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The successive introduction of silicon (Si) graphite composite anodes into the global market highlights
the tremendous commercial potential of Si anodes. Good kinetic performance related to fast charging
capability is the central topic of next-generation Si anodes. However, there is a lack of critical reviews
exploring the fundamental limiting factors affecting the kinetics of Si and evaluating the effectiveness of
the current strategies. In this review, we deconstruct the particle—interface—electrode integration to
analyze key limiting factors of kinetics from a practical application perspective for the first time, including
long Li* diffusion distance and poor conductivity for particles, high Li* migration impedance at the inter-
face, and insufficient or even interrupted Li* diffusion paths inside the electrodes. Then, the kinetics

Received 27th November 2024, enhancement strategies for progressively addressing the above issues are systematically investigated and
Accepted 3rd February 2025 the quantitative relationships between kinetics and these strategies are deeply discussed. Accordingly,
DOI: 10.1039/d4ee05595k the challenges in quantification and balance for fast-charging Si anodes are identified as the remaining

issues, and potential solutions are provided. This review provides valuable guidance on fast-charging Si
rsc.li/ees anodes and suggests promising directions in commercial-oriented Si anode studies.

Broader context

The pursuit of fast charging is a theme of the contemporary era in the development of high energy density lithium-ion batteries (LIBs). Currently, silicon (Si)-
graphite composite anodes are recognized as the most promising choice for high energy density LIBs. However, Si anodes suffer from poor kinetics in multiple
dimensions from the perspective of practical applications, resulting in performance that is far behind the targeted fast charging performance. In this context,
we deconstruct the particle-interface-electrode integration to analyze key limiting factors of kinetics from a practical application perspective and evaluate
effective strategies of progressively enhancing the kinetics of Si anodes, as well as deeply discuss the quantitative relationship between the kinetics and
strategies of multiple levels. This review aims to provide valuable insights from an overall perspective of Si-based batteries, and we expect a significant
breakthrough in the research and development of high energy density and fast-charging power LIBs based on Si anodes.

1. Introduction

Promoting electric vehicles (EVs) is an important process toward
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expanding the application scenarios.>™'" According to the Goals
for Advanced Batteries proposed by the U.S. Advanced Battery
Consortium (USABC), power batteries need to obtain a fast
charging performance of 80% initial capacity for 15 min
charging.'” Currently, the Tesla model S can be recharged up
to the 320 km range within 15 min at supercharger locations,"?
and BYD can shorten the charging time to 33 minutes,"* which
still falls far from the targeted fast charging performance.

For the power LIB system, fast charging requires the anode
to possess good kinetic performance for fast Li storage.">™°
Based on the properties of the intercalation mechanism, the
lithiation of graphite anodes mainly occurs from the sheet edge,
which forms the only path for Li" to intercalate into the graphite
layers, resulting in the slow kinetic performance.®?°>* The
limited theoretical capacity of graphite requires the adoption
of thicker electrodes to achieve sufficient energy density, which
prolongs the Li* diffusion distance and hampers fast charging
performance. Si is regarded as a promising candidate for gra-
phite due to its high capacity (~3580 mA h g ", Li,sSi,) and low
potential (<0.3 V Li*/Li).>® Particularly, notable battery manu-
facturers such as CATL and Tesla have successfully brought to
market the practice of Si-graphite composite anodes to increase
the energy density, thereby extending the driving range of EVs.”®
Studying the kinetics behavior of Si anodes could facilitate the
development of fast-charging Si-graphite composite anodes
which are highly anticipated in the market.

Numerous research studies have been conducted on Si anodes
from the perspective of alleviating volume expansion.”’*° The
volume expansion of Si materials in the composite anode could be
mitigated by graphite,®" while the poor kinetic performance of Si
materials profoundly hinders the fast charging of these anodes,
resulting in them significantly lagging behind the target for fast
charging performance. A comprehensive review of the kinetic
behavior and performance is crucial to advancing the under-
standing of practically-oriented Si anode iterations.

On this basis, we deconstruct the particle-interface-elec-
trode integration and propose these limiting factors in three
dimensions as follows (Fig. 1): (i) the low intrinsic conductivity
and long Li" diffusion distance cause slow lithiation inside Si
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materials, resulting in slow kinetics at the particle level;**~*" (ii)
the complex solid electrolyte interface (SEI) and the exposed
surface of Si materials with poor conductivity result in signifi-
cant obstruction on kinetics at the interface level;***” (iii) the
initial electrode porosity and the electrode cracking during
operation can affect the Li" diffusion in the electrode, and
the insufficient contact between current collector and electrode
also directly impacts the integrity of electrodes, which limits
the kinetic performance at the electrode level.**°

Herein, the systematic kinetics enhancement strategies of
Si anodes from particle, interface, and electrode levels are
categorized, as shown in Fig. 2. First, we discuss the adjustments
in particle size and porosity of Si materials to balance the
shortened Li" diffusion distance and the increased interface
impedance to obtain the optimal Li* diffusion. Additionally,
the element doping and particle compositing strategies are
summarized to address poor conductivity at the particle level.
Next, the surface coating, SEI optimization strategies, and the
quantitative relationship among them are analyzed to reduce the
Li" migration impedance of Si materials at the interface level.
Later, the strategies of decreasing electrode porosity and cracks
to stabilize the electrical contact of Si materials during opera-
tion, as well as the strategy of enhancing the electrode-current
collector contact for electrode integrity are reviewed to improve
the kinetic performance at the electrode level. In the conclusion,
we emphasize quantification and balance as the kinetics
enhancement challenges of Si anodes and propose several
potential strategies to shed light on future studies.

2. Particle level

Poor Li" diffusion coefficients (10~"*-10""* cm”® s™) caused by
low intrinsic conductivity of Si leads to their poor kinetic
performance.** Numerous studies are dedicated to revealing
the intrinsic mechanism.”® Lee and co-authors investigated the
mechanical interaction effects of lithiation Si clusters through
in situ TEM.*® As shown in Fig. 3a-c, the unconstrained Si
column largely swells along the (110) orientation. As a
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Fig. 1 Limiting factors causing poor kinetic performances of Si anodes at particle, interface, and electrode levels.
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Fig. 2 Overview of kinetics enhancement strategies of particle—inter-
face—electrode integration for Si anodes. (Partial images are cited.*°~**
Copyright © 2019, American Chemical Society, copyright © 2020 Pub-
lished by Elsevier Ltd, copyright © 2020 Published by Elsevier Ltd, copy-
right © 2024, The Author(s), under exclusive license to Springer Nature
Limited.)

comparison, the constrained Si column first swells along the
(110) orientation and gradually touches the two walls. And
then, it expands along the (100) orientation as the compressive
stress accumulates. The expansion orientation indicates that
the lithiation kinetics of Si along different orientations are
different. Yang and co-authors further developed a kinetics
model to reveal the lithiation orientation of crystalline Si.*’
According to the Li flux profile shown in Fig. 3d, the lithiation
orientation dependence in the (110) orientation is more
significant than in other directions. The anisotropic lithiation
of Si is controlled by the orientation mobility of crystalline Si
and amorphous Li,Si. More in-depth study at the atomic
scale would be beneficial to further reveal the orientation
dependence of Si.

Liu and co-authors revealed the causes of orientation mobi-
lity by observing the dynamic lithiation interface of single
crystalline Si at the atomic scale.*® As shown in Fig. 3e, the Si
atom tends to dissociate due to the weakened Si-Si covalent
bonds under a high-rate lithiation process.’® They provided a
grain boundary ledge flow fact to explain the lithiation kinetics
properties of Si anodes. It can be observed that the ledge flow
causes the phase transformation from crystalline Si to amor-
phous Li,Si, and the flow rate represents the lithiation kinetics
(Fig. 3f). To sum up, this dynamic atomic resolution research
on the interface motion and phase transformation reveals the
anisotropic lithiation mechanism of Si anodes. It also demon-
strates that the high hydrostatic pressure under increasing
particle depth will restrict the corresponding lithiation kinetics,
indicating the advantages of shortening the Li* diffusion dis-
tance in improving the kinetic performance of Si anodes.”*"*
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The lithiation of amorphous Si exhibits differences from
crystalline Si.*> McDowell and co-authors proposed two-phase
lithiation of amorphous Si through in situ observation of the
lithiation process.*® As presented in Fig. 3g, an obvious bound-
ary can be found between the Si-rich core in the dark area and
the Li-rich shell in the light region, indicating a two-phase
lithiation like crystalline Si. Although the amorphous Si lacks
long-range ordered structures, as shown in Fig. 3h, its lithiation
still involves the breaking of Si-Si bonds.>® Specifically, the
Li-rich clusters at the interface between two phases promote the
dissociation of Si covalent bonds. In contrast, the amorphous Si
presents less hydrostatic pressure and its increased lithiation
thickness grows approximately linearly over time, illustrating
an isotropic lithiation process (Fig. 3i).>* The kinetics process
of amorphous Si is still limited by diffusion distance, as its
lithiation velocity is approximately constant.

Hence, the overlong Li* diffusion distance and intrinsic
properties restrict the kinetic performance enhancement of Si
anodes. It was reported that the capacity retention of micron-
sized bulk Si anodes at a current density of 1C is below
20%,>>°¢ far below the set fast-charging target of 80% at 4C.
Therefore, how to shorten the Li'* diffusion distance and
increase the intrinsic conductivity of Si materials at the particle
level is significant to improve their kinetic performance, and
detailed targeted strategies are introduced in this section.

2.1 Shorten the Li* diffusion distance

It is well known that reducing Si particle size is the most funda-
mental way to shorten the Li" diffusion distance.”” In particular, Si
particles with a mean diameter of 150 nm have attracted wide-
spread attention due to an optimized “size effect”.*®*® Therefore,
various nanostructures such as nanoparticles, nanowires, hollow
nanotubes, and nanofilms/nanosheets have been developed.®***
It was reported that Si nanoparticles with a particle size smaller
than 100 nm, obtained by ball milling, delivered an approximately
30% capacity retention at 2.5 A g ', an increase compared
to micron-sized bulk Si.°* As shown in Fig. 4a, the Si nanowires
were initially intended to arrange nanoarrays to buffer volume
expansion.®® Importantly, Liu and co-authors found a fast lithia-
tion process of Si nanowires through in situ TEM.*® The Si
nanowires possess high lithiation rates of 60-200 nm s~ in liquid
cells (Fig. 4b), which may benefit from the advantage of one-
dimensional Li" transport. Due to the fast kinetics, Si nanowires
exhibit good rate performance over 60% capacity retention at 1C.%
Similarly, Si hollow nanotubes also demonstrate the advantage of
one-dimensional rapid Li" diffusion and possess the capability of
fast lithiation in the interior of the nanotubes.®””*® Park and co-
authors reported a hollow Si nanotube with carbon coatings,
delivering over 88% capacity retention at a current density of
5C.°® For the two-dimensional Si materials, Si nanofilms/
nanosheets present distinctive lithiation properties.®> As shown
in Fig. 4c, Li" can rapidly diffuse in a two-dimensional orientation
parallel to the current collector, which facilitates rapid kinetics
compared to Si nanoparticles. The representative Si nanostruc-
tures are summarized in Table 1. However, nanostructures imply
more contact with electrolytes, which is accompanied by the

This journal is © The Royal Society of Chemistry 2025
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(a) and (b) SEM images of the Si column positioned inside the fixture before (a) and after (b) lithiation, (c) dimension change of the Si column along

the (110) (blue) and (100) (green) orientations after lithiation.*® Copyright © 2015, The Author(s). (d) The characteristic crystallographic orientations of Si
nanowires, and the corresponding Li flux profiles at a representative lithiation snapshot (t = 0.4).*” Copyright © 2012, American Chemical Society.
(e) Proposed amorphization mechanism of crystalline Si based on TEM observations, and (f) the ledge-flow dominated lithiation along the (111) plane. Red
arrows indicate ledges and cyan arrows ledge-flow directions.*® Copyright © 2012, Springer Nature Limited. (g) Time series of lithiation of the
amorphous Si microsphere, and (i) schematic of the lithiation for amorphous Si and crystalline Si.*® Copyright © 2013, American Chemical Society.
(h) Mechanism of dissolution for Si atoms from amorphous Si to Li,Si.>° Copyright © 2013, American Chemical Society.

formation of more SEJ, resulting in a potential increase in interface
impedance.

Wu and co-authors explored the rate performance differ-
ences of Si particles with Ds, ranging from 50 nm to 5 pm.”® Si
anodes exhibit gradually increased reversible capacity as their
particle size decreases from 5 pm to 50 nm, suggesting that a
short Li" diffusion distance can reduce the polarization of Si
anodes, thereby increasing their reversible capacity. However,
Si anodes with a particle diameter of 1 um instead of 50 nm
present the highest capacity retention at 5C. This confirms
that too-small particle sizes promote the electrode-electrolyte
contact and SEI formation, which increases the interface

This journal is © The Royal Society of Chemistry 2025

impedance, thus obstructing the Li* migration before reaching
particles. Fig. 4d reflects the fact that the kinetic performance
of Si anodes has a ‘“volcanic” relationship with particle size,
which delivers the highest kinetic performance corresponding
to appropriate particle size. The SEI chemical difference of Si
anodes with nanometer and micron-sized particle sizes are
described in further detail in Fig. 4e. It can be observed that
the Si electrode with nanometer particle size forms thicker SEIs
than the micron-sized Si electrode due to high surface area and
electrode-electrolyte contact. It increases Li* migration diffi-
culty and distance, as well as polarization during fast lithiation,
resulting in poor rate performance. Therefore, balancing the

Energy Environ. Sci., 2025, 18, 2720-2746 | 2723
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Fig. 4 (a) Schematic of lithiation for Si nanowires.®> Copyright © 2007, Springer Nature Limited. (b) Morphology evolution of the Si nanowires during
lithiation.®® Copyright © 2011, American Chemical Society. (c) Schematic of the lithiation for Si nanofilms.®® Copyright © 2013, Trans Tech Publications
Ltd. (d) The relationship between capacity retention and particle size ranging from 50 nm to 5 um at different rates and (e) an SEI chemical schematic of
nano Si and micron-sized Si anodes.”® Copyright © 2023 Wiley-VCH GmbH. (f) The relationship between capacity retention and surface area at different
rates.”* Copyright © 2016 American Chemical Society. (g) SEI chemical schematic of porous Si with different pores and areas. (h) Structural schematic of
yolk—shell structured Si/C anodes.”? Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (i) Schematic of the structural properties of

pSi@PC@MC anodes.”® Copyright © 2024 Wiley-VCH GmbH.

particle size and the interface impedance of the Si anodes is
crucial for improving its kinetic performance.

From this perspective, nano-micro-particle design is con-
stantly emerging.”>”°"®" Hou and co-authors proposed the 3D
plum-pudding-like Si/C anode to balance particle size and
interface impedance, ensuring the good fast-charging perfor-
mance of Si/C electrodes.”® The Si/C material formed by the
secondary stacking of nano Si particles delivers a particle size of
2-5 um. Importantly, the micron-sized Si/C anode delivers a
high initial Coulombic efficiency (ICE) of 88%, significantly
reducing side reactions such as SEI formation. Hence, this

2724 | Energy Environ. Sci., 2025, 18, 2720-2746

unique structure can shorten the Li* diffusion distance while
reducing SEI formation and interface impedance, thereby
accelerating kinetic performance. Furthermore, more func-
tional networks have also been introduced into the constructed
micron-sized Si composite particles. Zhang and co-authors
developed a yolk-shell Si anode (YS-Si/C) with secondary
stacking of Si, CNTs, and Fe,O; particles and double-layer
encapsulation.”> As shown in Fig. 4h, the introduced CNTs
and Fe,O; can serve as the conductive highway among Si
particles as well as bridging particles and the shell. Benefiting
from the structural design, the YS-Si/C anode delivers a high

This journal is © The Royal Society of Chemistry 2025
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Table 1 Typical Si nanostructures for improving the kinetics of Si anodes

Sample Nanostructure ICE (%) Rate performance  Ref.
BM-Si Nanoparticle 74 ~30%at2.5Ag " 64
Si NP Nanoparticle ~ ~45 ~35%at1Ag ' 74
Si N\W Nanowire 73 ~60% at 1C 65
Si NWs Nanowire 69.5 ~72% at 0.5C 75
Si nanotubes Nanotube 89 ~88% at 5C 68
DWSINT Nanotube 76 ~34% at 12C 67
Si nanofilm Nanofilm 85.1 79.7% at 1C 76
a-C/Si thin film Nanofilm 80 ~70% at 3.57C 77
C-SiNS Nanosheet 79.4 ~50% at 2C 78

ICE of 86.9% and 67% capacity retention at a current density
of 2 A g7, indicating that the appropriate balance between
diffusion distance and interface impedance has been obtained
through this structure.

Porous Si can also greatly shorten the Li* diffusion distance,
thereby ensuring the Si anodes with more active sites and high
fast-charging performance.®” Liang and co-authors designed
porous Si anodes with different specific surface areas and pore
size distributions to investigate the porosity effect on the
corresponding Si anode fast-charging performance.”* The syn-
thetic A-Si, C-Si, S-Si, and D-Si materials deliver specific
surface areas of 239.3, 23.9, 102.6, and 74.13 m”> g~ " due to
their different pore structures, which results in different Li*
diffusion distances. As described in Fig. 4f, it can be observed
that the S-Si electrode with mean surface area (102.6 m> g~ )
and appropriate pore size delivers the highest capacity reten-
tion compared with other Si anodes, indicating that simply
increasing the pore structure/surface area of Si materials can-
not be beneficial to improving kinetic performance. As shown
in Fig. 4g, the porous structure also tends to promote similarly
high interface contact between electrodes and electrolytes,
leading to high interface impedance. It can be inferred that
increasing active sites and shortening the Li* diffusion distance
of Si materials by optimizing their pore structure, and mean-
while inhibiting the formation of thicker SEIs, contribute to the
kinetic performance enhancement of Si anodes.

Furthermore, numerous studies have been conducted to
balance the Li" diffusion distance and interface impedance
for porous structures. Coating strategies can effectively inhibit the
excessive formation of SEIs and the increase in interface
resistance.”®*%! For example, Ren and co-authors encapsulated
porous Si with dense carbon layers, promoting a significant
decrease of specific surface area from 350 m* ¢ " to 10 m*> g~ "
and an increase of ICE from 68% to 78%.%> Reducing the specific
surface area helps to minimize the interface contact with electro-
lytes, thereby suppressing the formation of SEIs. And the porous
Si/C anode also exhibits lower charge transfer impedance than that
of porous Si, which further confirms the inhibition of coatings on
thicker SEI formation, thus contributing to the kinetics enhance-
ment. Nevertheless, the dense coating can also cover the pore
structures, which weakens the active sites. It is important to
perform effective strategies to control the appropriate specific
surface area and pore structures. Cheng and co-authors proposed
a carbon-coated porous Si anode (pSi@PC@MC) to promote
appropriate pore structures for kinetics enhancement of typical

This journal is © The Royal Society of Chemistry 2025
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porous Si anodes.”® The pitch-derived carbon (PC) coating is
relatively dense, which helps to avoid direct contact between
porous Si and electrolytes. Meanwhile, the dopamine-derived
mesoporous carbon (MC) introduces mesopores externally to
construct more active sites, thereby promoting the widespread
diffusion of Li*. As shown in Fig. 4i, the double coatings of PC and
MC largely avoid the contact between porous Si and electrolytes,
based on the decrease in specific surface area (222.8 m*> g * to
164.1 m”* g~ ") and the leap of ICE value (65.92% to 75.6%), which
contributes to the thin and homogeneous SEI. Meanwhile, the
external mesoporous structures promote electrolyte infiltration
and the introduction of more active sites, further providing good
kinetic performance. The pSi@PC@MC anode delivers better rate
performances of 57.9% and 53.6% capacity retention at current
densities of 4 and 6 A g~ compared with the porous Si anode.
Besides, comparison of the pseudocapacitance of porous Si,
pSi@MC, and pSi@PC@MC anodes is further persuasive evidence
to further demonstrate the importance of controlling appropriate
surface areas and pore structures in enhancing the kinetic perfor-
mance of porous Si anodes.

Therefore, regulating the structure of Si materials through
optimizing the particle size of Si particles and pore size
distribution of porous Si to balance the Li" diffusion distance
and the interface impedance is necessary to inhibit the exces-
sive formation of SEIs and the increase of interface impedance,
thereby significantly improving the kinetic performance of Si
anodes.

2.2 Improving the conductivity

The charging process involves Li* diffusion within the Si
anodes and synchronous electron transfer. The imbalance
between Li" diffusion and electron transfer can lead to polar-
ization, which induces over potential and low lithiation depth,
resulting in poor rate performance.’*®® Therefore, fast
charging requires rapid Li" diffusion inside Si anodes and
the matching electron transfer.*°' However, the intrinsic
properties of Si materials severely hinder the Li* diffusion
and electron transfer within particles, manifesting as locally
slow kinetics at the particle level. Therefore, it is necessary to
improve the electronic and ionic conductivity of Si materials
and balance them.

Element doping is a typical and effective strategy to improve
the electronic conductivity of Si materials by introducing
charge carriers (electrons or holes). For typical III and V groups
(boron, phosphorus), as shown in Fig. 5a, the electronic con-
ductivity enhancement mechanism can be simply described as
elements incorporated into the lattice structure of Si materials
creating p-type Si with three valence electrons or n-type Si with
five valence electrons.”® For other potential elements, they can
generate multiple ionizations and introduce multiple energy
levels, accompanied by the introduction of non-fixed forms of
carriers to enhance electronic conductivity.

Metal alloying and doping are conventional strategies for
improving the conductivity of Si materials.'**'** Nulu and co-
authors developed Mn doping SiMn05% and Ni doping SiNi05%
anode materials to address the poor conductivity of Si materials.**

Energy Environ. Sci., 2025, 18, 2720-2746 | 2725
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Fig. 5 (a) Schematic of the conductivity enhancement mechanism. (b) Doping effects on charge transfer and Li* diffusion.®>~° (c) Calculated band
structures with the S doping in Si. (d) HR-TEM images of S doping Si and the intensity profiles of the selected areas.’°® Copyright © 2019, The Author(s).
(e) The relationship between capacity retention and P doping concentration at different rates.®® (f) Crystallite size of Si, C(1.5)Si, C(3)Si, C(5)Si, and C(7)Si
anodes.’®! Copyright © 2021, The Author(s), under exclusive license to Springer Nature Limited. (g) Capacitive contribution of CSMC600, CSMC1200 and
CSMC2000 anodes.’%? Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The SiMn05% and SiNi05% anodes deliver higher Li" diffusion
coefficients and lower charge transfer impedance than the com-
pared Si anode. In particular, the SiMn05% anode delivers a good
rate performance with 50% capacity retention at a current density
of 3.2 A g ! due to its good conductivity. Luo and co-authors
studied the effect of molybdenum (Mo) doping on the conductiv-
ity of Si anodes.”® First-principles calculations show that Mo
doping reduces the band gap of Si from 0.61 eV to 0.45 eV and
increases the nearby charge density, which means an enhance-
ment of conductivity. Approximately 70% decrease in impedance
and an 8.8 times increase in Li" diffusion coefficient promote the
Mo-doped porous nanostructured Si (Mo-PNSi) anode to exhibit
an enhanced rate performance of 38.6% capacity retention at a
current density of 6.72 A g~'. Various transition metal doping
strategies such as Cu, Fe, and Co have also been performed to
enhance the conductivity of Si anodes.”*® Additionally, some

2726 | Energy Environ. Sci., 2025, 18, 2720-2746

electrochemically active metals are also used as dopants to
enhance the kinetics of Si anodes while ensuring high reversible
capacity. Gao and co-authors proposed to introduce Sn and Sb to
improve the electronic conductivity and Li* diffusion of Si
anodes.' The as-prepared Sig 5Sn, sSb anode presents 6000 times
the electronic conductivity and 10 times the Li* diffusion coeffi-
cient higher than those of Si particles, respectively. Due to the
introduction of electrochemically active Sn and Sb, the composite
anode has a high reversible capacity of 1190 mA h ¢~ " at a current
density of 5 A g~ . Fig. 5b presents the contributions of element
doping on decreasing charge transfer resistance (Rcr) and improv-
ing the Li" diffusion coefficient (Dy;+), and detailed information on
several element doping strategies is displayed in Table 2. It can be
inferred that element doping can reduce the impedance and
enhance the Li" diffusion ability, thereby optimizing the kinetic
performance. However, some transition metal ions are easily

This journal is © The Royal Society of Chemistry 2025
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Table 2 Typical strategies of element doping for improving the kinetics of Si anodes

Element Concentration (%) Rcr (Ohm) Original Rer (Ohm) Dy (em®s71) Original Dy (cm® s™7) Ref.
Mn 0.5 59 101 1.90 x 1075 3.94 x 107" 93
Ni 0.5 52 101 1.04 x 1075 3.94 x 107
Cu ~0.3 40.3 106.5 1.41 x 101 3.53 x 102 94
Fe 0.34 38.2 106.5 4.09 x 107 3.53 x 1072
Mn 0.32 40.7 106.5 1.07 x 107 3.53 x 1072
Mo 0.35 115 253.7 2.088 x 10> 9.488 x 10 *2 95
0.69 78.62 253.7 8.394 x 10! 9.488 x 10 %2
Co 0.1 8.8 15.8 4.08 x 107" 6.92 x 10~ 96
0.3 6.5 15.8 7.61 x 10~ 6.92 x 10~ '*
0.5 5.6 15.8 9.99 x 107! 6.92 x 107!
Sn, Sb 5, 10 18.9 424.6 10 times increase 105
B 5.29 7.42 13.32 8.24 x 102 1.08 x 10~ *? 97
S 0.19 69.93 150.5 1.2 x 1078 9.26 x 107° 98
P 1.39 114.4 150.9 9.637 x 10~ ™ 5.68 x 10~ 99
3.82 53.1 150.9 1.335 x 10 %2 5.68 x 10~
5.07 56.6 150.9 2.48 x 107+ 5.68 x 10~
N — 142.7 234.3 2.82 x 102 1.22 x 102 107

reduced to metal atoms or dendrites, which tend to cause short
circuits.’®® Thus, the metal doping strategy of Si materials still
needs to be screened and identified for commercial application.

Non-metal doping (P, S, B, N, etc.) for Si materials has
attracted wide attention due to its potential advantages. Since
the S atom generally provides two or more electrons as charge
carriers,'"”® Guo and co-authors designed a high-conductivity S-
doped porous Si/SiO, anode for good fast-charging performance.”®
After S doping, the S-doped p-Si/SiO, anode delivers higher
reversible capacity with lower loss and rate performance than
the p-Si/SiO, anode. It can be inferred that the capacity and kinetic
performance enhancement of the S-doped p-Si/SiO, anode is
largely attributed to the reduced polarization due to high con-
ductivity. Importantly, non-metal doping may alter the crystalline
structure of Si, which further affects the Li* diffusion within the Si
particles. Ryu and co-authors proposed that the metallicity of Si
will change and transit towards a quasi-metallic state, as the S
doping exceeds the equilibrium solid solubility.'® As shown in
Fig. 5c¢, the spatial states of the remaining valence electrons of Si
gradually approach and overlap with the increase of S doping,
which enhances the band dispersion of the state at the Fermi level
and forms the metallic bands. Furthermore, expanded channels
(0.5-0.72 nm) have been formed, as the introduction of S-chains
expanded the interlayer spacing (Fig. 5d). During the lithiation
process, Li,S structures are formed to support the expanded
channels, resulting in a lower energy barrier for Li* diffusion
(0.32 eV). Similarly, B, P, or N element doping can also provide
additional electrons or holes and impact the crystalline structure.
These dopants may cause a decrease in crystal spacing due to the
smaller atomic size and affect the Li* diffusion inside the Si
particles."® ™" For example, Wang and co-authors stated that
the introduction of P can lead to a decrease in the Li" diffusion
barrier from 0.57 eV to 0.53 eV.'*? Je and co-authors discovered a
mixed amorphous-crystalline structure with localized atomic dis-
tortion in the synthesized B-doped Si (mixed amorphous—crystal-
line Si, MACS) anodes.'” The localized structural distortion is
mainly attributed to the heteroatom-bridge bonds (B-O-Si, B-Si)
in crystalline Si, which cause the amorphous phase to wedge
into the crystalline phase and reduce the crystalline size, thereby

This journal is © The Royal Society of Chemistry 2025

accelerating the Li* diffusion in the MACS anode. The MACS
anode affords ~36% capacity retention at a current density of
5C due to the effective fast Li* diffusion. Furthermore, the appro-
priate doping concentration is important for the high kinetic
performance of Si anodes."** Long and co-authors developed P
doping P,Si anode materials through a hydrolysis strategy and
further adjusted the P doping concentration through the for-
mation of P-O-Si bonds and the interaction of H/~OH bonds.”
As described in Fig. 5e, as the concentration increases, the P,Si
anodes present gradually improving rate performance. And the
Py.12551 anode delivers the optimal Ry and Dy, and the highest
rate performance when the P doping concentration increases to
3.82% instead of 5.07%, resulting in a “volcanic” relationship with
doping concentration. The P, 1,551 anode obtains higher capacity
retention of 50% than other P,Si anodes at a current density of
8 A g~ ', indicating that the appropriate P doping concentration
significantly improves the kinetic performance of the Si anodes.
In addition to element doping, Si composite materials with
particle compositing also have obvious structural advantages in
enhancing their kinetic performance. Carbon particles have
great advantages due to their high conductivity and strong
mechanical structure, which mainly contains graphite,"**> hard
carbon,"'® carbon nanotubes,"’” and graphene.*® Kim and co-
authors designed a Si-graphite composite anode using edge-
activated graphite as the substrate."'® They utilized Ni to
penetrate the graphite core, forming activated edges and creat-
ing numerous active sites. Si is covered on the surface of
graphite, which fully fits with the shape of edge-activated
graphite, thereby promoting rapid kinetics through these active
sites. The Si-graphite composite anode delivers an enhanced
rate performance of 20% capacity retention at a current density
of 10.5 mA cm™? (3C). Sung and co-authors further designed
a novel C(x)Si anode by embedding nano Si particles into a
SiC-C composite matrix (Fig. 5f), which obtains a high
capacity retention of 79.6% at a current density of 5C due to
good Li‘/e” conductivity and short Li* diffusion distance.'®*
Besides, adjusting the composite structure is conducive to
improving the pseudocapacitive properties of Si anodes,
thereby facilitating its kinetic performance. Son and co-authors

Energy Environ. Sci., 2025, 18, 2720-2746 | 2727
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developed a nanocage-shaped Si/C anode (CSMC) by embedding
nano Si particles into a 3D carbon matrix.'®* Fig. 5g describes the
pseudocapacitive contribution to the kinetic performance of
these CSMC materials. Benefiting from the synergistic promo-
tion effect of the carbon matrix and Si/C particles, the pseudo-
capacitive contribution can even reach 88%, which enhances the
kinetic performance. As a result, the CSMC600 anode delivers a
high capacity retention of 80% at a current density of 20C, which
is far superior to the other two compared anodes.

In summary, it can be inferred that both element doping
and particle compositing can improve the kinetic performance
of Si anodes since they promote good conductivity and Li"
diffusion. The best kinetic performance enhancement can
be obtained by regulating the appropriate doping or composit-
ing concentration. Additionally, element doping can bring
potential crystal structure changes, which may further improve
the Li" diffusion inside the Si particles. Particle compositing
can promote the construction of structure with pseudocapaci-
tive contributions, which is another important factor for devel-
oping high kinetics Si anodes at the particle level.

3. Interface level

The interface impedance is the main factor limiting the kinetic
performance enhancement of Si anodes, which is also largely
attributed to the surface chemical properties of Si anodes,
containing material exposed surface properties and the for-
mation of SEIs."*® Bare Si materials generally possess high
interface impedance due to poor surface conductivity. SEIs
usually contain inorganic layers and organic layers with poor
Li" conductivity, and Li" migrates cross SEI after desolvation to
carry out the lithiation and de-lithiation of Si anodes.""'*?
Thus, the chemicals, chemical distribution, and thickness of
SEIs affect the Li" migration and kinetic performance of the Si
anodes."**'?® Therefore, how to optimize the surface proper-
ties and SEI structure of Si anodes for good kinetic performance
is discussed in this section.

3.1 Surface coating strategy

Chen and co-authors demonstrated that Si materials naturally
have a thin SiO, coating due to the relatively high chemical
activity of surface Si atoms, and both bare Si surface and thin
SiO, coating have poor Li'/e” conductivity that restricts the
corresponding material kinetic performance.'?’ Several research-
ers have attempted to adjust the SiO, coating thickness to reduce
the interface impedance.'*® However, it is a difficult technology
with poor effects. Surface coatings have attracted wide attention
due to their good Li‘/e” conductivity in kinetic performance
improvement,'* which mainly contains carbon coatings'** and
elastic organic coatings.?”

A Si anode with carbon coating possesses good kinetic
performance due to promising Li‘/e” conductivity and strong
structural stability."*>'*! Xu and co-authors demonstrated the
carbon coating contribution of Si anodes on kinetic perfor-
mance improvement through the in situ TEM method."*

2728 | Energy Environ. Sci., 2025, 18, 2720-2746
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Fig. 6a describes the structural differences and dynamic lithia-
tion process of uncoated Si and Si/C anodes, in which the Si/C
particle takes only 40 s for full lithiation while the uncoated Si
particle takes longer (200 s). This illustrates that carbon coating
can accelerate the kinetic performance of Si anodes since the
Li" diffusion of carbon coatings is far superior to Si materials
(~1077vs. ~107"? cm? s 1),""** which can be reconfirmed by
the lithiation product thickness comparison between uncoated
Si and Si/C particles (Fig. 6b). Numerous studies further focus
on the relationship between the carbon coating thickness and
the kinetic performance of Si anodes. As described in Fig. 6c, Qi
and co-authors investigated the electronic conductivity and rate
performance evolution of the Si@C anode with coating thick-
ness ranging from 0 to 9.73 nm."** The electronic conductivity
and capacity retention at high rates exhibit a similar trend,
which is a “volcanic” relationship as the coating thickness
increases. It can be inferred that the thickness and the accom-
panied defects of carbon coating can influence the surface area
and electronic conductivity of Si@C anodes, thereby affecting
their rate performance. The Si@C anode with appropriate
carbon coating thickness has an enhanced rate performance
due to the good Li*/e” conductivity of the carbon coating, while
its rate performance can also be significantly inhibited as the
over-thick carbon coating prolongs the Li" diffusion. Since
thinner coating leads to breakage while thicker coating
increases Li" diffusion distance, therefore, an appropriate coat-
ing thickness is of great significance in enhancing the kinetic
performance of Si anodes at the interface level.

Furthermore, the structural design of carbon coatings can
further improve the kinetics of Si anodes. Wang and co-authors
proposed an interconnected carbon coating that encapsulated
Si nanowires into a conductive network to facilitate electron
3% As shown in Fig. 6d, the interconnected carbon-
coated nanowires accelerate the electron transfer, as well as the
space among the nanowires and the pores inside the nanowires
provide channels for Li" diffusion. Conformal coating of
thin carbon layers reduces the resistance in the system and
ensures a thin SEI outside Si nanostructures. Benefiting from
the rapid Li" diffusion and the matched external electron
transfer, the N-PSi@C anode (“N” stands for ‘“network”, “P”
stands for “porous”) exhibits an optimized rate performance of
~48% capacity retention at a current density of 7C. Son and co-
authors reported a design to enhance the kinetics of Si anodes
by directly growing graphene on Si as a conductive coating.™®
As shown in Fig. 6e, the layered stacking of 2D graphene on the
surface of Si particles promotes an interconnected percolation
network, which increases the conductivity of the Gr-Si materi-
als to 12.8 S ecm ™ '. The Gr-Si composite anode can deliver over
90% capacity retention at a high rate of 10C. Therefore,
effective structural design of carbon coatings is beneficial for
Li* diffusion into the Si particles, thereby promoting great
kinetics of Si anodes.

Since the huge volume expansion and irreversible structural
damage tend to interrupt the Li" diffusion path of Si anodes,
elastic organic coatings have received widespread attention in
enhancing the kinetic performance at the interface level."*®

transfer.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee05595k

Open Access Article. Published on 06 February 2025. Downloaded on 4/1/2026 5:25:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Energy & Environmental Science

1 /L

-Stress release
-Short ion diffusion path

-Continuous

Defective Gr-Si
electron path S

Lithiation j-

I I
100 Rate |
1 © Electrical Conductivity (S m"" 1 a
: c e t:;\ onductivity (S m™) A 9_1) |
—=—Uncoated Si o
1 e SilC z 80 !
| s !
o
I E 60 |
| E |
| Crack initatiofl > 40 1
| e < 2 1
I § 20 1
I I
I . . . . . . I
I 100 150 200 250 300 350 400 6 1
| Time /s Thickness of Coating (nm) 1
" : 3 |
! d Interconnection Non-defective Gr-Si I
| -Fast ion/electron diffusion e
1 -Increased electrode density !
I I
I wr
I , ~ Sliding © :
: Thin Carbon Porous SiNW SiO, Graphene Li ;
I I
I I
| 1
I I
I I

Thicker SEI © Liion ot o
9 [ ‘ $OsLi
Uneven Li* migration M« o Cl o
Liision conducting COF

o} o

LIOsSEY" MHN
Y NHH 0OsS
0o PY

Typical Elastic Coating

I

I

1

I

I

I

I

I

I

I

! h SEI 5 e

I omogeneous Tt s otLos , b

1 NH O , N A YV LN PN Y L I
i* migrati Lol 0 © ; . . 1

: Fast LI migration SN % OL' €0 ©Ti ©Si ©C CH |

| . < |

; Elastics Coating 1

L : Conductivit _— !

| 221 Capacity Retention (%) J onductivity Natural SiO, Film |

1 20 55 ‘ Carbon Coating |

| Elastic Organic Coating |

| T s w as w T SEI Optimization Li* Conductivity 1

I G 12 ~ > [

| 2 |

g 10 66.2 60 I

I O gl 205 |

I =z z |

I 24 a7z 355 !

1 37 5 348
! 4 55.3 308 246 482 60.7 . > I
! 04 Mechanical Strength Li" Migration Path :
Q S ¥ & & F & L O & &
! > S EETSFL ST S & O :
Q O
: ~ N < Interaction with Additives '
I |

Fig. 6 (a) Dynamic lithiation process of uncoated Si and Si/C particles through in situ TEM. (b) Lithiation product thickness comparison of uncoated Si
and Si/C anodes.s™*> Copyright © 2016 Elsevier B.V. All rights reserved. (c) The relationship between capacity retention and coating thickness at different
rates.*** Copyright © 2021 Elsevier Ltd. All rights reserved. (d) Structural schematic of the N-PSi@C anode and the corresponding SEM images.**®
Copyright © 2019, American Chemical Society. (e) Schematic of the lithiation of Gr—Si NPs with different graphene encapsulation.**® Copyright © 2015,
The Author(s). (f) Schematic of the evolution of interfacial properties and the SEI structure for Si and Si@LCP coating.*®” Copyright © 2022 Wiley-VCH
GmbH. (g) Structural schematic of the COF coating.**® Copyright © 2020 Published by Elsevier Ltd. (h) Schematic of the Li* horizontal and vertical
diffusion path for Si NPs@titanicone anodes.**® Copyright © 2021 American Chemical Society. (i) Comparison of the rate performance for Si anodes with
typical organic coatings.**” =4 (j) Normalization for the functionality of natural film, carbon coating, and elastic organic coating.

Most elastic organic coatings with special chemical groups (C- corresponding Li* migration at the interface.'>” For example,

O and C-F) present good conductivity and are beneficial for some electron-conductive coatings have been developed
structural stability, which is conducive to accelerating the to facilitate the electron transfer near Si particles. Pan and
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co-authors proposed a layered conductive polyaniline (LCP)
coating for Si anodes.”®” The polyaniline chains in the LCP
coating allow for electron transfer, resulting in 5 orders of
magnitude higher electronic conductivity of the coated Si
materials than pure Si, serving as a good electron-conductive
coating. And the N-containing in LCP coatings enables dipole—
dipole interaction with fluoroethylene carbonate (FEC), which
induces uniform LiF formation, thereby forming a homoge-
neous SEI above the LCP coatings. As shown in Fig. 6f, the
designed elastic LCP coating promotes the homogeneous SEI
formation and avoids the fragmentation and reconstruction of
the SEI, resulting in a uniform and thin SEI that is conducive to
Li" migration. Moreover, the high electronic conductivity of the
LCP coating facilitates rapid local electron transfer, which can also
enhance the kinetics near the interface. In contrast, the SEI
distribution on the pure Si is uneven, and it fractures and
reconstructs with volume expansion, resulting in thicker SEI and
uneven Li" migration. Benefiting from the enhanced electronic
conductivity and uniform SEI, the composite anode delivers a good
rate performance of ~46% at a current density of 5 A g~ '. Wu and
co-authors formed a 3D interconnected electron-conductive coat-
ing for Si particles by reacting phytic acid with aniline monomers
of polyaniline (PANi)."** The PANi coating accelerates the local
electron transfer of Si particles and simultaneously extends the
electron transfer to the current collector through the interconnec-
tion. Similarly, some electron-conductive organic coatings such as
poly[3-(potassium-4-butanoate)thiophene] (PPBT) and biphenyl-
polyoxadiazole (bPOD) have also been reported to increase
the local electronic conductivity to enhance the kinetics of Si
anodes."*"*°

Moreover, organic coatings with high Li" conductivity are
also conducive to enhancing the kinetics of Si anodes. Ai and
co-authors designed a novel Si@COF anode, of which the
covalent-organic-framework (COF) coating has good Li" con-
ductivity (Fig. 6g)."*® It can be observed that the Li* diffusion
coefficient of the Si@COF anode is higher than the pure Si
anode during lithiation. Additionally, the Si@COF anode deli-
vers better rate performance than the Si anode, which is largely
attributed to the high Li" conductivity, strain, and strength
synergy of the COF coating. A thin titanicone coating is another

View Article Online
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promising choice for Li" conductivity enhancement at the
interface of the Si anodes. Fang and co-authors developed a novel
SiNPs@titanicone anode with good fast-charging performance
and strong mechanical strength.'*® The SiNPs@titanicone-70
anode obtains a high retention capacity of 957 mA h g™ ' after
450 cycles due to the low Young’s modulus of the titanicone
coating, which can release stress and buffer the volume expansion
of the Si anodes during lithiation. It can also be inferred that the
titanicone coating is beneficial for reducing the SEI thickness of
the Si anodes. In contrast, a pure Si anode with thick SEIs will
increase the Li" migration impedance. Benefiting from the long-
strand (Ti-O-benzene-O-Ti) group of the titanicone coating, the
SiNPs@titanicone anode presents a lower energy barrier, good Li*
conductivity, and more efficient Li" diffusion path, thereby facil-
itating the kinetic performance (Fig. 6h). Besides, the titanicone
coating is also beneficial for homogenizing the stress distribution
of the SiNPs@titanicone anode during lithiation. Benefiting from
the lower Li" migration impedance, the SiNPs@titanicone-70
anode delivers a higher capacity retention (50%) than the other
two compared anodes at the current density of 2 A g .

Furthermore, the function of coatings has been extended to
optimize SEI, thereby further optimizing the surface properties
of Si anodes to improve the kinetic performance at the interface.
Cao and co-authors developed a chain-like framework (poly-4-
trifluoromethylphenylboronic acid, PTFPBA) to form B/F-rich
SEIs by polymerizing 2,4,6-tris-4-(trifluoromethylphenyl)borox-
ine (TTFPB) coating onto the surface of Si anodes."*' The
PTFPBA coating exhibits a higher adsorption energy with EC,
EMC, DMC, and FEC and lower adsorption energy with LiPFg
than that of bare Si, indicating that the PTFPBA coating can
inhibit the growth of SEI and take on several important SEI roles.
Benefiting from good Li'/e” conductivity and a high Young’s
modulus, the SI@TTFPB anode exhibits a higher Li" diffusion
coefficient and better rate performance than the compared
Si anode.

As shown in Table 3, elastic coatings typically exhibit one or
several functions including the contributions to electronic con-
ductivity, Li* migration, mechanical strength, and SEI optimiza-
tion. According to the quantization of the contributions for
typical elastic coatings and the comparison of rate performances

Table 3 The functions of typical elastic organic coatings and rate performances for the corresponding Si-based anode

Function
Organic coating Electronic conductivity Li" migration Mechanical strength Optimize SEI Rate performance Ref.
TMSPA-LCP v v v 5A gfl, ~46% 137
PANi v v 3AgY, ~44% 149
PPBT v v 2GC, 35.5% 150
COF 5A¢g ", 34.8% 138
PMMA v v 10C, 66.2% 140
Titanicone v v 2Ag ", 553% 139
TTFPB v v 20C, ~55% 141
PDA v 4Ag ", 30.8% 142
PVA v 3Ag ", 24.6% 143
bPOD v v v 3Ag", 48.2% 144
PHATN v v 16.5 A g ', 20.5% 145
cS v v 10C, ~60% 146
Polyurea v v 2Ag ", ~60.7% 147
2730 | Energy Environ. Sci., 2025, 18, 2720-2746 This journal is © The Royal Society of Chemistry 2025
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(Fig. 6i), coatings with higher Li" conductivity or inducing SEI
affinity to Li" can exhibit better rate performance, illustrating
that both coatings’ properties and their impact on SEI should be
considered in coating construction to enhance the kinetic per-
formance. As shown in Fig. 6j, elastic organic coatings have a
deeper potential to improve the kinetic performance of Si anodes
since they possess more comprehensive functions.

As a result, the surface coating strategy of Si anodes can
optimize their surface properties by improving conductivity,
facilitating Li" migration, increasing mechanical strength, and
adjusting the distributions or even components of SEIs. Carbon
coating can generally improve the conductivity, and promote
Li" migration through potential structural designs. While
organic elastic coatings can obtain more functionality through
potential functionalization, and better matching with Si parti-
cle interfaces and electrolyte interfaces, thereby promoting the
kinetics enhancement at the interface more effectively.

3.2 SEI optimization strategy

The chemical distribution of SEIs can affect the Li" migration
barriers. Adopting appropriate SEI optimization strategies is
conducive to obtaining superior Li" migration ability and
enhanced kinetic performance of Si anodes from another
perspective at the interface level. Typical electrolytes consist
of Li salts, solvents, and additives. Many studies have been
focused on SEI optimization through the adjustment of elec-
trolyte engineering including Li" salts, solvents, and additives,
thus ensuring the good kinetic performance of Si anodes.™"*°

Li salt is the Li" migration carrier in electrolytes, and LiPFg is
a commercial Li salt that easily tends to dissolve in carbonate
solvent."” However, LiPF, presents a potential corrosion chal-
lenge for Si anodes due to its decomposition and HF
byproduct.'*>**® Lu and co-authors explored the kinetic perfor-
mance difference among six Li salts on the Si anodes, including
LiPFs, LiFSI, LiTFSI, LiBOB, LiDFOB, and LiClO,."*® As
shown in Fig. 7a, LiFSI delivers the highest Li* conductivity of
11.3 mS cm™ ' among these individual and composite salts,
which is conducive to Li" migration during desolvation. As a
result, the Si anodes based on LiFSI obtain excellent rate
performance, including over 70% capacity retention at 5C
and over 45% capacity retention at 30C. Besides, the synergy
of LiFSI and LiFP, can also facilitate kinetic performance,
which delivers significant improvements in rate performance
from 5C to 30C. It is better than Si anodes with pure LiFSI, even
though the Li" conductivity is lower than LiFSI, suggesting
potential contributions to SEI optimization. Fig. 7b compares
the element distribution around Si particles based on LiFSI and
LiPFs. For the Si-LiFSI electrode, Si particles are uniformly
surrounded by Li and present uniform Li-O dominated inor-
ganic layers. Since the FSI™ possesses good hydrolytic stability
and avoids HF formation,** Li,O in SEI can be preserved while
some LiOH phase may be formed.'**'®* The Li-O dominant
layer is mainly composed of Li,O, Li,CO3, and a small amount
of LiF, as well as possibly LiOH, with some Li,CO; attributed to
brief exposure to air. In comparison, in the Si-LiPF, electrode,
the possible oxygen-containing inorganics (Li,O, Li,COs3, etc.)

This journal is © The Royal Society of Chemistry 2025
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around the Si particles are largely converted into LiF after
multiple cycles due to the promotion of HF by LiPFs, which
corresponds to the isolated Li-F dominant region in Fig. 7b.
Since the Li* conductivity of LiF is lower than that of Li,O
(~107° S em ™! for LiF and ~107 S em™* for Li,0),'*>*** the
LiF-dominant layer derived from multiple cycles is more unfa-
vorable for Li" migration. Importantly, the Li-O dominant layer
can maintain uniform contact with Si particles after multiple
cycles, while the Li-F dominant layer appears as isolated
clusters outside the Si particles, with observed gaps between
them. It can be inferred that LiFSI is beneficial for the for-
mation of uniform SEI and promotes the smooth migration of
Li’, while in the LiPF, system, the SEI distribution is uneven,
which is not conducive to the Li" migration. Therefore, LiFSI is
crucial for constructing uniform SEI to facilitate Li" migration,
which provides more important contributions to accelerate
kinetics at the interface than good Li" conductivity.

It is widely recognized that SEI presents various compo-
nents, including Li,PF), LiF, Li,O, Li,COj;, and organic Li-OR,
LiO,COR, and poly(ethylene-oxide) type polymer/oligomers,
stacking on the surface of Si particles.'>*"'** Ensuring uniform
distribution of each component and presenting organic-inor-
ganic stratification to promote Li" migration is the key to
improving kinetics at the interface level (Fig. 7c). Since SEI
formation is mainly related to the reduction and decomposi-
tion of electrolyte solvents, it is necessary to regulate the solvent
composition to construct SEI with optimized components and
distributions."®**"* Si anodes largely follow carbonate solvents,
which are composed of cyclic alkyl carbonates and one or
several linear carbonates.’®'’? Ethylene carbonate (EC) has
been a widely used solvent component due to its high oxidation
stability and high solubility to Li salts.'®® Nevertheless, the
decomposition of EC through a ring-opening reaction will
promote the formation of lithium ethylene dicarbonate (LEDC),
which will further react with silicide, causing significant
instability of the SEI and rapid thickening with cycling.'”*"*
Electrolyte additives can promote the SEI formation of Si
anodes with thin and uniform distribution.”""®® Schroder
and co-authors investigated the positive effect of FEC on SEI
structural properties."”> As the in-depth TOF-SIMS analysis
described, introducing FEC can increase the inorganic
chemical content (LiF and Li-X) while reducing the aliphatic
carbon (C sp®, RCO, etc.), thus ensuring good Li* conductivity
and the low Li" migration impedance of SEI at the interface."”®
As a result, the cycled Si-FEC cell delivers slightly higher charge
transfer impedance than the compared Si cell at the initial
lithiation due to its SEI thickness increase, while an obvious
impedance reduction at the de-lithiation because of the stable
and uniform SEI formation. It can be inferred that FEC can
improve SEI structural strength during lithiation and ensure
thin and uniform SEI during cycling to obtain low Li" migration
impedance. Moreover, ether solvents have also received wide-
spread attention due to their high ionic conductivity, low
viscosity, and stability in reduction at the anode side. Ji and
co-authors designed a mixed electrolyte solvent of tetrahydro-
furan (THF) and 2-methyltetrahydrofuran (MTHF) to facilitate

Energy Environ. Sci., 2025, 18, 2720-2746 | 2731


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee05595k

Open Access Article. Published on 06 February 2025. Downloaded on 4/1/2026 5:25:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online

Review

|
LA M
\» i Li* Coductivity (mS cm-1) Specific Capacity (mAh g™') ;
i
! 404 | 1
| 1
354 ! 5.820 7.190 8.560 9.245 9.930 10.27 10.44 10.62 10.96 11.30 6001200 1800 2400 3000
i
! L e e e
| 2075 1832 1832
1542 1419 1471 1221
1 G 30 305 697 0.2 7.8 313 794
=
I @
e P o
© 2121 2403 2062 2233 2299 2035 T
8 - 1244 - 1884 1779
T 204 7.8 78
o
| > 2
“ ¢ 1988 2426 1996 1972 2082 2653 2502 2515 2489 081 2100 .. T
[
104 70
[
| 5
[
) 2363 2598 2309 2301 2043 2387 2804 2614 2660 2680 2428 2467 2401
| A A
oo < <) N © o A\ A £ N N A\ N
| o LA M AN N S PSS P\ R R N
g 3 € \3 \3
R Rl R Rl PR
I R DR DN
|

d

7 x Slow Li* diffusion
x Brittle SEI

@ Lo, J organic
. layer
Li LiY Li*

: wbee .V Fast Li* diffusion
V Indurative SEI

THF-MTHF solvents

Conventional solvents

Si or Li-Si alloy . LiF [l Organic SEI
ﬁ******’*******"*****’*** ,,,,,,,,,, o, [ o ] o ] o (i ) ] [ o ] o i
; . r 4 7 Cu foil
I Super P uior f SiCls-based electrolyte
[P e o e L T "

‘ : = : : @ PF{ & @ <

! .. ] ; . @ K
. ’4& i : Li': @ i A : .

‘ < 1 EC: : S =

| I ; ] mg:,wg.,wvxv
| : ] : = : ﬂv

1 o ]
Iy J . s 1 -
\ i \k‘ ,,0" o3 i DMC : kw PFq! % i SiCly-free ;ectrolyte o LiF
i é H e 5

i % i : i TN % = % Licl
| ] . 1

I 1 E ]
I i A ! LEDC
I 1 1

I H 1
11 : 1 Si LixCOs

Fig. 7 (a) Comparison of rate performance and Li* conductivity for various Li salts.?>> Copyright © 2022 Elsevier Ltd. All rights reserved. (b) Element
maps of Si electrodes with LiFSI and LiPFs.1%> Copyright © 2022 Royal Society of Chemistry. (c) Schematic of Li* migration at the SEI.*%¢ Copyright ©
2024 Wiley-VCH GmbH. (d) Schematic of SEI formation on Si particles in different solvents.**? Copyright © 2020, The Author(s), under exclusive license
to Springer Nature Limited. (e) Schematic of Li* migration in electrolyte with TFPC.*®” Copyright © 2022, American Chemical Society. (f) Schematic of SEI

structure with SiCl,.1%8 Copyright © 2022 Elsevier Ltd. All rights reserved.

122 The lower

the formation of thin and uniform LiF-based SEI.
thermodynamic reduction sites of ether promote the preferen-
tial decomposition of LiPFg, resulting in the preferential growth
of fluoride salts on the surface of Si particles. As shown in
Fig. 7d, a uniform SEI composed of internal LiF and external
few organic species can form on the Si particles in the mixed
THEF electrolyte, avoiding the excessive thickening of SEI, which
is conducive to Li" migration. In comparison, the SEI formed
on Si particles for EC/DMC electrolytes exhibits LiF clusters

2732 | Energy Environ. Sci., 2025, 18, 2720-2746

surrounded by organic components, which may thicken with
cycling and hinder the Li’ migration. Benefiting from the
regulated thinner SEI, the Si electrode in mixed-THF electro-
Iytes delivers 56.4% capacity retention at a current density of
3C and ~ 25% capacity retention in EC-DMC electrolytes.
However, ether solvents present low oxidation decomposition
potential, which limits their practical application. Developing
multicomponent mixed solvents to fully utilize advantages is
expected to be one of the necessary strategies for optimizing SEI

This journal is © The Royal Society of Chemistry 2025
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composition and distribution to promote kinetics at the
interface.

Limited by the structural defects and challenging regulating
technology of natural SEI, researchers have focused on devel-
oping artificial SEIs with enhanced uniformity and stability in
the kinetic performance of Si anodes. Wen and co-authors
proposed a potential trifluoropropylene carbonate (TFPC) addi-
tive to promote the formation of SEIs with good Li* conductivity
and structural stability."®” As shown in Fig. 7e, TFPC can
promote the uniform formation of SEI on the surface of Si
anodes, since its strong electron-withdrawing capability drives
ring-opening reactions preferentially on the Si surface. After
XPs-etching verification, the SEI induced by TFPC presents an
organic-inorganic layered structure, which provides the possi-
bility for the kinetics enhancement of Si anodes, delivering an
improved rate performance of 33.6% retention at 5C. Yang and
co-authors developed a novel artificial SEI with strong struc-
tural strength and chemical stability through the plasticizing
reaction between SiCl, and LEDC."®® As described in Fig. 7f,
SiCl,-based electrolytes can facilitate the formation of cross-
linked aliphatic carbon in the organic layer and LiCl in the
inorganic layer of SEIs, thereby avoiding the decomposition of
LEDC during cycling. Benefiting from unique structural advan-
tages, the Si-SiCl,-based cell delivers a lower Warburg factor (o)
and shorter release time (7o) than the compared Si-SiCl,-free
cell, suggesting enhanced Li" migration through the artificial
SEL As a result, the Si-SiCl,-based cell delivered a significant
rate performance enhancement.

Based on uniformity and stability, optimizing the inorganic
chemical component and concentration of SEIs is beneficial for
improving the kinetic performance of Si anodes. The kinetics of
Li" in different components can be estimated based on the
migration barriers and conductivity of Li*."”” The relevant
information on potential SEI components is summarized in
Table 4, especially Li;N which stands out due to its extremely
low migration barrier and high Li" conductivity, suggesting
novel and efficient components urgently need to be introduced
smoothly. For the typical components, more attention should
be paid to the uniform distribution of components since they
present no magnitude of difference among them. However,
excessive inorganic chemicals will inevitably increase the den-
sity and thickness of SEIs, shielding electron transfer and
hindering kinetic performance. Lin and co-authors explored

View Article Online
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the electron tunneling-thickness effect of Li,COs, LizPO,, LiF,
and Li layers as artificial SEIs.'”® They calculated the Eg, AE, d*,
and C of Li,COj;, Li;PO,, LiF, and Li layers of Si anodes.
Obviously, the Li,CO; layer with a critical thickness of 2 nm
presents the lowest electron tunneling barrier compared to the
LizPO, (1.66 nm) and LiF (1.62 nm) layers, illustrating that
controlling the chemical distribution and corresponding thick-
ness of SEIs is crucial for enhancing the kinetic performance of
Si anodes from the perspective of interface design.

The components and distributions of SEIs make significant
differences in the kinetics at the interface. Although the com-
position can be effectively adjusted by controlling Li salts, and
solvents, and even introducing additives, the transfer ability of
Li" in most SEI components is not outstanding. Therefore, the
distribution of SEIs is more important to enhance kinetics at
the interface. Constructing thin and uniform SEIs can facilitate
the Li* migration at the interface more effectively and thereby
promote interfacial kinetics.

4. Electrode level

During battery operation, the influence of initial structure and
subsequent structural evolution of Si electrodes on their kinetic
performance is generally overlooked. Although the initial kinetic
performance of Si anodes can be significantly improved through
particle and interface optimization, the slowly decreasing cycling
performance during operation, which involves reversible capacity
and cycling stability, has always been a serious challenge.'**'*°
This is largely attributed to the pore growth, electrode cracking,
and material peeling caused by the huge volume expansion of the
Si anodes, resulting in Li" diffusion interruption as another
limiting factor that decreases their kinetic performance. Thus,
the kinetic performance enhancement of Si anodes from the
perspective of the electrode level in this section mainly contains
electrode and collector structural design.

4.1 Electrode porosity optimization

Electrode pore evolutions can affect the Li* diffusion paths,
especially in thick Si electrodes for high energy density, and
the porosity directly determines the diffusion depth of Li" inside
electrodes, greatly affecting the corresponding kinetics (Fig. 8a).
Various attempts have been made to optimize the porosity of Si

Table 4 The Li* migration barrier and Li* conductivity of potential SEI components

Component Li" migration barrier (eV) Li* conductivity (S cm™") Ref.

Li,O 0.28-0.33 ~1077 163, 164 and 179

Li,CO; 0.28-0.60 107 8-107% 180-182

LiOH 0.46 — 183

LizPO, 0.3-0.5 8.62 x 107° 184 and 185

LiF 0.71 3 x10°° 183, 186 and 187
6 x 10°° (50 °C)

LizN 0.007, 0.038 2.085 x 1074, 5.767 x 10~* 188

LiCl 0.268 ~1078 189-191

Li,S 0.34 ~107° 192-194

Li-OR, LiO,COR — ~107° 195-197

This journal is © The Royal Society of Chemistry 2025
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electrodes for their kinetic performance enhancement. Wu and
co-authors investigated the porosity effect on the kinetic perfor-
mance of Si anodes by adjusting their particle size
distribution.”®® They provided four types of Si materials with
D5, distributed at 20.1, 22.7, 15.7 and 13.5 pm. Benefiting from
the Li" diffusion path optimization endowed by moderate parti-
cle size distribution, the BSC2 anode delivers the lowest charge
transfer impedance. It indicates that the pore structures between
large particles can be filled by small particles, thereby reducing
the electrode porosity and facilitating Li* diffusion in the Si
electrodes. Sung and co-authors conducted similar attempts on
the particle size distribution of Si anodes.>*" As shown in Fig. 8b,
Si electrodes with small particles generally have low packing
densities, while small/large mixture particles contribute to high

2734 | Energy Environ. Sci., 2025, 18, 2720-2746

packing densities. Benefiting from this design, the wide particle-
size distribution Si/graphite hybrid (WD-SiG) material achieves a
14% increase in tap density when compared with the SiG
material (Fig. 8c). Meanwhile, the WD-SiG anode also delivers
low charge transfer impedance and rebounding tendency, indi-
cating good adaptability during stress increases. Therefore,
reducing the porosity of Si electrodes to optimize the Li" diffu-
sion paths and kinetic performance is a consensus.

In addition, appropriate porosity in thick Si electrodes is
also beneficial for their kinetic performance enhancement due
to the demand for good electrolyte infiltration and structural
buffers. Zhao and co-authors further examined the influence of
electrode porosity on the kinetic performance of Si anodes.**?
As shown in Fig. 8d, the decrease in electrode porosity can

This journal is © The Royal Society of Chemistry 2025
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promote the Li' diffusion in the electrode while excessive
reduction of porosity may decrease the Li* diffusion path, suggest-
ing a “volcanic” relationship between the porosity and kinetic
performance. Heubner and co-authors quantified the critical
porosity on the kinetic performance of Si anodes depending on
the deformation threshold (DFTH) and the C-rate threshold
(CRTH) conditions.>® As described in Fig. 8e, the Si electrode
with a 20 pm thickness requires 84% porosity to obtain the fast-
charging performance at a current density of 5C, while the Si
electrode with a 100 pm thickness requires 97% porosity.

Furthermore, appropriate external pressure on the Si elec-
trodes also contributes to kinetic performance enhancement
since it provides good Li‘/e” contact among active materials
during battery operation. As shown in Fig. 8f, Cui and co-
authors determined the most appropriate external pressure of
Si electrodes by investigating the stress evolution contribution
to their kinetic performance.*' During the initial stage of stress
increase (<1 MPa), the Si electrodes present few cracks
and good Li'/e” conductivity. As the stress further increases
(1-2 MPa), the poor electrolyte infiltration and electrode cracks
cause a re-increase of charge transfer impedance (Fig. 8g). It
can be observed that the Si electrode with 1 MPa external
pressure exhibits the lowest impedance, demonstrating kinetic
performance enhancement at the electrode level. As described
in Fig. 8h, as the appropriate external pressure is applied, the Si
particles are in closer contact with each other and adhere more
closely to the conductive network, which undoubtedly pro-
motes the Li* diffusion and electron transfer in the electrode,
thereby effectively improving the kinetic performance.

Therefore, appropriate porosity is the prerequisite for enhan-
cing the kinetics at the electrode level, as it affects electrolyte
infiltration, Li" diffusion, and electron transfer. Specifically, loose
particle distribution leads to ineffective volume occupation and
prolongs the Li" diffusion inside the electrode, resulting in poor
kinetics at the electrode level, while overly dense particle distribu-
tion may hinder electrolyte infiltration and obstruct the Li"
diffusion path. Optimizing particle size distribution and applying
external pressure are effective means to obtain appropriate gaps
among particles and shorten the Li" diffusion distance while
ensuring electrolyte infiltration.

4.2 Electrode integrity maintenance strategy

Significant volume changes of the Si anodes tend to cause
electrode cracks during battery operation, which interrupts Li"
diffusion and facilitates the formation of SEIs on the exposed
crack surfaces, resulting in increased interface impedance, inter-
rupted Li* diffusion paths, and kinetic performance decay.®”*%°
Numerous studies have been conducted to restrict and repair
electrode cracks.**?%772%

Electrode cracks can seriously affect electrolyte infiltration
and Li" diffusion, and gas generation deteriorates the situation.
Vanpeene and co-authors quantified the gas and electrolyte
phase variations in electrode cracks through XRCT/XRD
analysis.”'® The Si standard electrode has an electrolyte phase
volume fraction of 13.3% and a gas phase volume fraction of
35% (Fig. 9a), indicating that the infiltration of electrolyte into

This journal is © The Royal Society of Chemistry 2025
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the electrode is incomplete, which is largely attributed to the
obstruction of gas production to the electrolyte deep into the
electrode. They further proposed a Si matured electrode which
is obtained by placing the Si standard electrode in a humid
environment to improve the microstructural environment
inside the electrode for gas phase decrease.”’' For the Si
standard electrode, cracks start to form at 30% SOC and
gradually grow with the charging depth increases, eventually
connecting with each other to form the interrupted Li" diffu-
sion paths. In contrast, the growth of cracks in matured
electrodes is slower, which avoids the formation of intercon-
nected cracks that penetrate the electrodes. As a result, the Si
matured electrode presents a much lower crack volume fraction
of 3.5% than the Si standard electrode of 11.6% and reduces
the gas phase volume fraction by ~75% (Fig. 9b-d), indicating
that cracks and gas generation can be effectively suppressed in
the matured electrode. Therefore, addressing the crack and gas
generation challenge to ensure electrode integrity is important
for stabilizing the Li" diffusion paths of Si electrodes and
enhancing the kinetic performance.

Binders play a crucial role in maintaining electrode integrity
by fixing Si particles, conductive agents, and current collectors
in the electrode, which can effectively suppress the electrode
cracking, thereby ensuring stable kinetics during cycling.
Importantly, binders can also be extended with good conduc-
tivity by grafting various effective e /Li"-conductive polymers to
further enhance the kinetics at the electrode level, with the
premise of ensuring electrode integrity.”'®'® Endowing effec-
tive electronic conductivity to the binders can assist or replace
the conductive agents to construct a complete conductive
network throughout the Si electrodes, thereby accelerating
electron transfer in the electrode. For example, Song and co-
authors proposed a polyfluorene-type cross-linked conductive
binder (CCB) serving as the secondary conductive network
inside the Si electrode.??° The polyfluorene-type CCB exhibits
good electronic conductivity of 5.5 x 107> S ecm ™, promoting
uniform current distribution inside the electrode and electro-
nic depolarization effect.>”" The Si-CCB electrode delivers a
capacity retention of ~71% at 1 A g ', higher than that of
conventional CMC (56%) and PAA (62.5%) binders. Liu and co-
authors developed a conductive polymer binder (sodium
poly[9,9-bis(3-propanoate)fluorine], PF-COONa) with high con-
ductivity provided by the main chains (n-type doped polyfluor-
ene) and strong adhesion of the carboxyl side chains, to
construct conductive agent free Si electrodes.>'* As shown in
Fig. 9e, the designed PF-COONa can maintain constant elec-
trical connections even as the Si particles break into pieces,
while the conventional conductive agents are pushed away and
disconnected from Si particles due to the volume expansion of
Si particles. Benefiting from good electronic conductivity and
electrical connections, the Si/PF-COONa electrode delivers
41.5% capacity retention at 8.4 A g ', presenting superior
kinetics at the electrode level. Moreover, the influence of ionic
conductivity on kinetics is more significant, as superior ion
conductive binders can provide potential Li* diffusion
paths.”’”?'® Munaoka and co-authors designed a functional
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binder (self-healing polymer incorporated with polyethylene Fig. of, self-healing polymer (SHP) is rich in dynamic hydrogen
glycol, SHP-PEG) with high Li" conductivity.>® As shown in bonds that endow the binders with significant mechanical
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strength to ensure electrode integrity (Fig. 9h-i), while poly-
ethylene glycol (PEG) units assist in the Li" transfer in the
oxygen-rich channels of the binders (Fig. 9h-ii). Introducing
40% PEG2000 can promote an enhancement of Li* conductivity
by 6 times. The Si/SHP-PEG electrode demonstrates 36% capacity
retention at a current density of 2C. Li and co-authors proposed
that oxygen heteroatoms can provide complexation sites to serve
as Li" diffusion paths.*? They further developed a high ionic
conductivity binder (GG-g-PAM) by grafting polyacrylamide
(PAM) onto the guar gum (GG) backbone, where the grafting
chains buffer stress and oxygen heteroatoms promote Li" diffu-
sion. Similarly, Hu and co-authors introduced side chains with
oxygen atoms onto the binders to provide electron-rich coordi-
nation sites,>'* developing an interface-adaptive triblock binder
(PSEA), including segments of hydrophobic polystyrene (S),
elastic poly(2-(2-methoxyethoxy)ethyl acrylate) (E), and hydrophi-
lic poly(acrylic acid) (A) (Fig. 9g). Meanwhile, the electrode
integrity is double guaranteed by =- - -n stacking and abundant
hydrogen bonds at the hydrophilic side. The Si/PSEA electrode
presents an enhanced capacity retention of ~50% at a current
density of 2C, while the Si/CMC-SBR electrode exhibits only
~42% capacity retention. Therefore, optimizing the Li* conduc-
tivity of the binder usually involves constructing electron-rich
coordination sites to promote the Li* transfer, which can provide
potential Li" diffusion paths, thereby enhancing the kinetics at
the electrode level. Table 5 enumerates typical conductive bin-
ders for Si anodes, in which the increases in Li" conductivity
often promote more significant kinetics enhancement, demon-
strating the urgency of optimizing the ionic conductivity inside
the Si electrodes.

Furthermore, various self-healing strategies have emerged to
further maintain the integrity of Li" diffusion paths.?*>7>** xu
and co-authors restricted the formation of Si electrode cracks
and repaired them through a novel polymer binder with high
mechanical strength and good self-healing ability.>*® The PAA-
P(HEA-co-DMA) binder is synthesized through a thermal con-
densation reaction between PAA and P(HEA-co-DMA). Benefit-
ing from the rigid and soft chain networks which provide good
stretching and shrinking ability (Fig. 9h), the Si/PAA-P(HEA-co-
DMA) electrode presents fewer cracks and better Li* diffusion

Table 5 Typical electron/ion conductive binders for Si anodes
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path integrity than the Si electrode. As a result, the Si/PAA-
P(HEA-co-DMA) electrode delivers a significantly higher rate
performance than the compared Si/PAA electrode. Moreover,
Han and co-authors proposed a novel electrode crack repair
strategy through liquid metal with high Li'/e” conductivity,
which could fill these cracks and preserve electrode structural
integrity.”'> As shown in Fig. 9i, Ga fills the Ga/Si electrode
cracks, repairing the conductive network and Li" diffusion paths,
which contributes to lower impedance. And the Si/Ga electrode
delivers a higher kinetic performance of 16% capacity retention
at 10C. According to Table 6, self-healing strategies can effec-
tively promote the repair of electrode cracks, ensuring the
integrity of the Li" diffusion path. After comparison, liquid metal
can effectively maintain the Li* diffusion path and enhance
electron transfer in the electrode due to its excellent conductivity
and fluidity, thus improving the kinetics more significantly.

As a result, maintaining the integrity of Si electrodes is
crucial for ensuring good kinetics during cycling. Binders
should receive more attention since their potential for functio-
nalization can satisfy multiple requirements on conductivity
and self-healing. In particular, the development of binders with
high conductivity helps to obtain matching rapid Li" diffusion
and electron transfer, which can effectively improve the kinetic
performance at the electrode level.

4.3 Current collector modification strategy

It is well known that the current collector plays an important role
in electron collection and electrode support to maintain Li"
diffusion path integrity and efficiency at the electrode level.”**
Cu foil is recognized as an important commercial anode current
collector due to its good electronic conductivity. However, Si
materials tend to fall off the typical Cu foil since the smooth
surface cannot provide enough adhesion for the electrode during
battery operation. Thus, optimizing the surface characteristics of
the current collector through a targeted modification strategy
can also enhance and maintain the kinetic performance of the Si
anodes.>** Xue and co-authors increased the surface roughness
of Cu foil to provide an enhanced adhesion strength with Si
materials, thereby ensuring the Si/m-Cu electrodes deliver higher
kinetic performance than the compared Si/Cu electrode.>*®

Binder Conductive function Rate performance Cycling stability Ref.
Polyfluorene-type CCB Electron conductive 1Ag™ Y, ~71% 0.8 A g™, 250 cycles, 88% 220
PPyE Electron conductive 2C, ~45% 2C, 1000 cycles, ~1500 mA h g~ * 223
PFPQ-COONa Electron conductive 1C, ~36% 0.5C, 400 cycles, 901 mA h g™* 224
Polyimine Electron conductive 2.5C, 28.2% 1C, 1000 cycles, 82.4% 225
PF-COONa Electron conductive 8.4A¢g " 41.5% 4.2 A g, 1000 cycles, 999 mA h g* 212
APA/CNT Electron conductive 0.5A¢g ", 84.5% 0.2 A g ', 240 cycles, 87.7% 226
PP@CA Electron conductive 32A¢ ", 64.3% 2 Ag ', 2000 cycles, 588 mA h g’l 227
b-POB Electron/ion conductive 1C, 48.5% 1C, 100 cycles, ~1800 mA h g~ 228
SHP-PEG Ton conductive 2C, ~36% 0.5C, 150 cycles, 80% 213
GG-g-PAM Ion conductive 8Ag !, ~43% 1A g%, 100 cycles, 83.9% 222
SSIP Ion conductive 1C, ~65% 0.5C, 400 cycles, 1620 mA h g~* 229
¢-PEO-PEDOT:PSS/PEI Ton conductive 8Ag " 50.4% 1Ag?, 500 cycles, 2027 mA h g™* 230
PSEA Ion conductive 2C, ~50% 0.5C, 400 cycles, 82.1% 214
SHA Ion conductive 1C, ~44% 0.2C, 100 cycles, 1770.1 mA h g~* 231
This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 2720-2746 | 2737
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Table 6 Typical self-healing strategies for Si anodes

Healing material Rate performance Cycling stability Ref.
Ga/Si 10C, ~16% 4C, 1500 cycles, 81.3% 215
Gay,6SNy o 3C, 54.6% 2C, 900 cycles, 95.7% 235
EGaln-Mxene 2C, 30.8% 2C, 100 cycles 236
GaGeSiP; 20 mA cm™?, 57.1% 6 mA cm 2, 2000 cycles, 90% 237
PAA-P(HEA-co-DMA) 1.96C, 72.7% 5A g ', 200 cycles, 90% 209
XPAA-DABBF 5C, 57.2% 0.5C, 500 cycles, 47.65% 238
PAA-DA/PVA 4AgY ~63% 4 A g7, 500 cycles, 50.8% 239
PAA-DA 1C, 66.8% 0.5C, 300 cycles, 1834.1 mA h g7 240
TCB 3C, 49.8% 0.5C, 200 cycles, 621.2 mA h % 241
DNB 4C, 18.2% 1C, 300 cycles, 1115 mAh g 242
yCDp/Py-PAA 2GC, 54.1% 0.5C, 300 cycles, 86.4% 243

Shen and co-authors further developed carbon-coated Cu foil coated Cu foil pouch cell delivers lower initial impedance and
through an in situ chemical vapor deposition strategy.>*” The Si/  operation impedance after 300 cycles than the compared Si/Cu
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foil pouch cell, suggesting that Cu foil with carbon coating is
beneficial for maintaining the Li" diffusion path integrity. As a
result, the Si/coated Cu foil pouch cell has a higher rate
performance than the Si/Cu foil pouch cell (Fig. 10a). Further-
more, Zhang and co-authors developed multi-shelled Si@Cu
microparticles supported on a 3D Cu collector to further improve
the adhesion and electron transfer between Si materials and Cu
collector.”*® As shown in Fig. 10b, Si materials are confined
within rigid Cu meshes, ensuring the integrity of Li* diffusion
paths and promoting kinetic performance at the electrode level.
Benefiting from the interconnected 3D Cu network with rich
pore structures, the multi-shelled Cu@Si@Cu electrode has a
good rate performance of 76% capacity retention at a current
density of 10C.

Additionally, Moon and co-authors proposed using porous
Cu collectors to release the stress of the Si anode during
cycling, thereby ensuring the integrity of the electrode.”*® As
shown in Fig. 10c, the pores of the porous current collector can
release the stress generated by volume expansion, thus keeping
the internal stress of the electrode at a lower level compared to
the standard current collector, which can improve the kinetics
at the electrode level. Li* usually bypasses the traditional
current collector (TCC) rather than passing through due to
high compactness, which increases the Li" diffusion distance,
thus restricting the kinetic performance of the Si anodes.””® Ye
and co-authors designed a porous current collector (PCC) by
modifying nanoporous Kevlar film to resolve this challenge.*’
As described in Fig. 10d, an even Li" concentration ranging
from 1.0 to 0.8 along the distance from separator to PCC can be
observed. As a comparison, the TCC exhibits an uneven and
wider Li" concentration range (1.0-0.3) along the distance from
the separator to the TCC. The rich porosity and high Li'
conductivity can effectively shorten Li" diffusion distance and
accelerate Li' migration, thereby ensuring the high kinetic
performance of Si/PCC electrodes (Fig. 10e and f). As a result,
the Si/PCC pouch cell delivers a better rate capacity retention of
78.3% at 4C (62.3% vs. Si/TCC) and 70.5% at 6C (33.4% vs. Si/
TCC), respectively. Therefore, the adhesion strength and Li'/e™
conductivity of the current collector foil in the kinetic perfor-
mance enhancement of Si anodes cannot be neglected.

The ability of the current collector to collect and transfer
electrons can also limit the kinetic performance at the electrode
1.>** Although Cu foil has superior conductivity, the contact
between the electrode and the current collector remains the
limiting factor. For Si electrodes, volume changes make active
materials tend to peel from the current collector, further
exacerbating the unstable contact. Improving the adhesion
between the electrode and the current collector is the most
effective method to enhance the kinetic performance of Si
anodes at the electrode-collector interface.

leve

5. Summary and perspective

To conclude, the particle-interface-electrode integration of Si
anodes is deconstructed in this review to identify the main

This journal is © The Royal Society of Chemistry 2025
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issues that limit the kinetic performance: long Li" diffusion
distance and poor intrinsic conductivity for particles, high Li"
migration impedance at the interface due to defective material
surface and limited migration barrier, and insufficient or even
interrupted Li* diffusion paths for initial and cycled electrodes.
Through vertical combining of particle, interface, and electrode
levels and fully considering their mutual influences, we have
evaluated effective strategies for progressively enhancing the
kinetics of Si anodes. Specifically, as follows:

(i) Si materials with appropriate particle size or pore size
distribution largely possess enhanced kinetic performance due
to the balance between Li* diffusion distance and Li" migration
impedance.

(ii) Element doping and particle compositing strategies
could effectively enhance the conductivity or promote the Li"
diffusion inside particles. And further adjusting the doping or
compositing concentration can obtain the correspondingly
optimal kinetic performance.

(iii) Coating and SEI optimization strategies could improve
the interface properties of Si anodes, which is conducive to
facilitating Li* migration at the interface, thereby significantly
reducing the Li" migration impedance of Si anodes.

(iv) Appropriate particle size distribution and external pres-
sure, effective binder strategies, as well as modification of the
roughness and pore structure of the current collector can adjust
electrode porosity and suppress the occurrence of cracks and
peeling for initial or cycling electrodes, thus ensuring the
integrity of Si electrodes and sufficient Li" diffusion paths.

Although the emerging strategies promote significant aca-
demic and commercial achievements for Si anodes, quantifying
the quantitative relationship between kinetics and the strate-
gies of multiple dimensions, as well as balancing their mutual
influence, remains a serious challenge of fast charging Si
anodes for power batteries. For this reason, several potential
solutions require further exploration.

(i) Quantifying the optimal particle size and pore size. The
particle size and pore size distribution of Si materials are closely
related to their Li" diffusion distance and involve mutual influence
among particle, interface, and even electrode multiple levels.
Establishing two theoretical models of “particle size - Li* diffusion
distance” and “pore size distribution - Li" diffusion distance” with
the optimal values is a challenging but necessary topic.

(i) Establishing the Li" diffusion barrier comparison table of
Si anodes. Although doping element types and the corres-
ponding concentration of Si materials affect the conductivity,
most attempts are undirected and inefficient. Therefore, it is
necessary to establish the above standard comparison table
based on doping elements and their concentration to overcome
this challenge.

(iii) Evaluating the contributions of coatings to kinetics for
Si anodes. Numerous coatings have been established for Si
anodes, endowed with various functions including conductiv-
ity, Li' migration, mechanical strength, and SEI formation.
However, their contributions to kinetic behavior and the per-
formance of Si anodes lack quantification. Establishing a
database to summarize the enhancement percentage on rate

Energy Environ. Sci., 2025, 18, 2720-2746 | 2739
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Fig. 11 Prospects for improving the kinetic performance of Si anodes.

performance through different coatings and their thickness is a
significant quantitative method to select the optimal coating
suitable for fast-charging Si anodes.

(iv) Constructing targeted SEI precisely. Although in-depth
research has been conducted on various components of the SEI,
a single component is not sufficient to support the revelation of
the complex and disordered SEI integration, resulting in difficulty
in controlling the uniformity, composition, thickness, etc. More
attention should be paid to the development and introduction of
SEIs dominated by components with excellent Li* conductivity
(e.g Li3N). For typical SEIs, the optimization should be holistically
discussed from multiple perspectives of composition, spatial
distribution, and overall thickness, avoiding focusing solely on
the effect of a single component in a single perspective.

(v) Maintaining Li" diffusion path integrity during cycling.
The formation of porosity, cracks, and peeling of Si electrodes
due to the huge volume change and uneven stress distribution
tend to interrupt the Li" diffusion path. How to quantify their
impact on the kinetic performance degradation of Si electrodes
remains a challenge. The theoretical model “local stress-strain
distribution” should be applied to the Si anodes that have
undergone enhancement at particle and interface levels. And
then calculate the critical stress of crack generation, which is
beneficial for further optimizing the Si electrodes and fully
exerting the enhancement strategies from multiple levels.

(vi) Promoting dry electrode technology on Si electrodes. Dry
electrode technology can avoid the uncontrollable migration of
non-active materials stemming from the drying process in the wet
process, thereby ensuring a uniform ion/electron transfer network,
which is beneficial for improving the fast-charging performance of
Si anodes theoretically. However, severe volume expansion can
hinder the application of the current dry process on Si anodes.
Specifically, Si particles, conductive agents, and binders all suffer
from agglomeration stemming from the lack of solvent dispersion,
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resulting in poor conductivity and electrode instability. Futhermore,
volume expansion can exacerbate this instability. It is crucial to
develop materials (e.g. binders and conductive agents) and optimize
dry processes adaptable to Si anodes. In particular, the develop-
ment of dry electrode technologies suitable for Si anodes should
focus on the adaptation of surface energy among binders, con-
ductive agents, and Si particles to promote the balance between
binder cohesion and the adhesion to current collector and materi-
als, thus enhancing the kinetics at the electrode level.

In summary, the kinetic performance enhancement of Si anodes
requires design strategies from multiple dimensions. Benefiting
from the viewpoints of particle, interface, and electrode levels, we
expect this review would contribute to the research and develop-
ment of high energy density and fast-charging power LIBs based on
Si anodes, leaping towards the 4C fast charging era (Fig. 11).
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