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Broader Context Statement DO 10 1039/DEEE01264G,

The accelerating global demand for sustainable energy technologies highlights the
urgent need for advanced electrochemical storage systems capable of supporting
renewable energy integration and electrified transportation. Lithium-ion batteries
(LIBs) remain the most widely adopted solution due to their high energy density and
scalability; however, conventional graphite anodes, with a limited theoretical capacity
of 372 mAh g™', cannot fully meet future performance requirements. High-capacity
alternatives such as silicon, germanium, tin, phosphorus, and transition metal oxides
offer promising energy densities but face critical challenges: large volume
fluctuations during cycling that induce electrode pulverization, rapid capacity fading,
and poor intrinsic conductivity. To mitigate these issues, composite strategies that
incorporate buffering matrices and conductive additives have been developed,
inevitably creating a complex network of contact interfaces. These interfaces not only
accommodate mechanical strain but also regulate Li*/electron transport, thereby
exerting a decisive influence on electrochemical performance. Despite their
importance, the functions and interactions of such interfaces remain insufficiently
understood. This review provides a systematic framework for classifying and
analyzing contact interfaces in high-capacity anodes, summarizing representative
characterization techniques, and outlining strategies for interface engineering. By
bridging the gap between interfacial structure and battery performance, it offers fresh
insights for designing durable, high-energy LIBs.
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Abstract

Silicon, germanium, tin, phosphorus, metal oxides, and their related compounds have emerged as
promising anode materials for lithium-ion batteries owing to their high theoretical capacities. However,
their practical application is severely hindered by large volume changes during lithiation and
delithiation, which lead to electrode pulverization and rapid capacity fading. In addition, their
intrinsically low electrical conductivity limits rate performance. To mitigate these issues, composite
strategies—such as incorporating buffering matrices and conductive carbon—are widely employed,
resulting in complex contact interfaces within the electrode. Nevertheless, the static and dynamic
understanding of these interfaces remains insufficient. Under substantial volume strain, these contact
interfaces undergo continuous evolution: point contacts may transform into surface contacts, while
established interfaces may delaminate, ultimately governing electrode failure mechanisms. In this
review, we systematically examine the nature and impact of contact interfaces in anodes undergoing
significant volume strain. Contact interfaces are categorized into geometric types as well as physical
and chemical interfaces, with particular emphasis on their operando evolution and coupling with solid

electrolyte interphase chemistry. We critically evaluate advanced characterization techniques,
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including operando X-ray/neutron imaging and cryogenic electron microscopy, oand presenbiaic
comparative matrix outlining their respective capabilities. Furthermore, we bridge the gap between
qualitative understanding and quantitative design principles by highlighting emerging advances in
multiscale simulations as well as Al-assisted and data-driven interface engineering. Finally, we
propose a roadmap linking laboratory-scale strategies to industrial scalability, offering a forward-

looking framework for the rational design of next-generation Li* storage systems.
1. Introduction

As the energy demand continues to grow in human society, the increasing emissions of greenhouse
gases from the combustion of fossil fuels have contributed to a steady rise in global temperatures.[!-3]
In response to this challenge, there has been a significant surge in research interest in energy storage
and conversion technologies that are clean and renewable.* 31 Among these technologies,
electrochemical storage and conversion are widely regarded as one of the most promising, particularly
for electric vehicle applications.[®] Hydrogen fuel cells, which directly convert the chemical energy of
hydrogen and oxygen into electrical energy, offer exceptionally high energy densities and are
considered one of the most viable solutions for electric vehicles.[”> 31 However, despite its potential,
hydrogen fuel cell technology has yet to be widely adopted in large-scale electric vehicles due to

ongoing challenges in electrocatalysis and limitations in safe and efficient hydrogen storage systems.

Lead-acid, nickel-cadmium, nickel-metal hydride, and lithium-ion batteries (LIBs) are the four

primary types of electrochemical energy storage devices commonly used today.l> %) Among these,

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

LIBs offer superior volumetric and gravimetric energy densities compared to lead-acid, nickel-

cadmium, and nickel-metal hydride batteries, positioning them as the most promising energy storage
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solution for a wide range of applications.['!- 12l A key factor contributing to the widespread adoption

of L1Bs is their commercial environmental compatibility. Since Sony first commercialized LIBs in the
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1990s, they have been widely utilized as portable power sources in devices such as laptops, mobile
phones, digital cameras, music players, and other electronic products. Looking ahead, LIBs are

expected to capture a significant market share in the electric vehicle sector.!'3-13]

LIBs are composed of several key components, including a polymer separator, lithium salt electrolyte,
cathode electrode, anode electrode, and cell shells. A typical commercial LIB features a carbon-based
anode (e.g., graphite), a transition metal lithium oxide cathode (e.g., LiCoO; or LiMn,0,), and an
organic electrolyte. During the charging process, Li* is released from the cathode and, under the
applied voltage, travels through the electrolyte to intercalate into the anode.l'6! At the same time,
electrons flow through an external circuit from the cathode to the anode. During charge and discharge
cycles, the directions of Li" and electron movement are opposite. The energy density of LIBs is

primarily determined by the specific capacity and operating potential of both the cathode and anode.!'”]
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The theoretical specific capacity of the commonly used graphite anode is only 372 r1n‘%ah1gfdzvg/\§2r 1854G
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result, batteries using graphite anodes are increasingly insufficient to meet the growing energy
demands of advanced electronic devices and electric vehicles. Replacing carbon-based anodes with
novel materials that offer higher specific capacities could enable the development of LIBs with

significantly higher energy densities.
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Figure 1.1 (a) Anode materials with large volume strain. (b) The publications regarding the anode materials with
large volume strain using the keywords ( silicon anode OR “tin anode” OR “germanium anode” OR “metal oxide
anode” OR “phosphorus-based anode” OR “volume strain” OR “volume expansion”) in the “Web of Science ”

database. The search time range for the article is “2013-01-01 to 2025-11-20".

Over the past few decades, a range of high-specific-capacity anode materials, including silicon-based,
tin-based, and transition metal oxide materials, have been proposed.['>?3] These materials typically
achieve high specific capacities due to the alloying and conversion reactions, in which the molar
volume of the electrochemical products is significantly higher than that of the reactants (anode
materials).[?6] To alleviate the volume strain associated with these anode materials, a common strategy
is to incorporate carbon or high Young's modulus additives. These additives, which are typically
electrochemically inactive or have a lower specific capacity, serve to suppress or buffer the expansion
of the active materials.[?”-?° For example, doping or incorporating carbon nanotubes or free carbon
into silica at the atomic or molecular level has resulted in the formation of multiphase composite
ceramics, such as SiOC,B% 311 which exhibit reduced volume strain. Consequently, significant
heterointerfaces can be created between the anode materials and the additives. An analysis of
publications in related fields in the Web of Science database (Figure 1.1a) reveals a clear upward trend
in the number of associated publications (many papers belonging to 2025 will be published in 2026),
which has surpassed 14,000 in recent years (Figure 1.1b). This suggests growing interest among

researchers in addressing the challenges posed by anodes under high-volume strain.
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Electrodes typically consist of multiple materials. In traditional electrode prepamatiomlolgfévii%aswc
acetylene black is commonly used as a conductive agent, while polyvinylidene fluoride (PVDF)
functions as a binder. This leads to the formation of numerous contact interfaces between the active
materials, conductive agents, binders, and current collectors. With the ongoing advancements in
materials science and technology, the electrode fabrication process increasingly incorporates
additional additives, such as graphene and elemental metals, thereby creating a more intricate
heterointerface system.!32-34] In battery systems, the transport of electrons and Li* depends on carriers
or media. For multi-interface structures, electron and Li* transfer can only occur through the contact
points at these contact interfaces.[>3] The structure of these contact interfaces plays a crucial role in
influencing the transport efficiency of electrons and Li*, which in turn gives rise to a variety of

intriguing phenomena.

Many previous works have reviewed surface and interface engineering for battery materials, but they
predominantly focused on the liquid electrolyte/active materials interfaces, such as SEI layers, surface
coating, interface alloying, et.al.[36-3%1 However, this conventional perspective largely overlooks the
critical internal contact interfaces buried within the composite electrode matrix, such as the solid—solid
contact interfaces—comprising active material-active material, active material-conductive additive,
active material-binder, and active material-current collector contacts—are m abundant and decisive
for electron/ion percolation. These internal contact interfaces in high-volume-strain anodes undergo
drastic geometric reconstruction, yet the fundamental mechanisms governing how these buried

junctions evolve have also not been systematically analyzed. Furthermore, regarding theoretical

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

modelling, a unified multiscale framework capable of describing the dynamic chemo-mechanical
coupling at these evolving solid—solid interfaces is still unclear, leaving a gap between atomic-level

bonding insights and macroscopic electrode failure.
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In this review, we establish a systematic framework to analyze the contact interfaces of high-volume-
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strain anodes, moving beyond material-specific discussions. We introduce a dual-dimensional
classification system defined by geometry (point-to-point (PtP), line-to-line (LtL), and surface-to-
surface (StS)) and physical/chemical (weak vs. strong interactions and heterogeneous interfaces).
Crucially, this framework is applied to reveal the dynamic evolution of contact interfaces—specifically,
how contact modes transition and degrade under substantial volumetric strain. We further integrate
these concepts with advanced characterization and simulation methodologies to establish quantitative
structure-performance correlations. Finally, we distill these insights into generalizable design rules,
providing a rational roadmap for engineering mechanically compliant and electronically percolated

networks for next-generation batteries.
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2. Typical anode materials with large volume strain POI10.1039/DEEE01264G

2.1 Si-based anodes
2.1.1 Volume strain effect

Silicon (Si) and oxygen (O), as the most abundant elements in the Earth's crust, are predominantly
found in the forms of silica and silicates. Leveraging their natural abundance and high theoretical
capacities, Si-based materials—including Si and various silicon oxides—have emerged as some of the
most promising candidates for next-generation LIB anodes.[40-42] Recent advancements in this field
have led to the widespread development and commercialization of Si/C composite anodes, which are
now regarded as representative systems for practical applications.[*>*#] Companies such as BTR New

Energy Materials Ltd. have already adopted these materials in commercial LIBs.[46]

Despite these advances, current Si/C composites still face several critical challenges that limit their
broader adoption and performance optimization: (1) The Si content in commercial Si/graphite
composites remains relatively low (typically <10 wt%), restricting their reversible specific capacity to
approximately 500 mAh g™'.1*71 (2) Si with inherently low electrical conductivity hampers its rate
capability.*® (3) Si-based materials undergo substantial volume strain—up to ~300%—during
lithiation and delithiation. This causes particle pulverization, continuous SEI formation, and

consequently, rapid degradation of both cycling stability and Coulombic efficiency.[4%:30]

To address these issues, extensive efforts have focused on diversifying Si-based anode materials. These
include pure Si, silicon monoxide (Si0), silicon dioxide (SiO,), and non-stoichiometric amorphous
silicon oxides (SiO;, where 0 < x < 2).151-331 In addition, novel Si-based compounds—such as Li,VSiOs
and large intragranular cavity silica—have been introduced in recent studies to optimize
electrochemical behavior further.l3% 35 These materials exhibit a wide range of properties in terms of

capacity, conductivity, cycling stability, safety, and cost.
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Figure 2.1 The properties of various (a) Si-based anodes and (b) the comparison of various Si-based anode materials

for the related factors in LIBs.

Figure 2.1 provides a comprehensive overview of the electrochemical performance of Si-based anodes.

In general, increasing the oxygen content in Si-based materials leads to lower specific capacity,

coulombic efficiency, and rate performance, improved cycling stability and safety and reduced raw

material costs.’!] For instance, SiO;, is an electrical insulator and, upon lithiation, predominantly forms

non-conductive Li,O and silicate phases—significantly degrading its rate performance compared to

pure Si.3¢ 371 Similarly, in SiO, materials, higher values of x correspond to increased formation of

these insulating phases, resulting in progressively lower conductivity and rate capability.[>’] This

intrinsic trade-off highlights the critical need for structural and compositional optimization to enhance

conductivity and electrochemical performance, especially under high-rate operating conditions.
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Figure 2.2 Volume strain effect of Si anodes. (a) The in-sitzu TEM morphology of Si anode during lithiation. (b)-(c)
The final crystalline Li;sSiy is formed after lithiation for Si. Reproduced with permission.’8! Copyright 2012,

American Chemical Society.

Cycling stability remains a pivotal parameter in evaluating Si-based anodes. In-sifu transmission
electron microscopy (TEM) studies reveal that pure Si anodes undergo volumetric strain of
approximately 300% upon full lithiation, which induces particle fracturing and continuous SEI
formation, leading to capacity fade over repeated cycles (Figure 2.2).15% 61 In contrast, SiO anodes
exhibit lower volume strain (~160%), and further increases in oxygen content (e.g., in SiO,) yield even
greater dimensional stability.[°!: 621 For the broader SiO, family, volume strain varies between ~300%
(pure Si) and ~160% (SiO,).[>!

Beyond performance concerns, volume strain in LIBs also poses significant safety risks, such as

internal short circuits that may lead to combustion or explosion. Therefore, safety considerations are
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critical in the design of Si-based anodes.[®] SiO,, in particular, is non-toxic, chemicallyostable;rand ¢
non-flammable, with minimal volume strain during cycling. These characteristics significantly reduce
the likelihood of separator puncture and short-circuiting, thereby enhancing battery safety.[64]
Moreover, SiO, is cost-effective, being readily available from natural resources like sand, minerals,
and biomass.P7- 91 By selectively removing oxygen from SiO,, it is possible to obtain SiO,, SiO, or
pure Si, enabling tunable electrochemical and physical properties depending on specific application

needs. 66, 67]

2.1.2 Lithiation mechanisms

350 350
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Figure 2.3 Volume strain of (a) crystalline Li-Si alloys compared to Si. (b) Volume strain of amorphous and (c¢)

crystalline Si during Li* insertion and extraction. Reproduced with permission.[%8! Copyright 2012, Elsevier.

Unlike graphite anodes, which rely on a Li* intercalation/deintercalation mechanism, Si stores Li*
through an alloying/dealloying reaction (Figure 2.3).5% Coulometric titration experiments have
identified four intermediate alloy phases (Li;,Si7, Li;Si3, Li;3Si4, and Li,Sis) formed at elevated
temperatures (~415°C) during lithiation. Among these, Li,,Sis exhibits the highest theoretical
capacity, reaching 4200 mAh g™'.[] However, under ambient conditions, Li;5Si, is the terminal

lithiation product, with a slightly lower theoretical capacity of 3589 mAh g™".

During the initial discharge (lithiation) in a half-cell, a voltage plateau typically appears between

0.05V and 0.2 V [4.70. 7] corresponding to the transformation of crystalline Si into amorphous Li,Si:
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Si+ xLit + xe —>Li,Si Dol 1010392 to b
As the voltage drops below 0.05 V, amorphous Li,Si further crystallizes into Li;sSis:
4Li,Si+ (15 —4x)Li* + (15 — 4x)e > Li;5Si, (2.1.2)

During charging (delithiation), a sloping plateau at approximately 0.4 V reflects the decomposition
of Li158i4:

Li;sSis—15Li* +15¢~ +48Si (2.1.3)

SiO anodes store Li™ via two mechanisms: (1) A conversion reaction between SiO and Li*, forming
Li,O and Si; (2) an alloying/dealloying reaction between the resulting elemental Si and Li*.["]
However, the lithiation of SiO is complex due to irreversible reactions, particularly during the first
cycle. The products formed vary with lithiation conditions, with lithium silicate compounds such as
Li14S10,4, Li,Si103, LigSi,0,, and Li,Si,0s5 being frequently reported. The major reactions are

summarized as follows:[51]

Si0 + 2Li* +2e~—Liy0 + Si (2.1.4)
Si0 + 2Li* +2e~—Liy0 + Si (2.1.5)
3Si0 + 2Li* +2e >Li,Si05 +2Si (2.1.6)
75i0 + 6Li* +6e~—LigSi, 0, +5Si 2.1.7)
55i0 + 2Li* +2e~—Li,Si,05 +3Si (2.1.8)
Si+ xLi* +xe”—>Li,Si (2.1.9)

The reaction mechanism of SiO, with Li* is even less understood. However, several products, such as
Li,Si,0s, Li,Si03, Li,Si04, Li,0O, and Li,Si, have been reported during the lithiation of SiO,-based

anodes.[>”- 73731 Representative reactions include:

55i0, +4Li* +4e~=2Li,Si,05 +Si (2.1.10)
3Si0, +4Li* +4e~—2Li,Si05 +Si 2.1.11)
28i0, +4Li* +4e~—>LiySi0, +Si (2.1.12)

Si0, +4Li* +4e~—2Li,0 + Si (2.1.13)

Similar to SiO, the lithiation of SiO, occurs in two distinct steps: First, SiO, undergoes conversion to
form electrochemically active phases (e.g., Li,S1,05) and inactive phases (e.g., Li4S10,4, Li,Si10s3,

Li,0), alongside elemental Si. In the second step, the elemental Si reacts with Li* to form reversible

9

line
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Li,Si. During delithiation, the inactive phases remain, contributing to the low initiali Coulombig.c

efficiency observed in SiO, anodes.[¢4]

The lithiation mechanism of SiO,, (0 <x<2) combines both conversion and alloying/dealloying
processes. During initial lithiation, SiO, reacts with Li* to produce elemental Si and lithium-containing
byproducts such as Li,O and lithium silicates. The elemental Si then undergoes alloying with Li* to

form Li,Si.l76! The following reactions illustrate the lithiation pathways of SiO, materials.[77-7°]

Si0y +2xLi* +2xe”—>xLi,0 + Si (2.1.14)

Si0, +(6x/7)Li* +(6x/7)e~—(x/4)Li,Si04 +(1 — x/4)Si (2.1.15)
Si0, +(2x/5)Li* +(2x/5)e~2(x/5)LiySi,0s +(1 — 2x/5)Si (2.1.16)
Si0, +xLi* +xe”—>(x/4)Li,0 + (1 — x/4)Si (2.1.17)

In conclusion, the lithiation mechanisms of SiO,, SiO, and SiO, anodes, unlike the relatively well-
characterized behavior of pure Si, are still not fully understood. These materials often undergo
irreversible structural transformations during initial cycling, which impact their capacity, cycling
stability, and Coulombic efficiency. Understanding the detailed reaction pathways, especially during

the first lithiation cycle, is essential for developing more stable, efficient, and safe Si-based anodes.
2.1.3 Summary

Si-based anodes (Si, SiO, Si0,, and Si0,) are among the most promising next-generation anodes
because Si is earth-abundant and offers an exceptionally high theoretical capacity. In practice, however,
commercial Si/carbon (often Si/graphite) composites still contain low Si fractions (typically <10 wt%),
which limits the achievable reversible capacity (~500 mAh g™!). Their broader development is further
constrained by its poor intrinsic electrical conductivity and, most critically, the severe volume strain
(up to ~300%) during alloying/dealloying, which triggers particle fracture, repeated SEI

rupture/reformation, rapid capacity fade, and reduced Coulombic efficiency.

A key compositional trend across this family is that increasing oxygen content generally sacrifices
capacity, initial Coulombic efficiency, and rate capability, while improving cycling stability, safety,
and cost. This trade-off arises that oxygen-rich systems form substantial amounts of electronically
insulating Li,O and lithium silicates during lithiation, lowering conductivity and kinetics but
mechanically buffering strain (e.g., reduced strain for SiO and even lower for SiO,). Mechanistically,
pure Si lithiates mainly via a crystalline-to-amorphous transformation followed by formation of
crystalline Li;sSis at deep lithiation, whereas SiO/Si0,/Si0, typically undergo an initial conversion
reaction that generates Li,O/silicates plus elemental Si, after which the generated Si participates in

reversible Li,Si alloying; the extent of irreversible byproduct formation (especially in the first cycle)

10
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remains a major origin of low initial efficiency. Overall, advancing Si-based anodes requires:balanemg:c

the capacity—stability trade-off through a clearer understanding of first-cycle reaction pathways and

rational structural/compositional design to maintain conductivity while mitigating volume strain.
2.2 Sn-based anodes

Since the 1990s, researchers have explored Sn-based amorphous oxides as high-capacity anode
materials for LIBs, laying the groundwork for the development of Sn-based systems and sparking
sustained academic and industrial interest.!3%) A breakthrough occurred in 2005 when Sony introduced
the first commercial Sn-based LIB, known as "Nexelion", which featured a Sn-based amorphous
material as the anode. This battery exhibited a 30% capacity improvement over traditional graphite-
based LIBs, further reinforcing the appeal of Sn-based anodes for next-generation energy storage

systems.[81]
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Figure 2.4 (a) TEM morphology of Sn nanoparticles. (b) /n-situ TEM morphology of Sn nanoparticles before and
after lithiation. (¢) Cycling performance of bulk and nano Sn anodes. (d) Areal expansion of bulk Sn and nano Sn

anodes at various voltages. Reproduced with permission.8? Copyright 2017, Wiley-VCH GmbH.

Current research on Sn-based anodes primarily focuses on three categories: Sn, Sn oxides, and Sn
sulfides.[?3- 83-86] These materials offer several advantages, such as high theoretical specific capacity
and an operating potential above the lithium plating threshold, reducing dendrite formation risks.

However, Sn-based anodes also face significant challenges, primarily substantial volume strain during
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lithiation/delithiation, which can reach an areal increase of ~130% (Figure 2.4d)pdeading tecthec
pulverization and cracking of the active material, as well as detachment from the current collector,
ultimately causing a rapid decline in cycling performance (Figure 2.4).13%2] Furthermore, low intrinsic

conductivity, especially in Sn oxides and sulfides, limits their rate capability.[%7- 881
2.2.1 Metallic Sn

Metallic Sn, a Group IVA element, undergoes reversible alloying reactions with Li*, forming various

Li-Sn intermetallic phases. The overall lithiation/delithiation reaction is expressed as:[3]
Sn+ xLit +xe =2Li,Sn (0 < x < 4.4) (2.2.1)

At maximum lithiation (x = 4.4), the resulting phase is Li,,Sns, yielding a theoretical specific capacity
of 993 mAh g', which is approximately 2.6 times higher than that of graphite.®®] This value is
approximately 2.6 times greater than the capacity of commercially available graphite. The relatively

higher working potential of Sn also helps reduce dendrite formation, improving battery safety.

Despite these benefits, the practical use of metallic Sn is limited due to extreme volume changes during
lithiation. While shallow cycles result in minimal strain, full lithiation to Li,;Sns induces 359%
volume strain, leading to severe cracking and detachment of Sn particles from the current collector,

thereby degrading cycling performance.®"]

2.2.2 Sn-based oxides

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

Common Sn-based oxides include SnO and SnO,, both of which can store Li* through a two-step
mechanism.[8% 91-931 First step is the conversion reaction: reduction to metallic Sn and formation of
Li,O:PU

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

Sno + 2Li* +2e~>Sn + Li,0 (2.2.2)
Sn0, +4Li* +4e~—>Sn + 2Li,0 (2.2.3)

(cc)

The second step is the alloying reaction:
Sn+ xLi* +xe”=Li,Sn (0 < x < 4.4) (2.2.4)

While the first step is largely irreversible, contributing to low initial Coulombic efficiency, the second
step is reversible, enabling repeated alloying/de-alloying. Based on this mechanism, the theoretical
reversible capacities are 875 mAh g! for SnO and 782 mAh g™! for SnO,.°% *4 Interestingly, when
particle sizes are reduced to the nanoscale, the first-step reduction becomes partially or fully reversible,
allowing capacities to reach 1273 mAh g™ (SnO) and 1494 mAh g™' (Sn0O,).[] In this case, the
amorphous Li,O matrix, formed during Li* insertion, acts as a buffer that mitigates volume strain and

prevents Sn agglomeration, thereby enhancing cycling stability.[%6-°7]
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2.2.3 Sn-based sulfides DOI: 10.1039/D6EE01264G
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Among Sn-based sulfides, SnS, and SnS are the most studied. SnS, adopts a layered Cdl,-type
structure, with weak van der Waals forces between adjacent layers, while SnS has a 1:1 Sn:S ratio with
a similar layered configuration.®> %81 Like Sn oxides, Sn sulfides undergo a two-step reaction

process.!]
The first step involves reducing SnS; to Sn and Li,S.[100]
SnS, +4Lit +4e —>Sn+ 2Li,S (2.2.5)
The second step is the alloying reaction.
Sn+ xLi* +xe”—>Li,Sn (0 < x < 4.4) (2.2.6)

The theoretical specific capacity of SnS, is 645 mAh g™', based on the formation of Lis.4Sn. If the first
(currently irreversible) reaction could be made reversible, the capacity could reach 1232 mAh g,
corresponding to the uptake of 8.4 mol Li*. In addition to high theoretical capacity, SnS, offers
structural advantages. Its large interlayer spacing (~0.59 nm)[!°! and the weak Sn—S bonds facilitate
Li* diffusion and enhance electrochemical kinetics. Moreover, the Li,S formed in the first step serves
as a mechanical buffer, suppressing Sn aggregation and alleviating volume strain. However, SnS;, still
suffers from low intrinsic conductivity and severe volume strain, which can lead to structural

degradation and capacity fading over extended cycles.
2.2.4 Other Sn-based anodes

Beyond metallic Sn, Sn-based oxides, and Sn-based sulfides, a broad class of Sn-containing
intermetallic compounds (including transition-metal stannides) has been explored as alternative anodes
for LIBs. By introducing a second metallic component, these phases can partially decouple Li-storage
activity from mechanical buffering and electronic transport: the metal sublattice provides high
conductivity and a rigid/ductile framework that suppresses Sn coarsening and alleviates electrical
isolation during repeated alloying/dealloying. The trade-off is that the gravimetric capacity is typically
reduced because a fraction of the electrode mass is electrochemically inactive or only weakly active

toward Li.[102]

From a mechanistic perspective, Sn-based intermetallic anodes can be broadly divided into two types.
Insertion-type intermetallics accommodate Li* through a topotactic or two-phase insertion process
while largely retaining a host framework. A representative example is n-Cu¢Sns, which can reversibly

insert up to Li to form Li,CusSns, delivering a theoretical capacity of ~358 mAh g !.[103]

CugSns + xLi + xe”=Li,CugSns
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Such insertion-type intermetallics can exhibit improved mechanical integrity comparccbsvﬁ%é?éﬁlggimé
lithiated Sn, but they remain susceptible to structural fatigue and require careful voltage window
control to maintain high cycling efficiency. Another representative stannide is Mg,Sn, where lithiation
has been reported to proceed via initial Li insertion into the lattice followed by alloying reactions
dominated by the Sn sublattice, producing initial discharge/charge capacities of ~556/460 mAh g ! in
early reports.[1%4 Displacement/conversion—alloying-type stannides undergo partial breakdown of M—
Sn bonding upon lithiation, generating nanoscale Li—Sn alloys embedded in a metallic M matrix. In

the simplest approximation, many MSn,-type phases can be described as:[193, 106]
MSn, + 4ALi* + 4.4e~ =M + 2Li, ,(2.2.8)

Here, M (e.g., Co or Fe) functions as an internal current collector and stress-buffering scaffold, while
the reversible Li-storage is dominated by the Sn-derived Li,Sn component. Recent colloidal nanoalloy
studies on monodisperse CoSn, and FeSn, nanocrystals demonstrate that constructing a continuous
metallic matrix and preventing Sn coarsening can dramatically extend cycling life. Mechanistic work
on Fe-Sn compounds (e.g., Sn,Fe) further demonstrates that the extent of conversion and
recombination, as well as the resulting phase evolution, critically governs reversibility and long-term
stability. Similarly, Ni—Sn stannides (e.g., Ni3Sn,) have been investigated as mechanically reinforced
Sn hosts.[%7] Nanocrystalline Ni3;Sny can store Li* mainly through Sn-rich interfacial/grain-boundary
regions, showing improved cyclability compared with coarse-grained counterparts, especially when

coupled to conductive frameworks.

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

In addition to transition-metal stannides, active—active intermetallic alloys such as SnSb have attracted
attention because both Sn and Sb can alloy with Li*, enabling a relatively higher theoretical capacity

(~825 mAh g!). The sequential formation of Li;Sb and Li,Sn can provide partial mutual buffering of

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

strain:[108]

(cc)

SnSb + 7.4Li* + 7.4e~=Li, ,Sn + Liz(2.2.9)

Nevertheless, substantial volume strain still occurs, so practical SnSb electrodes typically rely on
nanosizing, carbon coating, and hierarchical conductive scaffolds (e.g., porous carbon nanofibers,
core—shell composites) to preserve percolation pathways and suppress particle pulverization. Overall,
Sn-containing intermetallics, lithiation produces a multiphase nanocomposite (such as Li,Sn + M and
Li;Sb + Li,Sn) in which the inactive/less-reactive phase plays a role analogous to the Li,O/Li,S
matrices in SnO,/SnS,, but with higher electronic conductivity, making them a useful platform for
applying the interface-focused design rules discussed in later sections. Moreover, the Sn-based
intermetallic compounds generally present relatively high density, which can bring about high vollme

energy density, although they present high volume strain (above 100%, Table 1)
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Table 1. Densities and volume of different Li,Sn alloys.
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Phase Density / (g cm™) Volume strain / %
Sn 7.29 260
Li,Sn;s 6.11 122
LiSn 5.10 151
LisSn, 3.54 236
Liy»Sns 2.56 359
N-CueSns 8.28 266.27
CoSn2 8.91 387.37
FeSn2 8.54 373.33
NiSn4 8.65 339.48
Mg2Sn 3.51 121.64
SnSb 6.7 234.81

2.2.5 Summary

Sn-based anodes have been intensively studied since the 1990s, and their practical potential was

highlighted by Sony’s “Nexelion” (2005) using a Sn-based amorphous anode. Current Sn-based anode

research mainly covers four material families: metallic Sn, Sn oxides, Sn sulfides, and Sn-containing

intermetallic compounds (including transition-metal stannides and SnSb). These systems provide high

theoretical capacities and operate at potentials above the Li-plating threshold, but they are generally

limited by pronounced lithiation-induced volume expansion and, for oxides/sulfides, relatively low

intrinsic conductivity.

Metallic Sn stores Li* via reversible alloying to Li,Sn (0<x<4.4) and reaches Li,,Sns at full lithiation

with a theoretical capacity of 993 mAh g™, yet deep alloying causes severe volume strain and rapid

loss of electrical contact. SnO and SnO, typically follow a conversion step to Sn + Li,O followed by
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reversible Li—Sn alloying; their reversible theoretical capacities are 8§75 and 782 mAh gody respectrvelysac
and nanosizing can improve reversibility and strain buffering through the Li,O matrix. SnS, and SnS
undergo analogous conversion to Sn + Li,S and subsequent alloying; SnS, offers a theoretical capacity
of 645 mAh g™! based on Lis4Sn, with layered diffusion advantages and Li,S-assisted buffering. Sn-
containing intermetallics introduce a conductive metal framework and can proceed via insertion-type
behaviour or displacement/conversion—alloying, while SnSb represents an active—active alloy system
(~825 mAh g™).

2.3 Ge-based anodes

a

— (311) S B
— {220} Li,O . ~—{220} Li,0

aLi =gy | o . 111y

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 2.5 (a-e) Volume strain effect of Ge nanowire anodes during lithiation observed by In-situ TEM, resulting in

(cc)

a grey contrast due to the formation of Li,Ge. High-resolution TEM and selected area electron diffraction (SAED)
patterns reveal the sequential phase transformations from (f) crystalline Ge via amorphous Li,Ge to (h) the fully
lithiated single crystalline Li;sGey. (i) High-magnification image showing the intermediate state during lithiation.
From the centre to the surface, the layers were a crystalline Ge core, an amorphous Li,Ge shell, and an amorphous

Li,O layer. Reproduced with permission.['%! Copyright 2014, Wiley-VCH GmbH.

Ge has emerged as a promising anode material for LIBs due to its high theoretical specific capacity of
1600 mAh g™', which, while lower than that of Si, is still significantly higher than that of graphite.[!!0]
More importantly, Ge possesses intrinsic properties that greatly enhance its rate performance. Its Li*
diffusion coefficient is approximately 400 times higher, and its electronic conductivity is about 10000
times greater than that of Si.[''!] These properties make Ge-based anodes particularly suitable for high-

power applications. Similar to Si anodes, the lithiation of Ge involves alloying reactions that result in
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significant volume strain (~370%) (Figure 2.6). This expansion induces cracking, pulwerization:andc
detachment from the current collector, which in turn degrades electrical contact. Furthermore, the
continuous exposure of fresh surfaces leads to repeated formation and fracture of the SEI, consuming

both the electrolyte and active lithium and accelerating capacity fading and eventual battery failure.
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Figure 2.6 Voltage vs. Li-Ge alloys curves from density functional theory (DFT) simulations. Reproduced with
permission.l''?] Copyright 2020, Elsevier.

2.3.1 Ge and GeO,

The most common Ge-based anodes are Ge and Germanium oxide (GeO;). And their mechanisms are
similar to the previous elemental substances and oxides, so only a brief description will be given here.
The lithiation mechanism of Ge-based anodes generally mirrors that of Si-based materials. For pure

Ge, the reaction proceeds via a direct alloying reaction, as shown below(Figure 2.6):1113]
4Ge + 22Li*T +22e —>Li,,Ge, (2.3.1)

GeO, is also a common Ge-based anode, and the lithiation reactions can be divided into two steps as

previously discussed anodes: a conversion reaction followed by an alloying reaction:[!4]
GeO, +4Li*T +4e >Ge + 2Ge,0 (2.3.2)
Ge + 4.4Li* +4.4e~=0.2Li,,Ges (2.3.3)

Therefore, we will not continue to elaborate here. We will focus more on other special Ge-based oxides

in the later contents.
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2.3.2 Ge-based non-oxides DOI: 10.1039/D6EE01264G

Beyond traditional Ge-based oxides, significant progress has been made in developing Ge-based non-
oxide materials, including germanium selenides (GeSe), germanium sulfides (GeS,, GeS), germanium
phosphides (GeP), and Ge—Si solid solutions. These materials offer distinct advantages, such as high
theoretical capacities and improved cycling stability compared to pure Ge, with different lithiation

mechanisms that mitigate volume strain issues.

Among Ge-based non-oxide materials, GePs has gained attention due to its ultrahigh theoretical
specific capacity of 2289 mAh g™'.['!'5] However, similar to other high-capacity materials, GePs suffers
from significant volume strain, primarily due to the formation of high-molar-volume products like

Li,.4P. Its lithiation mechanism involves a two-step reaction:H16. 117]
GePs +15Li* +15e~—Ge + 5LisP (2.3.4)
Ge + 4.4Li* +4.4e~=Li, ,Ge (2.3.5)

Moreover, particularly the y-phase, is emerging as a promising candidate for Li" storage. GeSe
possesses a layered structure that facilitates Li* diffusion through its van der Waals gaps. The lithiation
of GeSe follows a conversion-alloying mechanism, where the initial conversion to metallic Ge and

Li,Se is followed by the formation of Li—Ge alloys.['!#]

GeSe + 2Li* + 2e~—>Ge + Li,(2.3.6)

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

Additionally, sGe sulfides (GeS, and GeS) are another category of Ge-based non-oxides that have
attracted attention for their potential as anode materials. GeS, adopts a layered Cdl,-type structure,

while GeS has a 1:1 Ge:S ratio, both offering good Li* diffusion kinetics. The lithiation mechanism of

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

GeS, is similar to that of other sulfides, consisting of a two-step process: first, a conversion reaction

(cc)

to form metallic Ge and Li,S, followed by alloying of Ge with Li*.[11°]
GeS, + 4Li+ + 4e~—Ge + 2Li,(2.3.7)

The theoretical capacity of GeS, based on the formation of Lis4Sn is 645 mAh g™, but if the first
(irreversible) conversion reaction could be made reversible, the capacity could theoretically reach 1232
mAh g™'. The Li,S formed in the first step serves as a mechanical buffer to suppress Ge aggregation
and alleviate volume strain. GeS, nanostructures, such as nanosheets, have shown improved cycling
stability and capacity retention by providing a higher surface area and facilitating more efficient Li*

transport.

Specifically, Ge-Si solid solutions combine the benefits of both materials. The combination of Ge and

Si results in an alloy system with tunable properties, where the high capacity of Si (~4200 mAh g™")
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is balanced with the structural stability of Ge. But the volume strain is still large, and stmreturaks 364G
is only relative to Si. The lithiation of Ge—Si alloys follows a typical alloying mechanism, where both

components alloy with Li to form Li—Si and Li—Ge phases as follows.['2%]
GegSip + 4.4(a+ b)Li* + 4.4(a+ b)e"—aLissGe + bLiy4Si (a+ b = 1)(2.3.8)
2.3.3 Ge-based oxides

Except for CeO,, several Ge-based oxide anodes, such as Ca,Ge;O;¢ and Zn,GeO,, have been
reported.['?1-123] However, the effects of volume strain in these materials have not been thoroughly
studied. Therefore, only their Li* storage mechanisms are discussed here. For Ca,Ge;O1¢, which has a

theoretical specific capacity of 990 mAh g!, the lithiation mechanism is as follows:[124]
Ga,Ge,0.6 +28Li+ +28e~—>2Ga0 + 7Ge + 14Li,0 (2.3.9)

7Ge + 30.8Li* +30.8e =7Li,Ge (0 < x < 4.4) (2.3.10)
In the first step, Ca,Ge;O6 is converted to metallic Ge and Li,O. This conversion is largely
irreversible, with the formation of an insulating Li,0 matrix. In the second step, the metallic Ge formed
in the first step alloys with Li* to form Li,,Ge (0 < x < 4.4), which is the main reversible storage

process. This is the typical alloying reaction for Ge-based anodes.!'?’]

For the Zn,GeO,4 with a theoretical specific capacity of 541 mAh g7, its lithiation mechanism also

involves a conversion reaction first followed by an alloying reaction:!12¢]

Zn,Ge0, +8Li* +8e~—2Zn + Ge + 4Li,0 (2.3.11)
Ge + 4ALi* +4.4e~=Li, ,Ge (2.3.12)
In+ Lit + e"=LiZn (2.3.13)

In this conversion step, Zn,GeO, is reduced to metallic Zn and Ge, forming Li,0O as a byproduct. This
process is similar to the conversion reaction in other metal oxides, where Li,O serves as a buffer to
accommodate volume strain. In the following, the Ge formed during the conversion reaction alloys
with Li to form Lis 4Ge, completing the lithiation process. Finally, Zn can alloy with Li* to form LiZn,
adding to the overall Li" storage capacity. This step is reversible and contributes to the capacity of the

material.[127: 128]
2.3.4 Summary

This section discusses Ge-based anode materials for LIBs, including their electrochemical
performance and mechanisms. While pure Ge has a high theoretical capacity (1600 mAh g'!) and
significantly faster Li* diffusion and conductivity than Si, it suffers from massive volume strain

(~370%) during lithiation. /n-situ TEM observations reveal that this expansion leads to severe particle
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pulverization and electrical isolation. To address this, many study explores Ge-based dersvativessac
including oxides (e.g., GeO,, Zn,GeO,) and non-oxides like phosphides (GePs), sulfides (GeS,), and
selenides (GeSe). These compounds typically utilize a two-step conversion-alloying mechanism. The
initial conversion reaction creates metallic Ge embedded within a matrix (such as Li,O or Li,S).
Crucially, this matrix acts as a mechanical buffer to accommodate volume strain and suppress
aggregation, thereby improving cycling stability. Specific complex oxides like Zn,GeO, further
enhance performance by allowing both constituent metals (Zn and Ge) to reversibly alloy with Li*,

maximizing storage capacity while mitigating structural degradation.
2.4 Metal oxides anodes

Metal oxide (MO) anodes, particularly transition metal oxides such as Fe,Oz, Co304, M0O,, CuO,
and Cu,0, have attracted significant attention for LIBs.['2°-133] These materials undergo complex redox
reactions involving multiple electrons during Li* storage, which enables them to deliver high
theoretical specific capacities.['3* Compared to graphite, metal oxides generally exhibit higher
theoretical capacities. Moreover, unlike alloy-type anodes, MO anodes operate at higher voltages,
which helps reduce the risk of lithium dendrite formation—a key safety concern in LIBs. Another
advantage of MO anodes is the formation of inert reaction products (e.g., Li,O) after Li* insertion,
which can act as a structural matrix that helps buffer volume strain and reduces electrode polarization.
This contributes to maintaining the structural integrity of the electrode during cycling. However, a
major drawback of MO anodes is their intrinsically low electrical conductivity, which severely limits
their rate capability, particularly under high current conditions. This poor conductivity often leads to

rapid capacity fading during repeated cycling.['3%]
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2.4.1 Conversion and alloying mechanisms

M0, +2yLi* +2ye~=xM + yLi,0

with Li*, forming LixM intermetallic compounds, further contributing to capacity:[!3]

21
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Figure 2.7 The morphology and structures of Co3;0,4 anodes at (a-c) pristine, (d-f) lithiation and (g-i) delithiation

The lithiation/delithiation of MO anodes typically proceeds through a conversion reaction mechanism,
especially in the early cycles. In this redox process, Li* reacts with the metal oxide to produce metal

nanoparticles (M) and lithium oxide (Li,O):[20- 137, 138]

(2.4.1)

In some cases, the metal (M) generated from this reaction can undergo a subsequent alloying reaction
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M + zLit +ze =Li,M DOI: 10.1039/ 94023340

Although these mechanisms enable high Li* storage capacity, they also result in large volume strain,

which can lead to mechanical degradation of the electrode.

In practice, metal-oxide anodes can be broadly categorized into two classes based on their dominant
lithiation mechanism. In conversion-type oxides (e.g., Fe, O3, Co304, MnOs,), the reaction in Eq. (2.4.1)
proceeds reversibly, and the active phase consists of nanosized metal particles dispersed in a Li,O
matrix. By contrast, in conversion—alloying (or alloying-type) oxides (e.g., SnO,, SnO, Zn,GeO,,
CoSnO3), the metal generated by conversion further reacts with Li to form Li-rich M,Li, alloys via
Eq. (2.4.2). This additional alloying step increases the specific capacity but also induces much larger,

often anisotropic, volume strain of the alloy domains.
2.4.2 Case study

An illustrative example of MO anode behavior is shown in Figure 2.7, which depicts the ex-situ TEM
morphology of Coz0, over a full electrochemical cycle.[!3¢] Initially, pristine Co30, particles have an
average diameter of approximately 57 nm. After lithiation, the particles expand to about 72.5 nm,
accompanied by the formation of metallic Co and Li,O. Upon delithiation, elemental Co is partially
oxidized to CoO, and the average particle size decreases to approximately 64 nm. Assuming a spherical
geometry, the overall volume strain during cycling is estimated to be 106%. This case study highlights
a key challenge for MO anodes: the significant mechanical stress caused by repeated volume strain,

which can result in particle fracture, loss of electrical contact, and ultimately, capacity degradation.
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In MO anodes, the lithiation and delithiation processes typically involve a conversion reaction, where

Li" reacts with the metal oxide to form metal nanoparticles (M) and lithium oxide (Li,O). This is

(cc)

followed by an alloying reaction in some materials, where the metal produced during conversion
further reacts with Li* to form Li,M alloys, contributing to the overall capacity. These reactions allow
for high Li* storage, but they also result in significant volume strain, which can cause mechanical

degradation of the electrode material.

MO anodes can be classified into two main types based on their lithiation mechanism. The first type
conversion-type oxides (e.g., Fe;0;, Co3;04, MnO,), which undergo a reversible conversion reaction
where metal nanoparticles are dispersed in a Li;O matrix. The main challenge here is the loss of
electronic connectivity due to the insulating nature of Li,O and the coalescence of metal domains. The
second is conversion-alloying-type oxides (e.g., SnO,, SnO, Zn,GeO,). In these materials, the metal
produced by conversion further alloys with lithium, forming Li-rich alloys. This step increases the

capacity but also leads to larger and more anisotropic volume strain, causing cracking, debonding, and
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interfacial damage, which results in loss of electrical contact. DOI: 10.1039/D6EE01264G
2.5 Phosphorus-based anodes

Phosphorus-based materials, including phosphorus allotropes and various phosphorus compounds (e.g.,
LizP, CusP), have emerged as promising candidates for anode materials in LIBs due to their
exceptionally high theoretical capacities.[!38140] Compared to MOs, phosphorus-based materials
typically possess narrower band gaps, resulting in better electronic conductivity. Moreover, elemental
phosphorus features a layered structure, which facilitates efficient Li* diffusion during cycling (Figure
2.8a).l13] Despite these advantages, the electrochemical performance of phosphorus-based anodes is
strongly influenced by their discharge—charge mechanism and the associated volume strain. As
illustrated in Figure 2.8b, lithiation induces a gradual volume strain, reaching approximately 300%

upon the formation of LizP, corresponding to a specific capacity of ~2500 mAh g™'.
2.5.1 Phosphorus allotropes

Phosphorus-based anodes have gained attention for their high theoretical capacities and distinct
lithiation mechanisms. These materials can be categorized into red phosphorus (RP), black phosphorus
(BP), and purple phosphorus (PP), which exhibit different structural characteristics and

electrochemical behaviors.

RP is one of the most studied allotropes for anode due to its relatively high theoretical capacity (~2596
mAh g™') and good electronic conductivity. The lithiation of RP involves a conversion reaction, where
RP is first converted to amorphous phosphorus and then to lithium phosphide (Li;P). This reaction is
typically represented by:[144]

RP +5Li* 4+ 5e~—Li3(2.5.1)

Despite its high capacity, the main limitation of RP anodes is the large volume expansion (~300%)
during lithiation, which leads to significant mechanical degradation, particle fracture, and loss of
electrical contact. To address these issues, nanostructuring and composite designs with conductive
matrices (e.g., carbon nanotubes) are often employed to mitigate strain and enhance cycling

stability.[143]

BP is a 2D material that has garnered interest for its high capacity (~2596 mAh g™'), excellent
electronic conductivity, and unique anisotropic properties. The lithiation of BP follows a two-step
conversion mechanism. Initially, BP is converted to lithium phosphide (Li;P), followed by the

formation of Li P alloys:[146]

BP + 3Li* + 3e~—>Li3(2.5.2)
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LisP + xLi* + xe " >Li,P (3 <x <3+ x)(2.5.3) DOI: 10.1039/D6EE01264G

The high surface area and tunable properties of BP make it a promising candidate for LIB anodes, but
the main challenges include rapid degradation due to volume strain and surface oxidation in air. These
can be mitigated through encapsulation in protective layers and composite strategies with carbon-based

materials to improve mechanical stability and cycling performance.[147- 1481

PP is another allotrope. Though less explored compared to RP and BP, PP has a layered structure that
allows for relatively fast Li" diffusion, contributing to good rate capability. The lithiation of purple

phosphorus also involves a conversion reaction, similar to RP:[14%]
PP +5Li* + 5e~—Lis(2.5.4)

PP has a higher theoretical capacity than RP, but it suffers from more significant volume strain during
the lithiation process, which leads to structural instability. The challenges associated with volume
strain and cycling stability can be alleviated by nanostructuring and hybridizing with conductive agents,

improving the mechanical properties and cycle life of the material.[131, 150]
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Figure 2.8 (a) Structure and lithiated mechanism of layered P anode. (b) Depth of lithiation vs. volume strain and

capacity for BP anodes. Reproduced with permission.[143] Copyright 2024, American Chemical Society.

24


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ee01264g

Energy & Environmental Science Page 26 of 137

View Article Online

2.5.2 Phosphorus-containing silicon compounds DOI: 10.1039/D6EE01264G
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Silicon phosphides, including SiP, SiP,, and SiP3, have also garnered attention as phosphorus-based
anode materials due to their high theoretical capacities, typically in the range of 1500-2000 mAh
g L1525 However, similar to elemental phosphorus, these compounds suffer from severe volume
strain during lithiation, which presents a major obstacle to their practical application. Recent studies,
particularly those employing DFT simulations, have focused on exploring the structural and
electrochemical properties of these materials. SiP exhibits a layered 2D crystalline microribbon-like
morphology, which is expected to promote rapid Li* intercalation and diffusion. SiP,, a layered
semiconductor with pronounced in-plane anisotropy, also supports fast Li* transport due to its unique
crystal structure. SiP3;, while more structurally complex, encounters similar challenges related to
volume strain and capacity fading. To mitigate these issues, various strategies have been
investigated—most notably, carbon-based modifications. These modifications introduce conductive
matrices and interfacial buffering layers, which enhance both mechanical stability and electrochemical

performance.[133]

The lithiation mechanisms of phosphorus-rich silicon compounds such as SiP, have been explored

through experimental studies. The lithiation process proceeds in multiple steps:[!33]

SiP, + xLi* +xe~—Li,SiP,(x < 1.8) (2.5.5)
Li,SiP, +xLi* +xe”—Li — Si — P(amouphous) (2.5.6)
Li — Si — P(amouphous) +xLi* +xe”—Li;3Si, + LisP (2.5.7)

The subsequent delithiation occurs as follows:
Li;3Siy + LisP—4Si + LizP + 13Li* +13e~ (2.5.8)
Si+ 2Li;P-SiP, +6Li* +6e~ (2.5.9)

These reaction pathways highlight the complex phase transformations and amorphization phenomena

that occur during cycling, which must be carefully managed to ensure long-term stability.
2.5.3 Non-metallic/metalloid phosphides

Phosphorus-sulfur (P-S) compounds represent an emerging class of materials with high theoretical
capacities and unique electrochemical properties. These materials typically undergo a conversion
reaction, followed by an alloying reaction, which makes them attractive candidates for high-capacity
anodes. For example, phosphorus trisulfide (P,Ss, which is a well-known P-S compound) exhibits a
high theoretical capacity (~2000 mAh g™') and has shown promise for use as an anode material in
LIBs.L156.157]
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P,Ss + 10Li* + 10e~—2Li3P + 5Li,(2.5.10) DOI: 10.1039/D6EE01264G

In this reaction, P,Ss is reduced to LisP and Li,S, with Li,S acting as a buffering phase that helps
alleviate volume strain. This material undergoes significant volume strain during lithiation, similar to
other phosphorus-based compounds, but the sulfur component helps to mitigate some of the

mechanical degradation by maintaining structural integrity.

Tin phosphide (SnP) is a promising metalloid phosphide that combines the high capacity of tin-based
alloys with the structural benefits of phosphorus. The lithiation mechanism of SnP involves a

conversion reaction where SnP is reduced to LisP, followed by the formation of Li,Sn alloys:[!58]
SnP + 3Li* + 3e~>LisP + (2.5.11)
Sn+ xLi* + xe”oLi,Sn (0 < x < 4.4)(2.5.12)

SnP combines the high theoretical capacity (~2380 mAh g™') of tin with the structural stability
provided by the phosphorus component. While SnP suffers from volume strain during lithiation, its
mechanical stability is often improved by composite electrodes that incorporate carbon or other
stabilizing agents. Moreover, SnP’s conductivity and rate capability are typically higher than those of

other phosphorus-based anodes, making it a strong contender for high-power applications.

Germanium phosphide (GeP) is another metalloid phosphide that has been studied for its high capacity
and electrochemical performance. GeP follows a similar lithiation mechanism as SnP, involving a

conversion reaction to LisP followed by alloying with Li*:[15°]

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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GeP offers an enhanced electronic conductivity compared to SnP, making it suitable for high-rate
applications. However, like SnP, volume strain during lithiation remains a challenge. To address this,
nano-engineering and composite materials are often employed to improve cycling stability and prevent

electrode degradation.

Non-metallic/metalloid phosphides, such as phosphorus-sulfur compounds, SnP, and GeP, offer high
theoretical capacities and unique electrochemical behaviors, making them strong candidates for
anodes.!'%] These materials typically undergo conversion and alloying mechanisms, which contribute
to their high storage capacities. However, the volume strain during lithiation and mechanical
degradation remain significant challenge.!!3® Strategies like nanostructuring, composite electrodes,
and interface engineering are being explored to mitigate these issues and enhance the cycling stability

and rate performance of these materials.
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Overall, phosphorus-based anodes include phosphorus allotropes (RP, BP, and PP), phosphorus-
containing silicon compounds (SiP, SiP,, and SiP5), and non-metallic/metalloid phosphides (such as
P-S compounds, as well as SnP and GeP). They are attractive for LIBs because their lithium storage
mainly involves P to LizP conversion (often coupled with Sn/Ge alloying reactions), enabling
exceptionally high theoretical capacities, while their relatively narrow band gaps and, in some cases,
layered frameworks can facilitate charge transport and Li* diffusion. However, their electrochemical
behavior is commonly accompanied by pronounced phase transformations and amorphization together
with ~300% level volume strain, which induces particle pulverization, disruption of conductive
networks, interfacial instability, and loss of electrical contact, ultimately leading to rapid capacity
fading and limited cycle life. To realize durable high-capacity operation, current efforts focus on
nano/microstructural engineering (e.g., nanostructuring and hierarchical porosity) to mitigate stress
accumulation, combined with carbon-based conductive/buffering matrices, protective coatings, and
interface engineering to simultaneously enhance electron/ion transport and mechanical integrity. In
particular, P—S systems can generate buffering phases (Li,S) that partially accommodate volume strain,
whereas SnP and GeP typically offer higher conductivity and better rate capability, and still require

composite and interfacial regulation to overcome strain-driven structural degradation.
2.6 Strategies for mitigating volume strain through compositing

As discussed in previous sections, many high-capacity anode materials—such as Si-based, Sn-based,
Ge-based, MO-based, and phosphorus-based anodes—undergo significant volume strain during
lithiation and delithiation. Generally, higher specific capacities are accompanied by more pronounced
volume changes, which can lead to mechanical degradation, particle fracture, and loss of electrical

contact.

Core-shell structure Porous structures Hollow structures

Elastic and non-elastic Active materials with

3D framework structure Layered structure : . : o
composite design interstitial space
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Figure 2.9 Strategies for mitigating volume strain through compositing: core-shell, porous, hollowy 313 framewarl 626

and layered structure; elastic and non-elastic composite design and active materials with interstitial space.

To address these challenges, a variety of compositing strategies have been developed. These
approaches aim to engineer anode materials capable of accommodating large volume strain while
preserving both structural integrity and electrochemical performance. The following are key

compositing strategies used to mitigate volume strain:

(1) Core-shell structures: In this design, the active material (e.g., Si) is encapsulated within a
protective shell composed of materials such as carbon, graphene, or MO. The shell not only provides
mechanical confinement to buffer volume strain but also enhances electronic conductivity, thereby
improving overall battery performance. During cycling, the shell absorbs strain forces, reducing the

risk of structural failure.

(2) Hollow/porous structures: Creating anode materials with hollow or porous architectures
introduces internal void space to accommodate strain without fracturing the structure. These features
reduce material density and increase surface area, facilitating better Li* access and faster reaction
kinetics. Optimized porosity also contributes to strain accommodation while maintaining mechanical

robustness.

(3) Three-dimensional (3D) network structures: A 3D conductive network—such as a carbon
scaffold or metallic framework—can provide mechanical support and stress distribution for active
particles undergoing volume strain. This interconnected framework serves as a structural backbone,
ensuring the continuity of electron and ion transport pathways and maintaining the integrity of the

electrode over extended cycling.

(4) Layered (multilayer) structures: Multilayered designs incorporate alternating soft and rigid
layers to absorb and dissipate mechanical stress during lithiation and delithiation. The soft layers act
as cushions, reducing the likelihood of particle fracture, while rigid layers preserve structural order.

This approach effectively enhances cycling stability by reducing internal stresses.

(5) Elastic and non-elastic composite designs: Combining elastic materials (e.g., flexible carbon
frameworks or polymers) with non-elastic components (e.g., metal oxides) allows for controlled strain
distribution within the composite. The elastic matrix can deform reversibly to accommodate volume
strain, while the non-elastic phase ensures structural coherence and contributes to electrochemical

activity.

(6) Active materials with interstitial space: Incorporating spherical particles with interparticle gaps
into composite structures introduces interstitial spaces that serve as expansion buffers. These voids

help absorb strain, reduce mechanical stress, and minimize particle pulverization, especially in
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materials like silicon that undergo extreme volumetric changes. DOI: 10.1039/D6EE01264G

Compositing strategies not only mitigate volume strain but also generate abundant internal interfaces
during fabrication. These contact interfaces play a pivotal role in enhancing electron and Li* transport,
which in turn improves rate capability, cycling stability, and overall energy density. The subsequent

section explores the crucial influence of these interfaces on Li* storage performance.

3. Geometric classification of contact interfaces

(2)

(b) |
Li* el \

p, “ThESSSSEEEEEESSS—

Figure 3.1 Schematic illustrating the contact interfaces from geometric aspects: (a) surface-to-surface (StS), (b)

line-to-line (LtL), and (c) point-to-point (PtP).

Because this work focuses on anode materials, the contact interfaces in this section refer to the contact
interfaces within the active material itself. Based on geometric considerations, contact interfaces in
electrode materials can be classified into three types (Figure 3.1): (1) surface-to-surface (StS) contact;
(2) line-to-line (LtL) contact; and (3) point-to-point (PtP) contact.[!3*] StS contact refers to a
configuration in which two phases interact over a broad, continuous interface. This model enables
efficient ion and electron transfer, making it highly desirable for maximizing electrochemical

performance. However, StS contact often compromises the porosity of the material, which may
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adversely affect the cycling stability of electrodes, particularly in systems undergeingosigniticantic
volumetric strain during cycling.!'6? In contrast, LtL contact typically occurs when one of the materials
features a nanorod or wire-like geometry. The restricted contact area along a single line reduces ion
and electron transport efficiency compared to StS. Nevertheless, the additional free volume in the LtL
configuration provides greater tolerance for mechanical strain, improving structural stability during
cycling. PtP contact represents the most geometrically constrained configuration, where only a single
point connects the two phases. This minimal contact area severely limits ion and electron transfer,
making PtP contact the least efficient in terms of electrochemical kinetics. Additionally, repeated
volume changes during cycling can destabilize the interface, further degrading performance. Since
electrochemical reactions require the simultaneous transport of ions and electrons, the contact model

plays a critical role in determining both reaction kinetics and overall rate performance.[163]
3.1 Surface-to-surface contact (StS)

The most representative example of StS contact is the core@shell structure, where the active material
is encapsulated by a shell layer. This design minimizes direct contact between the active material and
the electrolyte, suppressing the formation of unstable SEI layers. Furthermore, if holes are made in the
shell through a specific method, it is expected to solve the problem of slow Li* diffusion to a certain
extent and enhance the rate performance.l'64 165 The shell layer may even serve as a dual-functional
component, replacing both the conductive agent and the electrolyte by facilitating rapid ion and

electron transfer to the active core.[63 166]

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

StS interfaces can be further categorized into full and partial contact types. In full StS contact, the
entire interface between the core and shell is engaged (Figure 3.2a), whereas partial StS contact

involves only localized contact, with other regions remaining electrically and ionically isolated

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

(Figure 3.2b).l1¢7. 1681 The full contact configuration maximizes interface utilization, thereby
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enhancing charge transfer. However, it lacks internal free volume, meaning the shell must absorb all
mechanical stresses during cycling. Repeated volumetric expansion and contraction can lead to shell

cracking and loss of structural integrity.[!6%-171]
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Figure 3.2 TEM image of the (a) full and (b) partial StS model. Reproduced with permission.['”?] Copyright 2012,
Wiley-VCH GmbH.

To mitigate this, voids or internal cavities are introduced into the StS structure.l'’? 1731 The inclusion
of such internal free space allows the surface coating to buffer the volume strain of the active material,
while also providing a mechanism for strain release internally. These voids buffer the volume strain
of the active core and relieve stress on the shell, thereby preserving structural stability without
significantly compromising interfacial transport.l!7% 174. 1751 Nevertheless, such a void inclusion reduces

the tap density of the material, lowering volumetric energy density.[!76- 177]
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Figure 3.3 (a) Rate performance, (b) discharge-charge curves, (¢) specific capacity and initial Coloumbic efficiency,
(d) capacity retention, (e) EIS plots, (f) thickness change, and (j) resistance vs. volume strain relationship of

SiO@carbon. Reproduced with permission.['”8] Copyright 2023, Wiley-VCH GmbH.

A notable example is the SiO,(@carbon anode developed by Wei’s group. This composite features a
continuous carbon shell tightly encapsulating the Si0O, core (Figures 3.3a-d), achieving both enhanced
charge transfer and effective stress buffering. As a result, the anode delivers a high specific capacity
(~200 mAh g™' at 5 A g™') and retains ~80% of its initial capacity after 100 cycles, outperforming bare
Si0, electrodes (Figure 3.3e—j). The carbon shell also limits electrode strain to 7.1%, compared to
~99.6% for the uncoated version. However, despite these improvements, the cycling stability still lags
behind other optimized SiO,-based anodes due to the intrinsic limitations of the StS model in

accommodating large volume changes during (de)lithiation.[!7®]
3.2 Line-to-line contact (LtL)

While LtL contact models provide a smaller contact area and therefore reduced ion/electron transport
efficiency,!!””] they offer substantial void space for strain accommodation, which is critical for long-

term cycling stability.[17% 1801 As a result, this model helps reduce the stress on the shell material during
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nanowire-in-tube architectures, where a 1D nanowire is confined within a hollow tubular shell (Figure
3.1b).['83] In this configuration, the contact occurs along a line, and the anisotropic structure supports
progressive electrochemical reactions from the contact line outward.!'#*-13] However, because Li* must
traverse the full diameter of the nanowire core, the maximum Li* diffusion length in LtL contacts is
approximately double that in StS systems, reducing rate capability.[!7”- 187] Assuming the contact model

is the dominant factor influencing transport, the rate performance follows the trend: StS > LtL > PtP.
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Figure 3.4 Preparation of SnO, nanowires encapsulated into titanate nanotubes. Reproduced with permission.[?7]

Copyright 2024, Elsevier.

Chen et al. developed SnO, nanowires encapsulated in titanate nanotubes (SnO,@C-HTO) as an anode
material for Li* storage, using a combination of electrostatic spray deposition, annealing, and solution
methods (Figure 3.4). The resulting SnO,@C-HTO exhibits excellent rate capability and cycling
stability, attributed to the unique LtL structure. As the current density increases from 0.2 to 5 A g,
the specific capacity remains nearly constant, demonstrating the anode's superior electron and Li*
transfer efficiency (Figure 3.5). Compared to conventional SnO,-based anode materials,
SnO,@titanate nanotubes show significantly enhanced rate performance, particularly at high current
densities. Moreover, after 500 charge-discharge cycles, the anode maintains its specific capacity
without noticeable degradation, highlighting its long-term stability. These findings suggest that the

LtL structure, designed with careful consideration, contributes to achieving outstanding
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Figure 3.5 (a) Rate-performance. (b) Performance comparison. (¢) Cycling performance of SnO,@ titanate

nanotubes with the LtL model. Reproduced with permission.[87 Copyright 2024, Elsevier.

3.3 Point-to-point (PtP)

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

For materials experiencing large volume strain, two main design principles guide the development of

stable electrodes: (1) minimizing direct contact with the electrolyte to reduce SEI formation,[!38-13%]

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

and (2) incorporating internal voids to relieve mechanical stress during (de)lithiation.[33 181 Although

LtL contact models can fulfill these criteria, their fabrication often requires complex and expensive

(cc)

processes, such as chemical vapor deposition (CVD).I1°1-194] In contrast, zero-dimensional materials,
typically spherical particles, are easier to synthesize due to their low surface energy.['%] However, they
inherently form PtP contacts, severely restricting ion/electron transfer.[!¢l PtP contact can be
subcategorized into single-point, multi-point, and bridge-contact models, each exhibiting distinct

transport properties.!19% 197]

In the single-point model (Figure 3.1¢), electron and ion transfer occur through a single, isolated
contact interface. Although strain during cycling may introduce new contact points, transport remains
inefficient under high current conditions.l'®] To improve performance, the multi-point model

introduces several contact points, often by encapsulating nanoparticles within a conductive matrix.[1%]
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Figure 3.6 (a) Schematic illustration and (b) TEM image of the PtP model. Reproduced with permission.[?0%]

Copyright 2017, Wiley-VCH GmbH. (¢) Comparison of the space utilization rate between multipoint contact and

single point contact.

For example, Zhao ef al. created a graphene-encapsulated Si composite using CVD and Ni templating
(Figure 3.6a-b). While this structure enhances transport relative to the single-point model, it still has
a smaller contact area compared to LtL and StS contact interfaces. It suffers from low volumetric
density due to internal porosity.l2% 2011 For the single point contact model in the ideal situation, if the
void in the shell can be filled due to the large volume train of active materials after lithiation, the void
utilization would achieve 100% (Figure 3.6¢). However, the void generally cannot be fully packed, as
in Figure 3.6b. In multi-point contact structures, the space utilization increases with the increasing
number of core materials under the condition that the void is not filled. If the void is filled, void

utilization is inversely proportional to the number of particles filled.

For composite materials with single-point contact, the contact mode may shift from single-point to StS

contact as the electrode material undergoes volume strain due to electrochemical reactions. In contrast,
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for the multi-point contact model, even after the strain of the electrode material, theocontaeto 4G
remains multi-point contact due to the tangential relationships between multiple particles, with a
significant number of pores still present inside the composite material.[?°] To enhance the volumetric
specific capacity of the multi-point contact model, two strategies can be employed: (1) increasing the
size of the core materials and increasing their quantity, and (2) filling the unoccupied spaces with other

materials.[172]

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

Figure 3.7 Schematic and TEM morphology of bridge joint point contact. Reproduced with permission.[20%]
Copyright 2019, Wiley-VCH GmbH.

Further improvements of reaction kinetics can be achieved by incorporating bridge joint contacts,
where one-dimensional (1D) carbon nanotubes (CNTs) or nanowires fill the voids between active
particles (Figure 3.7).22] This approach enhances connectivity and transport efficiency, reducing
electrolyte infiltration in turn, which minimizes SEI growth and improves Coulombic efficiency.?’
2031 A compelling example is the yolk shell Si@C composite (YS-Si/C), where CNTs are embedded
within a hollow structure to form bridge contacts.[?°4] This design enhances both ionic and electronic

transport while preventing excessive strain and structural degradation. EIS confirms reduced charge-
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transfer resistance and improved Li* diffusion (Figure 3.8a). The composite maintainshigh:capacitiesac

(~1700 mAh g™" at 1-2 A g™") and excellent retention over 100 cycles (Figures 3.8b—d), underscoring

the effectiveness of bridge joint architectures.[202205]
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Figure 3.8 (a) EIS plots, (b) rate performance, and (c)-(d) cycling stability of YS-Si/C. Reproduced with
permission.?2! Copyright 2019, Wiley-VCH GmbH.

3.4 Coexistence of contact interfaces

The discussion above treats PtP, LtL, and StS contact interfaces as idealised geometries to clarify their

individual transport and mechanical characteristics. In real composite anodes, however, these contact

interfaces rarely appear in isolation. Instead, multiple contact interfaces are hierarchically organised

from the primary particle level up to secondary agglomerates and the electrode scale.[206-209]

Recognising this coexistence is essential for correctly interpreting electrochemical behaviour and for

designing practical architectures.
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Figure 3.9 (a) Hierarchical contact interfaces governing stress regulation and (b) electrochemical stability in

HG@Si0; anodes.

In representative Si@C/CNT networks, Si nanoparticles are anchored onto interwoven CNTs, forming
extended LtL contacts along the CNT sidewalls.[?!1%1 These LtL contact interfaces provide continuous,
flexible electron pathways bridging multiple Si particles, effectively converting a collection of isolated
PtP contacts into a connected line network, while the CNTs can accommodate part of the Si volume
strain via bending and sliding.[?'!- 212] Third, numerous Si/C composites employ conformal carbon or
SiO, shells on Si particles (Figure 3.9a). In Si/CNT@C, for instance, a resorcinol-formaldehyde-
derived carbon shell uniformly coats both Si nanoparticles and CNTs, welding them together into a
three-dimensional porous structure.?'3] Similarly, partial Si—C bond formation at Si/graphitic contact
interfaces leads to strong adhesion between Si (or SiO,) and the surrounding carbon matrix.[?'4l These
contact interfaces can be viewed as local StS contacts that homogenise current distribution, stabilise
the SEI, and buffer volume strain by converting Si strain into more uniform shell deformation.?5] As
a result, a well-designed Si/C composite is not a pure PtP, LtL, or StS system, but a hierarchical
combination of all three, with PtP contacts between primary particles, LtL connections along 1D
conductive filaments, and StS core—shell or matrix—particle contact interfaces that dominate the

mechanical and electrochemical stability.

A similar coexistence of PtP, LtL, and StS contact interfaces appears in other high-strain anode
architectures, such as bioinspired mechanically interlocking holey graphene@SiO, (HG@SiO)

anodes (Figure 3.9b).[216] In this design, the interlocking regions between protruding SiO, domains
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and holey graphene sheets act as extended StS/LtL contact interfaces, transmitting straim frem 4G
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into the tougher graphene and reducing the maximum von Mises stress in the oxide. Overlapping and
partially wrapped graphene edges form additional LtL connections that bridge neighbouring SiO,
particles, while residual isolated SiO, particles or small clusters still interact with the conductive
framework mainly via PtP contacts. Finite-element analysis (FEA) shows that these interlocking
StS/LtL contact interfaces significantly reduce local stress and strain energy in SiO, compared with
planar graphene@SiO,, whereas PtP-dominated regions exhibit higher local stress and a greater
tendency for debonding. The outstanding cycling stability of HG@Si0, (with high capacity at large
current densities over thousands of cycles) can thus be understood as the result of a favourable
hierarchy of contact interface geometries, where mechanically robust StS/LtL contact interfaces

dominate but some PtP contact interfaces persist.

These examples highlight that our geometric classification is powerful when used as a multi-scale
descriptor rather than as a set of mutually exclusive categories. Real composite anodes should be
designed not to realise a single ideal contact interface, but to optimise the hierarchy and spatial
distribution of PtP, LtL, and StS interfaces according to the specific requirements of ionic/electronic

transport, mechanical compliance, and volumetric energy density.
3.5 Geometric state of the interface evolves dynamically

It is important to note that the classifications of PtP, LtL, and StS primarily correspond to the initial
contact configurations established during material design or assembly. However, in high-volume-
strain anodes, the contact interfaces are subjected to intense chemo-mechanical coupling, leading to
continuous evolution in contact area, topology, and bonding strength during electrochemical
cycling.[?'7! This evolution may manifest as either positive contact reinforcement (PtP/LtL to StS) or
degradative contact loss (StS/LtL to PtP or discontinuous contact networks). The trajectory of this
evolution is dictated by the magnitude of volume strain, stress dissipation pathways, and the

mechanical toughness and adhesion strength of the interface/shell.[?!3,219]
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Figure 3.10 Schematic diagram of high strain anode contact interface evolution. (a) Schematic of Contact

Evolution from PtP to StS. (b) Schematic of degradation and SEI formation in high-strain anodes.

For high-strain alloying materials, the expansion resulting from lithiation can substantially enlarge the
actual contact area between particles or at the active phase—conductive skeleton contact interface.?>"
221] This leads to a transition from discrete PtP or LtL contacts to quasi-StS configurations, which
temporarily boosts electron and ion transport connectivity (Figure 3.10a).222J When SnO,

nanoparticles are confined within ordered carbon pores or thin-walled carbon surface nanotubes, the

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

lithiated Sn species swell to fill the channels, forming a broad surface contact with the carbon walls

that far exceeds the initial point contact in efficiency. The theory of strain-promoted contact has been

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

confirmed by correlating structural evolution with electrochemical performance.??3! In the case of Si

anodes, in situ TEM has revealed that Si particles expand against their encapsulating shells or carbon

(cc)

networks, achieving a tighter fit that reflects a geometric shift from local to continuous contact.
Consequently, as long as the outer contact interface preserves its integrity, this contact reinforcement

can secure more stable conductive and mass transport channels.[>24]

Although the expansion phase may enhance contact, the contact interfaces frequently suffer from
debonding, cracking, and embrittlement under subsequent delithiation shrinkage and repetitive cyclic
stress.[?25] Consequently, originally continuous StS or LtL contact interfaces are fragmented into
multiple PtP contacts or even disconnected voids, leading to the rupture of conductive networks and
the repeated exposure of fresh surfaces. Extensive studies on core—shell or carbon-coated Si systems
demonstrate that when the shell is excessively thin or interfacial adhesion is insufficient, the cycled
shell gradually fractures and the contact interface delaminates. This results in a degradation of the

contact geometry from the initial StS to discrete PtP or discontinuous LtL states, inducing continuous
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undergo pulverization during cycling, their contact with conductive agents or current collectors also
degenerates from continuous surface contact into a fragmented point-contact network. This serves as

one of the core origins of the dual mechanical-transport degradation in high-strain anodes.[??7]

In addition to the bulk deformation of the active phase, interfacial SEI growth and the accumulation
of side-reaction products fundamentally alter the real implications of geometric contact. For instance,
in a typical yolk—shell Si@void@C system, originally designed to feature weak or discontinuous
contact (biased towards PtP/LtL) between the Si core and carbon shell with reserved void space, the

SEI progressively accumulates inside the void and fills the gaps during cycling.[>?8]

This process transforms the assembly from a free-expansion core—shell structure to a Si@porous-
SEI@C composite contact interface state. Consequently, the core is semi-fixed by the SEI, causing the
contact geometry to transition from PtP/LtL to a more extensive quasi-StS configuration, while charge

transport and stress distribution at the interface are reconfigured by this third phase of SEI.
3.6 Comparative analysis and design paradoxes

Each contact model, StS, LtL, and PtP, offers distinct advantages and limitations. As depicted in
Figure 3.11, transitioning from StS to PtP enhances structural stability but reduces volumetric energy
density, illustrating the stability—capacity paradox. Simultaneously, the progressive reduction in
contact area impairs charge transfer, giving rise to the stability—rate performance paradox. These trade-
offs highlight the inherent challenges in optimizing electrode architectures. Achieving a balance
among rate performance, cycling stability, and energy density remains a complex task, requiring

innovative structural designs that transcend the limitations of traditional contact models.

Increasmg of structural stability
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Decreasing of volume energy density and rate performance

Figure 3.11 Effect of electrochemical performance for the three types of models.

To further substantiate the geometric classification, we summarize representative literature data that
link the designed contact geometry with measurable kinetic parameters (Table 2). Although absolute
values vary with contact models, the compiled cases consistently show that enlarging the real contact

area (PtP to LtL to StS) tends to reduce interfacial polarization (lower R.;), accelerate Li* transport
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(higher Dy;), and improve rate capability, whereas introducing line- or point-dominated:contactssc

provides larger strain-buffering space and thus favors long-term structural integrity.

Table 2. Quantitative correlation between interface geometry and performance metrics

8‘ Ret o 3 .
g Geometry sample value Li dlffl.lSlOll Cycling stability Ref.
< Q) coefficient
B
2
% PtP SS-SiNPs 253.6 -- Capacity retention of 90% after 200 cycles [229]
<=
T [}
o 2
§ 8
3% i
g E PtP NPs@SnO,@ 70 1072 cm? 7! Capacity retention of 60% after 500 cycles [230]
X
g e -Si-
g é LtL CIEI;STSI 22 — Capacity retention of 98% after 500 cycles (231]
£ 8
5 O
o 2 LtL TH- 70.79 - Capacity retention of 35% after 100 cycles [232]
§ E Fe2O3@Sn02
S b
25 LtL Si@PPy-2 78.20 1.46x 19 Capacity retention of 95% after 1000 cycles [233]
c sz S 1
8 S
o g K=31.57Q
-8 o 1 = *
3 StS Sloi{@SNPC 74.2 Capacity retention of 94.3% after 300 cycles [234]
é! g 9. S-1/2
LIS
2 2 K=5.91 Q
< F StS CoNiO,@C 205.7 Capacity retention of 83% after 200 cycles [235]
g g2
<
5 5x10719
o StS SGC pitch 85.3 Capacity retention of 99.38% after 200 cycles [236]
— cm?-s7!
S
StS HG@SiO0, 21 - Capacity retention of 90% after 8000 cycles (216]
Yolk-Shell
StS Cu,0@CuO 12 -—- Capacity retention of 90% after 200 cycles (237]
@RGO
, 13
StS SiOIép@VG 12 6';;2 15(’)1 Capacity retention of over 98% after 600 cycles [238]
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StS SiO@2D-NC  50.37 om? ¢! Capacity retention of 88% after 200 cyhesi0.1039/D6EEAREAG
1.23-
. 1.42x10710 : : 0 [240]
StS Si-CBPOD 12.1 Capacity retention of 75% after 1000 cycles
cm?s7!
1.5x10710
StS PCSi-2 0.75 Capacity retention of 99% after 500 cycles [241]
cm? S
3.32x10713
StS Si-PLSA75 —- Capacity retention of 80% after 300 cycles [242]
cm? S

Note: The abbreviation is explained as follows.

Secondary submicron Si materials composed of nanoparticles (SS-SiNPs); Si nanoparticles deposited with ultrasmall
SnO, NPs and further coated by an ultrathin carbon on the surfaces (Si NPs@SnO,@C). CNTs-Si-CNTs
nanocomposites with the tubular sandwich structure (CNTs-Si-CNTs); a terminal hollowed Fe,O;@SnO,
heterojunction nanorods (TH-Fe,O3@Sn0,); one-dimensional linear polypyrrole-coated Si nanoparticles (Si@PPy-
2) yolk-shell-structured SiO,@N, P co-doped carbon spheres (SiO,@NPC Y.S.); pitch-coated Si nanolayer—
embedded graphite (SGC pitch); rambutan-like vertical graphene coated hollow porous SiOC (Hp-SiOC@VG);
yolk—shell Cu20@CuO-decorated reduced graphene oxide (Yolk-Shell Cu,0@CuO@RGO); the formation of
uniform 2D-NC coating on SiO (SiO@2D-NC); robust nitrogen/sulfur Co-doped carbon frameworks (Si-CBPOD).

Although Si-based composites have been used as the primary model systems in this section, similar
PtP/LtL/StS combinations have now been realised in other high-volume-strain anodes. SnO,/SnS,
nanoparticles decorated on or encapsulated by carbon spheres and graphene sheets form mixed PtP—
StS networks that closely mirror the SiO0,@C and graphene/SiO, architectures discussed above.
BP/carbon composites typically feature BP platelets that are covalently tethered to graphitic carbon
and further wrapped by polymer or inorganic SEI layers, creating an interplay of PtP contacts between
BP, LtL contacts along carbon nanotubes or nanosheets, and StS contacts at the BP/carbon or BP/SEI
interfaces.[?*3 2441 Transition-metal oxide/carbon and oxide/graphene hybrids likewise exhibit PtP
contacts between oxide nanograins, that LtL conduction along carbon filaments and StS contact
interfaces at oxide—carbon or oxide—electrolyte contacts regions. These non-Si case studies confirm
that the PtP/LtL/StS geometric framework is a general descriptor for internal contacts in alloy- and

conversion-type anodes.[?43, 246]

However, due to inconsistent testing conditions (loading, voltage, electrolyte system, etc.) in different
literature. It is challenging to attribute performance differences solely to contact geometry based on
capacity retention rate and number of cycles. Moreover, absolute values vary significantly and data is
multidimensional depending on the specific contact models and material/electrochemical properties,

and establishing their models and functional relationship is a challenge.
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4. Physical/chemical classification of contact interfaces POI10.1039/DEEE01264G

In Section 4, contact interfaces in anode materials themself with high-volume strain were classified
based on geometric configurations. While useful, this classification does not fully capture the nature
of interfacial interactions, the physical and chemical forces governing charge transfer and structural
stability at the molecular and atomic levels. To address this limitation, this section reclassifies contact
interfaces between anodes themselves based on their interaction mechanisms, as illustrated in Figure
4.1. From a physical perspective, interfaces can be governed by weak interactions such as n—r stacking,
hydrogen bonding, van der Waals forces, and electrostatic interactions. This also includes
heterogeneous electronic junctions, such as homojunctions and heterojunctions, which influence
charge transport behavior across material boundaries. From a chemical perspective, interfaces
characterized by strong interactions, the formation of covalent or ionic bonds, can dramatically alter
interfacial stability, charge transfer efficiency, and mechanical anchoring of materials. The following
sections discuss the impact of both weak and strong contact interfaces on the performance of Li*

anodes under large-volume strain.

(1) | Physical contact |

A
[ |
| Heterogeneous contact I | Weak interaction contact ‘

: é

r \
Heterojunction
|

|Van der Waals force | ‘ Hydrogen bonds ‘ |1T-'IT interaction | ‘ Electrostatics interaction ‘

\
! l 1
' ‘ \

S

(2) | Chemical contact ‘ — {Strong interaction contact l = [ Chemical bonds ‘

Figure 4.1 Schematic illustrating the contact interfaces from physical and chemical aspects.
4.1 Weak interactions

Weak interactions, including n—n stacking (between aromatic systems), hydrogen bonding (involving
F, O, and N atoms), van der Waals forces, and electrostatic interactions, are often referred to as non-
covalent interactions.[?*”- 2481 These forces facilitate self-assembly and in-situ polymerization without
altering the inherent chemical structure of the constituent materials.[?4%- 259 As a result, key properties
such as mechanical strength, electronic conductivity, and electrochemical activity are largely preserved
in the resulting composites. Moreover, due to their dynamic and reversible nature, weak interactions

offer flexibility in modulating the performance of the composite materials during cycling.[230: 231]
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However, they present challenges in constructing well-defined, uniform micro/manessteucitirecc
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interfaces.[252]

Due to their high electrical conductivity, excellent mechanical properties, and easy contact interface
modification, carbonaceous materials are widely composites with anodes with large volume strain.
Moreover, Si/carbon composite materials are gradually achieving commercialization. Due to the
unique sp? structure and ease of modification of carbon materials, various weak interaction forces are
generated between them,[>3?] these include n-m interactions,[>>3 241 electrostatic interactions,!>>3 and
hydrogen bonding,[>3¢! as illustrated in Figure 4.2.1237) As most carbon materials are part of a n-
extended system, m-m interactions are commonly observed between carbon-based materials.[>38]
Additionally, the inherent modifiability of carbon materials results in a significant number of oxygen-
containing functional groups (such as hydroxyl, carboxyl, and epoxy groups) on their surfaces.**’]
Upon hydrolysis, these functional groups create electrostatic interactions at exposed sites with varying
electrostatic properties. These sites can then interact with other sites of opposite polarity.2¢0]
Furthermore, if the functional groups contain oxygen, nitrogen, or fluorine atoms, a frequent
occurrence-hydrogen bonds can form between different functional groups.[*4% 2611 The following
section discusses the weak interactions between graphene and Si-based anodes, specifically in the

context of self-assembled graphene aerogels.

Meng et al. synthesized a Si0,-loaded epoxidized graphene hydrogel using graphene oxide (GO) and
tetraethyl orthosilicate (TEOS) under hydrothermal conditions.[?¢?21 The formation of this anode
material involves several weak interaction mechanisms, as illustrated in Figure 4.2a. The hydrophilic
oxygen-containing functional groups (such as carboxyl, hydroxyl, and epoxy groups) present on the
GO surface facilitate its uniform dispersion in water, allowing it to form a stable precursor solution.
The oxygenated groups on GO generate an electric double layer upon hydrolysis, resulting in a
negative Zeta potential and electrostatic repulsion between the graphene sheets, thereby ensuring their
dispersion.[?63.264 Following hydrothermal reduction, most of the epoxy groups on the GO surface are
removed, leaving the graphene sheets clean and enabling them to stack together via n-m interactions,
ultimately forming a hydrogel.[?®3] This graphene hydrogel, held together by weak forces, possesses
an intricate internal pore structure that provides sufficient strain space for the SiO, anode material.
Furthermore, the overlapping graphene sheets establish a conductive network, which significantly
enhances the rate performance of SiO,. Additionally, the hydrothermal process induces the formation
of abundant hydroxyl groups on the SiO, surface. These hydroxyl groups interact with the oxygen-
containing functional groups (such as hydroxyl, carboxyl, and epoxy groups) on the graphene through
weak hydrogen bonding interactions. However, despite these advantages, the aerogels formed through
these weak interactions suffer from poor mechanical properties and are prone to damage after repeated

cycling.
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interaction between graphene and SiO,.

which eventually reaches a more stable configuration over time.

Figure 4.2 (a) Schematic of electrostatic interaction, hydrogen bonding, and n-r stacking. (b) Hydrogen bonding

Sun et al. synthesized SiO, nanoparticles encapsulated in graphene aerogel (SGA) through a
hydrothermal method, where the SiO, interacts with the graphene aerogel via weak interactions. Due
to the weak contact between SiO, and graphene, the contact interface is prone to damage during the
initial stages of cycling, which hampers the cycle stability at the beginning (Figure 4.2b and Figure
4.3). Interestingly, the specific capacity gradually stabilizes after experiencing initial attenuation. This

phenomenon may be attributed to the reconstruction of the flexible interface (the weak contact region),
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Figure 4.3 (a) and (c) show the cycling performance of SiO, and SGA. (b) Rate performance of SiO, nanoparticles

encapsulated with graphene aerogel. Reproduced with permission.l?¢®) Copyright 2022, Elsevier.
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4.2 Strong contact interfaces
A strong contact interface refers to a contact where the interfacial interaction goes beyond van der
Waals physisorption and involves substantial chemical bonding or alloy formation, such as M—O-C
bridges, covalent M—C bonds, or intermetallic M—Si phases. Contact interfaces with DFT-calculated
adhesion or binding energies on the order of ~0.8—1.0 eV (or higher) per interfacial metal site,
corresponding to works of adhesion Wad > 0.5-1.0 J m™, are classified as strong, whereas purely van
der Waals contacts typically exhibit binding energies of only a few tens of meV per atom and Wad <
0.2 J m™2.1267] Such strong contact interfaces ensure intimate electronic and ionic coupling and can
partially clamp the active material, thereby modifying volume-strain behaviour and crack initiation; at
the same time, excessively strong bonding may suppress beneficial interfacial sliding and induce stress

concentration, so an optimal interaction strength rather than an arbitrarily large one is desired.[268 26%]

Common methods for constructing such contact interfaces include CVD, condensation reactions, free
radical polymerization, and hydrothermal reactions.[?70-272] Compared to weak contact interfaces, those
based on strong chemical bonding offer greater structural stability and enhanced interfacial
coupling.?”3] Moreover, the complex chemical reactions involved enable precise control over the
morphology and functional properties of the resulting nanocomposites by tuning the synthesis
conditions.?’* 2751 These methods are highly efficient and versatile for fabricating nanocomposites

with well-defined structures and tailored performance.
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Fe;O,4/graphene composites with strong interfacial interactions (denoted as RG/Fe3;0,) were

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

synthesized via a high-temperature hydrothermal method, leveraging the formation of robust chemical

bonds between graphene and Fe;0,.?76! Even after prolonged ultrasonic treatment, the FezO,

(cc)

nanoparticles remained firmly anchored to the graphene surface, confirming the presence of strong
contact interfacial bonding. Figure 4.4a displays the EIS plots for composites with strong (RG/Fe;04)
and weak (Fe;O04+rGO) interactions. The charge transfer resistance values, derived from fitting, were
47.4 Q for RG/Fe30,4 and 87.7 Q for Fe30,+rGO, indicating that strong interfacial interactions
significantly enhance charge transfer efficiency.l?’”! In the low-frequency region of the EIS spectra,
the Z. vs. ® 2 plot shows that the RG/Fe;0, electrode exhibits a lower ¢ value, suggesting more
rapid Li* diffusion facilitated by the strong interfacial coupling (Figure 4.4b).[278! Furthermore, as
shown in Figure 4.4c, the RG/Fe30, electrode demonstrates a higher Li* adsorption capacity,
consistent with its greater theoretical specific capacity.l?’”°! The density of states (DOS) diagram in
Figure 4.4d reveals a higher carrier density at the Fermi level for RG/Fe30,, further underscoring the

enhanced electronic conductivity resulting from the strong interaction interface.[?3%]
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Figure 4.5 (a) Schematic, (b) cycling stability, (¢) rate performance, and (d) area capacity of Si@soft
carbon/graphene anode material with a strong contact interface. Reproduced with permission.[63] Copyright 2020,

Elsevier.

Such strong interfacial bonding substantially improves both electron and ion transport across the
compositing contact interface. For anode materials subjected to high volume strain, strong interaction
interfaces play a crucial role in anchoring the active material to the conductive matrix, thereby
optimizing its buffering and conductive functions.[?81-283 A representative example is the strongly
coupled Si@soft carbon/graphene composite, synthesized via electrostatic self-assembly followed by
sintering, forming stable Si—C bonds at the contact interface (Figure 4.5a). This robust interfacial
coupling facilitates efficient electron transport while effectively mitigating the volumetric strain of the
Si core. In contrast, Si/graphene anodes fabricated via mechanical mixing, relying only on weak van

der Waals interactions, suffer from poor cycling stability and limited rate performance. The Si@soft
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carbon/graphene composite, on the other hand, exhibits markedly superior eleatrochemicakc

performance in terms of both cycling stability and rate capability (Figures 4.5b—d).[63]

Generally, both strong and weak interaction interfaces are integral to contact interface chemistry. Due
to the complexity of anode materials and battery systems, numerous strong/weak interaction interfaces
with varying dimensions can exist, such as between inorganic materials, whether during material
preparation or the charging and discharging processes. Therefore, designing and optimizing these
strong/weak interaction interfaces in composite anode materials and battery systems is crucial for

enhancing the overall performance of batteries.

4.3 Heterogeneous interfaces

Li* rapid transfer channel

-
=
=
-
-
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Figure 4.6 Schematic diagram for designing a heterostructure electronic field between SiO, and graphene.

The concept of a heterojunction originates from physics, where it refers to the contact interface formed
between two different semiconductors (Figure 4.6). Based on the conductivity types of the materials
involved, these contact interfaces can be classified as homojunctions (P-p or N-n junctions).[284-286] or
heterojunctions (P-n or p-N junctions).[?8”] In the context of anode materials, however, the concept
takes on a broader meaning: two materials with different band gaps (electrostatic potentials) can be
combined to form a heterojunction.l?88-2%0] The mismatch in electrostatic potentials at the contact
interface creates a built-in electric field,[?°!] which drives ions from the region of lower potential to
higher potential. This interfacial electric field facilitates ion transport along the contact interface and

also introduces additional ion storage sites, thereby enhancing the specific capacity of the anode
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Figure 4.7 The charge density difference of (a) SiO,/Si and (b) SiO,/Si/graphene hetero-contact interfaces, and
corresponding charge distribution along the height for (¢) SiO,/Si and (d) SiO,/Si/graphene hetero-contact interfaces.
(e) Rate and (f) cycling performance of SiO,@Si, SiO,@Si/rGO, and ¢-Si0,@Si/rGO anodes. Reproduced with
permission.l??] Copyright 2020, American Chemical Society.

Tong's group synthesized a series of anodes, including SiO,@Si, SiO,@Si/rGO, and c-SiO,@Si/rGO
anodes. The differences in work functions among Si, SiO,, and graphene induce local electric fields at
the heterointerfaces (Si/SiO, and SiO,/graphene), as illustrated in Figures 4.7a—d. These interfacial
electric fields promote the efficient transport of both electrons and Li*. As a result, the SiO,@Si/rGO
anode exhibits the best rate performance among the three, maintaining a high specific capacity with
minimal degradation even at a current density of 8 A g™!' (Figure 4.7e). Additionally, the cycling
stability is significantly enhanced by the presence of graphene, which improves the mechanical

robustness of the composite electrode (Figure 4.7f).
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5. Contact interfaces in electrodes DOI-10.10359/D6EE01264G

Active material

Conductive
agent

Current collector

Figure 5.1 Contact interfaces in electrodes.

In electrodes, the contact interfaces between active materials, conductive additives, and binders play a
pivotal role in determining electrochemical performance, including the cycle stability and overall rate
capability of the battery (Figure 5.1).12941 Efficient charge transfer, robust mechanical integrity, and
uniform ion diffusion are all critically dependent on the quality and design of these contact interfaces.

Because this review mainly focuses on the anode materials, the following contents only discuss the

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

contact interfaces between active materials and other components in electrodes (conductive additives,

binders, and collectors).

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

5.1 Contact interfaces between active materials and conductive additives

(cc)

The contact type between the conductive additives and the active material directly determines the
efficiency of constructing the electronic conductive network inside the electrode, thereby profoundly

affecting the rate performance, internal resistance, cycle life, and energy density of the battery.[2%5- 29

As discussed above, their contact interfaces can also be classified into PtP, LtL, and StS. In practical
electrodes, these three types often coexist, and an efficient mixed 3D conductive network is
constructed by combining different types of conductive agents.[?°7 The choice of conductive additives
and their contact type is arguably one of the most critical factors in designing stable, high-performance

anodes that experience large volume changes, with Si being the prime example.
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For anodes like Si, which can expand by up to 300% during lithiation, the traditional PtP contact
established by 0D carbon black (CB) is fundamentally insufficient on its own, which is typically
established with quintessential 0D conductive additives.[??®! CB can fill initial voids. The massive
expansion and contraction of the anode with large volume strain during cycling creates a catastrophic
mechanical environment. The rigid, PtP connections are easily severed as active particles swell, crack,

pulverize, and move apart.

This leads to two critical failures. First, fragments of anode with large volume strains become
electrically isolated from the conductive network, turning into dead material that can no longer
contribute to capacity. Second, the repeated breakage and reformation of the SEI on newly exposed
anode surfaces leads to continuous electrolyte consumption and rapid capacity fade.[**’] In essence, a
conductive network based solely on point contacts is far too brittle to survive the mechanical turmoil

within a Si anode, making it an inadequate solution for achieving long cycle life.
5.1.2 LtL

LtL contact interfaces created by 1D conductive additives, such as CNTs, become enhanced contact
interfaces compared with PtP contact interfaces for anodes with large volume strain. CNTs offer a dual
solution that addresses both mechanical and electrical challenges.[*?1 Their high aspect ratio,

flexibility, and remarkable tensile strength allow them to act as a "nanoscale rebar" within the electrode.

When the anodes expand and inevitably crack, the interwoven CNT network physically holds the
fragments together, preventing the complete pulverization and delamination of the electrode. More
importantly, these flexible CNTs can bridge the newly formed cracks and gaps, maintaining electrical
continuity to the anode fragments. They essentially create a resilient, conductive web that can stretch
and adapt to the anode's breathing, ensuring that even fractured particles remain part of the electronic
circuit. This ability to accommodate immense mechanical strain while preserving a long-range

conductive pathway is a key reason why CNTs are indispensable in modern Si anode formulations.

As shown in Figure 5.2, the CNTs are encapsulated onto the surface of active materials, achieving the
LtL contact interfaces. The high-magnification inset highlights that the surface of these particles is
uniformly covered by a dense, entangled network of CNTs. This hierarchical, high-surface-area
structure is designed to facilitate efficient interaction with the electrolyte and provide robust electrical
pathways, revealed by the decreased charge transfer resistance from the EIS plots. The enhanced

cycling stability is also confirmed.
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Figure 5.2 (a) SEM morphology of the anode composite with CNTs. (b) EIS plots and (c) cycling stability of anodes
using CNTs and normal conductive additives. Reproduced with permission.[3%! Copyright 2021, American Chemical

Society.
5.1.3 StS

StS is achieved mainly through the use of flexible 2D conductive additives, such as graphene. The
strategy affects the electrochemical performance, such as the core-shell structure. By encapsulating an
anode nanoparticle within a flexible, conductive graphene shell, a micro-environment is created that

provides profound benefits.

First, this graphene cage acts as a mechanical buffer, physically constraining the strain and preventing
the particles from pulverizing.3%!l It holds the particle together from the outside in. Second, the
graphene shell provides a stable, artificial surface for the SEI to form on. This prevents the SEI from
forming directly on the Si anodes, which would otherwise rupture and reform with every cycle. A
stable SEI is crucial for minimizing Li* loss and achieving high Coulombic efficiency and long cycle
life. Finally, this complete, conductive encapsulation ensures that the entire anode particle remains
electrically connected throughout the charge-discharge process, maximizing its utilization. However,
the entail StS contact interface would hinder the Li" diffusion, reducing the rate performance to a

certain extent.[302]
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5.2 Synergistic contact interface DO 10.1039/D6EE01264G
For state-of-the-art anodes with large volume strain, the optimal strategy is a synergistic combination
of all three contact types in a hierarchical 3D network. This multi-scale approach leverages the unique
strengths of each component to create an electrode that is both highly electronically and ionic

conductive and exceptionally robust.[303]

In this design, StS contact interfaces ensure the encapsulation of individual anode particles to prevent
pulverisation and stabilise the SEI. The LtL contact can weave between these encapsulated anode
particles, building a long-range, flexible, and tough conductive skeleton that maintains the entire
electrode's structural integrity and electrical conductivity during massive volume changes (Figure 5.3).
Furthermore, PtP contact interfaces can be used sparingly to fill any final, minute voids, ensuring that
every part of the composite structure is electronically wired. This point-line-surface compositing
network is not just a simple mixture; it is an engineered architecture designed to simultaneously
manage the extreme mechanical stress and demanding electronic/ionic diffusion requirements of high-
capacity anodes with large volume strain, paving the way for the next generation of high-energy-

density batteries.3%4

PtP Strong interface:

Surface encapsulation ?Si \‘

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

(cc)

Conductive network

Figure 5.3 Multiscale contact-interface engineering in high-volume-strain anodes.

It is worth noting that the interaction between conductive additives and active materials is generally a
weak interaction, such as the van der Waals force, dispersion force, etc. Therefore, the contact
interfaces between conductive additives and active materials are weak. Therefore, developing contact

interfaces between conductive additives and active materials with strong interaction forces is a trend.
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5.3 Contact between active materials and binders
The contact interfaces of binder-active material are critical for dictating mechanical integrity and
electrochemical function. A unified understanding of contact interfaces requires integrating the
fundamental nature of physicochemical interactions with their resultant geometric architectures.30]
The evolution from weak physical interaction to strong chemical bonding directly drives a topological
transition in the contact interfaces from discrete points to continuous lines, and ultimately, to holistic
surfaces, which is paramount for harnessing the potential of these materials.[3%] Therefore, the

geometric and physicochemical contact interfaces are combined to discuss.
5.3.1 PtP governed by weak physical contact interfaces

The most elementary form of interaction is physical contact, dominated by weak and non-specific van
der Waals forces. Conventional binders like polyvinylidene fluoride (PVDF) exemplify this
category.[37] In solution, their coiled polymer chains result in a PtP geometry upon electrode
fabrication, forming only sporadic, isolated anchor points on the active material's surface. For large
volume strain anodes, this configuration is mechanically unstable. The immense stress generated
during lithiation becomes highly concentrated at these few anchor points, leading to immediate contact
interfacial delamination, catastrophic particle pulverization, and the rapid loss of electrical contact.
This model, therefore, represents a fundamentally flawed contact interface that is incapable of

preserving the electrode's structural integrity, resulting in precipitous capacity fade.

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

5.3.2 LtL enabled by mixed contact interfaces

A substantial leap in contact interfacial engineering is achieved with functional polymers like

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

polyacrylic acid (PAA) and carboxymethyl cellulose (CMC), which leverage strong non-covalent

chemical interactions and weak interfacial contact.[3%8 3091 The high density of carboxyl functional

(cc)

groups along their linear backbones enables the formation of a continuous, 1D array of non-covalent
chemical bonds with the surface hydroxyls of the active material.31%-311] This creates a LtL architecture,
where the polymer acts as a flexible molecular tether. The key to its success lies in the dynamic and
reversible nature of chemical bonds, which can break and reform to dissipate mechanical stress during
volumetric strain. This mechanism effectively mitigates particle fracture and significantly enhances
cycling stability. However, while vastly superior to point contacts, the 1D confinement of the LtL

model still presents a limitation under extreme, multi-axial stress fields.

The formation mechanism of strong and weak contact interfaces between CMC and SiO, is shown in
Figure 5.4. The diagram contrasts two potential pathways for the interactions. The top path (Figure
5.4a) depicts a covalent esterification reaction (chemical bonds), where a carboxyl group on the CMC

polymer undergoes a condensation reaction with a surface hydroxyl group, resulting in the formation
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of a strong, permanent contact interface (-COO-Si) that chemically grafts the polyme:loonat(bztfl 64
surface. Alternatively, the bottom pathway (Figure 5.4b) illustrates a weak contact interface based on
hydrogen bonding, where the carboxylate groups on the CMC are first protonated to form carboxylic
acid (-COOH) groups, which then establish a network of strong hydrogen bonds with the hydroxyl
groups on the SiO, surface.’!?] In essence, the schematic contrasts direct chemical bond formation

with strong physical adsorption as the primary modes of binder adhesion.

& e %
%, %,
OH CH,OH ‘s N
_— | I
SiO,
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-COOH-Si
CH,OH Q ke
2 Hydrogen bondmg OOIS/ Ooé[
*@l‘ >/O\< OH >—O-< OH },, I sio
X
(CeH, o2 Si
\\ Reversible physical interaction
-COOH

Figure 5.4 Formation mechanism of (a) strong and (b) weak contact interfaces between active materials and binders.
5.3.3 StS forged by mixed contact interfaces

The paradigm for achieving ultimate electrochemical stability is the creation of a StS contact interface,
which relies on the strongest forms of chemical bonding: covalent linkages and intermolecular cross-
linking.[313] This advanced architecture is realised through two primary routes: (1) covalently grafting
the binder to the active material surface, for instance, via esterification between PAA and surface
hydroxyls during thermal treatment, and (2) cross-linking the polymer chains themselves to form a
robust, three-dimensional network. This surface architecture envelops the active particle in a
conformal, elastic coating, functioning as an artificial exoskeleton. It transforms localised expansion
stress into a globally distributed strain across the entire particle surface, effectively preventing
pulverisation and maintaining electrical continuity even if the primary particle fractures. Critically,
this robust network also mechanically buttresses the fragile SEI, preventing its rupture and continuous
reformation. This holistic, multi-dimensional confinement represents the most effective strategy to

accommodate extreme volume strain, ensuring the long-term cyclability and high initial Coulombic
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efficiency essential for next-generation high-energy anodes. Due to the complexity: ofoin €6 4G
functional groups, the StS model also presents mixed weak and strong contact interfacial

characterisations.

5.4 Contact between active materials and collectors

The contact interfaces between the active material and the current collector are also important within
an electrochemical cell, acting as the primary conduit for electron transport. The structural and
chemical nature of this contact interface directly governs the efficiency, rate capability, and long-term
stability of the battery, especially for anodes with large volume strain.[3!4 3151 Here, we analyse the
contact interfaces based on two key dimensions: (1) contact geometry and (2) interaction force, and

elucidate their profound impact on electrochemical performance.
5.4.1 Contact geometry
(1) PtP contact interfaces

This represents the least desirable contact mode, typically occurring between spherical or irregular
particles and a planar current collector, where the contact area is confined to a few discrete,
microscopic points. Consequently, the severely constricted electron transport pathways create
enormous contact resistance, leading to severe polarisation, reduced energy efficiency, and poor rate
capability.[31%] The inhomogeneous current distribution, highly concentrated at these points, also

accelerates localised material degradation and parasitic side reactions. For large volume strain anodes,

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

this configuration is fatally detrimental. Although the strain of a Si particle may temporarily improve
contact, the subsequent contraction during delithiation inevitably leads to its complete electrical

isolation. This repeated connection/disconnection cycle results in the rapid and irreversible

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

electrochemical inactivation of the active material, causing catastrophic capacity decay.

(cc)

(2) LtL contact interfaces

A marginal improvement over point contact, this mode is common for 1D nanomaterials like nanotubes
or nanowires randomly dispersed on a current collector, forming a linear contact zone.3!'”] The
expanded pathway for electron transport lowers the interfacial impedance and improves rate
performance to some extent. However, the contact interface remains vulnerable, especially when
subjected to large mechanical stresses. For a typical Si nanowire anode, the significant radial strain
exerts stress along the entire contact line, and during contraction, the material may slide or roll, leading
to a partial or complete loss of electrical contact. While more stable than point contact, the accumulated

mechanical fatigue over repeated cycles still results in interfacial failure and significant capacity fading.

(3) StS contact interfaces
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This is the ideal contact configuration, achieved by directly depositing a thin film ofbactive:materiakac
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onto the current collector or by conforming 2D materials flat against its surface.l*'® This approach
maximises the physical contact area, which in turn provides broad, unobstructed pathways for electron
transport, minimising interfacial impedance and dramatically. Crucially, for large volume strain
anodes, StS contact provides the optimal anchoring effect to counteract the destructive forces of
volume change.[3!% 3201 The vast contact area effectively dissipates mechanical stress and robustly
maintains the electrical connection, thereby suppressing the delamination of the active material from
the current collector.32!] This principle is a core strategy in designing high-performance Si anodes.

However, the StS contact interfaces would be the ionic diffusion, compromising the rate performance.

In summary, from a geometric classification perspective, the contact interfaces are similar to those of
conductive additives/binders, with little difference. Therefore, examples will not be used for detailed

analysis here.

5.4.2 Interaction force

(1) Weak contact interfaces

These contact interfaces are characteristic of conventional electrodes fabricated by slurry-casting,
where adhesion of active materials and collectors relies primarily on weak, non-covalent van der Waals
forces provided by a polymer binder like PVDF. The resulting contact interfaces are often insufficient
to withstand the mechanical stresses from cell operation and can be weakened by electrolyte
infiltration.[312°] Furthermore, the electronically insulating nature of the binder introduces additional
interfacial resistance. For large volume strain anodes, this type of contact interface is highly susceptible
to failure, as the mechanical stress generated by the volume strain of the Si anode far exceeds the
adhesion strength of conventional binders between them. This mismatch leads to the pulverisation of

active particles and the complete structural collapse of the electrode.
(2) Strong Interaction

This superior interface involves the formation of strong chemical bonds (covalent, or ionic) between
the active material and the current collector, achieved through methods like in-situ growth or chemical
grafting.3%3] Chemical bonds, being orders of magnitude stronger than van der Waals forces, create a
highly integrated and robust contact interface. This atomic-level connection enables seamless electron
transfer, virtually eliminating contact resistance.l3?*] This is the definitive solution for achieving long-
term cycling stability in large volume strain anodes. The powerful chemical bonds can effectively
withstand and buffer the immense stress from volume changes, firmly anchoring the active material
and ensuring the integrity of the electron transport pathway is maintained.[3?*! This strong interaction

is the key to enabling both high-capacity retention and extended cycle life for these promising materials.
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However, this type of contact interface is complex to establish, costly, and may be diffisult toachievec

in large-scale applications.

In fact, the weak and strong contact interfaces between active materials and collectors are almost
similar to the active materials-binders contact interfaces. The biggest difference between them is that
the current collector of the active material usually uses metal Cu, while it is difficult to form chemical
bonds between inorganic active materials and metal materials. However, by surface modification of

the metal current collector, strong contact interfaces are still expected to be achieved.[32¢]
5.5 Solid—solid contact interfaces in Si-based all-solid-state batteries

The discussion above has focused on internal contact interfaces within composite anodes operated with
liquid electrolytes. However, the same high-capacity Si-based materials are increasingly being
explored in all-solid-state batteries (ASSBs), where both the electrolyte and a large fraction of the
electrode matrix are solid.[327-337] In this context, the solid—solid contact interfacial reactions between
Si (or Si-based composites) and solid electrolytes (SE) introduce additional constraints that are
conceptually related to, but practically distinct from, those in liquid-electrolyte cells.[332 3331 The
PtP/LtL/StS framework and the classification of weak versus strong (chemo-mechanically bonded)
interfaces can be naturally extended to these solid—solid contacts, providing a unified methodology to

analyse interfacial contact, mechanical compliance, and interphase chemistry in Si-based ASSBs.!33%
336]

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

5.5.1 Geometric solid—solid contact modes and mechanical compliance

In Si-based ASSBs, Li* transport across the contact interface relies on intimate solid—solid contact
between Si (or Si/C, SiO,/C composites) and the SE.337! In ideal thin-film model cells, the Si/SE
interface is a nominally continuous StS contact that can sustain uniform current flow and homogeneous

interphase formation.333-33% Thin-film studies with sulfide SEs such as LisPS,, Li;oGeP,S;,, and

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.
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related glasses demonstrate that, under moderate volume strain and appropriate stack pressure, such

StS contacts can maintain low contact interfacial resistance and stable cycling.340]

However, when scaling to composite x-Si or SiO, electrodes with large strain (=<300—400%), this
idealised StS geometry is rarely preserved: local debonding, crack opening and pore formation at the
Si/SE interface rapidly convert nominal StS contacts into effectively PtP-like contacts with limited

real contact area.[34!]

Electrochemo-mechanical studies of Si—LigPSsCl and Si—-LGPS composite anodes highlight the
central role of stack pressure and stiffness matching in controlling these geometric transitions.[342]

Without sufficient external pressure, lithiation-induced strain of Si can push against the comparatively
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composite; these defects manifest macroscopically as rising interfacial resistance and heterogeneous
current distribution.3#3] Conversely, excessively high fabrication or stack pressures (>300 MPa) can
densify the composite but also induce particle fracture and shear bands in both Si and SE, again

degrading connectivity.[344]

From the PtP/LtL/StS perspective, one key design target for Si-based ASSBs is therefore to maintain
continuous StS contact at the Si/SE contact interface and within Si—SE composite domains, while
avoiding the transition to isolated PtP-like contacts that occur when cracks and voids nucleate along
the contact interface.l3*] To this end, several geometric strategies have been proposed to embed LtL-
type supporting networks and compliant interlayers into Si-based ASSB anodes.[**¢] For instance, Si
or SiO, particles infiltrated into porous, percolating frameworks of sulfide SEs, oxide scaffolds, or
polymer/SE composites can generate mixed LtL/StS contact networks in which the SE and conductive

backbone jointly share load and maintain multi-point attachment to each Si domain.

Such designs are analogous to the LtL-supported PtP/StS networks discussed for liquid-electrolyte
cells, but now the lines carry not only electrons but also Li* through mixed-conducting or ion-
conducting phases. Embedding elastomeric binders or polymer-rich SE domains at critical junctions
further introduces mechanically compliant pathways that allow small interfacial sliding or deformation
without complete loss of contact.[3#”] Si-based ASSBs should be engineered so that the macroscopic
Si/SE contact interface is not a single, brittle StS plane, but a hierarchical PtP/LtL/StS network in

which load and transport are distributed across multiple, partially redundant contact paths.[348]

5.5.2 Strongly interacting solid—solid contact interfaces

In silicon-based ASSBs, long-term stability is not dictated by contact interfaces (PtP/LtL/StS) alone,
but by the coupled effects of interfacial interdiffusion/reactions and the transport properties of the
resulting interphases.l’*1 Under intimate StS contact between Si and SEs (e.g., LPSCl, LGPS),
continuous reduction/decomposition and element migration generate multiphase products (Li,S, Li;P,
LiCl, Si-S related species). Critically, the performance is governed less by a simplistic “thicker means
more resistive” narrative than by whether the interphase establishes electron blocking or electron
percolation. When the interphase is Li"-conductive yet electronically insulating, interfacial reactions
can become self-limiting, forming an intimate, strong-contact interface that improves adhesion/real
contact while passivating further decomposition. In contrast, when reaction products evolve into a
mixed ionic-electronic conductor (MIEC) with percolating electronic pathways, a harmful strong-
contact interface emerges, sustaining ongoing SE reduction and active-Li depletion even without an
exceptionally large apparent impedance.[33% Cryo-TEM on p-Si/LGPS directly evidences this scenario:

a thick (~10-20 um) reaction layer forms, containing needle-like Li,S and Li-Ge precipitates; the
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electronic conductivity associated with Li-Ge supports an MIEC-like interphase, enabling sustainedc

decomposition and rapid capacity decay.*>]

In Si/LPSCl composites, ToF-SIMS and XPS depth profiling reveal that sulfide-derived
decomposition products (Li;P/Li,S/LiCl) decay with sputtering depth, while SiO, contributes closer to
the Si side, forming SiO, and Li,SiO,, yielding a gradient structure from sulfide products to
oxygen/silicate-rich species; signatures such as SOs* further indicate more severe degradation driven
by SiO, involvement.[33!] Such gradients imply spatially varying electronically insulating,

redistributing Li* flux and local current density, and preconditioning chemo-mechanical damage.!33?]

(d) 3D interface

SE particle Conductive

carbon

Binder
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lon/electron Accumulated Mechanical stability
transport stress at 2D interface

Figure 5.5 Types of interfaces between lithium metal and a solid Li* conductor. (a) Non-reactive and
thermodynamically stable interface, (b) reactive and mixed conducting interphase (MCI), (c) reactive and metastable

SEI. Critical issues in Si-based anodes with (d) 3D and (e) 2D contact interface.

These examples illustrate how strongly interacting StS contacts can be both beneficial and detrimental:
chemical bonding and interphase formation can enhance adhesion and ensure intimate solid—solid
contact (mechanically strong contact interfaces), but uncontrolled reactions can produce thick, mixed-
conducting layers that chemically destabilize the electrode.3>% 321  Extending the

weak/strong/heterointerface classification to Si-based ASSBs, the contact interfaces can be
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distinguished as follows. The first type is a non-reactive and thermodynamically stableointertacec
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(Figure 5.5a), where no reaction occurs between the solid electrolyte and Li metal, resulting in a stable
2D contact interface with both phases in thermodynamic equilibrium. The second type is a reactive
and mixed-conducting interface (Figure 5.5b), where chemical reactions between Li metal and the
solid electrolyte form a 3D interphase. This interface alters the properties of the solid electrolyte,
creating a mixed-conducting interphase with both ionic and electronic conductivity, leading to
potential self-discharge of the battery. The third type is a reactive and metastable SEI (Figure 5.5¢),
where the reaction products are mostly non-conductive or have low electronic conductivity, limiting
the interphase growth to a thin stable layer, similar to the SEI formed in liquid electrolyte batteries.
The performance of this type of SEI depends critically on its ionic conductivity.!333 For pure Si anodes,
a 2D Si/SE interface is formed, which leads to more pronounced stress accumulation due to the volume
expansion of Si during cycling (Figure 5.5d). This 2D interface can result in a less uniformly
distributed SEI, contributing to mechanical instability and poor cycling performance. In contrast,
composite Si/LPSCI anodes, where the electrolyte is mixed with Si, form a 3D Si/SE interface. This
configuration not only promotes a more homogeneous stress distribution but also leads to a higher SEI
formation rate. The increased interface area facilitates more extensive SEI growth, while contributing
to a higher SEI formation rate, allowing for better accommodation of the volume changes during
cycling. The 3D interface provides more space for stress relief, leading to improved mechanical

stability and enhanced cycling performance.354]

Similarly, alloy- or nitride-based interlayers and molecular-layer-deposited alucone coatings have
been used at Li metal/sulfide SE interfaces to block electron flow while preserving Li* conduction;
analogous strategies are now being adapted to Si-based ASSBs to convert highly reactive StS contacts
into controlled heterointerfaces with tailored ion/electron transport and adhesion.!3%5- 3361 Within the
PtP/LtL/StS framework, these efforts can be viewed as attempts to transform mechanically fragile,
chemically unstable StS contact interfaces into strong, chemically buffered contact surfaces that

remain robust under repeated alloying—dealloying.[337]

5.5.3 Weak solid-solid contact interfaces

At the other end of the interaction are weakly contact interfaces, where direct chemical reactivity
between Si and the SE is suppressed, and mechanical compatibility is improved by soft or composite
interlayers.338 Conceptually, such contact interfaces resemble the weak contacts discussed earlier for
liquid-electrolyte cells dominated by van der Waals, polymer entanglement, or physically adsorbed

layers, but in ASSBs, they must still provide sufficient Li* conduction across solid—solid boundaries.
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Figure 5.6 Compliant contact interfaces for Li* transport in solid-state batteries.

One class of strategies employs polymer or gel-rich interlayers between Si and the rigid inorganic SE
(Figure 5.6).13%%- 3901 For instance, polymer—sulfide hybrid electrolytes and solidified localized high-
concentration electrolytes (S-LHCEs) have been used to replace or wet the immediate vicinity of the
Si surface, forming LiF-rich and polymer-supported interphases that can deform with Si and maintain
contact interface under large strain.[36!> 3621 In geometric terms, these compliant layers effectively
thicken the StS contact region while reducing its effective modulus, allowing Si domains to expand
and contract without generating large stress concentrations in the brittle SE. At the same time, the
hybrid interphase can be engineered to remain electronically blocking, thereby suppressing long-range

decomposition of sulfide SEs even if local redox reactions occur at the interface.

A second class involves composite SE frameworks in which the brittle sulfide or oxide SE is percolated

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

with ductile polymers or compliant inorganic phases.[*¢*] Such composites naturally generate mixed

PtP/LtL/StS contacts: stiff SE grains make StS contact with Si or Si/C, while polymers fill gaps and

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

act as soft bridges that sustain LtL-type paths for Li* transport and redistribute stress.3¢4l From the

(cc)

weak/strong contact interface viewpoint, these hybrid contact interfaces are weak in the sense that they
avoid direct, extensive chemical bonding between Si and the inorganic SE, but they are mechanically
strong and damage-tolerant because they allow controlled sliding and deformation without abrupt
debonding.[3%] As advanced operando tomography and cryo-EM studies of Si-based ASSBs begin to
quantify how contact interfacial voids, cracks, and third phases evolve in such composites, these design
concepts can be refined into quantitative criteria on local compliance, percolation, and interphase

growth.[334]

Overall, the emerging picture is that Si-based ASSBs require a deliberate combination of geometric
and interaction-type design at the solid—solid contact interfaces. Continuous StS contact must be
preserved where Li* must cross the contact interface, but should be buffered by compliant or
chemically stable interlayers; LtL pathways need to be provided for both ions and electrons through

mixed-conducting or hybrid phases; and PtP-like contacts—inevitable in composite electrodes—
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should be managed so that they act as strain buffers rather than bottlenecks forotransportstdchec
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PtP/LtL/StS framework, extended with weak/strong/heterointerface classification, thus offers a
concise models to compare liquid-electrolyte and solid-state Si anodes and to guide the design of
mechanically compliant, chemically controlled solid—solid contact surfaces for next-generation Si-
based ASSBs.

5.6 Coupling geometric contact interfaces with SEI evolution

Recent work has shown that LiF-rich, inorganic-dominated SEIs can provide high mechanical
robustness and low resistance when they are thin, uniform, and well supported by an appropriate
substrate.[3%] Cross-linked polymeric or silane-derived SEIs offer superior elasticity and tolerance to
repeated strain—contraction, but may become resistant if they grow too thick. Electrolyte and additive
engineering (e.g., weakly solvating electrolytes and silane additives) are now routinely used to tune
the LiF/polymer ratio and nanostructure of SEI layers on Si and Si/C electrodes.l*¢”] However, the
ultimate effectiveness of a given SEI chemistry depends critically on the geometric contact mode (StS,
LtL, or PtP) on which it is formed, because SEI growth not only passivates surfaces but also acts as a
stress source that can reshape PtP/LtL/StS stability.3%8]

At StS, such as Si@C or SiO,@C core—shell structures and the interfaces between secondary particles
and current collectors or solid electrolytes, SEI growth typically occurs on extended, quasi-planar
surfaces (Figure 5.7a). When a thin, LiF-rich inorganic SEI is formed uniformly on a mechanically
compliant StS contact interface (for example, on a carbon shell with an internal void space), the
combination of high modulus and good adhesion can suppress repeated cracking, limit continuous
electrolyte reduction, and support stable cycling with a very small electrode thickness increase.3% 3701
In contrast, if a rigid, inorganic-dominated SEI grows on a stiff StS contact without accommodation
space, such as a flat Si film directly bonded to a metal current collector, large in-plane strain is
concentrated into the SEI, leading to extensive fracture, delamination, and rapid capacity loss.37!]
Repeated repair cycles of fracture and regrowth then further weaken the bonded interface and
progressively reduce the effective StS area. In such cases, introducing an intermediate polymeric or
cross-linked organic interlayer that can host LiF nanodomains (hybrid inorganic—organic SEI) has been
shown to enhance both mechanical compliance and interfacial stability, converting a fragile StS

contact into a chemically and mechanically robust strong interface.l37?]
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Figure 5.7 Impact of SEI chemistry on stability of contact interface in Si-based anodes. (a) StS contact interface with
rigid inorganic SEI and cracking & delamination. (b) LtL contact interface with thick inorganic SEI and loss of

conduction. (¢) PtP contact interface with brittle inorganic SEI and contact breakage.

In LtL contacts, exemplified by Si or SiO, particles anchored on carbon nanotubes, nanofibres, or
graphene edges, SEI forms along quasi-1D conductive backbones that are responsible for long-range
electron transport and sometimes also assist Li* transport (Figure 5.7b). Ideally, SEI on these scaffolds
should be thin, ionically permeable, and mechanically robust enough to maintain intimate LtL contact
interface while allowing the backbone to bend and slide relative to the expanding active phase.373 If
the SEI on the conductive skeleton becomes too thick or too rich in brittle inorganic components, line
contacts can be “choked” or insulated, breaking percolation even if the active particles themselves
remain structurally intact. Conversely, appropriately engineered polymer-rich SEIs or artificial
coatings on CNT/graphene can act as lubricating, adhesive layers that preserve LtL connectivity and
homogenise current distribution, thereby mitigating local hot spots of SEI growth and stress.[374] Over
many cycles, however, even beneficial SEI on LtL backbones can alter their cross-section and stiffness;
if not controlled, this gradual evolution can undermine the redundancy of the LtL network and make

the overall contact architecture more susceptible to local failures.[373]

In PtP contact interface between neighbouring Si, Sn, or P particles are the most vulnerable to SEI-
induced isolation and illustrate most clearly the bidirectional coupling between SEI evolution and
internal contacts (Figure 5.7¢). Because PtP constrictions concentrate current and stress into small
areas, they tend to develop highly heterogeneous SEI necks that are either too fragile (cracking under
strain) or too insulating (blocking both electron and Li* transport).376! Thick inorganic SEI at PtP
junctions can effectively sever the contact, creating electrically dead particles, whereas very soft,
purely polymeric SEI may initially hold particles together but progressively thicken and increase

resistance. Each cycle of SEI cracking and repair at these necks adds an extra fatigue cycle to the
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into sites of irreversible isolation.?”’! Consequently, PtP contacts are best relegated to secondary roles
providing local buffering space and accommodating sliding while their direct exposure to electrolyte
is minimised by surrounding StS shells or binder domains. Where PtP contacts are unavoidable, SEI
chemistries that form thin, adhesive, and moderately elastic interphases (e.g., mixed inorganic/organic

necks) are preferable.[>24]

These considerations suggest that SEI evolution and geometric contact interface design must be co-
optimised and treated as a coupled system. StS contact interfaces that carry the majority of the current
should be paired with mechanically reinforced, LiF-rich yet compliant SEIs or artificial interphases.[368]
LtL conductive scaffolds require SEls that protect against side reactions without insulating the
backbone or excessively stiffening it; and PtP contacts should be minimised in number, carefully
shielded from excessive SEI growth, and designed so that any necessary interphase is thin, adhesive
and fatigue-resistant.378] At the same time, internal contact loss feeds back to SEI evolution by
exposing fresh surfaces and concentrating current into fewer remaining pathways, thereby accelerating
electrolyte decomposition and interphase thickening. By explicitly linking SEI chemistry (inorganic-
rich vs. polymeric or hybrid structures) to PtP/LtL/StS contact modes and acknowledging these
feedback loops, the interface framework developed provides a mechanistic basis for understanding
why nominally similar SEI compositions can lead to very different long-term stability, and offers
practical guidelines for designing contact surfaces and interphases that remain functional under the

extreme volume changes of high-capacity Si-based anodes.[33% 3681

5.7 Mechanistic chain: from strain generation to interface degradation and electrochemical

failure

High-capacity alloy- and conversion-type anodes such as Si, Sn, Ge, MOs, and P-based compounds
typically undergo 100-400% volume strain during lithiation. The strain is often inhomogeneous,
because Li" insertion starts at the surface and propagates inward, and because many materials exhibit
anisotropic crystal structures or multiphase compositions.[*’°! In secondary particles and composite
agglomerates, neighbouring grains and the surrounding conductive/binder matrix mechanically
constrain local strain, which further amplifies stress gradients and leads to the build-up of plastic

deformation and damage over repeated cycles.[380]

This strain is transmitted through internal and electrode-level contact interfaces, and the way it is
transferred depends strongly on the contact geometry and bonding. In PtP contacts (e.g. Si
nanoparticle—Si nanoparticle or Si—carbon black), stress is concentrated at small contact spots, so

cracks and debonding occur easily, and particles are gradually disconnected from the percolation
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network.[3811 In LtL contact interfaces (e.g., Si attached along CNTs or nanofibres), strain is distributee
along longer line contacts, and 1D skeletons can bend, twist, or slide, giving better tolerance to
mismatch.[*32] In StS contact interfaces (e.g., conformal Si@C or SiO,@C shells, mechanically
interlocking graphene@SiO5), stresses are spread over an area; ductile or graded shells can smooth
stress and delay fracture, whereas overly rigid shells crack and locally revert to PtP contact
interfaces.3?* Similar processes occur at the active material-binder, active material-conductive
additive, and active material—collector interfaces, where weakly bonded contact interfaces detach and
form voids, while strong and mechanically compliant contact interfaces deflect cracks, dissipate

energy, and delay delamination.

————————————————————————————————
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Figure 5.8 Mechanistic cascade linking strain evolution, interface degradation, and electrochemical failure in high-

strain anodes.

Mechanical evolution is tightly coupled to contact interphase chemistry and transport. When StS/LtL
contacts fracture into PtP contact or open gaps, fresh surfaces are exposed to electrolyte, and the SEI
repeatedly ruptures and reforms, consuming Li* and electrolyte and thickening the interphase (Figure
5.8).1368 381 Delamination at active material-binder/collector contact interfaces generates
electronically isolated but electrochemically reactive regions that continue to form unstable SEI.[334]
Crack networks and internal voids facilitate deeper electrolyte penetration into conversion-type
materials, promoting ongoing transformation into inactive products.[383] At the same time, the loss of
StS/LtL contacts and the growth of PtP contact interfaces break electronic and ionic percolation
pathways, increasing R, lowering apparent Li* diffusion coefficients, and creating current hot-spots

that accelerate further local damage.[38¢]
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electrodes exhibit particle pulverisation, loss of cohesion, detachment from the current collector, and
irreversible thickness changes.3%¥7! Electrochemically, this appears as rapid capacity fading, low
Coulombic efficiency in the early cycles due to repeated SEI formation, progressive impedance growth,
and poor rate performance at high current densities.[3¥8 Systems dominated by PtP contacts tend to
lose percolation early and fail catastrophically, whereas composites with a hierarchical mixture of PtP—
LtL—-StS contact interfaces degrade more gradually and maintain usable performance for much

longer.[3%7]

Core—shell StS architectures and graded shells mainly moderate strain and stress transfer at the particle
level. LtL networks (such as CNTs) provide flexible and redundant electronic pathways that remain
connected even when some local debonding occurs.[*?* 3%1 Strong chemical bonding at active
material-binder and active material—collector contact interfaces slows sliding and delamination, while
artificial interphases or SEl-regulating strategies mitigate the chemical consequences of fracture.[*!]
In practice, suppressing failure in high-strain anodes therefore requires not only reducing the absolute
volume change, but also deliberately designing the geometry and chemistry of internal contact
interfaces so that the chain “strain generation to contact interface evolution to electrochemical failure”

is interrupted at multiple stages.

6. Characterizations for contact interfaces

6.1 Characterizations for geometric classification

For the geometric characterization of materials, available methods are relatively limited and primarily
depend on electron microscopy techniques (e.g., SEM and TEM) in combination with focused ion
beam (FIB) etching and 3D reconstruction technologies.392-3%1 In contrast, other analytical approaches,
including spectroscopy, mass spectrometry, and electrochemical techniques, are generally less

effective for characterizing contact interfaces, especially when it comes to physical classification.
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Figure 6.1. (a) The morphology of the porous graphene/SiO, cut by the FIB. (b) Exposed fresh cross-section
morphology and corresponding EDS elemental mapping. (¢) C, (d) Si, (e) O elements. Reproduced with permission.[¢]
Copyright 2022, Wiley-VCH GmbH.

To verify the mechanical interlocking structure within the porous graphene/SiO, composite
representative of a StS contact interface, the material was sectioned using FIB techniques and analyzed
via EDS (Figure 6.1a). Through the integration of SEM and EDS (Figure 6.1b), supported by FIB,
the contact interface was preliminarily examined. However, the detailed structural features of the

porous graphene/SiO, interface still require further investigation.

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

3D reconstruction technology, incorporating an expectation-maximization algorithm, was employed

to investigate the growth contact interface between Li and Cu. By analyzing images from multiple

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

perspectives and cross-sectional views, the 3D spatial relationship among Li, Cu, and the current

(cc)

collector was revealed (Figure 6.2).10 In a freshly fabricated Li metal anode, spherical Li deposits
and a distinct SEI layer were clearly observed. After a 10-hour resting period, however, internal voids
appeared, and the SEI evolved into a concave structure. A comprehensive understanding of the spatial
features of active electrode materials and the contact interfaces between electrodes and electrolytes is
essential for elucidating electrode processes, identifying failure mechanisms, and formulating effective

strategies to improve battery lifespan.
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Figure 6.2 Colored 3D reconstruction of Li-metal anode after placing the Cu-TEM-grid in the coin cells for 10 h: Li
deposition (blue), SEI layer (purple), and Cu current collector (green). Reproduced with permission.[*?1 Copyright
2021, Elsevier.

However, current characterization methods still offer limited resolution and detail when it comes to
analyzing interfacial structures. Even advanced techniques, such as SEM combined with FIB and 3D
reconstruction, are often insufficient for capturing finer interfacial features.[% 4921 Going forward, it is
crucial to develop more sophisticated analytical tools capable of revealing precise information about

contact interfaces, including atomic configurations, chemical bonding, and coordination environments.
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6.2 Characterizations for physical/chemical classification DO 10.1039/D6EE01264G

Compared to the geometric classification of contact interfaces, a wider range of techniques is available
for analyzing their physical and chemical properties. These include X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, X-ray absorption near-edge structure (XANES), and Fourier transform
infrared spectroscopy (FT-IR).[403-4051 At physical or chemical contact interfaces, local electric fields
can form due to differences in the work functions of specific crystallographic planes. Moreover,
atomic-level contact interactions at these interfaces can introduce localized strain. As a result of these
interfacial electric fields and strain, spectral features often exhibit noticeable shifts compared to their
bulk counterparts. By analyzing the nature of chemical bonding, it is also possible to classify different

types of contact interfaces.
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Figure 6.3 XPS Si 2p for (a) SiC and (¢) EG@SiC. XPS C 1s for (b) SiC and (d) EG@SIC. (e) Si and (f) C K-edge
XANES spectra of pristine SiC and EG@SiC. Reproduced with permission.[% Copyright 2020, Elsevier.

Using an epitaxial in-situ growth strategy, Sun et al. successfully synthesized a graphene@SiC

heterostructure, in which strong interfacial interactions are present between graphene and SiC (Figure

6.3).14061 XPS and XANES analyses confirmed the existence of a robust contact interface. In

comparison to pristine SiC, the XPS spectra for Si 2p and C 1s, as well as the XANES data for

graphene@SiC, show significant peak shifts, indicating the formation of a built-in electric field at the

contact interface. Additionally, the appearance of a new sp? carbon signal suggests charge

redistribution between the two materials, further validating the presence of strong interfacial coupling.
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Even in the case of weak contact interfaces, peak shifts can still be observed, despitetherabsencecotsc
new chemical bond formation. For example, graphene, with its aromatic ring structure, exhibits n—n
interactions between adjacent six-membered rings. As shown in Figure 6.4, the Raman spectrum of
stacked graphene displays a clear shift compared to that of pristine, non-interacting graphene,

confirming the existence of weak m—7 interactions at the graphene contact interface.?43!

d

Intensity / a.u.

B-GO/wSBRe (1 wt% GO)

1520 1560 1600 1640 1680
b Wavenumber / cm'1

Figure 6.4 (a) Employing the Raman spectra to analyze the m-m contact interaction and (b) the corresponding

schematic. Reproduced with permission.[?*8] Copyright 2019, Elsevier.
6.3 Operando and in-situ characterization of buried contact interfaces

While the above techniques are powerful for the identification of contact interface types, buried contact
interfaces in high-volume-strain anodes evolve dynamically during cycling, calling for operando/in-

Situ probes.

Directly probing the evolution of buried contact interfaces remains experimentally challenging. First,
these contact interfaces are typically nanoscale and deeply embedded, so direct probing requires either
high penetration depth or destructive sectioning. Any sample thinning, cutting, or polishing may

perturb the native contact interfacial topology, especially when soft SEI or polymeric phases are
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regions, lithiated intermediates, and metastable phases can be altered by electron/ion beams, moisture,
or temperature fluctuations, leading to artefacts that obscure the genuine interfacial state. Third, the
interface evolution is highly transient and multiphase. The measured signals in operando/in-situ
experiments are generally averaged over spatially heterogeneous regions and coexisting contact modes
(PtP/LtL/StS), making quantitative interpretation strongly model-dependent. Finally, operando cell
designs usually require modified geometries (thin electrodes, large windows, special current
collectors), which may change the real electrochemistry and mechanical boundary conditions relative
to practical cells. Therefore, careful validation and cross-checking of operando/in-situ setups are

indispensable.

Among emerging tools, 3D/four-dimensional (4D) X-ray and neutron imaging have become a key
route for visualising interface evolution under realistic cycling conditions.[*?’”l High-throughput
operando X-ray computed tomography (X-CT) can track crack formation, layer delamination, pore
growth and electrode swelling in real time, providing a direct view of how PtP/LtL/StS contact
networks evolve across hundreds of micrometres to millimetres.[98! In Si-containing graphite anodes,
operando diffraction-assisted X-ray CT (XRD-CT) has been used to correlate local lithiation states
with structural degradation and heterogeneous strain, revealing regions where high Si content promotes
local strain, layer buckling and contact loss within wound commercial cells.[*-411] Correlative 4D
experiments that combine X-CT with neutron CT further exploit the complementarity between
electron-density and nuclear-density contrast: X-CT resolves morphology (cracks, gaps, pore
coalescence), while neutron CT, with high sensitivity to Li and H, maps Li redistribution, electrolyte
depletion, and gas evolution across the same volume.[*12-413] Virtual unrolling and digital volume
correlation (DVC) techniques then convert these time-resolved tomograms into quantitative
displacement and strain fields, making it possible to track when continuous StS contacts effectively

degrade into PtP-like contacts as cracks and voids nucleate at buried interfaces.[414-416]

Among emerging tools, cryo-TEM/cryo-EM provides a powerful route to visualise sensitive buried
interfaces at near-atomic resolution.[*17- 4181 By rapidly freezing cycled electrodes, cryo-techniques
preserve the native SEI and interfacial morphology while alleviating beam-induced damage, enabling
direct interrogation of contact integrity, fracture, and interphase reconstruction.[*!° Nonetheless, cryo-
TEM is still largely a quasi-operando snapshot approach rather than continuous real-time tracking. The
method is also limited by low-dose requirements, a small field of view, and the possibility that sample
extraction/transfer introduces selection bias. Consequently, cryo-TEM is most convincing when
combined with statistical imaging and complementary operando probes that supply kinetic and

chemical information over larger length scales.
Operando/in-situ XRD excels at monitoring bulk phase transitions and lattice-strain evolution, which
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can be correlated with interface migration or decohesion in high-strain materials and withographiteoogc

SiO, phase evolution under different cycling protocols.[*2% 4211 While conventional XRD has limited
direct sensitivity to nm-scale contact interfaces, advanced XRD-CT schemes, as noted above, can
resolve spatially heterogeneous lithiation and structural damage within individual electrodes,
providing indirect but spatially resolved fingerprints of where contact loss and mechanical failure
initiate.[*??] Operando/in-situ X-ray absorption spectroscopy (XAS) offers element-specific local
structural and valence information, and in surface- or interface-sensitive modes it can directly follow
the chemical reconstruction of near-surface contacts and SEI-regulated interphases.[*?3] Yet, operando
XAS may suffer from beam-induced effects, self-absorption or fluorescence complications, and the
intrinsic difficulty of deconvoluting interface signals from bulk contributions, particularly in thick
composite electrodes. Recently, operando nano-focus wide-angle X-ray scattering (nWAXS) has been
demonstrated as a powerful probe of solid—solid contact interfaces in solid-state batteries, resolving
the nucleation and growth of LiF- and LizN-rich interphases at Li/electrolyte contacts in real time and
linking interphase nanostructure to dendrite suppression.[*?*] Conceptually similar nWAXS approaches
could be used to monitor how SEI nanostructure evolves at PtP/LtL/StS contacts in high-volume-strain

anodes, although suitable cell designs and scattering geometries remain an active area of development.

Neutron-based techniques (neutron diffraction/scattering/reflectometry and neutron CT) are especially
promising for buried interfaces because of their deep penetration and high sensitivity to light elements
such as Li and H.[?%] In principle, operando neutrons can map lithiation distribution across composite

architectures and track the evolution of Li*-containing interphases without disturbing the electrode.

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

4D neutron CT has already been used, in combination with X-CT, to follow lithium distribution,
electrolyte wetting, and electrode strain in commercial cells, offering a direct view of how transport

heterogeneities and mechanical degradation develop in spirally wound architectures.[*!?] However,
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neutron experiments require large sample masses and long acquisition times to achieve sufficient
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signal-to-noise ratios, which may compromise realistic electrode designs or temporal resolution.
Moreover, strong background from hydrogen-containing electrolytes and limited instrument

availability remain practical bottlenecks, especially for high-throughput studies of Si-rich anodes.

Overall, no single operando/in-situ technique can fully resolve the dynamic, buried contact interfaces
in high-volume-strain anodes. A rational strategy is to combine high-resolution cryogenic imaging (for
native interfacial snapshots) with operando 3D/4D imaging (X-CT/XRD-CT/neutron-CT for
morphology and lithium distribution) and element-specific spectroscopy or scattering
(XRD/XAS/nWAXS for phase and interphase chemistry), assisted by multi-scale simulations.[4!2. 426]
Going forward, the development of more realistic operando cells, low-damage probes, and data—model
co-interpretation frameworks will be critical for establishing a full-lifecycle picture of contact

interfaces and their evolution.[*?”] Within such integrated workflows, the PtP/LtL/StS framework can
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serve as a common protocol to interpret how different experimental signatures, strain fields;op
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maps, lithium distribution, and interphase composition collectively reflect the progressive degradation

or stabilisation of contact interfaces during cycling.

To make the practical capabilities of these techniques more transparent for interface studies, Table 3

summarises the typical depth sensitivity, chemical/electronic resolution, and contact interface-

detection capability of the methods discussed in this chapter. In particular, it compares XPS/X-ray

absorption near-edge structure (XANES)-based spectroscopies with vibrational spectroscopies

(Raman, attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)) and

emerging tools such as cryo-TEM and neutron diffraction/scattering.[*?81 Together, these

complementary probes span length scales from the SEI and nanometre-scale solid—solid contacts
(cryo-TEM, surface-sensitive XPS/XANES) to bulk electrode and full-cell structural evolution (hard

X-ray XANES/EXAFS, neutron methods), providing a toolbox for dissecting buried contact interfaces

in high-volume-strain anodes.

Table 3. Typical depth sensitivity, chemical resolution, and contact interface-detection capability of

characterization techniques.

Technique

Depth sensitivity

Chemical / electronic resolution

Interface detection capability

XPS

HAXPES

Soft XANES-TEY

Soft XANES —
TFY/PFY

Hard X-ray XANES
/ EXAFS

Micro-Raman

ATR-FTIR

~1-3 nm (surface)

~10-30 nm

~5-10 nm

~100-300 nm

Tens—hundreds of
um (bulk)

~0.1-10 ym
(material-
dependent)

~0.5-5 pm

<0.3 eV; oxidation state & bonding
via chemical shifts

Similar to XPS, sub-eV at
synchrotron

Highly sensitive to oxidation state
and coordination (edge shifts, pre-
edge features)

Same intrinsic chemical sensitivity
as TEY; possible self-absorption in
thick electrodes

Oxidation state, coordination
number, bond lengths (limited by
core-hole lifetime)

~0.5-3 cm™; phases, bonding
motifs, disorder

0.5-4 cm™; functional-group

77

Excellent for SEI and electrolyte/active
contact interfaces; limited access to burieu
active/carbon or active/current-collecto
contact interfaces without sputtering

Probing buried interfaces under thin
coatings/SEI without sputtering; suitable
for realistic composite electrodes

Element-specific probe of outermost
solid-liquid/solid—solid interfaces; blind te
deeper interfaces

Averageing near-surface and subsurface
regions; tracking average redox/interphase
evolution in porous electrodes

Operando view of bulk structural/redox
changes across entire electrodes;
individual PtP/LtL/StS contacts inferrec
only indirectly

Mapping phase transitions, amorphisatior:
and carbon framework near surfaces;
interface selectivity is limited unless using,
model geometries

Very sensitive to electrolyte and SEI
species at planar electrode/electrolyte
interfaces; less direct for internal solid—
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Electron-
Cryo-TEM / cryo-  transparent lamella
STEM (~50-200 nm
thick)

Hundreds of pm to
cm (whole
electrodes/cells)

Neutron
diffraction/scattering

Energy & Environmental Science

solid contact integgg{eos_ 1@%@&&%&}@&5

Direct, near-native imaging of SEI and
buried solid—solid contacts (PtP/LtL/StS;
at the nanoscale; limited field of view anc

statistics; demanding sample prep

Sub-nm spatial resolution; with
EELS/EDS, ~0.5-1 eV energy
resolution

Bulk-averaged structural and lithiation
information under realistic conditions; cai:
not resolve individual nanoscale
interfaces, but reveals macroscopic
heterogeneity and strain linked to contact
evolution

Precise lattice parameters, phase
fractions, Li site occupancy are
sensitive to light elements

To directly connect the characterization toolbox in Chapter 6 with the geometric contact interface framework in

Section 3, Table 4 further maps each technique onto the contact interface types for which it can probe most effectively.

In this matrix, the three geometric contact modes—PtP, LtL, and StS—are used as columns, while representative

techniques from Sections 6.1-6.3 (electron microscopy and tomography, spectroscopies, cryogenic and operando X-

ray/neutron methods) are listed as rows. The qualitative scores (“++”, “+”, and “-”) indicate, respectively, direct

geometric sensitivity, partial or indirect sensitivity, and negligible specificity to a given interface type. This contact

interface—method matrix is intended as a practical guide: it allows readers to select appropriate characterization routes

when they wish to visualize discrete particle contacts (PtP), 1D skeletons (LtL), or extended/core—shell interfaces

(StS) in composite anodes under large volume strain.

Table 4. Contact interface types (PtP, LtL, StS) vs. characterization methods in composite anodes. (“++: direct and

highly sensitive; “+”: partially or indirectly sensitive; “-”: little or no specificity to that geometry.)

Technique PtP LtL StS

Brief remarks for contact interfaces Ref.

2D SEM/TEM (plan-
view, cross-sectional, ++ ++  +
FIB-assisted)

3D FIB-SEM
tomography / X-ray
3D reconstruction

AFM / conductive-
AFM / nano-
mechanical mapping + + 4+

XPS / HAXPES / soft
XANES (surface and
near-surface) + +  ++

Raman / ATR-FTIR + + +
(vibrational

Direct imaging of particle—particle (PtP) and particle—fibre (LtL) (429,
contacts; cross-sections reveal local StS core—shell or laminated 430]
interfaces such as porous graphene/SiO, and Si@C shells

Resolves the full 3D network of active, carbon/binder and pore [431,
phases; quantifies connectivity, tortuosity and contact areas for 432]
mixed PtP-LtL—StS networks in realistic electrodes, including

buried contact interfaces

Probes local topography, stiffness and conductivity at planar (423,
electrode surfaces and coatings; particularly useful for evaluating 434]
roughness, adhesion and mechanical compliance of StS contact
interfaces (e.g., active/binder, active/current-collector) and for
identifying local PtP “hot spots” in rough composites

Chemically classifies strong vs weak contact interfaces through [435]
core-level shifts and DOS/coordination changes; most sensitive to
outer StS interfaces (eg, SEI, coatings, graphene@SiC
heterointerfaces) but can also probe chemically distinct PtP
asperities and LtL fibre surfaces in model systems

Detecting bonding motifs, disorder, and strain near interfaces; -t~ [436,
stacking in weak PtP/LtL contact interfaces. ATR-FTIR is well-
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spectroscopies) suited to planar StS electrode/electrolyte contac, g}t%%ﬁ%ég‘gg‘fﬁgf&“]
Cryo-TEM / cryo- Provides near-atomic-resolution snapshots of buried solid-liquid [439,
STEM (lamellae of and solid—solid contacts with the SEI frozen in its native state; 441]
cycled electrodes) + o+ ++ directly resolves discrete Li dendrites and SEI-covered PtP

contacts, as well as layered StS interfaces in Li/solid-electrolyte
and Si/SEI systems, including multi-layer SEI architectures

Operando XRD / Primarily sensitive to bulk phase transitions, crystallographic strain,
SAXS / X-ray and density changes; geometric interface information (PtP/LtL/StS)
imaging - - + is inferred indirectly by correlating lattice-strain evolution and
phase heterogeneity with known interface models in high-strain
materials

Neutron diffraction/ Deep-penetration probes of Li distribution and interphase thickness
across entire cells; especially suited to buried StS contacts in solid-

reflectometry/imaging ~ ~ ) " state cells, where nm-scale interphases and their evolution under

bias can be resolved without dismantling the device

[442,
443]

[444-
446]

6.4 Simulations for contact interfaces

As discussed earlier, contact interfaces involve complex atomic arrangements that are difficult to probe
using current experimental techniques. To address this challenge, simulation methods—primarily
DFT,#47-432 molecular dynamics (MD),[433-4571 and FEA have been extensively employed to investigate
the structure and behavior of contact interfaces. These computational tools offer valuable insights into
atomic-scale and mesoscale interactions that are often inaccessible through experimental means due

to the intricacies and dynamic nature of contact interfacial systems.[*38]
6.4.1 DFT calculations

DFT is especially powerful for accurately describing electronic structures and energetics at the
quantum mechanical level.[43% 4601 Tt enables the prediction of properties such as adsorption energies,
charge and ion transfer characteristics, and electronic configurations at contact interfaces. DFT’s
ability to model electronic behavior at the atomic scale makes it indispensable for designing materials
with tailored interfacial properties. Simulations complement DFT by capturing the dynamic evolution
of interfacial systems over time. By solving Newton’s equations of motion for large atomic ensembles,
MD enables the study of molecular interactions, ion diffusion, and phase transformations under
realistic conditions, including the effects of temperature and pressure. FEA, particularly through the
finite element method (FEM), offers a macroscopic view of mechanical and physical fields across
contact interfaces. By discretizing materials into finite elements, FEM allows precise modeling of
stress distribution, strain, and Li* diffusion and concentration gradients, all of which influence contact
interfacial reactions. Importantly, FEM can simulate the influence of external conditions such as
temperature, pressure, and environmental factors, reducing the need for extensive physical testing and

enabling exploration of scenarios difficult to replicate experimentally.
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For instance, DFT simulations have demonstrated the advantages of the LiF/C contact interface for Li*

transport.[**% Along individual diffusion pathways, the energy barriers for Li* migration on LiF and C

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

are approximately 0.2 eV and 0.25 eV, respectively (Figure 6.5a-c). However, at the LiF/C contact

interface, this barrier drops to ~0.13 eV, suggesting enhanced ion mobility due to the interfacial electric

(cc)

field (Figure 6.5d). Additionally, the LiF/C heterointerface exhibits stronger adsorption for electrolyte
molecules compared to either component alone, indicating improved electrolyte wettability and,
consequently, better Li* transport (Figure 6.5e). These results highlight how DFT can uncover
properties that are challenging to measure experimentally, such as diffusion pathways and adsorption

energies (Figure 6.5f).[461]

Analyzing the data in Table 5, a quantitative distinction emerges that contact interfaces governed by
weak physical adsorption (e.g., van der Waals forces in Gr/SiO, or Gr/BP) typically exhibit low
adhesion energies (<0.8 J m™2), which are often insufficient to anchor high-strain particles. In contrast,
stable architectures characterized by chemical bonding consistently show binding energies exceeding
a critical threshold of ~1.0 J m™ (or >1.0 eV per atom), suggesting this range as a target design criterion

for resisting delamination under large volume strain.
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Table 5. Calculated adhesion energy for various contact interfaces. DOI: 10.1039/D6EE01264G
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Interface description Adhesion energy Ref
1 Gr/c-SiO, 0.349 Jm™
2 Gr/OH-Si0, 0.242 Jm™ [462]
3 Gr/Si0,+H,0 ML 0.211 Jm™
4 Si/SiC(0001) (isolated) 7.1eV
5 Si/SiC(0001) (6 < 0.25 ML) 6.7 eV 6]
6 Si/SiC(0001) (6 > 0.25 ML) 5.0eV
7 Si/SiC(0001) (6 > 0.4 ML) 42eV
8 Si3/(5,5) CNT -52eV
9 Sig/(5,5) CNT -0.28eV [464]
10 Sig/COOH-(5,5) CNT -0.88eV
11 Si/Poly (Generic) -1.6 to -2.08 Jm2,
12 Si-H/Poly (inert) -1.28t0-1.92 Jm2, [465]
13 Si-OH/Poly (polar) -1.92t0 -2.88 Jm ™2
14 Si0,—C (Dia) ~ 1.8 eV/A 66
15 Si—C (Non-ox) ~0.3eV/A
16 C2H,/Si0, 2.32 Jm™
17 Gr/OH-Si0, 0.52 Jm™2 [466]
18 Gr/c-SiO, 0.31 Jm™2
19 CH,@ Sn0,/(8,0)-CNT (phy) -0.21t0 -0.26 eV
20 CH4@ SnO,-cluster (O-top, diss) -1.66 eV [468]
21 CH4@ SnO;-cluster (C-top, mol) -0.66 eV
22 Sny/N-C -4.29 eV
23 Sny/ED-C -4.11eV

[469]

24 Sns/Gr -4.32 eV
25 Sn;o/Gr -5.40¢eV
26 P@C/EC-Host ~67.3J m™?
27 P/C-Mix, ~0.1-0.3 eV/A2 [470]
28 P/Graphene <0.1 eV/A2
29 Gr/BP -0.722 Jm™
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30 Sb/BP 3759 Fm o) 16 1030/bere01o64G
31 Fe;04/rGO-Mixed -3.19eV

32 Fe;04/Gr-Coupled -3.54 eV )

33 Fe;04/Gr-NonAligned -3.30eV

34 Fe;04/N-Gr-Coupled -3.65eV

35 GeS/Gr -0.060 eV [473]

36 a-GeO,/C -0.422 Jm™ [474]

37 GeO,/T-Nb,Os5 (001) -19.06 eV [475]

Note: Abbreviations are explained as follows.

Graphene on crystalline SiO; (Gr/c-SiO,); Graphene on hydroxylated SiO surface (Gr/OH-SiO,); Graphene on
Si0, with interfacial H,O monolayer (Gr/SiO,+H,0O ML); Single Si atom adsorption on SiC(0001) (Si/SiC(0001)
(isolated)); Low-coverage Si adsorbed on SiC (6 < 0.25 ML) (Si/SiC(0001) (6 < 0.25 ML)); Medium-coverage Si
adsorbed (0 > 0.25 ML) (Si/SiC(0001) (6 > 0.25 ML)); High-coverage Si adsorbed SiC (6 > 0.4 ML) (Si/SiC(0001)
(6 > 0.4 ML)); Si; cluster on (5,5) carbon nanotube (Si5/(5,5) CNT); Sig cluster on (5,5) carbon nanotube (Si¢/(5,5)
CNT); Sis cluster on carboxyl-functionalized (5,5) carbon nanotube (Sig/COOH-(5,5) CNT); Generic Si/polymer
interface (Si/Poly (Generic)); Hydrogen-terminated Si/inert polymer (e.g., polyethylene, polypropylene) (Si-H/Poly
(inert)); hydroxyl-terminated Si/polar polymer (e.g., epoxy, polyamide) (Si-OH/poly (polar)); Silica—diamond

contact (C—Si bond rupture peak force) (SiO,—C dia)); Non-oxidized silicon—carbon contact (Si—C bond rupture peak

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

force) (Si—C (non-o0x)); Acetylene molecule on SiO,(0001) surface (C,H,/siO,); Graphene on hydroxylated O-
terminated SiO, surface (Gr/OH-Si0,); Graphene on crystalline SiO, (a-quartz (0001)) (Gr/c-SiO;); Graphene on
Si-terminated SiO, surface (Gr/Si-SiO;); Methane (CH,) physisorbed on various sites of the SnO,-decorated (8,0)
SWCNT composite (CH4@ SnO,/(8,0)-CNT (phy)); Dissociative chemisorption of methane (C-H bond cleavage) at

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

(cc)

the oxygen-top site of a SnO, cluster (CH4@ SnO,-cluster (O-top, diss)); Molecular chemisorption of methane at
the carbon-top site of a SnO, cluster (CH4@ SnO,-cluster (C-top, mol)); Tetrameric tin (Sny) cluster supported on
nitrogen-doped carbon substrate (Sny/N-C); Tetrameric tin (Sny) cluster anchored on electron-deficient carbon
nanofibers (Sny/ED-C); Pentetrameric tin (Sns) cluster supported on graphene substrate (Sns/Gr); Decameric tin
(Sn4o) cluster supported on graphene substrate (Sn;¢/Gr); Decameric tin (Sn4,) cluster supported on nitrogen-doped
carbon substrate (Sn;¢/N-C); Tetrameric tin (Sny) cluster supported on boron-nitrogen co-doped carbon substrate
(Sny/BN-C); RP covalently anchored via P-C bonds on engineered carbon host (P@C/EC-Host); Physically mixed
RP and carbon (non-covalent) (P/C-mix); RP on inert substrate (e.g., pristine graphene) (P/graphene); Graphite
physically mixed with BP flake (control interface) (Gr/BP); Metallic antimony covalently bonded to BP interface
(Sb/BP); Fe30,4 with rGO via simple mechanical mixing (Fe;04/rGO-mixed); Aligned FesO,4 on graphene with
strong coupling interface (Fe;04/Gr-coupled); Non-aligned Fe;O,/graphene composite interface via hydrothermal

method (Fe;04/Gr-non-aligned); FesO4 on N-doped graphene with strong coupling interface (Fe;04/N-Gr-coupled);
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GeO,/carbon mtrix interface (a-GeO,/C); Amorphous germanium oxide (GeOy) thin film on orthorhombic T-Nb,Os
(001) surface (GeO,/T-Nb,Os (001)).

6.4.2 MD simulations
Initial Relaxed 298 K 350 K 400 K 450 K

500 K 550 K

Figure 6.6 MD simulations for studying the reaction of Si and Li at various temperatures for 1 ns. The blue and
yellow spheres are Li and Si, respectively. Reproduced with permission.[476! Copyright 2024, American Chemical

Society.

MD simulations have been used to explore the lithiation mechanism of Si anodes, particularly from
the contact interface (Figure 6.6).[47°1 At elevated temperatures, characteristic oscillations of Li layers
in the body-centered cubic (bcc) phase diminish, indicating amorphization. Amorphous Si, with its
inherently disordered structure, exhibits a heterogeneous bonding network at the Si/Li interface,
featuring 3-, 4-, and 5-fold coordinated Si atoms. Li and Si atom distributions oscillate around their
respective bulk concentrations (bce-Li at 0.080 mol cm™ and amorphous Si at 0.082 mol cm™) under
ambient conditions (298.15 K, 1 atm).

Upon full lithiation (x = 3.9), a Li layer forms at the contact interface in the L1,Si structure, stabilizing
thermodynamically unfavorable Si dangling bonds. This interfacial Li layer appears as a subtle peak
~0.2 nm thick with a density of ~0.01 mol cm™3. The observed concentration drop at the Li—vacuum
interface reflects the system’s bounded nature. In contrast, an inward concentration decrease highlights
repulsive interactions between the Li,Si phase and the interfacial Li layer. Furthermore, the system

undergoes thermal contraction between 500-600 K due to Li vaporization at the Li—vacuum boundary.
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Such atomistic insights into lithiation-induced structural evolution are challengingiotosocapturesc

experimentally, but are effectively revealed through MD simulations.

However, while classical MD successfully captures phase evolution, it often struggles to describe the
complex bond-breaking and forming events associated with interface fracture and SEI degradation
under large volume strain. To address this, reactive force field (ReaxFF) MD has been increasingly
adopted to investigate chemo-mechanical failure mechanisms. Unlike non-reactive potentials, ReaxFF
can dynamically simulate chemical bond scission and formation, revealing how mechanical stress
accumulation at the expanding Si/C or Si/SEI interface triggers specific decomposition reactions and
physical delamination.[*’”] Furthermore, a significant recent leap in modelling capability comes from
machine learning potentials (MLPs), such as deep potentials (DP). These data-driven approaches
bridge the gap between the high accuracy of DFT and the large time/length scales of classical MD. By
training on high-fidelity ab initio data, MLPs enable the simulation of realistic, rough, and amorphous
contact interfaces with quantum-mechanical accuracy but at a computational cost orders of magnitude
lower than DFT.1#78] This breakthrough allows for the observation of stress-dependent ion diffusion

and crack nucleation at the atomic scale over nanosecond timescales.

Ultimately, to fully elucidate the mechanical failure of contact interfaces at the electrode level,
atomistic MD simulations must be bridged with continuum mechanics. MD serves as a critical tool for
extracting fundamental constitutive parameters, such as interfacial adhesion energies, traction-
separation laws for decohesion, and stress-dependent diffusion coefficients, which are otherwise

difficult to measure experimentally.[*’° Feeding these atomic-scale parameters into macroscopic FEA

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

models enables a hierarchical understanding of how local bond-breaking events propagate into large-

scale interface delamination and particle pulverization. This multiscale modelling approach represents

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

the frontier of contact interface engineering, offering a predictive framework that links intrinsic

material properties to the cycle life of high-volume-strain anodes.[48]

(cc)
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6.4.3 FEA simulations DOI: 10.1039/D6EE01264G
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Figure 6.7 FEM simulations for studying the bioinspired contact interfaces for HG@SiO, anode. (a) Schematic of
general encapsulated and bioinspired mechanical interlocking contact interfaces. Stress and strain of graphene@SiO,
anode with (b) mechanical interlocking and (¢) encapsulated contact interfaces after lithiation. Displacement of
graphene@SiO, anode with (d) mechanical interlocking and (e) encapsulated contact interfaces after lithiation.

Reproduced with permission.[®! Copyright 2022, Wiley-VCH.

FEA has also been employed to evaluate the mechanical behavior of bioinspired interlocking contact
interfaces (Figure 6.7).[°) In a conventional graphene@SiO, anode with an encapsulated contact
interface, lithiation induces uniform SiO, strain (Figure 6.7¢), with stress and displacement peaking
at~1.4 x 10" Nm™and ~10.5 pum, respectively (Figure 6.7¢). In contrast, the bioinspired interlocking
contact interface significantly suppresses deformation near the SiO; interface, limiting stress to below
0.5 x 10" N m™ (Figure 6.7b) and displacement to ~4.2 um. However, this interlocking configuration
introduces moderate stress (~2 x 10" N m™) into the graphene matrix. Notably, stress at the
graphene/SiO; interface reaches ~4.7 x 10" N m™ (inset in Figure 6.7b), indicating strong interfacial
bonding, which helps prevent SiO, detachment and enhances cycling stability. These findings
underscore the value of FEA in understanding interfacial mechanics and guiding the design of contact

interfaces for high-strain electrode materials.

Moving beyond static stress analysis, recent computational advances have focused on simulating the
dynamic failure processes of contact interfaces, specifically utilizing cohesive zone models (CZM)
and phase-field fracture methods.[*3!], The traditional FEA often assumes perfect bonding or simple
friction. CZM introduces traction-separation laws to describe the progressive degradation of interfacial

adhesion. This allows researchers to quantitatively predict the onset of delamination and the transition
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from continuous StS contact to isolated PtP configurations when the stored elastic energy:exceedscthesc
interfacial fracture toughness.[*8?] Furthermore, phase-field fracture modelling has emerged as a
powerful tool for capturing complex, arbitrary crack propagation paths within high-strain particles and
SEI layers without the need for pre-defined crack tips.[*83] This diffuse-interface approach is
particularly effective in revealing how geometric features, such as surface roughness and local
curvature, act as stress concentrators that nucleate cracks and sever electronic connectivity during

repeated volume strain.[434]

Crucially, the evolution of contact interfaces is governed by strong chemo-mechanical coupling, a
phenomenon that modern FEA frameworks must address.*®31 It is not merely that lithiation causes
strain; conversely, the generated mechanical stress field significantly modulates electrochemical
kinetics. High hydrostatic stress at contact interfaces has been shown to retard Li" diffusion and reduce
the thermodynamic driving force for lithiation, creating blocking effects that lead to inhomogeneous
reaction current.[436-487] Advanced coupled models now integrate stress-dependent diffusion equations
with mechanical constitutive laws, elucidating a feedback loop. Volume strain generates contact stress,
which in turn hinders local lithiation, potentially protecting the contact interface from over-stressing
but also limiting the accessible capacity. Understanding this bidirectional coupling is essential for

optimizing the trade-off between interfacial mechanical integrity and fast charging capability.
6.4.4 Summary

At the atomic scale, DFT can map interfacial energetic landscapes as a function of Li concentration

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

and local bonding, thereby identifying whether a designed interface is thermodynamically stable or
prone to reconstruction during cycling.[*®] For example, DFT-derived adhesion/binding energies and

charge-transfer characteristics can be used to evaluate whether a PtP or LtL contact will spontaneously

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

densify into a larger-area StS contact upon strain, or instead become chemically weakened by

(cc)

interfacial alloying and SEI-induced passivation.[*¥] Moreover, DFT-based screening (including high-
throughput or descriptor-guided workflows) enables rapid selection of coatings, interlayers, or dopants
that optimize interfacial bonding strength and ion-transfer barriers, thus biasing the system toward

favorable evolution trajectories rather than a single initial state.[490- 4911

MD simulations provide the complementary time dimension, allowing direct observation of contact
migration, phase redistribution, and interphase growth under realistic thermo-electrochemical
conditions.[**?] Classical or reactive MD can capture the nucleation of lithiated phases near contact,
the emergence of interfacial Li-rich layers, and the progressive densification or fragmentation of
contacts over repeated lithiation/delithiation.[**3] In addition, MD is increasingly combined with
machine-learning interatomic potentials to access longer timescales and larger interfacial domains,

enabling more quantitatively faithful prediction of interface decohesion, crack initiation, and SEI-
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mediated third-phase reconstruction that are difficult to resolve experimentally. DOI: 10.1039/D6EE01264G
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To link atomic-level interfacial processes with electrode-level degradation, multiscale modeling
frameworks are indispensable. Parameters derived from DFT/MD (e.g., interfacial adhesion energy,
Li diffusivity, elastic moduli, or reaction-induced eigenstrain) can be fed into phase-field or continuum
FEM models to predict stress redistribution, contact loss, and geometric-state transitions across
particles, shells, and conductive frameworks. Such multiscale coupling allows one to evaluate not only
an interface’s instantaneous function, but also its lifetime-level evolution under practical cycling
conditions, thereby providing actionable guidance for designing contact interfaces that remain

transport-efficient and mechanically coherent over long service times.[4%4]
6.5 Al and data-driven contact interfaces

Machine learning assisted simulations High throughput prediction
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Figure 6.8 Al- and data-driven closed-loop contact interface design for high-volume-strain anodes.

Figure 6.8 illustrates a unified, closed-loop framework for artificial intelligence (Al)- and data-driven
contact-interface engineering in high-volume-strain anodes, structured around four tightly coupled
modules. Machine learning—assisted cross-scale simulations translate atomistic, mesoscopic, and
continuum descriptors into interface-level performance metrics, enabling efficient screening beyond
single-scale modelling.[*%%] High-throughput prediction then explores the vast combinatorial design
space of interface chemistry, geometry, and mechanics using uncertainty-aware surrogate models,
identifying Pareto-optimal trade-offs rather than isolated optima.[***l Deep learning—assisted
characterization converts complex, multimodal experimental signals into evolution-aware, interface-
native descriptors, such as contact-mode distributions, interphase thickness, and damage statistics

bridging the gap between buried nanoscale interfaces and model inputs. Finally, inverse design and
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closed-loop optimization integrate prediction and characterization with fabrication: andsotestingssc
allowing iterative refinement of interface chemistry, topology, and processing under realistic
constraints.*”7] Together, this framework shifts contact interface engineering from static, trial-and-
error optimisation toward an evolution-aware, data-accelerated paradigm, where PtP/LtL/StS contact
states provide a common descriptor layer linking chemistry, mechanics, and electrochemical reliability

across scales.
6.5.1 Machine learning assisted multiscale simulations

Al and data-driven methods are rapidly becoming a practical complement to physics-based simulations
for contact-interface engineering in high-volume-strain anodes. Because the design space encompasses
interface geometry (PtP/LtL/StS), interaction strength, SEI chemistry, and multiscale mechanics,
descriptor-based learning offers an efficient approach to mapping interfacial structure to function.[498]
In a typical workflow, carefully chosen descriptors, such as local coordination number and curvature
at PtP/LtL/StS contact interfaces, chemical composition and roughness of the interphase, adhesion and
cleavage energies from DFT, Li" migration barriers from nudged elastic band (NEB) calculations, and
elastic, plastic, and fracture parameters from MD/FEA are assembled into feature vectors.[*7% 5901 In
contrast, experimentally accessible quantities such as charge-transfer resistance, apparent DLi,
swelling strain, and cycle-life statistics serve as labels. Machine-learning models trained on such
combined DFT/MD/FEA and experimental datasets can then rapidly screen coatings, interlayers or
composite architectures, and enable in silico screening and inverse design of contact interfaces that

achieve Pareto-optimal trade-offs between kinetics, mechanical robustness, and volumetric

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

performance rather than optimising each metric in isolation.[30!]

6.5.2 High-throughput prediction

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

High-throughput prediction seeks to convert the vast combinatorial space of contact-interface design

(cc)

into a tractable search. For high-volume-strain anodes, design variables extend beyond material
selection (Si/S10,/Sn/Ge/oxides/P and carbon/binders/current collectors) to interphase chemistry (SEI
and artificial interlayers/coatings) and interface geometry (PtP/LtL/StS).59%] Because contact interface
failure arises from coupled transport-mechanics—chemistry, an effective scheme should prioritize
interface-level metrics causally upstream of cell-level outcomes, rather than directly regressing

capacity retention from formulation metadata.l393, 504]

A practical approach is to define a compact yet expressive target set aligned with the PtP/LtL/StS
framework and the strain contact-loss chain:[3%-3971 (i) thermodynamic stability of contacts/interphases
during lithiation, (ii) kinetic descriptors, (iii) mechanical integrity metrics, and (iv) evolution-aware
quantities describing whether PtP/LtL contacts densify into StS or instead weaken and delaminate

under SEI growth and interfacial reactions. This is consistent with the earlier emphasis that DFT-
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derived adhesion/binding energies, charge-transfer characteristics, and Li" migration: bareiers:canic
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screen coatings/interlayers/dopants and bias interfaces toward favorable evolution trajectories rather

than a single initial state.

Data generation typically follows two complementary streams. High-throughput computation uses
DFT to evaluate adhesion, charge redistribution, and reaction energetics for simplified interfaces with
NEB providing Li-migration barriers. MD adds the time dimension by capturing interphase growth,
contact sliding/necking, and early decohesion, and supplies coarse-grained transport/fracture
parameters for mesoscale models.[>% 391 The key is to curate both streams into a contact interface-
centered database annotated by geometry (PtP/LtL/StS descriptors), chemistry (SEl/interlayer
composition), and mechanics (modulus/toughness proxies), preventing learning from degenerating

into purely empirical correlations.

Prediction is most powerful when implemented as uncertainty-aware surrogate modeling. Instead of
running expensive DFT/MD/FEA for every candidate, regression/classification surrogates (e.g.,
Gaussian processes or ensemble trees for small-medium datasets; message-passing models for atomic
graphs) predict the targets with calibrated uncertainty.l>'%] Candidates are then ranked by multi-
objective criteria maximizing adhesion/toughness while minimizing Li-transfer barriers and
suppressing deleterious reactions, yielding Pareto fronts that reflect stability—capacity—rate trade-offs.
Uncertainty also enables active learning, guiding the next round of simulations/experiments toward

the most informative candidates rather than brute-force sampling.3!1.312]

The key value of high-throughput prediction is its ability to output actionable PtP/LtL/StS design rules:
which interlayers increase StS adhesion without penalizing Li* transfer, which binder motifs stabilize
LtL under multi-axial strain, and which processing windows shift contact-state distributions toward
percolated yet compliant architectures.’!3] These outputs naturally feed into the subsequent digital-
twin and closed-loop optimization concepts, where screened interface genes are translated into

electrode-level lifetime forecasts under realistic constraints.[5!4]
6.5.3 Deep learning-assisted characterization

A central bottleneck in contact-interface engineering is that the most informative contact interfaces are
nanoscale, buried, chemically fragile, and dynamically evolving, so conventional characterization
often yields noisy or averaged signals. Deep learning (DL) alleviates this by translating high-
dimensional, multimodal measurements into quantitative, interface-native variables consistent with the
PtP/LtL/StS framework e.g., contact-mode fractions, contact-area/connectivity distributions, crack

statistics, SEI/interphase thickness maps, and their temporal evolution.[3'3]

For 3D/4D imaging (operando X-ray/neutron tomography and digital volume correlation), DL
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improves sparse-view reconstruction/denoising, robust phase—interface segmentation Lﬁactb\_i@zy@ ONz64G
binder/pore/SEI), and temporal tracking of the same particles/contacts across cycling, enabling
evolution-aware descriptors of contact loss and delamination.’'®) For cryo-EM/TEM, DL increases
throughput and statistical reliability by automating segmentation and quantification of heterogeneous
SEI layers and failure motifs (neck debonding, interphase cracking, loss of LtL tether continuity),
which is critical when small fields of view risk selection bias.’'7) For spectroscopy/scattering
(XPS/Raman/FTIR/XANES/EXAFS), DL-assisted unmixing and physics-guided regression help
disentangle interface signals from bulk contributions, yielding compositional and bonding descriptors

that can be mapped back to contact integrity.[>!8]

Equally importantly, DL can learn relationships between -electrochemical/chemo-mechanical
signatures (EIS, hysteresis, strain) and hidden interface states, especially when constrained by
occasional imaging labels; this turns characterization into a continuous state-estimation problem rather

than isolated snapshots.
6.5.4 Inverse design and closed-loop optimization

To move from forward prediction to true inverse design, the contact interface problem must be
reformulated as an optimisation task: given target performance vectors (e.g., low charge-transfer
resistance, high capacity retention, limited swelling/porosity loss, and stable SEI impedance growth),
identify the combination of interface chemistry, geometry, and processing conditions that satisfies

these targets under realistic constraints.’'°! In high-volume-strain anodes, the design variables are

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

intrinsically high-dimensional and strongly coupled, spanning (i) contact topology (PtP/LtL/StS
fractions, contact-area distributions, percolation redundancy), (ii) interphase/SEI descriptors

(composition gradients, elastic/viscoplastic compliance, adhesion spectrum, effective ionic/electronic

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

transport), and (iii) manufacturing parameters (binder type and content, conductive additive

(cc)

morphology, calendering pressure, drying protocol, formation protocol and duty-cycle history).314
Importantly, because the best contact interface is rarely optimal with respect to a single metric, inverse
design should be posed as a multi-objective optimisation, explicitly trading off kinetics, mechanical

robustness, and volumetric efficiency, consistent with the design paradoxes discussed earlier.[>20]

A practical approach is to combine surrogate models (trained on DFT/MD/phase-field/FEM and
experimental data) with modern optimisation engines. Bayesian optimisation is particularly attractive
because it couples exploitation with uncertainty-aware exploration, allowing expensive experiments
(high-fidelity simulations) to be allocated where they maximally improve the model. For highly
discrete design spaces (e.g., binder chemistries, coating recipes, electrolyte additive sets), evolutionary
algorithms or reinforcement-learning policies can be used to discover non-intuitive recipes, while

generative models (e.g., graph-based generators for interphases, or microstructure generators
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constrained by PtP/LtL/StS grammar) can propose physically plausible candidates rather thansandonysic
perturbations.[’?2!! In all cases, explicit constraints, scalability, slurry rheology, areal loading, safety
windows, and cost/sustainability should be incorporated as hard feasibility filters or soft penalties to

avoid solutions that are optimal only in the lab but not manufacturable.

The end goal is a closed-loop workflow that iteratively co-optimises contact interface design and
validation: (I) propose candidates using the optimiser (with wuncertainty estimates), (II)
fabricate/prepare interfaces or electrodes within a controlled processing window, (III) rapidly
characterise the resulting PtP/LtL/StS states and interphase attributes (ideally with operando-informed
metrics), (IV) test electrochemical-mechanical performance under standardised protocols, and (V)
update the surrogate/digital-twin model with the new data. Digital twins provide the natural “state
estimator” in this loop by continuously assimilating time-resolved measurements into a predictive
representation parameterised by PtP/LtL/StS and SEI-growth kinetics. Over repeated iterations, the
loop shifts contact interface engineering from expert-driven trial-and-error to data-accelerated,
evolution-aware optimisation, where models learn not only which interface works initially, but which
one remains stable as contacts migrate, SEI thickens, and stress localises. Ultimately, using
PtP/LtL/StS as a shared descriptor layer across scales can unify atomistic chemistry, mesoscale
topology, and cell-level reliability into a single optimisation language, accelerating discovery of robust,

scalable contact interfaces for next-generation high-capacity anodes.

7. Summary and perspectives

7.1 Summary

High-capacity anode materials that offer large volume changes (e.g., Si, Sn, Ge, and P) offer theoretical
capacities far beyond those of graphite. Still, they experience volumetric strain during
lithiation/delithiation. Such extreme strain commonly induces particle pulverization and cracking, loss
of contact with the current collector or conductive network, and repeated rupture/reformation of the
SEI. These coupled effects progressively sever electronic pathways, consume active lithium and
electrolyte, and ultimately lead to rapid capacity decay and short cycle life, which constitutes the
central barrier to practical deployment of high-strain anodes. To mitigate these issues, a wide range of
composite and interfacial engineering strategies (e.g., nanosizing, porous/hollow architectures, elastic
scaffolds, core—shell encapsulation) have been developed to buffer volumetric deformation and
preserve transport continuity. In this context, the structure and properties of contact interfaces become

decisive factors governing both electrochemical performance and mechanical integrity.

Building on this motivation, this review classifies internal contact interfaces using a geometric

framework, which are PtP, LtL, and StS, and further discusses their coupled physical/chemical
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attributes. PtP contact interfaces are the most constrained, providing minimal contactarea and s -
limited charge/ion transport, while also concentrating mechanical stress at discrete junctions, making
them highly vulnerable under cyclic strain. LtL contact interfaces (often enabled by 1D conductive
networks) offer improved percolation and better stress redistribution than PtP, whereas StS interfaces
provide the most continuous transport pathways and are, in principle, the most favorable for kinetics
and contact stability (Figure 7.1). Importantly, real composite electrodes rarely contain a single ideal
contact mode. Instead, PtP/LtL/StS contact interfaces often coexist in hierarchical, mixed networks.
More critically, contact interfaces are not static. Under severe chemo-mechanical coupling, interface
geometry can dynamically evolve during cycling, which includes strain-induced densification that
transiently enhances contact, or debonding and cracking that convert initially continuous StS/LtL
contacts into isolated PtP contacts or even complete disconnection. Such geometric evolution is
strongly coupled to the physical/chemical nature of the interface, including interaction strength,
bonding character, interphase composition, and SEI formation/stability, which together dictate how
contact area, adhesion, and transport pathways change over time. Consequently, achieving
simultaneously high conductivity, high stability, and high energy density requires co-optimization of

interface geometry and interfacial chemistry.

At the electrode scale, robust 3D hierarchical contact networks can be engineered by combining 0D
conductive fillers (initial PtP contacts), 1D percolating wires (LtL bridges), and 2D coatings or shells
(StS contact and protective skins), together with functional binders that enhance adhesion and

mechanical compliance. Meanwhile, advanced characterization and modeling approaches are enabling

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

the observation of buried, fragile, and transient interfaces. Operando and in situ imaging (including X-
ray/neutron methods) tracks morphological evolution and cracking, spectroscopies resolve bonding

and interphase chemistry, and multiscale simulations (DFT/MD/FEA) reveal ion transport, stress

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

distribution, and failure initiation at interfaces. Emerging Al- and data-driven workflows further

(cc)

accelerate screening and optimization by mapping high-dimensional structure—property—performance
relationships and enabling inverse design of interface architectures. Despite substantial progress,
several open challenges remain, including balancing stability with rate capability and volumetric
energy density, achieving controllable and scalable fabrication of optimized interface networks, and

closing the gap between idealized models and realistic electrode behavior.
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Figure 7.1 Unified contact-interface design framework for high-strain anodes.
7.2 Perspectives

Contact engineering has emerged as a powerful strategy to enhance the electrochemical performance
of high-capacity anode materials subjected to large volumetric changes. However, several critical

issues remain to be addressed (Figure 7.2).
7.2.1 Lack of clear definitions

The geometric definition of contact interfaces remains ambiguous. For instance, the boundary between
PtP and StS contact is not clearly defined. Should an atomic-scale contact still be classified as PtP, or
does it transition to StS at the nanoscale? In practice, this ambiguity is amplified by multiscale
roughness and deformation: a nominal PtP interface may consist of discrete micro-asperity junctions,
while a point contact may rapidly spread under plasticity, creep, or interphase growth. As a result,
different researchers often apply different implicit criteria. Electrochemists may emphasize charge-
transfer accessibility and ionic pathways. In contrast, mechanics-focused studies may classify contacts
by load-bearing area and stress concentration, and materials chemists may prioritize the presence of

an interphase, bonding motifs, or interfacial reconstruction.

Similarly, the classification of physical and chemical interfaces into weak and strong interactions lacks
a quantitative basis. Should interaction energy thresholds be established to distinguish between them?
Beyond simple “bond strength”, the effective interaction relevant to cycling stability is time- and
environment-dependent, shaped by electrolyte wetting, SEI formation, interphase viscoelasticity,
frictional sliding, and damage accumulation. Without shared, operational definitions, cross-study
comparisons become unreliable, meta-analyses and data aggregation are weakened, and design rules
derived from one platform may not generalize to others. This also limits the interpretability of
emerging Al and digital-twin approaches, because labels such as PtP/LtL/StS or weak/strong can be

inconsistently assigned across datasets. Future research should aim to propose precise and quantitative
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criteria for defining contact interface types, ideally through a standardized descriptoniseti(eggereaksc

contact-area fraction, contact-length/area density, coordination/connectivity metrics, adhesion/work-

of-separation, and interphase thickness/chemistry) that can be measured or inferred reproducibly

across scales and cycling states.
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Figure 7.2 The perspectives of study in contact engineering proposed in this work.

7.2.2 Fundamental paradoxes in geometric design

Several fundamental paradoxes intrinsically constrain geometric interface engineering for large-

volume-strain anodes, because the same geometric features that improve one performance dimension

often degrade another.[3%?]

A first paradox is the contact-area paradox: enlarging the real contact area by moving from PtP toward
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StS generally lowers local current density, reduces charge-transfer resistance, and homogenizes stressac
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distribution, yet it can also increase constraint on the active phase. Under extreme expansion, overly
tight StS-like confinement may elevate triaxial stress, accelerate cracking or interphase fracture, and
promote catastrophic debonding once the adhesion limit is exceeded.l>?*! Conversely, intentionally
sparse PtP-like contacts can relieve constraint and accommodate deformation, but they simultaneously
amplify stress concentration at discrete junctions and dramatically reduce electrical percolation
robustness, making the electrode vulnerable to sudden disconnection. A second paradox is the
porosity—connectivity—energy-density trade-off. Many architectures that convert PtP into LtL/StS
networks rely on high porosity, open scaffolds, or low-density conductive frameworks to preserve
pathways during breathing. These designs can be highly effective in half-cells, but the same geometric
free volume reduces tap density and volumetric energy density, and may exacerbate electrolyte
consumption by increasing accessible surface area for SEI growth. Increasing electrode densification
and calendaring improves volumetric metrics, yet it can collapse engineered void space, hinder ion
transport, and mechanically intensify interface damage. The third paradox concerns hierarchical length
scales: optimizing contacts at the primary particle level does not guarantee stability at the secondary
particle or electrode level, where particle rearrangement, binder relaxation, and interphase
accumulation continuously rewrite the effective PtP/LtL/StS topology. Addressing these paradoxes
requires geometry-aware, multiscale co-design, where contact type, connectivity, void space, and

mechanical compliance are tuned together, rather than pursuing a single “ideal” contact geometry.
7.2.3 Lack of experimental evidence for theoretical models

Despite significant advancements in theoretical modeling of stress transfer, ion transport, and failure
mechanisms at contact interfaces, experimental validation remains a critical gap in current research.
Theoretical models, often grounded in DFT, MD, and FEA, provide valuable insights into atomic-
scale interactions, stress fields, and ion migration paths. However, these models often rely on idealized
assumptions, such as static interfaces and simplified geometries, which fail to account for the dynamic,
evolving nature of real-world interfaces. This discrepancy is particularly problematic given that contact
interfaces undergo continuous morphological and chemical changes during (de)lithiation, making

direct validation challenging.

One of the core difficulties is the dimensions of contact interfaces. It is typically at the atomic or
nanometer scale, which makes them exceedingly difficult to observe directly in real time, particularly
under operational conditions. This limitation hinders the validation of stress transfer and failure
mechanisms, such as crack propagation, delamination, and SEI growth, that are central to interface
degradation. Although computational models predict these phenomena with increasing sophistication,

there remains a lack of experimental evidence to confirm their behavior in a practical, dynamic setting.
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Emerging in situ characterization tools, such as TEM, AFM, and operando techniquesolikenXeraysac
tomography and neutron diffraction, offer the potential to bridge this gap. These tools are beginning
to provide real-time, high-resolution images of interface evolution, capturing key processes like ion
insertion, interphase formation, and crack nucleation during cycling. By integrating these experimental
insights with theoretical models, future research can validate and refine our understanding of contact

interface dynamics, providing a more accurate foundation for designing next-generation anodes.
7.2.4 Challenges in interface fabrication

Interface configurations such as bridge-joint PtP contacts and heterogeneous junctions are difficult to
synthesize due to the precision required in controlling interfacial structure. This fabrication challenge
limits their scalability and practical application. Hence, new fabrication techniques enabling precise

construction of targeted interfacial architectures are urgently needed.

Beyond laboratory performance, the industrial feasibility of contact-interface designs is ultimately
constrained by tap/areal density, scalable processing, and long-term mechanical reliability.
Commercial Si-based anodes are still dominated by simplified SiO,—graphite or low-Si composites
made through continuous, low-cost routes (pitch/resin coating, spray drying, mechanochemical
blending, conventional carbonization), which naturally favor density-preserving StS/PtP-rich
composite contacts rather than delicate hollow or ultraporous 3D networks. In contrast, many lab-scale
hollow/3D architectures rely on multistep templating/etching or low-throughput self-assembly and

often sacrifice volumetric metrics; even in yolk—shell systems, excessive void space can reduce volume

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

energy density and raise practical concerns if not densified or mechanically reinforced. Encouragingly,
several interface concepts are already converging toward industrially compatible forms: robust pitch-

coated Si-nanolayer/graphite composites maintain low, commercially acceptable swelling (~48% after

Open Access Article. Published on 20 March 2026. Downloaded on 3/20/2026 10:42:48 PM.

50 cycles) and high full-cell retention under industrial electrode density (~1.6 g cm™), illustrating that
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strong StS protection can be achieved without sacrificing manufacturability. Likewise, high-tap-
density yolk—shell microspheres that integrate conductive inner CNT highways show a realistic

pathway to couple void-buffered strain accommodation with density and areal-capacity targets.
7.2.5 Multiscale synergistic optimization

Multiscale structural engineering has emerged as a critical strategy for optimizing high-performance
anodes by simultaneously addressing mechanical resilience, charge transport, and energy density. At
the macroscopic level, the design of electrode architectures often focuses on achieving high packing
density and mechanical stability to minimize electrode expansion during cycling. However, as we
move toward the nanoscopic and atomic scales, the optimization of these properties becomes

increasingly complex, as each level of design introduces new challenges and opportunities for synergy.
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At the nanoscale, architectures such as 3D porous networks, hollow structures, and covershell: NS4G
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are particularly effective at buffering the large volumetric strain typically associated with high-
capacity anode materials like silicon (Si) and tin (Sn). These designs allow for the accommodation of
stress by creating space within the structure, preventing catastrophic fracture or delamination. For
example, in yolk-shell Si@C/graphene composites, the hollow carbon shell acts as a buffer, allowing
the Si core to expand and contract during cycling without losing structural integrity. At the atomic
level, the incorporation of Si—C bonding at the interface ensures electrical continuity, mitigates particle

pulverization, and enhances cycling stability by preventing the loss of active material.

This multiscale approach leverages the strengths of each scale to optimize overall anode performance.
However, the challenge lies in achieving a harmonious integration of these scales, as the mechanical,
electrical, and chemical properties at each level interact in complex ways. Future research should focus
on refining these multiscale strategies, using advanced computational models and in situ
characterization tools to better understand the interactions between the different scales. Such efforts
will be key to advancing high-performance anodes capable of sustaining the next generation of energy

storage devices.
7.2.6 Complexity in quantifying interface effects

The interrelation between strain accommodation, Li* diffusion, and interface configurations presents
significant challenges in quantification, particularly in composite anode systems. The intricate
behavior of interfaces, which evolve dynamically under cycling, involves multiple factors such as
electrochemical reactions, mechanical stress, and phase transformations, each contributing to the
overall performance. In many advanced composite anodes, multiple interface modes (PtP, LtL, and
StS contact interfaces) operate simultaneously. These different interface types, each with distinct
characteristics in terms of charge transfer, mechanical stability, and strain accommodation, interact in
complex ways, making it difficult to isolate and quantify their individual contributions. For example,
in core-shell or yolk-shell designs, interfaces at both the outer shell and inner core exhibit unique
properties that influence the overall performance, but their simultaneous effects can be challenging to

disentangle.

Moreover, the coupling between strain and Li* diffusion is highly dynamic, as mechanical deformation
during cycling can impact ionic pathways and create localized inhomogeneities in diffusion rates. As
these interfaces evolve under strain, new sites for ionic conduction may emerge, while others may be
obstructed or degraded. Traditional experimental methods, though valuable, often struggle to capture
these transient, multi-dimensional interactions in real-time, especially when dealing with

heterogeneous, multi-phase systems.
7.2.7 Limitations in simulation—experiment correlation
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Current simulation models for heterostructured contact interfaces often rely on idealized assumptionsc
that do not fully capture the complexities of real-world morphologies observed in experimental
systems. These models typically simplify the interface by assuming uniform geometries, smooth
surfaces, and static interaction patterns, which contrasts with the highly dynamic and heterogeneous
nature of actual interfaces in large-volume-strain anodes. In practice, contact interfaces are influenced
by a multitude of factors such as surface roughness, nanoscale defects, electrochemical reactions, and
the evolving SEI, which all contribute to the material’s performance in ways that are difficult to
simulate accurately. As a result, discrepancies between modeled and actual contact interfaces can arise,

limiting the practical relevance and predictive power of simulation results.

Furthermore, the parameters used in simulations, such as interfacial adhesion, diffusion coefficients,
and stress distribution, are often based on idealized assumptions or extrapolated from simplified
experimental conditions. These assumptions may not capture the complex, time-dependent changes
that occur under realistic cycling conditions, such as interface degradation, crack propagation, or SEI
evolution. This gap between simulation and experiment is a major barrier to the design of robust anode
materials, as the lack of real-world accuracy in simulations may lead to over-optimistic predictions or

incorrect design guidelines.

Bridging this gap requires improved structural models that more accurately reflect the complexity of
contact interfaces, as well as more precise ¢ to inform the simulations. Incorporating real-time, high-
resolution experimental measurements, such as operando imaging, X-ray tomography, and cryo-TEM,

into simulation frameworks will be essential to refine these models. By better aligning simulation

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

predictions with experimental realities, we can improve the design and optimization of next-generation

anodes.
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Many contact interface-engineering strategies are discussed, such as yolk—shell architectures,
hierarchical 3D scaffolds, and conformal multi-layer coatings, which are highly effective at the
laboratory scale, yet their translation to scalable and cost-effective manufacturing remains a major
hurdle. In practice, a large fraction of state-of-the-art designs relies on multi-step templating/etching
routes, delicate self-assembly, or low-throughput coating processes, which complicate scale-up and
increase cost. For example, typical yolk—shell constructs often require sacrificial interlayers followed
by acid/alkali (or even HF-based) etching and extensive washing, posing concerns in yield, safety, and
waste management. Likewise, many 3D scaffold electrodes are fabricated through freeze-drying,
supercritical/ambient drying, or template-assisted aerogel routes; while structurally powerful, these
methods can be batch-limited and energy-intensive when translated to ton-scale production. Another

practical constraint is that complex nano-architectures frequently trade volumetric metrics for

98


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ee01264g

Energy & Environmental Science Page 100 of 137

View Article Online

gravimetric performance. Highly porous yolk—shell or acrogel-like scaffolds may suffes fromdeowstapc
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density and high surface area, which inflate SEI formation and first-cycle Li* loss, and are unfavorable

for industrial electrodes with high areal loading and calendaring requirements.[>23]

Encouragingly, several manufacturing routes that are already compatible with industrial material lines
can approximate or simplify these advanced contact interface concepts. Spray-drying/spray-pyrolysis
offers a continuous, high-throughput approach to produce micro-spherical Si/carbon composites and
even yolk—shell-like voided structures at scale, and has been repeatedly demonstrated as an industrially
adaptable method for high-strain anodes.[’?*) Mechanochemical blending/ball milling with pitch or
polymer precursors, followed by standard carbonization, provides another scalable route to create
robust StS-type bonding and buffered composite interfaces without complicated sacrificial templates.
In addition, continuous CVD coating, already mature in roll-to-roll industries, enables uniform Si or
carbon interlayers with controlled thickness, although current cost and energy intensity still require
further reduction.l¥? 3261 For 3D conductive frameworks, electrospinning is increasingly scalable
through multi-nozzle/needleless and roll-to-roll setups, making fibrous LtL/StS scaffold electrodes
more manufacturable than previously assumed. Finally, the use of low-cost Si feedstocks (e.g.,
photovoltaic kerf-loss waste) coupled with simple wet-coating/carbonization processes provides a

realistic pathway to reduce raw-material cost while retaining key interface-buffering benefits.

Overall, bridging the lab-to-industry gap requires contact interface designs to be evaluated not only by
electrochemical metrics, but also by manufacturing-relevant criteria, including process continuity,
yield, solvent/etchant recyclability, energy consumption, tap/areal density, and batch-to-batch
consistency. Future interface engineering should therefore co-optimize performance and
manufacturability, favoring simplified, continuous, and environmentally benign routes that can

reproduce the essential contact-buffering mechanisms at industrial scales.
7.2.9 Limitations of Al-driven design

While Section 6.5 outlines how Al and data-driven workflows could, in principle, accelerate contact-
interface engineering, their practical deployment is still limited by several issues that prevent the
outlook from becoming a truly actionable and transferable roadmap. The first bottleneck is the absence
of standardized, quantitative ground-truth labels for contact interfaces. Key concepts such as
PtP/LtL/StS fractions, real contact-area evolution, or weak/strong interaction regimes are often
inferred qualitatively, reported with inconsistent criteria, or measured indirectly under non-comparable
conditions. As a result, datasets pooled from the literature may contain systematic label noise, and

models can learn author- or platform-specific conventions rather than robust interface physics.

A second limitation is domain shift across realistic operating regimes. Models developed from coin-
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cell half-cells, low areal loadings, and excess-electrolyte testing frequently degrade whenotransferred
to high-loading electrodes, lean-electrolyte conditions, aggressive formation protocols, or full-cell
configurations where interphase growth, transport limitation, and stress states differ fundamentally.
Without explicit cross-domain validation, Al recommendations may appear convincing yet fail under

industrially relevant constraints.

Third, operando evidence remains insufficiently model-addressable. Even when advanced operando
tools are available, the extracted observables are not always converted into reproducible, interface-
native metrics (e.g., connectivity decay rates, contact-loss kinetics, interphase thickening rates) that
can be directly compared to model variables and used for falsification. This weakens the ability to

calibrate models, diagnose failure modes, and update predictions as interfaces evolve.

Finally, scalability is not just a constraint, but a reliability problem: manufacturable electrodes must
satisfy not only tap density and areal loading targets, but also slurry/process robustness, batch-to-batch
consistency, and tolerances to calendering and aging. Therefore, meaningful Al-driven design requires
community-level benchmarks and reporting standards that couple interface descriptors to realistic cell
configurations and reproducible validation pipelines. Until such a measurement and protocol
infrastructure is established, Al should be viewed as an enabling tool rather than a standalone solution

for interface design in high-strain anodes.
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Outline

In this review, we first explain the importance and necessity of studying contact interfaces, and
introduce in Section 2 the major high-volume-strain anode materials (Si-, Sn-, Ge-, oxide- and P-based
systems) together with typical structural design motifs that have been proposed to buffer large
expansion. Section 3 then proposes a geometric classification of internal contact interfaces—point-to-
point (PtP), line-to-line (LtL), and surface-to-surface (StS)—and illustrates how these contact interface
types coexist and dynamically evolve within realistic composite electrodes under cycling. Building on
this, Section 4 focuses on the physical and chemical nature of contact interfaces, distinguishing weak
versus strong interactions and heterointerfaces, and discussing how electronic structure and bonding
govern charge transfer and mechanical robustness. Section 5 extends the contact interface concept to
the electrode level, analysing active material-binder, active material-conductive additive, and active
material—current collector contacts, and further discusses solid—solid contact interfaces in Si-based all-
solid-state batteries, culminating in an integrated mechanistic chain from volume-strain generation to
contact interface degradation and electrochemical failure. Section 6 reviews advanced characterization
and modelling tools for probing these contact interfaces across scales, including 2D/3D imaging, in
situ and cryogenic techniques, spectroscopies, multiscale simulations, and Al-driven design, and maps
each method onto the PtP/LtL/StS framework. Finally, Section 7 summarizes design principles and
engineering strategies for constructing mechanically compliant, electronically and ionically percolated

contact interfaces, and outlines remaining challenges and future research directions.
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