@43 &

2024 &£ ¥ 69% % 16 Hi: 2145 ~ 2156

¢ O R ) 2b

WS ISR RS 8

SCIENCE CHINA PRESS

CrossMark

& click for updates

W R R D ah R S i PR fE

AET, 2B, KRR, AT

DGR TR B HHARF RIS LR, B 430070
ARG N

* P& ., E-mail: liangzhou@whut.edu.cn

2024-02-28 Wik, 2024-04-04 &[], 2024-04-10 457, 2024-04-11 MLk 3

WAL S & 11R1(2021BAA176) % B

HE BEEARMBEAREEGMRERRRELS, CAIREES TR MR ETEARBMAAZ —, 21
AR AR E A ERE AT F R T oo oy 08 3R M. 3 A S B A pR A 4 A R R AR T DU U

BERE M. AXEEERQEM N KX

%= 0/

ER-EREM. DO40RE DR Rk =00 B,

AR S LR G L B R, R BT AR S A oy B R AR SO R B G T R R R R AT T SRR &
o, MEEREZCEM GBI R LNEAEN AR RKREET M#TT itk RE.

Kkl EEAHAMHE, OGN, EE TR, REMT, AREK

UEAER, B E R XEH eI R K 1 S, s
ToT5 YA B SR A e SC B0 T MR 20224F,
e E eI A k688 7T . Rk, AfiTxt
HREVR VR A AR, B kR 2 5
SRAM AL S5 PSS T H (20244 4) ) B
PR BT R SRR B W b FH A BB B R
KM RL, BTRETRIR G ORI, F b SR AR} EL
2 500 mAh g, FEFR20000K 5 AME FRILGTR
ZE80%. M HET R ALEE B T it 2 LA 85 A 1
e, BB LR N372 mAh g ', EIEAE] FIRELR.
Bk, EEEAEE. KM, mLeis bk
B PR R 2 AR A Tl e s,

TEARZZ W O R, R B R ) PR b 52 i
HFEE. IS HARE@200 mAh g ). AR H
PAIE0.2~0.4 V vs. Li/Li")MAMREALH, BN
ERAT RN T RS Th b a7 A
PR T H e DK, IFSE A Ak R AR A R SRR

WIRE, WG T —FRINRPERCR. 19954F, Wilson
57"5/\[8]5@ﬁ{k%/—:ﬁﬁ‘iﬁiﬂ‘&(chemical vapor deposition,
CVD)YS W T RES =M 1% E A ekl AR
(L 25 35600 mAh g™'. 19994, HhERl b
WS T B T S A A 48 T S ok ks ¢ BB 53 4 b et
HAT 2SR 151700 mAh g™, 20054F, HiHHAR KA
Iz A M 4 T AR K T 4 R AR AR A ST KR HL AR,
PR AR MRS, IR SO TR 1k
PR, PBRINA, AR BARRSI. SiO fEMN MRk fE
HetER e, 4% DIF%G. Amprius. Group 14,
KBES. BESSILHTCHR.

SR, REU A SRR, 74k, TEB R
AR 2 R AR R B AR TR AR 4K (300%~400% ) F B P
MR W R B 2k I 25 2 Rk 2o e fih. BRIk =2 4%,
JEZ AR RS AL S B A L 0T S 1T (solid. - electrolyte
interphase, SEDFETCMRGIA K . FECRCEM. EHEY
R B AR AR A O S T e b, H T

Bull, 2024, 69: 2145-2156, doi: 10.1360/TB-2024-0229

SRS ALEE, XTI, TROBLE, 45, REREGURAIRELZS OSSR S AHEEVERE. Rl e, 2024, 69: 2145-2156

Du H, Liu S L, Zhang Y Y, et al. The construction and lithium storage performance of silicon-based hollow structured anode materials (in Chinese). Chin Sci

© 2024 (PIEREE) Akt

www.scichina.com  csb.scichina.com


https://doi.org/[object XPathResult]
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2024-0229&amp;domain=pdf&amp;date_stamp=2024-04-15

A% b & 2024468 H69% £16H

O & B PR R R s L AL SELIR )
FasEt:; BT HT R I RE R4S I MGEAR A AL S B A
PR, DAL H R IRC 7 DASE THRE L S B G IR 1 AN
FECRCR. R SR — R R )z B
PEIR NG, WL AER AP TR RS AR Ak 25 18], mT LA
UCE M EHETE A AR P I SSRRR e T, AR TSR
AR R AL 2R 1O A L TR AR RE, EA 4k
SERA A RE SR BE T A A5 B A B A AR AR BRI ik Y ok
FIRL T, AR M B KAk, SR TR IR R e
PETPU D 20074F, B TF R IR ZE AT APPSR P v P
BT BERSIGURZS OB, IR A O A RN
FHTHR B T 7%, 20094F, Parks AL BHARL S04k
FRCRRHT A4t SigRAS. 201248, G A B % 3,
S0 E5 A, B A OS5 R RO RS Gk R AT A
RRFUEZ IR IEE A % vh2s (8], ZR A B0 R N .
T8 1 FE ST 250 SIOK ER B A o A 5 HON A BT
FERY, AT A IRAEAR RARFR T, 230 SiBk b fe K i
LESSIERAGAS 22, X W RMR S 25 AN K S5 44 B R B AL
FARGWWIR, EXETAERR AT, Tk, KA
23 UG KA R SR R W 2 e e i S AR A L A i R M R A
AR AR B USRI R, BT, A SCRT
FRREFEAS D IR SRIEAT T RGNS, Wt
DB RBU MR (), 2s0Bk/ER R, HEk-
FELERT L gk AR HA R s g R,
X HAREEPERESEA T TR0 Heds. ), FRATIX AR RS
F Lt Ak L A 0 5 R S AR A RHIE 5 3R XY R A A 4 ]
AT TiTe, FEXT A RRE R B R 7 ki T

B 1 (MR @) DA R £ 22

Figure 1 (Color online) Main types of Si-based hollow structures
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Table 1 Summary of typical hollow silicon-based anode materials

M2 R LEMAAY T itk

Si 23R 1Ag™, 1774 mAh ¢”', 2001 [25]

m-Si HC 23R 42 A g, 850 mAh g”', 80014 [26]
SiNDs@DSHC Z2S R 1Ag™, 750 mAh g™, 20001 [52]
Si/SiO,-DSHSs BUZZS LEK 10 C, 360 mAh g™, 1000/ [53]
Si/Cr,0,/C ZIRZS LR 500 mA g, 716 mAh g~' 3008 [54]
H-SiNS/C Z2es 0k 2A g™, ~1040 mAh g”', 500f] [55]
NC@Si-20 20T 100 mA g, 1015 mAh g”', 1008l [56]
Si@void@C R HTA 1C, ~1500 mAh g™', 1000/ [35]
YS Si@50mC g gyt 1) 420 mA g~', 1000 mAh g~', 400/ [57]
SiNPs@C W 250 mA g, ~570 mAh g, 100/ [58]
nano-Si@C R -HSTAN 2.1A g™, 1756 mAh g”', 1000/ [59]
HCC-M-Si/CNF RGN 2A g™, 1000 mAh g~',1000%] [60]
Si@Void@C R -HRSTAN 2A g, 73.5%, 10008 [61]
Si@TiO, E RS 2.1A¢g™", 990 mAh g™, 1500/ [62]
YS-Si/C T 40 A g™', 220 mAh g™', 12000 [63]
SCMSC g O sgret 1 0.166 A g”', 1330 mAh g™, 100 [64]
Multi-Si-Void@SiO, EH-ETEEN 12A g, 1440 mAh g™, 500/ [65]
Si@Void@NGS HE-HTAY 1Ag™, 1775 mAh g”', 75018 [37]
DWSINT 23 DS LR 12 C, ~600 mAh g~', 6000/ [41]
Si/Ge nanotubes 25 DB LR 200mA g, 590 mAh g”', 100/ [66]
Si-Cu nanotubes N 20A g™, 780 mAh g~', 1000 [671
SHC/NCF ZELME LN 0.5A g™, 2000 mAh g~', 1200/ [68]
Si@NiCNTs@NHCF N CEaT ) 1Ag™, 1072 mAh g~', 1000 [69]
Si AR EE 0.5C, 1160 mAh g~', 1000F] [70]
NL-Si@C 23045 R 4% 100 mA g™, 1422.5 mAh g', 5018 [71]
Si@IHCFs e et ] 02Ag ™", 903 mAh g™, 100/ [72]
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Figure 2 (Color online) Schematic illustration for typical silicon-based hollow sphere/cage anode materials. (a) Schematic illustration for the
synthesis of hollow porous silicon spheres through molten salt reduction™’, Copyright © 2018, American Chemical Society. (b) Schematic illustrations
for the synthesis of SINDs@DSHC nanospheresm], Copyright © 2020, The Royal Society of Chemistry

(a)

MSH structure . Acetylene-derived C

J Si nanoparticles ‘ Chromium oxide

Bl 3 (W48 WU o) IR A R ESL 2 R o5 a5 R 22 BB, (a) SI/CrLOy/CHE SRR L5775 22 K, Si/Cr,05/C MSHSsITH f T i i 1
F(b)s BHTH T RMBE IR (c, )FMIERE R (e)

Figure 3 (Color online) Schematic illustration for typical silicon-based multi-shell hollow structured anode materials®*!. (a) Schematic illustration of
the Si/Cr,05/C composite; scanning electron microscope (SEM) (b), transmission electron microscope (TEM) (¢, d), and elemental mappings (e) of Si/
Cr,0,/C
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American Chemical Society

Figure 4 (Color online) Schematic illustration for typical silicon-based yolk-shell anode materials prepared by the hard templating method””. (a)
Schematic structure of conventional Si nanoparticle electrode, novel Si@void@C electrode, and Si@void@C particles; (b) cycling performance of
Si@void@C; (c) in-situ TEM characterization of Si@void@C expansion during electrochemical lithiation. Copyright © 2012, American Chemical

Society
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Figure 5 (Color online) Schematic illustration for typical silicon-based yolk-shell anode materials prepared by the soft templating method®”. (a)
Schematic illustration for the synthesis of mesoporous carbon-encapsulated commercial silicon yolk-shell NPs; (b) TEM image of YS Si@10 mC; (c)
schematic illustration of the structural stability of YS Si@10 mC and YS Si@50 mC during cycling. Copyright © 2015, Elsevier B.V.
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Figure 6 (Color online) Schematic illustration for typical silicon-based nanotube anode materials™"]. (a) Schematic illustration of the fabrication
process for DWSINTs; (b) SEM images of DWSiNTs, DWSINTs after 2000 cycles with SEI, and DWSINTs after 2000 cycles without SEI; (c) rate

performance of DWSiNTs. Copyright © 2012, Springer Nature Ltd.
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Figure 7 (Color online) Schematic illustration for typical other hollow structured silicon-based anode materials. (a) Schematic illustration of the
synthesis process and formation of SEI during cycling for pomegranate-like silicon anodes”’”, Copyright © 2014, Springer Nature Ltd. (b) Schematic
illustration of the necklace-like Si@C network[m; (c) high magnification TEM image of the necklace-like Si@C network[m; (d) low magnification
TEM image of the necklace-like carbon shell after removing the Si nanoparticlesm]
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With the rapid developments of consumer electronics, electric vehicles, and stationary energy storage, there is an urgent
need to develop new-generation lithium-ion batteries (LIBs) with higher energy density, longer cycle life, and better safety.
Elemental silicon (Si) has been considered as one of the most promising anode materials for the next-generation LIBs, due
to its high theoretical capacity (4200 mAh g_l), rich abundance, easy synthesis, and environmental friendliness. However,
the Si-based anode materials suffer from low intrinsic electrical conductivity and large volume variation (300%—400%)
during lithiation/de-lithiation processes. The large volume fluctuation would lead to pulverization of Si particles,
detachment of the Si particles from the current collector (electrode disintegration), and repeated formation and rupture of
solid electrolyte interphase (SEI) films, eventually resulting in severe capacity fading. With unique merits such as high
specific surface area, abundant active sites, full electrode/electrolyte contact, short charge (especially lithium ion) transfer
paths, and volume buffering effect, hollow nanostructures are promising anode materials for LIBs. When compared to the
solid counterpart, the hollow structures are able to provide adequate empty space for the volume expansion of Si, leading to
significantly enhanced cycling stability.

In this review, we summarize the recent advances of Si-based hollow structured anode materials for lithium storage. The
Si-based hollow structured anode materials can be generally categorized into four families: (i) Si-based hollow spheres/
cages, especially double-shelled and multi-shelled hollow spheres; (ii) Si-based yolk—shell structures, especially that with a
nanostructured Si yolk and a highly conductive carbon shell; (iii) one-dimensional Si-based nanotubes; and (iv) other Si-
based intricate hollow structures, including pomegranate-like structure, necklace-like structure, honeycomb structure. The
synthesis methods, electrochemical performances, as well as their structural merits and demerits have been discussed in
detail.

Finally, the future perspectives on silicon-based hollow structured anode materials for LIBs have been discussed. (i) Both
conventional and newly emerging methodologies for synthesizing Si-based hollow structures suffer from cumbersome
synthesis processes. In this regard, more simple and scalable methods should be developed for constructing Si-based
hollow micro/nanostructures. (ii) Optimizing the cavity size is of key importance for the practical application of Si-based
hollow structures. Introducing too much cavity in the material would sacrifice the tap density and volumetric capacity,
which is detrimental to the energy density of LIBs. (iii) Considering the low conductivity of Si-based materials, it is
essential to composite the Si with highly conductive materials such as carbon. However, introducing too much carbon in the
composite may compromise the capacity of the silicon-based anode materials due to the low lithium storage capacity of
carbon. (iv) The initial Coulombic efficiency of Si-based materials is relatively low, and the introduction of hollow cavity
would increase the surface area and thus further lower the initial Coulombic efficiency. Thus, it is essential to develop
unique pre-lithiation technologies for the Si-based hollow structures. With the development of new synthetic methods and
unceasing endeavor from the scientists, we strongly believe that the Si-based hollow structures would finally find real
applications in next-generation LIBs.

silicon anode materials, hollow structure, lithium-ion batteries, energy storage, volume expansion
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