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Abstract: Owing to the rapid development of scientific technology, the demand for energy

storage equipment is increasing in modern society. Among the current energy storage ’ ca'r':f,,‘;’g%
devices, lithium-ion batteries (LIBs) have been widely used in portable electronics, handy Sio/ °°'>?:°’
electric tools, medical electronics, and other fields owing to their high energy density, high Q’% o
power density, long lifespan, low self-discharge rate, wide operating temperature range, Esiphirsall g, %f?
and environmental friendliness. However, in recent years, with rapid development in various @54'.,5

technological fields, such as mobile electronics and electric vehicles, the demand for ’
batteries with much higher energy densities than the current ones has been increasing.

Hence, the development of LIBs with a high energy density, prolonged cycle life, and high -
safety has become a focal interest in this field. To achieve the above objectives, it is

important to strategically use novel anode materials with relatively high specific capacities. At present, artificial graphite is
commonly used as an anode material for commercialized traditional LIBs, which can only deliver a practical capacity of
360-365 mAh-g~"'. Therefore, LIBs using graphite anodes have limited room for improvement in energy density. In the past
two decades, considerable efforts have been devoted to silicon-based anode materials, which belong to the same family
as carbon. To date, common silicon anode materials primarily include nano-silicon (nano-Si), silicon monoxide (SiO),
suboxidized SiO (SiOx), and amorphous silicon metal alloy (amorphous SiM). Among them, SiO has attracted the most
attention for use as a negative electrode material for LIBs. As an anode for lithium-ion batteries (LIBs), silicon monoxide
(SiO) has a high specific capacity (~2043 mAh-g™") and suitable charge (delithiation) potential (< 0.5 V). In addition, with
the abundance of its raw material resource, low manufacturing cost, and environmental friendliness, SiO is considered a
promising candidate for next-generation high-energy-density LIBs. Based on the testing of existing commercialized SiO
materials, the reversible specific capacity of pure SiO can reach 1300-1700 mAh-g~!. However, when acting as the anode
for LIBs, SiO undergoes a severe volume change (~200%) during the lithiation/delithiation process, which can result in
severe pulverization and detachment of the anode material. Meanwhile, lithium silicate and lithium oxide are irreversibly
formed during the initial discharge—charge cycle. Moreover, the electrical conductivity of SiO is relatively low (6.7 x 107*
S-cm™). These shortcomings seriously impact the interfacial stability and electrochemical performance of SiO-based LIBs,
leading to a low initial Coulombic efficiency and poor long-term cycling stability, which has significantly restricted its
commercial application. In recent years, substantial efforts have been made on structural optimization and interfacial
modification of SiO anodes. However, there is still a lack of a more comprehensive summary of these important
developments. Therefore, this review aims to introduce the research work in this area for readers interested in this emerging
field and to summarize in detail the research work on the performance optimization of SiO in recent years. Based on the
structural characteristics of the SiO anode material, this review expounds the main challenges facing the material, and
then summarizes the structural and interfacial modification strategies from the perspectives of SiO structure optimization,
SiO/carbon composites, and SiO/metal composites. The methods and their features in all the studies are concisely
introduced, the electrochemical performances are demonstrated, and their correlations are compared and discussed.
Finally, we propose the development of the structural and interfacial optimization of the SiO anode in the future.
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Fig.1 (a) Experimental/simulated ABED from SiO local structures and atomic models of amorphous Si, silicon

suboxide and amorphous SiO:z; (b) the model of amorphous SiO; (c) fractions of the five atomic coordinates existing in
amorphous SiO: the Si—Si4 is from the Si clusters; the Si—Qy4 is from the SiO2 matrix; the Si—(Si;O), Si—(Si20z), and
Si—(Si0O3) are from the Si/SiOz interfaces 32.

Adapted with permission from Ref. 32, Copyright 2016, Springer.
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Fig.2 HRTEM images and SAED patterns of the SiO electrodes discharged to (a) 0.21V, (b) 0.14 V, and (c) 0.0 V;
(d) the schematic model of the SiO electrode reacting with Li 3.

Adapted with permission from Ref. 36, Copyright 2011, Elsevier.
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Fig.3 (a) Schematic Illustration of SiO Anode during repeated lithiation-delithiation cycles. (b) Li diffusivity and capacity
values of different matrix components in SiO anode during lithiation. (c) Crystal structures of LiisSi4, Li2Si20s, LisSi2O7,

LisSiOy4, and Li20. The yellow, blue, and red balls represent the Li, Si, and O atoms, respectively 3.
Adapted with permission from Ref. 37, Copyright 2016, American Chemical Society.
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Fig. 4 (a) Schematic illustration of the concept and preparation of m-SiO; (b) XRD patterns of SiO, d-SiO, and m-SiO;

(¢) SEM images of m3-SiO and m10-SiO; (d) bright field, high-resolution TEM images, and SAED patterns of SiO and

d-SiO, bright field and dark field TEM images of m10-SiO; (e) voltage profiles of d-SiO, m3-SiO, and m1o-SiO

electrodes for the first cycle; (f) the comparisons of the cyclabilities for the SiO, m3-SiO and m10-SiO electrodes *.

Adapted with permission from Ref. 39, Copyright 2013, Elsevier.



YIEEAL 22223 Acta Phys. -Chim. Sin. 2022, 38 (X), 2103052 (7 of 28)

ENT6%, BEIRFTH LA REL N800 mAh-g™!, 100
DA 5 L5 AR FF N 710 mAh-g ' DohZs #0645
JEMISIOS A IR A IKEE, LR T A [F KBS 2
F BT X6 B SiO-CAA R i o SZT6 45 SR 2% B ER B5 24
hiRE KRR R e, H IR B L 28693
mAh-g!, 301G 5 L2 & R FF 8688 mAh-g!;
M BHME N B AR, KB AR R AE SR 4R
5 HDRE SE AE99% LA I . Takeda42:6 3K B% J5 1

Potential / V vs Li'/Li

0 200 400 600 800 1000 1200 1400 1600 1800
Specific Capacity / mAh g

(6 R P —

—0O— Annealed SiO
—@— SIO@F-doped C 80

400mAg"

Discharge Capacity / mAh g

Cycle Number

Coulombic Efficiency / %

SiO5 B 44 K £F 4 (carbon nanofiber, CNF) ¥ & &,
#1145 T SIO/CNF# BF . SiOZ i 12 hBREE &, ¥
IR T GE N B, Bk LA ENT24
mAh-g', 7E0.1CF, 200k 7&K J5 15 vl fR RF 675
mAh-g 'L &

LiZE“48 7 0 BR S J5 1) SiIOHEAT Fi5 2% 11 ik
B8 TR (ES) . #8105 T VU4 2.4 (PTFE) R
BEREE IR, TS 2B A 1ISiIO@CH R, Xt

0 200 400 600 800 1000 1200 1400 1600

Specific Capacity / mAh g

—O-Annealed SiO
-Q-SiO@F-doped C
Current unit: mA g

Coulombic Efficiency / %

o 10 20 30 40 50 60 70 80 90
Cycle Number

5 SiO@F-doped C ##k(a, b) SEM, (c) TEM F(d) HRTEM B (SiO : PTFE &L 5:3, 650 °C TiBK);

(e) SiO F(f) SIO@F-doped C BI=RFEIXBIEFF L, SiO 1 SIO@F-doped C 4 kHg) FEFF L AE B N (h) fiF e BB +
Fig.5 (a, b) SEM, (c) TEM and (d) HRTEM images of the SiO@F-doped C composite obtained by annealing the mixture of
SiO and PTFE with a mass ratio of 5:3 at 650 °C; (e) charge-discharge profiles of the annealed SiO and (f) SiO@F-doped C
obtained by annealing the mixture of SiO and PTFE with a mass ratio of 5:3 at 650 °C in the first three cycles at 100 mA-g™’;

(g) cycling performance profiles of the annealed SiO and SiO@F-doped C obtained by annealing the mixture of SiO and
PTFE with a mass ratio of 5 : 3 at 650 °C at 400 mA-g™'; (h) rate capability of the annealed SiO and SiO@F-doped C .

Adapted with permission from Ref. 44, Copyright 2018, Elsevier.
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Table 1 Electrochemical performances of SiO materials modified by downsizing.

Initial discharge/charge specific

Cycling performance

Sample ICE (%) Current density  Particle size Year Ref.
capacity (mAh-g™!) (mAh-g™)

SiO/Graphite 951.1/770.4 81 762.0 (50 cycles) 0.1C - 2007 38
Sio/C 1050/800 76 710 (100 cycles) - 0.5-3 um 2007 40
SiO/Graphite 1556/693 44.5 688 (30 cycles) - 5-20 pm 2008 41
SiO/CNF 2027/724 35.7 675 (200 cycles) 0.1C 0.1-1 um 2011 42
Sio 1779/1002 56.3 1000 (50 cycles) 100 mA-g~! <10 pm 2013 39
F-doped SiO@C 1518/1050 70 975 (100 cycles) 400 mA-g™! 2018 44




YIELAL %224 Acta Phys. -Chim.

Sin. 2022, 38 (X), 2103052 (9 of 28)

A\
\\

N

= 5min/30 min \

4 8min/30 min
© 10 min/20 min

L ¢
Ag-deposition \ Chemicall
N\ etching

Ag coating
Vo

Bulk Si0 Ag deposited SiO

08 ==9,4

Porous SiO

100

80

1500 {oee,, 0

1000 40

Votage (vs. Li*/Li) ="

500 20

Coulombic Efficiency (%)

Charge Capacity (mAh g"')

X 0 0
0 400 800 1200 1600 2000 2400 0 10 20 30 40 50

Specific Capacity (mAh g™')

Cycle number

53,21,050201C
—_—

o,
20os%esma 05C |1 C f2C |3C

5C
0000

Votage (vs. Li*/Li)

Charge Capacity (mAh g')
R
8

o -

0
0 5 10 15 20 25 30 35 40
Cycle Number

0 500
Specific Capacity (mAh g™')

1000 1500 2000 2500

o6 (EBEBEHRRNITEREE AgH Sio 4% SEM E; (b) HF/H20: %5 A8 Sio #1% SEM E;
()TETRIHMR T 2/ Ag JEFB L L Sio #K SEM El; (0)=FAH Ag TARFZIME 8 TRz RE: (oFIH
Ag EALZIMHI &£ £ 1L Sio FiEERER: (f o ZRAEEEHEREES I Sio #E SEM B; (hREEL1L Sio
FARTE 0.1C FHIBMZEMREE 7

Fig. 6 (a) SEM image of a coating layer of Ag on the surface of SiO via a galvanic displacement reaction; (b) SEM

image of the etching of SiO particles in a chemical etchant of HF/H202; (c) SEM image of porous SiO obtained after the

removal of the Ag catalyst in a strong nitric acid; (d) graphs of the chemical etching process at three different Ag

deposition and chemical etching times; (e) schematic illustration of the synthetic route for preparing the porous SiO using

Ag catalytic etching; (f, g) SEM image of porous SiO carbon-coated by a thermal decomposition of acetylene gas;

(h) electrochemical performances of c-porous SiO anodes at 0.1C rate *7.

Adapted with permission from Ref. 47, Copyright 2012, Elsevier.
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Fig. 7 (a) Characterization of the mp-SiO@N-doped C

rods: SEM images (I-11I), EDS hierarchical image (IV), and

TEM images (V, VI), (b) cyclic voltammetry curves at 0.2 mV-s™!; (c) charge-discharge profiles in the first three cycles at

400 mA-g! of the mp-SiO@N-doped C rods; (d) cycling

performance profiles of different samples at 400 mA-g™! and

(e) rate capability of the annealed SiO, SiO@N-doped C rods and mp-SiO@N-doped C rods ¥.

Adapted with permission from Ref. 49, Copyright 2017, Elsevier.

#2 ZIMBHEER SiO MEHERE

Table 2 Electrochemical performances of SiO materials modified with porous structure.

Initial discharge/charge specific Cycling performance
Sample ICE (%) Current density Particle size  Poresize  Year Ref.
capacity/(mAh-g™") (mAh-g™")

p-SiO 2250/1350 60 - 0.1C - - 2012 46
p-Si0O@C 1990/1520 76.4 1490 (50 cycles) 0.1C - - 2013 47
p-SiO 2653/1709 64.4 1242 (100 cycles) 0.2C <20 pm 752nm 2013 48
mp-SiO@N-doped C 1202/790 65.7 806 (250 cycles) 400 mA-g™! <400 nm v 2018 49
p-Si0@C - 87 839.6 (110 cycles) 500 mA-g™! ~60 um 6.67nm 2020 50
p-Si0O@C ~1600/~1000 62 900 (200 cycles) 1000 mA-g™! - 2-15nm 2020 51
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Fig. 8 (a) Schematic illustration of preparation of SiO@C; (b) SEM images and TEM images of SiO@C-L (left), SiO@C-M
(middle), and SiO@C-H (right); (c) Top: Cycling performance at 0.1C and rate performance of SiO@C-L (green line),
SiO@C-M (red line), SiO@C-H (blue line), and bare SiO (black line); bottom: long-term cycling performance of SiO@C-L .
Adapted with permission from Ref. 66, Copyright 2018, Elsevier.
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Fig. 9 (a) Schematic chart of the fabrication for SiO/NPC; (b) schematic of nitrogen atoms and phosphorus atoms replacing
carbon atoms; (c¢) cross-sectional SEM images of the fresh electrodes and the electrode after 200 cycles for SiO (left), SiO/NC
(middle) and SiO/NPC (right); (d) electrochemical performance profiles of the SiO, H-SiO, SiO/NC and SiO/NPC 71,

Adapted with permission from Ref. 71, Copyright 2020, Elsevier.
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Fig. 10 (a) Scheme of the synthetic process of the SiO./C (SC) composite from bamboo charcoal; (b) TEM images (top),

HRTEM image (middle left) of the SC composite, elemental mapping images of SC-3 (middle right) and SEM images of the

SC-3 composite (bottom); (c) electrochemical performance profiles of different samples at a current density of 200 mA-g™';

(d) cycling performance of SC-3 at a current density of 1000 mA-g, inset: SEM images of the SC-3 electrode

fabricated on copper foil before (I, IT) and after (III, IV) cycling for 300 cycles at a current density of 200 mA-g™! 74,

Adapted with permission from Ref. 74, Copyright 2020, Elsevier.
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Table 3 Electrochemical performances of carbon-coating SiO materials synthesized by wet chemical method.

Initial )
Synthesis  discharge/charge Cycling Current Particle Coating  Conductive
Sample Carbon precursor ICE (%) Performance Year Ref.
method specific capacity (mAhg ) density size thickness  property
(mAh-g )
NC-SiO EMI-DCA ion High- 2024/1496 73.9 955 1C - 20-30 nm - 2013 70
liquid temperature (100 cycles)
carbonization
SCG-5 Aniline, In situ 801/545 68 432 0.8C 1-10 pm - - 2017 64
Graphite polymerization, (500 cycles)
Annealing
Si0@C Sodium Electrostatic 2205/1142 51.8 1085 0.1C 6 um 7nm  R=329Q-sq! 2018 66
dodecyl benzene force (100 cycles)
sulfonate adsorption,
Calcination
TC-SiO Tetrabutyl Calcination 1741/1252 71.9 674.5 0.14 A-g' 5-10pm 4 nm Ra=313Q 2018 65
titanate, (100 cycles)
Coal tar pitch
SiO/NC Melamine, Magnetic 1280/920 71 834 1000 mA-g™! - 1520 nm Rt =64.28 Q 2019 68
Citric acid stirring, Sinter (150 cycles)
SiO/NPC ~ Melamine, Magnetic 1698/1223 72 847 1000 mA-g™! - 25-30nm  R4=33Q 2020 71
Phosphoric acid, stirring, Sinter (200 cycles)
Gelatin
Sio/C Glucose Ball-milling, 1751/1259 71.9 850 200 mA-g! - - - 2020 72
Calcination (100 cycles)
SiO/C/G Asphalt, Ball-milling, 1509/963 63.8 950 100 mA-g”!'  15um  ~10nm - 2020 73
Graphite Spray drying, (100 cycles)
Pyrolysis
SC-3  Bamboo charcoal Ball-milling, 2308/1260 56.3 1100 200 mA-g! - - - 2020 74
Calcination, (300 cycles)

Aluminothermic

reduction
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B 11 (a) SiO/1D-c/o-c ¥ SEM E(L)F1 TEM (F)E; (b) S-600 F1 S-900 #4 % TEM B; (c)4fi SiO F1 SiO/1D-c/a-c
HARTEEHR L 72 AP G5 L R PE R S5 48 SiO. S-600. S-900 F1 SiO/1D-c/a-c HLARRE S SEM B ()R FEE TE
Fi FBCVD BAEEN AR E.4 SiO. S-600. S-900 1 SiO/1D-c/a-c 7E 0.1 A-g™! T (e) By IR A H Bh R A1 (D B FA P B 7

Fig. 11 (a) SEM (top) and TEM (bottom) images of sample SiO/1D-C/a-C; (b) TEM images of samples S-600 and S-900;
(c) related mechanism of pristine SiO and SiO/1D-C/a-C electrodes during cycling and SEM images of the surface
morphology in pristine SiO, S-600, S-900 and SiOQ/1D-C/a-C electrodes after cycling tests; (d) schematic diagram of the
carbon deposition mechanism via FBCVD; (e) initial charge/discharge profiles and (f) cycling performances of
pristine SiO, S-600, S-900 and SiO/1D-C/a-C at 0.1 A-g™' 7.

Adapted with permission from Ref. 79, Copyright 2020, Elsevier.
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Bl 12 (a) d-SiO/C@NCNBs #] & =& E; (b) d-SiO/C@NCNBs BB FITESFE; (c) d-SiO/C@NCNBs K
SEM El; (d) d-SiO/C F1 d-SiO/C@NCNBs FRI{EFF 1t G5 A% 2 44 g JE] 80
Fig. 12 (a) Schematic diagram showing preparation process of the d-SiO/C@NCNBs; (b) microstructure and
elemental composition of the d-SiO/C@NCNBs; (¢) SEM images of the d-SiO/C@NCNBs sample;
(d) cycle performances and rate performances of d-SiO/C and d-SiO/C@NCNBs #,

Adapted with permission from Ref. 80, Copyright 2020, Elsevier.
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B 13 (a) SiOx@NC #&r~EE; (b) SiOx@NC K HAADF-STEM &, EDS i B FITE 2% B
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Fig. 13 (a) Schematic illustration for synthesizing SiOx@NC; (b) HAADF-STEM images,

EDS spectra and mappings of SiOx@NC; (c) electrochemical performances of different samples 3.

Adapted with permission from Ref. 83, Copyright 2017, Royal Society of Chemistry.
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Table 4 Electrochemical performances of carbon-coating SiO materials synthesized by dry chemical method.

Initial discharge/

Synthesis charge specific ~ ICE Cycling Current  Particle Coating  Conductive
Sample Carbon precursor performance Year Ref.
method capacity (%) . density size  thickness property
(mAh-g) (mAh-g™)
d-Si0@vG CHa CVD - 1600 - - - R=200Q'sq™" 2017 75
(100 cycles)
SiO/CNT/C CoHa, Asphalt CVD 1259/1083 86 821.7 1 Ag? 1020 pm - R:=82.6Q 2019 76
(200 cycles)
Si0/C CH4 FTCVD 1463/1200 82 501 12A¢g! 67pm 50nm R«=5339Q 2019 77
(300 cycles)
SiO/Graphite/C ~ Graphite, CHy FTCVD 930/800 86 799.1 200 mA-g™' 12 um - Rt=1455Q 2019 78
(100 cycles)
Si0/1D-C/a-C CoHa FBCVD 1445/1012 70 893.6 0.1 Ag! - 100nm  R«=170Q 2020 79
(120 cycles)
d-Sio/C CoHo, CVD, Heat- 1375/1004 73 1043 0.1C 5-18 um - - 2020 80
@NCNB Hydroquinone, treatment, (100 cycles)
HCHO Carbonization
SiO/G/CNT Graphite, CHs  Ball-milling, 789/513 65 495 230 mA-g' 3 um - Ri=44.16Q 2011 81
CVD (100 cycles)
Si/Si0,/C-3 Graphite Ball-milling 882/649 73.6 726 0.1 A-g! - - - 2017 82
(500 cycles)
SiOx@NC m- Ball-milling, 1309/774 59.1 709 200 mA-g™' 200-300 40 nm - 2020 83
Phenylenediamine,  Grinding, (100 cycles) nm
Hexamethylenetetr ~ Annealing
amine, Pluronic
F127
RS BESTEREBRR SR
Table 5 Comparison of wet and dry chemical carbon coating.
Carbon
Synthesis methods Advantages Disadvantages
precursor
Wet chemical Organic Stirring under Abundant and cheap carbon sources;  The structure of carbon coat unlikely to be

carbon coating

liquid

Dry chemical

carbon coating

solvents, ionic

C2Hz, CHa,

heating, calcination

CVD, ball-milling

asphalt, graphite

Simple and low-cost process;

Various fabricating methods

Technology being mature and
available for large-scale
manufacturing; easy to control the
reaction and manipulate the carbon-
coating structure; forthright process
and mild conditions for solid

reactions

controlled due to the reactions in solvents;
Consequent calcination after wet reaction
increasing the whole cost; Toxic liquids
produced from the reaction causing
environmental pollution

High-cost and severe danger due to gas
reactions; Toxic gases produced from the
reaction causing expensive disposal and

environmental pollution

KA, ATLUE Y A58 VRO S Pl 2R A3 K B J= A
X, T S L A R IR AR A T R =4
SERTT A XS o (H RN IE R, REBRBER

AT Si0F HVEMAEVERI R =, (ERR & JZIF AR
RS REGT, 5N 28R S 2 KK AR R
PR B AESIO R 2 1 i P B AR A ) B0 48 X
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Fig. 14 (a) TEM images, dark-field STEM-HAADF image of Sn/SiO (1 : 2 w/w) powder and EDS mapping of O, Si, and
Sn in the rectangular area; (b) ex situ XPS analysis of the phase evolution associated with Sn and Li2O during the
charging process of the Sn/SiO electrode, high-resolution XPS spectra of Sn 3d and O 1s; (c) electrochemical performances of
SiO and Sn/SiO anode materials; (d) the dQ/dV plots of the charging process; separated dealloying (< 0.9 V) and
inverse conversion reaction ( 0.9-2.5 V) capacity as a function of lithiated capacity *%.

Adapted with permission from Ref. 92, Copyright 2019, John Wiley and Sons.
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Table 6 Electrochemical performances of metal-doped SiO materials.

Initial discharge/charge specific

Sample ICE (%)

Cycling performance

Current density Particle size Year Ref.

capacity (mAh-g™!) (mAh-g™!)

SiAl..O 2225/1500 67.4 800 (100 cycles) 200 mA-g! - 2010 86
Si0/SnCoC 1480/1030 69.6 900 (100 cycles) C/3 ~2.5 um 2012 88
SiO/SnFeC 1427/961 67 538 (100 cycles) C/3 ~9 pm 2013 89

200-500
Si0/ZrO@C 1737.3/1156.8 66.58 930 (100 cycles) 80 mA-g! 2017 90
nm
SiO/nano-Sn 2066/1863.8 90.2 900 (100 cycles) 200 mA-g! - 2018 92

fEiFE. Rk, ok 2 10t 7838 T 46 i Sio i 4
Je& E A L 7 S

Wang %5 2 F HLAR R B5 5 & B T 99 K Fe 03 3
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LA 2 1893 mAh-g ™!, B IKIFELRHK68%, 1E
160 mA-g”' ' F, SOE IR 5 b 25 & R #7 7 1335
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Ab R SIOBEAT K BV B, T e i B 6 45 31 B Y
TiO.f. 7 I SiO Bl (p-STB).  FLAE AN [H] i & L SiO
L TiOJ il 48 £ i ) B4k M RE vl &0, SiO : TiO,
B L N4 LI FORE Shp-STB- 11 A et . 8 %
MOBHE S 5B B L, IR B HR B A R 1292
mAh-g”!, EHIRERKHETS1%, 1E100 mA-g ' T,
PEAR R E H 555 A A B T 42 98% I £ 0E £ 1% 7K
P, 100 K 1E BRJE R b 2 & AT 4R KR 7E 730
mAh-g !,

Cai 552 FH Bk 5 25 A V5 e -k i 754, 7ESiO
KEAEK T EEMNTIONE)Z . HEREE)SHSIO
TN BN KA SRR, T IR R 7 1A I ()
GRigdiRr, B R0 TS )0 8 B TIO B 78 1)
SiOM BH(E15). Hirh, TiO2 & & N18% (w)HIST-3
FE S RE B AR, 1 F I A7 ) 1 R H b 2

91920 mAh-g™, B IREALRET9.4%; {E£200
mA-g ' N, FERRCR B HSIRIG IR RIF 296% L
HA2EE KT, 200076 5 25 R AR FF7E901
mAh-g'. ZERTESRER R AW R SR %
5 1520 8 B TIOLZ AL AT AR Ay 25 o )2 0
SIOf M AR RS, AN e A AT Lit 98, M
7 7T 348 i 57 B A ARk P it A 12

Krog T LRl & EE e E MG
SIOM BB EMERE. TTULE S, BETEEA
Py 52 = 52 MRS R LR T B AR 35
FetE, FIRME NGB ER St E, 56 R
SIOMAFAZN ;. [HIE, 7ESIOR AT & )8 Ak
MIZMEE, R R AR N AR R K
EIRPERE RIS R RE
5.3 SIORHEMZERLENHE

T LRXSiOM & EB 4. &AMt E
A B BT 7 TAE, 7ESIORMIEAT &8
Tk 1) %2 #6565 /60, 78 0 T Oy — TR A 80T o P
BIO0I0 i i, — St g A S 0K & R i S
sy, BEEREE/CHE &N E EUE SO
BE, R E P R PR PR PR R

XieZ5 1023@ it 76 HE TRV A HE v A R T Si0
5 Cuf gk A 52 (EG)E A 1SiO/Cw/EGH K+ Sl
F CuSO4 %t BR B 5 i Si0RE AT I A TR, F 5 EG
RA AT E BT, 5 2ISi0/Cu/EG. %M
BEAE R A, H Xk EERN11T7T
mAh-g”', 75200 mA-g ' F, 100%XFE3 Ja bb 25 & fR
FFE836 mAh-g !, LA BELREFERN0.2%, FEIERL
RARFFTE99.2% . M — PR F1GH , CWFIEGE A g
5 Z RSO AL I R v = AR I NSRRI
T HIB G R E P . ZhangZ% O35 it K HaE A K
TR JRE AT B (rGO) S5 NI 4 H A 1 SioM B
(bm-SiO/Ni/rGO). K ERFE J5 1 Si0 5rGOHEAT K #4
OB, BN B B R AT Ni B 44 15 2 bm-



Y ERAL 222248 Acta Phys. -Chim. Sin. 2022, 38 (X), 2103052 (22 of 28)

(a) Si0  ® Amorphous TiO,
b nat miting_& © TiO, costing @
‘ &.« b Sol-gel process

© “e

Lithiation ...
Sio Initial cycle
Nrio:  LiO/LisSiOs

LixSi

Lithiation

o
r—
Delithiation

Si’

B 15 (a) SIO@TiO: Hl &~ EE;: (b) ST-3 BIKFIE: TEM E, 1), SEM EIIDNFIAHML Si, Ti,

* Raw Si0

2000 o Ball milling SiO
v ST-1

4 ST2 P
< ST3
> ST4

ORI AAquION0)

—Raw Si0

—— Ball milling SiO
—ST-1

—ST2
—ST3

Specific Capacity /mA h g1

% £-1§ J0 Aou

500 1000 1500 2000 2500 50
Capacity/mAhg'

1500 “_‘

] o= 1 e
1000 L. =~

2

Specific Capacity /mA h g

500 1000 1500 2000

Capacity /mAhg Cyele Number

500

2um »4 , ﬂ _2um_ 0 /]
O LEMT A

P

(c) SIO@TiO: I ENEREE; (O)RFRERKBEAEREEER; () ST-3 BARTE 200 RAEFRRT(Z)FN
P& 5 (A)SEM #1 TEM F
Fig. 15 (a) Schematic of the synthesis process of the SiO@TiO:2 nanoparticles; (b) characterization of ST-3: TEM images

(I, IT1), SEM image (III) and the corresponding mapping images of elemental Si, Ti and O; (c) schematic of

charge/discharge mechanism of the SiO@TiO2; (d) electrochemical performances of different samples;
(¢) SEM and TEM images of ST-3 electrode before (left) and after 200 cycles (right) *°.

Adapted with permission from Ref. 99, Copyright 2019, Elsevier.
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Table 7 Electrochemical performances of SiO materials modified by metal oxide coating.

Initial discharge/charge Cycling performance Current  Particle Coating Conductive
Sample ICE (%) Year Ref.
specific capacity (mAh-g™!) (mAh-g™") density size thickness property
SiO/TiO2 1757/1265 72 - - 6 um - Rt=63.69Q 2012 97
SiO/ Fe203 2773/1893 68 1335 (50 cycles) 160 mA-g™! - - - 2013 93
SiO/TiO2 1654/1292 78.1 730 (100 cycles) 100 mA-g™! - 50-150 nm R=120Q 2019 98
Si0/a-TiO> 1920/1524 79.4 901 (200 cycles) 200 mA-g™" 160 nm 20-30 nm Re=391Q 2019 99

SiO/Ni/rGO . &M EME N AR B Fth, B IR 7S FLEL
K EN1021.7 mAh-g!, HIRERRE62.4%, 1E
100 mA-g” ', ZB2RIGH)E AL BRI T 2295%
P E, 100/ B 5 b 5 AR FF /2720 mAh-g !, L
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BH AL 2 e, (Hid 2 I BaTiOs J i 2 in P i
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Fig. 16 (a) Schematic of the preparation of the SiO@C/TiOz nanospheres via the sol-gel method; (b) SEM images of
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200

P-SiO, N-SiO, SiO@C and SiO@C/TiO2 composite; (c) electrochemical performances of different samples; (d) cross-section
SEM image of N-SiO (left), SiO@C (middle), SiO@C/TiO: (right) before (top) and after 100 cycles (bottom) %%,
Adapted with permission from Ref. 105, Copyright 2020, Elsevier.
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Table 8 Electrochemical performances of SiO materials modified by multiple coating.

Initial discharge/

Cycling performance  Current Particle Coating  Conductive
Sample charge specific ICE (%) Year Ref.
(mAh-g™") density size thickness property
capacity (mAh-g™")
SiO/Cuw/EG 2400/1177 49 836 (100 cycles) 200 mA-g~! - - 2017 102
bm-SiO/Ni/rGO 1636.4/1021.7 62.4 720 (100 cycles) 100 mA-g™!  ~200 nm ~5nm  R«a=724Q 2018 103
SiO@C/BaTiO3/CNT 952/771 81 711.7 (100 cycles) 0.1 A-g™! 8 um - R =59.5Q 2019 104
Si0O@C/TiO2 1590/1542 97 1565 (100 cycles) 0.1 A-g™! 400 nm 50 nm - 2020 105
97%, fE0.1 A-g”''F, 100/ B G BUR L AR R FACR.
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