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Abstract

SnO:-based nanocomposites have emerged as promising anode materials for lithium-ion batteries due to their
high theoretical capacity, low cost, and favorable electrochemical properties. However, pristine SnO. suffers
from poor electrical conductivity, large volume expansion, unstable solid electrolyte interphase formation, and
rapid capacity fading during cycling. To address these issues, various nanocomposite design strategies have been
developed, including carbon hybridization, heterostructure engineering, morphology control, porous architecture
construction, and interface optimization. These approaches improve charge transport, shorten Li* diffusion
pathways, buffer volume changes, and enhance cycling stability. This review summarizes the lithium-storage
mechanisms of SnO:, key performance challenges, and recent design strategies for developing high-performance
SnO:-based nanocomposite anodes fornext-generation lithium-ion batteries.
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Nanocompositos a base de SnO, como materiais avangados de anodo para
bateriasdeions de Litio: mecanismos, desafios e estratégias de projeto

Resumo

Os nanocompositos & base de SnO: tém emergido como materiais promissores para anodos de baterias de ions de
litio devido a sua elevada capacidade tedrica, baixo custo e propriedades eletroquimicas favoraveis. No entanto,
o SnO: puro apresenta limitagdes importantes, como baixa condutividade elétrica, grande expansio volumétrica
durante os ciclos de carga e descarga, formacio instdvel da camada de interfase eletrolitica solida (SEI, por sua
sigla em inglés, Solid Electrolyte Interphase) e rapida perda de capacidade ao longo da ciclagem. Para superar
esses desafios, diversas estratégias de desenvolvimento de nanocompositos tém sido propostas, incluindo a
hibridizagdo com carbono, a engenharia de heteroestruturas, o controle da morfologia, a construgio de
arquiteturas porosas e a otimiza¢io das interfaces. Essas abordagens melhoram o transporte de cargas, reduzem
os caminhos de difusio dos ions Li", amortecem as variacoes de volume ¢ aumentam a estabilidade
eletroquimica durante a ciclagem. Esta revisdo apresenta os mecanismos de armazenamento de litio no SnO:, os
principais desafios associados ao seu desempenho e as estratégias de projeto mais recentes para o
desenvolvimento de anodos de nanocompdsitos a base de SnO: de alto desempenho para baterias de ions de litio
de proéxima geragao.

Palavras-chave: nanocompdsitos a base de SnO», baterias de ions de Litio, materiais de dnodo, expansido
volumétrica, estratégias de projeto.
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1. Introduction

The rapid growth of portable electronics, electric vehicles, hybrid energy systems, and renewable-energy storage
technologies has created an urgent demand for rechargeable batteries with higher energy density, longer cycle
life, improved safety, and lower cost (Gul et al, 2025). Among various energy-storage systems, lithium-ion
batteries (LIBs) remain one of the most successful and widely used technologies because of their high operating
voltage, good energy efficiency, long service life, and relatively mature manufacturing infrastructure. However,
the continuous expansion of modermn energy applications requires electrode materials that can deliver higher
reversible capacity, faster charge—discharge performance, and better structural stability than conventional
materials. In this context, the development of advanced anode materials has become a major research direction
for next-generation LIBs (Shah et al., 2024).

Commercial LIBs mainly use graphite as the anode material because of its stable cycling behavior, low working
potential, good electrical conductivity, and excellent structural reversibility (Mohammad et al., 2010). However,
graphite has a limited theoretical capacity of 372 mAh g, which restricts further improvement in the energy
density of LIBs. In addition, graphite suffers from poor rate performance under high-current operation and
potential lithium plating during fast charging, which may raise safety concerns (Khan et al., 2023). These
limitations have encouraged researchers to explore alternative anode materials with higher lithium-storage
capacity and improved electrochemical performance. Various metal oxides, metal sulfides, silicon-based
materials, tin-based materials, transition metal compounds, carbonaceous hybrids, and emerging

two-dimensional materials have been investigated as possible replacements or supplements for graphite anodes
(Ahmadetal., 2009).

Among these candidates, tin dioxide (SnO2) has attracted significant attention as a promising anode material due
to its high theoretical capacity, natural abundance, low cost, environmental compatibility, and rich redox
chemistry. SnO: can store lithium through both conversion and alloying reactions, which gives it a much higher
theoretical capacity than graphite (Ahmad et al., 2015). During the initial lithiation process, SnO: is first reduced
to metallic Sn and LizO through a conversion reaction:

This dual lithium-storage mechanism enables SnOz-based anodes to deliver high specific capacity, making them
attractive for high-energy LIB applications (Ahmed et al.,, 2021). In addition, SnO: possesses a relatively safe
operating potential compared with graphite, which may reduce the risk of lithium dendrite formation during
cycling. Its structural flexibility, chemical stability, and ability to form different nanostructures also make SnO: a
suitable platform forrationalelectrode design (Khan et al, 2014).

Despite these advantages, the practical application of pristine SnO. anodes is still limited by several critical
challenges(M. Khan et al., 2024). The most serious issue is the large volume expansion that occurs during the
repeated lithiation and delithiation processes, especially during the formation and decomposition of Li,Sn alloys
(Khan et al., 2014). This repeated volume fluctuation can cause particle pulverization, electrode cracking, loss of
electrical contact,and structuralcollapse (Ahmad et al., 2013).

As a result, the active material gradually becomes isolated from the conductive network, leading to rapid
capacity fading and poor cycling stability (Bakhtiar et al., 2023). Another major limitation is the intrinsically
poor electrical conductivity of SnO2, which slows electron transport and reduces rate capability (Ahmed et al.,
2015). In addition, unstable solid electrolyte interphase formation on the electrode surface can consume lithium
ions and electrolyte, resulting in low initial Coulombic efficiency and continuous capacity loss (Zhang et al,,
2021). These problems strongly restrict the long-term performance and practical use of SnO:-based anodes
(Madanietal, 2021).

To overcome these limitations, extensive research has focused on the design of SnO.-based nanocomposites (Jan
etal, 2025). Nanostructuring and composite engineering provide effective routes to improve the electrochemical
behavior of SnO. by controlling particle size, morphology, interface structure, porosity, and electrical
connectivity. Reducing SnO: to the nanoscale can shorten lithium-ion diffusion pathways, increase active surface
area, and improve reaction kinetics (Yasmeen et al., 2019). However, nanosized SnO: alone may still suffer from
aggregation and excessive side reactions with the electrolyte (Muhsin et al., 2025). Therefore, combining SnO:
with conductive and mechanically stable matrices has become an important strategy for improving its overall
performance (Maatkietal., 2025).

Carbon-based materials are among the most widely used components for SnO: nanocomposite anodes. Graphene,
reduced graphene oxide, carbon nanotubes, carbon nanofibers, porous carbon, amorphous carbon, and
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biomass-derived carbon can improve electrical conductivity, provide flexible buffering space, and suppress the
aggregation of SnO: nanoparticles (Wang et al., 2023). These carbon matrices form continuous conductive
networks that facilitate electron transfer and maintain electrode integrity during cycling (Hayat et al., 2022). In
addition, carbon coatings can stabilize the electrode/electrolyte interface and improve Coulombic efficiency by
regulating solid electrolyte interphase formation (Ahmadetal., 2017).

Heterostructure engineering is another effective approach for enhancing the lithium-storage performance of
SnO:-based anodes (Ullah et al., 2025). Coupling SnO. with other metal oxides, sulfides, phosphides, nitrides,
MXenes, or conductive polymers can create interfacial electric fields, improve charge-transfer kinetics, and
provide multiple active sites for lithium storage (Sun et al., 2024). The synergistic interaction between SnO. and
secondary components can improve structural stability and electrochemical reversibility (Aziz et al., 2023). In
particular, heterostructured materials can promote faster ion/electron transport and accommodate mechanical
stress more effectively than single-component electrodes (Li et al,, 2025).

Morphology control also plays a crucial role in the performance optimization of SnO:-based nanocomposites
(Ahmad et al, 2024). Various structures, including nanoparticles, nanorods, nanosheets, hollow spheres,
core—shell structures, yolk—shell architectures, hierarchical microspheres, and three-dimensional porous
frameworks, have been designed to address volume-change problems and improve electrode kinetics (Hasan et
al., 2026). Hollow and porous structures can provide internal void space to buffer volume expansion, while
hierarchical architectures can increase electrolyte penetration and expose more active sites. Core—shell and
yolk—shell designs are especially useful because they can confine SnO: within protective conductive shells while
allowing sufficient space for expansion during lithiation (Pervaiz et al., 2025).

Interface optimization and defect engineering have recently become important topics in SnO:-based anode
research (Zada; Azizi, 2026). Carefully designed interfaces can improve charge transfer, regulate lithium-ion
adsorption, and stabilize the electrode structure (Tanweer et al., 2025). Oxygen vacancies, dopants, and surface
defects can modify the electronic structure of SnO: and enhance its conductivity and reaction activity (Khazaal et
al, 2019). However, these modifications must be carefully controlled because excessive defects or unstable
interfaces may increase side reactions and reduce cycling efficiency. Therefore, understanding the relationship
between structure, interface chemistry, and electrochemical behavior is essential for rational material design
(Ahmadetal, 2014).

Although many SnO:-based nanocomposites have shown excellent performance in laboratory-scale studies,
several challenges remain before practical application (Mao et al., 2026). These include low initial Coulombic
efficiency, complex synthesis routes, poor tap density in highly porous structures, limited areal capacity,
scalability issues, and insufficient evaluation under commercially relevant conditions (Ishraque et al., 2026).
Many reported materials exhibit high capacity at low mass loading but may not maintain the same performance
in thick electrodes or full-cell configurations (Shah etal., 2026). Therefore, future research should focus not only
on achieving high specific capacity butalso on improving electrode-level performance, manufacturing feasibility,
long-term durability, and compatibility with commercialbattery systems (Shahet al., 2025).

This review focuses on SnO:-based nanocomposites as advanced anode materials for lithium-ion batteries, with
particular emphasis on their lithium-storage mechanisms, major performance challenges, and rational design
strategies. First, the fundamental electrochemical reactions of SnO. are discussed, including conversion and
alloying/dealloying mechanisms. Then, the key limitations of pristine SnO: anodes, such as poor conductivity,
volume expansion, unstable solid electrolyte interphase, and capacity fading, are critically examined. Recent
progress in nanocomposite design, including carbon hybridization, heterostructure engineering, morphology
regulation, porous architecture construction, and interface optimization, is then reviewed. Finally, current
limitations and future perspectives are presented to guide the development of high-performance SnO.-based
anodes fornext-generation lithium-ion batteries.

2.2 Overview of SnO: as an anode material for Lithium-ion batteries

Tin dioxide (SnO:) is one of the most widely studied metal oxide anode materials for lithium-ion batteries
(Figure 1) because of its high lithium-storage capacity, low cost, natural abundance, environmental compatibility,
and good chemical stability (Liu et al, 2026). Compared with commercial graphite, which has a limited
theoretical capacity of 372 mAh g, SnO. offers much higher lithium-storage potential and is therefore
considered a promising candidate for next-generation high-energy-density lithium-ion batteries (Alsaiari et al.,
2023).
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Figure 1. Overview of SnO> as ananode materialfor Lithium-ion batteries. Source: Authors, 2026.

The lithium-storage behavior of SnO: is mainly based on two electrochemical reactions: a conversion reaction
and an alloying/dealloying reaction (Hasan et al.,, 2026). During the initial lithiation process, SnO: reacts with
lithium ions to form metallic Sn and Li:O (Al et al., 2026).

This combined conversion—alloying mechanism allows SnO: to deliver a much higher theoretical capacity than
graphite. Depending on whether the full conversion and alloying processes are considered, the theoretical
capacity of SnO: is commonly reported as approximately 1494 mAh g*', while the reversible alloying
contribution of Sn is often discussed around 782-783 mAh g'. This high capacity makes SnO: highly attractive
foradvanced anode development (Zia et al., 2025).

In addition to its high capacity, SnO: has several other advantages. It is chemically stable, relatively inexpensive,
and can be synthesized through various simple methods such as hydrothermal, solvothermal, sol-gel,
precipitation, electrospinning, and thermal decomposition routes. SnO. can also be prepared in many
nanostructured forms, including nanoparticles, nanorods, nanosheets, nanowires, hollow spheres, porous
frameworks, and core—shell architectures (Anwar et al., 2025). These structural possibilities make SnO. a
flexible platform forrationalelectrode design (Jamil et al., 2025).

However, pristine SnO: still faces serious limitations that restrict its practical use in commercial lithium-ion
batteries (Bibi et al., 2024). The most important problem is the large volume change that occurs during repeated
lithiation and delithiation (Ahmad et al, 2026). This volume expansion can cause particle pulverization,
electrode cracking, loss of electrical contact, and continuous destruction of the solid electrolyte interphase
(Ahmad et al., 2021). As a result, the electrode suffers from rapid capacity fading and poor long-term cycling
stability. Another major drawback is the poor intrinsic electrical conductivity of SnO., which slows electron
transport and reduces rate performance, especially at high current densities (Ahmadet al., 2018).

The electrochemical performance of SnO: is strongly influenced by particle size, morphology, surface area,
porosity, crystallinity, and electrode architecture (Akhtar et al, 2025). Nanosizing can shorten Li" diffusion

4
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pathways and increase active reaction sites, while porous and hollow structures can provide internal space to
accommodate volume expansion(N. Ahmad, Fouad, & Engineering, 2017). However, excessive surface area may
also increase side reactions with the electrolyte and reduce initial Coulombic efficiency (Ahmad et al., 2025).
Therefore, careful structural design is required to balance high capacity, stable cycling, and efficient charge
transport (Hasanetal., 2025).

To address these issues, SnO: is commonly combined with conductive and mechanically stable components to
form nanocomposites (Rehman etal., 2016). Carbon materials such as graphene, reduced graphene oxide, carbon
nanotubes, carbon nanofibers, porous carbon, and amorphous carbon are widely used to enhance electrical
conductivity, suppress particle aggregation, and buffer volume changes (Ye et al., 2024). Similarly, coupling
SnO: with other metal oxides, sulfides, phosphides, M Xenes, or conductive polymers can create heterostructures
with improved interfacialcharge transferand structuralstability (Ye et al, 2024).

Overall, SnO: is a highly promising anode material because of its high theoretical capacity and versatile
electrochemical behavior (Syed et al, 2024). Nevertheless, its practical application depends on solving key
problems related to volume expansion, poor conductivity, unstable SEI formation, and capacity decay. Therefore,
the development of SnO:-based nanocomposites has become an important research direction for improving
lithium-storage performance and advancinghigh-capacity anodes for future lithium-ion batteries.

To better position SnO. among commercially available and emerging anode materials, (Table 1) summarizes the
main electrochemical characteristics of representative anode candidates for lithium-ion batteries. The comparison
highlights the advantages of SnO: regarding theoretical capacity while also emphasizing its major limitation
associated with large volume expansion during cycling.

Table 1. Comparison of representative anode materials for lithium-ion batteries.

Initial Typical

Theoretical . Typical Volume
Anode . Coulombic . current . . s
. capacity . cycling . expansion Mainadvantages Main limitations
material (mAh g ') efficiency stabilit density %)
J (ICE, %) Y (mAgY) "
~1000 Commercially
Graphite 372 90-95 100-1000 ~10 mature,excellent Low capacity
cycles . ..
cycling stability
~3000 Outstanding
TiO: 168-335 90-98 100-5000 <4 structural stability Low capacity
cycles
and safety
Fast Li* diffusion, . .
Nb:Os 200250 8595 100079900 165 5000 <10 excellent rate O Eravimetric
cycles .. capacity
capability
Poor
FesOs 1007 70-85 200-800 1001000 ~100 High capacity, low conductlylty,
cycles cost conversion
reaction
C0:0s 390 70-85 200-1000 1001000 ~120 High reve.rs1ble ngh .cost and
cycles capacity toxicity of Co
500-1500 Excellent .
Ge 1624 80-95 100-5000 ~260-300 conductivityand Very high cost
cycles e s
fastLi diffusion
Si 3579 75-90 200-1000 100-2000 300 Highest thepretlcal Extreme Vglume
cycles capacity expansion
200-1000 High capacity,low Large volume
SnO: 1494 60-80 cycles 100-2000 250-300 cost, expansion,

environmentally  unstable SEI,
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Initial Typical
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friendly low conductivity

Source: Authors, 2026.

As shown in Table 1, SnO: occupies an intermmediate position between conventional graphite and emerging
alloy-type anodes such as silicon and germanium. Although its theoretical capacity (1494 mAh g™) is
considerably higher than that of graphite and most transition-metal oxides, it remains significantly lower than
that of silicon. Nevertheless, SnO: offers important practical advantages, including lower cost, environmental
compatibility, easier synthesis, and greater structural versatility. Its principal drawback remains the severe
volume expansion during lithiation/delithiation, which compromises cycling stability and motivates the
development of rationalnanocomposite engineering strategies discussed throughout this review.

3. Lithium-storage mechanisms of SnO:-based anodes

The lithium-storage behavior of SnOz-based anodes (Table 2 and Figure 2) is mainly governed by a combined
conversion and alloying/dealloying mechanism (Gul et al., 2025). Unlike graphite, which stores lithium through
intercalation, SnO: reacts with lithium ions through multiple electrochemical steps that provide much higher
theoretical capacity (Kashif et al., 2026). During the initial discharge process, SnO: first undergoes a conversion
reaction with lithium ions and electrons, producing metallic tin and lithium oxide (Shahet al., 2024).
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Table 2. Lithium-storage mechanisms of SnO>-based anodes forlithium-ion batteries.

Mechanism Main Typical Description of Contribution to Main limitations References
electrochemical voltage region Li-storage process capacity
reaction vs. Li/Li*
Initial Li* insertion/surface ~ SnO: + xLi* + xe~  Usually above A small amountof Minor capacity Often difficult to 01
adsorption — LiSnO: ~1.0 Vduring  Li" may insert into contribution; may distinguish from
initial defects,surface improve reaction surface capacitive
discharge sites, or amorphous kinetics in storage and electrolyte
regions before full nanostructured decomposition.
conversion begins. SnQOs.
This process is more
noticeable in
nanosized, defective,
or amorphous SnOs.
Conversion reaction SnO: + 4Li" + 4e” Around SnO: is reduced to Provides a large Conversion is partly 02
— Sn + 2LiO ~0.8-12V metallic Sn partof theoretical  irreversible in pristine
during first nanoparticles capacity; SnO., causing low
lithiation embeddedin a LO  approximately 711 initial Coulombic
matrix. This reaction mAh g basedon4 efficiency and
breaks the original Li per SnO.. first-cycle capacity
Sn—O framework loss.
and forms
electrochemically
active Sn forthe
nextalloying step.
Alloying reaction of Sn Sn+ xLi* + xe*=  Usually below  Metallic Sn formed  Approximately 782  Causes huge volume 03
with Li LiSn, 0<x<44 ~0.5 V during from conversion mAh g! basedon  expansion/contraction,
lithiation; reacts with Li* to 4.4 Li per SnOz; leading to
dealloying form Li—Sn alloy majorreversible pulverization, Sn
commonly phases, ultimately capacity source. aggregation, and loss
occurs around  approachingLis.sSn. of'electrical contact.
~0.4-0.8V This is the major
reversible

lithium-storage step
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Dealloying reaction

Partial reversible
conversion

Formation of intermediate
lithium tin oxides

in many SnOz-based

anodes.
LiSn = Sn + xLi* + Mainly Liis extracted from Mainreversible Repeated 04
xe~ ~0.4-0.8V Li,Sn phases,and capacity during dealloying/alloying
during charge metallic Sn is repeated cycles. causes mechanical
regenerated. The stress, particle
reversibility of this cracking, and unstable
step strongly SEI growth.
controls cycling
stability.
Sn +2LiO = SnO:  Usually above In well-designed Adds extra In bulk/pristine SnOs, 05
+4Li" + 4e” ~1.0 V during SnO:-based reversible capacity reconversion is
charge nanocomposites, beyond simple Sn kinetically sluggish
part of the alloying/dealloying. and often incomplete.
conversion reaction
canbecome
reversible. Small Sn
domains, carbon
confinement,
transition-metal
additives, and
oxygen vacancies
can promote
reconversion.

Sn0: + Li/e” — Mostly in Some studies show May explain The reaction pathway 06
Li2SnOs, LisSnOs, intermediate that additionalcapacity, is complex and
andrelated phases voltage lithiation/delithiation  voltage hysteresis, depends on electrode

regions during of SnO: caninvolve andcomplexredox  structure, electrolyte,
cycling intermediate lithium behavior. particle size, and
tin oxide phases, not cycling conditions.
only direct
SnO:-to-Sn
conversion.
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Interfaciallithium storage

Pseudocapacitive lithium
storage

Carbon/composite-assisted
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This mechanism
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Transition-metal-assisted
reversible conversion

M/SnO./C + Li* + Mainly
e = Sn/Li:O/M or conversion
M-Sn species region above
~1.0 V and
alloying
region below
~0.5V

Transition metals Improvesinitial Added metalphases
such asCo, Fe, Cu, Coulombic may increase
Ni, or Mn can efficiency, synthesis complexity
enhance electrical reversible capacity, andreduce
conductivity, and cycling gravimetric energy
suppress Sn stability. density if excessive.

coarsening, promote

Li:O activation,and

improve conversion
reversibility.
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Source: Authors, 2026.
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Lithium-storage mechanisms of SnO,-based anodes
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Figure 2. Schematic illustration of the lithium-storage mechanisms in SnO:-based anodes, highlighting the
conversion and alloying/dealloying reactions that occur during lithiation and delithiation. Initially, SnO: is
reduced to metallic Sn and LiO through a conversion reaction, followed by the reversible formation of LixSn
alloys, which are responsible for the high lithium-storage capacity. The schematic also illustrates the transport of
Li* ions and electrons, the structural evolution of the active material, and the major challenges associated with
SnO: anodes, including volume expansion, solid electrolyte interphase (SEI) formation, and structural
degradation during repeated charge—discharge cycling. Source: Authors, 2026.

This conversion reaction plays an important role in activating the SnO: electrode and forming nanosized Sn
domains embedded in a LiO matrix (Ahmad, 2013). The formation of Li:O can help disperse metallic Sn
particles and partially buffer volume changes during cycling (Hussain et al, 2025). However, this process is
often associated with irreversible capacity loss, especially in the first cycle, because part of the Li:O formation
and electrolyte decomposition may not be fully reversible. In addition, the solid electrolyte interphase formed on
the electrode surface consumes lithium ions and contributes to low initial Coulombic efficiency (Amina et al,,
2025).

This alloying/dealloying reaction is mainly responsible for the high reversible capacity of SnO:-based anodes.
During lithiation, lithium atoms enter the Sn phase and form different LiSn alloy phases (Zahoor et al., 2026).
During delithiation, lithium is extracted from LiSn, and metallic Sn is regenerated. Although this reaction
provides high capacity, it also causes severe volume expansion and contraction (Figure 3) (Khan et al., 2025).
The repeated volume fluctuation can lead to particle pulverization, electrode cracking, loss of electrical contact,
unstable SEI formation, and rapid capacity fading (Kashif et al., 2024). Therefore, controlling the mechanical
stress generated during alloying/dealloying is essential for improving the long-term stability of SnO:-based
electrodes (Khan et al., 2026).

The overall electrochemical performance of SnO:-based anodes depends not only on these conversion and
alloying reactions but also on charge-transfer kinetics and Li* diffusion behavior (Syed et al, 2024). Pristine
SnO: has relatively poor intrinsic electrical conductivity, which limits fast electron transport during charge and
discharge processes (Fahim et al., 2025). Slow charge transfer increases polarization and reduces rate capability,
particularly at high current densities. In addition, long Li* diffusion pathways in bulk SnO: particles can restrict

11



Brazilian Journal of Science, 5(11), 1-34,2026. ISSN:2764-3417

reaction kinetics and lead to incomplete utilization of active material. These kinetic limitations become more
serious during repeated cycling when structural degradation and unstable interfaces further interrupt ion and
electron transport (Arshad et al., 2025).

Nanostructuring and composite design are effective approaches for improving the lithium-storage kinetics of
Sn0O:.. Reducing SnO: particle size can shorten Li* diffusion distances and increase electrochemically active
surface area (Al-Khazaal et al, 2022). Porous, hollow, and hierarchical architectures (Figure 3) provide more
electrolyte-accessible channels and internal void spaces, which facilitate ion transport and accommodate volume
expansion. Similarly, coupling SnO. with conductive matrices such as graphene, carbon nanotubes, carbon
nanofibers, porous carbon, MXenes, or conductive polymers can build continuous electron-transfer pathways
and improve ovemrll electrode conductivity. These conductive networks help maintain electrical contact even
afterrepeated lithiation/delithiation cycles (Jabeenet al., 2023).

In SnO:-based nanocomposites (Figure 3), interfacial interactions between SnO: and the supporting matrix also
strongly influence lithium-storage behavior. Well-designed interfaces can accelerate charge transfer, regulate Li
adsorption, suppress particle aggregation, and stabilize the electrode/electrolyte contact. The presence of defects,
oxygen vacancies, or heteroatom doping may further modify the electronic structure of SnO. and enhance
reaction activity. However, excessive surface defects or very high surface area can also promote side reactions
and unstable SEI growth. Therefore, an optimized balance between active surface area, conductivity, structural
stability, and interface chemistry is required (Ahmadet al, 2025).

1. LITHIUM (Li) STORAGE MECHANISM 2. VOLUME EXPANSION MECHANISM
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Figure 3. Schematic illustration of lithium (Li) storage mechanisms, volume expansion, nanocomposite
classifications, and nanocomposite architecture comparison for advanced lithium-ion battery anodes. Source:
Authors, 2026.

Overall, the lithium-storage mechanism of SnO:-based anodes involves a complex interaction between
conversion reactions, alloying/dealloying processes, charge-transfer behavior, and Li* diffusion kinetics (Zhu et
al., 2024). The high capacity of SnO: originates from its ability to participate in both conversion and alloying
reactions, while its major performance limitations arise from large volume change, poor conductivity,
irreversib le lithium consumption, and unstable interfaces. Rational nanocomposite design can effectively address
these issues by improving electrical conductivity, shortening Li" diffusion pathways, buffering mechanical strain,
and stabilizing the SEI layer. Therefore, understanding these mechanisms is essential for developing
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high-performance SnO:-based anodes fornext-generation lithium-ion batteries.

4. Major challenges of pristine SnO: anodes

Although SnO: is considered a promising high-capacity anode material for lithium-ion batteries (Table 3), its
practical application is strongly limited by several intrinsic drawbacks (Chetry et al., 2025). These limitations
mainly arise from its poor electrical conductivity, severe volume variation during cycling, unstable solid
electrolyte interphase formation,and progressive structural degradation (Chetry et al., 2025). As a result, pristine
SnO: usually shows poor rate capability, low initial Coulombic efficiency, rapid capacity fading, and
unsatisfactory long-term cycling stability (Jamila et al., 2025). Understanding these challenges is essential for
designing advanced SnO:-based nanocomposites with improved electrochemical performance (Hasan et al.,

2026).

Table 3. Majorchallenges associated with pristine SnO- anodes for lithium-ion batteries.

Serial Majorchallenge Mechanistic origin Effecton Typical observation References
no in pristine SnO: electrochemical during cycling
performance
01 Severe volume SnO: undergoes a Generates high Electrode swelling, Ryan
expansion/contraction  conversion reaction internal stress, cracking, (2023)
to metallic Sn and crackstheelectrode, pulverization, and
LizO, followed by and accelerates unstable cycling
alloying/de-alloying capacity fading. profiles.
of Sn with Lito form
Li,Sn. This multistep
reaction causes a
very large volume
variation, often
reported as>300%.
02 Pulverization of active Repeated Loss of electrical Rapid decline in Yanetal
material lithiation/delithiation contact between reversible capacity (2026)
causes mechanical active material, and increase in
fracture of SnO- conductive additive, electrode
particles or binder, and current resistance.
nanostructures. collector.
03 Low initial Coulombic The first-cycle Large first-cycle High Lanetal.
efficiency conversion of SnO: capacity loss, low first-discharge (2022)

to Sn and Li2O is
partly irreversible.
Additional

irreversible capacity

is consumed by
electrolyte
decomposition and

SEI formation.

practicalenergy
efficiency, and
reduced lithium
inventory in full

cells.
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Source: Authors, 2026.

One of the major limitations of pristine SnO: is its relatively poor intrinsic electrical conductivity. During
lithiation and delithiation, efficient electron transport is required to support fast electrochemical reactions
(Saddam et al., 2023). However, the low conductivity of SnO: slows down charge transfer between the active
material and the current collector. This leads to high electrode polarization, sluggish reaction kinetics, and
incomplete utilization of the active material, especially athigh current densities (Jamalet al., 2024).

Poor electrical conductivity also limits the rate capability of SnO. anodes. Under fast charge—discharge
conditions, electrons cannot move rapidly through the electrode network, resulting in delayed
lithiation/delithiation reactions and reduced capacity retention. In addition, repeated cycling may further weaken
the electrical contact between SnO: particles due to volume-induced mechanical stress. Once active particles
become disconnected from the conductive pathway, they can no longer participate effectively in lithium storage,
causing continuous capacity loss (Kashif et al., 2024).

To overcome this issue, SnO: is often combined with conductive components such as graphene, reduced
graphene oxide, carbon nanotubes, carbon nanofibers, porous carbon, MXenes, or conductive polymers (Ahmad
et al, 2012). These materials can form continuous electron-transport networks, reduce internal resistance, and
improve the electrochemical reaction kinetics of SnO:-based electrodes. Another critical challenge of SnO:
anodes is the large volume expansion that occurs during lithium insertion (Ahmad et al, 2012). The
lithium-storage process of SnO: involves both conversion and alloying reactions. In particular, the formation of
Li.Sn alloys during lithiation causes significant volume expansion, while lithium extraction during delithiation
leads to volume contraction. This repeated expansion and shrinkage generate strong mechanical stress within the
electrode (Gasimova et al,, 2025).

Large volume variation can damage the electrode structure in several ways. It can fracture SnO: particles, break
the contact between active material and conductive additives, and weaken the adhesion between the electrode
layer and current collector (Haider et al., 2026). Over repeated cycles, these mechanical changes lead to
electrode pulverization and structural collapse. As a result, the reversible capacity decreases rapidly, and the
cycling stability becomes poor (Jabeen et al., 2023).

Nanostructured and porous designs are commonly used to reduce the negative effects of volume expansion
(Khan et al, 2025). Hollow structures, yolk—shell architectures, porous frameworks, and flexible
carbon-supported composites can provide internal void space to accommodate volume changes. These designs
help maintain electrode integrity and improve cycling performance. The formation of a solid electrolyte
interphase (SEI) layer is another important factor affecting the performance of pristine SnO. anodes (Ahmad et
al,, 2023). During the initial lithiation process, electrolyte decomposition occurs on the electrode surface,
forming an SEI film. A stable SEI layer can protect the electrode and allow Li* transport, but an unstable or
repeatedly damaged SEI can seriously reduce battery performance (Bashiret al., 2023).

Because SnO: undergoes large volume changes during cycling, the SEI layer formed on its surface is often
broken and regenerated repeatedly (Del Toro et al, 2022). Each time the SEI ruptures, a fresh SnO: surface is
exposed to the electrolyte, leading to continuous electrolyte decomposition and lithium consumption. This
process lowers the initial Coulombic efficiency and causes irreversible capacity loss. Continuous SEI
reconstruction also increases interfacial resistance, slows Li* transport, and accelerates capacity fading (Deng et
al, 2025).

The instability of the SEI is more serious in nanosized SnO: because the high surface area increases contact with
the electrolyte. Although nanosizing improves reaction kinetics, excessive surface exposure can promote side
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reactions. Therefore, surface coating, carbon encapsulation, electrolyte optimization, and interface engineering
are important strategies for stabilizing the SEI layer in SnO:-based anodes. Structural pulverization is a direct
consequence of repeated volume expansion and contraction during cycling (Shah et al., 2024). As SnO: particles
expand during lithiation and shrink during delithiation, mechanical stress accumulates inside the electrode. Over
time, this stress causes cracking, fragmentation, and loss of structural continuity. The pulverized particles may
become electrically isolated, reducing the amount of active material available for lithium storage (Sun et al.,
2024).

Capacity fading in pristine SnO. anodes results from several connected processes, including particle
pulverization, loss of electrical contact, unstable SEI growth, irreversible lithium consumption, and sluggish
charge-transfer kinetics. These problems reduce reversible capacity and shorten battery life. In many cases,
pristine SnO> may show high capacity in the initial cycles but quickly loses performance during prolonged
cycling (Ikram etal., 2025).

To improve capacity retention, researchers have focused on rational nanocomposite design. Conductive carbon
frameworks can maintain electron pathways, flexible matrices can buffer mechanical stress, and porous or
hollow architectures can accommodate volume expansion. Heterostructure engineering can further enhance
interfacial stability and reaction kinetics. Therefore, addressing the structural instability of pristine SnO: is
central to the development of durable and high-performance SnO:-based anodes.

Overall, the major challenges of pristine SnO: anodes are closely interrelated. Poor conductivity limits electron
transport, volume expansion causes mechanical degradation, unstable SEI formation consumes lithium and
electrolyte, and structural pulverization leads to rapid capacity fading. These limitations explain why pristine
SnO: alone is not sufficient for practical lithium-ion battery applications. The development of SnO:-based
nanocomposites is therefore essential to improve conductivity, buffer volume changes, stabilize the
electrode/electrolyte interface, and achieve long-term cycling stability (Sun et al., 2025).

5. Design strategies for SnO:-based nanocomposite anodes

The intrinsic limitations of pristine SnO. anodes, including poor electrical conductivity, severe volume
expansion, unstable solid electrolyte interphase (SEI) formation, and rapid capacity fading, can be effectively
mitigated through rational nanocomposite engineering. Rather than employing SnO: as a single-component
electrode (Figure 4), researchers have increasingly integrated it with conductive, flexible, porous, and
electrochemically active materials to enhance structural stability, electrical conductivity, lithium-storage kinetics,
and long-term cycling performance. These design strategies primarily aim to accelerate charge transport, shorten
Li* diffusion pathways, buffer mechanical stress induced by repeated lithiation/delithiation, stabilize the
electrode/electrolyte interface, and preserve electrode integrity during prolonged cycling (Sun et al., 2022; Zeng;
Sun, 2025).
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Figure 4. Schematic illustration of the electrochemical limitations of pristine SnO. anodes and their mitigation
through rational nanocomposite design for enhanced lithium/sodium storage performance. Source: Authors,
2026.

Carbon hybridization (Table 4) represents one of the most successful and extensively investigated strategies for
improving SnO:-based anodes. Carbonaceous materials, including graphene, reduced graphene oxide (rGO),
carbon nanotubes (CNTs), carbon nanofibers (CNFs), porous carbon, amorphous carbon, and biomass-derived
carbon, create highly conductive three-dimensional networks surrounding SnO: nanoparticles. These conductive
matrices significantly improve electron transport, reduce charge-transfer resistance and electrode polarization,
and enhance mte capability. Simultaneously, their flexible frameworks act as mechanical buffers that
accommodate the substantial volume expansion of SnO: during cycling, thereby suppressing particle aggregation,
preventing electrode pulverization, and maintaining structural integrity. Carbon coatings or encapsulation further
minimize direct contact between SnO: nanoparticles and the electrolyte, promoting the formation of a thinner
and more stable SEI layer, reducing irreversible capacity loss, improving Coulombic efficiency, and enhancing
cycling stability (Shahet al, 2024; Sun et al., 2026).

Table 4. SnO2 Nanocomposites via carbon hybridization.

Material Specific Current Capacity Retention Initial Coulombic Reference
capacity density After Cycling Efficiency
(mAh g') (mAgh) (CE)
Sn02/rGO ~980 100 85% after200 cycles ~72% Wangetal.
(2023)
Sn02/CNTs ~1100 200 83% after200 cycles ~65% Ullah et al.
(2025)
SnO2@Porous ~1250 500 91% after600 cycles ~79% Lietal
carbon (2025)
SnOs/carbon ~850 1000 80% after 150 cycles ~71% Aziz etal
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electrofibers (2023)

Source: Authors, 2026.

Heterostructure engineering (Table 5) has emerged as another highly effective strategy for enhancing the
electrochemical performance of SnO:-based nanocomposites. Coupling SnO> with functional materials such as
metal oxides, sulfides, phosphides, nitrides, MXenes, conductive polymers, or other semiconductors creates
synergistic heterointerfaces that facilitate rapid electron transport, accelerate Li* diffusion, and improve reaction
reversibility.

The built-in electric fields, interfacial defects, and charge redistribution generated at these interfaces reduce
reaction polarization while providing additional active sites for lithium storage. Furthermore, the secondary
phases serve as mechanically robust supports that effectively buffer volume expansion, prevent structural
collapse, and inhibit particle pulverization during repeated alloying/dealloying reactions. Consequently,
heterostructured SnO: nanocomposites generally exhibit higher reversible capacity, superior rate capability, and
significantly improved cycling stability compared with pristine SnO: (Li et al.,, 2025; Sun et al.,, 2026).

Morphology control also plays a central role in optimizing the electrochemical behavior of SnO: anodes. SnO:
has been engineered into a wide range of nanostructures, including zero-dimensional nanoparticles,
one-dimensional nanorods, nanowires, and nanotubes, two-dimensional nanosheets, and three-dimensional
hierarchical, hollow, core-shell, and yolk-shell architectures. Each morphology provides distinct advantages for
lithium storage.

Nanoparticles offer high surface area and short Li* diffusion distances, while one-dimensional nanostructures
provide continuous electron transport pathways. Two-dimensional nanosheets expose abundant
electrochemically active sites and improve electrolyte accessibility. Hollow, core-shell, yolk-shell, and
hierarchical structures are particularly advantageous because their internal void spaces effectively accommodate
the large volume variation of SnO: during lithiation while maintaining structural integrity. However, excessively
small nanoparticles may suffer from increased surface side reactions and unstable SEI formation; therefore,
morphology optimization is essential for balancing high capacity, fast reaction kinetics, structural robustness,
and interfacialstability (Jamil et al., 2025; Liet al., 2026).

Table 5. SnO2 nanocomposites via heterostructure engineering.

Material Specific Current Capacity Retention Initial Coulombic Reference
capacity density After Cycling Efficiency
(mAh g') (mAg') (ICE)
Sn0O2/TiO2 ~820 200 94% after300 cycles ~78% Sun et al.
(2024)
Sn0O2/MoS2 ~1150 100 83% after200 cycles ~65% Ullah et al.
(2025)
SnO2/TizCaTx ~1310 500 91% after600 cycles ~79% Lietal
(MXene) (2025)
Sn02/ZnO ~900 200 80% after 150 cycles ~71% Aziz etal
(2023)

Source: Authors, 2026.

Porous architecture design (Table 6) further enhances the electrochemical performance of SnO:-based
nanocomposites by generating interconnected ion- and electron-transport pathways together with internal buffer
spaces. Mesoporous, microporous, macroporous, hollow, and hierarchical porous structures facilitate electrolyte
penetration, expose abundant electrochemically active sites, and significantly shorten Li" diffusion distances,
thereby improving reaction kinetics and rate performance. Simultaneously, interconnected pore networks
efficiently accommodate the large volume expansion associated with Sn O: lithiation, reducing mechanical stress
accumulation, particle fracture, electrode cracking, and pulverization while maintaining stable electrical contact
between active materials and conductive frameworks.
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Hierarchical porous structures, combining micro-, meso-, and macropores, are particularly attractive because
they simultaneously provide high surface area, efficient mass transport, and enhanced mechanical stability.
Nevertheless, excessive porosity may decrease tap density and increase undesirable side reactions with the
electrolyte; therefore, pore size distribution, pore volume, and structural compactness must be carefully
optimized for practicalbattery applications (Sun etal., 2024; Zhanget al., 2026a).

Interface and defect engineering have recently become powerful approaches for tuning the electrochemical
properties of SnO:-based anodes. The interface between SnO. and conductive matrices strongly influences
charge-transfer resistance, Li* adsorption behavior, SEI formation, and structural stability. Carefully engineered
interfaces established through surface coatings, chemical bonding, heteroatom doping, or interfacial anchoring
strengthen electronic coupling, improve charge transfer, prevent particle detachment, and promote uniform
electrochemical reactions.

Simultaneously, defect engineering through oxygen vacancies, dopant atoms, grain boundaries, and interfacial
defects modifies the electronic structure of SnO, increases intrinsic electrical conductivity, generates additional
lithium-storage active sites, and accelerates Li* adsorption and diffusion. However, excessive defect
concentrations may induce irreversible side reactions and unstable SEI growth, emphasizing the importance of
precisely controlling defect density to maximize electrochemical efficiency and long-term cycling stability
(Muhammadetal, 2026; Zhanget al., 2026b).

Overall, the development of high-performance SnO:-based nanocomposite anodes requires the synergistic
integration of multiple structural and compositional design strategies rather than reliance on a single
modification approach (Wang et al, 2026). Carbon hybridization enhances electrical conductivity and
mechanical flexibility; heterostructure engineering promotes interfacial charge transfer and synergistic
electrochemical activity; morphology control optimizes ion diffusion kinetics and structural dumability; porous
architectures provide efficient ion-transport channels and volume-buffering space; and interface/defect
engineering improves electronic conductivity, reaction kinetics, and surface reactivity (Li et al., 2025). Through
the rational combination of these complementary strategies, SnO:-based nanocomposites effectively overcome
the intrinsic limitations of pristine SnO:, resulting in higher reversible capacity, superior Coulombic efficiency,
enhanced rate capability, prolonged cycling stability, and greater potential for practical implementation in
next-generation lithium-ion batteries (Jia etal., 2026).

Table 6. Nanocomposites with controlled morphology and porous architecture.

Material Specific ~ Current Capacity Initial Reference  Structure/morphology

capacity  density Retention Coulombic

(mAhg!) (mAg!) After Cycling Efficiency

(ICE)

SnO2 ~1120 500 88% after ~74% Pervaiz et Encapsucated hollow
Yolk-Shell 400 cycles al. (2025) spheres
SnOz ~1050 1000 86% after ~71% Hasanetal  Ordered microporous
Framework 800 cycles (2026)
3D
SnO» ~950 200 82% after ~69% Mamil et 1D hollow
nanotubes 300 cycles al. (2025)
Sn02/Zn0O ~1280 100 90% after ~76% Sun et al. Micro/Mesoporous
Hierarchical 200 cycles (2024)

Source: Authors, 2026.

6. Electrochemical performance of SnO:-based nanocomposite anodes

The electrochemical performance of SnO:-based nanocomposite anodes is commonly evaluated through specific
capacity, cycling stability, rate capability, and Coulombic efficiency, as these parameters collectively determine
their practical suitability for lithium-ion batteries. Pristine SnO: possesses a high theoretical capacity because
lithium storage occurs through both conversion and alloying/dealloying reactions. However, its practical
performance is usually limited by poor electronic conductivity, large volume variation, unstable solid electrolyte
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interphase formation, and gradual structural degradation. The development of SnO:-based nanocomposites has
therefore become an effective approach to improve electrochemical behavior by enhancing charge transport,
stabilizing the electrode structure, and maintaining reversible lithium-storage reactions during repeated cycling
(Zhaoetal.,, 2025).

Specific capacity is one of the most important indicators of lithium-storage ability. SnO:-based nanocomposites
generally show higher reversible capacity than pristine SnO: because the incorporation of conductive carbon
materials, secondary metal oxides, sulfides, or other functional components increases electrical conductivity and
improves the utilization of active material. Nanostructured designs such as nanoparticles, hollow spheres,
nanosheets, nanorods, and porous frameworks provide a larger electrode—electrolyte contact area and expose
more active sites for Li* insertion and extraction. In addition, defect-rich interfaces and heterostructures can
introduce extra lithium-storage sites and promote faster charge-transfer reactions. As a result, well-designed
SnO: nanocomposites can deliver high reversible capacities, especially when the active SnO: phase is uniformly
dispersed within a conductive and mechanically stable matrix (Zhao et al., 2025).

Cycling stability is a major challenge for SnO:-based anodes because repeated lithiation and delithiation cause
severe volume expansion and contraction. This volume fluctuation can lead to particle pulverization, loss of
electrical contact, continuous SEI reconstruction, and rapid capacity fading. Nanocomposite engineering greatly
improves cycling stability by introducing flexible buffering components and stable structural frameworks.
Carbon coatings, graphene networks, carbon nanotubes, and porous carbon matrices can accommodate
mechanical stress and preserve electron pathways during long-term cycling. Similarly, hollow and porous
architectures provide internal void space to reduce structural strain, while heterostructured interfaces help
maintain the integrity of the electrode. These design features suppress electrode cracking and active material
detachment, resulting in improved capacity retention over extended charge—discharge cycles (Sun et al,, 2024).

Rate capability reflects the ability of an electrode to deliver capacity at high current densities. For SnO:-based
anodes, rate performance is strongly influenced by electronic conductivity, Li* diffusion kinetics, and the
accessibility of active sites. Pristine SnO. often shows poor rate capability because of sluggish charge transfer
and limited ion diffusion. In contrast, SnO:-based nanocomposites can maintain considerable capacity even at
high current rates due to shortened Li* diffusion pathways, improved electrolyte penetration, and enhanced
electron transport. Conductive networks formed by graphene, carbon nanotubes, carbon nanofibers, or
amorphous carbon reduce internal resistance and facilitate rapid electron movement. At the same time, nanoscale
morphology and porous structures accelerate Li* migration by providing open channels and reducing diffusion
distances. Therefore, optimized SnO: nanocomposites show better high-rate performance and faster
electrochemical response than bulk or pristine SnO: (Sun etal., 2024).

Coulombic efficiency is another important parameter that indicates the reversibility of lithium insertion and
extraction during cycling. SnO:-based anodes often show low initial Coulombic efficiency because of
irreversible conversion reactions, formation of LiO, electrolyte decomposition, and SEI formation during the
first discharge process. However, after the initial cycles, a stable SnO. nanocomposite structure can promote
higher Coulombic efficiency by reducing continuous side reactions and stabilizing the electrode—electrolyte
interface. Carbon coating, surface modification, and interface engineering are particularly useful for forming a
more uniform and stable SEI layer. A stable SEI prevents excessive electrolyte consumption, improves reaction
reversibility, and contributes to long-term capacity retention. In this way, improved Coulombic efficiency is
closely related to better structural stability and controlled interfacial chemistry.

Overall, the electrochemical performance of SnO:-based nanocomposite anodes depends on the successful
balance between high capacity, structural durability, fast reaction kinetics, and interfacial stability. High specific
capacity is achieved through efficient utilization of SnO. and additional active interfaces, while cycling stability
is improved by buffering volume changes and preventing structural collapse. Enhanced rate capability results
from improved electron conductivity and shortened Li* diffusion pathways, whereas high Coulombic efficiency
is obtained by stabilizing the SEI and minimizing irreversible reactions. Therefore, rationally designed
SnO:-based nanocomposites offer a promising route toward high-performance lithium-ion battery anodes with
improved reversible capacity, long cycle life, strong rate performance,and stable electrochemicalefficiency.

7. Structure performance relationship

The electrochemical performance of SnO:-based nanocomposite anodes is strongly governed by their structural
features, including particle size, morphology, porosity, crystallinity, conductive network fommation, interface
quality, and defect concentration. Since SnO. undergoes both conversion and alloying/dealloying reactions
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during lithium storage, its structure must be carefully designed to accommodate large volume changes, maintain
continuous electron transport, and allow rapid Li* diffusion. Therefore, understanding the structure—performance
relationship is essential for developing high-capacity, long-life, and high-rate SnO-based anode materials (Khan
etal, 2025).

Particle size has a direct influence on lithium-storage behavior. Nanosized SnO: particles provide shorter Li
diffusion pathways and larger surface area compared with bulk SnO., which improves reaction kinetics and
increases the number of accessible active sites. However, extremely small particles may cause excessive surface
reactions with the electrolyte, leading to unstable solid electrolyte interphase formation and low initial
Coulombic efficiency. Therefore, an optimized nanoscale size is required to balance high capacity with
interfacial stability. Uniform dispersion of SnO. nanoparticles within a conductive matrix is especially important
because it prevents particle aggregation and maintains effective electrical contact during repeated
charge—discharge cycles (Khan etal., 2026).

Morphology also plays a key role in determining electrochemical performance. One-dimensional structures such
as nanowires, nanotubes, and nanorods provide direct electron-transport pathways and improve mechanical
stability. Two-dimensional nanosheets expose abundant active sites and facilitate electrolyte contact, while
three-dimensional hierarchical architectures combine high surface area, structural robustness, and efficient
ion/electron transport. Hollow and yolk—shell structures are particularly effective for SnO.-based anodes because
their internal void spaces can accommodate volume expansion during lithiation, reducing mechanical stress and
preventing structural pulverization. As a result, morphology-controlled SnO. nanocomposites generally show
improved cycling stability and rate capability (Hussain et al., 2026).

Porosity is another important structural factor that affects battery performance. Porous SnO.-based composites
provide interconnected channels for electrolyte penetration and Li* migration, which enhances charge-transfer
efficiency and improves rate performance. The presence of mesopores and macropores can buffer volume
expansion and reduce electrode cracking, while micropores may contribute additional active sites for lithium
storage. However, excessive porosity may reduce tap density and volumetric energy density, which can limit
practical application. Therefore, a well-balanced porous structure is needed to achieve both high gravimetric
capacity and acceptable electrode density (Welegergs et al., 2025).

The incorporation of conductive networks is critical because SnO: has poor intrinsic electrical conductivity.
Carbon materials such as graphene, reduced graphene oxide, carbon nanotubes, carbon nanofibers, and
amorphous carbon can form continuous conductive pathways that accelerate electron transport and reduce
internal resistance. These carbon frameworks also improve structural flexibility and help maintain electrode
integrity during repeated volume expansion and contraction. A well-integrated SnO-/carbon interface ensures
efficient charge transfer and prevents active material isolation, leading to higher reversible capacity, better rate
capability,and longer cycle life (Nelwamondo et al., 2024).

Interface engineering strongly affects the reversibility and stability of SnO:-based nanocomposite anodes.
Heterointerfaces between SnO. and other metal oxides, sulfides, phosphides, or carbonaceous materials can
create synergistic effects that enhance charge redistribution, promote Li* adsorption, and improve reaction
kinetics. These interfaces may also generate built-in electric fields, which facilitate electron and ion transport.
Moreover, stable interfaces help suppress continuous SEI reconstruction and reduce unwanted side reactions
with the electrolyte. As a result, well-designed heterostructures often exhibit higher capacity retention and
improved Coulombic efficiency compared with single-component SnO: (Ikhioya et al., 2024).

Defects and crystallinity also influence the electrochemical behavior of SnO.. Oxygen vacancies, dopant atoms,
grain boundaries, and lattice distortions can improve -electronic conductivity and provide additional
lithium-storage sites. Defect-rich structures can accelerate charge transfer and enhance Li* diffusion, contributing
to improved rate performance. However, excessive defects may increase irreversib le reactions and destabilize the
electrode—electrolyte interface. Similarly, crystallinity must be carefully controlled. Highly crystalline SnO. may
offer better structural order and stability, while amorphous or partially crystalline structures can provide more
active sites and better strain tolerance. Therefore, an appropriate balance between crystallinity and defect
concentration is necessary for optimalperformance (Noukelaget al.,2023).

Overall, the structure—performance relationship of SnO:-based nanocomposite anodes shows that no single
structural parameter alone determines electrochemical performance. High capacity is mainly associated with
abundant active sites, nanoscale dimensions, and efficient utilization of SnO.. Cycling stability depends on
structural buffering, strong interfaces, and stable conductive networks. Rate capability is improved by short Li*
diffusion paths, open porous channels, and fast electron transport. Coulombic efficiency is closely related to
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controlled surface chemistry and stable SEI formation. Therefore, rational structural design that integrates
nanoscale morphology, porous architecture, conductive frameworks, heterointerfaces, and controlled defects is
essential for developing advanced SnO:-based nanocomposite anodes fornext-generation lithium-ion batteries.

8. Future perspectives

SnO:-based nanocomposite anodes have shown strong potential for next-generation lithium-ion batteries because
of their high theoretical capacity, multiple lithium-storage reactions, tunable nanostructures, and compatibility
with various conductive and buffering components. However, despite significant progress, several challenges
must still be addressed before these materials can be practically used in commercial batteries. Future research
should focus on developing SnO:-based anodes with high reversible capacity, long-term cycling stability, high
initial Coulombic efficiency, excellent rate capability,and scalable synthesis routes.

One important future direction is the precise control of nanocomposite architecture. Although nanosizing
improves lithium-ion diffusion and increases active surface area, excessive surface exposure can cause serious
electrolyte decomposition and unstable SEI formation. Therefore, future designs should aim for optimized
particle size, controlled porosity, and stable hierarchical structures that balance high electrochemical activity
with interfacial stability. Hollow, yolk—shell, porous, and core—shell structures remain promising because they
can buffer volume expansion while maintaining efficient charge transport. However, these architectures must be
simplified for large-scale production and should maintain structural integrity under high mass loading
conditions.

Another key research area is interface and defect engineering. Rationally designed interfaces between SnO: and
carbon materials, metal oxides, sulfides, phosphides, or other functional components can improve electronic
conductivity, promote Li* diffusion, and enhance reaction reversibility. Controlled defects such as oxygen
vacancies and doped sites may also provide additional active sites and improve charge-transfer kinetics.
However, excessive defects can trigger irreversible side reactions and reduce Coulombic efficiency. Therefore,
future studies should focus on controlled defect generation, stable interfacial bonding, and a deeper
understandingof how interfacial chemistry affects SEI formation and lithium-storage behavior.

Improving initial Coulombic efficiency is also essential for practical application. SnO.-based anodes often suffer
from irreversible lithium consumption during the first discharge process due to SEI formation, electrolyte
decomposition, and incomplete reversibility of the conversion reaction. Future work should explore surface
coatings, artificial SEI layers, electrolyte additives, prelithiation strategies, and stable electrode—electrolyte
interface designs to reduce initial lithium loss. These approaches can improve energy density and make
SnO:-based anodes more compatible with full-cell battery systems.

From a practical point of view, more attention should be given to full-cell evaluation rather than only half-cell
testing. Many SnO:-based nanocomposites show excellent performance in laboratory half-cells using lithium
metal as the counter electrode, but their real performance in full cells with commercial cathodes may be different.
Future research should therefore investigate full-cell configurations, realistic electrode mass loading, limited
electrolyte conditions, long-term cycling, and practical areal capacity. In addition, volumetric energy density
should be considered because highly porous or low-density structures may show high gravimetric capacity but
poor practical packing density.

Scalable, low-cost, and environmentally friendly synthesis methods are another major requirement for future
development. Many reported SnO:-based nanocomposites are prepared using complex multi-step routes,
expensive precursors, high-temperature treatments, or laboratory-scale methods. To move toward
commercialization, synthesis strategies should be simple, reproducible, energy-efficient, and suitable for
large-scale production. Green synthesis, aqueous processing, low-temperature methods, and binder-compatible
electrode fabrication should be further explored. The stability of these materials during electrode preparmation,
slurry mixing, calendaring, and cell assembly should also be carefully evaluated.

Advanced characterization and theoretical modeling will play an important role in future studies. In situ and
operando techniques such as in situ XRD, Raman spectroscopy, TEM, XPS, and electrochemical impedance
analysis can provide deeper insight into structural evolution, phase transformation, SEI formation, and reaction
kinetics during cycling. Density functional theory calculations and machine-learning-assisted material screening
can further help identify favorable compositions, interfaces, dopants, and structural designs. Combining
experimental and theoretical approaches will provide a clearer understanding of the relationship between
structure, interface, and electrochemicalperformance.
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Overall, the future development of SnO:-based nanocomposite anodes should move beyond achieving high
capacity alone. Practical performance requires a balanced combination of high capacity, stable cycling, fast
kinetics, high Coulombic efficiency, scalable synthesis, and full-cell compatibility. By integrating rational
nanostructure design, conductive network construction, interface optimization, defect regulation, and practical
electrode engineering, SnO:-based nanocomposites may become promising high-performance anode materials
for advanced lithium-ion batteries.

8.1 Commercialization prospects and industrial readiness of SnO:-based anodes

Although SnO:-based nanocomposite anodes have demonstrated remarkable electrochemical performance at the
laboratory scale, their transition toward commercial lithium-ion batteries remains limited. Most reported
materials are currently positioned between Technology Readiness Levels (TRLs) 2—4, where research is focused
on proof-of-concept, laboratory validation, and optimization of material properties. Only a small number of
studies have progressed toward pilot-scale electrode fabrication or full-cell validation under industrially relevant
conditions. Consequently, increasing the TRL of SnO:-based anodes requires not only improvements in
electrochemical performance but also advances in scalable manufacturing, cost reduction, process reproducibility,
and compatibility with existing battery production lines (Eshetu et al., 2021; Schwan et al., 2020).

From an industrial perspective, commercial lithium-ion battery manufacturers such as Tesla, BYD, CATL, and
Panasonic currently rely predominantly on graphite-based anodes or graphite reinforced with small amounts of
silicon or silicon oxide rather than SnO.. Silicon-containing composite anodes have already entered commercial
batteries because they provide moderate increases in energy density while remaining compatible with
conventional slurry preparation, coating, drying, calendaring, and cell assembly processes. Tesla and Panasonic,
for example, have adopted silicon-containing graphite anodes in several commercial battery platforms,
demonstrating that gradual incorporation of high-capacity materials is presently more attractive than complete
replacement of graphite (Feyzi et al., 2025).

Compared with silicon, SnO: offers several attractive characteristics for industrial applications. Tin dioxide is
abundant, environmentally benign, relatively inexpensive, and can be synthesized using well-established
hydrothermal, sol-gel, precipitation, spray pyrolysis, and themal oxidation routes (Schwan et al, 2020).
Furthermore, SnO: exhibits greater chemical stability than many alloy-type anodes and can be integrated with
numerous conductive matrices, including graphene, carbon nanotubes, porous carbon, MXenes, and conductive
polymers. Nevertheless, its severe volume expansion, low intrinsic electrical conductivity, unstable solid
electrolyte interphase formation, and relatively low initial Coulombic efficiency still hinder large-scale
commercialization. These drawbacks increase manufacturing complexity because they require advanced
nanostructuring, surface engineering, and optimized electrode formulations (Schwan et al.,, 2020).

Another important challenge concerns industrial scalability. Many high-performance SnO: nanocomposites
reported in the literature are synthesized through multistep laboratory procedures involving hydrothermal
treatment, freeze drying, electrospinning, chemical vapor deposition, or template-assisted synthesis. Although
these approaches produce outstanding electrochemical properties, they frequently require expensive precursors,
long processing times, high energy consumption, or low production yields, making large-scale manufacturing
difficult (Schwan et al., 2020). Future research should therefore prioritize continuous, low-cost, environmentally
friendly, and scalable synthesis routes that are compatible with existing lithium-ion battery manufacturing
infrastructure (Eshetu et al., 2021).

Industrial implementation also depends on electrode-level metrics rather than only material-level performance.
Commercial battery manufacturers typically require electrodes with high areal capacity (>3—4 mAh cm™), high
tap density, stable cycling under limited electrolyte conditions, excellent mechanical integrity during calendaring,
and compatibility with roll-to-roll manufacturing processes. Consequently, future studies should increasingly
evaluate SnO:-based anodes under practical electrode loadings, full-cell configurations, industrial binders,
commercial electrolytes, and realistic cycling protocols (Eshetu et al, 2021). Such investigations will provide a
more accurate assessment of the true commercial potential of SnO. nanocomposites.

Overall, SnO:-based nanocomposites possess considerable long-term commercial potential because they
combine high theoretical capacity with relatively low raw-material cost and versatile structural engineering.
However, unlike silicon-containing graphite anodes that have already reached industrial deployment, SnO:-based
systems still require significant advances in electrode engineering, manufacturing scalability, cost-effective
synthesis, and industrial validation before reaching commercial maturity (Eshetu et al, 2021; Feyziet al., 2025).
Bridging the gap between laboratory demonstrations and industrial battery production will therefore represent
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one of the majorresearch priorities for next-generation lithium-ion battery technology.

9. Current research gaps

Despite the remarkable progress achieved in the development of SnO:-based nanocomposite anodes, several
fundamental and technological challenges remain unresolved. Addressing these research gaps is essential to
bridge the transition from laboratory-scale demonstrationsto commercially viable lithium-ion batteries.

One of the most significant research gaps concerns the lack of standardized electrochemical evaluation protocols.
Most published studies employ different electrode compositions, electrolyte formulations, current densities,
voltage windows, and cycling conditions, making direct comparisons among reported SnO> nanocomposites
difficult. The adoption of standardized testing protocols, including practical mass loading, limited electrolyte
conditions, and full-cell configurations, would greatly improve the reliability and reproducibility of future
investigations (Eshetu etal, 2021; Zhao et al., 2025).

Another important limitation is the continued reliance on half-cell testing using lithium metal counter electrodes.
Although half-cell configurations provide valuable mechanistic information, they often overestimate
electrochemical performance compared with practical battery systems. Future studies should increasingly
prioritize full-cell evaluation using commercially relevant cathodes, realistic electrode balancing, industrial
binders, and high areal capacities to better assess the true application potential of SnO.-based anodes (Eshetu et
al, 2021;Feyziet al, 2025).

The relationship between nanostructure and electrochemical performance also remains insufficiently understood.
Numerous studies report improved battery performance through carbon hybridization, heterostructure
engineering, morphology control, or defect engineering; however, the individual contribution of each design
parameter is often difficult to distinguish because several modification strategies are simultaneously employed.
More systematic investigations combining experimental characterization with theoretical modeling are needed to
establish quantitative structure—property relationships (Schwan et al., 2020; Sunjaya etal., 2026).

Interfacial chemistry represents another major knowledge gap. Although the formation and evolution of the solid
electrolyte interphase (SEI) largely determine cycling stability and Coulombic efficiency, its dynamic behavior
on SnO:-based nanocomposites remains poorly understood. Advanced operando characterization techniques,
including operando X-ray diffraction, transmission electron microscopy, Raman spectroscopy, X-ray
photoelectron spectroscopy, neutron scattering, and synchrotron-based methods, should be increasingly
employed to monitor structural evolution and interfacial reactions during battery operation (Eshetu et al., 2021;
Sun et al., 2026).

Another underexplored area involves data-driven materials discovery. Artificial intelligence, machine learning,
and density functional theory (DFT) calculations have demonstrated considerable potential for predicting stable
interfaces, identifying optimal dopants, screening nanocomposite architectures, and accelerating materials
discovery. Nevertheless, these computational approaches remain relatively underutilized in SnO. research
compared with experimental trial-and-error strategies. Greater integration between computational design and
experimental validation may significantly shorten the development cycle of next-generation anode materials
(Feyzi et al, 2025; Sunjayaetal., 2026).

Scalable manufacturing also remains a critical bottleneck. Many high-performance SnO: nanocomposites rely on
complex synthesis routes involving hydrothermal reactions, electrospinning, freeze drying, chemical vapor
deposition, or template-assisted fabrication, which are difficult to scale economically. Future research should
prioritize simple, continuous, low-cost, environmentally friendly, and energy-efficient manufacturing processes
thatare compatible with existing roll-to-roll electrode production technologies (Schwan et al., 2020).

Finally, insufficient attention has been devoted to practical industrial requirements. While most studies
emphasize gravimetric capacity, considerably fewer investigate volumetric energy density, tap density, electrode
density, mechanical integrity after calendaring, long-term storage stability, manufacturing reproducibility,
recycling, and life-cycle assessment. These factors are increasingly recognized as decisive parameters for
industrial adoption and should become central objectives of future research rather than secondary considerations
(Eshetu et al., 2021).

Overall, future progress in SnO:-based nanocomposite anodes will depend not only on achieving higher
laboratory capacities but also on establishing standardized testing methodologies, improving mechanistic
understanding, integrating computational materials design, developing scalable synthesis technologies, and
validating performance under realistic commercial battery conditions. Addressing these research gaps will be
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essential for advancing SnO:-based materials from fundamental research toward practical implementation in
next-generation lithium-ion batteries.

10. Conclusions

SnOz-based nanocomposites have emerged as one of the most promising alternatives to conventional graphite
anodes because they combine a high theoretical capacity (1494 mAh g!), abundant raw materials, relatively low
cost, and remarkable structural versatility. Unlike graphite, SnO; stores lithium through both conversion and
alloying/dealloying reactions, enabling significantly higher lithium-storage capacity. However, its practical
implementation continues to be limited by poor intrinsic electrical conductivity, severe volume expansion during
cycling, unstable solid electrolyte interphase (SEI) formation,and low initial Coulombic efficiency.

This review demonstrates that no single modification strategy is sufficient to overcome all intrinsic limitations of
Sn0:s. Instead, the best electrochemical performance is consistently achieved through the synergistic integration
of multiple design approaches. Among the available strategies, carbon hybridization combined with
heterostructure engineering appears to be the most promising because conductive carbon frameworks
simultaneously improve electronic conductivity, buffer mechanical stress, and stabilize the electrode structure,
while heterointerfaces accelerate charge transfer, facilitate lithium-ion diffusion, and enhance reaction
reversibility. When these approaches are further combined with rational morphology control, porous
architectures, and interface/defect engineerin g, substantial improvements in reversible capacity, cycling stability,
rate capability, and Coulombic efficiency can be achieved.

Despite these advances, significant challenges remain before SnOz-based anodes can be commercially deployed.
Most reported materials still exhibit relatively low initial Coulombic efficiency, insufficient long-term stability
under practical electrode loadings, and synthesis routes that are difficult to scale economically. Furthermore,
many studies continue to evaluate electrochemical performance only in half-cell configurations using lithium
metal counter electrodes, whereas industrial implementation requires validation under realistic full-cell
conditions, high areal capacities, limited electrolyte volumes, and commercially relevant manufacturing
processes. These issues currently represent the principal barriers preventing SnO.-based nanocomposites from
reaching high technology readiness levels and large-scale industrial adoption.

From a broader perspective, SnO; is unlikely to completely replace graphite or silicon in the near future. Instead,
it is more likely to become part of multifunctional composite anodes in which each component contributes
complementary electrochemical and mechanical properties. Such hybrid electrode architectures may provide a
practical balance between high energy density, structural stability, safety, cost, and manufacturability.
Consequently, future commercial batteries may increasingly incorporate SnO: as a functional component rather
thanasa single active material.

Future research should therefore move beyond maximizing specific capacity alone and focus on practical battery
engineering. Priority should be given to scalable and environmentally friendly synthesis methods,
high-mass-loading electrodes, improved initial Coulombic efficiency, artificial SEI design, advanced operando
characterization, computationally guided material optimization, and systematic full-cell evaluation under
industrially relevant conditions. Integrating these approaches will accelerate the transition of SnO:-based
nanocomposites from hbornatory-scale materials toward commercially viable next-generation lithium-ion
batteries.

Overall, SnO2-based nanocomposites represent a highly promising class of advanced anode materials whose
future success will depend less on achieving record-breaking laboratory capacities and more on bakhncing
electrochemical performance with industrial scalability, manufacturing compatibility, cost-effectiveness, and
long-term operational reliability. Bridging this gap between fundamental materials research and practical battery
engineering will ultimately determine whether SnO; can become a key component of future high-energy
lithium-ion batteries.
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