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CONSPECTUS: With the escalating demands of portable
electronics, electric vehicles, and grid-scale energy storage systems,
the development of next-generation rechargeable batteries, which
boasts high energy density, cost effectiveness, and environmental
sustainability, becomes imperative. Accelerating these advance-
ments could substantially mitigate detrimental carbon emissions.
The pursuit of main objectives has kindled interest in pure silicon
as a high-capacity electroactive material, capable of further
enhancing the gravimetric and volumetric energy densities
compared with traditional graphite counterparts. Despite such
promising attributes, pure silicon materials face significant hurdles,
primarily due to their drastic volumetric changes during the
lithiation/delithiation processes. Volume changes give rise to
severe side effects, such as fracturing, pulverization, and delamination, triggering rapid capacity decay. Therefore, mitigating silicon
particle fracture remains a primary challenge. Importantly, nanoscale silicon (below 150 nm in size) has shown resilience to stresses
induced by repeated volume changes, thereby highlighting its potential as an anode-active material. However, the volume expansion
stress not only affects the internal structure of the particle but also disrupts the solid−electrolyte interphase (SEI) layer, formed
spontaneously on the outer surface of silicon, causing adverse side reactions. Therefore, despite silicon nanoparticles offering new
opportunities, overcoming the associated issues is of paramount importance.
Thus, this Account aims to spotlight the significant strides made in the development of pure silicon anodes with particular attention
to feature size. From the emergence of nanoscale silicon, the following nanotechnology played a crucial role in growing the particle
through nano/microstructuring. Similarly, bulk silicon microparticles gradually surfaced with the post-engineering methods owing to
their practical advantages. We briefly discuss the special characteristics of representative examples from bulk silicon engineering and
nano/microstructuring, all aimed at overcoming intrinsic challenges, such as limiting large volume changes and stabilizing SEI
formation during electrochemical cycling. Subsequently, we outline guidelines for advancing pure silicon anodes to incorporate high
mass loading and high energy density. Importantly, these advancements require superior material design and the incorporation of
exceptional battery components to ensure compatibility and yield synergistic effects. By broadening the cooperative strategies at the
cell and system levels, we anticipate that this Account will provide an insightful analysis of pure silicon anodes and catalyze their
practical applications in real battery systems.
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small amounts of sulfur doping. The flexible and robust
sulfur-supported channels facilitated highly stable battery
cycling at a fast charging rate with a high energy density.

• Je, M.; Song, G.; Lee, S.; Park, H. J.; Kim, J.; Park, S.
Practical production of heteroatom-bridged and mixed
amorphous−crystalline silicon for stable and fast-
charging batteries. J. Mater. Chem. A 2023, 11, 1694−
1703.4 This work constructed mixed amorphous−
crystalline silicon microparticles with localized heter-
oatom bridges in a silicon crystal from borosilicate glass.
A cost-effective, scalable synthetic system demonstrated
the feasibility of practical production for stable and fast-
charging pure silicon anodes.

1. INTRODUCTION
The advent of secondary batteries has ushered in a new era,
and the demand for electric vehicles has increased with the
rapid development of lithium ion batteries (LIBs).5 In
addition, green policies have emerged to promote sustainable
development by encouraging the replacement of traditional
energy sources with rechargeable batteries.6 Despite graphite
being the most commonly used anode material in commercial
LIBs, it has a low theoretical capacity of 372 mAh g−1, of which
the available capacity has almost reached the theoretical limit
in the battery industry. As a result, even when paired with a
high-voltage cathode (LiNi0.8Co0.1Mn0.1O2, NCM811) (Figure
1a), the energy density of graphite anodes falls far short of
market demand.7 Therefore, it is essential to discover new
anode materials to overcome this energy density bottleneck.

Silicon (Si) has emerged as an alternative anode material for
next-generation batteries due to its high theoretical capacity
(3579 mAh g−1 for Li15Si4) and low operating voltage (<0.4 V
versus Li/Li+), offering much higher energy density than that
of conventional graphite anodes.8 Full cells using the Si anode
in the form of either SiOx (0 < x < 2) or Si/C paired with
NCM811 cathodes have demonstrated gravimetric energy
densities of 471 and 493 Wh kg−1, respectively.9 Instead,
employing pure Si (anode comprising 100% Si) in practical
cells can further increase the gravimetric energy densities up to
520 Wh kg−1. Similarly, full cells with Si/C and SiOx anodes
exhibit notably higher volumetric energy density of 1080 Wh
L−1 compared with graphite-based cells (750 Wh L−1).
Importantly, the utilization of a pure Si anode can maximize
the volumetric energy density up to 1200 Wh L−1.10 This
allows for high mass loading with a pure Si ultrathin film
electrode compared to a conventional graphite anode with the
same areal capacity (Figure 1b). Thanks to the aforementioned
energy density advantages, Si-based materials already occupy a
significant share in the market, with nano/microstructured Si
and Si/C or SiOx (Figure 1c).

11 As depicted in Figure 1d, the
choice of materials is primarily affected by the inherent
structural instability of Si, which has led to the adoption of
comparatively improved materials.12,13 While cost consider-
ations certainly come into play, the main concern remains the
enhancement of the intrinsic stability.
High Li stoichiometry of Si enables the accommodation of

3.75 Li atoms per Si based on the Li-alloying mechanism at
room temperature, which inevitably causes enormous volume
changes (>300%) during battery cycling.14 Therefore, the

Figure 1. Basic characteristics of the pure Si anode. (a) Practical gravimetric and volumetric energy densities of graphite, Si/C, SiOx, and pure Si
anodes paired with the NCM811 cathode at the cell level (unit: Wh kg−1 and Wh L−1 for gravimetric energy density and volumetric energy density,
respectively.) (b) Comparison of the cell thickness between graphite|NCM811 and pure Si|NCM811. (c) Current market share of Si-based
materials and (d) cost comparison of graphite, Si/C or SiOx, pure SiNP, and pure SiMP. (e) Schematic diagram for volumetric expansion, the
anisotropic property, and crack formation of crystalline Si during the lithiation process. (f) Main degradation mechanism of Si anodes originates
from the large volume expansion of Si during lithiation. (g) Electrochemical lithiation curves of Si (black solid line) and graphite (green dashed
line) anodes (inset: DFT voltage profiles for the lithiated reaction into each (111), (110), and (111) plane of crystalline Si). Adapted with
permission from ref 15. Copyright 2011 American Chemical Society. (h) Critical size (Dc) for occurring particle fracture upon lithiation and
volume expansion.
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accumulated internal stress causes particle fracture and
pulverization, ending with an unsatisfactory cycle life (Figure
1e). The lithiation/delithiation process leads to two types of
cracks. First, crystalline Si possesses different energy barriers
toward Li insertion at each plane.15 The characteristic
promotes preferential lithiation on a specific plane (i.e.,
(110) plane) at an early stage, yielding anisotropic expansion
and consequent surface cracking between locally expanded
(110) planes (Figure 1g).16,17 Second, stress reversal is
observed at the core−shell-type interface between the
unlithiated Si phase and the lithiated Si (LixSiy) phase in
individual Si particles during electrochemical cycling. Such
volumetric expansion contributes to the progression of crack
growth, inducing pulverization and delamination issues (Figure
1f). Simultaneously, a rupture in the SEI layer unveils new
surfaces, triggering continuous side reactions with the
electrolyte, which in turn leads to the formation of a thick
SEI layer with a high impedance.18 The resultant problems
instigate a fast capacity decay due to the loss of active material.
In the meantime, several studies found that this hoop stress is
proportional to the feature size of the host material. When
accounting for the stress state as well as lithiation-induced
swelling and associated plasticity, the Si particle can withstand
the resulting stress for itself under a threshold particle size of
<150 nm (Table 1 and Figure 1h).19−23 Nanosized Si, capable

of tolerating mechanical stress, suggested the viability of
utilizing pure Si as an anode material, triggering the onset of
extensive research.
In recent decades, considerable advancements have been

made in the development of pure Si anodes, primarily
beginning with revolutionary strides in reducing the feature
size. These significant strides can largely be classified into two
main categories: bulk Si engineering and nano/microstructur-
ing. Furthermore, an explanation of the transition in feature
size from the nanoscale to the microscale is presented, along
with the unique characteristics of each Si structure. This
Account aims to provide a comprehensive understanding and
future research focal points for high-performance pure Si
anodes by examining how the two categories have addressed
the aforementioned challenges regarding the feature size of
pure Si materials.

2. PROGRESS IN NANOSCALE FEATURE SIZE FOR
THE PURE SI ANODE

Si electroactive materials with a particle size below 150 nm are
capable of avoiding fracture due to insufficient strain to initiate
and propagate crack growth. While Si nanoparticles (SiNPs)
exhibit promising attributes, their cycle life remains con-
strained by inherently poor electrical conductivity and the
instability of the SEI layer.24

2.1. Constructing the Si Nanoparticle Anode
To compensate for the conductivity issue, porous SiNP was
adopted due to its high specific area, which not only offers an
increased number of reaction sites for charge carriers during
lithiation/delithiation but also ensures comparatively shorter
diffusion pathway across the pores (Figure 2a).25 Zhou et al.
reported the preparation of porous Si particles as engineered
from bulk metallurgical Si, known to contain metal impurities
such as iron and aluminum. The removal of these elements
supports the formation of a porous structure. In terms of

Table 1. Young’s Modulus and Yield Point of Si Materials

Material Description Value (GPa) refs

Crystalline Si Young’s modulus 185 20
Yield point 7 21

LixSiy alloy Young’s modulus 35 22
Yield point 1 23

Figure 2. Bulk Si engineering for the advanced SiNP anode. (a) Synthetic route of porous Si from metallurgical Si through ball-milling, stain-
etching, the corresponding TEM image of porous Si particles, and HAADF-STEM tomography. Labeled colors indicate the separated pore
connections. Reproduced with permission from ref 25. Copyright 2014 American Chemical Society. (b) Schematic illustration showing the
synthetic process of the Si-based materials@LTO. Reproduced with permission from ref 1. Copyright 2015 the authors. Published by Royal Society
of Chemistry under a Creative Commons Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0) License. (c) Schematic of the lithiation/
delithiation process (left) and Li diffusion (right) in the Si anode and Ge-doped Si anode. Reproduced with permission from ref 30. Copyright
2019 the authors. Published by American Association for the Advancement of Science under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) License.
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employing Si particles as an active material, the ball-milling
process stands as a common processing method for decreasing
the feature size, generating nanoscale Si in the form of a fine
powder. The porous structure evolved with the subsequent
strain-etching process, using different etchants that influenced
the degrees of porosity. A highly porous structure throughout
the entire particle showed even better cycling performance, as
sufficient pores reduce the bottleneck effect of Li-ion
accumulation on the surface.26 Notably, the plentiful pores
and void spaces can alleviate the spatially volumetric change at
both particle and electrode levels, minimizing the external and
internal stresses that lead to irreversible deformation and
consequently reinforcing structural integrity.
While a highly porous structure displayed superior resilience

to crack formation and pulverization, challenges with the
unstable SEI layer persist. The enlarged surface can exacerbate
adverse reactions with organic electrolytes.27 Therefore,
coating strategies have been proposed to avoid such side
reactions by creating a physical barrier at the interface that
prevents direct interaction between the electrolyte and the Si
surface (Figure 2b).1 Our group proposed synergistic coupling
of the multifunctional shell layers consisting of lithium silicate
(Li2SiO3 and Li2Si2O5) and lithium titanate (Li4Ti5O12)
stacked up on the Si surface. Mechanically strong lithium
silicate plays a pivotal role as a self-buffering layer and
mitigates volumetric changes, suppressing structural collapse.
Notably, Li4Ti5O12 was converted to a rock-salt Li7Ti5O12
phase during the lithiation, which can facilitate fast Li-ion
transport due to a three-dimensional (3D) network of ionic
channels, and the electrochemically modified layer significantly

enhanced the electrical conductivity, unlike an insulating
Li4Ti5O12. Consequently, the resulting stacked layers promoted
the formation of a robust and stable SEI layer by restraining
mechanical strain and stress caused by the repetitive volume
change of Si and the bottleneck effect of Li-ion accumulation
on the outer surface. The superior layer ensured a remarkably
extended cycle life and reliable electrode integrity at a fast
charging system.
In the meantime, doping or alloying strategies have been

adopted to improve the electrical conductivities of Si in various
fields. Infinitesimal amounts of heteroatom infusion in the
crystal plane of Si alter the electronic band structure and
density of states, which provides quasi-metallic properties and
the lattice expansion that helps the facile transport of charge
carriers. A computational chemistry approach was utilized to
investigate the changes in Li insertion energy (Einsertion) under
doping with different impurities, where Einsertion becomes
positive or negative depending on the dopant.28 Interestingly,
Einsertion for B-doped Si is a negative value, indicating that Li
insertion into Si is energetically favorable. However, P-doped
Si, which has positive Einsertion, implies that the Li insertion
reaction is energetically unfavorable. Therefore, the doping
strategy can significantly affect the ease of lithium insertion
into Si.29 Cui et al. suggested that doping or alloying was
obtained by controlling the ratio of Si to germanium (Ge)
through the ball-milling process (Figure 2c).30 Mechanical
energy generated during the ball-milling process can be
transformed into thermal energy and other forms, thereby
effectively enhancing the solid-state chemical reactivity. Ge
substitution in the Si crystal lattice leads to local volume

Figure 3. Nanostructuring for the advanced nanoscale Si anodes. (a) Schematic of morphological changes that occur in SiNWs during
electrochemical cycling. (b) TEM data for SiNWs at different stages of the first charge. Reproduced with permission from ref 33. Copyright 2008
Springer Nature. (c) Schematic illustration of the Si@void@C electrode and magnified schematic of an individual Si@void@C particle showing
that SiNP expands without breaking the carbon coating or disrupting the SEI layer on the outer surface. (d) In situ TEM images of Si@void@C in
a pristine state (0 s) and after full lithiation. Adapted with permission from ref 34. Copyright 2012 American Chemical Society. (e) Time-lapse in
situ TEM images of 2DSi@C and (f) snapshots of deformation morphologies predicted by the chemomechanical model for two lithiation cycles.
Reproduced with permission from ref 2. Copyright 2018 the authors. Published by Springer Nature under a Creative Commons Attribution 4.0
International (CC BY 4.0) License.
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expansion or contraction within the diffusion channels
depending on the relative positions owing to the larger ionic
radius of Ge compared to that of Si. Therefore, the energy
barrier for lithium diffusion varies with the extent of Ge
substitution and achieved the minimum at a Ge concentration
of 6.25 atom %.
2.2. Constructing the Nanostructured Si Anode

The engineering of SiNPs still could not solve several
challenges, including relatively low electrical conductivity and
poor stress management. To address these issues, various
multidimensional nanostructuring strategies of Si have been
proposed from one-dimensional (1D) to 3D structures.31,32

The nanostructures offer higher degree of connectivity,
facilitating better electronic percolation throughout the
electrodes compared with the zero-dimensional SiNPs. Addi-
tionally, nanostructured Si provides a more interconnected and
continuous framework that enhances the structural integrity,
enabling better accommodation of the volume expansion
through spatial engineering and mitigating mechanical
degradation.
As a 1D nanostructure, Cui and co-workers introduced Si

nanowires (SiNWs) as LIB anodes, which were directly grown
onto a stainless-steel current collector using the vapor−liquid−
solid growth mechanism (Figure 3a).33 The SiNW electrode,
designed with sufficient space between the wires, can alleviate
the volume expansion. Intrinsic properties of SiNWs, such as
large specific surface areas and short diffusion paths for charge
carriers, contribute to internal stress reduction by radial and
axial expansion. Additionally, the direct growth of the SiNWs
onto the current collector ensured good electrical conductivity,
facilitated by 1D conductive paths between the active material
and the current collector. The structural evolution of SiNWs
during the first Li insertion was investigated by transmission

electron microscopy (TEM) and selected area electron
diffraction (SAED) (Figure 3b). When the SiNW was charged
to 100 mV, a crystalline core and an amorphous shell structure
were clearly observed across the diameter. The SAED was also
consistent with the TEM image, which showed the spot
pattern for the crystalline phase (Si) and weak diffuse rings
from the amorphous phase (LixSi alloy). At 50 mV, the SiNW
was mostly amorphous with some crystalline Si regions
embedded within the core. Then, all of the Si had changed
to amorphous Li4.4Si at 10 mV, as confirmed by the presence of
amorphous rings in the SAED. This work suggests a novel
approach to obtaining a beneficial nanostructure for the
enhanced performance of pure Si anodes.
Although the Si NWs have demonstrated high resistance to

pulverization and moderate ionic/electrical conductivity, the
SEI remains unstable due to outward expansion during
lithiation. To construct a stable interphase, a yolk−shell
structure was designed where the SiNPs (≈ 100 nm) as the
“yolk” and amorphous carbon (5−10 nm thick) served as the
“shell” (Figure 3c).34 Each Si yolk is anchored on one side of
the carbon shell, leaving an 80−100 nm void space on the
opposite side. The intentionally introduced void space between
SiNPs and the carbon shell suppresses the volume change
during lithiation without breaking the carbon shell. The
structural stability of the yolk−shell allows for the construction
of a robust SEI on the surface of the carbon shell while
preventing the repetitive rupturing and reformation of the SEI.
In situ TEM unveiled that a fracture was not observed in the Si
cores upon complete lithiation, and the carbon shell remains
intact, which confirmed the structural advantages of the yolk−
shell design (Figure 3d).
As another approach, two-dimensional (2D) Si nanosheets

have been employed as anode materials in LIBs, which allows
facile accessibility of Li ions through a larger surface area and

Figure 4. Microstructuring for the advanced microscale Si anode. (a) Schematic of silicene flowers features high tap density, three-dimensional
electron/lithium ion transport channels, reduced lithium ion diffusion length, and limited variable SEI. Reproduced with permission from ref 37.
Copyright 2017 American Chemical Society. (b) Schematic illustrating the lithiation/delithiation process of the ant-nest-like microscale porous Si
particles showing inward volume expansion and stable Si framework retention during cycling. Reproduced with permission from ref 43. Copyright
2019 the authors. Published by Springer Nature under a Creative Commons Attribution 4.0 International (CC BY 4.0) License. (c) Schematic
illustration of a hollow porous Si sphere (HPSS) and magnified TEM images of pristine, fully lithiated, and delithiated HPSS@C particles, which
illustrate a thickened shell (22% expansion after lithiation) and pore filling/restoration showing no structural collapse. Reproduced with permission
from ref 45. Copyright 2018 the authors. Published by Springer Nature under a Creative Commons Attribution 4.0 International (CC BY 4.0)
License. (d) Electron energy loss spectroscopy (EELS) elemental mapping of mixed amorphous−crystalline Si (MACS) for Si (orange) and boron
(green). Reproduced with permission from ref 4. Copyright 2023 Royal Society of Chemistry.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.3c00308
Acc. Chem. Res. 2023, 56, 2213−2224

2217

https://pubs.acs.org/doi/10.1021/acs.accounts.3c00308?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00308?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00308?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00308?fig=fig4&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mitigates the volume expansion owing to the spatial character-
istic of 2D.35 2D Si nanosheets conformally coated with
amorphous carbon layers (2DSi@C) were reported which
significantly reduced the internal stress by the rippling
phenomena.2 The nonporous structure of 2DSi@C enables
the formation of a stable SEI layer without further
consumption of electrolyte, which achieved a high initial
Coulombic efficiency of 92.3%. The structural deformation
morphology of 2DSi@C in the first two cycles was monitored
by in situ TEM (Figure 3e). It was observed that 2DSi@C
underwent anisotropic swelling of 9.7 and 200% in the lateral
and thickness directions, respectively, during the first lithiation.
Notably, the flake was crumpled, with prominent ripples
propagating along the lithiation direction during the
delithiation. Upon secondary lithiation, the ripples became
flattened while maintaining their 2D morphology without
fracture. To gain a more comprehensive understanding of the
rippling mechanisms, a chemomechanical simulation was
conducted during the first two cycles in both 2DSi@C and
bare 2DSi for comparison (Figure 3f). The simulation results
demonstrate that the 2DSi exhibited much higher first
principal stress than the 2DSi@C during the first lithiation,
and the stress difference became more conspicuous from the
second cycle. The stress analysis indicates that 2DSi@C could
relieve the stress by the formation of ripples and demonstrated
considerable durability during the cycles. Moreover, the unique
structural characteristics of 2DSi@C enable fast ionic trans-
port, showing remarkable performance even at 20 C with
73.9% retention compared to an initial capacity of 0.2 C and
94.9% of capacity retention after 200 cycles at 0.2 C.

3. PROGRESS IN MICROSCALE FEATURE SIZE FOR
THE PURE SI ANODE

Despite the distinct advantages of nanostructured Si, its
practical application has been impeded by inherent drawbacks
such as low tap density, poor Coulombic efficiency, and
intricate synthesis. Therefore, the development of micro-
structures that possess the properties of nanoscale Si holds
great significance and practical value.
3.1. Constructing the Microstructure of the Si Anode

Fabricating nanostructures into microscale secondary particles
has been intensively developed to efficiently circumvent the
limitations of nanostructured Si while retaining their
advantages.36 An interesting microscale silicene flower (SF)
was reported which comprised silicene nanoplates with
different orientations that are inherently interconnected,
forming a 3D flower-like structure (Figure 4a).37 The SF
design allows for the accommodation of volume changes
during cycling, limiting variable SEI formation for improved
interfacial stability, attributed to the structural advantages of
2D Si. In addition, the shortened Li-ion diffusion length and
interconnected nature of the nanoplates promote robust
electron and Li-ion transport channels. The flower-like
configuration provides the material with high tap density,
which is crucial for practical applications. Nevertheless, the
direct contact between the electrolyte and Si could form an
unstable SEI layer and induce morphological deformation.
Hence, a carbon-coated SF (SF@G) with 2D covalent
encapsulation was fabricated which demonstrated stable,
high-capacity, and high-rate lithium storage properties.38 The
covalent binding between the native oxide layer of Si and
graphene (Si−O−C) enables robust and efficient contact

between Si and the formation of an electrically conductive
network. The interfacial analysis revealed that the SEI formed
on the cycled SF@G composite predominantly consisted of
organic compounds with the minimal presence of inorganic
materials. The organic-based SEI exhibited greater stability
compared to inorganic−organic mixed SEI, rigorously
preventing the irreversible consumption of lithium and
subsequent SEI formation.
Designing a micrometer-sized 3D porous structure of Si has

attracted great interest as another approach due to its mitigated
volume expansion effect and fast Li-ion transport kinetics.
Several methods have been suggested for producing porous
materials based on Si, such as magnesiothermic reduction,39

metal-assisted chemical etching,40 dealloying of bulk Si metal
alloys,41 and template-assisted processes.42 Despite various
strategies, microscale 3D porous Si usually exhibits a low tap
density owing to its porous nature. As a breakthrough to
achieving high tap density in microscale 3D porous Si, ant-
nest-like microscale porous Si (AMPSi) was designed which
comprised 3D interconnected Si nanoligaments and a
bicontinuous nanoporous network (Figure 4b).43 The unique
interconnected structure of AMPSi was confirmed by
synchrotron radiation tomographic images and electron
images. Such an ingenious design of AMPSi demonstrated a
high tap density of 0.84 g cm−3 and a high areal capacity of 5.1
mAh cm−2 (2.9 mg cm−2) with a low electrode swelling ratio of
17.8%. This work, based on the economic and scalable top-
down fabrication method, manifests its effectiveness for
industrial applications and offers insights into the rational
design of a micrometer-sized 3D porous structure of Si.
Microstructured Si can also be constructed through the

thermochemical process of SiO2 reduction to Si. Interestingly,
an auxiliary AlCl3 molten salt can absorb the generated heat
during a typical thermochemical process, while directly
participating in the reduction reaction.44 Using a low-
temperature aluminothermic reduction reaction (LTARR)
with an AlCl3 molten salts medium, a micrometer-sized hollow
porous Si sphere (HPSS) was synthesized at a low reduction
temperature (<250 °C) (Figure 4c).45 The carbon-coated
HPSS (HPSS@C) electrodes exhibited outstanding electro-
chemical performance for 800 cycles without any structural
degradation. The remarkable stability of HPSS@C was derived
from the presence of a porous shell and a core void available in
a microparticle, which can alleviate the significant volume
changes that occur in Si anodes during cycling. In situ TEM
analysis was conducted to confirm the capability of HPSS@C
to accommodate volume changes. In the fully lithiated state of
HPSS@C, the shell experienced a 22% expansion, leading to
the transformation of the originally porous shell into a dense
structure with high contrast, effectively filling both meso- and
macropores. Interestingly, the filled pores were able to be
restored after the delithiation process, while the shells
remained slightly expanded at 17% and maintained their
structural integrity. The molten salt medium from LTARR
allows the uniform doping of heteroatoms into the Si crystal.
For instance, sulfur atoms were homogeneously doped into
microsized Si, resulting in a significant enhancement of bulk
conductivity, up to 50 times higher than that of undoped Si.3

The electrode with quasi-metallic Si retained 72% of its initial
capacity over 500 cycles at 0.5 C (1 C = 1.9 mAh cm−2) along
with a high average Coulombic efficiency of 99.89% from the
2nd to 500th cycle. Recently, mixed amorphous−crystalline Si
(MACS) microparticles from waste borosilicate glass were
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fabricated through the LTARR system to achieve a cost-
effective and mass-producible process.4 During the reduction
process of waste borosilicate glass, a localized internetwork
with disordered atomic bridges of boron (B) and oxygen (O)
is formed in the Si crystal (Figure 4d). The MACS not only
effectively mitigates the volume changes during cycles but a
partially disordered atomic array expands the interspaces
within the Si crystal, facilitating fast charging and an extended
battery lifespan. The feasibility of mass production was
confirmed by using a custom-made liter-scale reactor. This
research suggests a comprehensive and scalable methodology
for the production and synthesis of versatile Si structures at a
micrometer scale.
3.2. Constructing the Si Microparticle Anode

While the microstructure of Si exhibited decent performance,
the advantages of bulk Si microparticles (SiMPs), such as cost-
effectiveness and high energy density, continued to command
market attention from a commercial perspective.46 Signifi-
cantly, the hoop stress exerted by volume expansion increases
proportionally with the size of the Si particles. Bulk SiMPs,
being much larger than the threshold size of 150 nm, exceed
both the yield strength and the ultimate strength, thereby
resulting in the occurrence of fracture and pulverization.
Besides, the SiMPs remain vulnerable to fracture despite the
implementation of stress mitigation strategies, thus pulveriza-
tion in SiMP inevitably begins to manifest as the cycling
progresses.47

Material design for bulk SiMP should regulate the electrical
isolation of fractured SiMPs from delamination and side
reactions with the electrolyte due to the exposure of fresh
surfaces through continuous fracturing. Cui’s group applied the
concept for nano/microstructuring of an encapsulation
strategy to micrometer-sized Si by layering conformal graphene
cages with etching-induced void space on the bulk Si (Figure
5a).48 Confining the SiMPs in the mechanically strong and
flexible graphene cage with an ultrathin (∼10 nm) thickness

rendered a sturdy structure where fragments of Si were
physically sealed in the multilayer while retaining the electrical
connection and a reliable SEI. Moreover, the internal void
created between the SiMP and the graphene cage resulted in
decreased stress infliction, demonstrating superior stability of
the pure SiMP anode with a comparable loading mass (Figure
5b). Nevertheless, it is difficult to inhibit a series of destructive
reactions perfectly arising from the rupture of SiMPs and the
SEI layer. Therefore, multifarious and comprehensive
approaches should be essential to suppressing the severe
volume expansion at both particle and electrode levels, which
assists in sustaining structural integrity even when Si particles
are fractured.
At the microscale level, the volume expansion of SiMPs

cannot be fully averted due to the generation of significantly
greater stress. Therefore, synergistic methods have been
required to delay Si fracture and efficiently repair the damaged
structure. Importantly, the binder within the electrode can
engage in direct adhesion with Si particle surfaces owing to the
presence of a native oxide layer and polar functional groups on
the particle, which contributes to the mechanical properties of
Si electrodes.49 Among various types of binder-mediated
interactions, the ionic/dipole interaction has been extensively
employed for the binder in Si electrodes, and poly(acrylic acid)
(PAA) binder is recognized as a notable representative.50 The
interaction can foster strong supramolecular interaction and
even self-healing properties against repeated volume changes.51

Functionalization or modification of chemical groups in the
binder can further improve the electrochemical performance.52

Choi et al. developed a covalently integrated PAA binder with
ring-slide polyrotaxane, which ensured extraordinary elasticity
and thus underwent stress dissipation for SiMP (Figure 5c).53

The rings in polyrotaxane can move freely to lower the tension
exerted on the polymer network. Besides, polyrotaxane
between PAA chains can hold and recover the Si surface by
providing highly stretchable and elastic properties during

Figure 5. Bulk Si engineering for the advanced SiMP anode. (a) Schematic for the reliable structure of graphene cage-encapsulated SiMP after
cycling. (b) In situ TEM time-lapse images of graphene cage-encapsulated SiMP during lithiation. Reproduced with permission from ref 48.
Copyright 2016 Springer Nature. (c) Graphical representation of the operation of the PR-PAA binder to dissipate the stress during repeated
volume changes of SiMPs. Reproduced with permission from ref 53. Copyright 2017 American Association for the Advancement of Science. (d)
Schematic illustration of an integrated binder-conductive material system through functionalization. (e) Lithiation limited cycling of the bare SiMP
anode and constructed SiMP anode at 0.5 C with state-of-charge (SOC) control to 50%.
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cycling, which causes even fractured and pulverized Si particles
to remain coalesced without disintegration. The introduction
of the sliding motion of polyrotaxane achieves stable cycle
retention with practical mass loading through wide access of
the binder combination.
SiMPs, presenting smaller surface area than nanoscale Si,

offer fewer reaction sites for charge carriers along with inherent
electrical conductivity limitations. Such characteristics facilitate
the generation of intensive strain energy as the Li ion
accumulates near the surface. In addition, the issues are
further exacerbated in the ultrathick film of electrodes for the
practical pure Si anode.54 The challenges can be addressed by
modifying the surfaces of the conductive agents, which can
enhance the electrical conductivity and reduce interfacial
resistance for Si particles (Figure 5d). Functionalization of
hydrophilic groups on the conductive agent surface enables the
formation of an integrated system with a mechanically
excellent binder.55 The uniformly dispersed conductive
material ensures ionic conductivity and fast Li-ion diffusion
in a water-based environment.56 It allows the electrode to meet
industry requirements and deliver enhanced electrochemical
behavior even in the thick film with a high loading level for the
SiMP anode. Furthermore, lithiation-limited cycling of Si
materials notably decreases the stress through state-of-charge
(SOC) control, enabling the extended battery cycle life in the
pouch-type full-cell configuration (Figure 5e). To address the
issues associated with SiMPs, comprehensive strategies beyond
material design have been employed. The synergistic
approaches propose practical solutions, paving a feasible
pathway toward the realization of a pure bulk SiMP anode.

4. SUMMARY AND PERSPECTIVES
In this Account, we present a comprehensive review of the
progress made in the material design of pure Si anodes for
advanced batteries. Multifarious strategies related to bulk Si
engineering and nano/microstructuring have been explored to

stabilize Si electrodes (Figure 6). At the nanoscale, it is crucial
to manipulate Si particles to be smaller than a specific size
(<150 nm) to avoid pulverization. After reducing the particle
size to the nanoscale, various approaches have been employed
for engineering SiNPs, including the synthesis of porous or
heteroatom-doped SiNPs and coating strategies on SiNP to
address challenges related to poor electrical conductivity and
an unstable SEI layer.57 For further enhancement of the
electrical conductivity and structural integrity of a pure Si
anode, nanostructured Si has been intensively studied.
Representative nanostructures such as Si NWs (1D), Si
nanosheets (2D), and yolk−shell structures (3D) highlight
their distinctive structural benefits, demonstrating their
capacity to accommodate volume changes. Although the
nanoscale engineering of Si particles can alleviate the volume
change and improve electrical conductivity, practical applica-
tion in LIBs is hindered by inherent challenges, such as low tap
density and complex synthesis processes. Consequently, an
ingenious material design for microscale Si has recently been
developed. Microstructuring of the Si anode has been achieved
using diverse approaches, such as hierarchical structures
composed of nanosized building blocks, 3D porous structures,
and crystal structure modifications. These tactics ensured
outstanding electrochemical performance as well as a high tap
density. In recent efforts to achieve pure Si anodes toward
commercialization, bulk SiMPs have been employed due to
their cost-effectiveness and high tap density. A significant
breakthrough in this context has been the integration of
graphene cages into bulk SiMPs, offering a novel and
convenient pathway for practical applications.58 Moving
forward, further research should prioritize the exploration of
innovative Si architectures that exhibit high tap density while
minimizing particle-level expansion, enabling the attainment of
high volumetric energy density. In this regard, achieving a
uniform stress distribution and outward expansion throughout
the entire microparticle is crucial, making the ingenious design

Figure 6. Outlook and perspective to achieve a practical pure Si anode for advanced batteries. Adapted with permission from ref 57. Copyright
2020 the authors. Published by Elsevier under a Creative Commons Attribution 4.0 International (CC BY 4.0) License; ref 58, copyright 2021 the
authors. Published by Oxford University Press under a Creative Commons CC BY License.
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of the spatial and pore distribution of the Si component
pivotal.
Although, multidirectional methodologies for the material

design of Si have been introduced to mitigate the longstanding
challenges associated with Si since the early 2000s, relying
solely on Si material design is insufficient to fabricate a flawless
pure Si anode for advanced batteries. Thus, it is crucial to pay
more attention to supplementary materials other than Li host
materials (e.g., binder, conductive agent, and electrolyte),
which play a distinctive role in promoting the formation of a
stable SEI layer and enhancing the structural integrity and
conductivity of the electrode. One potential solution is to
develop a multifunctional binder that can facilitate the
transport of ions while maintaining strong binding with the
active material, which enables fabricating the electrodes with
high mass loading.59 For instance, nanoscale Si affords a
substantial surface area, which facilitates numerous covalent
attachments between native silanol groups on the Si surface
and functionalized binder materials.60 A supramolecular binder
network, capable of effectively buffering volume expansion
through hydrogen bonding, or a hierarchically ordered
conductive binder also constitutes a viable strategy.61,62 For
further improvement, employing carbon nanotubes (CNT) in
conjunction with carbon black during the fabrication of
electrodes can significantly enhance the electrical conductivity,
preventing the isolation of carbon black particles. A segregated
network composite incorporating carbon nanotubes ensured
the fabrication of ultrathick Si electrodes which can
significantly increase the conductivities and lower charge-
transfer resistances.63 Meanwhile, advanced electrolytes offer
another potential solution by formulating a stable interface
between Si particles and the electrolyte. The well-designed SEI
accommodates the large volume change of Si and suppresses
the further decomposition of electrolytes, resulting in
extending the cycle life.64,65 Furthermore, solid-state electro-
lytes such as the gel polymer electrolyte (GPE) can serve as a
physical cushion to mitigate the Si expansion during
electrochemical cycling, allowing the electrode to recover the
original structure.66 Therefore, it is crucial to integrate Si
material design with the exploration of supplementary
materials to achieve pure Si anodes for advanced batteries.
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