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Lithium-ion batteries (LIBs) have gained significant importance in various fields, as they play a vital role in
energy storage and conversion. The design and development of anode materials are of the utmost
significance in enhancing the electrochemical performance of LIBs. SiO, has emerged as a promising
candidate for the next generation of anode materials, primarily due to its high energy density, which has
garnered widespread attention. However, the commercialization of SiO, has been hindered by
challenges such as low conductivity and significant volume change during cycling. The design of SiO,/C
composites offers a potential solution to circumvent most of the inherent drawbacks of SiO,, as carbon
materials possess excellent electrochemical and physical properties. In this review, we aim to provide an
in-depth analysis of SiO, with different dimensions, with a specific focus on the influence of the
oxidation degree on the electrochemical performance. We classify the recent representative progress in
SiO,/C composites based on their structural characteristics and highlight the structure—activity relation-
ship of different materials. Additionally, strategies for improving the performance of SiO, based anode
materials are discussed, including the use of carbon sources, doping, surface modification, prelithiation
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and the use of binders. Finally, the challenges and research prospects are also described, aiming to pro-

rsc.li/materials-advances vide insights for the rational design of advanced SiO,/C composites.
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1. Introduction

In light of the depletion of fossil fuels and the challenges posed
by climate change, there is a pressing need to develop green
energy solutions to alleviate the energy crisis. Lithium-ion
batteries (LIBs) have been comprehensively improved and are
widely used in various fields due to their higher specific
capacity and longer cycle life compared to traditional
batteries.””> The widespread interest and utilization of LIBs in
diverse electronic devices, along with their integration with
renewable energy sources like wind and tidal power, have led to
a surge in practical applications.>* The specific capacity is one
of the most important indicators for evaluating LIBs. Research
indicates that the capacity of LIBs is consistently advancing at a
rate of 7% to 10% per year. This highlights the crucial impor-
tance of continuous innovation in battery technology to meet
the ever-increasing demand for energy storage solutions.®
LIBs primarily comprise an anode, a cathode, separators, and
electrolytes (Fig. 1a). The anode material holds significant
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importance in the overall system, playing a pivotal role in
determining the specific capacity of the battery (Fig. 1b).® In
the early days of LIB development, coke was commonly used as
the anode material. Most anode materials currently used in
commercially available LIBs still consist of carbon materials.
This choice is primarily driven by the excellent cycle perfor-
mance and enhanced safety characteristics offered by carbon-
based anodes.”® However, the low specific capacity of graphite
(372 mA h g™ ") has been unable to meet the demand of LIBs.
In order to break through the problem of low specific capacity,
it is necessary to seek the next generation of LIB anode
materials.®

Si is considered one of the most promising next-generation
anode materials for LIBs due to its high specific capacity of
approximately 3400 mA h g~ which is much higher than those
of carbon materials. This makes it highly attractive for use in
high performance batteries that require a high energy density.
In addition to its high specific capacity, Si is also abundant in
nature and easy to obtain, making it an attractive option for
large-scale battery production.’ Nevertheless, one major chal-
lenge encountered with silicon as a negative electrode is its
significant volume expansion (300%) during the charging/dis-
charging process. The volume expansion makes the electrode
deform and the electrode material structure collapse. At the
same time, the solid-electrolyte interphase (SEI) film will also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of (a) the LIBs structure and (b) anode materials, which play a decisive role in LIBs.

break, causing the Si to be in contact with the electrolyte,
constantly generating the SEI, consuming the electrolyte, and
seriously affecting the electrochemical performance. In addi-
tion, the electronic transmission capacity of Si based materials
is also far less than that of graphite, which severely limits their
application in LIBs.'®"!

It is found that SiO, is a mixture of Si and SiO, and some
metastable silicon oxides, so the theoretical specific capacity is
also between those of SiO, (1600 mA h g~ ') and Si (4200 mA h
g~ ")."> However, SiO, exhibits significantly reduced volume
expansion compared to pure Si, making it a promising candi-
date for high-performance batteries. The lithium intercalation
mechanism is different due to the change of Si species.”® An
inert layer of LiO, and lithium silicate will be formed in
the outer layer of SiO,, which will significantly improve the
stability of the SEI and ultimately improve its cycling
performance.'* Unfortunately, SiO, still has a volume expan-
sion of more than 160%, and the addition of oxides has
significantly reduced the conductivity, which poses a challenge
for its commercialization."® The electrochemical performance
of SiO, based anode materials can be effectively improved
through reasonable material design.'®'” The design of hollow
structures offers a viable solution to address the issue of
volume expansion, making it possible to mitigate this change.
Additionally, the use of SiO,/C composite anode materials is
widely recognized as the most effective method to overcome
this limitation. The second challenge associated with SiO, is
low conductivity."® Combining carbon with SiO, in a composite
material can not only mitigate volume changes, but also take
advantage of the excellent chemical properties and superior
conductivity of carbon, which can facilitate the transfer of both
electrons and ions."® While there have been many reviews
summarizing the research progress of Si based anode materials
for LIBs, research focused on SiO; is relatively limited.?®*' This
review aims to provide a comprehensive summary and analysis
of notable research advancements in the field of SiO, anode
structural design. Specifically, it emphasizes the distinguishing
features of SiO, core structures and their profound impact on

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrochemical performance. The importance of oxygen con-
tent is analysed, and the value of x should be reasonably
controlled during the synthesis of SiO,. According to the
different structures of SiO,/C composites, the synthesis meth-
ods and the structure-activity relationship are summarized.
Furthermore, it highlights several optimization strategies
aimed at enhancing the performance of SiO,/C, with particular
emphasis on the hybridization of diverse carbon sources with
SiO,. Lastly, this review discusses the current challenges that
SiO,/C composites still encounter, aiming to stimulate discus-
sions and generate ideas that can contribute to the progress of
SiO,/C composites. It is hoped that this review will inspire
further advancements in the field.

2. Crystal structures of SiO, and
carbon materials

SiO, based anode materials are considered one of the most
attractive alternatives to graphite because of their high specific
capacity and stable voltage platform. To make better use of
SiOy, we must have a more comprehensive understanding of
Si0,.>* In the past decades, many efforts have been made to
analyse the crystal structure and energy storage mechanism of
Si0,.>* Due to the limited characterization instruments, the
early understanding of SiO, was controversial and incomplete.
Some researchers argued that SiO,, as reported by Philipp,
exists in a single-phase state, where continuous Si-Si and Si-O
bonds randomly distribute within the SiO random network,
forming SiO, materials.>***> On the other hand, another group
of researchers supported the notion that SiO, is a two-phase
mixture, with SiO, and Si randomly mixed together.”® By 2003,
Hohl et al.*’ and Fuglein et al.*® characterized SiO, by more
advanced characterization methods (XPS, HRTEM, NMR, ESR,
etc.) and proposed an interface cluster model. In Fig. 2a, the
white regions may signify clusters of SiO,, while the black
regions may represent clusters of Si. Additionally, the grey
regions could denote either transitional silicon oxide (SiO) or
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Fig. 2 (a) Schematic illustration of the interface cluster mixture structure of a-SiO. Reproduced with permission.?” Reproduced from ref. 27 with
permission from Elsevier, Copyright 2003. (b) Reconstructed heterostructure model of amorphous S$iO.2° Reproduced from ref. 29 with permission from

Springer Nature, Copyright 2016. (c) Crystal structure model of graphite.

a blend of SiO, and Si. In the past decade, researchers have also
proposed an intermediate model, according to which amor-
phous SiO, and amorphous Si exist in amorphous SiO, and the
transition phase SiO, is wrapped by the two phases (Fig. 2b).>°
The energy storage mechanism of SiO, is similar to that of Si in
the sense that both materials will generate a lithium-Si alloy
(such as Liy3Siy, Li,Si, and Li;,Si;) during the charge/discharge
process in a lithium-ion battery. However, in the case of SiO,,
additional reactions occur, resulting in the formation of Li
silicates (such as Li,SiO,, Li,SiO3, and Li,SiOs) and Li,O. Li,O
can act as a Li" diffusion medium, facilitating Li* transport and
improving the rate performance of the battery. Moreover, Li,O
and Li silicate can also buffer the volume expansion of SiO,
during cycling.*® According to research findings, a higher
oxygen content in SiO, can lead to the formation of additional
by-products such as Li silicate (Li,SiO3) and Li,O during the
initial charge/discharge cycles of the battery. The reaction that
produces these by-products is irreversible, which will consume
a large amount of Li" and greatly reduce the initial coulomb
efficiency (ICE). The Si in SiO, has a regular tetrahedral
structure with good crystallinity, so it has strong rigidity, but
weak elasticity and conductivity. With the insertion of Li*, the
change of volume will produce large stress in the electrode. If
the stress exceeds the elastic range of the material, it will lead
to cracking or even pulverization of the electrode material,
which will seriously affect the life of the battery.’" After 20 years
of research and development, it is indeed apparent that utiliz-
ing high-capacity SiO,-based anode materials in lithium-ion
batteries (LIBs) remains a challenging task.**

The application of carbon materials in the anode of LIBs is
well-explored, with graphite being the most commonly used
and mature material. The layered structure is the unique
characteristic of graphite, and the interlaced graphene layers
are connected by van der Waals forces and metal bonds
(Fig. 2¢).*® The force between graphene layers in graphite is
weak, allowing the layers to easily slip past each other, which
contributes to the excellent mechanical properties of graphite.
This property is beneficial in the context of LIBs as graphite can
provide a stress buffer to accommodate the volume changes

898 | Mater. Adv., 2024, 5, 896-919

that occur in the SiO, material during cycling. By serving as a
mechanical support, graphite can help to prevent the degrada-
tion and fracture of the SiO, material, thereby improving the
overall cycling stability and performance of the battery.>* The
carbon of graphite is sp> hybridized, and six carbon atoms form
a planar hexagonal structure on the same plane. In addition,
each carbon atom has a delocalized valence electron to form a
big m key, and the electrons can move freely between the
graphene layers. The delocalized II electrons endow graphite
with excellent electronic conductivity. Alongside graphite, the
carbon materials in SiO,/C composites include graphene, car-
bon nanotubes, multiwalled carbon nanotubes (MWCNTs),
fullerene, etc.®>® These materials have desirable mechanical
and electrochemical properties. For instance, the inclusion of
carbon nanotubes in SiO, can enhance conductivity by provid-
ing additional pathways for ion and electron transport.*® Never-
theless, the practical utilization of these materials is often
hindered by high production costs or complex manufacturing
processes, thereby limiting their industrial-scale production.®”

The lower specific capacity of carbon materials limits their
application as anode materials when used alone. Research has
shown that the combination of SiO, and carbon materials can
achieve the superposition of their advantages.*®

3. SiO, design

3.1. SiO, structure design

In order to realize the potential of SiO,/C composites as anode
materials with excellent electrochemical performance, it is
essential to carefully design the SiO, precursors.*® The size
and morphology of the SiO, core can significantly impact the
electrochemical performance of the composites. It is essential
for a valuable process to not only prioritize cost considerations
but also place significant emphasis on environmental
friendliness.”® Some of the most common nanostructures used
in SiO, precursors include nanoparticles, porous nanoparticles,
hollow nanoparticles, nanowires, and nanofilms. These struc-
tures can significantly improve the cycle stability and coulomb

© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency of SiO, based anode materials. By optimizing the
synthesis and design of SiO, precursors, it is possible to achieve
SiO,/C composites with excellent electrochemical performance
and long-term cycling stability.*"*>

3.1.1. SiO, particles

3.1.1.1. 0D SiO, particles. SiO, particles are one of the most
fundamental designs and have been intensively researched due
to their manufacturing compatibility and commercial
availability.*> Miraculously, it has been shown that reducing
the diameter of the SiO, core can attenuate the volume expan-
sion. In the process of material exploration, various experi-
mental routes have been developed to synthesize homogeneous
SiO, nanoparticles.** Tao et al.®® prepared a mixture of tetra-
ethyl orthosilicate (TEOS) and citric acid under intense stirring.
The mixture was polymerized with ethylene glycol through
polyesterification reaction, and then the polymer gel was
obtained by ultrasonic atomization. Finally, SiO,/C was
obtained by spray drying in an Ar/H, mixture atmosphere. Xi
et al.*® chose the Si particles from a chemical company and
then modified the surface oxide by HCI pickling. Si particles
were mixed with formaldehyde-water solution and resorcinol
to form the precursors of phenolic resin coated Si/SiO,. Subse-
quently, Si/SiO,/C was obtained after high-temperature carbo-
nization of the precursor. Similarly, Cao et al*’ reported a
simple and less costly method to obtain SiO, by ball-milling Si
powder in air, which can achieve simple control of oxygen
content.

3.1.1.2. 3D SiO, particles. The secondary structure adjust-
ment of SiO, particles can enhance their cycle performance.
Porous SiO, particles were etched on the surface to leave many
channels, which can shorten the transmission distance of ions
and electrons and achieve high-rate charging/discharging.*®
Kin et al.*® reported an efficient strategy for preparing porous
SiO,. It involved mechanical milling of SiO, with zinc, and then
Zn/SiO, was calcined at high temperature. Because the melting
point and boiling point of Zn are relatively low, the redundant
Zn will evaporate more easily to remove after reducing SiO,.
SiO, with many mesopores can be obtained by this process.
Zeng et al.> synthesized cauliflower like Si/SiO, particles by
incomplete magnesium thermal reduction of SiO,. SiO, nano-
particles were prepared by hydrothermal reaction of TEOS,
urea, pentanol and cetylpyridinium bromide. Then SiO, parti-
cles, Mg and NaCl were subjected to high temperature solid
phase reaction at 700 °C to obtain porous CF-Si/SiO,-700.
Finally, the redundant Mg and MgO were washed away by
HCIL. CF-Si/SiO,-700 was characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), which revealed the uniform diameter of the sample
(300-500 nm). In addition, it can be clearly seen that there are
many pores connected to the internal space which enhance the
electronic conductivity and shorten the ion transport channel.
Owing to this unique structure, it shows excellent rate perfor-
mance at various current densities. CF-Si/SiO,-700 delivered a
reversible capacity of 600 mA h ¢~ " and a capacity retention rate
of 99% after 400 cycles, which represents its outstanding

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

1> conducted

structural stability. In a similar manner, Zeng et a
a study where they utilized an Al/Si alloy as the raw material and
employed selective etching with HCl to produce Al-doped
porous Si/SiO, composites (Fig. 3a). Multiple experiments were
conducted at different HCl concentrations and durations to
achieve the desired results. From SEM images, it can be seen
that a uniform three-dimensional porous structure is formed,
which can enhance the electronic and ionic conductivity
(Fig. 3b). As the etching depth increased, there was a reduction
in Si*" and the outer layer acted as a protective barrier, thereby
improving the cycling stability. The presence of residual Al
plays a crucial role in enhancing the conductivity and preser-
ving the porous structure. Furthermore, during the initial
charge/discharge, the SiO, outer layer undergoes various side
reactions, leading to a significant decrease in the resistance of
the battery system during subsequent cycles (Fig. 3c). In addi-
tion, the composite material exhibits a promising specific
capacity of 2914 mA h g " at 0.1 A g~ (Fig. 3d). Raza et al.>>
obtained porous SiO,/Mg,Si0,/SiO, composites through high-
temperature reduction of SiO by Mg. The introduction of
silicate into this multilayer structure significantly improves
the electrochemical reversibility and almost completely sup-
presses the volume change of SiO, during electrochemical
reaction. The porous structure of the composite not only
ensures enough electrolyte and electron transport pathways,
but also enriches the active sites on the surface.

Hollow SiO, particles can fundamentally solve the intrinsic
volume effect of SiO,. Sufficient internal reserved space has
been proved to be very effective in mitigating the dramatic
volume change during delithiation.>® Zhou et al.** judiciously
used dialdehyde molecules, triaminopropyltriethoxysilane
(APTES) and terephthalaldehyde (TA), as the precursor of
carbon and Si, and synthesized polymer hollow spheres (PHSs)
in one step through aldehyde amine condensation reaction
(SiO,/C HS-TA). Furthermore, the PHSs were obtained by using
a crosslinking agent, and the size, morphology and carbon
content could be precisely tuned (Fig. 3e). In addition, organic
carbon and organosilicon in PHSs generate a carbon matrix
and a SiO, unit after high-temperature pyrolysis, resulting in
the formation of an inherent ultra-fine hollow architecture
(Fig. 3f). This SiO,/C composite can not only alleviate the stress
of cycling, but also result in excellent electrochemical perfor-
mance in terms of reversible capacity, rate performance and
coulomb efficiency (Fig. 3g). Xu et al.’®> proposed an environ-
mentally friendly, efficient and simple route for preparing
hollow SiO, composites encapsulated by carbon conductive
networks. With polyacrylic acid (PAA) as the soft template,
TEOS was hydrolysed and condensed to form a SiO, layer.
When the PAA template was immersed in an aqueous solution,
it dissolved to form hollow SiO, spheres. Then, SiO, particles
were mixed with phenolic resin, and a layer of carbon shell was
formed in the carbothermal reduction process, while SiO, was
reduced to the SiO, matrix. Li et al.>® reported a composite of
self-assembled, metal organic framework (MOF) template
induced hollow SiO, nanoparticles coated with N-doped gra-
phene aerogels. This nanocomposite possesses a 3D porous
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Reproduced from ref. 51 with permission from Elsevier, Copyright 2020. (e) Schematic illustration of the synthetic procedure of SiO,/C HS-TA, (f) SEM
image and (g) long-term cycling performance at 1.0 A g~1.>* Reproduced from ref. 54 with permission from John Wiley and Sons, Copyright 2021.

structure with abundant pores and a high specific surface area,
and exhibits rapid high Li* transport and electron transfer.
3.1.2. SiO, nanowires. Devices based on SiO, nanowires
(SiO, NWs) show further improvements in the 3D structure. In
addition to the general advantage of resistance to strain, they
also fundamentally improve the conductivity.’”»*® Furthermore,
in general, a SiO,, NW device is directly connected to the current
collector, thus reducing or even eliminating the need for an
additional binder. SiO, NW devices have a robust structure,
which greatly inhibits the volume change during charging/
discharging, which can reduce the decrease in capacity.’® Li
et al.*® synthesized SiO, NWs using a tie-assisted method. With
low-cost mesoporous silica as the precursor, the loading of Fe**

900 | Mater. Adv, 2024, 5, 896-919

plays a crucial catalytic role within the pores. When subjected
to ethylenediamine steam treatment, SiO, NWs grow on the
surface of SiO, spheres along the direction of the lowest energy.
Although the diameter and length of NWs increase during
lithium insertion, this one-dimensional structure has strong
structural integrity and remains intact without breaking into
smaller particles throughout the cycling process. Additionally,
the carbon coating can enhance the mechanical strain resis-
tance and significantly improve the conductivity of the elec-
trode. Kim et al®' reported a synthesis method in which
polymethylsilane was thermally decomposed, resulting in the
formation of SiO,. This SiO, material was then coated onto the
surface of activated carbon nanotubes. The porous SiO, layer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with a thickness of about 1 nm increased overall specific
surface area of the material. The porosity can be modulated
by adjusting the Si/C ratio and heat treatment conditions. The
SiO, nanotubes with a hollow structure have excellent rate
properties due to the shortened Li' transport channel and
reduced Li" transport length. The structure with a reserved
inner void space can buffer the volume change of SiO, during
cycling. Wang et al.®® synthesized a bamboo-like structured
SiO,/C composite by using polymer coating technology, which
showed long cycle life and excellent structural integrity. Simi-
larly, Liu et al® prepared Si-void@SiO, nanowires using a
selective etching method combined with a thermal evaporation
strategy. SiO, after lithiation facilitated the formation of a
stable SEI, and the void space allowed for extra expansion of
Si. This special Si-void@SiO, nanowire electrode exhibited
outstanding lithium-storage performance, such as high rever-
sible capacity and excellent cycling stability.

3.1.3. SiO, nanofilms. SiO, nanofilms typically exhibit a
layered structure when used in conjunction with graphite and
have found efficient utilization in LIBs. However, there are few
research achievements on the SiO, nanofilm anode material in
LIBs, but it attracts more and more attention due to its small
volume change during cycling.®* The layered structure provides
a transmission channel for Li" and greatly improves the per-
formance. Moreover, the three-dimensional layered structure
can significantly increase its stress-buffering capability. Take-
zawa et al.®® synthesized a SiO, film on roughened Cu through
reactive evaporation. This SiO, film shows excellent structural
stability, as evidenced by the absence of significant particle
pulverization during cycling. Despite the excellent performance
of SiO, nanofilms, the preparation process is still considered
relatively immature and requires further exploration and
refinement.

3.2. Oxygen content of SiO,

Compared with Si based anodes, SiO, based anodes have more
stable cycle performance, which can be attributed to the addi-
tion of oxygen element, and the oxygen content has a critical
influence on the performance of the anode.’®®” Having a deep
understanding of the effect of the oxygen content in SiO, is
indeed crucial for advancing the application of SiO,-based
anode materials in LIBs. Yang et al®® studied scientifically
the effect of oxygen content in SiO, (0.8, 1 and 1.1) as the
anode material on the electrochemical cycle of LIBs. Through
XRD results, crystalline Si, amorphous SiO, and amorphous
SiO, phases were found in SiO,, and it was proved that they all
participated in the energy storage reaction with Li'. The
increase in oxygen content in SiO, will diminish the insertion
of lithium-ions, thus reducing the specific capacity of the
material. However, the sacrifice of specific capacity alleviates
the volume expansion of the electrode, thus significantly
improving the cycle stability. Moon et al.°® have provided
valuable insights into the influence of oxygen content on the
electrochemical performance of SiO, through extensive theore-
tical calculations. Employing density functional theory (DFT)
calculations, the Li-Si-O ternary phase diagram is obtained,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which has practical significance to understand the reaction
products between SiO, and lithium (Fig. 4a). The increase
in oxygen content will significantly affect the conductivity.
According to the energy band theory, the oxygen content
is proportional to the band gap (Fig. 4b). After further mathe-
matical analysis, they speculated that, with the increase of
oxygen content, there will be a higher voltage platform, which
is more favourable for Li embedding. The voltage values of
Si and SiO, were compared in the experiment, confirming
the accuracy of the theoretical calculation. By employing
similar mathematical approaches, it is conjectured that as the
oxygen content decreases, the propensity for SiO, to undergo
elastic softening increases, potentially leading to material
disintegration.

Recently, Cho et al.”” reported the effect of oxygen content
on the structural evolution of SiO, during electrochemical
cycling. Thin films (50 nm) with different oxidation degrees
were prepared by magnetron sputtering, and the changes of the
SiO, surface were investigated. The flow rate of oxygen/argon
entering the chamber determines the oxygen content in the
chamber. Thus, SiO, films with different oxygen contents can
be obtained. The films were also analysed by electrochemical
analysis and in situ X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 4c, different oxygen contents will cause a voltage
shift of peak 3, which is due to the oxygen related reaction
inside the battery and is irreversible in the first few cycles
(Fig. 4c). Peak 3 can be stable over about 30 cycles. However,
with the increase of oxygen content, a higher voltage appears at
peak 3. It is speculated that this is due to the inertness of Si-O,
and the Si-Si after lithiation can be recycled reversibly, which
increases the conductivity and capacity. When the SiO, film is
assembled into a half cell for testing, it can be clearly observed
that, with the increase of oxygen content, the capacity retention
rate increases, but the reversible capacity decreases as expected
(Fig. 4d). Moreover, through the electrochemical impedance
test of SiOy 3, SiO and Si0,, it is shown that the total resistance
is significant, increasing with the increase of oxygen content,
which is consistent with the analysis of the energy band theory.
This is also due to the inherent insulation of the Si-O bond,
and the difficulty of Si-O bond breaking hinders the diffusion
of Li". Moreover, it can be seen from the EIS images that the
overall resistance tends to decrease from the 25th cycle, which
is a result of the activation of electrode materials. Similarly, the
design of this nano-scale thin film makes it possible to observe
the macroscopic changes of the electrode surface more clearly.
By comparing the electrode materials with different oxygen
contents after cycling, it can be seen that the high oxygen
content makes the electrode material more difficult to crack.
These advantages of high oxygen content can be attributed to
the formation of a stable SEI, which has a certain buffering
effect on the change of electrode volume.

Ge et al.”" obtained SiO,/C with different oxygen contents
through a simple and scalable process. SiO, microspheres were
prepared by hydrolysis and condensation of TEOS. Using
hexadecyltrimethylammonium bromide (CTAB) as the tem-
plate, porous SiO, was obtained after the soft template was

L 70
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removed by annealing in air. Subsequently, SiO, and Mg were
mixed at different mass ratios and reacted at high temperature.
HCI solution was used to remove the template MgO. Finally,
SiO,/C with different oxygen contents were obtained by poly-
merization of formaldehyde and resorcinol on the surface of
SiO, followed by carbonization. An appropriate amount of Mg
can achieve good electrochemical performance. After 300
cycles, the best SiO,/C composite possessed a capacity of
10104 mA h g " at 1 A g '. Cao et al*’ reported a simple
and cheap synthesis route to obtain SiO,. Controlling the
exposure time of Si powder to air during the milling process
enables the manipulation of the oxygen content in SiO,. Fan
et al.”” studied the diffusion and distribution of oxygen in SiO,
during heat treatment. After heat treatment of commercial SiO,
particles, it is found that oxygen will diffuse to the particle
surface. During the process, an amorphous oxygen-rich layer
forms around the SiO,, while a crystalline Si core gradually
develops within it. It is worth noting that the diffusion of
oxygen in SiO, can also be influenced by temperature. At higher
temperatures, the diffusion of oxygen is enhanced, which can
result in a more complete outward shift of oxygen from the SiO,
material. This means that the oxygen content of SiO, can be
adjusted by controlling the temperature during synthesis or
processing. Furthermore, with higher temperature treatment, a
larger pore structure will be formed after HF etching. Different
etching times can also generate SiO, particles with various pore

902 | Mater. Adv, 2024, 5, 896-919

sizes. This report serves as a theoretical foundation for the
research and development of porous SiO, materials.

4. Structural design of SiO,/C
composites

SiO, has a high specific capacity, but its severe volume expan-
sion and poor conductivity limit its further development and
also lead to unrestricted growth of the SEI and electrode
material pulverization (Fig. 5a).”> The exceptional physical
properties of carbon materials can be effectively combined with
SiO, to mitigate its volume expansion and enhance electrical
conductivity. Moreover, the experimental results show that the
combination of SiO, and carbon materials is one of the most
effective ways to improve the cycle performance of SiO,.”* The
most widely adopted method for compounding SiO, particles is
by employing graphite as a coating material. Graphite has good
ductility and thus it can be physically coated with a layer of
carbon on the surface of Si particles.”” It is very important to
reasonably design the structure of the SiO,/C composites
because a small change in the 3D structure of the SiO,/C
composites will have a significant impact on the electrochemi-
cal performance.”® The main structures are the core-shell
structure, yolk-shell structure, and some other novel struc-
tures, such as the SiO, embedded graphite layer structure,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanotube structure, etc. The synthesis method and the char-
acteristics of the structure-activity relationship are also
described in the following.

4.1. Core-shell SiO,/C

The SiO,/C core-shell structure involves utilizing SiO, as the
core material and completely enveloping SiO, with graphite.
This approach enables the integration of the advantageous

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties of both SiO, and graphite, offering a synergistic
strategy.”” The carbon layer can not only efficiently buffer the
volume change during cycling, but also significantly increase
the electrical conductivity. Overgrowth and suppressed cracking of
the SEI layer are considered crucial factors that significantly impact
performance, and the tight coating of SiO, with the carbon layer
avoids contact between SiO, and the electrolyte, thus forming a
stable SEI film to enhance the cycle performance.
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Gu et al.”® demonstrated a simple way to coat SiO, with
polydopamine (PDA) with rich hydroxyl groups; PDA is able to
form a stable carbon layer on the surface of SiO, (SiO,@P-
DA@GNH). The functional groups on dopamine can bond with
the graphene nanotube hybrid (GNH) to form a hybrid layer,
and the coating layer is evenly distributed and has good
electrolyte wetting properties. Compared with SiO, and
SiO,@PDA, the lithiation/delithiation voltage of SiO,@
PDA@GNH is obviously higher, resulting in a higher discharge
power. It was found that SiO,@PDA@GNH shows a signifi-
cantly better cycling performance and has a capacity of 1269
mA h g at 0.05C. After subjecting the SiO, and SiO.@
PDA@GNH electrodes to 50 cycles of testing in half cells,
significant differences were observed in their electrode struc-
tures as revealed by SEM analysis. The SiO,@PDA@GNH elec-
trode exhibited no noticeable signs of peel off or cracks,
indicating its enhanced stability and structural integrity. Tran-
sition growth of the SEI and particle pulverization can lead to
decreased coulombic efficiency (ICE), and storage performance
may continue to degrade during repeated Li uptake/release
cycles.”® Li et al.'® dispersed SiO,/C and polydimethylammo-
nium chloride (PDDA) in distilled water to coat SiO,/C. Lithium
polyacrylate (Li-PAA) was then formed on the surface under the
initiation of ammonium persulfate, while simultaneously
embedding MWCNTs to obtain C-SiO,/C particles (Fig. 5b).
Electron microscopy characterization revealed that the surface
of the material particles is rough and porous, which may be a
result of the embedding of polypropylene lithium and carbon
nanotubes (Fig. 5¢). The rate performance test showed that C-
SiO,/C has better electrochemical reversibility (Fig. 5d). Owing
to the flexible Li-PAA interface, the material can maintain
structural integrity during long cycling and continuously deli-
ver high reversible capacity (Fig. 5¢). Zhang et al.*® developed
an efficient and mild method to synthesise a core-shell SiO,/C
composite for LIBs. They mixed citric acid with SiO, through
ball milling and obtained a uniform core-shell structure mate-
rial after carbonization. The SiO,/C shows superb electroche-
mical performance with a high specific capacity of 1296.3 mA h
g~ " and has a capacity retention of 65.1% after 200 cycles. The
mild approach and excellent properties of SiO,/C make its
commercial large-scale production possible. Recently, Lee
et al.®" reported a method of physically combining SiO, with
graphene to form a durable and high-energy hybrid anode.
Graphene shows strong ductility and good adhesion on the
SiO, surface, which can greatly reduce the volume expansion
during multiple cycles. Thus, this synthesis method provides
an efficient and simple method for the production of high-
performance SiO, anode materials. Although physical strategies
for synthesizing SiO, are simple and easy to operate, they can
also result in the formation of many large defects on the surface
of SiO,. These defects can lead to direct contact between the
SiO, material and the electrolyte, which can cause the electro-
lyte to be consumed and result in the overgrowth of the SEL.”*
SiO, can generate a uniform and dense coating on the surface
by electrostatic interaction or chemical binding. Zhang et al.®*
designed a sol-gel method to synthesize SiO,/C core-shell
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structure anode materials. They employed a wet-milling
method to reduce the particle size of SiO,, which can help to
mitigate the volume expansion of the electrode material during
the charge and discharge cycles. After 170 cycles, it still had
97.3% capacity retention. SiO, particles were synthesized by Shi
et al.®® with equimolar amounts of Si and SiO, by thermal
evaporation. SiO, was mixed with dopamine solution to
obtain a SiO, precursor coated with polydopamine. The poly-
dopamine coating served as a carbon source during subsequent
high-temperature carbonization, resulting in the formation
of a SiO,@C composite material. The carbon coating
stabilized the structure of the material and contributed to the
formation of a stable SEI, and the rate performance was
significantly improved. At a current density of 0.1 A g7, the
core-shell structure material exhibited a reversible capacity of
1514 mA h g '. Similarly, Lv et al® reported a method to
synthesize core-shell SiO,/C nanostructured materials through
sol-gel synthesis, which can achieve high yield and provide
experimental guidance for industrial production. This SiO,/C
carbon layer was relatively thin and evenly distributed, and a
specific capacity of 820 mA h g~ could still be delivered after
100 cycles.

It is indeed worth noting that the research achievements
primarily focused on single-layer carbon coatings. However, it
has been observed that multi-layer coatings are more effective
in mitigating the volume change of SiO,, leading to improved
cycle performance.® Li et al.®® have developed a highly efficient
anode material, SiO,/C@Sn@NC, with a double-layer coating
structure. This material exhibits outstanding electrochemical
performance, and its preparation involves the hydrolysis of
vinyltriethoxysilane (VTES) using the TEA (C¢H;5N) catalyst in
a solution of sodium salicylate and CTAB to obtain a precursor.
The precursor is then carbonized at high temperature, yielding
SiO,/C nanoparticles which are then coated with Sn and N-
doped carbon (Fig. 5f). The SEM analysis confirms that the
material is uniformly layered and coated, while TEM shows
clear lattice stripes of Sn and amorphous N-doped carbon on
the outermost layer (Fig. 5¢ and h). The combination of multi-
ple active components and the double-layer coating structure
significantly enhances ion diffusion and charge transfer, and
promotes the formation of a stable SEI capable of absorbing
stress during electrode cycling. Comparison studies reveal that
both Sn and N-doped carbon can improve the specific capacity
and cycling performance of the material (Fig. 5i). Wang et al.®”
designed a method to synthesize SiO,/C@C through solvent-
free ball milling and the sol-gel method. The whole synthesis
process has no solvent participation, which reduces the risk of
waste and potential pollution. Carbon encapsulation and dop-
ing jointly improve the electrochemical performance of SiO,,
showing a reversible capacity of 546 mA h g~ " after 1000 cycles
at 1 A g . Similarly, Guo et al.®® designed a bilayer structure in
which the Si-SiO, particles were coated with carbon and a
polymer. Each layer of coating has a specific role, and the main
effect of the inner layer of carbon coating is to improve the
conductivity. The outer layer of the composite material can take
advantage of the elasticity of the polymer, can well limit the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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volume expansion of Si-SiO, and enhance structural integrity
during cycling. In the half cell test, the materials exhibited a
stable capacity of 794 mA h g~* at 2C after 900 cycles and a
capacity retention of 83%. Moreover, in the full battery test, the
capacity loss was only 20% after 1100 cycles. In addition to
bilayers of carbon, SiOj itself can also be used as a shell. Zhou
et al.®® designed a double-layer structure with an inner layer of
SiO, and an outer layer of diatomic co-doped carbon layer. The
inner layer SiO, here also acts as a buffer layer to control the
volume change of the Si core, and the outer carbon layer rich in
defects acts as a conductive layer. Together, the two layers can
significantly improve the electrochemical performance of the
material. Zhu et al.* reported a homogeneous multilayer core-
shell structure Si@SiO,@C material, in which Si was coated
with SiO, and soft carbon. The thickness of SiO, can be
adjusted to 2-15 nm through adjusting the calcination tem-
perature. The multilayer structure protects the Si particles
during cycling, thus enhancing the structural integrity, and
significantly improves the conductivity.

As a novel and efficient SiO,/C composite structure, the
porous carbon layer coating structure has attracted extensive
attention. The porous carbon layer acts as a conductive matrix
and can be used as a buffer layer to reduce the volume
expansion of SiO, to enhance the cycle stability. The structure
can reduce the length of the diffusion path of Li-ions and
enhance the conductivity between electrolyte and electrode
materials. Zhang et al°" reported a porous P@C/SiO, core-
shell structure material; the activated material showed a rever-
sible specific capacity of 1151.8 mA g~ ' at a current density of
0.1 A g " and an excellent ICE of 79.2%. However, the coulomb
efficiency of carbon coated rice husk without treatment was
only 45.7%. Similarly, Cui et al.®” also used rice husk as both Si
and carbon sources to obtain mesoporous SiO,/C core-shell
composites by carbothermic reduction of precursors. In the
half battery test, the capacity attenuation of the material was
less than 0.5% after 200 cycles, making it a good substitute for
the graphite material. Despite the notable enhancement in
electrochemical performance achieved with the use of porous
coatings, the design of the coating structure for a porous
carbon layer remains a challenging task. Currently, there is
no well-established method for creating the desired porous
structure and regulating the pore size, necessitating further
experimental investigations by researchers.”?

4.2. Yolk@shell SiO,/C

The yolk-shell structure is a distinctive structure based on the
core-shell structure and leaves a certain space between the
carbon layer and the SiO, core.”® The conventional tightly
wrapped structure is limited in its ability to fully control the
expansion of SiO,, which can potentially result in the cracking
of the carbon layer and even structural collapse.’® The design of
reserved buffer space can allow the SiO, core to shrink more
freely, and the SEI film and even the entire electrode structure
can maintain good integrity, thus enhancing the cycle stability
(Fig. 6a).”° The yolk-shell structure is usually synthesized by the
sacrificial template method. Cui et al.’” first reported the Si

© 2024 The Author(s). Published by the Royal Society of Chemistry
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anode material with yolk shell structure. They synthesized a
kind of amorphous carbon as the shell, which was coated on
the Si nanoparticles by the sol-gel method. This yolk-shell
structure benefits from this layer of SiO, as a sacrificial layer.
This layer of SiO, is finally etched with HF to form the gap, so
the thickness of SiO, can determine the size of the final void
space. Tactfully, it can be adjusted through experimental
methods to achieve controllable SiO, thickness. It was found
that the sacrificial coating thickness should be larger than
30 nm to reserve enough space, so that the outer carbon shell
will not be damaged when Si expands. However, this layer of
void space cannot be too large, which will reduce the
bulk density. The material exhibits a specific capacity of
2800 mA h g~ at a C/10 current density.””

Liu et al.”® synthesized SiO,/C composites with a yolk@shell
structure through the sol-gel process and selective etching.
Three kinds of SiO, with different functional groups (-SCN,
—-CHCH, and -SC) were formed by hydrolysis and condensation
of different silanes and coated layer by layer. First, cyano
containing silane was hydrolysed to synthesize SCN-SiO, micro-
spheres, which were then coated. The middle layer is CH,CH-
SiO, and the outer layer is SC-SiO,. The ingenious thing is that
the -CHCH, of the intermediate layer shows weak alkalinity,
which can be removed by the selective reaction of hot sodium
hydroxide, thus forming a precursor with a yolk@shell struc-
ture (SiO,@void@SH-SiO,). After high temperature annealing
in an Ar atmosphere, the organic phase converted into amor-
phous carbon, and finally SiO,@void@C was obtained. The
chemical vapor deposition (CVD) technology is used for anneal-
ing in flowing acetylene and argon to form a uniform semi-
graphitized carbon layer in the outer layer of SiO, (Fig. 6b). The
void space can be clearly seen from the TEM images (Fig. 6c¢).
The incorporation of a semi-graphitized carbon layer serves a
dual purpose: it enhances the electron diffusion rate and
addresses the issue of traditional carbon layers being prone
to cracking. This unique yolk@shell structure contributes to
the exceptional electrochemical performance of the material,
particularly its impressive rate performance. In the first
150 cycles, the capacity attenuation is only 3%, and
under a high current density of 1 A g~ the discharge capacity
is 725 mA h g~ " (Fig. 6d). Interestingly, the capacity increases
after 200 cycles, which is mainly due to the reversible side
reaction between the electrolyte and electrode materials. More-
over, NaOH solution is used to remove the silica layer, which is
safer and more environmentally friendly than traditional HF
etching.”® In addition, the design of a semi-graphitized carbon
coating can also provide some experimental reference for other
anode materials with an obvious volume effect.'®

The incorporation of a double-layer carbon shell remains an
exceptionally efficient structural design concept within the
yolk@shell structure.'® Recently, Luo et al.°* synthesized a
new type of bilayer yolk@shell SiO,@C@C anode material by a
hydrothermal method. Firstly, Si nanospheres were obtained by
hydrolysis and condensation of vinyl triethoxysilane, which
were then annealed in an argon atmosphere to form SiO,/C
composites. A surface modifier (PDDA) was used to treat the
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surface of SiO, balls, so that a layer of methyl methacrylate
(PMMA) can be coated on their surface. The formation of the
yolk@shell structure is because the PDDA in the middle layer
will self-react and release gas during high temperature treat-
ment, resulting in a cavity in the overall structure. The con-
ductivity of SiO, can be significantly enhanced by incorporating
additional internal carbon shells in its structure. Moreover, the
design of a double layer carbon shell aids in the formation of a
more stable SEI film. The uniform coating of the inner carbon
shell on the core effectively prevents undesired side reactions
between the electrolyte and SiO,, thereby minimizing electro-
lyte consumption. Based on the above findings, the yolk@shell
structure shows superior capacity and cycle performance to the
core-shell Si0,/C@C structure. After 500 cycles at 0.5 A g, the
material exhibits a discharge capacity of 770 mA h g~ !, with an
ICE of 99%. Wang et al.' synthesized yolk@shell N,S co-doped
Si0,/C@void@C by a one-step method. Co-doping based on the
double-layer carbon shell further improves the overall conduc-
tivity, and the material still has 464 mA h g™ energy density
under a high current density of 5 A g~'. The combination of a
simple and efficient synthesis method and the demonstrated
excellent electrochemical performance firmly establishes this

906 | Mater. Adv, 2024, 5, 896-919

material as a highly promising candidate for anode materials
in LIBs.

Environmentally friendly synthesis routes hold greater prac-
tical value.'® Zhang et al.'® developed a HF-free method to
synthesize a yolk@shell structure SiO,/C@C composite. Two
layers of the polymer shell are generated on the Si core, and the
middle layer is polydopamine, which can be selectively etched
by NaOH to form voids. The outer layer of polypyrrole can form
a N-doped carbon shell after carbonization at high tempera-
ture, which greatly improves the conductivity. This composite
can still provide 804 mA h g~' capacity at 0.1 A g~ after 1000
cycles. Recently, Chen et al.'® also designed a HF-free strategy
to synthesize a new type of SiO,/C@void@Si/C yolk@shell
structure. SiO, containing vinyl is synthesized through a hydro-
thermal reaction, and upon vinyl carbonization, amorphous
carbon is formed. This amorphous carbon can create a core-
shell structure, with SiO, embedded within it. Through the use
of molten AICI;, metal Al is then able to reduce SiO, at low
temperatures, resulting in the generation of Si. As Ostwald
ripening occurs, the newly formed Si diffuses outward and
merges, ultimately forming a perfectly spherical structure. With
a sufficient reaction time, a void space is created between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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layers, forming the yolk@shell structure. In addition, the gap
size of the void space can be effectively adjusted by the time of
aluminothermic reduction. The synergistic effect of the two
layers of carbon not only enhances the conductivity, but also
mitigates the effect of the volume change of SiO, and Si in
maintaining structural integrity. SiO,/C@void@Si/C shows
excellent cycle stability. After 550 cycles, there is an initial
reversible specific capacity of 1093 mA h g~ " at 0.2 A g~ .
Similarly, Gong et al.'®” reported a unique SiO,@TiO,@C
negative electrode material. Tetrabutyl titanate was hydrolysed
to coat TiO, on the surface of SiO, by the sol-gel method, and
phenolic resin was formed on the surface of SiO, by the
reaction between resorcinol and formaldehyde, and a carbon
shell was formed after calcination. TiO, is a typical amphoteric
oxide that can be etched by NaOH to avoid the environmental
harm caused by HF. Furthermore, the size of the void space can
be adjusted by varying the etching time. By adapting well to the
volume expansion of SiO,, TiO, can effectively enhance the
electrochemical performance. A specific capacity of 12290 mAh g ™"
is delivered under a current density of 0.1 A g~ ",

4.3. Novel structures of SiO,/C

The SiO,/C composite exhibits a distinctive and adaptable
structure-activity relationship.’®*°® The addition of carbon
not only improves the conductivity of SiO,, but also maintains
the micro-integrity of the electrode material.'*® The continuous
exploration of the SiO,/C structure has led to the steady
optimization of the physical and electrochemical properties of
SiO, based anode materials.'*® The core-shell structure and
yolk@shell structure of SiO,/C have been previously discussed,
highlighting their structural characteristics and performance
characteristics. Furthermore, SiO,/C composites showcase a
wide array of structures that go beyond the aforementioned
types, and demonstrate exceptional performance.'**

4.3.1. Pomegranate-like structured SiO,/C. The pomegra-
nate-like structured SiO,/C composite is an advanced material
that is based on the yolk@shell structure. Due to the relatively
large hollow volume and specific surface area inherent in the
yolk@shell structure, it is inevitable that the tap/packing
density of the electrode will be reduced. The pomegranate-
like agglomerated structure, characterized by interconnected
single carbon shells, significantly enhances the conductivity of
the materials. This interconnected network of carbon shells
effectively increases conductivity while reducing the contact
area between the electrolyte and SiO,. In addition, agglomera-
tion can enable the particles in the inner layer to be coated and
protected by the outer layer, enhancing the cycle stability. Yu
et al.'? synthesized ultrafine SiO, particles by hydrolysis and
condensation of tetrapropyl orthosilicate, and synthesized phe-
nolic resin in situ by a one-pot method. Subsequently, the
surface of SiO, was modified by CTAB, so that the surface of
phenolic resin could be uniformly coated. The SiO,/resin
mixture was dispersed in deionized water and then agglomer-
ated using the spray drying method. Subsequently, the result-
ing agglomerates were subjected to high-temperature
carbonization, leading to the formation of pomegranate-like

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SiO,/C particles. As-prepared SiO,/C has a uniform diameter of
approximately 40 nm, with multiple particles agglomerating
into a uniform sphere. The amorphous carbon layer enhances
the overall conductivity and endows the composite with excel-
lent lithium storage properties, delivering 1024 mA h g™ " after
200 cycles at 0.5 A g~ .

4.3.2. Layered structure SiO,/C. Compared with the sphe-
rical structure, layered structure SiO,/C has attracted extensive
attention from academia due to its excellent transport perfor-
mance of electrons and ions.'"® To synthesize a layered mate-
rial with excellent performance, it is necessary to control the
thickness, chemical composition and stacking order of the
coating through an efficient chemical process."** The volume
change of SiO, has been reduced twice as much as that of Si,
but the volume effect of 160% is still not ideal, which cannot
meet the needs of industrial production. It is found that the
layered structure can adapt to the volume change during
cycling and buffer the internal stress by reducing the thickness
of the film.""® In recent years, the SiO,/SiO, layered structure
materials reported by Zhang et al.''® were superimposed by
silica with different oxygen contents. By using a photoresist as
the sacrificial layer, the Si particles and silica particles were
respectively evaporated onto the sacrificial layer using an
electron beam evaporator. The oxidation degree of Si could be
controlled by controlling the partial pressure of oxygen, and the
thickness of the coating could also be controlled. Finally, the
photoresist was removed by etching with acetone. The greatest
advantage of this approach is that the synthesis method is
simple and the cost is low. This compact film design has higher
loading density and area specific capacity compared to tradi-
tional layered electrode materials. In this work, the oxidation
degree of silicon oxide is controlled by simple experimental
means in order to control the performance of the materials.
The outer layer of the double-layer structure is amorphous
oxygen rich SiO, (x ~ 1.85). The mechanical properties of SiO,
can be improved with the increase of the oxygen content,
providing mechanical support and strain buffer function. How-
ever, the SiO, in the inner layer has a low oxidation degree
(y ~ 0.5) and realizes lithium storage with high capacity. The
Si0,/SiO,, electrode exhibited a high initial reversible capacity of
1474 mAh g " at 0.1 Ag . Furthermore, Xu et al.'"” developed
a novel fabrication approach to synthesize graphite-like struc-
ture SiO,/C composites. SiO, particles were dispersed in the
aqueous solution of graphene oxide (GO), and SiO,/C was
synthesized by the hydrogel method. Then, it was mixed with
flake graphite (FG) and chitosan, and a suspension of SiO,/GO/
FG was formed under the electrostatic power effect. After
centrifugation, the SiO,/GO/FG composite can be separated
(Fig. 7a). In this report, when the composite is immersed in
emulsified asphalt, asphalt will be adsorbed on the composite.
Finally, due to the shrinkage characteristic of asphalt at high
temperature, the original structure of artificial graphite can be
restored after high-temperature calcination. During the half
cell test, SiO,/C anodes exhibited excellent cycle and rate
performance, with rate capabilities tested at various current
densities, and the SiO,/C anodes delivered a high capacity of
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580 mA h g~" at 0.5C after 500 cycles (Fig. 7b). Moreover, the
synergistic effect of multifarious carbon materials greatly
improves the inherent defects of SiO, based anodes, especially
by forming a stable SEI and maintaining the integrity of
electrode materials, and thus they can achieve good cycling
performance under high current conditions.

4.3.3. Nanotube SiO,/C. In addition to the above novel
structures, the nanotube SiO,/C anode material is also an
efficient and potential structure. The nanotube structure is
more suitable for electron transfer, and the hollow structure
can also buffer the stress of SiO,.''® Recently, Wang et al.®®
reported a bamboo-like SiO,/C nanotube composite. This hol-
low tubular SiO, is a result of cationic polymerization, and the
bamboo-like structure is realized by the free movement and
periodic pause of the initiator in the polymerization process.
The intermittent polymerization makes the nanotubes form
uniform partitions, that is, a structure like bamboo knots.
Bamboo knots playing a supporting role can serve a self-
buffering function and improve the integrity of hollow struc-
tures. Then VTES was hydrolysed and condensed under the
catalysis of the sulfonic group to form vinyl SiO, coated
nanotubes. Finally, a layer of phenolic resin was coated on
the nanotubes by a polymer coating process. After high-
temperature calcination, vinyl-SiO, is converted into carbon
and SiO,, and the outer carbon shell is carbonized by phenolic
resin (Fig. 7c). The nanotube has a high aspect ratio, and the Li*
transmission length is greatly shortened. With the cooperation
of the outer carbon layer, the electronic conductivity and ionic
conductivity are improved at the same time. This bamboo-
like architecture displayed a large reversible capacity of
511 mAhg 'at0.5Ag " after 450 cycles (Fig. 7d). In addition,
in this hollow tubular structure, the stress can be released
during cycling, and the structural integrity can be maintained
well. Very recently, Xue et al."'® fabricated a unique nanotube
structure in which hollow carbon nanotubes were hybridized

908 | Mater. Adv, 2024, 5, 896-919

with ultra-fine SiO, particles. Carbon nanotubes can not only
provide electronic transmission, but also buffer the volume
change of SiO,. Benefiting from this structure, the material
shows excellent electrochemical performance and delivers a
specific capacity of 544 mA h g~ ' after 500 cycles at 1 A g™ *
current density.

5. Rational design strategy for SiO,/C
5.1. Carbon types in SiO,/C

During charging/discharging, volume expansion and contrac-
tion can lead to mechanical damage and a decrease in the
electrochemical performance of the electrode material.***??
Carbon materials have good ductility and conductivity, and
their composites with SiO, effectively alleviate the inherent
shortcomings of SiO,, greatly promoting the development of
Si0,/C composite materials."*®> Due to the excellent perfor-
mance of carbon materials and their abundant reserves on
the Earth, researchers have developed various allotropes of
carbon, such as graphene, carbon nanotubes, and fullerenes,
by utilizing biomass, polymer carbonization, etc. (Fig. 8a and
b). Different carbon types in SiO,/C composites have unique
physical and chemical properties, and there is desirable
method to composite each carbon materials with SiO,.*** For
example, graphene and carbon nanotubes are suitable for
mechanical mixing and co-precipitation, while polymer carbo-
nization is more suitable for the sol-gel method. The currently
commercialized SiO,/C material is a composite of SiO, and
carbon materials added to graphite or graphene through a
specific process.'*> However, the amount of SiO, added is still
relatively low, resulting in a lower specific capacity of the
composite material.">***”

5.1.1. Graphite. Graphite is a highly accessible and cost-
effective form of carbon that finds widespread use in SiO,/C

© 2024 The Author(s). Published by the Royal Society of Chemistry
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composites. It can be sourced from natural or artificial sources,
with the former being a mineral that typically forms within
rocks, while the latter is usually produced through high-
temperature synthesis or chemical vapor deposition.’*® In
industrial settings, graphite and SiO, are typically blended
and bound together using binders through mechanical means.
The hybridization of amorphous carbon and SiO, can be
achieved through the carbonization of various polymers.
Among these methods, in situ synthesis of phenolic resin is
commonly employed. This approach allows for the simulta-
neous formation of amorphous carbon and SiO, within the
composite material.'">® It is possible to uniformly coat the
surface of SiO, with phenolic resin, resulting in a dense
conductive structure after carbonization. Ouyang et al."*° have
developed a sequential coating approach to construct a hollow
SiO, anode material with a sandwich structure. They synthe-
sized ZIF-8 with a nanotube structure by adding 2-
methylimidazole and CTAB to a zinc ion-containing aqueous
solution. A layer of SiO, was formed by hydrolysing a Si source
on the outer layer, creating ZIF-8@SiO,. Subsequently, resorci-
nol and formaldehyde were added to form a phenolic resin on
the surface of the material through a polymerization reaction.
The sacrificial template ZIF-8 of the inner layer was calcined to
form a porous N-doped carbon network, which both formed a
hollow structure to buffer volume changes and significantly
improved conductivity. The outer RF was thermally decom-
posed into amorphous carbon, which synergistically improved
the electrochemical performance of the material with the inner
carbon. This material could deliver a capacity of 583 mA h g™*
at a high current density of 1 A g~". Hu and colleagues
polymerized 3-aminophenol and hexamethylenetetramine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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under heating conditions, coated the resulting product with
SiOy, and obtained a uniform carbon shell after annealing in an
argon gas atmosphere.”*' Similarly, Zhou and colleagues poly-
merized and carbonized boric acid and aniline, leading to the
generation of N-doped carbon on the surface of the material. In
addition to in situ synthesis of polymers, incorporating organic
carbon sources and subsequently carbonizing them to form a
conductive shell is a concise and practical method.** Chang’s
team developed an SCCO,-assisted coating method to achieve
the composite of SiO, with different organic substances. They
compared the electrochemical performance by using glucose,
sucrose, and citric acid as precursors and found that carbon
deposited by SCCO, had fewer oxygen functional groups, mak-
ing the material more conductive. When using glucose as a
precursor, it showed the lowest resistance and the highest tap
density.’*? Sun et al.™*? used pitch-derived carbon to synthesize
carbon materials with different crystal structures and explored
the influence of the microstructure of carbon on the lithium
storage behaviour of SiO,/C anodes. The higher the disorder
degree of the microstructure of carbon, the greater the capaci-
tance contribution of the electrode, thus exhibiting better
electrochemical performance. However, a higher disorder
degree will lead to increased specific surface area and defects
in the full battery, which will consume more lithium and
irreversibly affect the electrochemical performance of the full
battery. The increase in the disorder degree of carbon will also
lead to a decrease in the output voltage. This achievement
provides a reference for developing high-performance SiO,/C
lithium-ion battery negative electrode materials using low-cost
biomass due to the renewable nature of carbon as a natural
resource.

The development of high value SiO,/C composites using
inexpensive biomass has gained attention due to renewable
and rich reserves of carbon in nature. Biomass is often used as
both a Si source and a carbon source, and biomass can be easily
carbonized at high temperatures to obtain graphite like
materials.** Yu’s team utilized sugarcane leaves as raw materi-
als and employed a molten salt-assisted low-temperature alu-
minothermic reaction to prepare a porous Si-SiO,@Cu
composite material."*> They mixed sugarcane leaf powder with
CuCl, and ZnCl, and calcined the mixture under an argon
atmosphere. After thoroughly washing away the chloride salt
with HCI and drying, they obtained a porous SiO,/C precursor.
The precursor was reacted with the mixture of AICl; and Al
powder in an argon atmosphere, and Al and Al-containing
composites were washed away to obtain Si-SiO,@C. The oxygen
content of Si can be adjusted by varying the amount of
aluminium powder added. After 400 cycles, a reversible capacity
of 1562.8 mA h g~ was observed at 0.2 A g~ ". Similarly, Chen
and colleagues prepared layered porous carbon-coated SiO,/C
composites using bamboo shoot shells as raw materials."*® Guo
et al.**” employed dried bamboo leaves to directly calcine and
generate the SiO,/NC precursor which was then calcined to
produce N-doped carbon. The precursor was then subjected to
a hydrothermal reaction with Ni(OAc),-4H,0O to obtain
Ni;Si,05(OH),/NC, which was further used to prepare a series
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of Ni/SiO,/NC composite anodes by calcination at varying
temperatures. It is worth noting that animal protein can also
produce doped carbon during the calcination process, which
significantly enhances the overall conductivity of the material.
On the other hand, Meng and team surface-treated commercial
Si powder to obtain Si@SiO,, which was mixed with egg white
and transferred to polytetrafluoroethylene hydrothermal kettle
for molecular cooking. Finally, the product Si@SiO,@C was
obtained by calcination in a tube furnace. The outer layer of N-
doped carbon not only enhances the conductivity but also
maintains the interface stability of the electrode material. This
double-layer structure effectively acts as a buffer, alleviating the
internal strain experienced by the Si core during cycling.'*®
5.1.2. Graphene. Graphene is a single-layer mesh structure
material composed of carbon atoms, which has strong mechan-
ical strength, chemical stability, and high electrical conduc-
tivity.'*® Currently, construction of SiO,/graphene composites
is one of the most common and efficient strategies. However,
building SiO,/graphene composite materials through mild
methods is still a challenge because the integrity of the gra-
phene conductive network is crucial in mild synthesis
19 Xue et al.'*' found that adding TiO, during
the ball milling of graphite can produce multi-layer graphene
(MLG). This mild method can effectively modify SiO, and
obtain SiO,/TiO,@MLG anode materials. SiO,/TiO,@MLG
shows high lithium storage performance and cycling stability
with a capacity of 1484 mA h g~" and up to 1200 cycles at a
current density of 2 A g~'. The inclusion of TiO, in SiO, can
effectively mitigate the volume expansion effect and electrolyte
decomposition during charge and discharge cycles. This
unique capability is challenging to achieve with other metal
oxides. Lee et al.'** utilized commercial graphite foils to pre-
pare graphene nanosheets via electrochemical exfoliation,
which were then dispersed in N,N-dimethylformamide. By
adding surface-treated SiO, particles and co-sonicating with
graphene, they obtained a SiO,@Gr composite material with a
graphene content of only 3 wt%, significantly increasing the
’specific capacity of the electrode material. The exceptional
physical properties of graphene play a crucial role in mitigating
the volume expansion of SiO, during cycling. This effect leads
to a significant improvement in the initial coulombic efficiency.
Lee and colleagues investigated the electrochemical perfor-
mance of SiO,@Gr/AG as an anode material in lithium-ion
batteries and achieved promising results. This improvement
can be attributed to the adaptive behaviour of graphene, which
reduces damage to AG during cycling and maintains good
electron transfer pathways. Although graphene can signifi-
cantly enhance the electrochemical performance of SiO,,
achieving a tight bond between the two materials through mild
methods is challenging because the simple van der Waals force
is the only interaction between them, and the structure of
graphene is difficult to maintain. However, graphene can react
with strong oxidants such as HNO; and H,0, to oxidize some
carbon atoms into functional groups such as carboxyl or
hydroxyl, which can form chemical bonds with SiO,, enhance
mechanical performance and chemical stability, and maintain

environments.
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excellent structural integrity during charge and discharge pro-
cesses. Xu et al.®* also reported a new method to embed SiO,
particles into multi-layered reduced graphene oxide through
self-assembly. The combination of SiO, and traditional carbon
materials will make the material connection unstable and
loose, reducing the compaction density. Moreover, dispropor-
tionation reaction is easy to be caused during high temperature
annealing, which reduces the specific capacity of materials. The
combination of SiO, with reduced graphene oxide (rGO)
through the electrostatic effect, SiO, particles are uniformly
dispersed among the layers of rGO. When chitosan and gra-
phene undergo a reaction at high temperatures, it enables the
N doping of graphene. This process introduces N atoms into
the graphene lattice, which increases the density of defects in
the material. The incorporation of defects in graphene can
optimize its electronic conductivity. Through physical property
characterization, it can be found that the agglomeration of SiO,
particles is reduced, and they show good mechanical proper-
ties. The SiO, particles embedded in graphene can greatly
decrease the exposure sites, reduce the contact area between
the electrolyte and SiO,, and form a more stable SEI. SiO,@C
can maintain 80% of the initial capacity of 780 mA h g™ " after
1000 cycles at 1 A g™ ",

5.1.3. Carbon nanotubes. Carbon nanotubes (CNTs) are
nanoscale materials that consist of carbon atoms arranged in
a tubular structure, resembling rolled-up graphene sheets."*?
They can be classified into two types: single-walled carbon
nanotubes and MWCNTs. With diameters in the nanometer
range and lengths up to several micrometers or longer, carbon
nanotubes possess excellent electrochemical properties and
mechanical strength.’** These unique characteristics make
them highly desirable for various applications requiring high-
performance materials. When CNTs are combined with SiO,,
they can effectively enhance the conductivity and mitigate
volume effects in composite materials. Various methods are
available for the preparation of SiO,/CNT composites, includ-
ing chemical vapor deposition (CVD), chemical in situ growth,
and mechanical mixing. Tian et al'® used CVD to generate
carbon nanotubes on particle surfaces, leading to improved
reversible capacity. By reacting TEOS, (Co(CH;COO),-4H,0)
and 2-methylimidazole to form uniform fumed SiO, and then
hydrolysing TEOS to coat an outer layer of SiO,, SiOx@CNT/C
was obtained through in situ growth of carbon nanotubes from
C,H,/Ar under a H, atmosphere after SiO, reduction. Co
particles wrapped in carbon layers were found at the tips of
carbon nanotubes, and the authors suggested that Co particles
catalysed the generation of CNTs. The SiO,@CNT/C particle
size and carbon nanotube length varied significantly at differ-
ent CVD temperatures, and 550 °C was found to be the most
appropriate. The hollow structure can mitigate volume expan-
sion during the cycling process and enhance the cycling per-
formance. In situ grown carbon nanotubes further enhance the
mechanical strength and conductivity. Additionally, Co can
inhibit the growth of the LiF-rich SEI and improve the initial
coulombic efficiency. Similarly, Xue et al.'™ used self-catalysis
to grow carbon nanotubes on SiO surfaces in an C,H,/Ar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atmosphere, partially reduced SiO with H,, and achieved a tight
connection between SiO, and CNTs, which was a cost-effective
approach compared to simple mechanical mixing methods.
MWCNTSs consist of multiple carbon nanotube cylinders, with a
certain distance between layers, providing higher mechanical
strength and stability than single-walled carbon nanotubes.
Ren et al.'*® designed a process route to improve the electro-
chemical performance of SiO, with N-doped carbon and
MWCNTSs. By dispersing a certain amount of MWCNTSs in CTAB
solution, adding ethyl silicate, collecting the precipitate, and
then adding PAN and N-methylpyrrolidone (NMP) to encapsu-
late the material with a polymer, followed by high-temperature
carbonization, the outer layer polymer was transformed into N-
doped carbon, and SiO,/MWCNTs/N-doped C was obtained.
The material has a porous scaffold-like structure, greatly
improving the conductivity. N-doped carbon also improves
the electrical contact between particles, reducing material
adhesion and agglomeration. Furthermore, electrochemical
testing has demonstrated a significant improvement in the
cycling stability and rate performance of SiO,/CNT composites.
At a current density of 0.1 A g™, the composites can deliver a
stable capacity of 620 mA h g~ '. However, due to the complexity
of the composite process between SiO, and carbon nanotubes,
further research and optimization are needed to achieve better
performance and more extensive application. To evaluate and
compare the electrochemical performance, we have tabulated
the cycling stability and capacity of representative SiO,/C
composites with different carbon types mentioned above in
Table 1.

5.2. Doped carbon materials

Doping carbon materials, such as graphite, in SiO,/C compo-
sites offers several benefits. Firstly, it increases the density of
defects in graphite, which reduces the energy barrier and band
gap, thereby improving the electronic conductivity of the SiO,/C
composite. Additionally, carbon doping increases the electro-
negativity and the presence of surface-active sites on graphite,
enhancing its interaction with SiO, (Fig. 9a)."*” Han et al.'*®
employed a high-temperature heating process to decompose
organosilicon compounds within a sealed vessel. This decom-
position resulted in the formation of SiOCN (SiO/N-doped
carbon) microspheres. Through CVD technology, a carbon layer
is grown on the surface of SIOCN in the mixed atmosphere of
CH, and H,. In this continuous high-temperature CVD process,
with the conversion of C-H into C-C bonds through dehydro-
genation reaction, the SiOCN is reduced to VG@SiO,/NC and

View Article Online
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the N atoms come from the amino group of the organosilicon.
As observed from the SEM images, VG@SiO,/NC maintains
the spherical morphology of highly round, smooth, and well-
dispersed SiOCN microspheres. Moreover, the porous
structure form on the surface, which not only plays a critical
role of the Li" transport route during cycling but also improves
the contact of the electrolyte with active materials. The N
doping of the carbon layer can also cause the formation of
large defects. These defects can increase the lithium-ion accom-
modation and be favourable for buffering the volume expan-
sion of SiO,. More importantly, the VG@SiO,/NC fixed three-
dimensional structure shows stable electrochemical perfor-
mance during the charging/discharging process, which deliv-
ered a high initial reversible capacity of 1323.8 mA h g~*. Hu
et al.'*® formed a resin coating layer on the surface of SiO,
through m-phenylenediamine and formaldehyde by amine
aldehyde condensation reaction. After high temperature
annealing, SiO,@NC with a core-shell structure is obtained.
This core-shell enveloping structure can well buffer the volume
change issue of SiO, in lithium storage because the carbon
layer is highly mechanically stable and highly electrically con-
ductive. As a result, SiO,@NC manifests a high reversible
capacity with outstanding durability.

The co-doping of non-metallic atoms can significantly
improve the mechanical and electrochemical properties of the
carbon layer. Zhou et al® reported a double-layer coated
structure of Si particles with a B,N co-doped carbon outer layer
and a SiO, inner layer through the polymer-H;BO; copyrolysis
process. This structure benefits from the incorporation of
polyaniline as both a carbon-network provider and a N source.
Polyaniline contributes to the formation of a conductive net-
work, enhancing the overall electrical conductivity of the com-
posite. Additionally, the presence of boric acid enables
electrostatic interactions with polyaniline, leading to the for-
mation of a polymer network on the surface of Si particles
(Fig. 9b and c). At high temperatures, with the precipitation of
CO,, H,0 and NH3;, Si@SiO,@C-NB is obtained. Because of the
synergistic effects of N and B atoms, the flexible carbon layer of
Si@SiO,@C-NB contributes to better LIB performance. The
Si@SiO,@C-NB composite revealed a charge capacity of 690
mAhg ' at5Ag " and it is obviously better than that of the
single atom N-doped composite (Fig. 9d). The cyclic voltamme-
try peak current of different materials confirm the optimization
of electronic conductivity by doping (Fig. 9e). Shi et al™®
synthesized composite materials by embedding SiO, in N,S
co-doped graphene, with thiourea (CN,H,S) as the source of

Table 1 Electrochemical performance and carbon types of representative SiO,/C anodes

Anode Cycling stability (mA h g™ ) Rate capability (mA h g™ ") Carbon types Ref.
Si0,/G 624 after 1000 cycles at 1 Ag ™" 661at10 Ag " Graphene 146
Si0,/TiO,@MLG 966 after 400 cycles at 2 A g " 251at10A g " Graphene 141
SiO,@CNTs/C 1080 after 400 cycles at 0.5 A g " 284at10A g " Carbon nanotubes and graphite 18

C-Si0,/C 234 after 200 cycles at 0.5 C 1191 at5C Carbon nanotubes and graphite 15

SiO0,/MWCNTs/N-doped C 621 after 450 cycles at 0.1 A g ™" 388 at 800 mA g " MWCNTs and graphite 145
NC@Si0,@m-C 583 after 500 cyclesat 1 A g " 495at2Ag " Graphite 130
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2024, 5, 896-919 | 911
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both N and S. Graphene oxide, SiO, and thiourea are ultra-
sonically dispersed and annealed at high temperature to obtain
SiO,/N,S-tGO. The wrinkled N,S co-doped graphene can
increase the specific surface area and enhance the electronic
conductivity between SiO, microparticles. Meanwhile, it may
also relieve the stress and accommodate the volume changes
during cycling. Zhang et al."®" used rice husk as the source of
both C and Si, NH,HB,O, as the heteroatom source and a
porogen reagent to synthesize a B,N co-doped porous C/SiO,
composite by a one-step calcination strategy. With the homo-
geneous distribution of B and N in the porous C framework, the
electronic and Li* conductivity can be substantially enhanced
and produce abundant adsorption sites for lithium-ion storage.
Due to the unique porous structure and B,N co-doping, the
composite material achieves large coulomb efficiency and
specific capacity. Similarly, Guo et al.*>* also used rice husk
as the Si/C source and synthesized an Fe and N co-doped SiO,/
Fe-N-C composite by an electrospray carbonization process. Fe
single atoms encapsulated in N-doped graphite frameworks
improve the dispersion of SiO,, so that the SiO,/Fe-N-C com-
posite shows excellent electrochemical stability. Metals can also
be embedded in the SiO, matrix, which can greatly improve the
reaction kinetics of SiO,.

5.3. Surface modification

The carbon coating improves the conductivity of the material,
buffers the volume change of SiO,, and greatly improves the
cycle stability.’®® Despite its potential, the diffusion of the

912 | Mater. Adv., 2024, 5, 896-919

carbon layer to Li' is limited, making it challenging to form
a stable SEI. This issue impedes the overall performance
improvement of SiO,/C composites. Therefore, it is a promising
surface modification strategy to combine hybrid coatings with
other high-performance materials.138 Coating with metal oxi-
des has been proved to be efficient and feasible, such as
A1203,154 CeOZ,lss Mg0’156 Zr02’157,158 and Ti02.141’159 The
surface modification of electrodes with metal oxides can reduce
the direct contact between the SiO, core and the electrolyte, and
reduce the consumption of Li* to form a stable SEL'°>'®' Xiao
et al.*®® synthesized SiO,@TiO,@C composite materials with a
double-layer structure via an expandable experimental route.
The process involves mixing SiO, particles with titanium but-
oxide, followed by heating and stirring to produce SiO,@TiO,
precursors. CVD technology is then utilized to initiate a carbon
coating reaction using propylene as the carbon source, result-
ing in the final product SiO,@TiO,@C. TiO, has strong
mechanical stability, and the electrode material has small
volume changes after lithium insertion, which can maintain
the stability of the SEI. High electrochemical reversibility will
not cause too many side reactions and capacity attenuation.
Furthermore, the inclusion of a TiO, layer in the composite
contributes to enhancing the overall conductivity of the mate-
rial. TiO, possesses favourable electronic conductivity and ionic
conductivity properties, allowing it to facilitate efficient charge
transport within the material. This improved conductivity
enables the composite to adapt to high currents, making it
suitable for applications that require high-power performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It is hybridized with a highly graphitized carbon layer and
uniformly coated on the surface of SiO, particles, forming an
efficient conductive network, greatly reducing side reactions,
and significantly improving the ICE. The thermal effect of the
reaction between Li,Si and the electrolyte affects the safety of
LIBs, which can lead to combustion and even explosion. The
experimental results demonstrate that direct carbon coating on
the surface of SiO,@C has limited suppression of thermal
effects. However, the use of SiO,@TiO, significantly inhibits
the generation of heat. This more stable thermal performance
can be attributed to the excellent thermal stability of the
lithium titanate phase. In the traditional magnesium thermal
reduction reaction to generate SiO, based negative electrode
materials, HCI solution is usually used to wash away the
remaining Mg and the reaction by-product MgO. Then a porous
structure will be formed to alleviate the volume expansion
problem. However, recent studies have found that MgO can
dehydrate the electrolyte and eliminate the conditions causing
HF generation, thus avoiding the corrosion of the collector and
SiO,. In a study conducted by Xu et al,'*® SiO, was obtained
from SiO, through a process called magnesium thermal
reduction. During this process, in situ MgO particles were
incorporated into the SiO, matrix, resulting in the formation
of a Si0,/MgO composite. Subsequently, a polymer shell was
formed through phenolic condensation, encapsulating the
SiO,/MgO composite. After annealing, the composite trans-
formed into SiO,/MgO/Mg,SiO,/C. In the final composite struc-
ture, both MgO and Mg,SiO, phases were uniformly distributed
within the SiO, matrix. This distribution plays a crucial role in
buffering volume changes that occur during charge and dis-
charge cycles. By buffering volume changes from all directions,
the composite effectively inhibits material cracking and main-
tains structural integrity during cycling. In addition, the for-
mation of Mg,SiO, inhibits the formation of lithium silicate,
greatly improving the initial coulomb efficiency. Cui et al.'®®
used rice husk as a raw material to obtain the porous SiO,/C
precursor after carbonization. Then the precursor was ground
with Al powder and annealed at high temperature, obtained the
Al-doped porous C/SiO,. Al,O; with a suitable band gap and
superior ionic conductivity can improve the rate performance
of the material. Similarly, Al,O;, as an amphoteric oxide, can
inhibit the side reaction of LiPF, based electrolyte to generate
HF. Although Al,O; has a negative impact on the electronic
conductivity, the remaining Al nanoparticles can alleviate the
influence of Al,O; on conductivity. LIBs exhibit high ICE and
excellent cycle stability. The metal oxide layer is relatively inert,
which is not conducive to electronic conductivity. In recent
years, SiO, has also been coated with lithium salts. Kang
et al.'®* reported a single layer LiF coated SiO, anode material.
LiF has a high Young’s modulus and interface energy, which
allow it to adhere well to SiO,. During battery cycling, an
inorganic-rich SEI layer is formed, which is distinct from the
traditional SEI and offers superior conductivity and structural
stability. Furthermore, the use of LiF in the SEI layer can
enhance the thermal stability, reduce electrolyte decomposi-
tion, and improve overall battery performance. Gu et al.'®®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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designed a LizPO, coating, which can reduce the energy barrier
of Li* transmission, and combined it with the carbon conduc-
tive framework, which greatly improved the transmission capa-
city of electrons and ions. In addition, Li;PO, contributes to the
formation of a stable SEI and the ICE is also improved.

5.4. Prelithiation

The ion conductivity and cycling performance of SiO, based
electrode materials exhibit a positive correlation with the oxy-
gen content.'®® Pan et al.'®” conducted electrochemical impe-
dance testing and constant current intermittent titration
experiments and found that the diffusion rate of Li* was higher
in SiO, than in Si, which enabled SiO, to charge/discharge more
rapidly. After oxygen enrichment on the surface of SiO,, a large
amount of Li,SiO, and Li,O will be generated during the first
charge and discharge to form an SEI, resulting in irreversible
consumption of Li" and thus reducing the ICE. In order to
compensate for the loss of active lithium after the battery is
assembled, prelithiation is an efficient strategy.’®® The funda-
mental concept behind prelithiation is to utilize an external
lithium source to compensate for the lithium consumption that
occurs during the initial cycle of the battery. Various prelithia-
tion strategies exist, each requiring a distinct approach and set
of materials."® In general, all prelithiation strategies can be
divided into chemical prelithiation and electrochemical pre-
lithiation from the reaction mechanism. Cathode prelithiation
additives can be used easily, and electrochemical prelithiation
is the most common for anode materials.'”®

Chemical prelithiation is realized by a chemical reaction
between lithium metal or other lithium rich materials and
active materials."”" Lithium metal is the most typical anode
prelithiation material because of its lowest electrochemical
potential, and it can be lithiated through direct contact with
electrode materials."”> When lithium metal contacts with active
substances, internal short circuit or self-discharge will occur,
which will cause Li" to embed into the anode material and react
to lithiate the anode material. In addition, this lithiation
process can also form a stable SEI on the surface of the anode
material, reducing the side reaction of SiO,. Although the
strategy of directly adding lithium directly improves the ICE,
the addition amount of lithium metal also needs to be con-
trolled because the excess lithium will produce dendrites dur-
ing cycling, which will puncture the separators and affect the
safety of the battery. Meng et al.'”> pressed SiO,, the resistance
buffer layer (RBL) and lithium foil together. The RBL is carbon
nanotubes coated with PVB, which has high electronic and
ionic conductivity. By adjusting the coating parameters of the
RBL, the resistance value can be changed, thereby altering the
electrode current during lithiation. Lower resistance values
lead to higher currents, resulting in faster lithiation rates and
greater degrees of lithiation. This simple method realizes the
adjustable rate and degree of lithiation and can also make the
lithiation more uniform. The treated SiO, anode significantly
improved the ICE (68% to 87%) in the full battery and could
stably circulate for more than 200 cycles. In addition to direct
contact with lithium metal, some lithium rich compounds can
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also be added to the anode materials to achieve prelithiation,
such as Li, 4C0g 4N, Li,Si, etc. Zhao et al.'”* used SiO, as the raw
material to obtain the Li,Si/Li,O composite through low-cost
synthesis. The Li,Si nanodomain is uniformly embedded in the
Li,O crystal, and the ICE of this lithiated composite material is
increased from 52.6% to 93.8%; even when mixed with other
anode materials, the ICE can exceed 100%. In addition, irre-
versible Li,O can be used as a protective layer on the surface of
materials, which can maintain stable electrochemical perfor-
mance even in an environment with 40% relative humidity.
Although the Li,Si alloy has low oxidation-reduction potential
and high specific capacity, it can be used for prelithiation of
almost all kinds of anode materials. However, Li,Si is unstable
and easily deteriorates when exposed to air, so its industrial
application still faces great challenges. Solution chemical pre-
lithiation is also an efficient and safe prelithiation strategy. The
initial coulomb efficiency of Li" is improved by inserting the
electrode material into a lithium rich organic solution for redox
reaction. The reaction in solution can make the lithiation
process uniform and maintain the integrity of the
electrode.'”® In the research conducted by Yan et al,'”® they
employed a method of prelithiation by dissolving lithium
tablets in a biphenyl solution of tetrahydrofuran. The SiO,/C
material was then exposed to the lithium biphenyl complex
present in the composite solution. As a result of this inter-
action, a reaction occurred between SiO,/C and the lithium
species. This reaction led to the formation of a lithium-silicon
oxide compound, denoted as Li,SiOy, on the surface of the SiO,/
C material. It can obviously cause lithium consumption during
the first cycle and greatly improve the coulomb efficiency.
Electrochemical prelithiation is considered a viable and
user-friendly approach compared to chemical prelithiation.'”®
Prior to assembling the electrode material into the battery, a
half cell is created using lithium metal or other lithium-
containing electrode materials as the counter electrode.'”” This
half cell is then charged to compensate for the lithium deple-
tion that occurs in the negative electrode material.'”® The speed
and degree of prelithiation can be precisely controlled by
adjusting various parameters. Electrochemical prelithiation
can form a uniform and dense SEI, but the need to assemble
and disassemble the battery system increases the difficulty of
large-scale application."”” Additionally, specific charging vol-
tage parameters for prelithiation are associated with different
electrode materials. When the voltage is excessively high, full
lithiation of lithium may not occur, while excessively low levels
can cause the formation of observable lithium dendrites. In
conclusion, multiple prelithiation methods exhibit unique
characteristics. However, research on prelithiation technology
remains relatively underdeveloped and immature at present.'”®

5.5. Binders

The inherent drawback of SiO, based negative electrode mate-
rials is the expansion of volume during the cycling process.
Although the use of carbon materials in composites has effec-
tively addressed this issue, there is still potential for further
improvement."”® In order to overcome these shortcomings, a
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lot of research has been done to promote the industrialization
of $i0,."®° The design of the binder also shows great potential
for improving the performance of SiO, based materials.'®" The
adhesive combines the active material and the conductive
agent, so the first consideration standard of the adhesive is
strong interface adhesion and strong Li* conductivity.'®® The
volume expansion of SiO, will cause the material to crack or
even pulverize, so an efficient binder should have good
mechanical elasticity and strength. Elasticity can absord the
stress in the process of circulation and keeps particles in
contact.'® The development of adhesives should mainly focus
on designing polymer adhesives rich in -COOH, -OH, -NH,
and other polar groups.'®* The traditionally used adhesive is
polyvinylidene fluoride (PVDF), but its application in SiO,
based materials cannot provide good adhesion and mitigate
buffer volume change. Sodium carboxymethyl cellulose (CMC)
is a commonly used adhesive due to containing a large number
of hydroxyl and carboxyl groups, which enable strong adhesion
to the SiO, surface. However, during significant volume
changes of SiO,, CMC can slide and cause the material to
detach or fall off. In view of this, Xue et al.*® used CMC as the
binder to add a small amount of Si particles as the nano-comb
when making the slurry. The polar groups in the polymer can
interact with the surface of Si nanoparticles to open the
molecular chain of CMC. Stretched molecular chains can
provide maximum adhesion and can also increase the surface
contact with SiO, to generate a uniform conductive network.
Liao et al.'® obtained a three-dimensional cross-linked adhe-
sive, c-CMC-IDA; 5, by in situ thermal shrinkage and reaction
between iminodiacetic acid (IDA) and CMC. The crosslinking
degree can be well adjusted by adjusting the mass fraction of
IDA and heat treatment temperature. c-CMC-IDA;5, has many
contact sites interacting with SiO,, which improves the surface
adhesion. In addition, c-CMC-IDA;5, can also adapt to the
displacement and volume change of SiO, particles during
circulation.

The 3D network structure serves as an excellent stress buffer
for SiO, volume changes, thereby preserving the integrity of the
electrode structure.'®” Furthermore, the 3D network can
enhance the overall electronic conductivity of materials and
facilitate the formation of stable SEI layers. The majority of
binders exhibit favourable elasticity, helping to maintain the
overall structure of the electrode.'®® Nevertheless, the volume of
SiO, may undergo significant changes if the elasticity of the
binder is not suitable. Volume expansion extends the diffusion
path of Li*, which seriously affects the rate performance of the
material. Compared with van der Waals forces and covalent
bonds, hydrogen bonds have a dynamic self-healing ability and
strong mechanical properties. Tang et al.*®® introduced tannic
acid into linear polyacrylic acid, which formed a stable and
reversible 3D cross-linking network structure under the action
of a large number of hydrogen bonds. Hydrogen bonding can
also provide SiO, based materials with strong interfacial adhe-
sion and cohesiveness. Compared with the CMC binder, a large
number of hydrogen bonds can be dynamically broken and
recombined at room temperature, resulting in excellent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrode stability. After 50 cycles, no significant electrode
cracking was observed, and 1025 mA h g~ was still achievable
after 250 cycles under 500 mA g~ '. Similarly, Weng et al.*°
utilized free radical polymerization of acrylamide and acrylic
acid to produce covalent-noncovalent networks with excep-
tional elasticity. The presence of carboxyl and amide groups
within the network of a material enables the formation of
hydrogen bonds. These hydrogen bonds play a crucial role in
enhancing the structural stability of the electrode. Further-
more, materials that are rich in hydroxyl groups (-OH) exhibit
strong interactions with other components, such as binders.
This strong interaction helps to mitigate binder agglomeration,
which refers to the clustering or agglomeration of the binder
material within the electrode.

As binders usually exhibit relatively weak conductivity, it is
crucial to control the proportion of the binder. In recent years,
increasing the conductivity of adhesives has also attracted
extensive attention. Song et al'®* designed a cross-linked
conductive adhesive (CCB) with strong mechanical properties.
Starting from the molecular level, it not only enhances the
intrinsic electronic conductivity, but also shows good mechan-
ical properties during electrochemical cycling through the
covalent bond connection between the binders.

6. Conclusion

SiO, (silicon oxide) is considered one of the most promising
anode materials for lithium-ion batteries due to its high
specific capacity. However, it is important to note that there
are still challenges and issues that need to be well addressed in
order to realize its full potential. The huge volume change and
low electron transmission are the two key issues of SiO, during
cycling. In this review, we systematically summarize the design
of SiO,/C composite materials, focusing on their three-
dimensional structure from internal and external aspects.
Firstly, based on the design of the SiO, core, the characteristics
of spherical structures, nanowires and nanofilms in electro-
chemical performance are discussed. The hollow structure of
SiO, based anode materials offers plenty of space to accom-
modate the volume expansion during cycling, resulting in
exceptional stress-buffering capabilities. Nanowires and nano-
films exhibit higher volume energy density, as well as an
enhanced electron and ion transport ability. The oxidation
degree of SiO, is controlled by adjusting the amount of the
reducing agent. A suitable oxygen content generates a more
stable SEI, and excessive lithium will not be consumed during
the initial cycle. The recombination with carbon has been
proved through many studies to greatly improve the conductiv-
ity of SiO, and provide a stable electrode/electrolyte interface.
In addition, carbon materials have good elasticity and can
buffer the volume change of SiO, during charging. The differ-
ent SiO,/C composite structures of SiO,/C are distinguished.
The yolk@shell structure can adapt to the volume change of
SiO, well without affecting the specific mass capacity. The
coating of the carbon layer can also reduce the direct contact
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between the electrolyte and SiO,, and improve the stability of
the SEI. On the basis of SiO,/C, the carbon source can also be
the development direction of advanced SiO,/C composites, and
the influence of carbon content on their specific capacity and
cycle stability is emphasized. Furthermore, this review also
summarizes various non-metallic atom doping methods that
can enhance the intrinsic conductivity of the carbon coating
layer. During the initial cycles, SiO, electrodes may undergo
significant side reactions, which can reduce the coulombic
efficiency. To address this issue, a promising strategy is pre-
lithiation of the electrode before cycling, thereby compensating
for the lithium consumption that occurs during the first cycle.
As SiO,/C composites have better structural stability and con-
ductivity during cycling, the choice of the binder will also
determine their application. Three-dimensional crosslinked
adhesives have a strong influence on mechanical and conduc-
tive properties and could be crucial for high performance Si/C
Li ion batteries.

Despite ongoing research efforts to improve the electroche-
mical properties of high performance SiO, based anode mate-
rials, challenges remain. For instance, to address the serious
volume expansion and poor conductivity of SiO, electrodes,
researchers have developed hollow or porous SiO, particles by
the sacrificial template approach. However, this remains a
challenge for industrial scale production due to the high
production costs and complex processes involved. While
improving the performance parameters of SiO, in energy sto-
rage is crucial, attention must also be given to its scalability for
mass production. The controlled, predictable, economical, and
systematic combination of SiO, and carbon can guide the
development of advanced and practical SiO,/C composites
and electrode materials, while also providing valuable insights
into other high capacity energy storage systems.
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