore is considered to be one of the ideal alternatives to traditional graphite anode materials. However, the
solid electrolyte interphase (SEI) and a large number of irreversible products are formed during the first lithia-
tion/delithiation cycle, resulting in low Coulombic efficiency, which seriously hinders the practical application
of Si0O, anodes. On the basis of SiO, structure, this review systematically explained the lithium storage mecha-
nism of Si0, anode and the reason for the low first-cycle efficiency. Further, strategies of improving the first
Coulombic efficiency of SiO, anode in recent years is summarized in detail. Finally, the future direction of im-
proving the first-cycle efficiency of SiO, anode is also forecasted.

Keywords Lithium ion battery; Silicon suboxide; Initial Coulombic efficiency; Structural design; Prelithia-

tion
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