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Silicon (Si) has emerged as one of the most promising anode materials for next-generation lithium-ion
batteries (LIBs) due to its extremely high theoretical capacity (3579 mAh g=3), abundant reserves, and
inherent safety advantages over conventional graphite anodes. However, the practical application of Si
anodes remains hampered by key challenges, including severe volume expansion (~300%), an unstable
solid electrolyte interface (SEl), low intrinsic conductivity, and irreversible capacity loss. Academia and
industry have invested significant effort in addressing these issues through nanoscale structural engineer-
ing, Si—carbon composites, advanced polymer and inorganic binders, artificial SEI coatings, and electro-
lyte/interface design. Simultaneously, industry has begun to adopt scalable strategies, such as graphite—Si
composite hybrids, surface encapsulation, prelithiation, and the integration of fluorinated additives and
locally high electrolyte concentrations, to extend cycle life and improve manufacturability. This review
focuses on the fundamental mechanisms of Si anodes, summarizes the latest research strategies from
both laboratory and industrial perspectives, and explores commercialization pathways through case
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studies of emerging technologies and global investment. Finally, we outline future research directions and
prospects for silicon anodes in advanced battery systems, emphasizing the need to balance performance,
cost, and scalability. Silicon is not only a key transition material for high-energy lithium-ion batteries, but
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1. Introduction

The continued growth of global energy demand, with the
urgent need for sustainable and environmentally friendly
energy storage solutions, has accelerated the development of
high-performance rechargeable secondary batteries."”” Since
their commercialization in the early 1990s, lithium-ion bat-
teries (LIBs) have become the primary power source for porta-
ble electronic devices, electric vehicles (EVs), and large-scale
energy storage systems due to their high energy density and
long cycle life.>* However, the growing demand for higher
energy density and longer driving range in EVs has pushed the
traditional graphite anode (372 mAh g™') close to its theore-
tical capacity limit,” prompting the search for alternative high-
capacity anode materials. Among the many candidate
materials, silicon (Si) has received extensive attention from
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also an enabling platform for anode technologies in the post-lithium era.

both academia and industry as a next-generation anode
material. Silicon has a high theoretical capacity of 3579 mAh
g7 " (LiysSis),%® nearly ten times that of graphite. It also boasts
abundant reserves, low cost, and environmental friendliness.
Furthermore, silicon’s relatively low lithiation potential offers
inherent safety advantages, avoiding lithium deposition, a
common problem with fast-charging graphite anodes.’ These
unique properties make silicon one of the most promising
materials for high-energy lithium-ion batteries.

Despite these advantages, the practical deployment of Si
anodes faces significant challenges. The most critical issue is
the drastic volume change (~300%)'® during lithiation/
delithiation, which induces particle pulverization, loss of elec-
trical contact, and rapid capacity fading. Additionally, the
repeated expansion and contraction lead to continuous
rupture and reformation of the solid electrolyte interphase
(SEI), resulting in unstable interfaces, increased impedance,
and low coulombic efficiency.'""'> Moreover, the intrinsically
low electrical conductivity™® and sluggish lithium-ion diffusiv-
ity of Si further aggravate the performance degradation,
especially under high current densities. Over the past two
decades, extensive research has been devoted to overcoming
these challenges. Academic studies have explored various strat-
egies, including nanoscale structural design (nanowires,
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hollow structures, and porous Si), Si-carbon composites,™
advanced polymeric and inorganic binders," artificial SEI
layers,'® and optimized electrolytes with functional additives."”
These approaches have demonstrated significant improve-
ments in mitigating volume changes, enhancing mechanical
stability, and improving interfacial robustness."®

In parallel, industrial research has focused on translating
these concepts into scalable and cost-effective solutions.'®
Current commercial practices include blending Si with graph-
ite to form composite anodes, applying surface encapsulation
or coating layers, introducing pre-lithiation techniques to com-
pensate for initial capacity loss, and employing fluorinated
additives or localized high-concentration electrolytes to stabil-
ize the SEL*° Companies worldwide, including leading battery
manufacturers and startups, are investing heavily in Si-based
anode technologies, and partial commercialization has already
been achieved in electric vehicles and consumer electronics.

In this review, we aim to provide a comprehensive overview
of Si anode research and development from both academic
and industrial perspectives. We first introduce the fundamen-
tal lithiation mechanisms and the associated degradation
phenomena of Si anodes. We then summarize recent progress
in structural engineering, material design, interface regulation,
and electrolyte optimization. Furthermore, we highlight indus-
trial strategies, manufacturing considerations, and commercia-
lization pathways through representative case studies. Finally,
we discuss the prospects and challenges for future research,
emphasizing the balance between electrochemical perform-
ance, scalability, and economic viability. We believe that Si, as
a transitional and enabling material, will play a pivotal role
not only in advancing high-energy lithium-ion batteries but
also in shaping the development of post-lithium energy
storage technologies.
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2. Fundamentals of silicon anodes
2.1 Theoretical background

Silicon (Si) has attracted significant attention as a next-gene-
ration anode material for lithium-ion batteries (LIBs) owing to
its exceptionally high theoretical capacity (~3579 mAh g™* for
Li;5Si,), which is nearly an order of magnitude greater than
that of conventional graphite (372 mAh g™ for LiC4). This
high capacity originates from the electrochemical alloying
reaction between Li and Si, which involves complex, multi-step
phase transformations and solid-state diffusion processes
during lithiation and delithiation.>" At room temperature, the
lithiation of crystalline silicon (c-Si) is often described as an
initial two-phase reaction, where Li insertion leads to the for-
mation of amorphous Li,Si (0 < x < ~3.5),> accompanied by
substantial volume expansion (up to ~300%). Under certain
conditions—such as sufficiently low cutoff voltages, large par-
ticle sizes, and specific cycling protocols—further lithiation
may result in the formation of crystalline Li;5Si, at potentials
near 60 mV vs. Li/Li".?* However, it should be noted that the
formation of Li;5Si, is not universal and can be suppressed in
nanoscale silicon, amorphous structures, or under limited
lithiation depths, highlighting the strong dependence of the
reaction pathway on particle size, crystallinity, and electro-
chemical conditions.

During delithiation, the reaction pathway is typically asym-
metric. When Li;5Si, is formed, it generally transforms back
into amorphous Li,Si and eventually into a metastable amor-
phous Si phase, rather than reverting to the original crystalline
Si, indicating an irreversible structural evolution after the
initial cycle.>* Such repeated amorphous-crystalline and crys-
talline-amorphous transitions, when present, can induce sig-
nificant internal stress, fracture, and pulverization of Si par-
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Fig. 1 (a) TEM image of the Corn-Si-1 sample. (a-1) HRTEM image of the crystalline part of Corn-Si-1. (Inset: FFT image.) (a-2) HRTEM image of the
amorphous part of Corn-Si-1. (Inset: SAED image.) (b) TEM image of the Corn-Si-2 sample. (b-1 and b-2) HRTEM image of the crystalline part of
Corn-Si-2. (Inset: SEAD image.) Adapted with permission from ref. 25. Copyright 2020@Wiley.

ticles, leading to electrical disconnection and rapid capacity
decay. The distinction between crystalline and amorphous
states is more clearly illustrated in Fig. 1. Moreover, the large
volume fluctuations continuously disrupt the solid electrolyte
interphase (SEI), resulting in repeated formation and rupture,
which further consumes active lithium and the electrolyte.
Therefore, a comprehensive understanding of the thermo-
dynamics and kinetics of Li-Si alloying—including Li
diffusion, phase boundary evolution, and nucleation ener-
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getics—is essential for the rational design of stable Si-based
anodes. To mitigate these challenges, various strategies have
been developed, such as nanoscale structuring, utilization of
amorphous silicon, alloying with inactive or active matrices,
and artificial SEI engineering.

2.2 Key issues

2.2.1 Large volume expansion (~300%). One of the most
critical challenges associated with silicon anodes is their pro-
nounced volumetric change during lithiation/delithiation.
Silicon undergoes a theoretical volume expansion of nearly
300% upon full lithiation to Li;5Siy4, leading to severe mechani-
cal stress, particle fracture, interfacial delamination, and elec-
trode pulverization. These structural degradations disrupt elec-
tronic pathways and accelerate SEI instability, ultimately
causing rapid capacity fading.

To address these issues, various structural design strategies
have been developed, which can be broadly categorized into
one-dimensional (1D) nanostructures, porous architectures,
and composite frameworks. One-dimensional nanostructures
provide efficient strain relaxation pathways along the radial
direction, effectively mitigating mechanical degradation. Son
et al.®® synthesized four types of 1D silicon nanostructures
(SINW, SiNT, L-SINW, and GeSiNW) via electrospinning fol-
lowed by magnesiothermic reduction. By controlling precursor
composition, different spatial distributions of internal buffer
spaces were achieved. The concept of space for alleviating
volume expansion (SAV) was introduced to describe stress/
strain relaxation during lithiation. Structures with well-

This journal is © The Royal Society of Chemistry 2026
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designed SAV (e.g., SINT, L-SiNW, and GeSiNW) exhibited
reduced volume expansion and improved electrochemical per-
formance compared to dense SiNW, highlighting the impor-
tance of buffer space distribution (Fig. 2A). Porous structures
accommodate volume expansion through internal voids while
maintaining structural integrity. Dai et al>’ developed hier-
archical porous silicon (hp-Si) with tunable primary
(20-200 nm) and secondary (~3-10 nm) pores. The intercon-
nected pore network effectively buffers volume changes, while

View Article Online
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larger primary pores enhance electrode durability and main-
tain fast ion transport pathways, leading to improved capacity
retention and rate capability (Fig. 2B). Integrating silicon with
conductive matrices provides mechanical confinement and
improves charge transport. Xiao et al.®® demonstrated that
embedding amorphous Si nanoparticles into porous carbon
frameworks can effectively mitigate volume expansion.
However, the pore volume of the carbon matrix plays a critical
role; an optimal balance between pore volume and Si loading
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Fig. 2 (A) (a) lllustration of L-SiNW describing the space for accommodating volume expansion during Li insertion and extraction. (b) Schematic of
the charging and discharging processes of SiNW, SiNT, L-SiNW, and GeSiNW and the summary of their spatial ratio and location of SAV, external
pressure, and cycle performance. (B) Schematic of minimized volume expansion in hierarchical porous silicon upon lithiation. (C) Schematic illus-
tration of (a) the lithiation process of HC-0.8@Si@C and HC-0.6@Si@C, and (b) the external forces acting on HC-1@Si@C and HC-0.8@Si@C.
Adapted with permission from ref. 26—28. Copyright 2018@Wiley; Copyright 2019@ACS; Copyright 2024@Wiley.
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is required to ensure structural stability, efficient ion/electron layer also leads to parasitic reactions and gas evolution, com-
transport, and long-term cycling performance (Fig. 2C). promising the long-term electrochemical stability of the

2.2.2 Mechanical pulverization and SEI instability. The battery. Pretreatment of silicon anodes is an important
excessive volume fluctuation induces mechanical pulverization method to improve the SEI stability. Li et al®*® developed a
of Si particles, causing them to fracture into smaller frag- polymer polyhedral oligomeric silsesquioxane-lithium bis
ments. This phenomenon increases the effective surface area (allylmalonato)borate (PSLB) on microscale Si anodes that
exposed to the electrolyte, leading to uncontrolled formation accommodates volume changes and stabilizes the SEI through
and repeated rupture of the solid electrolyte interphase (SEI). an organic/inorganic hybrid cross-linked structure. Within the
Since SEI formation is a passivation process that consumes stable framework provided by PSLB, abundant oxide anions
both lithium ions and electrolyte components, its repeated along the polymer chains preferentially interact with LiPFg,
breakdown and reformation result in continuous loss of active promoting the formation of a dense, inorganic-rich SEI,
lithium, increased interfacial resistance, and severe capacity thereby enhancing its mechanical stability and facilitating
fading.>® Furthermore, the inhomogeneous stress distribution faster Li* transport. This strategy enhances mechanical stabi-
promotes uneven SEI growth, forming thick and unstable lity and Li" transport, enabling the Si;@PSLB anode to deliver
layers that impede ion transport. The instability of the SEI high capacity (1083 mAh g™') over 300 cycles and maintain
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Fig. 3 (A) Schematic diagram of a uniform self-reinforced organic/inorganic hybrid SEI chelation strategy on microscale silicon surfaces for stable-
cycling anodes in lithium-ion batteries. (B) Schematic diagram of the effect of silicon structure on the initial lithiation potential and prelithiation be-
havior. (C) Schematic of the evolution of interfacial stability and the SEI microstructure. (a) Pristine SiNPs with thick nSEl. (b) LCP-coated SiNPs with
LCP-integrated hSEI skin. (D) Schematic of formation of a robust SEI through covalent binding of nitrile to silicon toward stabilized micron-sized
silicon anodes. Adapted with permission from ref. 30—33. Copyright 2023@Wiley; Copyright 2025@Oxford; Copyright 2022@Wiley; Copyright
2025@Elsevier.
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80.8% capacity retention in NCM90 full cells (Fig. 3A). Quan
et al.*' showed that amorphous silicon anodes can be effec-
tively prelithiated with lithium naphthalenide (Li-Naph), and
lithium ions and electrons from the Li-Naph reagent can be
transferred to amorphous silicon with a higher lithiation
potential, whereas such transfer is hindered in crystalline
silicon due to its lower lithiation potential (Fig. 3B).
Prelithiation (via Li-Naph) regulates electrolyte decompo-
sition, promoting the formation of a thicker, LiF-rich SEI with
uniform distribution. It also favors BF, -derived species,
leading to an SEI enriched in F- and B-containing com-
ponents, which enhances interfacial stability and Li" transport.
This approach raised the initial coulombic efficiency from
74.8% to 97.2% and enabled pouch cells to retain 90.1%
capacity after 800 cycles at 1C, demonstrating a scalable strat-
egy for high-performance silicon anodes. Besides, polymer
coatings and adhesives are effective solutions. Pan et al.>>
developed a layered conductive polyaniline (LCP) coating on Si
nanoparticles, which directs the formation of a hybrid SEI
with a uniform distribution of organic and inorganic com-
ponents. The conformal LCP layer retains the electrolyte
within its interlaminar spaces and promotes the in situ for-
mation of an LCP-integrated SEI, enhancing interfacial flexi-
bility to accommodate volume changes while maintaining
homogeneous ion transport during cycling. As a result, the
flexible SEI effectively buffers volumetric fluctuations and
enables high areal capacity (~3 mAh cm™?), along with excel-
lent cycling stability and rate capability (942 mAh g™" at 5 A
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g™") (Fig. 3C). The nitrile groups in the PAN binder form
strong Si-N covalent bonds on the Si surface, enhancing
mechanical integrity and effectively suppressing crack for-
mation and pulverization during volume expansion.
Meanwhile, these Si-N bonds induce the in situ formation of a
LizN-rich inner SEI layer, leading to a robust bilayer SEI com-
posed of a LizN-rich inner layer and an organic-rich outer
layer. This N-rich SEI not only stabilizes the electrode/electro-
Iyte interface but also enhances ionic conductivity and
mechanical flexibility. As demonstrated by Zhao et al.,>* such a
structure enables silicon electrodes to achieve high coulombic
efficiency, excellent rate capability, and long-term cycling stabi-
lity (1290 mAh g~ over 800+ cycles at 0.5C) (Fig. 3D).

2.2.3 Poor intrinsic conductivity. Silicon exhibits low
intrinsic electronic conductivity (~107> S cm™) and limited
lithium-ion diffusivity (~107"* to 107> cm® s7"), which hinder
the charge transfer kinetics and result in poor rate perform-
ance.” During lithiation, the formation of high Li-Si alloy
phases further exacerbates the resistive nature of the elec-
trode.*® The sluggish electron and ion transport can cause
localized lithiation, leading to uneven volume expansion and
non-uniform stress distribution.*® This issue is particularly
critical for bulk Si particles, where the diffusion length
exceeds the intrinsic diffusion capabilities, making full utiliz-
ation of the active material difficult under high current den-
sities. By adopting different silicon composite materials, the
electronic conductivity of the silicon anodes can be effectively
improved. Wu et al.*® employed polycarbosilane (PCS) as a pre-

Lithiation Delithiation

Si

(A) Schematic of SIOC phase control and carbon nanoribbon growth by introducing oxygen at the atom level for lithium-ion batteries. (B)

Schematic of electrochemical-mechanical synergistic regulation by constructing a double-layer fully active silicon-based alloy anode in sulfide all-
solid-state batteries. (C) Schematic of self-healing silicon—-sodium alginate—polyaniline composites originating from the enhancement of hydrogen
bonding for the lithium-ion battery. Adapted with permission from ref. 36—-38. Copyright 2022@Wiley; Copyright 2025@Elsevier; Copyright

2019@Elsevier.
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cursor to design SiOC ceramics with atom-level control of
oxygen and carbon content via air oxidation cross-linking. This
strategy enhances intrinsic conductivity and reversible lithium
storage, achieving excellent rate capability, high areal/volu-
metric capacity, and improved the initial coulombic efficiency,
providing a novel approach to optimize SiOC anodes through
precursor structure design (Fig. 4A). Huang et al.’” designed a
double-layer silicon anode for sulfide all-solid-state batteries,
combining a Li,.,Si alloy layer with a nano-Si layer. This struc-
ture improves Li" transport and electron conductivity, and
buffers volume-change-induced stress, leading to reduced
interfacial stress, 86.5% capacity retention over 200 cycles at
0.5C, and a high cell-level energy density of 308.04 Wh kg™,
demonstrating strong potential for scalable ASSB applications
(Fig. 4B). Mi et al.*® developed silicon-sodium alginate-polya-
niline composites with a 3D conductive network, where hydro-
gen-bond self-healing accommodates volumetric changes
during cycling. This design enhances electron transport,
mechanical integrity, and conductivity, enabling the anode to
deliver 1099.5 mAh g~" over 200 cycles at 1 A g~ " and providing
a scalable strategy to mitigate silicon pulverization (Fig. 4C).
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2.2.4 Irreversible capacity loss (ICL). Silicon-based anodes
typically exhibit a large initial irreversible capacity loss (ICL)
during the first cycle, primarily originating from the formation
of the solid electrolyte interphase (SEI) and lithium trapping
within the amorphous Si or Li,Si matrix. These processes irre-
versibly consume active lithium, leading to a significant
reduction in the initial coulombic efficiency (ICE) and limiting
the practical energy density of full cells.

From a mechanistic perspective, lithium trapping plays a
dominant role in ICL. Li et al.®® revealed that Li trapping,
together with volume expansion and unstable SEI, critically
affects the cycling stability of silicon anodes. They identified
two types of trapped lithium: active Li associated with sluggish
kinetics and inactive Li induced by structural degradation,
such as Si pulverization. Notably, inactive Li dominates
capacity loss after cycling, highlighting the importance of sup-
pressing structural instability and irreversible phase evolution
(Fig. 5A). In addition, the irreversible transformation from
crystalline Si to amorphous Si during the first lithiation
further aggravates lithium immobilization and long-term
capacity decay. To mitigate ICL and improve ICE, various strat-
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Fig. 5 (A) Schematic of an electrochemical-mechanical unveiling of the mechanism of Li-trapping induced (ir)reversible capacity loss for the
silicon anode. (B) (a, b) SEM images of uncycled SiO anodes and (c) the uncycled NCM-LFO blend cathode; (d) EDS mapping of the Fe signal for the
uncycled NCM-LFO blend cathode. (C) Schematic of the fabrication process for SFQG. The synthesized SF@G features a two-dimensional covalently
bound component interface, enabling stable and fast electron (e”) and lithium-ion (Li*) transport, while fundamentally blocking undesirable sub-
stances such as the electrolyte solvents (EC, DEC) and anions (PF¢~), mimicking the skin functions typically as a protective barrier, a permeable
medium, and a tactile interface. (D) Some typical zoomed-in atomic configurations in the fully lithiated silicon—carbon interfacial structures. (a)
Formation of the Si—C bond and lengths of Si—Li bonds (in A) at the silicon—carbon interface, (b) bond lengths for the Si—Li bond in the silicon
portion, and (c) the lithiated interfacial structures for different models. The black, yellow and violet spheres represent the C, Si and Li atoms, respect-
ively. Adapted with permission from ref. 39-42. Copyright 2023@Elsevier; Copyright 2018@Elsevier; Copyright 2020@ Springer; Copyright
2019@Elsevier.
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egies have been developed. Prelithiation strategies are widely
employed to compensate for lithium loss in the initial cycle.
For example, Zhang et al’® demonstrated that introducing
LisFeO, as a prelithiation reagent into the NCM523 cathode
effectively alleviates the initial capacity loss of SiO anodes,
improving lithium utilization and significantly enhancing full-
cell capacity retention (Fig. 5B).

Interfacial and structural engineering also plays critical
roles in suppressing irreversible reactions and stabilizing the
electrode. Zhang et al.*" proposed a two-dimensional covalent
encapsulation strategy to construct Si-C hybrid structures,
which stabilize the electrode/electrolyte interface and facilitate
rapid ion/electron transport, thereby improving ICE, reversibil-
ity, and rate capability (Fig. 5C). Similarly, Zhang et al*?
showed that optimizing carbon coating thickness in silicon—-
carbon film anodes can effectively balance the initial capacity
and long-term stability. While thicker carbon layers reduce the
first-cycle discharge capacity, they enhance cycling stability
and rate performance by improving electronic conductivity
and Li" diffusion (Fig. 5D). Overall, improving ICE in silicon
anodes requires a synergistic approach that combines lithium
compensation with interfacial and structural regulation,
aiming to minimize irreversible lithium consumption and
enhance electrochemical reversibility.

3. Current status of silicon anodes in
industry

3.1 Design logic governing industrial application and
technology stages

The industrial adoption of silicon anodes in lithium-ion bat-
teries is not determined solely by the superiority of theoretical
capacity, but follows a constrained evolutionary process gov-
erned by trade-offs among energy density, mechanical stability,
and manufacturing process compatibility. In particular, silicon
provides high capacity while simultaneously exhibiting severe
volume expansion during charge-discharge processes, low
initial coulombic efficiency (ICE), and interfacial instability,
which can lead to repeated SEI formation and structural degra-
dation of the electrode. These limitations become more pro-
nounced in large-format EV cells.

Importantly, the translation from half-cell performance to
practical full-cell systems remains a critical challenge. Many
literature reports emphasize high specific capacity and long
cycle life obtained under half-cell conditions with low areal
loading, excess lithium, and high electrolyte content, which
are not representative of realistic battery configurations. In
practical cells, key engineering parameters—including areal
loading, electrode density, N/P ratio, electrolyte amount (E/C),
prelithiation requirements, electrode swelling, and volumetric
energy density—play a decisive role in determining overall per-
formance. For silicon-based anodes, these parameters are
strongly coupled to intrinsic material limitations. For example,
the large volume expansion restricts electrode densification,
resulting in low tap density and poor volumetric energy
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density, while low ICE necessitates prelithiation strategies that
introduce additional complexity and cost. Moreover, the high
specific surface area of silicon-rich structures increases electro-
Iyte consumption and exacerbates SEI formation, making it
difficult to achieve practical E/C ratios. Therefore, optimizing
silicon anodes for real-world applications requires a system-
level balance rather than maximizing intrinsic material
capacity alone.

Due to these constraints, industry has adopted a strategy of
incorporating silicon in a limited manner into graphite-based
structures rather than using silicon alone. In mass-produced
EV cells, Si-C composite structures containing approximately
3-8 wt% silicon have become the dominant approach, and the
IEA has reported that silicon-doped graphite has already
entered the market and is being applied in a significant frac-
tion of anodes.*® Such industrial application can be classified
into stages according to silicon content. In general, the low-
silicon regime below 10 wt% represents the mainstream com-
mercialization stage in the current EV market, prioritizing
stability and cycle life. A silicon content of approximately
10-20 wt% is considered a transitional stage for improving
energy density, where achieving a balance between perform-
ance enhancement and structural stability becomes the main
challenge. In contrast, high-silicon systems above 20 wt%,
despite offering high capacity, are limited in their stable appli-
cation in large-format EV cells due to severe volume expansion
and low initial coulombic efficiency, and remain primarily at
the level of evaluation in small electronic devices or certain
specialized applications.

From a materials perspective, this stage classification is not
merely compositional, but reflects fundamental differences in
electrochemical and mechanical behavior. SiO,-based
materials can alleviate volume expansion and achieve relatively
high initial coulombic efficiency through an oxygen-containing
matrix, but exhibit limited capacity due to the presence of par-
tially inactive oxides.*®*> In contrast, Si-C composites provide
improved electronic conductivity and mechanical stability
through a conductive carbon network, making them more suit-
able for low-silicon regimes. High-silicon structures offer
higher capacity but suffer from pronounced structural instabil-
ity and are therefore currently restricted to limited or emerging
applications.

Therefore, the industrial development of silicon anodes can
be understood as a stepwise evolution in which silicon content
is gradually increased based on a balance among multiple per-
formance constraints, rather than the maximization of a single
material property.

3.2 Commercialization cases by material pathway and
industrial development

It is more appropriate to organize commercialization cases
based on material pathways and application markets rather
than by country. The current industrial development of silicon
anodes can be classified into graphite-compatible low-silicon/
SiO,, pathways, high-silicon Si-C composite scale-up pathways,
and nanostructured high-energy niche pathways.
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First, the graphite-compatible low-silicon/SiO, pathway is
regarded as the most practical commercialization route for
large-format EV cells. This pathway originated in the early
2010s with the introduction of silicon-doped graphite in small
cells, and has evolved toward large-scale EV platforms with a
focus on stability and cycle life.*

Daejoo Electronic Materials presents DMSO as a silicon-
based anode material and introduces it as a mass-producible
SiO, material applicable to EVs, power tools, smartphones,
and drone batteries, and operates a dedicated business for
silicon-based anode materials. This SiO, pathway can be
understood as a strategy that alleviates volume expansion
through an oxygen-containing matrix while maintaining com-
patibility with conventional graphite electrode processes and
achieving gradual performance improvements. BTR also pre-
sents both silicon monoxide composites and silicon-carbon
composites as product lines, indicating that in industry, SiO,
and Si-C are not in a competitive relationship but are applied
in parallel depending on application requirements.

This approach is also consistent with the current trend in
EV cells, where low-silicon Si-C composite structures domi-
nate. In Tesla’s 4680 cells, Gen1l employed a 100% graphite
anode,*® followed by the introduction of silicon in later gener-
ations,”” and at Battery Day (2020), a strategy for gradually
increasing silicon content using low-cost silicon and polymer-
based processing was proposed.*®

Next, the high-silicon Si-C composite scale-up pathway has
been actively developed since the 2020s. This pathway aims for
higher energy density compared to low-silicon blends, while
still relying on carbon compositing and process stability.

Sila has introduced Titan Silicon as a next-generation auto-
motive anode material and has been preparing for mass pro-
duction centered on the Moses Lake plant during 2024-2025
following its brand announcement in 2023. Group14 has also
been expanding EV-scale production based on SCC55 through
large-scale investment and the establishment of production
sites in 2025. These developments indicate that high-silicon
adoption is moving beyond material development into a stage
involving manufacturing scale-up and supply chain establish-
ment. However, this pathway still maintains a Si-C composite
structure rather than pure silicon, which can be interpreted as
a structural compromise to mitigate volume expansion and
initial efficiency issues at high silicon content.

In contrast, the nanostructured high-energy niche pathway
is primarily developing in applications such as aviation, UAVs,
and specialized mobility, where energy density is prioritized
over large-scale EV deployment. Amprius has announced
SiCore cells with 450-500 Wh kg™ in 2025 and is expanding
supply to aviation and UAV markets. This nanowire-based
approach is advantageous for achieving high capacity and
direct electron pathways, but due to cost and process complex-
ity, it is currently applied mainly in limited high-value appli-
cations rather than in mainstream EV markets.

In China, a parallel expansion strategy of Si-C and SiO,
pathways is observed. The trial production of silicon-carbon
projects by Putailai and the continued mass production claims
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of nano Si-C materials by IOPSILION indicate ongoing supply
chain expansion. However, as these cases are largely based on
company disclosures and industry reports, it is more appropri-
ate to interpret them as being at the stage of production expan-
sion rather than full-scale commercialization in large EV cells.

Thus, commercialization cases of silicon anodes exhibit a
structure in which different material pathways are developed
in parallel depending on application requirements and per-
formance constraints.

3.3 Industrial implications and future directions

Globally, the adoption of silicon-based anodes is expanding
gradually around low-silicon Si-C structures, consistent with
IEA reports and industrial outlooks. This trend can be under-
stood not as the diffusion of a single technology, but as the
result of multiple pathways developing in parallel according to
the electrochemical and mechanical constraints of each
material system.

In particular, high-silicon systems offer high capacity but
are limited in large-format EV applications due to severe
volume expansion and low initial coulombic efficiency,
whereas Si-C and SiO,-based structures provide a more
balanced combination of structural stability and process com-
patibility, making them practical choices in the current EV
market. As a result, a dual application pattern emerges, in
which low-silicon strategies dominate in EV applications,
while high-silicon approaches are applied in a limited manner
in aviation and premium applications.

This structure suggests that future commercialization of
silicon anodes will be determined not by a simple increase
in silicon content, but by achieving stability in the intermediate
silicon regime and by the integrated optimization of materials,
processing, electrolytes, and cell design. In this sense, the indus-
trial development of silicon anodes is expected to proceed as a
staged expansion from low-silicon systems, with progress depen-
dent on resolving structural constraints at each stage.

4. Strategies to overcome challenges
4.1 Nanostructuring of silicon

Since the emergence of nanoscale silicon, nanotechnology has
played a pivotal role in advancing particle design through
nano/microstructuring strategies.* However, silicon nano-
particles still suffer from limited electrical conductivity and
insufficient stress accommodation during cycling. To address
these issues, multidimensional nanostructures ranging from
one-dimensional to three-dimensional architectures have been
developed,®”®! offering improved structural connectivity and
electron transport compared to their zero-dimensional
counterparts. Representative designs, including nanowires,>?
nanotubes,**** and hollow or yolk-shell structures,®>>® can
effectively accommodate the ~300% volume expansion of
silicon by providing internal void space and shortened ion
diffusion pathways. For example, Si nanowires grown on
current collectors enable direct electron transport, while
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hollow structures allow inward expansion without structural
fracture, thereby enhancing cycling stability and rate
capability.

Despite these advantages, nanostructured silicon remains
challenged by low tap density, high fabrication cost (e.g., CVD or
template-assisted synthesis), and excessive interfacial side reac-
tions due to high surface area, which lead to severe SEI for-
mation and low initial coulombic efficiency. Several studies have
demonstrated strategies to overcome these limitations: recent
advances in silicon nano-engineering have focused on integrat-
ing structural design with interfacial and compositional modu-
lation to simultaneously address volume expansion, conduc-
tivity, and cycling stability. For instance, hollow carbon frame-
works combined with one-dimensional silicon structures have
been widely adopted to enhance structural resilience. Li et al.>”
developed Si nanowires embedded in nitrogen-doped hollow
carbon spheres, delivering a reversible capacity of ~568 mAh g~*
after 200 cycles and maintaining high-rate capability (up to
1028 mAh g~ at 8 A g™'), where the hollow architecture buffers
volume expansion while the conductive carbon matrix and
embedded metallic nanoparticles facilitate electron transport
(Fig. 6A). Similarly, Yin et al.>® reported Si nanoparticles con-
fined within hollow N-doped carbon microspheres, achieving
~872 mAh g after 360 cycles, demonstrating that uniform
encapsulation effectively suppresses volumetric fluctuation and
enhances long-term stability (Fig. 6B).

Beyond conventional templating approaches, alternative
strategies incorporating sustainability and structural inte-
gration have also emerged. Shen et al®® converted waste
silicon into amorphous Si nanowires via a carbon thermal
shock process, forming self-supporting electrodes with high
initial coulombic efficiency (~91.35%) and stable cycling
(~2150 mAh g™" at 2 A g~* over 250 cycles), highlighting the
potential for scalable silicon utilization. In parallel, multi-com-
ponent hybrid structures have been explored to further opti-
mize interfacial stability and conductivity (Fig. 6C). Chen
et al.®® constructed CuzSi-modified Si nanoparticles encapsu-
lated within SiO, and hollow carbon shells, achieving
~1150 mAh g™' at low current density and maintaining
~450 mAh g~' even at 8.4 A g, along with 86.3% capacity
retention after 200 cycles, where the synergistic effects of
metal silicide, oxide matrix, and conductive carbon enhance
both structural stability and charge transport (Fig. 6D).

Collectively, these studies demonstrate that effective silicon
anode design increasingly relies on the coupling of hollow/
porous architectures, conductive carbon frameworks, and
interfacial engineering (e.g., doping, alloying, or oxide incor-
poration) to mitigate mechanical degradation and stabilize
electrochemical performance. However, despite these advan-
tages, such nanostructured and hollow systems often suffer
from low tap density and reduced volumetric energy density
due to their high porosity and complex architectures. This
highlights an inherent trade-off between gravimetric capacity
and practical electrode-level performance, suggesting that
future efforts should focus on balancing structural stability
with electrode densification and scalable manufacturing.
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4.2 Silicon—-carbon composites

The integration of silicon with various forms of carbon is a
widely adopted strategy to enhance electrical conductivity and
mitigate mechanical stress. Graphite/Si blends represent a com-
mercially relevant approach, combining the high capacity of Si
with the structural stability and conductivity of graphite.®’ In
addition, amorphous carbon coatings, graphene sheets, and
carbon nanotube (CNT) networks can form conductive matrices
that buffer the severe volume change (~300%) of Si during
lithiation/delithiation while maintaining continuous electronic
pathways. These composites not only alleviate electrode pulveri-
zation but also suppress electrical disconnection and partially
stabilize the solid electrolyte interphase (SEI) by mitigating the
so-called “dynamic interfacing” between Si and the electrolyte.
However, despite these advantages, conventional carbon
integration strategies are primarily based on physical contact
or weak interfacial interactions, which are insufficient to fully
accommodate the repeated volume fluctuation of Si and often
lead to unstable interfacial evolution and continuous SEI
growth. In this regard, more robust interfacial engineering,
such as two-dimensional covalent Si-C encapsulation, has
been proposed to establish strong and stable bonding between
silicon and conductive carbon frameworks. This skin-like
covalent binding not only ensures efficient electron/ion trans-
port but also fundamentally stabilizes the Si/electrolyte inter-
face, thereby enabling improved cycling stability, high capacity,
and rate capability.®> Nevertheless, challenges still remain in
achieving uniform carbon coating and precisely controlling
the Si loading ratio, as excessive Si content often leads to struc-
tural instability, whereas insufficient Si reduces the overall
energy density. For example, Son et al.®® developed a nanoc-
age-shaped silicon-carbon composite anode exhibiting excel-
lent pseudocapacitive behavior for lithium-ion batteries. The
ultrathin Si layer provides a high pseudocapacitive contri-
bution, yielding superior rate capability compared to conven-
tional Si-based anodes. Additionally, the 3D cage-like pore
structure accommodates volume expansion during lithiation,
resulting in high cycling stability, offering a promising design
for high-power and high-energy LIB anodes (Fig. 7A). Sohn
et al.®® developed a semimicro-sized silicon-carbon (mSi-C)
composite anode via a scalable aerosol-assisted process, con-
sisting of ~100 nm Si nanoparticles coated with a conductive
carbon layer. The composite exhibits high reversible capacity
(2084 mAh g7' at 0.4 A g7"), excellent cycling stability (96%
retention after 50 cycles), good rate capability (906 mAh g~ at
12 A g7'), and high tap density (0.448 g cm ™) corresponding
to 933 mAh cm™ volumetric capacity. Its performance is
attributed to the unique composite structure accommodating
Si volume changes, facilitating ion transport, and the confor-
mal carbon coating enhancing conductivity and forming a
stable SEI, demonstrating its potential for high-performance
LIB applications (Fig. 7B). Park et al.®* developed a water-lily-
seed-inspired silicon-carbon composite with void space (Si/
void/AB/C) using a polymer coating method instead of hazar-
dous chemical etching. Multiple Si particles were polymer-
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coated to form a compact structure, with polymethyl methacry-
late creating voids and acetylene black providing conductivity.
The resulting anode demonstrated high reversible capacity
over 400 cycles and high coulombic efficiency, offering a safer
and scalable approach for industrial production of high-per-
formance silicon-based LIB anodes (Fig. 7C). What’s more,
Wang et al.®® investigated the effect of incorporating cerium
(Ce) into the carbon coating of silicon-carbon composites
(Si@C/Ce0,) for lithium-ion battery anodes. Ce incorporation
enhanced the toughness of the carbon layer, reduced SEI for-
mation, increased initial coulombic efficiency, and improved
Li" conductivity and rate capability. As a result, the composite
achieved a high initial specific capacity of 1848.6 mAh g* and
maintained 502.2 mAh g™ after 180 cycles, demonstrating sig-
nificantly improved electrochemical performance compared to
conventional silicon-carbon composites (Fig. 7D).

4.3 Polymer and inorganic binders

Binders play a crucial role in maintaining electrode integrity,
particularly for high-capacity silicon anodes. The adhesion

1694 | Nanoscale, 2026, 18, 1684-11707

performance of polymer binders is strongly dependent on
their chemical nature, the types of interfacial interactions they
can form, and the properties of the active materials and con-
ductive carbon additives.®” For chemical systems undergoing
large volume changes, polymer binders with strong yet revers-
ible interactions are particularly essential to sustain structural
integrity during repeated cycling.® Conventional poly(vinyli-
dene fluoride) (PVDF) binders suffer from insufficient
adhesion strength and mechanical flexibility, rendering them
incapable of accommodating the severe volume changes of
silicon. In contrast, advanced binders such as alginate, poly
(acrylic acid) (PAA), and conductive polymers (e.g., polyaniline
and PEDOT:PSS) exhibit strong interactions with the hydroxyl-
rich silicon surface through hydrogen bonding, esterification,
or even covalent bonding.°®”’® These interactions enable
effective stress dissipation, prevent particle detachment, and
in some cases provide self-healing capability to restore struc-
tural continuity after mechanical failure. Zhang et al.”" devel-
oped an aqueous hybrid gel binder for silicon anodes by cross-
linking sodium carboxymethyl cellulose (NaCMC) with sodium

This journal is © The Royal Society of Chemistry 2026
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borate. This crosslinked binder forms chemical bonds with Si
nanoparticles while providing a deformable framework that
maintains electrode integrity and buffers the >300% volume
expansion of Si. As a result, the Si anode demonstrates excel-
lent cycling stability (1211.5 mAh g™ after 600 cycles) and a
high initial coulombic efficiency of 88.95%, highlighting the
effectiveness of the binder design for improving Si-based LIB
performance (Fig. 8A). Kim et al.””> synthesized a novel polya-
mide imidazole (PAID) binder with bifunctional groups that
strongly interact with both Si particles and carbon black. The
i-PAID structure provides m-m stacking for electrical conduc-
tivity and robust chemical binding to Si, effectively mitigating
volume expansion and enabling higher reversible capacity and
enhanced cycling stability compared to conventional polyi-
mide binders (Fig. 8B). Inorganic binders, such as silicate or
ceramic matrices, provide additional mechanical reinforce-
ment but may compromise electrode flexibility. Wang et al.”?
developed a lithium metasilicate (LS) inorganic binder that
forms strong adhesion with Si nanoparticles and provides Li"
transport channels. This design significantly improves cycling
stability and rate performance, enabling high discharge
capacities of 2123 mAh g™" (100 cycles, 0.84 A g™') and
663 mAh g~ " at 8.4 A g”" (Fig. 8C). Ouyang et al.”* introduced a
functional binder for Si anodes that regulates the electric

This journal is © The Royal Society of Chemistry 2026

double layer (EDL) structure and influences SEI formation at
the molecular scale. The binder’s strong Li" affinity lowers des-
olvation energy by competing with solvent molecules, redistri-
buting Li" and reducing free solvent content, thereby suppres-
sing excessive solvent reduction. As a result, an ultra-thin
(11 nm) SEI with a robust inorganic inner layer and conductive
organic outer layer is formed. This engineered interfacial
chemistry enables excellent capacity retention and outstanding
rate performance, offering new mechanistic insights and prac-
tical strategies for binder design in Si-based lithium-ion bat-
teries (Fig. 8D). A rational binder design should carefully
balance mechanical robustness, ionic and electronic conduc-
tivity, and chemical compatibility with the electrolyte, while
also maintaining structural integrity during repeated charge-
discharge cycles and minimizing undesirable side reactions
that could compromise battery performance.

4.4 Artificial SEI and surface coatings

Artificial solid electrolyte interphase (SEI) engineering aims to
create a stable and ionically conductive protective layer on the
Si surface to suppress uncontrolled SEI formation during
cycling. Techniques such as atomic layer deposition (ALD) and
chemical vapor deposition (CVD) enable the formation of
ultrathin coatings of Al,Os3, TiO,, or carbon layers, which act as
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artificial SEI layers.””> These coatings can effectively regulate
Li" flux, prevent direct electrolyte decomposition, and reduce
parasitic reactions. Reyes Jiménez et al’® investigated the
effect of lithium phosphorus oxynitride (LIPON) coatings on Si
thin film anodes, demonstrating that the artificial SEI layer
effectively mitigates volume expansion and improves cycling
stability and capacity retention. The LIPON coating also sup-
presses parasitic electrolyte decomposition, enhancing cou-
lombic efficiency and overall electrode performance for poten-
tial microbattery applications (Fig. 9A). Mu et al.”” developed
an ~3 nm zincone polymer coating via molecular layer depo-
sition to stabilize the Si anode, achieving high capacity, excel-
lent cycling stability, and superior rate capability. The in situ
conversion of zincone into a LiF-rich SEI enables fast ion/elec-
tron transport and robust structural integrity, with good com-
patibility in both carbonate- and ether-based electrolytes
(Fig. 9B). Zhao et al.”® developed a 2D/2D Ti;C,T,/g-C3N4 com-
posite to construct a stable artificial SEI on MXene for lithium
metal anodes, enabling uniform Li plating/stripping and pro-
tecting against electrolyte corrosion. This design achieves high
coulombic efficiency (98.4%), prolonged cycle life (>400
cycles), and improved full-cell performance with enhanced rate

11696 | Nanoscale, 2026, 18, 1684-11707

capability and 85.5% capacity retention after 320 cycles
(Fig. 9C). Additionally, electrolyte additives, including fluoro-
ethylene carbonate (FEC), lithium bis(fluorosulfonyl)imide
(LiFSI), and other fluoro-compounds, promote the formation
of LiF-rich, mechanically robust SEI films with high ionic
conductivity. Peng et al.”® developed a LiFSI treatment strategy
for prelithiated silicon anodes, forming a LiF-rich artificial SEI
that reduces reactivity and enhances ionic conductivity.
This approach improves initial coulombic efficiency (92.9%),
cycling stability, and capacity retention, offering a promising
route for high-energy-density silicon-based batteries
(Fig. 9D). However, precise control over coating thickness and
uniformity is essential, as overly thick layers can hinder Li"
diffusion, while non-uniform coatings may fail under repeated
cycling.

4.5 Advanced electrolytes and interfaces

The development of advanced electrolytes and interfaces is
critical for stabilizing silicon anodes. Solid-state electrolytes
(SSEs), including sulfide-based, oxide-based, and polymer-
based systems, provide several advantages: they suppress den-
drite growth, reduce electrolyte decomposition, and form

This journal is © The Royal Society of Chemistry 2026
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stable interphases with Si.®° Sulfide electrolytes offer high

ionic conductivity and good interfacial contact but suffer from
air/moisture sensitivity, whereas oxide SSEs provide better
chemical stability at the expense of higher interfacial resis-
tance.®' Polymer-based SSEs, particularly those incorporating
flexible ionic channels, can accommodate Si’s expansion while
maintaining intimate interfacial contact.’” Tailoring the
chemical composition and mechanical properties of these
electrolytes, as well as introducing interface modifiers or gradi-
ent interphases, is key to enabling high-performance solid-
state Si batteries. Wu et al.®® employed a fluorine-rich carbon
layer on silicon anodes to form a LiF-rich SEI, where semi-
ionic fluorine promotes LiF nucleation, suppresses side reac-
tions, and stabilizes the electrode interface. The resulting
Si@C/F composite achieves high initial coulombic efficiency
(88.8%), excellent long-term cycling (971.8 mAh g™" after 500
cycles at 1 A g~ '), and enhanced high-rate capability (Fig. 10A).
Fang et al.® fabricated an ~5 nm Li,O-lithicone laminated

This journal is © The Royal Society of Chemistry 2026

film on silicon anodes via ALD/MLD, which provides an
additional Li source, reinforces interfacial stability, and facili-
tates fast Li* transport. The modified anode achieves high
initial coulombic efficiency (91.2%), excellent rate perform-
ance (1460 mAh g* at 2 A g™ "), and long-term cycling stability
(>646 mAh g~" over 850 cycles) (Fig. 10B). Yan et al®® devel-
oped a surface-selective electrocatalysis strategy using 1T-MoS,
with sulfur vacancies to construct an ultra-dense, robust fluor-
ide-rich SEI on silicon anodes. The Si@MS electrode exhibits
excellent cycling performance with 95.5% capacity retention
and >99.8% average coulombic efficiency over 1000 cycles at 1
A g7 (Fig. 10C). Liu et al.®® designed a multifunctional quasi-
solid gel polymer electrolyte (QSGPE) that forms a “breathing”
3D elastic Li*-conducting framework, reinforcing Si anode
structure and stabilizing the interface. This approach enables
high initial coulombic efficiencies (>88%) and excellent
cycling stability for Si anodes, with NCM811]|Si cells retaining
~82% capacity after 100 cycles at 0.5 A g~* (Fig. 10D).
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5. Commercialization and industrial
perspective: materials and
manufacturing strategies for industrial
adoption

5.1 Materials and process strategy for industrial adoption: a
low-SSA, dense, thin-coated practical platform with targeted
upgrades

Industrial adoption of silicon-based anodes hinges on optimiz-
ing the entire chain—from material selection through slurry/
coating, formation, and line integration—under the con-
straints of Throughput-Yield-$ per kWh-EHS. For mainstream
EVs, the prevailing baseline is a conservative route that steadily
blends low loadings of silicon-family materials into a graphite
backbone (Si-equivalent <10 wt%). Here, “silicon-family
materials” primarily denote SiO,~C composites and carbon-
encapsulated or carbon-composited low-SSA micron Si (Si@C),
which dominate current commercial practice. We use “Si-equi-
valent” to refer to the silicon mass fraction in composite
systems such as SiO,. This choice directly reflects industrial
realities around managing initial coulombic efficiency (ICE)
losses, large volume change, and electrode density/polariz-
ation limits amidst real line variability.**™*”
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On the synthesis and post-processing side, the field con-
verges on micron/metallurgical-grade Si with uniform hybrid
coatings (~5-50 nm) as the baseline, controlling ICE, resis-
tance, and gas evolution; nano-Si is added only selectively
where the performance dividend justifies the cost. Two comp-
lementary upgrade paths are being refined for industry: (i)
depositing ultra-thin/nanolaminar a-Si from silane (SiH,) or
related precursors onto carbon backbones (graphite, CNTs, 3D
graphene, porous hard carbon), thereby stacking silicon on a
continuous electronic network; and (ii) conformally coating
porous-Si frameworks with carbon to construct core-shell or
yolk-shell architectures, where internal voids accommodate
expansion and the carbon shell moderates electrolyte
exposure. The first path favors high tap density and electrical
continuity; the second excels at expansion buffering and SEI
stabilization. Both, however, entail trade-offs—EHS/cost for
SiH, and low-temperature CVD in (i), and shell-thickness/
density/ion-transport compromises in (ii)—that must be
judged against the segment-specific acceptance window.***"%”

At the electrode level, graphite-silicon-family composites
remain the pragmatic axis. Blending low-SSA micron Si@C or
SiO,-C with graphite/carbon black to establish the primary
percolation network, and then densifying by calendaring while
maintaining a porosity window of roughly 20-35%, suppresses
the polarization rise otherwise caused by thickness. Small

This journal is © The Royal Society of Chemistry 2026
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additions of CNTs/VGCF extend long-range electronic path-
ways, stabilizing sheet resistance and dispersion in thick elec-
trodes. Graded secondary particles (micro-pores at the skin,
meso-pores in the bulk) absorb expansion without sacrificing
tap density, while thin carbon coatings (pitch/resin-derived or
thin CVD/sol-gel carbons) and optional ultrathin inorganic
nano-coatings (e.g., Al,O; and TiO,) in hybrid stacks promote
compliant, LiF-rich SEI layers with good reproducibility. For
the binder/conductive framework, mixed aqueous systems—
CMC/SBR combined with ionic/crosslinkable components
such as PAA or alginate—serve as the default, and multi-scale
conductive networks (carbon black for local contacts, graphite
for bulk conduction, CNT/VGCF for long-range pathways) offer
robustness to high-solids (>60-70 wt%) and thick-electrode
processing variability.

Interface/electrolyte packages can be co-designed with for-
mation to simultaneously optimize ICE, gas evolution, and
impedance: FEC/VC; F-rich SEI promoters such as LiPO,F,/
DFOB; LiFSI salts with appropriate stabilization; LHCEs built
around donor-number-guided diluent selection; and roll-to-
roll-compatible artificial-SEI primers. When paired with low-
current, multi-step CC/CV formation including dwell periods
and with tuned temperature/stack pressure, these packages
achieve better early-cycle stability and lower scattering.®®°°
Finally, pre-lithiation remains a lever for immediate energy-
density gain by compensating initial Li loss, but it carries
costs in residues/gas, uniformity, line complexity, and certifi-
cation/safety. Segment-appropriate adoption should therefore
be decided by the combined metric of dosing precision x uni-
formity x by-product control x line compatibility.”*

5.2 Industrial pathways and market outlook (2025-2035):
acceptance windows and case studies (with Si-family clarity)

The co-designed package defined in section 5.1—low-SSA,
dense, thin-coated materials together with a composite-elec-
trode architecture, interface/electrolyte engineering, and pre-
lithiation—maps the acceptance window along throughput-
yield-$ per kWh-EHS. Within this frame, a three-stage trajec-
tory is anticipated for 2025-2035. First, mainstream EVs con-
tinue on a conservative route that stably blends low levels of
silicon-family material into graphite backbones (<10 wt% Si-
equivalent), predominantly SiO,~C and low-SSA micron Si@C;
broad commercialization of neat Si metal or stand-alone nano-
Si electrodes has not yet been substantiated. Second, in seg-
ments with a high performance dividend (long-range driving,
ultra-fast charging), mid-range loadings (10-30 wt% Si-equi-
valent) expand selectively—still centered on low-SSA micron
Si@C, pitch/polymer-carbonized encapsulated Si-C, and
higher-Si SiO,~C recipes. Third, high-silicon (>30 wt% Si-equi-
valent) and nano-structured Si-C (nanowires, porous Si@C,
yolk-shell) continue to build trust in premium niches such as
aviation/UAV and may enter EVs conditionally as formation/
interface/electrolyte maturity and line compatibility improve.
Even in this stage, industrial consensus maintains that
carbon-composite/encapsulated formats are the practical

premise.”*%°
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Case studies illustrate the continuum. Tesla’s large cylindri-
cal cells have progressively migrated from graphite to graphite
with silicon-family blends, leveraging low-cost Si sources with
polymer coatings/binders within line-compatibility limits.
Amprius has demonstrated high gravimetric and volumetric
energy densities with nanowire Si-C first in aviation/UAV,
exemplifying the “niche-first — scale-out” adoption pattern.
Sila’s nano-composite Si and Group14’s high-silicon Si-C are
scaling via OEM partnerships and capacity build-outs, and
across these programs, a shared lesson is clear: co-designing
electrolyte/formation packages with pre-lithiation is pivotal for
yield and storage stability.**%°

5.3 Regional strategies and collaboration: Korea (Daejoo),
Japan, China, the United States, and the EU

Region-specific ecosystems implement the 5.1 package accord-
ing to local regulation, cost structures, and market positioning,
yet converge on the same core principle: a low-SSA, dense,
coated baseline combined with graphite-silicon-family compo-
sites, interface/electrolyte engineering, and pre-lithiation.
Korea is distinguished by production-grade alignment of SiO,~
C; notably, Daejoo Electronic Materials foregrounds SiO,-
based anodes positioned for aqueous, high-solids processing.
Its joint development with Epsilon Advanced Materials on
graphite-rich Si composites (targeting ~450-600 mAh g™)
underscores a staged roadmap from low Si-equivalent blending
to mid-range loadings. This approach blends Korea’s strength
in yield/EHS-oriented line alignhment with global partnerships
to broaden adoption in mainstream EVs.***%%”

Japan leverages long-standing advantages in cell manufac-
turing, specialty materials, and standards. Panasonic Energy’s
announcement of mass production of 4680-format automotive
cells signals a push toward higher energy densities, while pro-
curement of silicon-family anode materials from external sup-
pliers (e.g., Nexeon) indicates readiness for next-generation
recipes. In parallel, ZEON is expanding global capacity in
aqueous SBR binders, raising industrial baselines for rheology
and adhesion under thick-electrode/high-solids conditions. In
short, Japan is advancing via the triad of form-factor inno-
vation (4680) x Si-family supply-chain build-out x standardized
binder/functional-layer processing, all oriented toward line
compatibility.**987101

China’s scale and vertically/horizontally integrated value
chains enable rapid insertion of SiO,/Si-C into thick, high-tap-
density electrodes and accelerated field optimization of elec-
trolyte/additive packages for ultra-fast charging ecosystems.
The United States pursues a stepwise strategy in which high-
silicon/nano-structured  Si-C  suppliers (Amprius, Sila,
Group14) gather performance and reliability evidence in avia-
tion/premium EVs with OEM partners before broader EV roll-
out. The EU’s battery-passport and sustainability regulations
raise standardized requirements for carbon footprint, recycl-
ability, and traceability, thereby reinforcing documentation of
process changes (MoC) and manufacturing readiness levels
(MRLs) in electrolytes and formation blocks. Across regions,
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the vectors differ, but they all instantiate the 5.1 package in
94-96,102,103

region-appropriate ways.
5.4 Standardization and industrial road-mapping: aligning
KPIs, test methods, and gating

Translating the 5.1 package into production demands a single,
connected design space spanning KPIs, test methods, TRL/
MRL gates, and EHS/sustainability. Electrochemical KPIs
include ICE and retention across 25-60 °C, impedance growth,
rate/low-temperature performance, and storage stability. At the
electrode level, tap density and porosity (220-35%), thickness-
dependent resistance, and cyclic expansion/recovery must be
controlled in tandem. On the process side, reproducible high-
solids rheology, robust drying/calendaring windows, and
control of defect modes (delamination, cracking, pinholes)
govern yield sensitivity.%® 2%

A practical test regime couples a formation-protocol matrix
(low-current, multi-step CC/CV with dwell; temperature and
stack-pressure design-of-experiments), in situ gas/expansion
measurements, electrolyte screening (FEC/VC, LiPO,F,/DFOB,
LiFSI; LHCEs designed by diluent donor number), and combi-
nation tests of binder-conductive frameworks-artificial SEI.
The contributions of artificial SEI primers should be systemati-
cally integrated with electrolyte and formation protocols to
mitigate early-stage variability and concurrently improve ICE
and gas evolution.®*>%*°”

Pre-production qualification should be formalized as TRL/
MRL gating. TRL upgrades (coin — pouch — large formats)
must pass fixed criteria for ICE, lifetime, and stability, while
MRLs should codify process capability (Cpk) and management
of change (MoC) across slurry-coating-drying-calendaring-
pre-lithiation-formation.  Sustainability = documentation—
battery passport, solvent-recovery yields, dust collection/
explosion protection/off-gas scrubbing, hazard assessments
for LiFSI/additives, scrap routing and recyclability, and carbon-
footprint accounting—must be tracked with data. Japan’s stan-
dardization of binders/functional layers (e.g., ZEON’s aqueous
portfolio expansion) and Korea’s line alignment around SiO,-
C (e.g., Daejoo) together with regulatory frameworks in the U.

S./EU can catalyze international alignment of KPI-test-gate
systems 47-50,88-90,96-98,101

6. Future directions and outlook
6.1 Integration with next-generation systems

Silicon anodes are expected to play a pivotal role in solid-state
batteries (SSBs) and lithium-sulfur (Li-S) and lithium-air (Li-
0,) systems, where their high capacity can synergistically boost
the energy density beyond the limits of conventional lithium-
ion batteries (LIBs). In solid-state configurations, the use of in-
organic (sulfide/oxide) or polymer electrolytes can effectively
suppress continuous SEI growth and improve thermal stability,
while tailored interfacial engineering may enable stable Si-
electrolyte contact under large volume changes. Zhang et al.'**
developed a 3D Sn-Ni metallic framework via an inorganic gel-
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reduction method to serve as a conductive and buffering
matrix for Si anodes. The resulting Ni framework exhibited
excellent structural integrity and synergistic lithium-storage be-
havior, delivering 1205 mAh g~ " after 100 cycles and 653 mAh
g ' at 10 A g* (Fig. 11A). In Li-S and Li-air systems, silicon
can serve as a hybrid anode or act as a polysulfide/polysuperox-
ide anchor, potentially mitigating shuttle effects and stabiliz-
ing the interface. Baasner et al.'® reported a silicon-carbon
composite anode for lithium-sulfur batteries, where a sulfur-
templated void structure (Si@void@C) accommodates silicon’s
volume changes, enabling stable lithiation over 50 cycles. In
full cells, the prelithiated Si-C anode paired with a sulfur
cathode achieved high capacity (807 mAh g sulfur ') with
minimal lithium excess (76%), demonstrating enhanced
energy density and safety (Fig. 11B).

6.2 Sustainable/green synthesis strategies

Future research will increasingly emphasize eco-friendly and
cost-effective fabrication methods, including the use of abun-
dant precursors (e.g., rice husk-derived SiO, and metallurgical-
grade Si), solvent-free processing, and low-temperature
reduction techniques. Green synthesis approaches, such as
mechanochemical milling, bio-derived carbon coatings, and
water-based binder systems, will help reduce the carbon foot-
print of Si anode manufacturing while maintaining or enhan-
cing electrochemical performance. Zhang et al.'°® developed a
green and effective strategy to convert photovoltaic silicon
waste (PVSi) into high-performance lithium-ion battery anodes
using a hot-pressing method with PVSi, asphalts, and graphite.
The resulting PVSi@C/G-1 anode exhibits excellent cycling
stability and rate performance, achieving capacities of
906 mAh g~ after 500 cycles and 899 mAh g™" after 900 cycles,
while avoiding secondary environmental pollution. Recycling
and reusability strategies, including closed-loop recovery of Si
particles from end-of-life batteries, will also become critical to
achieving sustainable silicon anode production (Fig. 12A).
Sathiyamoorthy et al.'®” reported a sustainable approach to
recycle silicon kerf slurry waste by converting it into silicon-
graphite composite anodes for lithium-ion batteries. The
resulting Si-Gr anode exhibits high crystallinity, homogeneous
particle dispersion, and excellent electrochemical perform-
ance, achieving a discharge capacity of 1434 mAh g™" after 100
cycles at 100 mA g~ (Fig. 12B).

6.3 Bridging the academic-industrial gap

Although substantial progress has been achieved at the labora-
tory scale, significant challenges remain in translating silicon
anode technologies into industrial production with competi-
tive cost, yield, and reliability. A key limitation lies in the mis-
match between academic performance metrics and industrial
requirements. While many studies emphasize high specific
capacity and long cycle life in half-cell configurations, indus-
trial deployment requires strict control over areal capacity,
electrode density, swelling behavior, initial coulombic
efficiency (ICE), and compatibility with existing manufacturing
processes.

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 (A) Inorganic gel-derived metallic frameworks enabling high-performance silicon anodes. (B) Schematic illustration of the synthesis process
of the nanostructured silicon—carbon composite (Si@void@C). Adapted with permission from ref. 104 and 105. Copyright 2019@ACS; Copyright

2018@RSC.

In particular, nanostructuring strategies, although effective
in mitigating volume expansion, often suffer from low tap
density and high fabrication cost, limiting their practical appli-
cability. In addition, advanced interfacial engineering
approaches may introduce complexity in large-scale processing
and reproducibility. Therefore, bridging this gap requires a
transition from performance-oriented material design to man-
ufacturability-driven optimization. This includes the develop-
ment of scalable composite architectures (e.g., graphite-Si
systems), industrially viable prelithiation strategies, and elec-
trolyte formulations compatible with high-loading electrodes.
Close collaboration among academia, cell manufacturers, and
material suppliers will be essential to align material inno-

This journal is © The Royal Society of Chemistry 2026

vation with process
requirements.

integration and commercialization

6.4 Prediction: when and how silicon anodes will dominate
the LIB market

Given the rapid advancements in composite anode techno-
logies and increasing demand for high-energy-density batteries
in electric vehicles (EVs), wearable electronics, and grid
storage, silicon is projected to gradually replace a significant
portion of graphite anodes within the next 5-10 years. Initial
adoption will likely focus on graphite-Si hybrid anodes with
5-30 wt% Si content, followed by high-loading (>70 wt%) Si
composite or full-Si anodes in solid-state batteries around
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2035, driven by the maturation of interface stabilization tech-
niques and cost reductions in nanosilicon production.
Complete dominance of Si anodes over graphite may not occur
until beyond 2040, when both technological and supply-chain
bottlenecks are sufficiently addressed.

7. Conclusion

Silicon anodes, owing to their exceptionally high theoretical
capacity, natural abundance, and potential safety advantages
over graphite, have emerged as one of the most promising can-
didates for next-generation lithium-ion batteries. However,
their practical application remains hindered by critical chal-
lenges, including severe volume expansion, mechanical pulver-
ization, unstable solid electrolyte interphase (SEI), and low
initial coulombic efficiency. Significant progress has been

1702 | Nanoscale, 2026, 18, 1684-11707

achieved through nanoscale engineering, silicon-carbon com-
posite design, conductive coatings, and advanced binders,
which collectively improve structural integrity and cycling
stability. Meanwhile, interface and electrolyte engineering
strategies have further mitigated interfacial degradation and
enhanced electrochemical stability. From an industrial per-
spective, advances in scalable synthesis, practical composite
architectures, and compatible electrode fabrication processes
are accelerating the early-stage commercialization of silicon-
based anodes. Nevertheless, key challenges such as pre-lithia-
tion and cost-effective large-scale manufacturing remain to be
addressed. Looking forward, silicon anodes are expected to
serve as a critical bridge between current graphite-based
systems and emerging battery technologies, including solid-
state, lithium-sulfur, and lithium-air batteries. Continued
synergy between fundamental research and industrial develop-
ment will be essential to unlock their full potential. Overall,

This journal is © The Royal Society of Chemistry 2026
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silicon anodes represent a transitional yet transformative
technology, offering a viable pathway toward higher energy
density while enabling new materials design paradigms for
next-generation energy storage systems.

Author contributions

Xiong Cheng: conceptualization, investigation, validation, and
writing the original draft. Heonsoo Park: funding acquisition
and writing & editing. Joonho Bae: supervision, funding acqui-
sition, and writing & editing.

Conflicts of interest

The authors declared that they have no conflicts of interest to
this work.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Acknowledgements

This study was supported by the National Research
Foundation of Korea (grant number:
NRF-2021R1A2C1008272). This study was also supported by
the Gachon University Research Fund 2023
(GCU-202300970001).

References

1 S. M. Abu Nayem, A. Ahmad, S. S. Shah, A. S. Alzahrani,
A. ]J. S. Ahammad and M. A. Aziz, High performance and
long-cycle life rechargeable aluminum ion battery: recent
progress, perspectives and challenges, Chem. Rec., 2022,
22, 202200181, DOI: 10.1002/tcr.202200181.

2 M. A. L. M. Shumiri, A. S. M. Najib and N. A. Fadil,
Current status and advances in zinc anodes for recharge-
able aqueous zinc-air batteries, Sci. Technol. Adv. Mater.,
2025, 26(1), DOLI: 10.1080/14686996.2024.2448418.

3 X. Jiang, L. Xiao, X. Ai, H. Yang and Y. Cao, A novel bifunc-
tional thermo-sensitive poly(lactic acid)@poly(butylene
succinate) core-shell fibrous separator prepared by a
coaxial electrospinning route for safe lithium-ion bat-
teries, J. Mater. Chem. A, 2017, 5, 23238-23242, DOI:
10.1039/c7ta08063h.

4 K. Mathiyalagan, D. Shin and Y.-C. Lee, Difficulties, strat-
egies, and recent research and development of layered
sodium transition metal oxide cathode materials for high-
energy sodium-ion batteries, J. Energy Chem., 2024, 90,
40-57, DOIL: 10.1016/j.jechem.2023.10.023.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review

5 L. Wang, C. Du, Z. Li, Y. Han, N. Feng and J. Yang,
Catalytic graphitization of coke and electrochemical per-
formances of coke-based graphite, J. Alloys Compd., 2023,
960, 170949, DOI: 10.1016/j.jallcom.2023.170949.

6 R. Yi, F. Dai, M. L. Gordin, H. Sohn and D. Wang,
Influence of silicon nanoscale building blocks size and
carbon coating on the performance of micro-sized Si-C
composite Li-ion anodes, J. Mater. Chem. A, 2013, 3, 1507-
1515, DOI: 10.1002/aenm.201300496.

7 N. Yuca, O. S. Taskin, E. Guney, ]. Garcia-Alonso,
D. Maestre and B. Méndez, Multifunctionalized conduc-
tive polymers for self-healing silicon anodes in Li-ion bat-
teries, ACS Omega, 2025, 10, 33607-33618, DOI: 10.1021/
acsomega.5c04052.

8 K. T. Sarang, X. Li, A. Miranda, T. Terlier, E.-S. Oh,
R. Verduzco and ]. L. Lutkenhaus, Tannic acid as a
small-molecule binder for silicon anodes, ACS Appl.
Energy Mater., 2020, 3, 6985-6994, DOIL: 10.1021/
acsaem.0c01051.

9 L. Jahn, F. Katzer and M. A. Danzer, Combined dilatome-
try and voltage analysis for a reliable detection of lithium
deposition on graphitic anodes, J. Power Sources, 2022,
520, 230870, DOI: 10.1016/j.jpowsour.2021.230870.

10 J. Li, S. N. Zhang, G. F. Zeng, Z. ]J. Xi, M. D. Khan,
J. J. Biendicho, A. Cabot, L. J. Ci and Q. Sun, LiF-induced
formation of quartz nanodomains in micron-sized SiOx
anodes for durable lithium-ion batteries, ACS Appl. Energy
Mater., 2025, 8(11), 7753-7761, DOL  10.1021/
acsaem.5c¢01050.

11 T. Wang, Y. Hua, Z. Xu and J. S. Yu, Recent advanced
development of artificial interphase engineering for
stable sodium metal anodes, Small, 2022, 18, 2102250,
DOLI: 10.1002/smll.202102250.

12 W. Du, X. Xia, S. Yang, S. He, Y. Yao, H. Yang, H. Pan,
Z. Wu, X. Rui and Y. Yu, Advanced solid electrolyte inter-
phase engineering for stable sodium metal anodes, Adv.
Energy Mater., 2025, 15, 01498, DOIL 10.1002/
aenm.202501498.

13 Y.-W. Cheng, C.-H. Chen, S.-A. Wang, Y.-C. Li, B.-L. Peng,
J-H. Huang and C.-P. Liu, Propelling performance of
silicon thin film lithium ion battery by appropriate
dopants, Nano Energy, 2022, 102, 107688, DOIL: 10.1016/j.
nanoen.2022.107688.

14 Y. Lee, Y.-U. Heo, D. Song, D. W. Shin and Y.-M. Kang, Si-
carbon composite nanofibers with good scalability and
favorable architecture for highly reversible lithium storage
and superb kinetics, Electrochim. Acta, 2014, 118, 100-105,
DOLI: 10.1016/j.electacta.2013.12.009.

15 J. Feng, D. Wang, Q. Zhang, J. Liu, Y. Wu and L. Wang,
Stabilizing a Si anode via an inorganic oligomer binder
enabled by robust polar interfacial interactions, ACS Appl.
Mater. Interfaces, 2021, 13, 44312-44320, DOI: 10.1021/
acsami.1c11406.

16 Z.Y. Huang, R. H. Yu, J. S. Liu, Y. X. Zhong, L. Zhang and
L. Zhou, Surface nitridation of Si enabled gradient artifi-
cial solid electrolyte interface and self-optimized struc-

Nanoscale, 2026, 18, 11684-11707 | 11703


https://doi.org/10.1002/tcr.202200181
https://doi.org/10.1080/14686996.2024.2448418
https://doi.org/10.1039/c7ta08063h
https://doi.org/10.1016/j.jechem.2023.10.023
https://doi.org/10.1016/j.jallcom.2023.170949
https://doi.org/10.1002/aenm.201300496
https://doi.org/10.1021/acsomega.5c04052
https://doi.org/10.1021/acsomega.5c04052
https://doi.org/10.1021/acsaem.0c01051
https://doi.org/10.1021/acsaem.0c01051
https://doi.org/10.1016/j.jpowsour.2021.230870
https://doi.org/10.1021/acsaem.5c01050
https://doi.org/10.1021/acsaem.5c01050
https://doi.org/10.1002/smll.202102250
https://doi.org/10.1002/aenm.202501498
https://doi.org/10.1002/aenm.202501498
https://doi.org/10.1016/j.nanoen.2022.107688
https://doi.org/10.1016/j.nanoen.2022.107688
https://doi.org/10.1016/j.electacta.2013.12.009
https://doi.org/10.1021/acsami.1c11406
https://doi.org/10.1021/acsami.1c11406
https://doi.org/10.1039/d6nr00382f

Published on 14 May 2026. Downloaded by Gachon University on 6/12/2026 5:18:30 AM.

Review

17

18

19

20

21

22

23

24

25

26

tural evolution, Sci. Bull., 2025, 70(21), 3580-3588, DOI:
10.1016/j.s¢ib.2025.07.014.

M.-Y. Yan, ].-Y. Liang, X.-S. Zhang, Q.-X. Liu, Y.-H. Zhu,
H. Guo, G. Li, R.-X. Jin, Y. Zhang, W.-P. Wang, ]J. Zhang,
H.J. Yan, S. Xin and H. Gao, An additive-assisted hydro-
lysis-blocking route enables thermally stable interfacial
chemistry of silicon-based anode materials in a recharge-
able lithium battery, Adv. Energy Mater., 2025, 15,
2501637, DOI: 10.1002/aenm.202501637.

X. Han, W. Zhou, M. Chen, ]J. Chen, G. Wang, B. Liu,
L. Luo, S. Chen, Q. Zhang, S. Shi and C.-P. Wong,
Interfacial nitrogen engineering of robust silicon/MXene
anode toward high energy solid-state lithium-ion bat-
teries, J. Energy Chem., 2022, 67, 727-735, DOI: 10.1016/j.
jechem.2021.11.021.

J. Zhao, L. Cai, H. Li, X. Shi and X. Zheng, Stabilizing
silicon photocathodes by solution-deposited Ni-Fe layered
double hydroxide for efficient hydrogen evolution in alka-
line media, ACS Energy Lett., 2017, 2, 1939-1946, DOI:
10.1021/acsenergylett.7b00597.

Q. Liu, Y-H. Feng, X. Zhu, M. Liu, L. Yu, G.-X. Wei,
X.-Y. Fan, X. Ji, P-F. Wang and H. Xin, Stabilizing
cathode-electrolyte interphase by localized high-concen-
tration electrolytes for high-voltage sodium-ion batteries,
Nano Energy, 2024, 123, 109389, DOI: 10.1016/].
nanoen.2024.109389.

K. S. Chan, W.-W. Liang and C. K. Chan, First-principles
studies of the lithiation and delithiation paths in Si
anodes in Li-ion batteries, J. Phys. Chem. C, 2019, 123,
22775-22786, DOI: 10.1021/acs.jpcc.9b05933.

R. Endo, T. Ohnishi, K. Takada and T. Masuda,
Electrochemical lithiation and delithiation in amorphous
Si thin film electrodes studied by operando X-ray photo-
electron spectroscopy, J. Phys. Chem. Lett., 2022, 13, 7363—
7370, DOI: 10.1021/acs.jpclett.2c01312.

C. Gan, X. Ye, S. Zhang, ]J. Chen, W. Wen, Y. Liu,
D.-L. Peng, L. Tang and X. Luo, Current density induced
growth of Li;sSi, alloy in silicon-carbon anodes during
first lithiation process, J. Energy Storage, 2021, 41, 102930,
DOI: 10.1016/j.est.2021.102930.

K. Kitada, O. Pecher, P. C. M. M. Magusin, M. F. Groh,
R. S. Weatherup and C. P. Grey, Unraveling the reaction
mechanisms of SiO anodes for Li-ion batteries by combin-
ing in situ 7Li and ex situ 7Li/29Si solid-state NMR spec-
troscopy, J. Am. Chem. Soc., 2019, 141, 7014-7027, DOI:
10.1021/jacs.9b01589.

A. Su, ]J. Li, J. Dong, D. Yang, G. Chen and Y. Wei,
An Amorphous/Crystalline Incorporated Si/SiOx Anode
Material Derived from Biomass Corn Leaves for Lithium-ITon

Batteries, Smaill, 2020, 16, 2001714, DOIL 10.1002/
smll.202001714.
Y. Son, S. Sim, H. Ma, M. Choi, Y. Son, N. Park, J. Cho and

M. Park, Exploring critical factors affecting strain distri-
bution in 1D silicon-based nanostructures for lithium-ion
battery anodes, Adv. Mater., 2018, 30, 1705430, DOI:
10.1002/adma.201705430.

1704 | Nanoscale, 2026, 18, 11684-11707

27

28

29

30

31

32

33

34

35

36

37

View Article Online

Nanoscale

F. Dai, R. Yi, H. Yang, Y. Zhao, L. Luo, M. L. Gordin,
H. Sohn, S. Chen, C. Wang, S. Zhang and D. Wang,
Minimized volume expansion in hierarchical porous
silicon upon lithiation, ACS Appl. Mater. Interfaces, 2019,
11, 13257-13263, DOI: 10.1021/acsami.9b01589.

Y. Xiao, S. Yi, Z. Yan, X. Qiu, P. Ning, D. Yang and N. Du,
Benchmarking the match of porous carbon substrate pore
volume on silicon anode materials for lithium-ion bat-
teries, Small, 2024, 20, 2404440, DOI: 10.1002/
smll.202404440.

Z. Wei, W. Zheng, Y. Li and S. Huang, Progress in model-
ing and applications of solid electrolyte interphase layers
for lithium metal anodes, Nanomaterials, 2025, 15, 554,
DOI: 10.3390/nan015070554.

X. Li, M. Tabish, W. Zhu, X. Chen and H. Song, A uniform
self-reinforced organic/inorganic hybrid SEI chelation
strategy on microscale silicon surfaces for stable-cycling
anodes in lithium-ion batteries, Small, 2023, 19, 2302388,
DOLI: 10.1002/smll.202302388.

L. Quan, Q. Su, H. Lei, W. Zhang, Y. Deng, J. He, Y. Lu,
Z. Li, H. Liu and L. Xing, Integrated prelithiation and SEI
engineering for high-performance silicon anodes in
lithium-ion batteries, Natl Sci. Rev., 2025, 12, nwaf084,
DOI: 10.1093/nsr/nwaf084.

S. Pan, ]J. Han, Y. Wang, Z. Li, F. Chen, Y. Guo, Z. Han,
K. Xiao, Z. Yu, M. Yu, S. Wu, D.-W. Wang and Q.-H. Yang,
Integrating SEI into layered conductive polymer coatings
for ultrastable silicon anodes, Adv. Mater., 2022, 34,
2203617, DOI: 10.1002/adma.202203617.

D. Zhao, D. Yu, B. Bai, Y. Lu, Y. Li, W. Xu, J. Wu,
Q. Huang, X. Zhang and K.-Q. Peng, Formation of a robust
SEI through covalent binding nitrile to silicon toward
stabilized micron-sized silicon anodes, J. Energy Storage,
2025, 106, 114833, DOIL: 10.1016/j.est.2024.114833.

K. Yasuda, Y. Kashitani, S. Kizaki, K. Takeshita, T. Fujita
and S. Shimosaki, Thermodynamic analysis and effect of
crystallinity for silicon monoxide negative electrode for
lithium ion batteries, J. Power Sources, 2016, 329, 462-472,
DOI: 10.1016/j.jpowsour.2016.08.110.

T. Chen, A. C. Thenuwara, W. Yao, S. E. Sandoval,
C. Wang, D. H. Kang, D. Majumdar, R. Gopalaswamy and
M. T. McDowell, Benchmarking the degradation behavior
of aluminum foil anodes for lithium-ion batteries,
Batteries Supercaps, 2023, 6, €202200363, DOIL: 10.1002/
batt.202200363.

P. Wu, Z. Zheng, B. Shi, C. Liu, S. Chen, B. Xu and A. Liu,
SiOC phase control and carbon nanoribbon growth by
introducing oxygen at atom level for lithium-ion batteries,
Small Methods, 2022, 6, 2201299, DOI: 10.1002/
smtd.202201299.

Y. Huang, S. Jing, H. Shen, S. Li, Y. Shen, Y. Lin, Y. Zhang,
Z. Zhang, Y. Liu, Y. Chen, F. Liu and Y. Lu, An electro-
chemical-mechanical synergistic regulation by construct-
ing a double-layer fully active silicon-based alloy anode in
sulfide all-solid-state batteries, Acta Mater., 2025, 289,
120915, DOI: 10.1016/j.actamat.2025.120915.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1016/j.scib.2025.07.014
https://doi.org/10.1002/aenm.202501637
https://doi.org/10.1016/j.jechem.2021.11.021
https://doi.org/10.1016/j.jechem.2021.11.021
https://doi.org/10.1021/acsenergylett.7b00597
https://doi.org/10.1016/j.nanoen.2024.109389
https://doi.org/10.1016/j.nanoen.2024.109389
https://doi.org/10.1021/acs.jpcc.9b05933
https://doi.org/10.1021/acs.jpclett.2c01312
https://doi.org/10.1016/j.est.2021.102930
https://doi.org/10.1021/jacs.9b01589
https://doi.org/10.1002/smll.202001714
https://doi.org/10.1002/smll.202001714
https://doi.org/10.1002/adma.201705430
https://doi.org/10.1021/acsami.9b01589
https://doi.org/10.1002/smll.202404440
https://doi.org/10.1002/smll.202404440
https://doi.org/10.3390/nano15070554
https://doi.org/10.1002/smll.202302388
https://doi.org/10.1093/nsr/nwaf084
https://doi.org/10.1002/adma.202203617
https://doi.org/10.1016/j.est.2024.114833
https://doi.org/10.1016/j.jpowsour.2016.08.110
https://doi.org/10.1002/batt.202200363
https://doi.org/10.1002/batt.202200363
https://doi.org/10.1002/smtd.202201299
https://doi.org/10.1002/smtd.202201299
https://doi.org/10.1016/j.actamat.2025.120915
https://doi.org/10.1039/d6nr00382f

Published on 14 May 2026. Downloaded by Gachon University on 6/12/2026 5:18:30 AM.

Nanoscale

38

39

40

41

42

43

44

45

46

47

48

49

H. Mi, X. Yang, F. Li, X. Zhuang, C. Chen, Y. Li and
P. Zhang, Self-healing silicon-sodium alginate-polyani-
line composites originated from the enhancement hydro-
gen bonding for lithium-ion battery: a combined simu-
lation and experiment study, J. Power Sources, 2019, 412,
749-758, DOI: 10.1016/j.jpowsour.2018.11.034.

Y. Li, X. Zheng, Z. Cao, Y. Wang, Y. Wang, L. Lv,
W. Huang, Y. Huang and H. Zheng, Unveiling the mecha-
nisms into Li-trapping induced (Ir)reversible capacity loss
for silicon anode, Energy Storage Mater., 2023, 55, 660~
668, DOI: 10.1016/j.ensm.2022.12.032.

L. Zhang, W. M. Dose, A. D. Vu, C. S. Johnson and W. Lu,
Mitigating the initial capacity loss and improving the
cycling stability of silicon monoxide using Li5FeO4,
J. Power Sources, 2018, 400, 549-555, DOI: 10.1016/].
jpowsour.2018.08.061.

X. Zhang, D. Wang, X. Qiu, et al., Stable high-capacity and
high-rate silicon-based lithium battery anodes upon two-
dimensional covalent encapsulation, Nat. Commun., 2020,
11, 3826, DOI: 10.1038/s41467-020-17686-4.

Z. Zhang, N. Liao, H. Zhou and W. Xue, Insight into
silicon-carbon multilayer films as anode materials for
lithium-ion batteries: a combined experimental and first
principles study, Acta Mater., 2019, 178, 173-178, DOLI:
10.1016/j.actamat.2019.08.009.

Y. Jin, B. Zhu, Z. Lu, N. Liu and J. Zhu, Challenges and
recent progress in the development of Si anodes for
lithium-ion battery, Adv. Energy Mater., 2017, 7, 1700715,
DOLI: 10.1002/aenm.201700715.

X. Zhu, B. Liu, J. Shao, Q. Zhang, Y. Wan, C. Zhong and
J. Lu, Fundamental mechanisms and promising
strategies for the industrial application of SiOx anode,
Adv. Funct. Mater., 2023, 33, 2213363, DOI: 10.1002/
adfm.202213363.

J. Wu, Q. Dong, Q. Zhang, Y. Xu, X. Zeng, Y. Yuan and
J. Lu, Fundamental understanding of the low initial cou-
lombic efficiency in SiOx anode for lithium-ion batteries:
mechanisms and solutions, Adv. Mater., 2024, 36,
2405751, DOI: 10.1002/adma.202405751.

L. Sun, Y. Liu, R. Shao, J. Wu, R. Jiang and Z. Jin, Recent
progress and future perspective on practical silicon
anode-based lithium ion batteries, Energy Storage Mater.,
2022, 46, 482-502, DOI: 10.1016/j.ensm.2022.01.042.

P. Li, H. Kim, S.-T. Myung and Y.-K. Sun, Diverting
exploration of silicon anode into practical way: a review
focused on silicon-graphite composite for lithium ion bat-
teries, Energy Storage Mater., 2021, 35, 550-576, DOLI:
10.1016/j.ensm.2020.11.028.

L. Sun, Y. Liu, L. Wang and Z. Jin, Advances and future
prospects of micro-silicon anodes for high-energy-density
lithium-ion batteries: a comprehensive review, Energy
Storage Mater., 2024, 34, 2403032, DOI: 10.1002/
adfm.202403032.

M. Je, D.-Y. Han, ]J. Ryu and S. Park, Constructing Pure Si
Anodes for Advanced Lithium Batteries, Acc. Chem. Res.,
2023, 56, 2213-2224, DOI: 10.1021/acs.accounts.3c00308.

This journal is © The Royal Society of Chemistry 2026

50

51

52

53

54

55

56

57

58

59

60

61

View Article Online

Review

Z. Liu, Y. Zhang, S. Wang, J. Xiong, T. Gao, R. Yu, Z. Xu,
X. Chen, J. Li, Z. Lin, M. Zheng, Y. Xia and P. He,
Solvation-Shell Engineering Enables Additive-Dominated
Coordination for Stable Silicon Anodes Under Minimal
Salt Conditions, Angew. Chem., Int. Ed., 2026, 65(1),
€18092, DOI: 10.1002/anie.202518092.

O. Mukhan, H.-Y. Kim and S.-S. Kim, Suppressing meta-
stable phase in Si alloy anodes via controlled grain
design, Acta Mater., 2026, 302, 121616, DOI: 10.1016/].
actamat.2025.121616.

A. D. Refino, N. Yulianto, S. Priyono, M. Manawan,
R. F. H. Hernandha, E. Adhitama, J. Kottmeier, A. Dietzel,
E. Peiner and H. S. Wasisto, Carbon-coating effect on the
performance of photolithographically-structured Si nano-
wires for lithium-ion microbattery anodes, Commun.
Mater., 2025, 6(32), DOI: 10.1038/s43246-025-00755-w.

L. Ma, D. Guan, F. Wang, Y. Deng and C. Yuan,
Environmental sustainability of liquid-based chemical
synthesis of Si nanotube as anode for lithium-ion bat-
teries, ACS Appl. Nano Mater., 2019, 2, 5546-5552, DOIL:
10.1021/acsanm.9b01119.

F. Wang, W. Liu, P. Li, Z. Guan, W. Li and D. Wang, Self-
Assembly of Silicon Nanotubes Driven by a Biphasic
Transition from the Natural Mineral Montmorillonite in
Molten Salt Electrolysis, Small, 2024, 20, 2311334, DOI:
10.1002/smll.202311334.

Y. Yu, G. Li, X. Chen, W. Lin, J. Rong and W. Yang, Rigid
TiO,_, coated mesoporous hollow Si nanospheres with
high structure stability for lithium-ion battery anodes,
RSC Adv., 2018, 8, 15094-15101, DOI: 10.1039/c8ra01661e.
Z. Xiao, Y. Gao, S. Song, F. He, Z. Yang, Y. Guo, Z. Liu and
L. Li, Nickel-Doping Modified Interface Synergized With
Hollow Confinement Constructs Highly Stable Silicon
Anodes for Long Cycling Lithium-Ion Batteries, Small,
2026, 22, €12633, DOI: 10.1002/smll.202512633.

X.-T. Li, Q.-C. Xiong and F.-H. Du, Silicon nanowires
grown inside nitrogen-doped hollow carbon spheres as
anode materials for lithium-ion batteries, Nanoscale,
2025, 17, 20390-20399.

L. Yin, M. Park, L Jeon, J. H. Hwang, J. P. Kim, H. W. Lee,
M. Park, S. Y. Jeong and C.-R. Cho, Silicon nanoparticle
self-incorporated in hollow nitrogen-doped carbon micro-
spheres for lithium-ion battery anodes, Electrochim. Acta,
2021, 368, 137630.

L. Shen, K. Sun, F. Xi, Z. Jiang, S. Li, Y. Wang, Z. Tong,
J. Lu, W. Ma, M. A. Green and X. Hao, Conversion of
photovoltaic waste silicon into amorphous silicon nano-
wire anodes, Energy Environ. Sci., 2025, 18, 4348-4361.

X. Chen, X. Zhang, ]J. Cui, Y. Zhang, E. A. Baranova,
Y. Wang, X. Shu, Y. Qin, J. Liu and Y. Wu, Cu;Si-modified
silicon nanoparticles encapsulated within SiOx and
hollow carbon for lithium-ion battery anodes, ACS Appl.
Nano Mater., 2022, 5, 14275-14284.

H. Tang, Z. Huang, L. Zhao, B. Wang, Z. Qiu, S. Wang,
H. Huang, A. Wu and Z. Yang, Robust anchoring of Si-Fe
nanoalloys on graphite via continuous conductive matrix

Nanoscale, 2026, 18, 11684-11707 | 11705


https://doi.org/10.1016/j.jpowsour.2018.11.034
https://doi.org/10.1016/j.ensm.2022.12.032
https://doi.org/10.1016/j.jpowsour.2018.08.061
https://doi.org/10.1016/j.jpowsour.2018.08.061
https://doi.org/10.1038/s41467-020-17686-4
https://doi.org/10.1016/j.actamat.2019.08.009
https://doi.org/10.1002/aenm.201700715
https://doi.org/10.1002/adfm.202213363
https://doi.org/10.1002/adfm.202213363
https://doi.org/10.1002/adma.202405751
https://doi.org/10.1016/j.ensm.2022.01.042
https://doi.org/10.1016/j.ensm.2020.11.028
https://doi.org/10.1002/adfm.202403032
https://doi.org/10.1002/adfm.202403032
https://doi.org/10.1021/acs.accounts.3c00308
https://doi.org/10.1002/anie.202518092
https://doi.org/10.1016/j.actamat.2025.121616
https://doi.org/10.1016/j.actamat.2025.121616
https://doi.org/10.1038/s43246-025-00755-w
https://doi.org/10.1021/acsanm.9b01119
https://doi.org/10.1002/smll.202311334
https://doi.org/10.1039/c8ra01661e
https://doi.org/10.1002/smll.202512633
https://doi.org/10.1039/d6nr00382f

Published on 14 May 2026. Downloaded by Gachon University on 6/12/2026 5:18:30 AM.

Review

62

63

64

65

66

67

68

69

70

71

72

73

for superior lithium-ion storage performance, Ionics,
2025, 31, 6839-6850, DOI: 10.1007/s11581-025-06369-Z.

M. Khan, S. Yan, M. Ali, et al., Innovative Solutions for
High-Performance Silicon Anodes in Lithium-Ton
Batteries: Overcoming Challenges and Real-World
Applications, Nano-Micro Lett., 2024, 16, 179, DOI:
10.1007/s40820-024-01388-3.

Y. Son, J. Ma, N. Kim, T. Lee, Y. Lee, J. Sung, S.-H. Choi,
G. Nam, H. Cho, Y. Yoo and J. Cho, Quantification of
pseudocapacitive  contribution in nanocage-shaped
silicon—-carbon composite anode, Adv. Energy Mater., 2019,
9, 1803480, DOI: 10.1002/aenm.201803480.

H. Sohn, D. H. Kim, R. Yi, D. Tang, S.-E. Lee, Y. S. Jung
and D. Wang, Semimicro-size agglomerate structured
silicon-carbon composite as an anode material for high
performance lithium-ion batteries, J. Power Sources, 2016,
334, 128-136, DOI: 10.1016/].jpowsour.2016.09.096.

J. Park, N. Cakmakeci, H. Kim, H. Song, D. Cho and
Y. Jeong, Water lily seed-inspired silicon/carbon compo-
site anode synthesis for high-performance Li-ion battery,
J. Mater. Sci., 2022, 57, 19006-19018, DOI: 10.1007/s10853-
022-07781-w.

J. Wang, Y. Mai, P. Yang, D. Guo, R. Sun, F. Wu, X. Dai,
Y. Gu, H. Chen and Y. Cheng, Effect of Ce incorporation
into carbon layer on the performance of silicon-carbon
composite as anode for LIBs, Appl. Surf. Sci., 2023, 613,
156044, DOI: 10.1016/j.apsusc.2022.156044.

G. G. Eshetu, H. Zhang, X. Judez, et al., Production of
high-energy Li-ion batteries comprising silicon-containing
anodes and insertion-type cathodes, Nat. Commun., 2021,
12, 5459, DOI: 10.1038/s41467-021-25334-8.

G. G. Eshetu and E. Figgemeier, Confronting the chal-
lenges of next-generation silicon anode-based lithium-ion
batteries: role of designer electrolyte additives and poly-
meric binders, ChemSusChem, 2019, 12, 2515-2539, DOI:
10.1002/cssc.201900209.

J.-T. Wang, C.-C. Wan and J.-L. Hong, Polymer blends of
pectin/poly(acrylic acid) as efficient binders for silicon
anodes in lithium-ion batteries, ChemElectroChem, 2020,
7, 3106-3115, DOI: 10.1002/celc.202000666.

X. Liu, J. Zai, A. Igbal, M. Chen, N. Alj, R. Qi and X. Qian,
Glycerol-crosslinked PEDOT:PSS as bifunctional binder
for Si anodes: Improved interfacial compatibility and con-
ductivity, J. Colloid Interface Sci., 2020, 565, 270-277, DOLI:
10.1016/j.jcis.2020.01.028.

L. Zhang, Y. Ding and J. Song, Crosslinked carboxymethyl
cellulose-sodium borate hybrid binder for advanced
silicon anodes in lithium-ion batteries, Chin. Chem. Lett.,
2018, 29, 1773-1776, DOI: 10.1016/j.cclet.2018.03.008.

J. Kim, Y. K. Park, H. Kim and I. H. Jung, Ambidextrous
polymeric binder for silicon anodes in lithium-ion bat-
teries, Chem. Mater., 2022, 34, 5791-5798, DOI: 10.1021/
acs.chemmater.2c00220.

X. Wang, K. Wang, Z. Zheng, Z. Wan, ]. Zhao, H. Li,
W. Jiang, Z. Wu, B. Chen, Y. Tan, M. Ling, M. Sun and
C. Liang, Advanced inorganic lithium metasilicate binder

1706 | Nanoscale, 2026, 18, 11684-11707

74

75

76

77

78

79

80

81

82

83

84

View Article Online

Nanoscale

for high-performance silicon anode, J. Colloid Interface
Sci., 2023, 652, 971-978, DOI: 10.1016/j.jcis.2023.08.071.
Y. Ouyang, X. Li, L. Liu, J. Feng, Q. Wang, Y. Chen, J. Niu,
Y. Li, N. Li, M. Wang, Y. Su, S. Ding and D. Zhang, Binder-
induced interphase regulation in electric double layer for
enhanced stability of silicon anode, Sci. China: Chem.,
2025, 68, 3786-3796, DOI: 10.1007/s11426-024-2588-2.

S. Das, A. Brennhagen, C. Cavallo, V. A-L. K. Killj,
I. J. T. Jensen, A. Thegersen, J. P. Mahlen, S. Y. Lai,
O. Nilsen and A. Y. Koposov, Directing SEI formation on
Si-based electrodes using atomic layer deposition, Chem.
Commun., 2024, 60, 15011-15014, DOL 10.1039/
d4cc05458j.

A. R. Jiménez, R. Nolle, R. Wagner, J. Hisker, M. Kolek,
R. Schmuch, M. Winter and T. Placke, A step towards
understanding the beneficial influence of a LIPON-based
artificial SEI on silicon thin film anodes in lithium-ion
batteries, Nanoscale, 2018, 10, 2128-2137, DOI: 10.1039/
c7nr06568;j.

T. Mu, Y. Zhao, C. Zhao, N. G. Holmes, S. Lou, J. Li, W. Li,
M. He, Y. Sun, C. Du, R. Li, J. Wang, G. Yin and X. Sun,
Stable silicon anodes by molecular layer deposited artifi-
cial Zincone coatings, Adv. Funct. Mater., 2021, 31,
2010526, DOI: 10.1002/adfm.202010526.

F. Zhao, P. Zhai, Y. Wei, Z. Yang, Q. Chen, J. Zuo, X. Gu
and Y. Gong, Constructing artificial SEI layer on lithiophi-
lic MXene surface for high-performance lithium metal
anodes, Adv. Sci., 2022, 9, 2103930, DOI: 10.1002/
advs.202103930.

B. Peng, W. Bao, K. Sun and ]. Xiao, Enhancing silicon
anode performance in lithium-ion batteries through
hybrid artificial SEI layer and prelithiation, Nanomaterials,
2025, 15, 690, DOI: 10.3390/n1ano15090690.

C. Chen, Q. Li, Y. Li, Z. Cui, X. Guo and H. Li, Sustainable
interfaces between Si anodes and garnet electrolytes for
room-temperature solid-state batteries, ACS Appl. Mater.
Interfaces, 2018, 10, 2185-2190, DOI: 10.1021/
acsami.7b16385.

Q. Sun, G. Zeng, X. Xu, J. Li, J. Jacas Biendicho, S. Wang,
Y. Tian, L. Ci and A. Cabot, Are sulfide-based solid-state
electrolytes the best pair for Si anodes in Li-ion batteries?,
Adv. Energy Mater., 2024, 14, 2402048, DOI: 10.1002/
aenm.202402048.

D. Zhang, P. Yu, Y. Zhang, X. Zhao and ]. Yu, Vertical gra-
phene sheet-encapsulated silicon nanoparticles for
anodes of polymer-based all-solid-state batteries, ACS
Appl. Energy Mater., 2024, 7, 726-734, DOI: 10.1021/
acsaem.3c02806.

Y. Wu, H. Liu, D. Li, R. Dong, M. Bu, B. Liu, X. Fan and
W. Zhang, LiF-rich solid electrolyte interface induced by
fluorinated carbon enables stable silicon anodes with
high initial coulombic efficiency, Chem. Eng. J., 2025, 522,
167558, DOI: 10.1016/j.cej.2025.167558.

J. Fang, J. Li, L. Qin, A. Li and H. Feng, Atomic/molecular
layer-deposited laminated Li,O-Lithicone interfaces
enabling high-performance silicon anodes, ACS Appl.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1007/s11581-025-06369-z
https://doi.org/10.1007/s40820-024-01388-3
https://doi.org/10.1002/aenm.201803480
https://doi.org/10.1016/j.jpowsour.2016.09.096
https://doi.org/10.1007/s10853-022-07781-w
https://doi.org/10.1007/s10853-022-07781-w
https://doi.org/10.1016/j.apsusc.2022.156044
https://doi.org/10.1038/s41467-021-25334-8
https://doi.org/10.1002/cssc.201900209
https://doi.org/10.1002/celc.202000666
https://doi.org/10.1016/j.jcis.2020.01.028
https://doi.org/10.1016/j.cclet.2018.03.008
https://doi.org/10.1021/acs.chemmater.2c00220
https://doi.org/10.1021/acs.chemmater.2c00220
https://doi.org/10.1016/j.jcis.2023.08.071
https://doi.org/10.1007/s11426-024-2588-2
https://doi.org/10.1039/d4cc05458j
https://doi.org/10.1039/d4cc05458j
https://doi.org/10.1039/c7nr06568j
https://doi.org/10.1039/c7nr06568j
https://doi.org/10.1002/adfm.202010526
https://doi.org/10.1002/advs.202103930
https://doi.org/10.1002/advs.202103930
https://doi.org/10.3390/nano15090690
https://doi.org/10.1021/acsami.7b16385
https://doi.org/10.1021/acsami.7b16385
https://doi.org/10.1002/aenm.202402048
https://doi.org/10.1002/aenm.202402048
https://doi.org/10.1021/acsaem.3c02806
https://doi.org/10.1021/acsaem.3c02806
https://doi.org/10.1016/j.cej.2025.167558
https://doi.org/10.1039/d6nr00382f

Published on 14 May 2026. Downloaded by Gachon University on 6/12/2026 5:18:30 AM.

Nanoscale

85

86

87

88

89

90

91

92

93

94

95

This

Mater. Interfaces, 2023, 15, 27963-27974, DOIL: 10.1021/
acsami.3c02925.

W. Yan, F. Wu, S. Ma, Y. Su, B. Wang, Y. Guan, T. Song,
Q. Huang, L. Chen, M. Wang and N. Li, Surface selective
electrocatalysis-derived ultra-dense and mechanically
robust fluorinated solid electrolyte interface for high-
capacity and long-cycling silicon electrode, Mater. Today,
2025, 88, 284-292, DOI: 10.1016/j.mattod.2025.06.037.

Q. Liy, Y. Feng, J. Liu, Y. Liu, X. Cui, Y.-]J. He, Y. Nulj,
J. Wang and ]. Yang, In situ integration of a flame retard-
ant quasisolid gel polymer electrolyte with a Si-based
anode for high-energy Li-ion batteries, ACS Nano, 2024,
18, 13384-13396, DOI: 10.1021/acsnano.4c03570.

Y.-M. Zhao, F.-S. Yue, S.-C. Li, Y. Zhang, Z.-R. Tian, Q. Xu,
S. Xin and Y.-G. Guo, Advances of polymer binders for
silicon-based anodes in high energy density lithium-ion bat-
teries, InfoMat, 2021, 3, 460-501, DOIL: 10.1002/inf2.12185.
Z. Hu, R. Zhao, J. Yang, C. Wu and Y. Bai, Binders for Si
based electrodes: Current status, modification strategies
and perspective, Energy Storage Mater., 2023, 59, 102776,
DOLI: 10.1016/j.ensm.2023.102776.

C. Jo, A. S. Groombridge, J. De La Verpilliere, J. T. Lee,
Y. Son, H.-L. Liang, A. M. Boies and M. De Volder,
Continuous-flow synthesis of carbon-coated silicon/iron
silicide secondary particles for Li-ion batteries, ACS Nano,
2020, 14, 698-707, DOI: 10.1021/acsnano.9b07473.

S. Park, S. Kim, J.-A. Lee, M. Ue and N.-S. Choi, Liquid
electrolyte chemistries for solid electrolyte interphase con-
struction on silicon and lithium-metal anodes, Chem. Sci.,
2023, 14, 9996-10024, DOI: 10.1039/d3s5c03514j.

L. Gehrlein, C. Njel, F. Jeschull and J. Maibach, From
additive to cosolvent: How fluoroethylene carbonate con-
centrations influence solid-electrolyte interphase pro-
perties and electrochemical performance of Si/Gr anodes,
ACS Appl. Energy Mater., 2022, 5, 10710-10720, DOI:
10.1021/acsaem.2c01454.

L. Lv, Y. Wang, W. Huang, Y. Wang, G. Zhu and H. Zheng,
Effect of lithium salt type on silicon anode for lithium-ion
batteries, Electrochim. Acta, 2022, 413, 140159, DOI:
10.1016/j.electacta.2022.140159.

K. Asheim, I. F. Holsen, V. Renmann, M. V. Blanco,
P. E. Vullum, N. P. Wagner, ]J. P. Mehlen and
A. M. Svensson, Enabling the use of lithium bis(trifluoro-
methanesulfonyl)imide as electrolyte salt for Li-ion bat-
teries based on silicon anodes and Li(Niy.,C0¢.4Mny.5)O0,
cathodes by salt additives, Batteries Supercaps, 2024, 7,
€202300541, DOI: 10.1002/batt.202300541.

J. Chen, H. Zhang, M. Fang, C. Ke, S. Liu and J. Wang,
Design of localized high-concentration electrolytes via
donor number, ACS Energy Lett., 2023, 8, 1723-1734, DOLI:
10.1021/acsenergylett.3c00004.

Y. Zhang, H. Shen, Y. Li, Y. Hu and Y. Li, Prelithiation strat-
egies for enhancing the performance of lithium-ion batteries,
RSC Adv., 2025, 15, 1249-1274, DOL 10.1039/D4RA08234F.

journal is © The Royal Society of Chemistry 2026

96 .

97 .

98

99

100

101

102

103

104

105

106

107

View Article Online

Review

Daejoo Electronic Materials, Silicon Anode (DMSO)
Product Page, Accessed Sep 2025, https:/www.daejoo.co.
kr/en/product/product_list.php?code_name=41.

Epsilon Advanced Materials & Daejoo Electronic
Materials, Joint development of graphite-rich silicon com-
posite anode for EV batteries, Press Release, 7 Nov 2024,
https://www.pv-magazine-India.com/2024/11/07/epsilon-
koreas-daejoo-join-hands-to-develop-graphite-rich-anode-
material-for-ev-battery/.

X. Kong, Z. Xi, L. Wang, Y. Zhou, Y. Liu, L. Wang, S. Li,
X. Chen and Z. Wan, Recent progress in silicon-based
materials for performance-enhanced lithium-ion bat-
teries, Molecules, 2023, 28, 2079, DOI: 10.3390/
molecules28052079.

. Panasonic Energy, Panasonic Energy ready to commence
mass production of 4680 automotive lithium-ion bat-
teries, Press Release, 9 Sep 2024, https:/news.panasonic.
com/global/press/en240909-7.

. Panasonic Energy, Panasonic Energy to purchase silicon
anode materials from Nexeon, enabling production of
higher-energy-density EV batteries in the U.S., Press
Release, 25 Jul 2023, https:/na.panasonic.com/news/pana-
sonic-energy-to-purchase-silicon-anode-materials-from-
nexeon-enabling-production-of-higher-energy-density-ev-
batteries-in-the-us.

. ZEON Corporation, Zeon begins preparations for Li-ion
battery binder production line in Texas, USA, Press
Release, 1 Sep 2023, https:/www.zeon.co.jp/en/news/
assets/pdf/230901-2.pdf.

N. Yuca, I. Kalafat, E. Guney, B. Cetin and O. S. Taskin,
Self-healing systems in silicon anodes for Li-ion batteries,
Materials, 2022, 15, 2392, DOI: 10.3390/ma15072392.

H. K. Bergstrom and B. D. McCloskey, Ion transport in
(localized) high concentration electrolytes for Li-based
batteries, ACS Energy Lett., 2024, 9, 373-380, DOI: 10.1021/
acsenergylett.3c01662.

A. Zhang, Z. Fang, Y. Tang, Y. Zhou, P. Wu and G. Yu,
Inorganic gel-derived metallic frameworks enabling high-
performance silicon anodes, Nano Lett., 2019, 19, 6292—
6298, DOI: 10.1021/acs.nanolett.9b02429.

A. Baasner, S. Dorfler, M. Piwko, S. Desilani, J. Briickner,
H. Althues and S. Kaskel, Sulfur: An intermediate tem-
plate for advanced silicon anode architectures, J. Mater.
Chem. A, 2018, 6, 14787-14796, DOI: 10.1039/c8ta03647k.
L. Zhang, K. Wang, N. Ding, Y. Wu, W. Luo, L. Shen and
S. Guo, Green, scalable, and solventless conversion of
photovoltaic silicon waste to high-performance lithium-
ion battery anodes, ACS Sustainable Chem. Eng., 2025, 13,
4222-4230, DOI: 10.1021/acssuschemeng.4c10675.

M. Sathiyamoorthy, N. Ahmed, P. B. Bhargav and
G. G. Kumar, Recycling and reuse of diamond wire sawn
silicon kerf as anode in lithium-ion batteries, J. Power
Sources, 2025, 653, 237701, DOL  10.1016/j.
jpowsour.2025.237701.

Nanoscale, 2026, 18, 11684-11707 | 11707


https://doi.org/10.1021/acsami.3c02925
https://doi.org/10.1021/acsami.3c02925
https://doi.org/10.1016/j.mattod.2025.06.037
https://doi.org/10.1021/acsnano.4c03570
https://doi.org/10.1002/inf2.12185
https://doi.org/10.1016/j.ensm.2023.102776
https://doi.org/10.1021/acsnano.9b07473
https://doi.org/10.1039/d3sc03514j
https://doi.org/10.1021/acsaem.2c01454
https://doi.org/10.1016/j.electacta.2022.140159
https://doi.org/10.1002/batt.202300541
https://doi.org/10.1021/acsenergylett.3c00004
https://doi.org/10.1039/D4RA08234F
https://www.daejoo.co.kr/en/product/product_list.php?code_name=41
https://www.daejoo.co.kr/en/product/product_list.php?code_name=41
https://www.daejoo.co.kr/en/product/product_list.php?code_name=41
https://www.pv-magazine-India.com/2024/11/07/epsilon-koreas-daejoo-join-hands-to-develop-graphite-rich-anode-material-for-ev-battery/
https://www.pv-magazine-India.com/2024/11/07/epsilon-koreas-daejoo-join-hands-to-develop-graphite-rich-anode-material-for-ev-battery/
https://www.pv-magazine-India.com/2024/11/07/epsilon-koreas-daejoo-join-hands-to-develop-graphite-rich-anode-material-for-ev-battery/
https://www.pv-magazine-India.com/2024/11/07/epsilon-koreas-daejoo-join-hands-to-develop-graphite-rich-anode-material-for-ev-battery/
https://doi.org/10.3390/molecules28052079
https://doi.org/10.3390/molecules28052079
https://news.panasonic.com/global/press/en240909-7
https://news.panasonic.com/global/press/en240909-7
https://news.panasonic.com/global/press/en240909-7
https://na.panasonic.com/news/panasonic-energy-to-purchase-silicon-anode-materials-from-nexeon-enabling-production-of-higher-energy-density-ev-batteries-in-the-us
https://na.panasonic.com/news/panasonic-energy-to-purchase-silicon-anode-materials-from-nexeon-enabling-production-of-higher-energy-density-ev-batteries-in-the-us
https://na.panasonic.com/news/panasonic-energy-to-purchase-silicon-anode-materials-from-nexeon-enabling-production-of-higher-energy-density-ev-batteries-in-the-us
https://na.panasonic.com/news/panasonic-energy-to-purchase-silicon-anode-materials-from-nexeon-enabling-production-of-higher-energy-density-ev-batteries-in-the-us
https://na.panasonic.com/news/panasonic-energy-to-purchase-silicon-anode-materials-from-nexeon-enabling-production-of-higher-energy-density-ev-batteries-in-the-us
https://www.zeon.co.jp/en/news/assets/pdf/230901-2.pdf
https://www.zeon.co.jp/en/news/assets/pdf/230901-2.pdf
https://www.zeon.co.jp/en/news/assets/pdf/230901-2.pdf
https://doi.org/10.3390/ma15072392
https://doi.org/10.1021/acsenergylett.3c01662
https://doi.org/10.1021/acsenergylett.3c01662
https://doi.org/10.1021/acs.nanolett.9b02429
https://doi.org/10.1039/c8ta03647k
https://doi.org/10.1021/acssuschemeng.4c10675
https://doi.org/10.1016/j.jpowsour.2025.237701
https://doi.org/10.1016/j.jpowsour.2025.237701
https://doi.org/10.1039/d6nr00382f

	Button 1: 


