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Because its theoretical capacity is significantly higher than that of traditional
graphite, silicon is a desirable anode material for high-energy lithium-ion batteries.
However, severe volume change, particle fracture, repeated disruption of the solid-
electrolyte interphase, low electrical conductivity, and significant irreversible lithium loss
limit its practical application. This paper investigates how nanostructure engineering and
associated interface strategies address these coupled mechanical and electrochemical
constraints. Stress accommodation, transport behavior, interfacial stability, and electrode
packing are compared between low-dimensional silicon, porous and hollow particles, and
core-shell or yolk-shell architectures. The complementary methods of surface coatings,
artificial interphases, silicon/carbon composites, binder and electrolyte design, and
prelithiation are then evaluated. Although areal loading, tap density, volumetric energy
density, manufacturing yield, and compatibility with current electrode-processing
techniques also affect practical performance, representative studies show that nanoscale
control can significantly improve cycling stability, Coulombic efficiency, and rate
capability. The analysis suggests that a multiscale design incorporating controlled internal
void space, stable interfaces, conductive carbon networks, and manufacturable secondary
particles is more promising than relying on a single nanostructure. First-cycle lithium loss,
electrode swelling, process complexity, and scale-up are the remaining issues.

silicon anodes, lithium-ion batteries, nanostructure engineering, Si/C composites,
interface engineering

Lithium-ion batteries (LIBs) have become the dominant rechargeable power source for portable
electronics, electric vehicles, and an increasing range of stationary applications because they
combine relatively high energy density with long service life and mature manufacturing
infrastructure. Continued improvement in cell-level energy density, however, is constrained by the
capacity of established electrode materials. Despite its limited theoretical gravimetric capacity,
graphite is still the most widely used commercial anode due to its reversible cycling and large-scale
processing capabilities. As a result, silicon (S1) has garnered ongoing interest as a material for next-
© 2026 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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generation anodes. According to a recent review, Si's theoretical specific capacity is approximately
3579 mAh g', an order of magnitude higher than graphite's [1]. Additionally, silicon is abundant.
These benefits make it particularly appealing for cells where it is anticipated that increasing the
anode capacity will increase the overall energy density without requiring a complete replacement of
the battery platform.

The same alloying reaction that gives silicon its high capacity causes the central materials
problem. The active material expands significantly during lithiation due to significant lithium
insertion into Si, which creates Li-Si phases; delithiation reverses most of this change. Large internal
stresses are produced by repeated expansion and contraction, which also encourages fracture, breaks
electrical contact, and continuously exposes new surface to the electrolyte. The primary barriers to
practical Si electrodes, according to recent reviews, are volume change approaching 300%, low
intrinsic conductivity, unstable solid-electrolyte interphase (SEI) formation, and poor first-cycle
efficiency [1, 2]. There is a strong coupling between these processes. Thick or unstable interphase
layers can raise transport resistance and increase the heterogeneity of current distribution; a crack
caused by mechanical stress can reveal new Si, which uses more electrolyte and lithium to reform
SEI. Therefore, rather than a single increase in theoretical capacity, improving Si anodes necessitates
simultaneous control of mechanics, transport, interfaces, and electrode architecture.

Since reducing characteristic dimensions alters both mechanical and transport behavior,
nanostructure engineering emerged as one of the first solutions to this coupled problem. One-
dimensional structures and small particles can better accommodate lithiation-induced strain than
bulk Si, and shorter diffusion lengths can enhance lithiation kinetics. Carbon networks, hollow
areas, compliant shells, and internal pores can all help to maintain electrical pathways or provide
additional room for growth. While stressing that nanosizing presents new difficulties like high
surface area and challenging scale-up, Hossain et al. summarized these advantages as reduced
lithium diffusion distance, effective strain relaxation, improved mass transfer, and better electrical
contact [2]. Therefore, the crucial question is not whether nanostructuring enhances a single metric
in a lab half-cell, but rather which structural principles hold true when the electrode is assessed
under realistic loading, density, efficiency, and manufacturing constraints.

This review examines silicon-based negative electrodes for conventional lithium-ion batteries and
is organized by design strategy rather than chronology. Section 2 establishes the mechanical and
interfacial failure mechanisms that motivate nanostructure design. Section 3 focuses on how the Si-
containing active material is geometrically organized, including low-dimensional Si, porous and
hollow structures, and core-shell or yolk-shell confinement, whereas Section 4 focuses on the
chemical and functional roles of added phases and electrode components, including carbon coatings,
artificial interphases, Si/C composite networks, binders, electrolytes, and prelithiation. Section 5
briefly considers practical trade-offs and manufacturing compatibility. Reported electrochemical
values are interpreted within their original test conditions rather than treated as a single universal
ranking.

Unlike graphite, which stores lithium primarily through intercalation, silicon stores lithium mainly
through alloying. During cycling, this distinction results in significantly greater dimensional
changes. Lithiation does not always occur uniformly at the particle level. The stress state changes as
lithiation proceeds because nonuniform strain can be produced by reaction fronts, local
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concentration gradients, crystallographic effects, and geometric constraints. The result is more than
just an isotropic increase in particle size. Tensile stresses may form in areas that are partially
lithiated or close to surfaces, and the structure may become weaker over many cycles due to
repeated phase transformation. The electrochemically active particle may break apart, lose contact
with conductive additives, or electrically separate from the current collector once a crack develops.
The newly formed surface alters the local interfacial chemistry and expands the area where
electrolyte decomposition can take place, even in cases where a fractured fragment stays connected.

Particle size has a significant impact on fracture susceptibility, according to direct in situ
observations. Liu et al. reported a critical diameter of about 150 nm after tracking individual Si
nanoparticles during the first lithiation using in situ transmission electron microscopy [3]. While
larger particles developed surface cracks and eventually fractured as lithiation-induced swelling
increased, particles smaller than this scale did not fracture or crack under the observed first-lithiation
condition. The outcome is significant because it demonstrates that nanosizing alters a failure mode
instead of just expanding surface area. Although the study offers direct mechanistic evidence that
decreasing Si dimensions can reduce the driving force for catastrophic fracture, the critical value is
not a universal design number for every composition, rate, or geometry. It also explains why, despite
the final secondary particle being much larger, many effective Si architectures employ nanoscale
primary domains.

Mechanical degradation is inseparable from SEI behavior. The SEI forms when electrolyte
components are reduced on the anode surface during early charging and ideally becomes a
passivating layer that remains ionically conductive but electronically insulating. Silicon complicates
this process because the underlying surface changes area and curvature during every cycle. If the
interphase cannot deform with the substrate, it cracks or delaminates and exposes fresh Si.
Additional electrolyte then decomposes to repair the damaged film, consuming cyclable lithium and
electrolyte while thickening the interphase. This repeated process reduces Coulombic efficiency and
can increase impedance. The problem becomes more severe for high-surface-area nanomaterials
because the initial interfacial area is already large. A mechanically robust particle can therefore still
show poor cell-level efficiency if its interface continuously consumes lithium.

Electrical transport presents a second limitation. The electrical conductivity of a composite
electrode is dependent on the continuity of conductive additives, binder, particle contacts, and
current-collector adhesion; elemental Si has substantially lower electrical conductivity than graphite.
A carbon-binder network's pathways can be broken, or nearby particles can be separated by
expansion. Lithiation becomes more heterogeneous due to localized loss of conductivity, which can
increase stress concentration and hasten degradation. Nanostructures address this problem in various
ways: Si/C composites can embed active Si in a percolating carbon framework, carbon shells can
offer continuous conductive surfaces, and nanowires maintain direct substrate contact. Instead of
just raising the initial conductivity, these methods work best when the conductive phase stays
connected throughout the entire expansion-contraction cycle.

Therefore, the design target is not merely a high-capacity particle but a dynamically stable
electrode-electrolyte interface. Effective architectures must limit continuous electrolyte exposure,
maintain sufficient electrode density, allow for Si expansion, and maintain electron and ion
transport. There may be conflicts between these requirements. Smaller particles may prevent
fracture but increase SEI area; thicker carbon coatings can enhance conductivity and passivation but
add inactive mass and may lengthen lithium transport paths; and more pore volume can reduce stress
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but lower volumetric energy density. Instead of focusing on a single morphology, modern Si-anode
design is best understood as optimization across these coupled constraints.

The interphase's chemical makeup is also important, given that the SEI is not a single
homogeneous compound. lonic conductivity, elastic response, and chemical stability can be different
in organic and inorganic products. An interphase that adequately passivates graphite may not remain
stable on Si because of repeated dimensional changes. A highly compliant layer, on the other hand,
might follow surface deformation but provide inadequate defense against ongoing electrolyte
reduction. Therefore, interface-focused reviews prioritize both mechanical adhesion and
compositional optimization [1]. This combined requirement clarifies why particle geometry is
frequently studied in conjunction with electrolyte additives, surface functionalization, inorganic
coatings, and artificial SEI layers. The ideal interface must maintain its attachment as the underlying
Si expands and contracts, limit electron transfer to the electrolyte, and facilitate lithium-ion
transport.

Nanoparticles, nanowires, nanosheets, and similar geometries with at least one characteristic
dimension small enough to affect stress evolution and transport are examples of low-dimensional
structures. Their main benefit is that the structure can deform more freely without creating the same
internal stress as a dense bulk particle, while lithium travels over shorter distances. Chan et al.
demonstrated silicon nanowires grown directly on the current collector, where each wire maintained
electronic contact while surrounding free space accommodated radial expansion [4]. Liu et al.
showed that reducing the Si particle size can suppress catastrophic fracture under the observed first-
lithiation conditions [3]. Together, these studies illustrate two complementary mechanisms:
anisotropic geometry can preserve connectivity while accommodating strain, whereas reducing the
active-domain size can lower fracture susceptibility.

When the nanoscale characteristic is connected to a distinct electrode-level function, the
advantages of low-dimensional Si are greatest. The combination of fracture resistance and efficient
dispersion in a conductive matrix is what makes nanoparticles useful, not just their small size.
Agglomerated nanoparticles may exhibit nonuniform lithiation or loss of contact as they behave like
larger secondary agglomerates. For nanowires, a very open array may result in low areal loading,
although the free space between wires can accommodate radial expansion. Although nanosheets can
produce flexible interfaces and short diffusion paths, their large surface area may exacerbate side
reactions. The relationship between primary Si dimensions, accessible electrolyte area, and electron
pathway continuity is the most crucial variable in each scenario.

Synthesis and handling are additional constraints. It is challenging to directly transfer vapor-
phase growth, templating, etching, or other techniques needed for many low-dimensional structures
to high-throughput battery manufacturing. Additionally, nanopowders can be challenging to
uniformly densify due to their high surface energy. According to Hossain et al., nanosizing is widely
acknowledged as a successful solution to bulk-related mechanical issues; however, large volume
change, sluggish transport kinetics, and manufacturing challenges continue to impede widespread
adoption [2]. As a result, the focus has shifted to hierarchical particles that retain nanoscale Si
domains inside micron-scale secondary structures. These particles offer a higher tap density and
more traditional powder-processing behavior while attempting to maintain the fracture and diffusion
advantages of low-dimensional Si.
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Low-dimensional Si also raises the issue of how much nanoscale freedom can be preserved after
electrode densification. Commercial electrodes are designed to increase volumetric energy density
and decrease porosity, but compressive processing may alter the contact network or harm delicate
structures. A free-standing nanowire array that functions well before densification may not translate
directly to a slurry-cast electrode. Although nanoparticle-based powders can be processed more
conventionally, binders and conductive additives are needed to maintain contact and prevent
agglomeration. These manufacturing considerations favor hybrid designs where a larger secondary
particle rich in carbon provides flowability, density, and structural integrity while nanoscale Si
provides the desired mechanical response. Therefore, rather than being a rejection of the original
nanosizing concept, the transition from isolated nano-objects to hierarchical powders is a practical
evolution of it.

3.2. Porous and hollow structures

Porous and hollow Si architectures create internal free volume deliberately rather than relying on
space between particles. By expanding into pores or cavities during lithiation, the active material can
lessen the stress transferred to the surrounding binder and SEI as well as the change in the external
particle dimensions. Because the useful volume change is redirected inward, this idea is especially
appealing for decreasing electrode swelling. Additionally, pores shorten local diffusion distances and
improve electrolyte access. However, pore size, pore fraction, wall thickness, and connectivity must
be controlled rather than maximized because the same characteristics can increase surface area and
decrease bulk density.

Using hierarchical carbon-nanotube@silicon@carbon microspheres made to combine porosity
and mechanical strength, Jia et al. illustrated this balance [5]. As shown in Figure 1, the cross-
sectional morphology of the CNT@Si@C microsphere reveals a porous internal framework within a
compact secondary particle. This structure illustrates the central design principle of porous Si
architectures: internal free volume is incorporated into the particle to accommodate Si expansion
while the overall microscale morphology remains mechanically coherent [5]. After complete
lithiation, the reported particles displayed an apparent particle expansion of about 40% and
mechanical strength exceeding 200 MPa.

Figure 1. Cross-sectional SEM image of a porous CNT@Si@C microsphere adapted from Jia et al.
[5] under CC BY 4.0
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The composite electrode delivered approximately 750 mAh g™, less than 20% initial swelling,
and roughly 92% capacity retention over 500 cycles when integrated with graphite at a practical
areal loading of 3 mAh cm™ [5]. Instead of just reporting gravimetric capacity, this study links
microstructural design to mechanical strength, electrode swelling, realistic loading, and long-term
cycling, which makes it valuable. Additionally, the architecture demonstrates that porosity is not a
brittle network of discrete nanoscale features but can be engineered inside a mechanically coherent
secondary particle.

The primary trade-off in design is between volumetric efficiency and expansion space. Excessive
porosity can lower the mass of active material that fits within a fixed electrode thickness, and empty
volume is electrochemically inactive. Additionally, highly porous particles may absorb more
electrolyte, which increases the quantity of SEI produced in the initial cycles. As a result, the
amount of external swelling that a porous Si design suppresses per unit of sacrificed density should
be used to evaluate it. Additionally, pore morphology is important. While fully open pores may
enhance ion access but increase the reactive area, closed internal voids can buffer expansion without
exposing all internal surfaces to electrolyte. Whether fracture, rate capability, electrode swelling, or
first-cycle efficiency are the main constraints determines the best architecture.

Porous architectures further demonstrate the significance of pore placement. While internal voids
encircled by a stable shell can offer expansion space with less direct electrolyte access, large
external pores can enhance electrolyte uptake without completely shielding the particle surface.
Larger cavities for strain accommodation and smaller channels for ion transport may be combined in
hierarchical pores, but synthesis may become less repeatable as structural complexity increases.
Because a highly porous secondary particle may break during powder handling, slurry mixing, or
calendering prior to the start of electrochemical cycling, mechanical strength is particularly crucial.
Therefore, the Jia et al. result is noteworthy not only because the particle was porous but also
because high porosity was combined with significant mechanical strength and realistic loading [5].
When assessing a pore network's likelihood of surviving electrode manufacturing, this combination
serves as a helpful benchmark.

In this section, core-shell and yolk-shell structures are considered primarily as geometric
confinement architectures. Si is positioned inside or beneath an outer layer that is both mechanically
and electrically functional. The shell of a traditional core-shell particle must withstand the
dimensional change of the Si core while maintaining direct contact with it, whereas a yolk-shell
architecture adds a deliberate void between Si and the outer shell. This geometric separation allows
the Si to expand inside the shell while the external surface remains comparatively stable in contact
with the electrolyte. If the shell remains electronically conductive and mechanically intact, SEI
formation can be shifted from the repeatedly moving Si surface to a more stable outer surface. The
emphasis here is on confinement geometry and internal void space; the chemical and interfacial
functions of coating materials are discussed separately in Section 4.1.

Commercially available Si nanoparticles encased in thin carbon shells with engineered internal
void space were used in Liu et al.'s seminal yolk-shell study [6]. The stabilized external surface
prevented repeated SEI disruption, and the free volume permitted the Si to expand without rupturing
the outer carbon layer. The electrode maintained 74% of its capacity after 1000 cycles, attained a
Coulombic efficiency of 99.84%, and reached about 2800 mAh g at C/10 [6]. These findings
demonstrated a distinct structure-mechanism relationship: the void physically separates the
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electrode-electrolyte interface from large Si volume change, rather than just reducing stress. Since
then, the idea has inspired hollow, double-shell, and other confined architectures.

The same idea was expanded from individual nanoparticles to micron-scale secondary particles in
a later pomegranate-inspired design [7]. Larger carbon structures encased several Si nanoparticles,
forming a hierarchy where the secondary particle enhanced packing and electrode handling while
nanoscale voids allowed for local expansion. The study found a volumetric capacity of 1270 mAh
cm3, a Coulombic efficiency of 99.87%, stable cycling at an areal capacity of 3.7 mAh cm™, and
97% capacity retention after 1000 cycles [7]. The pomegranate design is significant not only
because of its cycling result but also because of its multiscale logic, which allows a practical powder
to present a larger external particle that is easier to process while still having nanoscale strain-
management features.

However, yolk-shell and core-shell structures add complexity to fabrication. Multiple synthesis
steps, sacrificial templates, or carefully controlled deposition may be needed to achieve uniform
shells, controlled void size, and full encapsulation. Overly thick shells increase inactive mass and
decrease volumetric capacity, whereas incomplete shells can expose Si directly to the electrolyte.
From a geometric perspective, these architectures are most effective when the shell preserves the
designed confinement and void space throughout cycling. The chemistry, passivation behavior, and
transport functions of surface coatings are treated in Section 4.1.

Unlike Section 3.3, which treats shells mainly as geometric confinement architectures, this section
focuses on the chemical and transport functions of added surface layers. Surface engineering
addresses the portion of Si degradation that geometry alone cannot resolve. If the particle surface
promotes unstable electrolyte reduction, even a fracture-resistant particle may continuously lose
lithium. Carbon coatings are frequently used because they can increase electronic conductivity,
decrease direct contact between Si and the electrolyte, and provide a mechanically compliant outer
layer. Depending on the precursor and heat-treatment conditions, carbon can be amorphous, partially
graphitic, porous, or integrated with fibers and nanotubes. During cycling, the coating must remain
continuous while still enabling rapid Li-ion transport; otherwise, fresh-surface exposure and SEI
reformation can recur when the coating cracks.

Recent interface-focused literature expands this idea beyond carbon. Nanoscale structural design,
doping, surface coating, surface functionalization, and the creation of artificial SEI films are among
the interface engineering techniques that Wang et al. classify [8]. Controlling the chemistry and
mechanics of the boundary between active Si and electrolyte is the shared goal. An engineered layer
can alter surface energy, control ion flux, lessen parasitic reactions, or improve the interphase's
adherence to the expanding substrate. These functions are particularly significant at high Si content,
where the electrode's overall dimensional change is greater and the advantages of an optimized
particle morphology may be countered by a weak interface.

By introducing an artificial interphase derived from MXene and bonded to nano-Si via Ti-Si
covalent bonds, Yan et al. gave a clear example [9]. As the silicon grew, the strong interfacial
adhesion inhibited the SEI's frequent fracture and exfoliation. With an initial Coulombic efficiency
of 91.4%, 90.7% capacity retention after 1000 cycles at 5 A g', and an average Coulombic
efficiency of 99.8%, the resulting artificial layer was about 10 nm thick [9]. The study demonstrates
that rather than being a passive result of electrolyte breakdown, interphase adhesion can be a design
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variable. Additionally, it shows why interfacial chemistry and nanostructure mechanics should be
taken into account jointly: a stable film is only useful if it stays bonded to a substrate under extreme
strain.

Silicon/carbon (Si/C) composites are among the most practical routes for combining high-capacity
Si with a conductive and mechanically supportive phase. Carbon can form coatings, matrices,
nanotube networks, graphene-like sheets, porous scaffolds, or combinations of these structures. The
role of carbon is therefore broader than simple conductivity enhancement. A continuous carbon
phase can bridge expanding Si domains, maintain contact with the current collector, distribute stress,
and reduce the direct exposure of Si to the electrolyte. Recent multiscale analyses emphasize that
Si/C design should be considered at molecular, nanoscale, and microscale levels because interfacial
bonding, nanostructure geometry, and secondary-particle size all influence the final electrode
behavior [10].

The precursor route strongly affects the structure that forms during processing. Saleem et al.
highlight that the choice of both silicon and carbon precursors influences morphology, bonding,
porosity, conductivity, and electrochemical performance [11]. This aspect is important for scale-up
because industrial production favors abundant feedstocks, high yield, and repeatable thermal
processing, while laboratory synthesis may rely on costly nanocarbons, solvent-intensive processing,
or complicated templating. If it forms a continuous conductive phase without consuming excessive
volume or obstructing lithium transport, carbon derived from pitch, polymers, biomass, or other
inexpensive precursors may be appealing. Controlling the distribution of carbon within and between
Si domains is more important than a specific carbon source.

In an integrated Si@C-Cu architecture described by Sun et al., Si nanoparticles were embedded
in a carbon matrix derived from asphalt and bonded to a Cu current collector through strong Si-Cu
bonding and Cu,Si formation [12]. At the current-collector interface, the design integrated enhanced
adhesion and electronic transport with a continuous carbon matrix. The electrode produced a
specific capacity of 2326 mAh g' at 0.1 A g, an initial Coulombic efficiency of 84.8%, and 970
mAh g after 200 cycles at 1 A g [12]. The study highlights a crucial path for Si/C development:
the architecture can integrate active material, conductive phase, and current collector to reduce the
number of mechanically weak interfaces rather than just optimizing the active particle.

Additionally, composite design offers a way to moderate rather than maximize the amount of Si.
For instance, blends of silicon and graphite can reduce overall electrode swelling and fit more easily
into current manufacturing processes, but they sacrifice some gravimetric capacity when compared
to pure silicon. Additionally, carbon-rich secondary particles can enhance electrode cohesiveness
and tap density. The targeted cell determines the ideal composition. While a lower-Si composite
might offer better cycle life, first-cycle efficiency, and manufacturing tolerance, a high-Si anode
might be helpful when maximizing gravimetric energy is the top priority. This supports the more
general idea that balanced electrode design, not just Si's theoretical capacity, determines practical
performance.

A second multiscale issue is the spatial arrangement of carbon relative to Si. Carbon that only
coats the exterior of a large Si-rich agglomerate may not maintain electronic pathways after internal
fracture, while carbon distributed between primary Si domains can preserve local conductivity. In
addition, excessive internal carbon can take up space that would otherwise be used to store lithium
and reduce the active-material fraction. Yang et al. use microscale particle-size control, nanoscale
structure construction, and molecular-scale interface bonding to explain this balance [10]. These
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levels are not independent. A well-designed nanoscale composite may still perform poorly if the
microscale particle has poor adhesion to the binder or low density; strong Si-C bonding can enhance
contact, but the secondary particle must still have sufficient free volume for expansion. Therefore,
coordinated control of geometry and chemistry across length scales is necessary for effective Si/C
design.

4.3. Electrode-level modification and prelithiation

A broader electrode system comprising binder, conductive additive, electrolyte, current collector,
porosity, and calendered density is where particle and interface engineering work. Because even a
stable secondary particle can lose performance if the electrode film delaminates or if the binder
cannot withstand repeated thickness changes, mechanical integrity is crucial at this scale. While
electrolyte additives can encourage more stable SEI chemistry, elastic or strongly interacting
polymer binders can preserve contact between Si, carbon, and the current collector. These measures
help determine whether the designed particles continue to function after being assembled into a
practical composite electrode; they do not replace nanostructure design.

Prelithiation deals with a different but related issue: in a full cell, lithium is lost from the cathode
inventory due to irreversible consumption during initial SEI formation and other side reactions.
Therefore, even when their reversible half-cell capacity is high, high-surface-area Si and Si/C
composites can lower full-cell energy density. Initial Coulombic efficiencies of 99.99% for graphite
and 99.05% for a Si/C composite electrode in half cells were reported by Yang et al. using a roll-to-
roll electrodeposition and transfer-printing method for continuous prelithiation [13]. The
combination of manufacturing compatibility and electrochemical compensation is what makes it
significant. Only when lithium dosage can be safely and reliably regulated over wide electrode areas
is a prelithiation technique beneficial.

Electrode-level interventions also demonstrate the significance of realistic test conditions. Half-
cell measurements against excess lithium can conceal lithium inventory losses that would be
significant in a full cell. Because transport distances are short, low areal loading can give the
impression that rate capability is strong, whereas thick commercial electrodes must contend with
more difficult ionic and mechanical gradients. Because of these factors, Si-anode studies
increasingly report electrode capacity, electrode loading, full-cell behavior, swelling, and retention
under higher rates. These metrics determine whether a structural concept is still useful after
transitioning from a material demonstration to a battery electrode; they are not secondary to
nanostructure design.

5. Practical challenges and cross-strategy assessment
5.1. Performance metrics and trade-offs

A meaningful comparison of Si-anode strategies requires more than ranking specific capacity.
Gravimetric capacity, initial Coulombic efficiency (ICE), capacity retention, rate capability, areal
loading, volumetric capacity, swelling, and electrode density describe different aspects of practical
performance, and each is affected by test conditions. The main structural strategies therefore involve
clear trade-offs: nanosizing reduces fracture risk but increases surface area; porous and yolk-shell
structures provide expansion space but sacrifice packing density; carbon networks improve
conductivity but dilute the Si fraction; and artificial interphases or prelithiation add processing steps
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while addressing interfacial instability or lithium loss. No single strategy dominates every metric, so
comparisons should be made within the intended cell design.

Lin et al. provide an example of translating nanoscale design into a more processable secondary
particle. Using scalable mechanical pressing, they produced nanostructured Si secondary clusters at
more than 20 g per batch with a yield above 95%; the powder reached a tap density of 0.91 g cm™,
supported areal mass loading above 2 mg cm™ (about 3.5 mAh cm™), and retained more than 95% of
its initial capacity after 1400 cycles at 1C [14]. This example shows why primary nanoscale
structure and micron-scale secondary morphology should be considered together when evaluating
practical relevance.

Manufacturing compatibility places an additional constraint on promising Si architectures.
Commercial electrode production requires reproducible powders and compatibility with slurry
mixing, coating, drying, calendering, cutting, and cell assembly. Designs that depend on low-yield
etching, complex templating, costly vapor deposition, or excessive solvent use may struggle to meet
cost and throughput targets; calendering can also collapse pores or damage delicate shells. Recent
Si/C reviews therefore emphasize precursor selection, particle morphology, and industrialization
alongside electrochemical performance [10, 15].

From this perspective, multiscale integration is more relevant than structural complexity alone. Si
domains must resist fracture at the nanoscale; surface layers must control parasitic reactions; internal
voids and carbon networks must accommodate expansion while preserving conductivity and density;
and electrode-level choices such as binder, porosity, loading, and prelithiation must maintain contact
and lithium inventory. Standardized reporting is equally important because capacities normalized to
Si mass, composite mass, or different electrode conditions are not directly comparable. Reporting
areal capacity, electrode loading, thickness change, Coulombic efficiency, and full-cell performance
under realistic conditions would make it easier to distinguish scalable designs from favorable half-
cell demonstrations.

Because silicon has a much higher storage capacity than graphite, it is still one of the most attractive
anode materials for high-energy lithium-ion batteries. However, the same alloying mechanism that
allows for high capacity also causes significant mechanical and interfacial instability. By lowering
active-domain dimensions, adding controlled internal space, and separating Si expansion from the
external electrode-electrolyte interface, nanostructure engineering modifies these failure
mechanisms. Low-dimensional Si shortens diffusion distances and decreases fracture susceptibility.
While core-shell and yolk-shell designs can stabilize an outer interface around an expanding Si core,
porous and hollow structures can reroute expansion inward. These methods show that uncontrollable
bulk deformation can be transformed into more controllable local strain through geometric control.
The most robust practical designs combine surface and electrode engineering with structural
control. Conductive networks and carbon coatings can lessen direct electrolyte exposure while
preserving electron pathways. Artificial interphases enhance adhesion and suppress repeated SEI
reconstruction. While binders, electrolyte chemistry, and prelithiation deal with electrode cohesion
and irreversible lithium loss, Si/C composites offer a way to incorporate high-capacity Si into
mechanically coherent, conductive secondary particles. Preserving these benefits at realistic areal
loading and density without adding excessive inactive material, empty volume, expense, or process
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complexity is the remaining challenge. Future advances are therefore likely to rely on multiscale
architectures that combine stable interfaces, micron-scale secondary particles, nanoscale strain
accommodation, and manufacturing-compatible electrode processing. High specific capacity,
controlled swelling, long full-cell life, useful volumetric energy density, repeatable processing, and
scalable production are all characteristics of a successful Si anode.
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