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ABSTRACT

As potential alternatives to graphite, silicon (Si) and silicon oxides (SiO,) received a lot of attention as anode materials for lithium-
ion batteries owing to their relatively low working potentials, high theoretical specific capacities, and abundant resources.
However, the commercialization of Si-based anodes is greatly hindered by their massive volume expansion, low conductivity,
unstable solid electrolyte interface (SEl), and low initial Coulombic efficiency (ICE). Continuous endeavors have been devoted to
overcoming these challenges to achieve practical usage. This review is centered on the major challenges and latest
developments in the modification strategies of Si-based anodes, including structure optimization, surface/interface regulation,
novel binders, and innovative design of electrolyte. Finally, outlooks and perspectives of Si-based anodes for future development

are presented.

KEYWORDS

lithium-ion batteries, silicon, silicon oxides, modification strategies

1 Introduction

Lithium-ion batteries (LIBs), having the merits of high energy
density, high working voltage, long cycle life, and no memory
effect, have been effectively applied in various scenarios, such as
medical equipment, electric vehicles, mobile phones, and laptops
[1-3]. Current state-of-the-art LIBs cannot meet the rapidly
growing demand of their daily life and industrial application. In
this context, tremendous research has been carried out to pursue
higher energy density, faster charge, and improved safety
properties [4, 5]. Material innovation and modification are crucial
to achieve the goals.

Graphite (Gr) is the most prevailing anode material in
commercial  lithium-ion  batteries, though  nongraphitic
carbonaceous anode was used in the first generation of Sony
lithium-ion batteries. Graphite presents a (de)lithiation plateau
close to lithium metal and could offer high and steady voltage. In
addition, graphite exhibits excellent cycle stability [6, 7]. However,
the theoretical capacity of graphite is 372 mAh-g", which is not
sufficient for high energy and high power applications [8, 9]. And
the low redox potential would lead to lithium dendrite formation
during fast charging. Various materials were explored as anodes
for LIBs, such as Sn, metal oxides, and Li, Ti;0;, [10-13].

Among the existing anode materials, silicon (Si) exhibits the
highest capacity (at ambient temperature, based on Li,,Si, its
weight specific capacity is 4,200 mAh-g") [14, 15], which is ten
times as much as conventional commercial graphite. It also
possesses merits such as natural abundance (the second most
abundant element in earth’s crust), non-toxic, eco-friendly, and
mild working potential (~ 0.4 V vs. Li/Li) [16,17]. These

characteristics make the element a unique and promising anode
candidate for LIBs with high energy density. In spite of these
advantages, there are also some challenges that seriously restrict
the application of Si anodes. Firstly, the severe volume
expansion/shrinking of Si (~ 400%) (Fig. 1(a)) during lithiation/de-
lithiation leads to the disintegration of silicon powder and
electrode cracking (Figs. 1(b) and 1(c)), resulting in fast
capacity/voltage fading [18,19]. Secondly, the large volume
fluctuations also cause the exposure of the fresh Si to electrolyte,
and continuous decomposition of electrolyte and growth of
unstable solid electrolyte interface (SEI) (Fig.1(d)) [20-23].
Thirdly, the continuous SEI formation results in relatively low
Coulombic efficiency (CE), accompanied by a huge amount of Li*
consumption in irreversible manner during cycling [24-27].
Fourthly, both the intrinsic electron conductivity (10°-107 S-cm™)
and the ion mobility (10™-10" cm*s™) of silicon are poor (Fig.
1(e)) [28-31], giving rise to unsatisfactory rate performance of
silicon anodes. Finally, silicon anode materials for LIBs may emit
combustible gases produced by electrolyte decomposition, which
may cause the decrease of Coulombic efficiency and sometimes
fire or explosion (Fig. 1(f)) [32].

On the other hand, silicon oxides (SiO,, 0 < x < 2), another
silicon-based anode, are viewed as attractive alternatives to silicon,
on account of their low cost and easy synthesis. Importantly,
silicon oxide-based anodes realize a tradeoff between discharge
capacity and volume change compared with Si anodes. Silicon
oxides can react with Li thermodynamically by a multi-step
process to form Li,O and lithium silicates irreversibly during the
first lithiation, showing a relatively small expansion (~ 200%). The
generated Li,O and lithium silicates may act as buffer components
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Figure1 The schematic illustrations of the main problems of silicon-based anodes.

to accommodate volume change on charge/discharge cycling,
resulting in the improvement of cycling stability. Nevertheless, the
process of silicon oxide anode materials is held back by the low
electrical conductivity, low initial Coulombic efficiency (ICE), and
serious side reactions with electrolyte.

Tremendous efforts have been made to address these problems
[33-35]. The bulk expansion and poor conductivity of Si can be
effectively alleviated, and the conductivity can be enhanced, yet it
is still quite away from the industrial application. So far, several
reviews on Si or SiO, anodes in lithium batteries have been
reported individually [36-38]. However, to the best of our
knowledge, a comprehensive investigation on the electrochemical
performance optimization methods of Si and SiO, is lacking. In
this contribution, the latest advances on solutions and strategies to
increase the electrochemical performance of Si-based lithium-ion
batteries are reviewed. We will introduce the modification
strategies in detail, including structure optimization, interface
regulation, novel binders, and innovative design of electrolyte
(including solid-state electrolyte in silicon-based batteries) (Fig. 2).
At the end of this article, the perspective of Si-based anodes for
practical application is discussed.

2 Modification strategies

2.1 Structure optimization

Nanostructure design is a very efficient strategy to enhance the
performance of Si-based anodes for LIBs, because it can alleviate
the crushing effect of Si or SiO, during cycling and maintain the

Structure optimization

Interface regulation

Novel binder novative design of electrolyts

Figure2 The main modification strategies of Si-based anode in LIBs.

integrate structure, and shortens the ion/electron diffusion path.
Generally, the nanostructured Si can be categorized as
nanoparticles (zero-dimensional (0D)), nanowires, nanorods and
nanotubes (one-dimensional (1D)), nanosheets (two-dimensional
(2D)), and nanoframeworks (three-dimensional (3D)) [39-44].

2.1.1 0D nanoparticles

Generally, zero-dimensional nanostructured materials have a high
surface area to volume ratio (SA/Vol), leading to less absolute
volume change of Si or SiO, particles in the process of charge and
discharge [45,46]. It was reported that surface cracking and
particle fracture did not occur when Si particle size was below
150 nm [47]. For instance, Cho and his coworkers prepared ultra-
dispersed Si nanoparticles (n-Si) with different particle sizes (5, 10,
and 20 nm) in reverse micelles at high pressure and temperature
[48]. When these samples were used as anodes for LIBs, no
obvious surface cracking and particle growth after cycling were
observed. It could be attributed to the high SA/Vol, and the
dislocations could be rapidly drawn to the surface. All of the
samples achieved high initial charge capacity and long cycle
stability, particularly the 10 nm sized n-Si nanoparticles covered
by carbon layers. As for SiO, reducing particle size is also effective
to improve its electrochemical performance. Sohn et al. conducted
high energy mechanical milling (HEMM) followed by surface
etching with NaOH to obtain smaller size m-SiO (NaOH)
particles (less than 10 um in diameter) [49]. The as-prepared m-
SiO (NaOH) showed a high initial capacity of ~ 2,400 mAh-g™ and
long cycle stability with 86.5% capacity retention. The capacity and
cyclability were improved with decreased particle size and the
removal of oxygen-rich SiO, on the m-SiO (NaOH) particles
surface which would block the Li* diffusion (Fig. 3(a)).
Nevertheless, the commercial LIBs based on Si-based nanoparticle
anodes have encountered a bottleneck. The inherent high specific
surface area of Si and SiO, nanoparticles can lead to serious
irreversible side reaction, resulting in the continuous consumption
of electrolytes and the repeated generation of SEI layer.

2.1.2 1D nanomaterials

1D nanowires, nanorods, or nanotubes exhibit the advantages
similar as OD nanoparticles, such as suppression of volume
expansion and electrode pulverization, and enhancement of
lithium/electron diffusion. In addition, the 1D nanomaterials help
overcome the aggregation of 0D nanoparticles and reduce the
interfacial barrier caused by particle contact for electron transport
[50]. For example, Zhou et al. reported a hierarchical Cu-Si
nanowire structure with AL,O; coating (denoted as HCS NW) by
using a bottom-up strategy involving an annealing process in air
followed by a plasma enhanced chemical vapor deposition
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Figure3 0D silicon-based nanomaterials. (a) Schematic view of the preparation of m-SiO (NaOH) and corresponding cycling performance at 150 mA-g".
Reproduced with permission from Ref. [49], © The Royal Society of Chemistry 2013. 1D silicon-based nanomaterials. (b) Preparation process of the HCS NW
structure and cycling stability of the HCS NW hybrid anodes at 3 A-g. Reproduced with permission from Ref. [50], © The Royal Society of Chemistry 2018.

(PECVD), a vapor-liquid-solid (VLS) process with a SiH, source,
an annealing process in H,, and finally the atomic layer deposition
(ALD) technology (Fig. 3(b)) [50]. Cu-Si alloy conductive matrix
afforded numerous electron transfer routes along the axial
direction of the nanowires. Meanwhile, the migration barrier for
Li diffusion in the radial direction was effectively reduced.
Besides, the hierarchical alloying arrangement greatly improved
the Si loading (up to 1.3 mg-cm™) and its electrical conductivity.
Such an HCS NW hybrid buffer structure accommodated volume
changes on charge/discharge cycling. Therefore, the HCS NW
anode delivered a reversible capacity of ~ 830 mAh-g" at the end
of 800 cycles at 3.0 A-g™ with a high capacity retention of 85%
(Fig. 3(b)). Mai et al. carried out a novel self-sacrificed of bimodal
mesoporous silica (BMS) method to obtain porous core-shell
nanowire arrays with SiO, core and carbon shells (pC-SiO, NWs)
[51]. A large quantity of Fe™* ions from FeCl; were adsorbed in the
pores of BMS and boosted the growth of SiO, nanowires. Such a
structure buffered the volume expansion and maintained a robust
SEI layer outside the carbon upon lithiation/delithiation process,
resulting in an outstanding cycling stability with reversible
discharge specific capacity of 623 mAh-g” after 150 cycles at
500 mA-g". Although 1D Si or SiO, nanowires can effectively
enhance the electrochemical performance of lithium-ion batteries,
they have more complex structure and higher manufacturing costs
compared with 0D silicon nanoparticles (SINPs) [52].

2.1.3 2D nanofilms

The contact region between the electrode material and the current
collector can be greatly increased by 2D Si-based thin film with a
large specific surface area, which is conducive to the rapid
ion/electron diffusion in electrodes and battery life extension [53,
54]. For example, Peng et al. deposited patterned Si and ZnO
layers in sequence on Cu foil followed by coating carbon as the
outer layer via magnetron sputtering to prepare tri-layer
composite films (Si/ZnO/C, SZC) with the thickness of ~ 85 nm
[40]. The thick electron-conductive carbon shell protected Si layer
from electrolyte infiltration and facilitated the formation of robust
and stable SEI film. Then, the carbon layer was partially replaced
by the Li,O-Zn layer after the first cycle, accelerating the migration
rate of Li* and electrons through the interface buffer layer.
Moreover, the well-designed Li,O-Zn layer with supreme elasticity

mitigated the volume change of Si active layer, which contributed
to sustaining the structural integrity of the anode material.
Therefore, the Si/Li,O-Zn/C composite film delivered a high
reversible capacity of 1,536 mAh-g™ after 800 cycles at 1.0 A-g”
and a high-rate discharge capacity of 1,400 mAh-g" after
6,000 cycles at 10 A-g” (Fig. 4(a)). In addition, Xu and coworkers
prepared dispersible silicene nanosheets for the first time by liquid
oxidation and exfoliation of CaSi, with the oxidant (I,) in
acetonitrile [41]. The CaSi, could be converted to Cal, with high
solubility and Si framework by the oxidation reaction in the
presence of I,. Then silicene sheets were exfoliated from bulk Si
framework in acetonitrile. The as-prepared ultrathin silicene
sheets were few-layer thickness of 3-4 nm but exhibited excellent
crystallinity and mechanical property. The chemical stable silicene
nanosheets retained 721 mAh-g* close to its theoretical value at
0.1 A-g" after 100 cycles (Fig. 4(b)). Zhang et al. synthesized a
bilayer nanomembrane consisting of alternating Si-rich SiO, layer
and O-rich SiO, layer with the chosen oxygen contents by
industry-compatible thin film deposition rolled-up technique [55].
The resultant product facilitated Li* transport and restrained the
volume expansion of silicon oxides. Therefore, a large reversible
capacity of ~ 1,300 mAh-g" at 100 mA-g™ was retained. However,
it should be noted that the dense films would generate tensile
stress on the Si or SiO, phase upon lithiation, leading to surface
cracking, which in turn influences the performance of the battery.

2.14 3D nanoframeworks

The interconnected Si and SiO frameworks ensure adequate
contact between electrode and electrolyte, offering highly efficient
conductive networks for lithium ions, thus greatly improving
electrochemical properties.

Additionally, 3D silicon-based nanoframeworks, especially
hollow and porous Si and SiO,, have attracted growing attention
because the hollow and/or porous structure can supply enough
room for the expansion of Si/SiO, without cracking or crushing
[56]. Zhi et al. developed interface stabilized siliceneflowers,
consisting of numerous interconnected 2D silicene nanoflakes
with different spatial orientations resembling the petals of the
flower [57]. Such a three-dimensional flower-like structure made
the inside space accessible, improving the structural stability and
shortening ion/electron diffusion length. As a consequence,
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Figure4 2D silicon-based nanomaterials. (a) Synthesis of the SZC film electrode and its cycling performances at 1.0 and 10.0 A-g™". Reproduced with permission from
Ref. [40], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (b) Schematic illustration for the synthesis of silicene from CaSi, via liquid oxidation and
exfoliation; scanning electron microscopy (SEM) images of pristine bulk CaSi, and its cycling performance. Reproduced with permission from Ref. [41], © WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim 2018.

excellent cycling stability was obtained under 2,000 mA-g" after
600 cycles with a reversible specific capacity of 1,100 mAh-g* (Fig.
5(a)).

Chen and coworkers innovatively constructed the porous SiO,
particles by evaporation of crystal water from perlite and then
produced porous Si through magnesiothermic reduction reaction
[58]. After that, the surface of porous Si core was encapsulated by
Ni-incorporated and N-doped carbon nanotube arrays (Ni-
NCNTs) and followed by forming Ni,Si alloy at the interface to
fabricate a unique core-shell-structured NCNTs-Ni,Si@Si. The
rich pore structures of porous Si and large void space in NCNT's
were beneficial for controlling the volume expansion of Si and
enhancing the Li* diffusion and offering rich active sites for Si
utilization at the same time. Moreover, the Ni,Si alloy at the
heterojunction interface between the Ni-NCNTs and porous Si
exhibited good electrical conductivity as well as avoided the
detachment of CNTs from the surface of porous Si core effectively
in the charge and discharge process. For these reasons, NCNTs-
Ni,Si@Si anode achieved a considerable capacity of 1,547 mAh-g™
and good cycling stability with 85% capacity retention after
100 cycles at 358 mA-g™. Di et al. synthesized hollow Si spheres by
high temperature reduction of carbon-coated SiO, with the help of
Al powder [59]. The carbon layer played a vital role in regulating
the diffusion of reactants and facilitating the mass transfer at the
interface and therefore promoting the construction of hollow
structure.  Such a  hollow structure created intimate
electrode—electrolyte contact and reduced the volume changes of
porous Si during cycling. The as-synthesized silicon hollow
structures displayed a stable discharge capacity of 1,774 mAh-g"
after 200 cycles at 1 A-g™* (Fig. 5(b)).

Despite these efforts, progresses in the application of porous
silicon electrode are still hindered by its poor conductivity, small
volume capacity, low weight energy density, and low tap density.
On the other hand, various structural design strategies of porous
SiO are implemented to regulate the formation of pores. Sohn et
al. obtained d-SiO particles based on the well-known
disproportionation reaction of SiO (2SiO > Si + SiO,) [60]. Then,
nanocrystalline Si was removed by NaOH solution, but SiO,
matrix was preserved, forming a porous structure of SiO, (P-SiO,).

\RiEEES

Tsinghua Unmmw Press

Due to the unique structure and fluent Li* transport channels, the
P-SiO, manifested a large reversible capacity of ~ 1,240 mAh-g*
over 100 cycles with a Coulombic efficiency close to 100% (Fig.
5(c)). Chen et al. designed a special Si/C/void/SiO,/C
nanostructure via HF selectively etching the SiO, layer [61]. This
special structure provided excellent electron transport capabilities
owing to the high electrical conductivity of the inner and outer
carbon walls. Furthermore, the central void offered ample room
for Si particles to expand and contract during cycling, maximally
avoiding surface cracking and electrode pulverization. As a result,
the unique structure exhibited a high first discharge capacity of
1,641 mAh-g" and an acceptable ICE of 64% at 100 mA-g (Fig.
5(d)).

2.1.5 3D current collectors and binder-free electrodes

Additionally, 3D current collectors as a potential alternative to
planar Cu foil can not only increase the interfacial interaction
between Si/SiO, and current collectors, thereby C-rate
performance, but also accommodate the volume expansion. 3D
current collectors can be divided into two categories, metal foams
[62,63] and porous carbons [64, 65]. For example, Hamankiewicz
et al. prepared a 3D Cu collector with great mechanical stability
than planar Cu foil by electrochemical deposition of Cu in
water [66]. The 3D current collector with the mass loading of
0.2 mgcm? of SiNPs sputtered by radio frequency (RF)
magnetron sputtering exhibited good cycling stability of 0.2%
capacity fade per cycle and high specific capacity of about 376
mAh-g” at 0.1 C. Liu et al. reported a carbon foam carbonized
from melamine formaldehyde, followed by an anneal process to
deposit Ti film and Si film on the carbon foam via electron-beam
evaporator [67]. The obtained electrode displayed a long cycling
life (up to 1,000 cycles) and excellent capacity retention (average
0.009% decay rate per cycle).

Generally, polymer binders are electrochemical inactive,
reducing the overall energy density and increasing the polarization
of Si-based electrodes. Thus, the removal of binders to engineer
binder-free electrodes is a promising pathway to improve the Si-
based anodes electrochemical performance. For example, Zuo et
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Figure5 3D silicon-based nanoframeworks. (a) Schematic of the production process of silicene flower (SF) and cycling performance of the SF over 600 cycles at 0.5 C
(2,000 mA-g*). Reproduced with permission from Ref. [57], © American Chemical Society 2017. (b) Schematic illustration of the formation of silicon hollow
nanostructures through reduction of silica with Al powder in molten salts and cycling performance of the silicon hollow spheres. Reproduced with permission from
Ref. [59], © American Chemical Society 2018. (c) Schematic views of the preparation of porous SiO, and long cycling performance of different anodes. Reproduced
with permission from Ref. [60], © Elsevier Ltd. 2013. (d) Schematic representation of the synthesis procedures of Si/C/void/SiO,/C nanoparticle and its cycling

performance. Reproduced with permission from Ref. [61], © Elsevier B.V. 2018.

al. prepared a binder-free reduced graphene oxide/silicon
(RGOV/Si) composite by ultrasonic dispersion of the colloid RGO
and SiNPs [68]. The colloid RGO could adhere to the SINPs due
to its flexibility, which was crucial to construct the binder-free
structure. The layered RGO boosted the Li* transport and
sustained the integrity of SiNPs, thus improving the cycling and
rate performance. Moreover, Si/SiO, was reduced from SiO by
Tan et al. through high energy ball milling, and then coated with
nitrogen-doped carbon from polyacrylonitrile as carbon sources
via annealing [69]. The nitrogen-doped carbon with high electrical
conductivity ensured high Li* mobility and structural integrity.

2.2 Surface/interface regulation

Generally, the repeated formation of SEI resulting from the large
specific surface area of nanosized Si or SiO, anode materials often
brings about low ICE and poor cycling stability [70]. Moreover,
low inherent electronic conductivity of Si-based anode materials
restricts their industrial application as well [71,72]. Therefore,
surface and interface modulation are always used in the lithium-
ion batteries for the purpose of more effectively achieving targeted
electrochemical performance. In recent years, with the expanding
understanding of surface and interface enhanced mechanism,
reasonable design of surface/interface engineering of Si or SiO, has
been developed to overcome these drawbacks. The surface coating
is regarded as an effective way of surface/interface regulation to
prevent the direct contact between Si/SiO, and electrolyte, which
inhibits repeated broken and generation processes of SEL
Furthermore, the coated layer provides fast transport pathways for
Li* and electrons and reduces the mechanical stress caused by the
large volume changes [73,74]. In this section, recent
developments in optimizing the surface coating for promoting the
electrochemical performance of Si and SiO, anodes are presented.
The introduction of surface/interface regulation is divided into
three parts: carbon coating, metals and metal oxides coating, and
polymer coating [75-83].

2.2.1 Carbon coating

The main functions of carbon as a coating layer of Si/SiO, are as
follows: (1) The carbon layer improves the electrical conductivity

of Si-based anodes remarkably; (2) the carbon-based coatings
efficiently prevent electrolyte infiltration into Si/SiO, particles via
interparticle cracks, by building a more stable SEI layer; (3) the
carbon shell avoids the agglomeration of Si/SiO, nanoparticles;
and (4) the suitable elastic buffer carbon shell accommodates
huge volume changes of Si/SiO, during lithium
intercalation/deintercalation process [70, 78, 80, 84-98]. A novel
approach was proposed by Yang and coworkers to synthesize
three conductive carbon materials (carbon black (CB), graphene,
and carbon) coated micron-sized Si spheres (Si/CB@G@C) via a
water-in-oil (W/O) system [75]. The micron-sized graphene
sphere in such a hierarchical structure acted as a buffer layer to
control the volume changes of SiNPs and enhanced the electrical
conductivity to improve stability. The tri-layer carbon shells
connected with SiNPs and CB together with graphene effectively
prevented the infiltration of electrolyte into Si core. Therefore, the
as-prepared Si/CB@G@C hybrids yielded a good rate performance
with the capacity of 728 mAh-g™ at 2 A-g”', which was superior to
that of Si@G and pure Si (Fig. 6(a)). Actually, Zhang et al. found
that the charge-discharge capacity of the core-shelled silicon-
carbon composites decreased with the increase of carbon content,
and yet the ICE increased gradually. In addition, the thickness of
the soft-packed lithium-ion batteries became thicker during the
charge/discharge process under a high silicon content, leading to
serious expansion of negative electrodes and the electrochemical
performance degradation [99].

The anisotropic expansion of micron-sized silicon anodes
simply causes crack initiation and propagation. Aiming to address
this problem, Yang et al. constructed an imperfection-tolerant
unique carbon capsule cellular (3C) architecture through chemical
vapor deposition (CVD) with a CH, source followed by precise
etching of inner voids with NaOH, consisting of carbon cages
interweaved in graphene network (SIMP@C-GN; SiMP = Si
microparticle) [100]. With large void space inside, SIMP@C-GN
had mechanical strength and ductility, showing a great lifetime
over 1,000 cycles with an average Coulombic efficiency over
99.5%. More importantly, no obvious crack and pulverization of
particles were observed after cycling (Fig. 6(b)).
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Figure 6 Carbon coating strategies for silicon-based materials. (a) Schematic of the preparation process of Si/CB@G@C and rate capability of Si/CB@G@C, Si@G,
and pure Si. Reproduced with permission from Ref. [75], © Elsevier Ltd. 2016. (b) The formation of 3C architecture in SIMP@C-GN and cycling stability of SIMP@C-
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At present, the main methods of carbon coating for SiO,
include CVD [101, 103-105] and ball milling [102, 106]. Through
galvanic displacement reaction and metal catalytic etching process
with Ag, porous SiO was acquired by Park and his coworker.
Then, acetylene-derived carbon coating was formed by CVD.
Benefiting from the combination of porous structures and carbon
coating, the volume expansion of this composite was greatly
suppressed, thus a considerable capacity of 1,490 mAh-g" over
50 cycles was sustained at 0.1 C (Fig. 6(c)) [101]. Takeda et al. used
HEMM to prepare micron size SiO powder and mixed it with
carbon nanofiber (CNF) [102]. The composite with particle sizes
of 0.1-1 um showed good cycling performance due to the
nanosized SiO and a low content of SiO, Therefore, an
outstanding cycling performance with a high reversible capacity of
~ 675 mAh-g™' was remained after 200 cycles (Fig. 6(d)).

Generally, heat treatment conditions of the carbon coating
strategy such as heating time, heating temperature, and
atmosphere have effects on the formation of Si-based anode and
thus indirectly affect the electrochemical properties. Hou et al.
systematically evaluated the electrical performance of the
disproportionated SiO (D-SiO) and graphene-coated SiO
(SiO@G) under different heat treatment conditions [107]. With
the increase of heating time and temperature, D-SiO underwent a
disproportionation reaction by forming Si and SiO,. The thicker
SiO, shell prevented Li* ions from passing through, leading to
severe overpotential and poor cycling life. For SiO@G, the
graphene coating effectively constrained the growth of SiO, shell
and protected the SiO surface. Such a protective layer achieved
a high ICE (79.3%) and long cycling stability (84.2% after
200 cycles).

Although rigid carbon coating provides a fast transmission
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pathway for lithium ions and electrons, it is not sufficient to
maintain the structural integrity of the electrodes. As a result,
flexible coatings (also known as elastic coatings) with good
mechanical properties afford flexibility to assist in accommodating
Si/SiO,, volume change during cycles, leading to highly sustainable
cycling performance with high capacity. In one example, Hyun et
al. encapsulated SiNPs in bacterial cellulose and constructed a
functional barrier coating of polyaniline (PANI) on the surface of
SiNPs by using phytic acid to increase the adhesion of aniline
monomers to SiNPs [108]. Consequently, the 3D flexible
conductive composite maintained stable electrical conductivity in
the bending testing and showed great potential as an anode for
flexible rechargeable batteries. In another example, Guo et al.
developed a stable and flexible interface with good conductivity on
the carbon-coated SiO, microparticles (SiO,/C) via in-situ
polymerization of Li poly(acrylic acid) (LiPAA) , followed by
blended with carbon nanotubes [109]. The elastic LIiPAA interface
changed dynamically with the expansion and contraction of
SiO,/C during (de)lithiation processes, avoiding the disintegration
of SiO, particles and the overgrowth of SEL The as-prepared
SiO,/C with flexible Li-PAA interface achieved superior cycling
performance of 836 mAh-g" after 500 (de)lithiation processes,
better than the original SiO,/C anode (458 mAh-g™).

2.2.2  Metal and metal oxide coating

Due to the high electrical conductivity, excellent ductility, and
mechanical strength of metals, metal coating as a protective layer
is an ideal strategy for mitigating volume change and improving
electrical conductivity. Up to date, various metals have served as
buffer matrixes, such as Ag [110], Ge [111], and Cu [112]. Ensafi
et al. prepared porous silicon by chemical etching Ag particles
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deposited on the surface of Si [76]. Then, Ni@PSiF or Bi@PSiF
composite was fabricated by the deposition of Ni or Bi
nanoparticles on the surface of Si via an electroless method in the
presence of F~ ions. Due to the high surface area of PSiF and the
high conductivity of Ni and Bi particles, both Ni@PSiF and
Bi@PSiF achieved large initial specific capacity of 2,500 and
3,200 mAh-g’ and high ICE of 98% and 97%, respectively.
Besides, both of them demonstrated good cycling performance at
400 mA-g™ after 100 cycles.

Yang et al. developed a liquid metal (LM: Ga 90 wt.% and In
10 wt.%) coating method and combined with CVD process on
SiMPs (denoted as Si/LM@C-CNF) to resolve the expansion and
polarization of Si particles during cycling [113]. LM coating as an
electrically conducting medium connected between inner SiMPs
and outer carbon shell, effectively buffered the electrode
deformation, and improved electrical conductivity. The composite
maintained large volume specific capacity of 936 mAh-cm™ at
5 A-g" over 150 cycles (Fig. 7(a)). Meanwhile, Kim et al. prepared
a nanostructured SiAl;,O composite material consisting of silicon
nanocrystallites (< 10 nm in size) via HEMM process [114]. The
electrochemically inactive Al component could replace part of the
SiO, and improve mechanical strength properties, which greatly
restrained  the pulverization of SiO  particles upon
lithiation/delithiation process. As a result, SiAl;,O electrode
exhibited an increase of 10% in ICE compared with SiO and
improved cycling performance, showing a capacity of 800 mAh-g*
at the end of 100" cycle (Fig. 7(b)).

The external metallic oxides (MO) protective layer not only
alleviates the volume expansion of Si/SiO, particles upon
lithiation/delithiation proceed, but also impedes the corrosion of
electrolyte to internal Si/SiO, particles, thus retaining the structural
integrity of Si/MO composites and improving cycle stability. The
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common metallic oxides coating materials include TiO, [79],
Al O; [115,116], zeolites [117], and so forth. For example, Liu et
al. demonstrated Si@a-TiO, core-shell structure by a simple sol-
gel approach [79]. The SiNPs were wrapped by amorphous
titanium oxide (a-TiO,) which had lower Li* diffusion energy.
More importantly, the flexible and elastic TiO, shells remained
undamaged during discharge and charge process. Besides, the
stable SEI film was formed on the surface of a-TiO, to prevent the
electrolyte from penetrating into the Si core. Hence, the Si@a-TiO,
as anodes for LIBs manifested a high ICE of ~ 86.1% and a large
reversible capacity of 1,720 mAh-g"' at 420 mA-g" (Fig.7(c)).
Similarly, TiO, coating layer is also of great importance to SiO,-
based anode for LIBs. Jeong et al. explored a facile sol-gel process
of using titanium iso-propoxide as precursor and heating at
400 °C to prepare a SiO@TiO, anode [118]. TiO, shell could
retard thermal runaway and improve the safety of LIBs. SiO@TiO,
anode showed a better capacity of over 1,000 mAh-g™ than that of
pristine SiO with a high energy density of 684 Wh-L™.

2.2.3 Polymer coating

Apart from metal coating, polymer coating (especially conductive
polymers) is also feasible in relieving fracture of Si/SiO, particles.
Polymers have the advantages of flexibility and elasticity and act as
the flexible medium to mitigate the volume changes during
cycling, endowing Si or SiO, with the ability to self-healing. PANI
[119], polypyrrole (PPy) [120], and poly(3,4-
ethylenedioxythiophene) (PEDOT) [120, 121] are commonly used
conductive polymers for high-performance LIB anodes. Wu et al.
synthesized a composite microsized Si anode (PCSi-2) with
coating of poly(hexaazatrinaphthalene) (PHATN) [122]. During
the cycling, PHATN went through the molecular transformation
configuration, forming free space to accommodate the volume
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Figure7 Metal and metal oxide coating strategies for silicon-based materials. (a) Schematic for the fabrication of Si/LM@C-CNF and cycling performances of
SIYLM@C-CNF, Si/fSM@C-CNF, and Si/LM/SP at 5 A-g". Reproduced with permission from Ref. [113], © Wiley-VCH 2022. (b) Schematic illustration of
nanostructured SiAl),O material and its cycling performance. Reproduced with permission from Ref. [114], © American Chemical Society 2010. (c) Schematic
illustration of fabrication process for the amorphous-TiO,-coated Si core-shell nanoparticles and cycling performance of the pristine Si, Si@a-TiO,, and Si@c-TiO,.
Reproduced with permission from Ref. [79], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017.
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expansion. Along with the sodium alginate (SA) binder, a strong
self-healing hydrogen bond networks generated, forming a robust
and stable structure. Consequently, PCSi-2 composite showed a
long and stable cycle life over 500 cycles at 1 A-g" with a high
reversible capacity of 1,129.6 mAh-g" (Fig. 8(a)). Zhu et al
reported a unique SiO structure with a C/polymer bilayer coating
(Si-SiO,@C/CNP-PPy; CNP-PPy = C-nanoparticle-reinforced
polypyrrole) [123]. Through the thermal decomposition of
phenolic resin and microwave thermolysis of honey followed by
the polymerization from pyrrole to PPy, the internal C layer and
the external CNP-PPy were produced, respectively. The
conductive and flexible bilayer coating not only improved
electrical conductivity but also enhanced structural stability. The
new design of electrode exhibited a large ICE of 69.8% and a high
capacity retention of 83% at 2 C after 900 cycles (Fig. 8(b)).

2.2.4 Surface functionalization/artificial solid electrolyte interface

Surface functionalization has demonstrated an effective way to
decrease the side reaction between Si-based anodes and
electrolytes. As a result, a stable and robust protective layer can be
constructed on the surface of Si/SiO, particles. For example, SiNPs
were surface-modified with epoxy group treated by hydrogen
peroxide (H,O,) to enrich the Si-OH group and followed by a
silanization reaction with the epoxy-containing silane precursor
[124]. The epoxy group of the functionalized SiNPs prevented the
direct contact between the SINPs and electrolytes. Moreover, the
formation of covalent bonding between the epoxy group and the
hydroxyl group in the poly(acrylic acid) binder maintained the
structural integrity of SiNPs. Thus, the electrode with epoxy group
showed improved cycling performance and higher CE than the
pristine SiNPs during (de)lithiation processes. Wang et al.
synthesized three different functional groups including silanol
silicon (Sis), carboxyl silicon (Sic), and siloxane silicon (Sio) on the
surface of commercial SINPs through different chemical treatment
[125]. For Sis and Sic, the SEI layers were easily cracked, leading to
the serious capacity fade, yet the Sio-contained SiNPs had a stable
SEI layer and a longer cycling life. In addition to surface
functionalization, artificial SEI (ASEI) with superior ion
conductivity, mechanical strength, and good flexibility can protect
the Si-based anode from reactions with chemicals in the organic
solvent, and thus significantly improve the cycling stability. Cui et
al. demonstrated an artificial SEI (Li,Si coated by LiF and lithium
decylcarbonate) via mechanical stir and heat treatment, followed
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by mixing LiSi NPs and 1-fluorodecane in anhydrous
cyclohexane [126]. The protective ASEI layer coated on SiNPs
provided accommodations for volume changes and sufficient Li
source. Therefore, the ICE was increased (76.1% to 96.8%) and
corresponding cycling life was extended to 100 cycles.
Furthermore, Wang et al. designed a porous SiO coated with
polytannins (PTN) by in-situ polymerization of tannin in NaOH
solution [127]. The ASEI effectively hindered the volume
expansion of the porous SiO and prevented pulverization during
cycling processes. The as-prepared SiO anode obtained a longer
cycling life and higher ICE than pristine porous SiO,. Moreover,
the performances of recently developed nanostructured and
surface engineered Si-based anodes are summarized in Table 1.

2.3 Novel binders

In addition to optimizing the silicon-based materials themselves,
the advanced design of polymer binders plays a vital role in
constructing stable silicon-based anodes as well [128-132]. There
are mainly two roles of effective polymeric adhesive: (1) to provide
adhesion and cohesion for active and inactive ingredients; and (2)
to bond the materials with a current collector. Reasonable design
of polymer binders with high bonding strength can effectively
sustain the mechanical integrity of the anode, prevent the
electrode-electrolyte reaction, relieve the volume expansion of
Si/SiO,, particles, and inhibit the structural degradation [133-135].
Polymer binders for silicon-based anodes can be classified into
three types in terms of the polymer structures: linear, branched,
and crosslinked polymers.

2.3.1 Linear polymer binders

In general, linear polymers are continuous long chains consisting
of carbon-carbon bonds with few branches between the chains.
The molecular weight (M,y) and side groups can determine the
binding ability [136, 137]. The most common polymer binders
include sodium carboxymethyl cellulose (CMCNa) [138], alginate
(Alg) [139], chitosan (CS) [140], PAA [141, 142], and so forth.
CMC is a derivative of cellulose, containing repeated hydroxyl
groups (-OH) and carboxymethyl (-OCH,COONa) groups. In
conventional graphite anodes, CMC/styrene-butadiene rubber
(SBR) composite binder is the most widely used binder. Early
studies have found that it might be a good adhesive for silicon-
based anodes in terms of the advantages of environmentally
benignity and low lost compared with poly(vinylidene fluoride)
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Figure8 Polymer coating strategies for silicon-based materials. (a) Schematic illustration of microscopic structural evolution of PCSi-2 electrode during the
charging/discharging process and distribution of electrostatic potential (ESP) of PHATN at different states; cycling stability and corresponding Coulombic efficiency of
PCSi-2. Reproduced with permission from Ref. [122], © Wiley-VCH GmbH 2022. (b) Schematic of the experimental procedure for synthesizing Si-SiO,@C/CNP-PPy
particles and its cycling performance. Reproduced with permission from Ref. [123], © American Chemical Society 2020.

Tsinghua University Press

i’f ? £ “é ih it @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(3): 3781-3803

Table1 Recent progresses on Si-based anodes with various structure engineering strategies
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No. Electrode 1* cycle Long cycling performance References
1 Si nanoparticles 3,530 mAh-g' with 82% CE at 0.179 mA-g"' 2,200 mAh-g™" after 250 cycles at C/7 [143]
2 SiNWs 4,125 mAh-g™ with 76% CE at 1/16 C 3,302 mAh-g™ after 100 cyclesat 1 C [42]
3 Si/Cu NW 2,854.4 mAh-g with 93.1% CE at 0.1 C 1,488 mAh-g after 100 cyclesat 1 C [144]
4 Nonporous SINW 4,000 mAh-g™ with 83% CE at 0.1 C 2,000 mAh-g™ after 250 cycles at 0.5 C [43]
5 Si nanosheets 875 mAh-g' with 61.6% CE at 0.1 A-g™ 721 mAh-g™ after 1,800 cycles at 0.1 A-g™ [41]
6 $i/ZnO/C nanosheets 1,761 mAh-g"' with 80.3% CE at 500 mA-g™ 1,536 mAh-g™' after 800 cycles at 1.0 A-g™! [40]
7 Silicene flowers 3,182 mAh-g with 74% CE at 200 mA-g~' 1,100 mAh-g™ after 600 cycles at 2 A-g™ [57]
8 Si@C 2,395 mAh-g! with 67.5% CE at 0.1 A-g"' 1,120 mAh-g " after 500 cyclesat 2 A-g™! [145]
9 Si@graphene 2,842.9 mAh-g™ with 85.5% CE at 1.8 A-g™ 800 mAh-g™ after 150 cycles at 1.8 A-g™' [39]
10 Si/C nanosphere 1,421 mAh-g' with 66% CE at 0.2 A-g™' 738 mAh-g ' after 120 cycles at 0.4 A-g" [88]
11 Si@N/C 1,697 mAh-g with 67.4% CE at 200 mA-g" 603 mAh-g" after 120 cycles at 200 mA-g™* [146]
12 R-YS Si/C spheres 1,100 mAh-g with 78.6% CE at 200 mA-g* 981 mAh-g" after 250 cycles at 200 mA-g™' [147]
13 CNT@Si@C 810 mAh-g ' with 84% CE at 0.1 mA-cm™® 690 mAh-g' after 500 cycles at 0.75 mA-cm™ [148]
14 Si/CB@G@C 1,380 mAh-g™' with 66.4% CE at 0.2 A-g™' 908 mAh-g™ after 50 cycles at 200 mA-g™! [75]
15 W-Si@N-CNFs 1,490 mAh-g with 69% CE at 200 mA-g™* 658 mAh-g™' after 150 cycles at 200 mA-g™ [149]
16 Check-Cu/Si 988 mAh-g with 25% CE at 6 A-g™' 359 mAh-g™ after 200 cycles at 6 A-g™' [150]
17 Si-FeSi,-G-C 1,045 mAh-g™' with 87% CE at 0.2 A-g™' 925 mAh-g™ after 80 cycles at 200 mA-g™* [82]
18 Cu-Si NW@ALO, 998 mAh-g~' with 88% CE at 3 A.g" 705 mAh-g ™ after 800 cycles at 3 A-g”! [50]
19 Si@TiO0,@RGO 2,815.6 mAh-g™ with 83% CE at 1.4 A-g™ 1,679 mAh-g after 900 cycles at 1.4 A-g™ [151]
20 Hollow Si 3,795.3 mAh-g' with 72.3% CE at 0.1 A-g™ 779 mAh-g™' after 1,100 cycles at 8 A-g™ [59]
21 Hollow Si nanocubes 1,728 mAh-g™' with 80.1% CE at 0.1 A-g™' 850 mAh-g™ after 800 cycles at 1 C [80]
22 Hollow SiO,/C 1,300 mAh-g"at 0.1 A-g" 802 mAh-g ' after 300 cycles at 200 mA-g™ [152]
23 Hollow p-Si@C 2,400 mAh-g™' with 79% CE at 0.1 A.g™' 1,869 mAh-g™' after 250 cycles at 1.2 A-g™! [153]
24 Hollow Si@SnO/C 2,023 mAh-g™' with 74.3% CE at 500 mA-g™' 1,535 mAh-g™ after 200 cycles at 0.5 A-g™ [154]
25 Hollow Si/C/void/SiO,/C 1,641 mAh-g"' with 64% CE at 100 mA-g"' 900 mAh-g ™ after 100 cycles at 100 mA-g™ [61]
26 Hollow Ni/SiO, 676 mAh-g™ with 56.6% CE at 0.1 A-g™' 337 mAh-g™ after 1,000 cycles at 10 A-g™' [155]
27 Porous micro-Si 2,500 mAh-g' with 75% CE at 0.26 A-g™ 1,218 mAh-g after 370 cycles at 2.6 A-g™ [156]
28 Porous Si/C 916 mAh-g with 64% CE at 0.05 A-g™' 418 mAh-g™ after 200 cycles at 0.5 A-g™ [157]
29 Porous C/Si-rGO-Si/C 1,553 mAh-g with 68% CE at 200 mA-g* 1,187 mAh-g™ after 200 cycles at 1 A-g™ [97]
30 Porous N-PSi@C 3,188 mAh-g with 93.8% CE at 0.05 C 1,200 mAh-g™' after 500 cycles at 7 C [94]
31 Porous NPC@Si 2,504 mAh-g™ with 84% CE at 0.5 A-g™' 1,565 mAh-g™ after 100 cycles at 0.5 A-g™ [89]
32 Porous Si-Ge 1,951 mAh-g" with 75.6% CE at 0.1 A-g™' 1,158 mAh-g after 150 cyclesat 1 A-g™! [158]
33 Core-shell Si/C 620 mAh-g™' with 89.2% CE at 0.1 C 620 mAh-g™ after 500 cycles at 0.5 C [159]
34 Core-shell Si@N 2,602 mAh-g"' with 75.4% CE at 420 mA-g"' 725 mAh-g "' after 100 cycles at 420 mA-g™ [92]
35 Core/shell Si/Ge NW 2,133 mAh-g with 87.5% CE at 800 mA-g™ 1,710 mAh-g" after 10 cycles at 4 A-g™! [160]
36 Core/shell Ge@aSi NWs 1,996 mAh-g with 79.8% CE at 0.2 C 1,455 mAh-g™ after 150 cycles at C/5 [161]
37 Core-shell porous Si@graphene 2,379 mAh-g"' with 77.8% CE at 0.1 A-g"' 1,124 mAh-g ' after 120 cycles at 0.4 A-g"' [162]
38 Core-shell SiO,-TiO,@C 1,011 mAh-g™ with 62.5% CE at 0.1 A-g™' 910 mAh-g™ after 200 cycles at 0.1 A-g™ [163]
39  Core-shell NCNTs-Ni,Si@porous Si 1,956 mAh-g™ with 80.9% CE at 358 mA-g™ 1,315 mAh-g " after 600 cycles at 0.1 C [58]
40 Core-shell Si-Mn/C 793 mAh-g' with 49.6% CE at 0.1 A-g™ 960 mAh-g™ after 100 cycles at 1 A-g™ [83]
41 Core-shell Si@void@NGS 2,000 mAh-g™ with 68% CE at 1 A-g™ 1,775 mAh-g™ after 750 cycles at 1 A-g™ [164]
42 Core-shell Si@void@C 1,700 mAh-g' with 62.1% CE at 0.2 A-g™' 854 mAh-g™ after 200 cycles at 0.2 A-g™' [90]
43 Core-shell Si@a-TiO, 3,061 mAh-g™ with 86.1% CE at 140 mA-g” 1,720 mAh-g™ after 200 cycles at 420 mA-g™' [79]

(PVdF) binder. Zhang et al. revealed that CMC could dramatically
improve the cyclic stability of SiO,/graphite electrode because it
did not react with the electrolyte and could form chemical bonds
with active materials. Therefore, SiO,/graphite anode with CMC
binder exhibited low impedance, high ICE of 77.92%, and good

rate capability [165]. Furthermore, the binding ability of CMC
binder is related to its molecular weight and the degree of
substitution (DS, the number of carboxymethyl group per unit) by
the carboxymethyl group. Liu et al. prepared CMC binder with
different DS via a repeated process of alkalization with NaOH and
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etherification with sodium chloroacetate [166]. The anode with
the CMC binder when DS was equal to 0.55 achieved the excellent
electrochemical performance owing to the synergistic effect of
covalent bonds and hydrophobic bonds. As a consequence, the
anode with CMC binder (DS = 0.55) showed the higher specific
capacity of 1,407 mAh-g™ after 100 cycles than those with lower or
higher DS.

In addition to CMC, another naturally occurring polymer,
sodium Alg, is also widely employed as a Si-based binder. For
example, Choi and coworkers reported an amphiphilic binder
with a hydrophobic protein acting as backbone and hydrophilic
oligosaccharide as branches [167]. Because of two functional
components, the renatured DNA-alginate (reDNA/Alg) binder
with 3D network structure exhibited amphiphilicity and promoted
uniform distribution of electrode components. The strong
adhesion further avoided the binder peeling off the current
collector and improved cyclability for silicon-based LIBs.
Therefore, the anode with reDNA/Alg binder showed high
capacity retention of 80.1% after 160 cycles at high current density
of 1,750 mA-g" compared with reDNA or Alg binder (Fig. 9(a)).
In 2010, PAA was first reported by Yushin et al. as a binder for
SiNP anodes [168]. PAA film had similar swelling and mechanical
properties to CMC binder. PAA binder can effectively raise the
cyclability of SINP anodes due to its high concentration of
carboxylic groups (-COOH) which enhances the adhesion
between Si particles. Komaba et al. found that the best
electrochemical performance was achieved by applying PAA as
the binder compared to the PVdF, CMCNa, and poly(vinyl
alcohol) (PVA) binders [141]. The flexible PAA polymer not only
connected SiO particles, but accommodated the volume changes
of the anode upon lithiation. The reversible capacity of SiO with
the PAA binder reached up to 700 mAh-g™ after 50 cycles at
100 mA-g (Fig. 9(b)).

Blending PAA with other polymers, such as CMC [169],
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pullulan [170], pectin [171], polyvinyl butyral [172], PVA [173,
174], polyaniline [175], and Nafion [176], can achieve better
performance than the individual polymers owing to the
combination of merits of PAA and other polymers. For instance,
Wang et al. synthesized water-soluble glycinamide modified PAA
(PAA-GA) via a coupling method by adding N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) to form chemical
bonds as a polymer binder for silicon anodes to alleviate its
massive volume expansion [177]. The PAA-GA-based silicon
electrodes possessed a high capacity retention of 81% after
285 cycles with a high average Coulombic efficiency of 86.5% (Fig.
9(c)). Another example, a novel pectin/PAA (PEC/PAA) blend
binder with reversible elasticity through simple physical mixing
and drying was developed by Hong and coworkers to suppress the
massive volume change of SiNPs [178]. The intrinsic functional
groups (-OH, -COOH, and —(C=0)OCH,) of PEC interacted
with PAA to form a hydrogen-bonded 3D physical network.
When the weight fraction of PEC was 10%, PEC/PAA binder had
good mechanical strength and adhesion, resulting in superior
electrochemical performances compared with PAA alone.

2.3.2  Branched polymer binders

A branched polymer can be regarded as a macromolecule
containing a large number of repeating groups arranged in a
branched structure. The properties of branched polymers mainly
depend on the amount of branching. PAA is the most widely
studied structure units in the construction of branched polymer
adhesives for high-performance Si anodes. Saito et al. synthesized
a graft copolymer binder by two reaction methods, the first
method was through the amidation reaction of glycol chitosan
(GC) to prepare macro-RAFT-CTA (RAFT: reversible addition-
fragmentation chain transfer, CTA: chain transfer agent) and then
a RAFT polymerization was carried out by acrylic acid, 4,4
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Figure9 Linear polymer binders for silicon-based materials. (a) The proposed reDNA/Alg hybrid binder at Si/carbon interfaces and cycling performance of Si/Gr
(10:90) anodes with reDNA/Alg and CMC/SBR binders at 0.6 C. Reproduced with permission from Ref. [167], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2018. (b) Schematic illustrations of the proposed mechanism for the improved cyclability for the SiO powder composite electrodes and cycling performance
of SiO anodes with different binders. Reproduced with permission from Ref. [141], © American Chemical Society 2011. (c) Schematic illustration of the
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azobis(4-cyanopentanoic acid), and LiOH to produce GC-g-
LiPAA [179]. The silicon/graphite composite anode with GC-g-
LiPAA binder revealed increased initial discharge capacity, and
high capacity retention and Coulombic efficiency (Fig. 10(a)).
Chitosan-g-poly(acrylic acid) copolymer (CS-PAA) and its
sodium salt (CS-PAANa) were produced by Yu and coworkers
through a simple graft polymerization [180]. The crosslinked
functional groups contributed to the construction of the robust 3D
network during curing. Both -COOH and -COO- groups
reacted with ~OH groups on the surface of Si particles and Cu foil
to form covalent bonds, ensuring the electrode integrity during the
repeated insertion and extraction of lithium process, and greatly
increased the stability of Si anodes. As a result, both Si/CS-PAA
and Si/CS-PAANa electrodes exhibited outstanding specific
capacities of ~ 1,240 and ~ 1,600 mAh-g™ at 420 mA-g™ after 100
cycles, respectively (Fig. 10(b)).

2.3.3  Crosslinked polymer binders

Crosslinked polymers often have two or more polymer chains
connected together at one or more points other than their ends.
The interconnected network linked by numerous covalent bonds
improves the mechanical and physical properties of the
crosslinked polymer. Crosslinked structure can reduce the severe
mechanical stress caused by the huge volume change, avoid active
materials peeling off the current collector, and maintain the
structural integrity of the electrode [181-188]. For example, Zhang
et al. prepared a dual cross-linked network binder by emulsion
polymerization of different polymers to form fluoropolymer (FP)
followed by thermal polymerization between the fluorinated
copolymer and sodium alginate (denoted as FPSA) [189]. The
chemical and physical cross-linked FPSA binder could effectively
protect the SiNPs during the cycling process. Consequently, a high
capacity of 1.557 mAh-g™ was remained at 4 A-g™ after 200 cycles
by employing this dual functional binder (Fig. 11(a)). Moreover,
Chen et al. successfully applied a cross-linked hyperbranched
polyethylenimine (PEI) with complicated 3D network as an
effective adhesive for Si-based LIBs [190]. The highly crosslinked
PEI could interact with SiO at the surface of silicon to construct
robust H-bonding networks and effectively buffer large volumetric

(a) (b)

Side chain length
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change of silicon particles, thus the integrity of the anode could be
preserved during lithiation/delithiation process. This crosslinked
polymer delivered a considerable initial discharge capacity of
~ 3,800 mAh-g"' with high ICE of 91.6%, and still sustained
2,180 mAh-g™ after 100 cycles (Fig. 11(b)). Zheng et al. prepared a
crosslinked polymer binder (SA-PAA) by esterification reaction
between PAA and SA [191]. The as-prepared binder could adapt
the volume expansion of sub-micro Si particles in the process of
continuous charging and discharging. The electrode with SA-PAA
binder had higher initial Coulombic efficiency, cycle performance,
and rate performance compared with those with SA and PAA
binders.

Dou and coworkers developed a polydopamine grafted
crosslinked ~ polyacrylamide (PDA-c-PAM) via dissolving
dopamine in NaOH aqueous solution followed by adding N,N'-
methylenediacrylamide, ammonium persulfate, and
tetramethylenediamine to acrylamide solution under an inert
atmosphere [192]. The PDA side chain had superior adhesion to
SiO and current collector and the PAM main chain could
accommodate the large volume change. SiO/graphite with the
PDA-c-PAM binder delivered a large initial discharge capacity of
1,350 mAh-g" and maintained 591 mAh-g" at 1 A-g" after
300 cycles with an average capacity fading rate of 0.27% per cycle.
A summary of different polymer binders for Si-based anodes and
their long cycling performances are shown in Table 2.

24 Innovative design of electrolytes

Besides novel binders, electrolyte is another significant factor that
impacts the electrochemical properties of silicon-based LIBs
[193-196]. SEL, a passivation layer, is considered as an important
role in LIBs. During charge and discharge process, SEI is
generated on anode surfaces from decomposition products of
electrolytes. However, the SEI film is continuously cracked and
reformed arising from the repeated volume change of Si-based
electrodes [197-202]. Therefore, constructing a stable and robust
SEI film can homogenize the mechanical stress and strain during
continuous lithiation/delithiation process of Si/SiO, particles to
constrain their expansion and contraction and protect the SEI
from crumbling. A great many novel solvents, electrolyte
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Reproduced with permission from Ref. [190], © Elsevier Ltd. 2019.

additives, and salts are designed to promote Si/SiO, cyclability,
including propylene carbonate (PC), fluoroethylene carbonate
(FEC), vinylene carbonate (VC), lithium bis(oxalate)borate
(LiBOB), lithium bis(trifluoromethylsulfonyl)imide (LiTFSI), and
so forth [203-205].

24.1 Electrolyte additives

FEC is a representative electrolyte additive that can drastically
improve the cycling stability. The primary functions of FEC
degradation in stabilizing Si-based anodes are (1) to suppress the
reduction of electrolytes because the lowest unoccupied molecular
orbital (LUMO) energy of FEC is lower than that of other
electrolyte components [201]; (2) to form a stable SEI layer
consisting of LiF and -Si-F compounds which do not decompose
because of the high bonding energy [206]; and (3) to construct a
cross-linked polyether network to inhibit polyethylene oxide
(PEO)-type polymeric products formed in the electrolytes [207].
Gasteiger et al. proposed that with the addition of FEC into the
electrolyte, the cycling stability of Si-Li half-cells as well as Si-LFP
cells was critically improved [208].

Jin et al. reported a new electrolyte additive of mesylethyl-
methyl-pyrrolidinium-difluoro(oxalato) borate (MEMP-DFOB)
[209]. With the aid of the additive, a dense and stable SEI layer
was built on the surface of anode and gas evolution was greatly
inhibited at high temperature (Fig. 12(a)). By virtue of MEMP and
DFOB functional groups, SiO/Gr anode-based pouch cells showed
excellent low and high temperature performances, notably for a
high capacity retention of ~ 75% after 900 cycles at 45 °C (Fig.
12(b)). For another example, Inoue et al. combined the non-
flammable triethyl-phosphate (TEP)-based electrolyte with FEC
additive to increase the safety and energy density of LIBs [210].
They found that the reaction between the electrolyte and the
charged anode was significantly reduced because FEC could
inhibit the exothermic reaction of the decomposition of TEP. The
coin cells with TEP:FEC-based electrolyte realized high capacity
retention of ~ 80% after 250 cycles (Fig. 12(c)).

2.4.2  Novel electrolytes

It is widely acknowledged that the SEI layer usually originates
from the reduction and decomposition of electrolytes on the
anode surface. For this reason, the composition of electrolyte has a
remarkable influence on the structure and properties of SEI layer.
Design and optimization of electrolyte is an effective method to
increase the electrochemical performance of silicon-based LIBs.

Tsinghua University Press

For example, Zheng et al. formulated a non-flammable localized
high concentration electrolyte (LHCE) with
bis(fluorosulfonyl)imide (LiFSI) salt, dimethoxyethane (DME)
solvent, and 2,2,3,3-ttrafluoropropyl ether (HFE) diluent, which
leaded preferential anion decomposition. In addition, FEC and
lithium DFOB (LiDFOB) were added to form a high-modulus SEI
layer enriched in fluorine and boron, effectively shielding the
anodes from volume changes [211]. The Si/Li half-cells with FEC
and LiDFOB demonstrated a remarkable performance with high
ICE of 90.2% compared to that cycled in the carbonate electrolyte.
(Fig. 13(a)). Zhang et al. adjusted the solute-solvent structure by
the utilization of a new diluent and an optimized electrolyte
formulation. A LHCE with 1H,1H,5H-octafluoropentyl-1,1,2,2-
tetrafluoroether (OTE) diluent was capable of stably cycling Si
anodes at room and high temperatures (60 °C) [194]. OTE-based
LHCE inhibited the continuous growth of SEI on the Si anode
surface by forming a dense and robust inorganic SEI layer. The
mechanical strength of the SEI film was much higher than that of
SEI film formed in the traditional electrolyte. Besides, it
suppressed the bulk expansion of the Si anode during charge and
discharge. With the assistance of OTE diluent, the optimized
LHCE exhibited excellent cyclic performance on commercial
Si/graphite anodes (Fig. 13(b)).

Recently, ionic liquid (IL) electrolytes have attracted increasing
attention because of their high stability, excellent ionic
conductivity, low vapor pressures, and wide electrochemical
window [212]. Piper et al. designed a Si-room temperature ionic
liquid (RTIL) system using cyclized-polyacrylonitrile-based Si
nanocomposite (nSi-cPAN) as the anode and pyrrolidinium
cation and bis(fluorosulfonyl)imide anion (PYRI13ESI) as the
electrolyte to construct a highly stable SEI [213]. The 18650 cell
with Si-RTIL system achieved average 99.7% CE for the first
100 cycles and 75% capacity retention after 500 cycles. Similarly,
Song et al. prepared the SiO, ; film electrode (thickness of 70 nm)
through pulsed laser deposition (PLD), and employed 1 M
LiTFSI/1-methyl-1-propylpyrrolidinium bis(trifluoromethyl
sulfonyl)imide (Py,;TFSI) as the IL electrolyte to build a robust
and stable SEI layer to suppress the volume expansion of SiO,;
anode during cycles [214]. Therefore, the film electrode showed
high CE of 97% with a capacity retention of 88% after 200 cycles.

2.4.3 Silicon-based solid-state batteries

Traditional lithium-ion batteries typically use liquid electrolytes
consisting of flammable organic solvents that react with active
materials to emit volatile gases and may cause fire and explosion.
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Table2 A summary of various polymer binders for Si-based anodes
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Binder S;Eiis:j Bri:t(iizr 1* cycle Long cycling performance References
Alg SiNPs 15% 2,000 mAh-g with 94.7% CE at 140 mA-g® /00 MARE’ arf;ilg?,o oyclesat 42005,
CMC SiNPs 15% 2,917 mAh-g™* with 62.06% CE at 0.1 C 1,608 mAh-g™ after 50 cycles at 0.1 C [166]
Renatured DNA/Alg SiNPs 20% 3,400 mAh-g* with 84.6% CE at 0.1 C 2,000 mAh-g " after 160 cycles at 0.5 C [167]
CMC/GG SiO,/graphite  20% 427 mAh-g™ with 73.3% CE 385.7 mAh-g after 100 cycles [165]
KGM Si@Sio, 25% 3,731 mAh-g' with 78.1% CE at 2 A-g™ 1,278 mAh-g ™ after 1,000 cycles at 2 A-g™ [215]
PAA Si@PD 20% 1,927 mAh-g" with 68.9% CE at 0.1 A-g”' 1,800 mAh-g™' after 100 cycles at 1.5 A-g™* [216]
Pi};dcrr;zz?de SiNPs 15% 3,000 mAh-g ' with 77% CE at 0.1 C 1,639 mAh-g ' after 100 cycles at C/10 [217]

ol wi 0 o]
PVA-g-PAA SiNPs 10% 3,260.5 mAh-g r;v‘;t.};ln.él % CE at 400 1,315.8 mAh-g iifg{iooo cycles at 400 (218]
PAA-GA SiNPs 20% 3,739 mAh-g™' with 86.5% CE at 0.05 C 3,028 mAh-g™ after 285 cycles at 0.2 C [177]
PAA SiNPs 20% 2,876 mAh-g" with 82.1% CE at 500 mA-g" 1,500 mAh-g ™' after 500 cycles at 1 A-g" [219]
PAA Si/C 25% 3,088 mAh-g™' with 84.6% CE at 0.1 C 400 mAh-g™ after 100 cycles at C/10 [220]
PANI-PAA SiNPs — 2,800 mAh-g™ with 91% CE at 0.2 C 630 mAh-g™ after 800 cycles at 4.2 A-g™ [175]
PEC/PAA SiNPs 20% 4,204 mAh-g™' with 84.7% CE at 0.05 C 2,386 mAh-g' after 100 cycles at 0.2 C [178]
Polyimide-PEG SiNPs 20% 3,000 mAh-g with 80.5% CEat0.1C 22 mAh'gJI;ie.;oo cyclesatd20 5 ))
PMDOPA SiNPs 20% 3,084 mAh-g™' with 89.6% CE at 0.2 C 1,600 mAh-g™ after 200 cycles at 0.2 C [222]
GC-g-LiPAA Si/graphite 10% 745 mAh-g' with 90.3% CE at 0.1 C 495 mAh-g ' after 100 cycles at 0.1 C [179]
CS-g-PAANa SiNPs 30% 2,303 mAh-g Vgi‘;f'%% CEat420 ) 608 mAh-g" after 100 cycles at 420 mA-g'  [180]
CS-g-PANI SiNPs 20% 4,417 mAh-g" with 72.4% CE at 1 C 1,087 mAh-g™' after 200 cycles at 1 C [223]
CS-g-PAAA SiNPs 20% 2,550 mAh-g™ with 69% CE at 0.1 C 1,301 mAh-g™ after 300 cycles at 4.2 A-g™ [224]
TA-PAA SiSMPs 10% 3,012 mAh-g' with 90% CE at 0.1 A-g™ 2,002 mAh-g™ after 100 cycles at 0.6 A-g™' [187]
Hyperbranched PEI SiNPs 20% 3,300 mAh-g™ with 91.6% CE at 500 mA-g™ 2,180 mAh-g™ after 100 cycles at 500 mA-g™  [190]
PU elastomer SiNPs 20% 3,400 mAh-g' with 85% CE at 0.2 C 2,414 mAh-g ' after 100 cycles at 0.2 C [225]
Crosslinked SA-PAA SiNPs 10% 2,471 mAh-g™' with 86.9% CE at 200 mA-g" 945 mAh-g™' after 110 cycles at 200 mA.g™  [191]
.o wi 9 g
PEDOT-PSS SiNPs 27% 2,855.7 mAh-g H\;V[l\t.};fiﬁ % CE at 500 1,951.5 mAh-g ;ie;foo cycles at 500 (226]
c-PAM SiNPs 15% 3,224.5 mAh-g" with 86.9% CE at 0.1 C 2,843 mAh-g™ after 100 cycles at 0.1 C [188]
ppSA-ppCMC SiNPs 10% 3,881 mAh-g™' with 82.6% CE at 50 mA-g™' 1,863 mAh-g™' after 150 cycles at 500 mA-g"'  [183]
c-PAA-DS Void@Sio,@C  10% 751 mAh-g with 61.3% CE at 100 mA-g”" 696 mAh-g™ after 500 cycles at 500 mA-g™"  [184]
Sn**-c-PEDOT:PSS SiNPs 20% 3,400 mAh-g' with 80% CEat 1 A-g"' 1,876.4 mAh-g ' after 100 cyclesat 1 A-g" [227]
PF-COONa SiNPs 33.3% 4,396 mAh-g' with 68.4% CE at 420 mA-g' 2,806 mAh-g™ after 100 cycles at 420 mA-g™'  [228]
-CMC-CPAM SiNPs 20% 3,460.9 mAh-g " with 92% CE at 0.1 C 19064 mAh'gflr:ie;OO cyelesat300 55
Pyrene-based (PPyMAA) SiNPs 10% 3,928.8 mAh-g" rvrjflg?‘z.%% CEat420 2,200 mAh-g ' after 180 cycles at 420 mA-g"  [230]
o wi o .cm™

Slide-ring PR-PAA SiMPs 10% 2,971 mAh-g v;t:;ll.ndy CE at 100 2.43 mAh-cm nif;i‘nllio cycles at 0.64 (231]
C-chitosan SiNPs 8% 4,270 mAh-g™ with 89% CE at 200 mA-g” 766 mAh-g™' after 100 cycles at 200 mA-g™  [140]
Guar gum SiNPs 5% 1,250 mAh-g' with 95% CE at 3,600 mA-g ' 1,000 mAh-g™ after 100 cycles at 3600 mA-g"'  [232]
Crosslinked CMC-PEG SiNPs 10% 38166 mAh'g*K; }gl,?l% Chat3sy2 2,000 mAh-g ! after 350 cycles at 0.5 C [233]
Boronic crosslinked guar SiNPs 10% 2,750 mAh-g™' with 82.7% CE at 0.05 C 2,400 mAh-g™" after 100 cycles at 0.2 C [234]
PAA-PEGPBI SiNPs 10% 2400 mAh-g “;::?8% CEAtL000 ) )1 mAh-g” after 50 cycles at 1,000 mA-g"  [235]
PFP-g-PEG SiNPs 10% 2,625 mAh-g' with 72% CE at 0.1 C 605 mAh-g™ after 1,000 cycles at C/3 [236]
PPyMADMA Si-alloy 10% 845.2 mAh-g ' with 64.64% CE at 0.1 C 800 mAh-g' after 100 cycles at 0.1 C [237]
CG SiNPs 10% 3,788 mAh-g™' with 80% CE at 0.2 C 1,500 mAh-g™ after 700 cycles at 840 mA-g™  [238]

Due to the impressive advantages such as high safety and energy
density, solid state batteries have emerged as promising energy
storages for realizing advanced LIBs. It should be noted that the
formation of SEI layer only occurs at contact surface areas
between adjacent particles [239].

In silicon-based solid-state batteries, the solid electrolyte (SE)
provides a rapid diffusion channel for Li* and serves as a battery
membrane. Nevertheless, poor contact between the solid
electrolyte and the electrode results in poor conductivity and high
resistance [240]. The performance of silicon-based solid-state
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Figure 12 Electrolyte additives for silicon-based LIBs. (a) The illustration of
SEI formation; and (b) long-term cycling stability of SiO/Gr|[NCA pouch cells
(NCA: LiNiygCoy;5Al1050,) with different contents of MEMP-DFOB at 45 °C.
Reproduced with permission from Ref. [209], © Elsevier B.V. 2021. (c) Cycling
performance with EC:DEC (EC: ethylene carbonate, DEC: diethyle
carbonate) or TEP:FEC-based electrolyte. Reproduced with permission from
Ref. [210], © Elsevier B.V. 2014.

batteries can be improved by increasing the contact area by
combining solid electrolyte and anode material as the composite
electrode [241-244]. For example, Okuno and his coworkers
presented that nanoporous Si particles were prepared by using
Mg,Si to facilitate the reduction of SiO, fumes and composited
with Li;PS, solid electrolyte as the anode material to adapt the
volume expansion of Si particles [245]. Nanoporous Si was in full
contact with the electrolyte, giving rise to low interfacial resistance
and increased cycling stability. Paik et al. constructed Si

Nano Res. 2023,16(3): 37813803

nanoparticles composited with CNF coated with Li;PS;Cl (LPSCI)
(Si/CNF@LPSCI) as the anode for all-solid-state batteries [246].
Coating solid electrolyte on the Si/CNF surface could increase the
contact area between the anode and solid electrolyte to boost the
Li* diffusion, leading to the enhancement of electrochemical
performance. The Si/CNF@LPSCI anode showed a high discharge
capacity of 1172 mAh-g" at 0.1 C with a capacity retention of 84%
after 50 cycles (Fig. 14(a)). On the other hand, quasi-solid-state
batteries also hold great promise for becoming the next generation
of battery because they can significantly increase the contact area
between electrodes and electrolytes. A quasi-solid-state battery was
reported by Wang et al. in terms of redox chemistry between a
Li,S cathode and hollow Si anode in gel polymer electrolyte (GPE)
[247]. The hollow CoN nanoshell (h-CoN) of cathode decreased
the reaction barrier between the adsorption of lithium polysulfides
and redox conversion, improving the catalytic activity and
boosting the redox kinetics. The quasi-solid-state Li,S||Si battery
exhibited a high energy of 802 Wh-kg™ with a long cyclic life at
extreme temperatures (from —20 to 60 °C) (Fig. 14(b)).

3 Summary and outlook

In summary, Si and SiO, have been considered as potential anodes
for next-generation state-of-the-art advanced LIBs because of their
high theoretical capacities, low costs, and reasonable redox
potentials. Although Si and SiO, have excellent properties
compared to other praised anode materials, there are still some
main challenges we cannot bypass, namely massive volume
expansion of Si-based anodes, unstable growth of SEI, low initial
Coulombic efficiency, and security issues. From this perspective,
we present the major challenges and recent developments in the
modification strategies of Si-based anodes. Despite these efforts,
progresses in commercial application of silicon-based lithium-ion
batteries are still limited by the short cycle life (generally less than
200 cycles). To address these challenges, the following aspects
need to be considered.

First, priority should be given to the rational design and
synthesis of nanocrystalline Si-based materials to tackle the issue
of huge volume variation of Si or SiO, particles upon
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Figure 13 Novel electrolytes for silicon-based LIBs. (a) Scheme of the NMC532/Si battery configuration with the nonflammable N-DHF electrolyte (1.2 M LiFSI/0.05
M LiDFOB in DME/HFE/FEC (3:6:1 by volume)); long-term cycling performance and CE of the Si anode at 0.2 C after pre-cycling under 0.05 and 0.1 C for three and
five cycles, respectively. 1 C = 4.2 A-g". Reproduced with permission from Ref. [211], © Wiley-VCH GmbH 2021. (b) Influence of the baseline (conventional carbonate
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Figure 14 Solid-state electrolytes for silicon-based LIBs. (a) Schematic illustration of the active material and solid electrolyte composite electrode (case 1) Si particle-SE
composite, (case 2) Si/CNF-SE composite, and (case 3) Si/CNF@LPSCI-SE composite. Reproduced with permission from Ref. [246], © Elsevier B.V. 2021. (b)
Schematic illustration of the configuration and merits of quasi-solid-state h-CON@MCNF/L4,$||Si-NP@MCNF full cells; comparison with the reported Li,S-based full
cells in specific energy; capacity retention at various current rates; and discharge capacities against continuously varied operating temperature at 0.2 C. Reproduced with

permission from Ref. [247], © The Royal Society of Chemistry 2021.

charge/discharge processes. Undoubtedly, the main trends of Si-
based materials are forward to nano-scale and composite structure
to minimize volume expansion while improving the electrical
conductivity. The nanostructure of Si-based composites not only
provides great mechanical strength but boosts the electrochemical
performance. However, it is important to note that porous
nanostructures with high specific surface areas will permanently
consume excessive amounts of electrolyte and Li* during the initial
cycle process to form the SEI layer, leading to low ICE, irreversible
capacity loss, and low energy density. Meanwhile, surface coating
as an effective method can enhance the conductivity as well as
increase ICE of Si-based anodes, but a lot of active sites are buried
by the coated layer and inevitably irreversible capacity loss can be
observed. On the other hand, till date Si or SiO, nanostructures
have not been synthesized in an economical way, such as “top
down” strategies including high energy mechanical milling and
high temperature thermal reduction and “bottom up” strategies
including  chemical ~ vapor  deposition and  classical
vapor-liquid-solid growth [36]. It is currently very laborious and
complicated and not suitable for practical application. Therefore,
in pursuit of high-performance Si-based LIBs, vigorously
developing efficient and low manufacturing cost of preparation
technologies of Si-based composite electrodes is indispensable.
Nowadays, the tap density of practical silicon anode-based lithium-
ion batteries is generally less than 0.3 g-cm™ [248]. Such a low tap
density often results in the actual volume capacity for the anode
being far less than the theoretical volume capacity of Si or SiO,.
On the other hand, low Si mass loading can extend the battery
lifespan, but it will also lead to the reduction of the specific
capacity of the electrode. Hence, for real-world applications, we
need to take all these factors into consideration to weigh all the

pros and cons to achieve high-performance LIBs with Si-based
anodes.

Second, the ICE of bare Si or SiO, is typically less than 80%,
which means that a large amount of active lithium is lost during
the lithiation of silicon or silicon oxides. Prelithiation methods
bring a ray of hope to Si-based rechargeable batteries because
prelithiation can compensate the irreversible lithium loss
attributed to the formation of SEI layer during the initial
charge-discharge process. Up to now, various prelithiation
approaches have been reported, including physical blending,
chemical prelithiation, and electrochemical prelithiation [249].
However, large-scale industrial application has not yet been
realized owing to their respective drawbacks. Developing low cost,
simple operation, and controllable degree of prelithiation
technologies is of great significance to improve the ICE of Si-based
anodes. It is crucial that the ICE of more than 90% is necessary for
practical conditions.

Third, reversible Coulombic efficiency as another key issue
should be taken into consideration seriously for large-scale
commercial application. Both electrolyte additives and binders
play crucial roles for the reversible Coulombic efficiency and the
performance of batteries. Design of novel solvents and additives
with excellent ion transport and large potential window along with
binders with good mechanical properties to achieve better battery
performance is necessary. Meanwhile, the utilization of solid
electrolyte is one of the effective ways to solve safety issues. It is
noteworthy that the progress of constructing Si-based all solid-
state battery is held back by its high production cost and large
interface impedance between solid electrolyte and electrode [239].

Forth, we need to holistically understand the formation,
composition, morphology, and evolution of SEI layer via advanced
and/or in-situ characterization technologies, such as atomic force
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microscopy (AFM), in-situ X-ray photoelectron spectroscopy
(XPS), cryogenic transmission electron microscopy (cryo-TEM),
and secondary ion mass spectrometry (SIMS). Combined with
first-principles calculations, SEI structure and corresponding
dynamic evolution will be distinctly revealed. The SEI components
are strongly affected by the solvent, additive, and electrode
material. Since the main composition of the SEI layer varies from
electrolyte to electrolyte, it is essential to figure out the keys of SEI
film impacting on the cycling performance of Si-based anode. In
other words, it is of extremely vital significance for us to further
optimize the structure of electrode materials and the composition
of electrolytes.
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