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ABSTRACT

This review explores solid electrolyte interphase (SEl) modifying coatings, which play a crucial role in
enhancing the stability and safety of lithium-ion batteries (LIBs). The SEI forms on anodes during
battery cycling, providing a protective layer that mitigates electrolyte degradation. However, its
degradation over time leads to capacity loss, necessitating innovative coating solutions. Various
materials, including polymeric, ceramic, and metal oxide coatings, are discussed for their unique
properties that improve SEl stability. Techniques such as atomic layer deposition (ALD), chemical
vapor deposition (CVD), and scalable spray coating methods are highlighted for their effectiveness in
applying these coatings. Performance evaluations reveal significant enhancements in capacity
retention, thermal stability, and cycling longevity attributed to these coatings. Nonetheless,
challenges related to material compatibility, manufacturing scalability, and sustainability remain. The
review emphasizes the importance of ongoing research into eco-friendly and hybrid materials to
further improve battery performance and align with environmental goals. Overall, SEI-modifying
coatings are identified as a promising avenue for advancing LIB technology, ensuring enhanced
safety and longevity for various applications in energy storage.

Introduction

Lithium-ion batteries (LIBs) have transformed energy storage,
powering everything from smartphones to electric vehicles and
serving as crucial components in renewable energy systems.
Their high energy density, relatively long life, and rechargeability
make them preferred over other technologies, especially as
industries aim for clean and efficient power sources. However,
LIBs face challenges regarding durability, environmental
impact, and safety, particularly concerning degradation
processes that affect their lifespan. These issues highlight the
need for innovative solutions to improve LIB stability and
reliability as demand continues to grow globally [1].

researchers and industry stakeholders in energy storage
solutions [2].

Solid Electrolyte Interphase (SEI) in Lithium-lon
Batteries

The SEI layer forms on the surface of lithium-ion battery
electrodes, primarily the anode, during initial battery cycling.
This process is triggered when electrolyte components
decompose at electrode interfaces due to high reactivity,
leading to the deposition of various chemical species [3].
These species, often organic and inorganic compounds,
accumulate to form a protective film on the anode, known as
the SEI layer. The SEI minimizes direct contact between the
electrode and electrolyte, reducing the risk of further
reactions that would otherwise cause rapid degradation and
capacity loss. This initial formation, however, is only partially
self-limiting, as the SEI continues to evolve over the battery’s

The solid electrolyte interphase (SEI) is vital to LIB stability,
as it forms a protective layer on the anode, mitigating direct
electrolyte degradation and safeguarding electrodes from
dissolution. The SEI layer prevents unwanted reactions during
charging and discharging, maintaining cell integrity and

prolonging battery life. Despite its protective role, SEI degrades
over time, leading to capacity loss and a heightened need for
technologies that reinforce its stability. SEI degradation remains
a significant challenge, especially in applications requiring
prolonged cycling, such as electric vehicles. This degradation
compromises battery capacity, stability, and safety, creating a
pressing need for research into coatings that can modify SEI to
enhance its durability. Effective SEI-modifying coatings could
drastically improve LIB longevity and reliability [2].

This review delves into SEI-modifying coatings as a
promising solution to mitigate SEI degradation in LIBs. We
explore the coating materials, mechanisms, and recent advances
aimed at improving LIB stability, providing insights for

life [4].

The SEI typically exhibits a multi-layered structure, with
a complex mix of inorganic (e.g., LiF, Li2COs) and organic
compounds, formed from electrolyte reduction products. The
inner SEI layer, closest to the electrode, consists of inorganic
species that confer high stability, while the outer layer contains
organic species and tends to be more reactive. This
heterogeneous composition allows the SEI to act as both an
electronic insulator and an ionic conductor, essential for
maintaining battery functionality. However, SEI structure and
composition can vary depending on electrolyte formulation,
electrode material, and cycling conditions, impacting the
layer’s stability and effectiveness in different applications [1,6].
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Despite its protective role, SEI faces stability challenges, such as
growth over repeated cycles, cracking, and reduced ionic
conductivity. Continuous electrolyte decomposition can lead to
uncontrolled SEI growth, thickening the layer and increasing
battery resistance. Mechanical stresses induced by volume
changes during cycling can cause SEI cracking, exposing the
electrode and allowing further reactions, ultimately reducing
battery life. Additionally, the SETs ionic conductivity can
diminish over time, impacting the battery's performance and
efficiency. Addressing these issues is critical for advancing LIB
technologies, particularly for applications requiring long-term
cycling stability and safety [5].

SEI-Modifying Coating Materials

Polymeric coatings, such as polyethylene oxide (PEO) and
polyacrylonitrile (PAN), are valued for their flexibility and
elasticity, which help accommodate electrode volume changes
during lithium-ion battery cycling. This elastic nature prevents
mechanical degradation of the SEI and helps maintain the
layer’s integrity. Polymeric materials can also facilitate ion
transport, enhancing the battery's ionic conductivity while
minimizing unwanted side reactions. Polymers further allow
for customization with functional additives, which can tailor
the SEI's chemical stability and flexibility based on specific
battery requirements, making them adaptable solutions in SEI
engineering [6].

Ceramic coatings, such as lithium phosphorus oxynitride
(LiPON) and aluminum oxide (Al20s), provide excellent
thermal and chemical stability, essential for high-performance
lithium-ion batteries. These coatings protect the SEI from
electrolyte decomposition, especially under high-temperature
conditions, and enhance battery longevity. Ceramic materials
offer high ionic conductivity while preventing electron transfer,
which mitigates undesired reactions at the electrode-electrolyte
interface. However, ceramic coatings can be brittle, which
makes them less adaptable to the volume changes of the
electrodes, a limitation that is mitigated by careful engineering
of ceramic thickness and application techniques [7,8].

Metal oxides, including titanium dioxide (TiO2) and zinc
oxide (ZnO), have gained traction due to their high chemical
stability and potential to improve SEI durability. Hybrid
coatings, which combine polymers and ceramics, leverage the
advantages of both flexibility and stability, offering a more
balanced solution for SEI protection. Recent research highlights
advances in these hybrid materials, which exhibit enhanced
tolerance to mechanical stress, superior ionic conductivity, and
increased cycling stability. These properties make hybrid
coatings a promising avenue for addressing the inherent
limitations of individual coating types [8,9]. Coatings excel in
flexibility and are effective in handling electrode volume
changes, they may fall short in providing the high thermal
stability seen in ceramics. Conversely, ceramic coatings offer
exceptional thermal and chemical stability but lack the
mechanical adaptability of polymers. Metal oxides provide
strong chemical stability but may need hybridization for
enhanced mechanical resilience. Hybrid coatings, combining
elements of both polymeric and ceramic properties, show
promise for achieving an optimal balance, offering robust SEI
protection, extended cycle life, and improved overall battery
stability [10].

Mechanisms of SEI-Modifying Coatings

One of the primary mechanisms through which SEI-modifying
coatings enhance LIB stability is by controlling SEI growth.
During cycling, SEI tends to thicken due to continuous
reactions between the electrolyte and electrode surface,
increasing internal resistance and reducing battery efficiency.
Coatings act as a protective layer, limiting SEI expansion by
forming a stable barrier that prevents excessive electrolyte
decomposition on the electrode. For instance, ceramic coatings
like LiPON and Al2Os are known to inhibit SEI thickening by
restricting lithium-ion interfacial reactions, reducing resistance
build-up, and improving the long-term performance of the
battery [11].

SEI-modifying coatings play a critical role in minimizing
side reactions at the electrode-electrolyte interface, which
otherwise lead to electrolyte decomposition and capacity fade.
Coatings, especially those with high chemical stability, can
suppress these reactions by preventing direct contact between
reactive electrolyte species and the electrode. For example,
polymeric and hybrid coatings often incorporate additives to
enhance stability and reduce the formation of harmful
byproducts. By creating a stable interface, coatings reduce the
continuous formation of SEI, which is driven by side reactions,
thereby preserving the electrode’s active material and improving
cycling efficiency [12,13].

Lithium-ion batteries experience volumetric changes
during charge-discharge cycles, particularly with high-capacity
electrodes such as silicon. These expansions can crack the SEI,
exposing the electrode surface to the electrolyte and causing
additional degradation. Flexible coatings, like polymer-based or
hybrid coatings, alleviate this issue by offering elasticity,
allowing the SEI to expand and contract without cracking. This
flexibility is crucial in preventing mechanical degradation and
maintaining the electrode’s structural integrity. Studies indicate
that flexible polymeric coatings, such as polyacrylonitrile
(PAN), help retain SEI stability even under high-stress cycling
conditions, effectively prolonging battery life by reducing wear
and tear on the electrode [14].

Maintaining thermal and chemical stability in LIBs is
essential for high-temperature and high-voltage applications.
Coatings such as ceramic and metal oxides are particularly
effective here, providing robust protection against thermal
degradation. For instance, Al2Os and TiO:z coatings maintain
chemical integrity at elevated temperatures and high voltage
ranges, which prevents rapid SEI breakdown and minimizes
performance losses. These coatings can tolerate high thermal
stress without deteriorating, ensuring the stability of the SEI
and reducing the risks of thermal runaway or short-circuiting,
thereby enhancing both safety and operational lifespan for
high-energy-density batteries [15].

Advances in SEI Coating Techniques

Atomic Layer Deposition (ALD) is a cutting-edge technique
that excels in producing highly uniform and conformal coatings
at the nanoscale. This method involves sequentially depositing
monolayers of material, allowing precise control over the
thickness and composition of the coating. For lithium-ion
batteries, ALD is particularly advantageous for applying thin
layers of materials such as aluminum oxide (Al20s) or lithium
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phosphorous oxynitride (LiPON) on electrode surfaces [16].
These coatings effectively enhance the stability of the solid
electrolyte interphase (SEI) by providing a uniform barrier that
mitigates side reactions and improves ionic conductivity.
Studies indicate that ALD-coated electrodes demonstrate
significant improvements in cycling performance due to the
effective passivation of active materials. [17].

Chemical Vapor Deposition (CVD) is another powerful
technique used to create robust SEI-modifying coatings. This
method allows for the deposition of strong, chemically bonded
materials that enhance the structural integrity of the SEI. CVD
can be employed to fabricate coatings from materials like silicon
carbide (SiC) or titanium dioxide (TiO2), which exhibit
excellent thermal and chemical stability. The strong bonding of
CVD coatings not only prevents delamination during battery
cycling but also enhances the electrochemical performance by
creating a stable interface that reduces interfacial resistance.
Recent advancements in CVD techniques have demonstrated
their effectiveness in commercial battery applications,
contributing to improved safety and performance [18]. Spray
and dip coating methods are emerging as cost-effective and
scalable techniques for applying SEI-modifying coatings in
industrial lithium-ion battery production. These techniques
involve immersing electrodes in solutions containing coating
materials or spraying a mist onto the surfaces, resulting in
uniform coverage. For example, polymeric coatings can be
applied via spray methods, providing an elastic and flexible SEI
that enhances battery life by accommodating mechanical
stresses. These methods have been successfully implemented in
large-scale battery production, demonstrating their practicality
and efficiency [19].

Electrochemical and Surface Emerging techniques,
including electrochemical and surface treatment methods, offer
innovative ways to modify the SEI in situ. These techniques
involve applying external voltages or currents to alter the
composition and properties of the SEI during battery operation.
For instance, electrochemical treatments can enhance the
formation of protective layers by promoting favorable reactions
at the electrode surface. This real-time modification of the SEI
can lead to enhanced long-term stability, making these methods
promising for future research and development [20].

Performance Evaluation of SEI-Modifying Coatings

Electrochemical stability is crucial for assessing the
effectiveness of SEI-modifying coatings in lithium-ion batteries.
Common methods for testing include Cyclic Voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). CV is
used to analyze the electrochemical behavior of electrodes by
measuring current as a function of applied voltage, providing
insights into redox processes and SEI formation. EIS
complements this by offering information on interfacial
resistance and charge transfer kinetics, enabling a deeper
understanding of how coatings affect battery performance
under operational conditions. These techniques help identify
the stability window of coatings and their influence on the
overall electrochemical performance of Cycle Life [21].

The performance of SEI-modifying coatings is often
evaluated in terms of capacity retention and cycle life. Effective
coatings can significantly reduce capacity degradation during
cycling, thereby enhancing the longevity of lithium-ion

batteries. For instance, studies have shown that electrodes with
optimized SEI-modifying coatings exhibit less than 5% capacity
loss after 500 cycles, compared to uncoated electrodes, which
may experience up to 30% loss under similar conditions. This
improvement is attributed to the coatings' ability to stabilize the
SEI, mitigating detrimental side reactions that lead to capacity
fade [22,23].

Thermal and evaluating thermal stability and safety
performance under extreme conditions is critical. Coatings that
enhance thermal stability can help reduce heat generation
during battery operation and prevent flammability risks. For
example, ceramic-based SEI-modifying coatings have
demonstrated improved thermal stability, allowing batteries to
withstand higher temperatures without significant degradation.
This is essential for ensuring the safety and reliability of
lithium-ion batteries in various applications [24].

Case Studies of Effective SEI Real-world examples
highlight the impact of SEI-modifying coatings on battery
performance. A case study of aluminum oxide-coated
electrodes showed a 20% increase in cycle life and improved
thermal stability, validating the effectiveness of such coatings in
commercial applications. Another study focused on polymeric
coatings, which exhibited exceptional flexibility and
contributed to enhanced performance even under mechanical
stress [25].

Challenges and Future Directions

One of the significant challenges in developing SEI-modifying
coatings is ensuring compatibility with various electrode
materials, such as graphite, silicon, and lithium metal. Different
materials exhibit unique electrochemical behaviors and
structural characteristics, which can lead to adverse interactions
when coatings are applied. For instance, certain polymeric
coatings may not adhere well to silicon anodes, resulting in
delamination during battery cycling. Ongoing research aims to
identify and engineer coatings that can provide robust
protection across a range of electrode materials, thereby
enhancing the overall performance of lithium-ion batteries [26].

Translating laboratory-scale coating techniques to
industrial production presents another challenge. While
methods like atomic layer deposition (ALD) and chemical
vapor deposition (CVD) demonstrate high precision and
uniformity in controlled settings, scaling these processes to
meet commercial demand is complex and costly. Innovations in
manufacturing processes, such as spray coating and roll-to-roll
techniques, are being explored to improve scalability without
compromising coating quality. Bridging this gap is essential for
the widespread adoption of SEI-modifying coatings in
commercial lithium-ion batteries [27].

The future of SEI modification lies in the exploration of
novel materials, particularly nanomaterials and hybrid
structures that combine the benefits of different material
classes. For example, integrating carbon-based nanomaterials
with inorganic compounds could yield coatings that offer both
flexibility and thermal stability. This approach may lead to
breakthroughs in battery performance and longevity [28,29].
Sustainability is increasingly becoming a focal point in battery
technology. Research into eco-friendly materials for SEI
modification is gaining traction, with a focus on using
biodegradable polymers and naturally occurring compounds.
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Such sustainable approaches not only enhance battery stability
but also align with global efforts to reduce the environmental
impact of energy storage technologies [29,30].

Conclusions

SEI-modifying coatings represent a pivotal advancement in
enhancing the stability and safety of lithium-ion batteries
(LIBs). Key findings indicate that these coatings effectively
inhibit undesirable SEI growth, suppress side reactions, and

mitigate electrode degradation, leading to improved
electrochemical performance and cycle life. However,
challenges remain, particularly concerning material

compatibility, manufacturing scalability, and the development
of sustainable coatings.

The implications for LIB safety are significant; enhanced
SEI stability can reduce risks associated with thermal runaway
and increase the longevity of battery systems. As the demand for
high-performance, reliable batteries grows in sectors like
electric vehicles and renewable energy storage, the importance
of such innovations cannot be overstated. Looking ahead, there
is a critical need for further research into scalable, cost-effective,
and environmentally friendly SEI-modifying materials.
Exploring hybrid and nanomaterial-based coatings could
unlock new potentials for battery technology, contributing to a
more sustainable energy future. Continued interdisciplinary
collaboration will be essential in overcoming current
limitations and realizing the full benefits of SEI-modifying
coatings in lithium-ion batteries.
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