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Abstract

As the demand for sustainable energy storage solutions grows, lithium-ion batteries (LIBs) remain 

at the forefront of modern energy technologies, widely adopted in electric vehicles and energy 

storage systems. Although they offer high energy densities and reliability, their long-term usage 

and safety are compromised by complex structural degradation mechanisms and thermal instability, 

which affect their key components—cathode, anode, and electrolyte—culminating in hazardous 

events. To comprehensively address these challenges, this review article elaborates on the 

electrochemical and physicochemical properties of these key components, exploring their 

structural characteristics, performance in practical applications, and limitations. A thorough 

understanding of the degradation pathways of the key components along with various strategies to 

mitigate failure and enhance safety are highlighted. Finally, attention is given to the unique 

challenges associated with first responder applications with a specific focus on military operations 

in extreme environments, such as high and subzero temperatures, mechanical shocks, vibrations, 

and prolonged storage. This review highlights the critical need for advancements in battery design 

to ensure safety, durability, and long-term usability in demanding environments. 

Introduction
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In the pursuit of global decarbonization and electric transport, interest in advanced, zero-emission 

energy systems has intensified. Lithium-ion batteries (LIBs) have enjoyed much success owing to 

their excellent energy densities and reliability, which have been extensively field-tested. Despite 

the growing application cases for these batteries, their structural degradation and inherent thermal 

instability still pose significant safety challenges. With usage and time, the cell's internal resistance 

increases, and the storage capacity of their cells diminishes due to degradation mechanisms that 

either co-occur or trigger further mechanisms.1 Moreover, the safety hazards of LIBs are products 

of unwanted electrode/electrolyte side reactions that stem from structural degradations occurring 

in the battery during standard operations, culminating in thermal runaways.2 Thermal runaway 

events result from a chain of vigorous exothermic reactions that are often difficult to predict and 

prevent in real-time.2,3 Therefore, understanding the degradation of key components—cathode, 

anode, and electrolyte—is imperative because of the interplay between factors that trigger or 

exacerbate the degradation mechanisms of each battery component.

Figure 1: The stages of thermal runaway in LIBs. Reproduced with permission from. 4 Copyright 2018, 

American Association for the Advancement of Science.

Safety concerns surrounding LIBs have become increasingly evident, particularly in high-risk 

environments such as aviation, electric vehicles (EVs), and large-scale energy storage systems 

(ESS). Kapp et al.5 analyzed 274 thermal runaway incidents in U.S. commercial aviation from 

1996 to 2019, noting a sharp rise in cases since 2015, with most incidents involving fire, smoke, 
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or explosions. When thermal runaway occurs, it leads to the rapid release of stored energy, causing 

the battery to heat up dramatically, potentially leading to fire, explosion, and the release of toxic 

gases (Figure 1).6 Such events are triggered by various factors, including battery cell degradation, 

manufacturing defects, mechanical abuse, electrical abuse, and exposure to high temperatures.7 

Numerous high-profile safety incidents involving LIBs have occurred over the past decade. 

Notably, the Boeing 787 Dreamliner battery incidents in 2013, where two cases of battery fires led 

to the grounding of the entire Dreamliner fleet for several months.8 Investigations revealed that 

internal short-circuiting within LIB cells, due to battery design flaws and manufacturing processes, 

caused the fires. Similarly, in 2016, the Samsung Galaxy Note7 smartphones were recalled after 

battery design flaws, such as faulty separators and electrodes, led to numerous reports of the 

devices catching fire or exploding. This caused significant financial and reputational damage for 

Samsung.9 Moreso, in July 2020, in Surprise, Arizona, four firefighters were critically injured from 

the explosion of an LIB energy storage system (ESS)10. In 2021, the Victorian Big Battery (300 

MW/400 MWh) project in Australia reported a fire outbreak in a Tesla Megapack (MP-1) caused 

by an internal short circuit resulting from coolant leakage in the MP-1's cooling management 

system.11 This leakage led to the overheating of the module's LIB cells, ultimately triggering a 

thermal runaway event and fire. The Surprise, Arizona, and Victorian Big Battery ESS fire 

incidents demonstrate the vulnerabilities of large-scale energy storage systems to thermal events 

and the potential for widespread damage where safety mechanisms fail. 

The aforementioned cases highlight the pressing necessity of significant research efforts and 

design enhancements to address the safety hazards in commercial applications. Several studies 

have reported the complex degradation mechanisms of LIB components to provide mitigation 

strategies. For instance, major cathode degradation has been identified to stem from the anisotropic 

volume expansion during charge/discharge cycles, particularly in Ni-rich layered cathodes when 

the Ni content exceeds 60%. Ryu et al.12 investigated the capacity fading mechanisms in layered 

Ni-rich Li[NixCoyMn1−x−y]O2 cathodes with varying Ni content (0.6 ≤ x ≤ 0.95) and found that 

while increasing Ni content improves discharge capacity, it also significantly reduces cycling 

stability, especially for compositions with x > 0.8. The degradation was primarily attributed to the 

anisotropic volume changes associated with the H2→H3 phase transition, which causes significant 

internal stress within the cathode material owing to detrimental shrinkage in the lattice along the 
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c-axis, leading to the formation and propagation of microcracks in the cathode particles.13–16 These 

microcracks create penetration pathways for the electrolyte, exacerbating degradation by allowing 

the electrolyte to attack the newly exposed surfaces.17 

Additionally, Wu et al.18 investigated the degradation mechanisms of LIB cathode materials and 

observed that the performance degradation and thermal instability of Ni-rich layered LIB cathode 

materials occur at a surface level. They further observed that the original layered lattice structure 

of the material transforms into inactive and insulation NiO-like rock-salt near the surface due to 

the oxidation of the electrode surface contacting the electrolyte by strongly oxidizing Ni3+/4+, a 

phenomenon also discussed by Ryu et al.12 The degradation of cathodes is primarily linked to the 

instability of the crystal structure. However, the degradation mechanisms vary significantly 

depending on the specific cathode material, each undergoing distinct pathways that ultimately 

contribute to crystal structure instability. These varying mechanisms will be explored in detail in 

the subsequent sections.

Similarly, researchers have also investigated the degradation of anode materials. The degradation 

mechanisms of anodes vary by material. For instance, Li metal anodes suffer from dendrite 

formation and parasitic reaction of the Li with the electrolyte.19 Graphite degrades due to solvent 

co-intercalation, structural disordering, dissolved transition metal cation plating, and Li 

plating/dendritic growth.20–22 Silicon degrades because of repeated volume expansion and 

contraction during charge and discharge cycles, leading to mechanical stress, cracking, 

delamination, and pulverization of the silicon particles, resulting in loss of electrical contact, 

increased impedance, and rapid capacity fading.23–26  

Electrolyte degradation is also a critical factor in the overall deterioration of LIBs. The mainstream 

electrolytes in commercial LIBs are carbonate-based, consisting of a Li salt dissolved in organic 

solvents.27,28 While battery electrolytes are favored for their compatibility with common anode and 

cathode materials and their wide electrochemical stability window, they are thermally unstable.27 

Notably, LiPF6 decomposes into reactive species, such as PF5 and HF, which further react with the 

carbonate solvents, generating heat and gaseous byproducts.28,29 This cascade of reactions 

increases internal pressure within the battery, heightening the risk of thermal runaway. 
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To address anode and electrolyte degradation as well as thermal instability concerns, various 

approaches have been considered. These approaches include the use of composite anodes, solid 

electrolyte interphase (SEI)-forming additives, solid electrolytes, and the development of aqueous 

electrolytes to tackle issues like graphite exfoliation, SEI decomposition, solvent co-intercalation, 

dendrite formation, PF5 formation, thermal runaway, and toxic gas emissions.19,30–33

Overall, LIB component degradation is often perceived as a complex topic with multiple 

intertwined mechanisms occurring simultaneously. Therefore, this review aims to provide an in-

depth yet comprehensive summary of the current state-of-the-art knowledge on the degradation 

mechanisms of key LIB components—cathode, anode, and electrolyte—and the factors that trigger 

or exacerbate such wear-downs. Furthermore, this safety-focused review will offer insights into 

recent strategies that enhance the safety and reliability of these batteries and discuss practical 

requirements recommended for LIB applications from the viewpoint of first responders, thus 

contributing uniquely to the existing literature on LIB degradation pathways and thermal 

instabilities.

The first section of the paper details the electrochemical and physicochemical properties of various 

widely used cathode, anode, and electrolyte materials. The second and third sections of this paper 

detail the complex and interdependent degradation mechanisms and abuse conditions of battery 

components that exacerbate thermal risks and trigger catastrophic cell failure. Particular attention 

is given to Ni-rich and Li-rich cathodes, as well as 5V spinel cathodes, which are prone to oxygen 

release—a catalyst for thermal runaways. Furthermore, we discuss the unique degradation 

mechanisms of silicon anodes’ remarkable capacity albeit plagued by high-volume expansions and 

other materials such as graphite, conversion anodes, fast-charging anodes, and Li metal anodes. 

Given the role of electrolytes as a medium for ionic transport and their significant impact on 

thermal regulation, we also discuss the thermal stability and degradation of electrolytes—

particularly carbonate, ether, and gel polymer electrolytes—addressing their susceptibility to 

decomposition and gas evolution under thermal stress, elucidating how electrolyte decomposition 

affects overall cell stability. The fourth section details recent strategies to enhance LIB safety using 

novel materials and approaches. To present a holistic and first-hand user perspective, the last 

sections of the review discuss application impacts and specific requirements that LIBs must meet 
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for first responders. This includes considerations for high/fast charge-discharge rates, cycle life 

requirements, operating temperature ranges, system vibrations, mechanical loads in transportation 

(automotive, aircraft, small vehicles, drones), and specific challenges faced by first responders and 

military applications.

1. Electrochemical and Physicochemical Properties of LIB Materials

a. Cathode Materials

i. Ni-rich Layered oxide materials (NCM/NCA)

NCM (Nickel-Cobalt-Manganese) and NCA (Nickel-Cobalt-Aluminum) are described by the 

general formula LiTMO2 (TM = Ni, Co, Mn, Al, etc.) and crystallized in a rhombohedral R3̅m 

space group.34 These materials possess high energy density, excellent cyclability, rate capability, 

and versatility across various energy applications in EVs, ESS, and portable electronics.  The 

structure of Ni-rich layered oxide cathodes is based on the α-NaFeO2 type layered structure 

consisting of alternating layers of Li and transition metal oxides.35 The growing demand for higher 

energy densities has necessitated an increase in the Ni content within these materials, as the 

increase in Ni content directly translates to higher energy densities. 36–38 As a result, materials such 

as Li[Ni0.8Co0.15 Al0.05]O2 cathodes, commonly used in EVs, including those manufactured by 

Tesla, offer a high energy density and long cycle life.  

With an increase in Ni content (Ni > 60%), state-of-the-art Ni-rich layered oxide materials achieve 

impressive energy densities of approximately 300 Whkg-1 39 in 4680 (46 mm in diameter, 80 mm 

in axial length) cylindrical cells, significantly surpassing those of traditional lithium cobalt oxide 

(LiCoO2). One attribute of the Ni-rich layered oxides is their high voltage, which typically ranges 

between 3.7 and 3.9 V versus Li/Li+.39 This high voltage contributes to the battery's overall energy 

density, allowing for more energy storage within the same volume compared with other cathode 

materials. Additionally, the high Ni content contributes to an increase in the capacity because Ni 

provides multiple oxidation states (Ni2+/Ni3+/Ni4+)40 that facilitate electron transfer and Li+ 

intercalation during charge and discharge cycles. This enhanced electrochemical activity is further 

complemented by the stable layered structure of these oxides, which allows for a high degree of 

Li+ diffusion with minimal lattice distortion. Research has shown that tuning the properties of these 

Page 7 of 130 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
ap

rí
l 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2.
5.

20
25

 1
6:

14
:2

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5YA00065C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00065c


8

cathode materials via lattice engineering and defect modulation using strategies such as 

concentration gradient and single particle engineering can significantly improve their structural 

stability, further minimizing lattice distortion and leading to excellent rate capability and cycling 

performance.41,42 

The stability of Ni-rich layered oxides is bolstered by the careful balance of Ni with other elements 

like Co, Mn, and Al. Co plays a critical role in stabilizing the layered structure, preventing the 

Li+/Ni2+ mixing, and improving the thermal stability of the material. This is particularly important 

for maintaining the integrity of the cathode during high-temperature operations, which is a 

common requirement for high-performance batteries. Conversely, Mn enhances structural stability 

and mitigates the harmful effects of phase transitions that can occur during cycling. In the case of 

NCA cathodes, Al is introduced to improve the mechanical robustness and thermal stability of the 

material. This balance of elements not only enhances the electrochemical properties of the cathode 

but also ensures that the material remains relatively stable and safe under various operating 

conditions.43–45 

Despite the high energy density and stability shown by Ni-rich layered oxides, this enhancement 

in energy density is accompanied by rapid structural degradation, such as microcracks and 

deteriorative cathode/electrolyte interfaces that can lead to thermal runaway of the cathode 

material. This raises significant concerns regarding the safety and practical use of these Ni-rich 

layered oxides. The heightened energy density, while beneficial, exacerbates the intrinsic 

instability of Ni-rich layered oxides, leading to accelerated deterioration of the material's 

structure.46

ii. Li-rich Layered oxide 

Another type of layered cathode material is the Li-rich layered oxide, denoted as xLi2MnO3(1–

x)LiTMO2 (where TM = Mn, Ni, Co, or their mixture). The Li-rich layered oxide structure consists 

of a composite of the Li-excess Li2MnO3 phase and the layered LiTMO2 phase (Figures 2a and 

b), where the transition metal (TM) can be a combination of Mn, Ni, and Co. The emergence of 

Li-rich layered oxide cathode materials has been a significant advancement in LIB technology, 

owing to their high theoretical specific capacity (> 300 mAh g−1)47 with a voltage window that 

typically ranges from 3.5 to 4.8 V versus Li/Li⁺.48,49  Furthermore, their high Li content reduces 
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Co usage, a resource with environmental and ethical concerns associated with its mining, thereby 

bringing down the cost of the Li-rich layered oxide material and making it more environmentally 

friendly.50  

Li-rich cathodes possess a layered crystal structure similar to conventional layered oxides like 

NCM. In these materials, Li and transition metals are arranged in alternating layers within the 

crystal lattice (Figures 2c and d). The presence of excess Li in the structure beyond the 

stoichiometric ratio facilitates a dual redox mechanism involving both the transition metal ions 

and the oxygen anions. In conventional cathode materials, the capacity is primarily derived from 

the redox reactions of transition metals such as Ni3+/Ni4+ or Co3+/Co4+
.
51 However, in Li-rich 

materials, an additional redox activity involving oxygen anions (O2-) is activated.52 The 

incorporation of Li2MnO3 into the structure enables the activation of Mn ions from a tetravalent 

state to a trivalent state,53 which, when combined with oxygen's redox activity, significantly boosts 

the material's overall capacity. The activation of the oxygen redox is made possible by the excess 

Li in the structure, which allows oxygen to participate in the electrochemical reactions to enable 

much higher capacities than its other layered cousin. Li-rich layered oxides also demonstrate 

impressive electronic conductivity, which, although inherently lower than some other cathode 

materials, can be significantly improved through strategic doping and surface modifications.54  

Figure 2: a) High-resolution TEM image, and b) schematic structure of LiTMO2 and Li2MnO3 domains. Reproduced 

with permission from.55 Copyright 2024, The Author(s). Licensed under Creative Commons CC 

BY( https://creativecommons.org/licenses/by/4.0/). Structures of c) Ni-rich layered oxide, d) and Li-rich layered oxide. 

Reproduced with permission from.56 Copyright 2021, Elsevier B.V.

One critical attribute of Li-rich layered oxide is its outstanding thermal stability. Its decomposition 

temperatures are significantly higher than those of traditional cathode materials.57 This high 

thermal stability is attributed to the strong bonding within the layered structure and the robust 
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lattice formed owing to the incorporation of Li2MnO3. The presence of Mn in a higher oxidation 

state (Mn4+) and its interaction with other transition metals contribute to this enhanced stability,58 

making Li-rich layered oxide capable of withstanding higher operational temperatures than Ni-

rich layered oxides.

While Li-rich layered oxide boasts of high capacity and better thermal stability than Ni-rich layered 

oxide materials, these materials suffer from significant capacity loss, pronounced voltage 

hysteresis/fade, low initial Coulombic efficiency (ICE), and poor rate performance as highlighted 

by Zheng et al.59  In particular, the voltage hysteresis and decay, which lead to energy insufficiency 

and continuous energy density loss during cycling, remain among the greatest challenges for the 

practical applications of Li-rich layered oxides.60,61 This instability manifests primarily through 

structural degradation, capacity fading, and safety concerns under elevated temperatures and 

prolonged cycling.

iii. 5V Spinel 

The origins of 5V Spinel can be traced back to the widely studied lithium manganese oxide (LMO) 

spinel, one of the early commercialized cathode materials for LIBs62 with the chemical formula 

LiMn2O4. LMO was first introduced in the 1950s by Johnson and Heikes63 as a promising cathode 

material due to its three-dimensional Li+ diffusion channels, which facilitate high-rate 

performance.64 However, capacity fading issues especially at elevated temperatures, limited its 

long-term application. The transition from LMO to 5V spinel cathodes involved modifying the 

chemical composition and crystal structure to increase the operating voltage and improve 

stability.65

In the initial studies on the first spinel structure, LiMn2O4 in 1964 by Blasse66, it was demonstrated 

that the spinel structure of LiMn2O4, with Li+ and Mn+ occupying tetrahedral and octahedral sites, 

respectively, delivered a theoretical specific capacity of 148.2 mAhg-1. However, its practical 

application was limited by the Jahn-Teller distortion of Mn3+, causing structural changes and 

capacity fading. Researchers addressed this by doping the spinel structure with divalent cations 

like Zn and Mg, which enhanced electroactivity at higher voltages. In-situ XRD and XANES 

studies showed Mn ion oxidation during charging while Zn and Mg remained divalent. These 

findings linked lattice parameter shifts to electrochemical performance, laying the groundwork for 
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high-voltage cathode materials. By partially substituting Mn with Ni, Co, or other transition metals, 

materials such as LiNi0.5Mn1.5O4 (LNMO) were synthesized (Figures 3a and b). The most 

distinguished feature of LNMO is its remarkably high and flat voltage plateau at ~ 4.7 V (vs Li/Li+) 

that utilizes the entire redox capacity of Ni (Ni2+/4+). It has a remarkable energy density of � 650 

Whkg-1.67

One of the key strengths of 5V spinel cathodes is their exceptional rate capability, primarily 

attributed to the spinel structure’s three-dimensional Li+ diffusion channels.68,69 The diffusion of 

Li+ occurs through the 8a tetrahedral and 16c octahedral sites with minimal lattice distortion, which 

is crucial for maintaining swift ion transport. However, LNMO’s practical usage is still severely 

limited by parasitic reactions associated with its extremely oxidative operating conditions, 

including the absence of a stable electrolyte at 5 V and TM dissolution, which are further 

exacerbated under storage or operation at elevated temperatures. 

Figure 3: A side-by-side comparison between a) a typical Ni-based NCM, and b) the spinel 5V cathode in terms of 

structural feature. Reproduced with permission from.62 Copyright 2024, The Authors. Advanced Materials published 

by Wiley‐VCH GmbH.

iv. LiFePO4

The LiFePO4 (LFP) cathode material is known for its exceptional safety, long cycle life, and 

environmental advantages. LFP was first identified in 1950 by Destenay70 in the minerals triphylite 

and lithiophilite. In 1996, John B. Goodenough and co-workers71 demonstrated the electrochemical 

extraction and insertion of Li from LFP, marking a significant milestone. They showed that the 

olivine structure of LFP provided excellent thermal stability and safety, making it a promising 

candidate for LIB cathodes. However, its low electrical conductivity posed a challenge, and carbon 

coating and dopants were incorporated to increase conductivity, along with nanosizing of the LFP 
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for faster charge transport.72–75 Li+ diffusion mechanism in LFP occurs through the one-

dimensional channels in the olivine structure. These channels, aligned along the [010] direction, 

allow Li+ to move in and out during charge and discharge cycles, contributing to the material's 

stability and performance.76 The theoretical specific capacity of LFP is approximately 170 mAhg-

1, 77 which, while lower than that of other cathode materials like NCM, is sufficient for many 

applications due to LFP's superior safety aspect. Furthermore, LFP exhibits high Coulombic 

efficiency, often exceeding 99%,78 indicating minimal energy loss during the charge/discharge 

cycles and underscoring its suitability for long-term use.

Despite their well-deserved reputation for safety, LFP cathodes are not entirely immune to thermal 

instability concerns. While they exhibit superior thermal stability compared to other LIB 

chemistries, certain factors can still trigger a potentially dangerous chain reaction within the 

battery, leading to thermal runaway.  This phenomenon can lead to a rapid rise in temperature, 

potentially resulting in fire or explosion. Furthermore, the flat voltage plateau at ~ 3.2 V makes it 

difficult for the battery management system (BMS) to detect the state of charge (SOC).

A high SOC, particularly at 100%, can lead to higher internal energy and heat transfer power, 

exacerbating thermal instability. External heat sources and heat conduction between cells during 

thermal runaway propagation can also contribute to the risk. Yang et al.79 in their comparative 

study on aging and thermal runaway of commercial LFP/graphite batteries undergoing slight 

overcharge cycling, explored how slight overcharge cycling affects the aging mechanism and 

thermal runaway behavior of LFP batteries. They found that overcharging accelerates capacity 

fading due to Li loss, with a higher risk of internal short circuits and worsened thermal stability. 

Wang et al.80 using differential scanning calorimetry tests revealed that the LFP cathode exhibits 

high thermal stability, while the graphite anode reacts violently with the electrolyte, to produce 

significant heat. It was established that the key reactions include SEI decomposition, lithiated 

graphite reaction with electrolyte, and binder reactions at higher temperatures. Key findings 

indicate that onset temperatures for exothermic reactions can be as low as 70.6 °C, with significant 

heat and gas venting observed around 200 °C. Understanding these mechanisms is crucial for 

enhancing the safety of LFP batteries in applications like EVs and ESS. Song et al.81 investigated 

the thermal runaway propagation behavior and energy flow distribution of a 280 Ah LFP battery. 

Their experiments revealed that thermal runaway propagation occurs primarily at 100% SOC, 
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driven by higher internal energy and heat transfer power. Chen et al.82 conducted an experimental 

investigation of thermal runaway behavior and hazards of a 1440 Ah LFP battery pack. They 

analyzed the thermal runaway propagation process, finding that heat conduction between batteries 

becomes the main factor as thermal runaway develops. Their findings provide insights into the 

implementation of firefighting and flame-retardant strategies. Qian et al.83 examined the thermal 

runaway vent gases from high-capacity energy storage LFPs. They focused on the composition of 

gases released during thermal runaway, identifying key components such as CO, H2, and CO2, 

which pose significant hazards.

While LFP also undergoes thermal degradation, it does so to a much lesser extent compared to Li-

rich, Ni-rich, and 5V spinel cathodes. Due to its inherently stable structure, LFP is still considered 

a safe and reliable material. However, given that LFP has a lower capacity than these other 

cathodes, this paper will not delve into further discussions on the degradation mechanisms and 

strategies for improving LFP. Instead, the focus will be on higher-capacity materials such as Li-

rich, Ni-rich, and 5V spinel cathodes, which present more significant opportunities and challenges 

for performance enhancement.

b. Anode Materials

i. Silicon

Silicon (Si) is widely recognized as one of the most promising anode materials for next-generation 

LIBs due to its exceptional capacity for Li+ storage. The diamond cubic crystal structure of Si 

allows it to accommodate substantial quantities of Li+ within its lattice, contributing to its 

impressive theoretical capacities. 4200 mAh g-1 as Li22Si5 at 415 °C and 3579 mAh g-1 as Li15Si4 

at room temperature. 84–86 Moreover, the high theoretical capacity of silicon allows the reduction 

of the electrode thickness without sacrificing the integral energy density. 87

During the lithiation process though, significant structural phase transitions occur. These 

transitions undergo multiple crystalline phase transformations, including LiSi, Li12Si7, Li7Si3, 

Li13Si4, Li15Si4, and Li22Si5.85,88,89 The initial lithiation stage involves the formation of an 

amorphous LixSi phase, which transitions to the crystalline phases below 50 mV.85 The crystalline 

phases are generally more kinetically stable due to their lower formation energies but not always 
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preferentially formed during typical electrochemical lithiation under normal operating 

conditions.88 The potential for these phase transitions varies, but Li+ alloying in Si anodes 

occurring at a low potential range of 0.01—0.5 V vs Li/Li+ at room temperature85 plays a crucial 

role in the battery’s performance. A low lithiation potential enables efficient alloying, significantly 

contributing to the high energy density of the battery. However, while the low lithiation potential 

is advantageous for maximizing energy density, it can increase the risk of Li plating, as the low 

discharge potential of Si, below 0.4V vs Li/Li+, is lower than that of other alloy-type, carbonaceous, 

or metal oxide anodes.84,86,89 Conversely, the low discharge potential allows for a higher overall 

cell voltage when paired with high-voltage cathodes during LIB operation, maximizing the energy 

density of the battery. Moreover, lithiated Si is reported to be considerably less reactive than 

graphite, offering better chemical stability across a wider range of electrolytes. 

Currently, the practical application of pure Si or high Si-anodes is hindered by significant volume 

expansions during lithiation/delithiation, leading to material fracturing, pulverization, and 

delamination from current collectors. This results in poor cycling performance and low electronic 

conductivity. To mitigate these issues, research has increasingly focused on Si-containing 

composites, such as silicon-graphite/carbon blends, and Si-based derivatives like silicon oxide 

(SiOx). These composites offer a more balanced performance by reducing volume change, 

improving mechanical stability, and enhancing cycle life, making the use of Si as an anode material 

more suitable for practical high-energy batteries.90 Owing to these, recent studies 91, have 

demonstrated that Si-based composites, especially those integrated with carbonaceous materials 

like artificial graphite, significantly enhance the electrochemical performance of Si anodes. This 

composite offers better cycling stability and rate capability, delivering a specific capacity of 445 

mAh g-1 and 94% retention over 200 cycles. Pan et al.92 demonstrated the advantage of SiO, 

another class of Si-derived anodes. Their study highlighted that SiO anodes offer significantly 

lower volume expansion (�118%) compared to pure Si (~280%), leading to improved mechanical 

stability and durability during cycling. SiO also demonstrates superior rate capabilities, excelling 

in both fast-charging and fast-discharging due to enhanced Li+ diffusion facilitated by the Li4SiO4 

matrix. Future innovations in Si-anode technology will be pivotal in unlocking its full potential in 

LIB applications. In subsequent sections, novel strategies aimed at improving the performance of 

this promising anode material will be discussed extensively.
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ii. Conversion Anodes

Conversion-type anodes are another promising class of materials for next-generation LIBs, 

primarily due to their chemical and physicochemical properties that distinguish them from 

conventional intercalation-type (graphite) and alloying-type (silicon) anodes. 

Conversion anode materials consist of transition metal oxides, sulfides, selenides, fluorides, 

nitrides, and phosphides that store Li+ through reversible conversion redox reactions between the 

Li+ and TM cations,25 resulting in the formation and decomposition of metal nanoparticles 

embedded in a Li compound matrix (ex: Li2O in the case of TM oxides).93 This reaction 

mechanism offers several advantages over traditional intercalation-based anodes by enabling the 

storage of more Li+, achieving higher specific capacities of 500 – 1500 mAh g-1. Poizot et al. 93 

reported in 2000 that Li+ can be reversibly stored by conversion anodes and demonstrated that 

these materials could deliver exceptionally high capacities. For example, CoO was shown to 

exhibit capacities of around 700 mAh g-1, which is approximately twice that of graphite anodes. 

This is because the conversion reaction involves multiple electrons per formula unit, unlike 

intercalation materials that typically involve only one or two electrons.94 Additionally, conversion 

anodes can maintain a significant portion of their capacity after cycling, albeit with nano 

structuring and material engineering. For instance, nano-sized CoO showed excellent capacity 

retention even after 100 cycles, retaining 85% of its capacity even at 2C.93  Furthermore, the higher 

operating voltage range of 0.5 to 1.0 V vs. Li/Li⁺ reduces the risk of Li plating and dendrite 

formation, translating to enhanced safety and stability.95

The chemistry of conversion-type anodes also allows for the tuning of their electrochemical 

potential because the cell potential is directly linked to the strength of the ionic bond between the 

TM cation and anionic species.94 These materials can also be engineered into nanostructures, such 

as nanoparticles, nanowires, and nanosheets, to enhance their electrochemical activity.25 

Nanosizing reduces the diffusion distances for Li+ and electrons, thereby improving the kinetics 

of the conversion reactions. Nanostructuring reduces the volume changes associated with 

conversion reactions. By designing hierarchical or hollow nanostructures, it is possible to 

accommodate the strain induced by these volume changes, thereby enhancing the cyclability of 

the conversion anode materials. The Li storage performance of some nano-structured and hollow 

conversion anode is given in Table 1. 
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Table 1: Electrochemical Properties of Different Conversion type Anode Materials

iii. Graphite

Graphite is the most commonly used anode material due to its stable electrochemical performance, 

decent specific capacity (372 mAhg-1)102, and cost-effectiveness. Graphite is characterized by an 

ordered graphene layer stacked in ABABA with a suitable interlayer spacing of 0.335 nm. These 

sp2 hybridized graphene layers are linked by weak van der Waals forces and π–π interactions. The 

layered structure gives rise to flake-like particles with basal and prismatic planes, with the latter 

being more reactive.103 This structure causes anisotropy in graphite’s properties, with high 

conductivity along the basal planes but much lower conductivity perpendicular to them. The weak 

van der Waals forces facilitate Li+ intercalation, making graphite a highly efficient and widely 

used anode material in energy storage systems.103,104 This property has positioned graphite as an 

exceptional anode material for LIBs. 

Classification Typical Example Voltage Plateau 

(V versus Li/Li+)

Capacity

(mAhg-1)

Current Density 

(mAg-1)

0D to 3D 
nanostructures

CuP2 nanowires96 0.6 945 after 100 cycles 100

Co3O4 nanosheets97 1.0 1,291 after 25 cycles 445

Hierarchical 
configurations

MoS2 nanospheres98 0.6 1,096 after 110 cycles 100

MnCo2O4 nanosheet 
array99

0.8 460 after 30 cycles 800

Hollow 
structures

Fe3O4 hollow 
spheres100

0.7 1,046 after 100 cycles 500

MoS2 nanotube101 0.6 839 after 50 cycles 100
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In terms of contribution to final energy density on a full-cell level, graphite is superior to common 

anodes because of its low average de-/lithiation potential of 0.2 V vs. Li/Li+
,
 103 which is only 

surpassed by metallic Li. The Coulombic efficiency of graphite, which is associated with voltage 

hysteresis—the discrepancy between the discharge and charge potentials—is another important 

factor contributing to its commercial dominance.103 Although there has been some progress in 

lowering voltage hysteresis for materials of the conversion and alloying types, particularly with 

pre-lithiation and restricting delithiation to small potential ranges, graphite continues to provide a 

better balance of energy density and efficiency.

Graphite's slow kinetics under high charge/discharge rates, however, limit its fast-charge 

applications. Improving its structure and morphology can extend its use in fast-charging 

applications. Methods such as increasing the interlayer spacing of graphite, creating porous 

structures to shorten Li+ diffusion paths, and making interfacial modifications to enhance Li+ 

diffusion within the material have been effective.104

iv. Metallic Li 

Li metal is widely regarded as a promising anode material for next-generation LIBs, primarily due 

to its low electrochemical potential and exceptional theoretical capacity of 3860 mAhg-1, which 

substantially surpasses that of conventional materials such as graphite. The electrochemical 

potential of Li metal at -3.04 V vs. standard hydrogen electrode (SHE) enables high cell voltages 

when paired with various cathode materials. This potential is significantly higher than 

conventional graphite anodes, making Li metal particularly attractive for applications requiring 

high energy output, such as electric vehicles and portable electronics. 105,106  

From a physicochemical perspective, Li metal stands out due to its exceptionally low density of 

0.534 gcm-3 among all metals.107 This property significantly enhances its specific energy, making 

Li metal batteries highly appealing for weight-sensitive applications. Its body-centered cubic (bcc) 

crystal structure also facilitates relatively easy ion diffusion, supporting efficient charge-discharge 

cycles.108 Additionally, Li's low density contributes to its mechanical softness and flexibility, 

allowing it to be easily shaped into thin electrodes or novel cell designs for commercial production. 

Li metal's low density also imparts mechanical softness and flexibility, allowing Li metal to be 

easily formed into thin electrodes or novel cell architectures for commercial use.
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However, the practical application of Li metal anodes is historically limited by issues such as 

dendrite formation and SEI instability. During cycling, the formation and dissolution of Li deposits 

occur on the anode surface due to uneven or localized Li deposition, potentially leading to the 

formation of dendritic(needle-like) structures. These dendrites pose the risk of penetrating the 

separator, potentially causing internal short circuits and presenting significant safety hazards.109,110 

To address these issues, recent research has focused on developing advanced electrolytes, 

protective coatings, and novel architectures to stabilize the Li metal surface and improve its 

electrochemical performance. These strategies will be discussed in-depth in section 4

v. Fast-charging Anodes

Fast charging, as defined by the United States Advanced Battery Consortium (USABC), is 

characterized by the ability to achieve an 80% SOC within 15 minutes (4C rate).111 Achieving this 

benchmark has been particularly challenging due to the significant stress that accelerated charging 

imposes on anode materials, leading to rapid degradation in performance and cycle life.  As of 

2021, EVs such as the Tesla Model 3 and Porsche Tycan are currently leading in fast charging 

capability, with the Tesla charging to 80% SOC in 27 minutes and the Porsche Tycan charging 

from 5% to 80% SOC in 23 minutes. While these vehicles have impressive fast charging 

capabilities, they still fall short of the USABC's specified conditions.112  

The spinel Li4Ti5O12 (LTO) offers fast-charging capability with high Li kinetics due to its higher 

intercalation potential of approximately 1.5 V versus Li+/Li, which prevents the formation of a SEI 

layer and mitigates Li metal plating.113,114 LTO anodes are characterized by a zero-strain insertion 

process and undergo minimal volumetric change, making them highly durable and resistant to 

mechanical degradation.115 However, LTO is limited by a low Li intercalation capacity of ~160 

mAhg-1  116,117. To address this limitation, Nb-based Wadsley-Roth structure-based anodes, which 

feature ReO3-like blocks connected in various configurations to enhance capacity and performance, 

were developed (Figure 4). 
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Figure 4: a) Crystal structure of NaNb13O33 viewed down the b-axis. Green octahedra represent Nb-centered NbO6. 

Na atoms are in blue, O atoms in orange. b) Delithiation capacity as a function of the rate of NaNb13O33 with high-

rate capability up to 20C in a Li metal half-cell at the indicated charge-discharge rates. Reproduced under the terms 

of the Creative Commons CC BY license.118 Copyright 2023, The Authors. ChemElectroChem published by Wiley-

VCH GmbH

Wadsley-Roth structures are mixed-valence metal oxides with flexible, non-stoichiometric 

frameworks derived from the ReO3 structure. These materials feature oxygen vacancies and ion-

conducting pathways, allowing for rapid ion migration. Their structural adaptability and ability to 

support multiple redox states make them ideal for fast-charging battery anodes, enabling efficient 

ion insertion and extraction while maintaining cycling stability.119–121 

Han et al.114 introduced a new Li-insertion anode material, TiNb2O7 (TNO), which operates within 

a voltage range of 1.3–1.6 V versus Li+/Li. The Wadsley-Roth shear structure provides significant 

advantages for fast charging by preventing the formation of an SEI layer. With a theoretical 

capacity of 387.6 mAhg-1 that is enabled by overlapping redox couples, the material's performance 

is further improved by substituting Nb for Ti and applying a carbon coating. Allen et al.118 

investigated the potential of NaNb13O33 as an anode material for fast-charging batteries and 

reported a capacity of 233 mAhg-1 when cycling between 3.0 V and 1.0 V, along with high Li+ 

conductivity and superior rate capability. The structure of NaNb13O33, consisting of NbO6 

octahedra arranged in a Wadsley-Roth framework, allows for efficient Li+ transport due to large 

open channels. Electrochemical measurements using PITT and EIS confirmed the superior 

diffusion rates of Li within NaNb13O33. Preefer et al.122 investigated the electrochemical behavior 

of PNb9O25 (PNO) and demonstrated that the material can support high-rate charging by 

Page 19 of 130 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
ap

rí
l 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2.
5.

20
25

 1
6:

14
:2

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5YA00065C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00065c


20

undergoing an insulator-to-metal transition upon Li insertion, contributing to its notable 

performance. The study indicates that PNO can attain 85% of its theoretical capacity within 30 

minutes, resulting in an efficient charge-discharge cycle with excellent capacity retention. 

Although Wadsley-Roth structured anodes show promise for fast-charging applications, they often 

experience capacity fading over extended cycles, highlighting the need for improvements in cycle 

life before they can be viable for practical use. Many of these anode materials are still in the 

experimental phase and require further development and optimization. Additionally, they heavily 

rely on high-cost transition metals.

c. Electrolytes

i. Carbonate Electrolytes

Carbonate electrolytes are the most used electrolytes in LIBs due to their well-balanced 

physicochemical and electrochemical properties. These electrolytes typically consist of Li salts, 

notably lithium hexafluorophosphate (LiPF6), dissolved in a mixture of aliphatic carbonates—

cyclic and linear carbonate solvents. Common solvents include diethyl carbonate (DEC), ethylene 

carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), and ethyl methyl carbonate 

(EMC).27,28 Each organic solvent used in the formulation of carbonate electrolytes offers a mix of 

strengths and weaknesses. The physical properties of commonly used carbonate solvents are given 

in Table 2.

As the table shows, cyclic and linear carbonates differ significantly in their physicochemical 

properties. Cyclic carbonates, such as EC, PC, and FEC, are characterized by high dielectric 

constants, which are crucial for dissolving Li salts effectively and ensuring a stable SEI on the 

anode surface. The high flash points, low volatility, and boiling points also contribute to their 

thermal stability. EC has an extremely high dielectric constant (89.8) and is essential in forming a 

robust SEI on graphite anodes when it decomposes at 0.8 V vs Li/Li+
.
123  
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Table 2: Physical properties of commonly used carbonate solvents 27,124,125

Solvent Flash 

Point 

(°C)

Boiling 

Point (°C)

Melting 

Point 

(°C)

Density 

@25°C 

(g cm-3)

Viscosity 

@25°C 

(cP) 

Dielectric 

constant 

(ɛ)

Ethylene 

Carbonate (EC)

160 238 36.4 1.32 1.90 (40°C) 89.8

Propylene 

Carbonate (PC)

132 242 -48.8 1.20 2.53 66.1

Fluoroethylene 

carbonate (FEC)

120 249 18 1.48 4.1 79.7

Vinylene 

Carbonate (VC)

130 162 22 1.35 1.54 126

Dimethyl 

Carbonate 

(DMC)

17 90 4.6 1.06 0.59(20°C) 3.1

Diethyl carbonate 

(DEC)

25 127 -74.3 0.97 0.75 2.8

Ethyl methyl 

carbonate (EMC)

27 108 -53 1.01 0.65 2.4

This makes it a crucial cyclic carbonate in LIB applications.123 However, with a melting point of 

�37°C, EC is a solid at room temperature and easily solidifies when used as a solvent in low-

temperature electrolyte formulations, 126 severely impacting its ionic conductivity.

To overcome this limitation, linear carbonates are used as co-solvents to improve the performance 

of electrolyte mixtures, allowing a more balanced electrolyte formulation. It is also noteworthy 

that although PC and EC have comparable physicochemical properties and molecular structures, 

PC is known to co-intercalate into graphite layers more readily than other carbonate solvents, 

leading to the mechanical instability of PC-based SEIs.126 Due to the importance of SEI and anode 

stability in Li+ chemistry, this limits the application of PC in commercial electrolyte formulations. 
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Among the cyclic carbonates, FEC is widely recognized for its ability to decompose and form SEI 

layers with the desirable LiF which has an ionic conductivity of 10-7 to 10-13 S cm-1.127 Furthermore, 

VC is often used as an additive in carbonate electrolyte formulations because of its lower reduction 

activation energy compared to EC. This property allows the early formation of a stable SEI before 

the onset of Li+ intercalation.128

Linear carbonates, such as DMC, DEC, and EMC, have lower viscosities, dielectric constants, 

flashpoints, and melting points 129 but are essential in improving the wettability, viscosity, and 

ionic conductivity of the electrolyte. Using low-viscosity solvents alone, however, leads to issues 

with Li salt solubility, SEI stability, and most importantly flammability. Thus, a balanced mixture 

of cyclic and linear carbonates is often employed. By mixing these solvents, the merits of 

individual solvents are imparted on the resultant electrolyte mixture. For instance, a mixture of EC 

and DMC benefits from the low viscosity of DMC, which enhances ionic conductivity, and the 

high dielectric constant of EC, which facilitates the dissolution of Li salts and the formation of 

stable SEIs. 124 From an electrochemical perspective, carbonate electrolytes offer a wide 

electrochemical stability window, typically between �1.5–4.5V vs Li/Li+ and high ambient-

temperature ionic conductivity of � 10-2 Scm-1130, making them compatible with both high-voltage 

cathodes and low-potential anodes like graphite. 

The choice of Li salt in carbonate electrolytes also plays a significant role in the overall electrolyte 

performance, making the properties of Li salts crucial. LiPF6 is favored in commercial carbonate 

electrolytes due to its high ionic conductivity. For instance, LiPF6 in EC/DEC or EC/DMC 

electrolyte formulations yield ionic conductivities up to 10-2 Scm-1 with oxidation potential > 4.5 

V vs Li/Li+ 128. However, the thermal property is a challenge for carbonate electrolytes, prompting 

increased interest in alternative salts, such as lithium bis(trifluoromethansulfonyl)imide (LiTFSI) 

and lithium bis(fluoromethansulfonyl)imide (LiFSI). These salts offer excellent thermal stability, 

lower toxicity, and decent electrochemical properties, along with providing a more inorganic-rich 

SEI layer. 128 However, the application of LiTFSI is hindered by its corrosive reaction with Al foil, 

which is typically used as a current collector in LIBs.128 Therefore, the tradeoffs in the cost and 

electrolyte properties must be carefully considered when switching from LiPF6 to LiTFSI/LiFSI 

or other Li salts.
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ii. Ether Electrolytes

Ether-based electrolytes have emerged as a more compatible and effective alternative to 

conventional carbonate electrolytes for Li metal anodes (LMAs). In LIBs, the most common ether 

electrolytes consist of dimethoxyethane (DME), tetraethylene glycol dimethyl ether (TEGDME), 

dioxolane (DOL), and tetrahydrofuran (THF).131 The physical properties of these commonly used 

ether solvents are given in Table 3.

Table 3: Physical properties of commonly used ether solvents 27,124,132

Solvent Flash 

Point 

(°C)

Boiling 

Point (°C)

Melting 

Point 

(°C)

Density 

@25°C 

(g cm-3)

Viscosity 

@25°C 

(cP) 

Dielectric 

constant 

(ɛ)

Dimethoxyethane 

(DME)

0 83 -58 0.86 0.46 7.2

Dioxolane (DOL) 1 74 -97.2 1.06 0.6 7.1

Tetrahydrofuran 

(THF)

-14 66 -109 0.88 0.46 7.4

Tetraethylene 

glycol dimethyl 

ether (TEGDME)

106 216 -45 0.99 2.73 7.9

The compatibility of these solvents with LMAs is primarily attributed to their high donor numbers 

and effective Li+ solvation ability. Barchasz et al. 133 highlighted the critical role of this Li⁺ 

solvation ability and the high donor number (DN) of ether-based electrolytes. Ether solvents like 

TEGDME with relatively high donor numbers (DN=18.6) were shown to solvate Li+ better, 

creating a solvation environment that not only enhances ionic conductivity but also accelerates the 

passivation of the anode surface, thereby extending battery life.

The low viscosities and stability of ether solvents play a crucial role in minimizing electrolyte 

decomposition and suppressing dendrite formation, resulting in improved Coulombic efficiency 

(CE) and cycling stability when paired with LMAs.134,135 Park et al. 135  conducted ab initio and 
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statistical simulations to investigate why ether solvents are particularly compatible with LMAs. 

They found that the low reduction potentials of these solvents (ex: DME = -1.68 V vs Li/Li+) are 

crucial to their stability, which reduces the likelihood of electrolyte decomposition with highly 

reactive Li metal. This stability is essential for maintaining a stable SEI and preventing dendrite 

formation. The study also emphasized the significant impact of low viscosity and salt anion size 

on dendrite suppression. This was demonstrated by the extended short-circuiting time of Li 

symmetric cells cycled in 1M LiTFSI in DME, a low-viscosity solvent (Table 3). It was observed 

that the larger TFSI⁻ anion (radius = 0.326 nm) contributes to higher Li+ transference numbers, 

which promotes uniform Li deposition and further reduces the formation of dendrites. 

iii. Gel polymer Electrolytes

Gel polymer electrolytes (GPEs) have attracted significant attention owing to their favorable 

intrinsic properties such as mechanical stability, improved safety, lightweight, and reliability.136 

GPEs combine the mechanical stability of solid polymers with the ionic conductivity of liquid 

electrolytes. The concept of GPEs was first proposed by Feuillade and Perche137 in 1975 and 

typically consists of a liquid plasticizer in a polymer—salt system, which immobilizes large 

quantities of liquid plasticizers (electrolytes) within its network. To date, two main classes of 

plasticizers are commonly used—low molecular weight organic solvents and ionic liquids, of 

which organic solvents are the most reported.138,139 The unique structure of GPEs reduces the 

crystalline content of the polymer matrix and lowers the barrier to ionic mobility.140 The polymer 

matrix in GPEs are commonly made from poly(vinylidene fluoride) (PVDF), poly(vinylidene 

fluoride-co-hexafluoropropylene)m(PVDF-HFP), poly(acrylonitrile) (PAN), poly(vinyl chloride) 

(PVC), poly(propylene carbonate) (PPC), poly(ethylene oxide) (PEO), and poly(methyl 

methacrylate) (PMMA).141–143 

The polymer matrix plays a crucial role in defining the mechanical strength profile of GPEs, 

offering superior mechanical properties, such as tensile strengths exceeding 10 MPa in some 

GPEs144 to tolerate the volume changes of electrodes. The flexible nature of the polymer matrix in 

GPEs enables them to accommodate the formation and growth of Li dendrites. Additionally, GPEs 

can function as both an electrolyte and a separator145, further enhancing their utility by providing 

a dual-function component that prevents short circuits and ensures reliable operation. 
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Compared to conventional solid polymer electrolytes (SPEs), the improved ionic conductivity of 

GPEs at room temperature is largely attributed to the incorporation of a liquid electrolyte 

(plasticizer) within the polymer matrix that plays a significant role in determining ionic 

conductivity and thermal stability. For instance, GPEs with PVDF-HFP as the matrix have 

demonstrated high ionic conductivity, typically in the range of 10-3 Scm-1 144,146, which is 

comparable to conventional liquid electrolytes. GPEs also offer a wide electrochemical stability 

window, often up to 4.3 V versus Li+/Li.144 

Properties such as a low glass transition temperature (Tg), high decomposition temperature, and 

high melting temperature of the polymer matrix are also important properties for selecting a 

polymeric host for GPE application in LIBs, as these properties significantly affect the thermal 

behavior of GPEs.142 The chemical structure of the polymeric host also affects the behavior of 

GPEs, especially their thermal behavior. As such, the unique combination of high ionic 

conductivity, mechanical stability, enhanced safety, and the ability to function as both an 

electrolyte and separator provided by GPEs makes them ideal candidates for the next generation 

of LIBs. Their ability to maintain performance under varying conditions while offering a safer 

alternative to liquid electrolytes positions them as a key material in the advancement of LIB 

technology.

2. Degradation Pathways Pushing Cells to Catastrophic Failure

a. Cathode Materials

i. Ni-rich Layered Oxide Materials (NCM/NCA)

The instability of the layered crystal structure primarily drives the degradation mechanism for Ni-

rich layered oxides. In Ni-rich layered oxides (Ni > 60%), the high proportion of Ni4+, combined 

with the mechanical instability originating from the anisotropic volume changes associated with 

the H2→H3 phase transition (Figure 5a), causes destabilization of the cathode structure and 

microcrack generation, as discussed by Ryu et al.12 during delithiation, these microcracks weaken 

the crystalline structure and expose the unstable Ni4+ to parasitic reactions with the electrolyte, 

producing an insulating NiO-like rock salt phase. As the cathode is charged to high voltages, Li+ 

is extracted, causing Ni2+/Ni3+ to oxidize to higher valence states, including Ni4+. However, Ni4+ 
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forms highly covalent, unstable Ni4+–O2– bonds. This instability makes the oxygen more prone to 

oxidation, especially when the cutoff voltage exceeds ~4.3 V. In the process, oxygen is released, 

making it susceptible to exothermic decomposition.147–149 These mechanisms interact in complex 

ways, leading to a cascade of events that culminate in material degradation, capacity loss, or 

thermal runaway. In cathodes with low Ni content (≤80%), the parasitic side reactions between the 

cathode and electrolyte are mainly confined to the outer surface of the particles, where microcracks 

are minimal. In cathodes with Ni content exceeding 80%, the formation of microcracks increases 

significantly, where degradation from the bulk dominates as the main degradation pathway 

(Figure 5b).150 

Figure 5: a) dQ dV–1 profiles of Li[NixCoyMn1–x–y]O2 (x = 0.95, 0.9, 0.8, and 0.6) illustrating the H2→H3 phase 

transition of varying Ni content cathode materials. Reproduced with permission from.151 Copyright 2018, American 

Chemical Society. b) Schematic representation of the degradation mechanisms in Ni-rich cathodes. Cathodes with less 

than 80% Ni primarily degrade due to surface deterioration, whereas those with Ni content exceeding 80% experience 

degradation through microcrack formation along grain boundaries. These cracks facilitate electrolyte infiltration, 

leading to the formation of a NiO-like rock salt phase. Reproduced under the terms of the Creative Commons CC-

BY-NC-ND License.152 Copyright 2020, American Chemical Society. c) STEM–EELS image of phase-transition layer. 

Reproduced with permission from.153 Copyright 2021, Journal of Power Sources published by Elsevier B.V.
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Trevisanello et al.154 highlighted this by reporting that the specific surface area of pristine 

LiNi0.8Co0.1Mn0.1O2 cathode increased to ∼1.4 m2g-1 from 0.2 m2g-1 when charged to 4.2 V (vs 

Li/Li+), owing to microcrack formation. Kang et al.153 reported the capacity retention of a 

Ni0.85Co0.10Mn0.05O2 dropping to 45.1% at 4.4 V after 300 cycles. The degradation is linked to the 

growth of a phase-transition layer from 10 nm to 25 nm (Figure 5c), increasing resistance and 

hindering Li+ diffusion. Surface cracks from volume changes and oxygen evolution at high 

voltages further accelerate performance loss. Noh et al155 indicated that NCM cathodes with Ni ≥

60% react with air to form Li2CO3 and LiOH on the cathode surface. LiOH then reacts with the 

electrolyte to produce HF acid, leading to electrolyte decomposition and corrosion of electrode 

materials. Li2CO3 leads to gas evolution which causes significant swelling of the cathode/battery 

cell, particularly during high-temperature storage and in the charged state. Furthermore, residual 

Li compounds increase the cathode surface's alkalinity, degrading the PVDF binder. This 

degradation forms a gel-like network that obstructs electrode-electrolyte contact, impairing ionic 

conductivity and electron transfer, which reduces cycling capacity, increases internal resistance, 

elevates charge/discharge rates, and causes overall battery degradation.

Additionally, the similarity in ionic radii between Li+ and Ni2+ facilitates Li+/Ni2+ exchange due to 

the low potential barrier for Ni2+ migration to the Li+ 3b site. During charging, Li+ vacancies in 

the positive electrode are occupied by migrating Ni2+, which hinder the return of Li+ during 

discharge. In a highly delithiated state, Ni2+ continues to migrate to Li+ vacancies (octahedral 3b 

sites), leading to inevitable cation mixing and the release of lattice oxygen due to structural 

instability, disrupting the local structure and weakening the overall stability of the cathode, thus 

impacting its performance and lifespan.156,157 These degradation mechanisms lead to capacity 

fading, increased impedance, and a reduced cycle life. 

ii. Li-rich Layered Oxide 

The performance and safety of Li-rich layered oxide are compromised by various intricate 

degradation mechanisms. A comprehensive understanding of these degradation pathways is 

crucial for optimizing the performance of Li-rich layered oxide materials. The irreversible loss of 

lattice oxygen, triggered by the activation of the oxygen redox reaction in Li-rich layered oxides, 

enables these materials to achieve higher specific capacities. However, this oxygen depletion is 
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both advantageous and detrimental, as significant oxygen loss leads to structural instability and 

side reactions, ultimately contributing to performance degradation.158,159 During the first cycle, Li-

rich layered oxides are charged to a high potential where the Li+ in the LiTMO2 phase are removed. 

The removed Li+ is generally reinserted during the discharge process. However, at higher 

potentials (�4.5 V), the removal of Li2O from the Li2MnO3 phase occurs,160 contributing 

significantly to the capacity during the first charge as shown in Figure 6a with the Li2MnO3 phase 

contributing 152 mAhg-1 to the initial capacity. Unfortunately, this Li extraction is mostly 

irreversible, meaning the Li2O removed during charging cannot be restored during discharge, 

leading to a 20-30% capacity loss in the first discharge.161 Additionally, the generation of oxygen 

vacancies and the reduction of TM ions weaken the bonds between TMs and oxygen, resulting in 

easier TM migration to the Li layer sites (Figure 6b). The migration of TM cations from the TM 

layer into the Li layer induces significant lattice strain, leading to structural transformations from 

a layered to a spinel or rock-salt phase (Figure 6c), which is the main contributor to continuous 

voltage decay and capacity loss.59,162  

Figure 6: a) Voltage curve in the 1st cycle.  Reproduced with permission from.56 Copyright 2021, Chinese Society of 

Particuology and Institute of Process Engineering, b) atomic-scale changes to ordering within the TM layer. BOP 
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means the beginning of plateau, FC means full charge, FD means full discharge, and c) macroscale changes to the 

cathode particles. Reproduced with permission from.163 Copyright 2020, The Authors. d) Cycling performances. 

Reproduced with permission from.56 Copyright 2021, Chinese Society of Particuology and Institute of Process 

Engineering.    

Li et al.164 reported that TM migration and dissolution caused by oxygen release is the primary 

cause of degradation with Li1.2Mn0.6Ni0.2O2 releasing 0.31 μmol mg-1 of oxygen and experiencing 

a voltage decay of 2.4 mV per cycle. Tao et al.165 using in-situ and ex-situ X-ray absorption 

spectroscopy combined with first-principles calculations, revealed that the formation of 27% 

oxygen vacancies led to a decrease in charge capacity from 393 mAhg-1 and discharge capacity 

from 294 mAhg-1 at 0.1C, to 194 mAhg-1 after 100 cycles. The release of lattice oxygen induces 

structural changes,166 raises internal cell pressure, and catalyzes the oxidative decomposition of 

the electrolyte. This process forms a thick, resistive cathode-electrolyte interphase (CEI), 

hindering Li+ transport and contributing to the low initial Coulombic efficiency in Li-rich layered 

oxides. Hence, the growth of the spinel phase and surface defect spinel layer are deemed as the 

primary factors contributing to poor electrochemical performance. These degradations result in 

voltage fading in Li-rich cathode materials (Figure 6d), typically when the integrity and order of 

the layered structure cannot be fully maintained during cycling at high cutoff voltages.

iii. 5V Spinel

The primary challenge in utilizing the potential of 5V spinel cathodes resides in their high 

operating voltage. Conventional LIB electrolytes, which typically comprise salt solutions of Li in 

organic solvents such as carbonate esters (EC, PC, DMC, DEC, EMC, DFEC) are limited by an 

electrochemical stability window that falls below 4.5V. Unfortunately, 5V spinel cathodes operate 

at voltages exceeding this limit. As a result, these electrolytes readily undergo oxidation and 

decomposition when paired with LMO or LNMO, leading to several detrimental effects.167,168  The 

decomposition products form a thick solid layer on the electrode surfaces, hindering Li+ transport 

and ultimately reducing cell capacity, and generate gaseous byproducts such as CO2, CO, POF3, 

C2H5OCOOPF4, and OPF2ORF. 167 These gaseous byproducts further contribute to the capacity 

fading of the 5V spinel cell by triggering transition metal dissolution and migration to the anode. 

This has been widely acknowledged as a major failure mechanism of 5V spinel cathodes168.  
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The key degradation mechanism discussed for Ni-rich layered oxides, Li-rich layered materials, 

and 5V spinel cathodes are summarized in Table 4 to highlight their distinct failure modes

Table 4: Key Degradation Mechanism of Cathode Materials

Cathode 

Material

Composition Capacity Fade Rate Key Degradation Mechanisms Ref

LiNi0.6Co0.2Mn0.2O2 0.035%/cycle 

(100cycle, 0.5C, 

4.3V, 30°C)

Minor microcracks; limited surface 

degradation (~5 nm); no significant 

H2→H3 transition; stable cycling; 

damage mostly reversible.

LiNi0.8Co0.1Mn0.1O2 0.050%/cycle (100 

cycles, 0.5C, 4.3V, 

30oC)

Emerging H2→H3 transition, some 

microcracks, modest rock-salt surface 

(~7–8 nm).

LiNi0.90Co0.05Mn0.05

O2

0.150%/cycle (100 

cycles, 0.5C, 4.3V, 

30oC)

Strong H2→H3, Δc ~ −5.5%, 

microcracks propagate to surface, 

electrolyte ingress, interior degradation.

LiNi0.95Co0.025Mn0.0

25O2

0.170%/cycle (100 

cycles, 0.5C, 4.3V, 

30oC)

Severe H2→H3, Δc ~ −6.9%, deep 

cracks, thick rock-salt layer (up to 20 nm), 

interior failure.

169

LiNi0.90Co0.05Mn0.05

O2

0.150%/cycle (100 

cycles, 0.5C, 4.3V, 

30oC)

Severe microcracking enables electrolyte 

infiltration, leading to thick rock-salt 

layers, reduced Li⁺ diffusion, increased 

interfacial resistance, and electrochemical 

insulation.

16

Ni-rich 

Layered 

Oxide

Li1.03Ni0.85Co0.10Mn

0.05O2

0.183%/cycle (300 

cycles, 0.2C, 4.4 V, 

25oC)

Surface phase transition layer thickening 

(10–25 nm); continuous cation mixing; 

crack formation; Li diffusion resistance 

rise; spontaneous oxygen release at high 

voltage

 153
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Li1.2Mn0.6Ni0.2O2 0.185%/cycle (100 

cycles, 4.8V, 0.2C)

Transition metal migration, oxygen 

release, layered-to-spinel/rock-salt phase 

transitions, and structural collapse during 

cycling due to Oxygen vacancy.

170

0.5Li2MnO3·0.5Li

Ni1/3Co1/3Mn1/3O2

0.330%/cycle (100 

cycles, 0.1C, 4.5V 

25oC)

Irreversible oxygen loss (~27% 

vacancies), MnO6 distortion, phase 

transformation to MnO2, structural 

disorder, and TMO₆ contraction

165

Li-rich 

Layered 

Oxide Li1.2Ni0.2Mn0.6O2 / 

Li1.2Ni0.1Mn0.525Co0

.175O2

0.172%/cycle (100 

cycles, 0.33C, 4.6V, 

30oC)

Oxygen loss; TM migration into Li layer; 

layered-to-spinel transformation; 

amorphization; strain; crack and pore 

formation; mosaic spinel domains

166

5V 

spinel

LiNi0.5Mn1.5O4 0.50%/cycle (100 

cycles, 30C, 4.8 V, 

0.1C) 

Active Li+ loss; Mn dissolution; SEI 

formation on graphite; electrolyte 

oxidation at high voltage; Li+ trapping

168

b. Anode Materials 

i. Silicon

The degradation of silicon is driven by both mechanical and chemical factors. Mechanical 

degradation is primarily attributed to the significant volume expansion and contraction during Li 

alloying/dealloying because the intermetallic compounds of Li-Si have considerably higher molar 

volumes than the original nanostructured Si phases.171 As a result, the repetitive volume changes 

induce large stresses that cause cracking and pulverization of Si anodes. In addition to particle 

pulverization, the large volume changes disrupt the electrode architecture. As silicon anodes 

undergo expansion and contraction during each charging cycle, the bonds between the active 

material, binder, and conductive additives become weakened. This ultimately leads to the 

delamination of the active material from the current collector (Figure 7a), resulting in a loss of 

electrical conductivity and a decline in capacity.88 During dealloying, Si undergoes surface 
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roughening and a gradual formation of a nanoporous structure that drives electrolyte 

decomposition and continuous SEI growth on freshly exposed Si surfaces, causing depletion of 

the limited Li+ and electrolyte supply.172 Moreover, bare Si electrodes exhibit a high irreversible 

capacity loss on the first cycle, indicating that large amounts of Li+ are either trapped in the Si 

matrix or consumed 88. To address this, agglomerated nanosized Si particles, �10 nm in size, are 

commonly used. However, this method increases the surface area to be covered by an SEI, 

triggering more electrolyte consumption and eventual capacity fade.173 This continuous SEI 

growth and Li/electrolyte depletion are described as the primary failure mechanisms in Si 

anodes.172 

Figure 7: a) The main degradation mechanisms of Si anode. Reproduced from.174 Copyright 2016, Macmillan 

Publishers Limited. b) Photoacoustic infrared spectroscopy of the interfacial layer formed on Si-anode surface from 

unwanted reaction with LiPF6-based carbonate electrolyte. Reproduced with permission from.173 Copyright 2014, The 

Royal Society of Chemistry.

Furthermore, during dealloying, Si undergoes considerable volume shrinkage, causing regions of 

the Si that became amorphous during lithiation (due to the structural disruption from Li insertion) 

to recrystallize into small crystalline grains called nanograins. These nanograins introduce grain 

boundaries that are prone to mechanical failure. 26 In a LiPF6 electrolyte, the amorphous silicon 

surface also rapidly reacts with the electrolyte to form a 35 Å interface layer173 that consumes 

electrochemically active Si. Veith et al.173 estimated that this 35 Å interface formation leads to a 

17% consumption of electrochemically active Si, effectively lowering the capacity of the Si anode. 
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Recent studies have highlighted the critical role of chemical degradation as well. For instance, Kim 

et al.26 highlighted that even before cycling, reactions between Si and the electrolyte result in the 

corrosion of Si anodes, causing dissolution of Si ions. These dissolved Si ions, along with 

pulverized Si fragments, block the pores of the separator to impede Li+ diffusion and charge 

transfer. Furthermore, in LiPF6-based carbonate electrolytes, non-electrochemically driven Si—O 

and Si—F bonds form on the surface of the Si anodes (Figure 7b), consuming active Si.26 The 

Si—O groups react with HF generated during the decomposition of LiPF6 causing further 

dissolution of Si and the formation of water molecules that trigger further HF generation and 

continuous Si corrosion.26,173  The generation of HF coupled with rising cell temperature resulting 

from increasing cell impedance, creates conducive environments capable of triggering and 

sustaining thermal runaway events. 

Over-lithiation, which can occur during battery operations through overcharging, introduces 

additional complications. Wang et al.175 demonstrated that over-lithiation promotes Li plating on 

Si surfaces, to compete with the alloying process. The resulting localized Li plating forms 

dendrites that puncture the separator and cause internal short circuits. Additionally, over-lithiation 

accelerates the formation of crystalline Li15Si4, which exacerbates voltage hysteresis. 

ii. Conversion Anode

Conversion-type anodes undergo several degradation mechanisms, including large volume 

changes caused by phase transitions, continuous electrolyte decomposition, low electronic 

conductivity, and severe voltage hysteresis.25 Voltage hysteresis is a major contributor to the 

failure mode of conversion anodes. It arises from the different overpotentials required for the 

nucleation and growth of new phases, the energy required to drive mass transport, and the 

interfacial energy penalties affiliated with forming and maintaining nanophases during the 

lithiation/delithiation steps.130 The extent of this polarization is considerably influenced by the 

nature of the metal—anion covalent bonds, with materials like metal fluorides, oxides, and sulfides 

exhibiting the highest polarizations due to their slower kinetics and lower ion mobilities.130 In 

metal fluorides, for instance, the voltage discrepancy is also heavily influenced by the size of the 

metal nanoparticles formed during the reaction. As demonstrated by Seo et al.176, when CuF2 

undergoes conversion, it breaks down into nanosized metallic Cu and LiF, which have high 
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surface-to-volume ratios and high surface energies that result in an energy penalty, which in turn 

reduces the voltage observed during discharge. The smaller the nanoparticles, the greater the 

surface energy, and the larger the voltage discrepancy.

During cycling, these anode materials also undergo significant structural reorganization, resulting 

in substantial expansions and contractions. The large volume changes create mechanical stress, 

leading to fracturing, cracking, and eventual electronic isolation of active material particles.130 As 

with other types of anode materials, the mechanical cracks from the repeated structural 

reorganization expose fresh surfaces, driving excessive SEI growth. For instance, metal fluoride 

(MF) particles in liquid electrolyte become coated with up to 20 nm thick SEI layer from metal 

(M) catalysis. 177 However, due to morphological changes and separation of LiF and M clusters, 

this formed SEI becomes too brittle to accommodate the volume change in the active material,177 

causing exposure of fresh surfaces to the electrolyte, followed by the irreversible loss of Li and 

the leaching of M1+/2+/3+ cations and F− anions.177 At elevated temperatures, the degradation 

phenomenon intensifies. 

The conversion reaction mechanism transforms the active material into metallic nanoparticles 

dispersed in a Li compound matrix. The key to stable cycling of conversion anodes relies 

significantly on the formation of metallic nanoparticles with high interfacial surface area and high 

activity towards decomposition upon lithiation.130 Typically, nanostructured active materials offer 

benefits, such as a larger electrode-electrolyte contact area, shorter Li+ diffusion paths, and 

improved reactivity. However, nanoparticles are susceptible to agglomeration, which lead to a loss 

of the initial nanostructure and reduction in the reversible conversion reaction efficiency. The 

uneven stress distribution that could result from the agglomerated nanometallic particles leads to 

mechanical fractures that further contribute to the disconnection of the active materials from the 

current collector. This issue is particularly pronounced when the size of the nanoparticles is �10 

nm, reducing the likelihood of re-engaging in the conversion process during subsequent cycles176.

The kinetics of the conversion reaction also contribute to degradation. Conversion reactions are 

typically slower than intercalation processes, owing to the multi-electron transfer mechanism 

involved in the reduction and oxidation of the metal compounds. The kinetics of conversion 

reactions are also influenced by a host of other factors, including diffusion coefficients of cations 
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and anions, electronic and ionic conductivity of the newly formed phases, interfacial energetics178, 

the crystal structure of the host lattice, and the diffusion length of metals during cation exchange.179 

McDowell et al. 179 demonstrated this using different metal sulfides. They noted that copper atoms 

in Cu2S for instance move more freely because they have longer diffusion lengths, leading to a 

faster conversion reaction. However, in FeS2, iron atoms cannot move as easily because their 

diffusion lengths are much shorter, especially at room temperature. This makes it harder for the 

conversion reaction to proceed easily in FeS2. This sluggish kinetics leads to poor rate performance, 

particularly under fast charging and discharging conditions. The dissolution of transition metals in 

liquid electrolytes, polysulfide dissolution, and incomplete reconversion reactions also contribute 

to the degradation of conversion-type anodes.180–182

iii. Graphite

The degradation of graphite anode is attributed to structural disordering, dissolved transition metal 

cations plating, and Li plating/dendritic growth (Figure 8).20–22 During Li 

intercalation/deintercalation, graphite undergoes surface structural disordering that generates steep 

Li concentration gradients, particularly during the early stages of lithiation.183 This induces local 

stresses at the edges of graphene sheets that result in the breakage of C-C bonds and the formation 

of disordered graphite structures. This surface disordering is exacerbated by the continual 

expansion and contraction of the graphite layers during repeated Li+ intercalation/deintercalation 

cycles. The expansion and contraction cause electrode strain that results in swelling or cracking184. 

As noted by Sethuraman et al.183, during Li+ intercalation, the graphite interlayer spacing increases 

from 3.359 Å in pristine graphite to 3.712 Å in lithiated LiC6, inducing mechanical stress and 

further structural breakdown of graphite. Although this expansion is relatively mild in comparison 

to other anode materials like silicon, it contributes to localized deformations, delamination of 

graphite from the current collector, and gradual loss of the structural integrity of graphite during 

long-term cycling.  Another significant degradation mechanism is the instability of SEIs formed 

on graphite.  Repeated cycling, especially under high charge/discharge rates, causes a continuous 

breakdown and reformation of the SEI—a process that consumes both Li and electrolyte inventory 

in the cell. Moreover, the continuous disintegration/reformation of the SEI leads to the growth of 

a thicker, heterogeneous SEI that consequently increases the internal impedance of the battery cell, 

further contributing to capacity fade, reduced cell efficiency, and elevated cell temperature.19
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A more serious degradation of graphite results from the precipitation of dissolved transition metal 

cations (Ni2+, Mn2+, and Co2+) from the cathode onto the graphite surface. The deposited transition 

metal components cover significant portions of graphite, impeding Li+ intercalation and increasing 

local current density, which accelerates Li deposition.20 

Figure 8: a) Crack formation of graphite particles induced by cycling, b) volume change of a graphite electrode as a 

function of Li content during lithiation and SEM image of cracks, c) TM content obtained in a graphite anode after 

120 cycles, d) TOF-SIMS depth profiles of graphite anode after 3000 cycles, and e) schematic representation of the 

SEI film evolution at a graphite electrode during cycling under the influence of chemical crossover from the cathode. 

Reproduced with permission from. 15 Copyright 2021, The Authors. Advanced Energy Materials published by Wiley-

VCH GmbH.

These cations catalyze parasitic reactions within the SEI, promoting further thickening, structural 

instability, and the formation of non-uniform SEI layers. 21 Mn2+ particularly triggers the formation 

of a thick SEI that reduces cell impedance and ionic conductivity.21 The catalytic effects of Ni2+ 
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and Co2+ also increase interfacial resistance, further hindering mobility and charge transfer across 

the anode. 21

Under current conditions greater than 1C, graphite has slow Li+ intercalation kinetics. Hence, Li+ 

intercalation into graphite layers becomes less efficient, causing Li+ not inserted into the graphite 

layer to be deposited on the graphite surface as metallic Li. 185 The thermodynamic window for Li 

intercalation into graphite ranges from approximately 1–100 mV versus Li/Li+, slightly above the 

potential at which Li plating occurs (below 0 V versus Li/Li+). Under normal conditions, Li 

intercalation occurs without significant issues. However, during fast charging, high reduction 

overpotentials are required to drive rapid lithiation of graphite. This can lower the anode potential 

below 0 V, making Li plating thermodynamically favorable.186,187 This process is further driven 

by ohmic and concentration polarization.186 This process contributes to the depletion of the Li 

inventory, increases the cell's internal resistance, and, more critically, leads to the formation of 

needle-like dendrites. These dendrites puncture the separator, causing internal circuits that create 

a favorable condition for thermal runaway.185 This is considered a severe safety-related 

degradation pathway because once dendrite formation commences, it becomes a dominant failure 

mechanism as these structures can rapidly grow and trigger catastrophic cell failure.

iv. Metallic Li

Li metal anode degradation is primarily driven by dendrite formation, where uneven Li deposition 

during charging results in the formation of needle-like dendrites as shown in Figure 9.  Repeated 

Li plating and stripping (deposition/dissolution) processes produce numerous Li dendrites on the 

anode surface, resulting in lower Coulombic efficiency.188 As these dendrites continue to grow, 

they pierce the separator leading to internal short circuits. Moreover, rapid, uneven dissolution of 

the Li dendrites near active sites detaches these structures from the electrode, yielding “dead Li”.189 

This “dead Li” refers to electrically isolated Li metal that is encased in a thick SEI layer made up 

of inorganic and organic Li species. Once disconnected, these Li needles and particles lose their 

electron and ion transport pathways. Consequently, the formation of “dead Li” reduces the amount 

of active Li in the electrode and decreases the battery’s specific capacity.190,191 Several works have 

been done to under the formation of Li dendrite in metallic Li anodes. In 2016, Wood et al., using 

operando video microscopy, showed that dendrites formed due to surface inhomogeneities that 
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lead to localized hotspots where Li nucleates. This creates subsurface disturbances that fracture 

the SEI and expose the underlying Li metal, causing dendrite formation at the fracture points. Han 

et al.,192 using mass transport monitoring, revealed that the dendrite formation is heavily influenced 

by the uneven mass transport of Li+. Li dendrite typically emerges when the Li+ concentration 

depletes near the Li metal electrode, leading to non-uniform Li deposition. This transition from a 

smooth to a dendritic morphology is further accelerated by the uncontrolled reactions on the Li 

surface to create spatial heterogeneities in the SEI layer that promote dendrite nucleation. The 

growth of these dendrites exposes fresh Li metal to the electrolyte, further accelerating the creation 

of new SEI layers and additional dendrites, that cascade to potential battery failure.193–196 

Figure 9. Schematic diagram showing (from left to right) a) pristine Li metal with heterogeneous native SEI layer, b) 

growth of Li dendrites during Li plating, c) loss of Li+ (“dead Li”) and growth of residual SEI during Li stripping, and 

d) continuous SEI growth and electrolyte depletion after multiple plating/stripping cycles. Reproduced under the terms 

of the ACS AuthorChoice License.130 Copyright 2020, American Chemical Society. 

Thermal instability also plays a crucial role in the degradation of Li metal anodes. During cycling, 

heat generation from internal resistance and side reactions exacerbate dendrite growth, SEI 

breakdown, and side reactions, leading to accelerated degradation and potential safety risks. 

Furthermore, these issues are strongly interdependent, presenting more significant challenges.193

v. Fast Charging Anode

Fast-charging anodes, such as lithium titanate (LTO) and Wadsley-Roth anode, experience 

complex degradation mechanisms driven by the high current densities associated with rapid charge 

cycles. LTO anodes are known to have unsatisfactory Li+ coefficient (10-11 cm2s-1) and electron 

conductivity (10-13Scm-1), which deteriorate their rate capability, thereby limiting their 

application.197,198 Banks et al.199 investigated the degradation mechanisms in LTO batteries, 

focusing on the impact of elevated temperatures and the SOC. They identified surface layer 

formation and gas generation as the primary degradation factors, which are both influenced by the 
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SOC. At higher temperatures, particularly at 80oC, they observed an increase in gas production 

(including H2, CO, and CO2), which led to cell swelling and rupturing in some cases, posing 

significant safety concerns. The study found that degradation is most severe at high SOCs, where 

irreversible damage occurs due to the loss of active material (LAM) at the positive electrode and 

the depletion of Li inventory.  Liu et al.200 reported that the primary cause of degradation in LTO-

based batteries is attributed to LAM, where at least 83% of the total capacity loss at 10C and 81% 

at 5C cycling conditions originates from LAM. The degradation mechanisms were closely linked 

to the depth of discharge and cycling rate, with deeper discharge cycles and slower cycling rates 

accelerating capacity loss. 

Wadsley-Roth based structures featuring ReO3-like structure have emerged as an alternative anode 

for LTO replacement. These anode materials are based on niobium oxide structures namely 

TiNb207, Ti2Nb10O29, W8Nb18O69,201 W3Nb14O44,202 W4Nb26O7,203 Ti2Nb10O29,204 GaNb11O29, 

Nb18W8O69,205 Mg2Nb34O87,206 and MoNb12O33.207 These niobium-based Wadsley-Roth phases 

with the sheared octahedra stabilize the structure during intercalation by locking the ReO3-like, 

edge-sharing NbO6 octahedral blocks in-place. Thus, these shear structures do not undergo phase 

changing and allow Li+ diffusion back and forth freely.208 While the unique crystallographic shear 

structure of the Wadsley-Roth anode provides advantages for Li+ transport, it also presents certain 

challenges that hinder its performance. One significant drawback is its relatively long Li+ diffusion 

path, leading to slower lithiation/delithiation kinetics. Moreover, the Wadsley-Roth phase anodes 

suffer from poor electronic conductivity, which is reported to be as low as 3×10⁻⁶ Scm-1. This low 

conductivity increases the overall resistance in the electrode, causing large polarization during 

battery operation 209,210. An additional degradation mechanism for the Wadsley-Roth anode is the 

generation of gas. The absence of SEI film on the anode surface allows for electrolyte degradation 

at the anode-electrolyte interface, leading to the release of harmful gases. 211,212 Buannic et al.213 

investigated the degradation of TiNb2O7 and Ti2Nb10O29 and found a clear correlation between the 

anode’s surface area and the amount of gas produced. Specifically, TiNb2O7, with a surface area 

of 32 m2g-1, generated significantly more gas than TiNb2O7 with 6 m2g-1. The gassing is primarily 

attributed to water electrolysis, with trace water present in the electrolyte or adsorbed on electrode 

surfaces that results in hydrogen gas production, which constitutes up to 80% of the total gas. 

Further reactions between Ti4+ and carbonate solvents in the electrolyte form CO, CO2, and 
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hydrocarbons (C1–C3). These processes contribute to electrolyte degradation, producing 

approximately 800 µL of gas after 30 days of cycling in TiNb2O7/LMNO pouch cells.

c. Electrolytes

i. Carbonate Electrolytes

Liao et al.29 identified two primary degradation pathways for carbonate-electrolytes: 

decomposition at the electrode—electrolyte interfaces and bulk electrolyte breakdown. At the 

anode, the continuous insertion and extraction of Li+ cause expansion and contraction of the 

electrode, leading to mechanical stress that fractures the SEI. These fractures necessitate SEI repair, 

which continuously consumes more electrolytes and increases internal resistance, especially in 

anode materials like silicon that undergo significant volume changes.29,214 Similarly, at the cathode, 

the cathode electrolyte interphase (CEI) is often non-uniform and unstable, particularly in Ni-rich 

materials, where anisotropic volume changes create microcracks.29 These cracks expose fresh 

surfaces to the electrolyte, leading to further CEI formation/repair and additional electrolyte 

depletion. Moreover, at high voltages (>4.6V), electrolyte decomposition is driven by oxidative 

processes, often linked to oxygen evolution from the transition metal oxide lattice. 

At elevated temperatures, carbonate electrolytes undergo decomposition reactions that generate 

heat and toxic gaseous products. The thermal instability of carbonate-based electrolytes is 

exacerbated when reactive Li salts, such as LiPF6, are dissolved in these solvents. For instance, 

ethyl methyl carbonate (EMC) is stable on its own but shows significant gas production when 

catalyzed by LiPF6.28 The decomposition pathway of LiPF6 is significantly autocatalytic, and it 

results in the formation of HF, PF5, CO2, and other corrosive species capable of accelerating further 

decomposition of the electrolyte and dissolution of transition metals in the cathode (Figure 10a-

d).28 The PF5 species generated from the salt decomposition reacts with trace water molecules in 

the electrolyte to form HF (Figure 10b).215 HF presence in the system leads to other degradation 

processes, such as corrosion of the electrodes and current collectors, etching of the separators, and 

destruction of SEI layer (Figure 10e).215  The strong Lewis acid nature of PF5 further triggers 

decomposition of carbonate electrolytes.216 The reaction between PF5 and the carbonate solvents 

is exothermic, and the increased heat and accumulation of gases can increase the internal pressure 

of the cell (Figure 10d), increasing the risk of thermal runaway. The relative reactivity of the 
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carbonate solvents with LiPF6 at elevated temperatures follow the order EC > DEC > EMC > 

DMC.28 

Figure 10: Schematic representation of the key challenges of LiPF6-containing carbonate electrolytes. Reproduced 

with permission from.217 Copyright Wiley-VCH: a) transition metal dissolution resulting from HF attack, b) gas 

evolution triggered by solvent decomposition, c) hydrolysis reaction of LiPF6 to form HF and corrosive acids, d) 

thermal decomposition of LiPF6, e) interfacial layer destruction by HF attack. 

A seeming solution to mitigate the thermal instability of carbonate electrolytes would be to use 

alternative, less reactive salts. However, studies have shown that, the solvents themselves are 

problematic—for instance, Lamb et al.28 showed that EC and DEC were found to produce the most 

toxic gas during thermal decomposition, with each generating upwards of 1.5 moles of gas per 

mole of electrolyte without the presence of LiPF6.

Efforts have been made to research the use of alternative Li salts with better thermal stability, 

conductivity, and less toxicity. To this end, LiTFSI and LiFSI have garnered considerable interest 

owing to their extremely high thermal stability (i.e., no degradation until �360°C).128 Eshetu et 

al.218 conducted a detailed investigation of the thermal behavior of LiPF6 vs LiFSI-based carbonate 

electrolytes. They observed that the LiFSI-based electrolytes produced fewer harmful byproducts, 
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with significantly reduced HF output. However, LiFSI-based electrolytes still emit toxic gases 

such as SO2, NO, and HCN. Additionally, the calorimetry experiments demonstrated that the 

LiFSI-based electrolytes have shorter combustion durations, albeit more explosive than the LiPF6-

based electrolytes. Sångeland et al.219 investigated the decomposition of a LiTFSI-based carbonate 

electrolyte (1M LiTFSI in EC: DEC 3:7 w/w) and noted ethylene and hydrogen (in negligible 

quantity) as the dominant volatile organic species formed. Moreover, the application of LiTFSI is 

hindered by its corrosive reaction with Al foil, which is typically used as the cathodic current 

collector.128Therefore, the tradeoffs in the cost and electrolyte properties must be carefully 

considered when switching from LiPF6 to LiTFSI/LiFSI or other Li salts. Owing to this conundrum, 

subsequent sections will discuss extensively modern strategies being applied to improve the 

thermal stability of carbonate electrolytes.

ii. Ether Electrolytes

Ether-based electrolytes are prone to oxidative degradation and thermal decomposition, especially 

at elevated temperatures and high voltages, where they undergo auto-oxidation, forming peroxides 

and other by-products (Figure 11b).220 According to Tommaso et al.221, the high susceptibility of 

ethers to oxidation is primarily attributed to their chemical structure, characterized by the presence 

of an oxygen atom between two alkyl or aryl groups. Through an auto-oxidation process initiated 

by a hydroxyl radical, the oxygen in the ether structure abstracts hydrogen from an adjacent carbon 

atom, forming an alkyl radical under atmospheric conditions.221 The process typically follows a 

radical chain mechanism, where the formed radicals propagate the oxidation reaction, which is 

severely exacerbated at elevated temperatures, leading to a cascade of flammable oxidative 

degradation products.221 

As with carbonate electrolytes, the type of Li salt also impacts the thermal/oxidative degradation 

of ether electrolytes, LiPF6 impedes the performance of ether electrolytes (Figure 11c). In contrast, 

LiTFSI or LiFSI can significantly improve the electrochemical performance of Li-metal anodes 

cycled in ether electrolytes.222 The easily reducible S-F bonds in the anions of LiTFSI and LiFSI 

salts form electron-insulating compounds such as LiF more readily than those in LiPF6 salt, 

resulting in the formation of a more stable SEI, translating to better electrochemical 

performance.222 
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The concentration of salt in ether-based electrolytes is also paramount. The oxidative stability of 

ether-based electrolytes at typical Li salt concentrations of �1 M is considerably low. This is 

because, with fewer Li+ available, ether molecules cannot form stable complexes that mitigate 

oxidation.223 In contrast, carbonate electrolytes have oxygen atoms with lone-pair electrons that 

can form more stable complexes.223 Consequently, the oxygen atoms in the ethers are more prone 

to losing electrons, making the electrolyte more susceptible to oxidation and eventual 

decomposition. The degradation of ether electrolytes is also influenced by the chain length of the 

ether, where shorter chain ethers tend to be more thermally unstable compared to longer-chain 

counterparts.224

Figure 11: a) Schematic of the requirements for ether electrolytes for high-voltage LIBs. Reproduced under the terms 

of the Creative Commons CC-BY 4.0 License.222 Copyright 2024, The Authors. Published by American Chemical 

Society, and b) scheme of the autoxidation mechanism of aliphatic ether solvents. Reproduced with permission 

from.221 Copyright 2012, American Chemical Society. c) CE test of Li||Cu cells cycled in an ether solvent (1,1,1-

trifluoro-2,3-dimethoxypropane (TFDMP)) containing different salts. Reproduced under the terms of the Creative 

Commons CC BY license.225 Copyright 2023, The Authors.

iii. Gel Polymer Electrolytes

Gel polymer electrolytes (GPEs), which combine the mechanical stability of solid electrolytes with 

the ionic conductivity of liquid electrolytes, offer improved safety but still face thermal stability 

concerns, especially at high temperatures. GPEs typically consist of a liquid plasticizer in a 

polymer—salt system. The plasticizer components generally determine the electrochemical 

properties of GPEs, whereas the polymer matrix defines the safety, mechanical properties, and 

morphology of GPEs.141–143. To date, two main classes of plasticizers are commonly used—low 

molecular weight organic solvents and ionic liquids, of which the organic solvents are the most 
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reported.138,139 When low organic solvents are used, large quantities are typically required as the 

low molecular weight organic solvents suffer from significant solvent loss over time. At elevated 

temperatures, this compromises the mechanical properties and stability of GPEs138, causing them 

to inherit some adverse thermal behaviors observed in conventional liquid electrolyte systems. 

Moreover, a low glass transition temperature (Tg), high decomposition temperature, and high 

melting temperature of the polymer matrix form important criteria for selecting a polymeric host, 

as these significantly affect the thermal behavior of GPEs.142 A low Tg, whilst it enhances the ionic 

conductivity, can reduce the overall mechanical stability of the electrolyte, leading to an increased 

risk of thermal decomposition.  Below Tg, the polymer exists in a glassy state, and above Tg, the 

polymer becomes rubbery and more flexible,136 bringing the material closer to melting and 

decomposition at elevated temperatures. Melting and decomposition of the polymer are typically 

distinct thermal events, but the thermal energy required for melting can bring the polymer material 

closer to a state of decomposition, potentially initiating the chemical breakdown of both plasticizer 

and polymer materials.

The chemical structure of the polymeric host also affects the thermal degradation behavior of GPEs. 

The varying application cases of LIBs necessitate an electrolyte that is thermally stable over a wide 

temperature range, making PVDF- and PAN-based GPEs more favored due to their superior 

thermal stability. This stability is attributed to the strong C-F bonds in PVDF142 and the formation 

of a stable, cross-linked structure in PAN upon heating.143 Conversely, GPEs based on polymers 

such as polyethylene glycol diacrylate (PEGDA) are PEO (and their derivates) are highly 

flammable.226 Owing to this, fire retardants, such as organic phosphates like trimethyl phosphate 

(TMP), triethyl phosphate (TEP), and dimethyl methylphosphate (DMMP), have been employed 

to address the flammability issue.226,227 

GPEs offer considerable advantages over carbonate- and ether-based electrolytes. However, their 

thermal instability still poses a major challenge that must be addressed to ensure safe and reliable 

applications. Hence, strategies to improve and enhance the safety of GPEs will be comprehensively 

discussed in section 4.

3. Cell and Pack Level Studies on Understanding and Mitigating Thermal Runaway Risk
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a. Battery Abuse Testing Methods and Mechanisms

Batteries are subjected to a wide variety of stresses when operating in various applications, 

including mechanical vibrations and impact, high electrical load, and extreme thermal environment. 

These stresses can result in accelerated degradation, gas generation, excessive swelling, internal 

short circuits, overheating, and gas venting, leading to thermal runaway. To fully understand and 

mitigate the effects of thermal runaway, abuse testing and simulations are typically performed on 

battery cells. In this section widely employed mechanical, electrical, and thermal abuse testing 

methods are discussed. 

i. Nail Penetration

Nail penetration is the most common form of mechanical abuse test to understand the failure point 

and safety characteristics of a battery cell. 228  In this type of abuse test, a nail is inserted into the 

battery cell with a mechanical force sufficient to penetrate through the cell casing, resulting in 

direct contact of the cathode and anode. This causes the battery cell to rapidly discharge and raise 

internal cell temperature, triggering catastrophic failure, including fire and explosion. 229 For 

instance, Finegan et al. 229 designed custom 314 stainless steel nails with an integrated insulated 

K-type thermocouple of 0.5 mm diameter and imaged penetrated 18650 cells, providing 

comprehensive data on the thermal and structural dynamics. The variability of nail penetration 

position was found to directly affect the temperature rise and the failure mechanism of the cells. 
229 Another study developed a new method for nail penetration analysis using small, slow, and in 

situ sensing, referred to as 3S.230  In the study, a small nail (diameter ~ 1 mm) embedded with a 

micro temperature sensor at the tip was used for the nail penetration test on a 3 Ah pouch cell at 

penetration speeds of < 0.1 mm s-1 (Figure 12). The study observed that the in-situ sensed nail tip 

temperature reached a maximum of over 800 ℃ while the surface temperature only reached about 

400 ℃ during thermal runaway. Specifically, in-situ monitoring helped observe three temperature 

peaks before it’s onset which could not be detected from surface temperature indicating that the 

in-situ sensing can reveal critical early-stage indicators of the thermal runaway phenomena, such 

as intense local hot spots and precursory thermal spikes. These temperature peaks were due to the 

contact between the nail tip and the current collector as a result of nail piercing through the battery 

in a controlled manner. This contact created a low resistance internal short circuit that induced 
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high internal short circuit current and rapid heat generation, ultimately leading to a sudden 

temperature rise. A rapid decrease in the temperature was also noted following each peak. This 

was attributed to the rupturing of the Al foil that led to the increase in contact resistance, decreasing 

the local current and heat generation at the site of penetration. 230

Figure 12: a) Schematic of the small, slow, and in-situ sensing (3S) nail penetration test. b) Photograph of the small, 

in-situ sensing nail. Reproduced under the terms of the Creative Commons CC BY license. 230 Copyright 2020, The 

Author(s).

 This method separates internal short-circuit processes from thermal runaway. Yang et al. 231 

studied the evolution in voltage, temperature, and vent gas of 8 types of cylindrical batteries using 

LFP cathode chemistry. It was observed that the onset was triggered by the shrinkage of the 

separator and the reactions between the cathode and electrolyte. It was also found that the runaway 

reactions were more intense when penetration was performed near the cell ends, but the nail speed 

had virtually no effect on the thermal and electrochemical behavior of the cell.   

Chiu et al. 232 simulated the electrochemical-thermal behavior of a punctured 5.25 Ah cell. The 

model predicted a rapid increase in current density due to an internal short circuit at the site of nail 

penetration. However, as the active material was depleted, the current density predicted by the 

model declined. Zhao et al. 233 introduced an area-specific contact resistance to model joule heating 

at the location of penetration.  Their coupled electrochemical-thermal model successfully predicted 

the rapid temperature rise during nail penetration with current and voltage responses, and 

deformation of the battery. The model prediction was verified using experimental results. 

ii. Overcharge
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Overcharge-induced thermal runaway is characterized by localized internal short circuits and the 

rapid generation of heat and gases. 234 Wang et al.235 studied the thermal runaway characteristics 

of 25Ah prismatic LFP/Gr cells with different states of health (SOH) (100%, 80%, 70%, and 60%) 

under different charge rates (2C, 1C, 0.5C, 0.3C) and noted that overcharging behavior has four 

stages. In the first stage, the ohmic and reversible heat were the primary contributors to the total 

heat generated. The second and third stages had side reactions, such as SEI decomposition and 

anode-solvent reaction, as the primary sources of heat. The fourth stage included heat generation 

due to electrolyte decomposition, cathode decomposition, binder decomposition, and internal short 

circuits. Zhang et al. 236 investigated the effects of slight overcharge. The main findings indicated 

that although slight overcharge (i.e., 105% to 120% SOC) has minimal influence on the overall 

cell capacity, it leads to thermal instability, causing cells with different degrees of overcharge to 

exhibit similar behavior during adiabatic thermal runaway events. Zhou et al. 237 subjected cells to 

an overcharge test at various C rates (0.5C, 1C, and 2C) while applying a 10 kg preload and found 

that higher C rates during the overcharge test increased the risks of thermal runaway. They also 

found that larger preloads resulted in relatively lower crest voltages during the overcharge test but 

more severe reactions. Hence, the onset temperature and heat generation tend to be higher at higher 

preloads. Wang et al.238 compared the differences in the thermal behavior of LIBs with three 

different cathode materials NCM, LFP, and LCO tested under different overcharge rates (0.5C, 

1C, and 3C). The LCO batteries had the highest risk of thermal runaway, followed by NCM and 

LFP. The rate of overcharge (i.e., C rate during overcharge tests) also had a significant impact on 

the thermal risk for all the cathode chemistries, and the time till runaway was significantly smaller 

for higher C rates. For NCM and LCO, there was a reduction in the time by 10,793 s and 5,332 s, 

respectively, as the rate increased from 0.5C to 3C. For the LFP batteries, the time decreased by 

1812 s when the rate was increased from 1C to 3C.

Huang et. al.239 experimentally investigated the internal failure mechanisms and associated 

external characteristics during overcharging in prismatic and pouch cells using 

Li[Ni0.33Co0.33Mn0.33]O2 / Gr pouch and prismatic cells. The cells were charged from 0% SOC to 

the set end point at 1C current. During stage I (safe overcharge stage), both pouch and prismatic 

cells maintained low temperatures, but the pouch cells exhibited better overcharge tolerance. As 

overcharging progressed, the prismatic cell experienced a slower rise in temperature and 

Page 47 of 130 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
ap

rí
l 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2.
5.

20
25

 1
6:

14
:2

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5YA00065C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00065c


48

deformation due to its safety valve. The maximum surface temperature difference increased 

linearly during the test, with hotspots forming at one end of both cells, offering insights for 

improved design for effective heat dissipation. Ye et al. 240 investigated the dynamic thermal 

behaviors of commercial LiCoO2 + Li(Ni0.5Co0.2Mn0.3)O2/C + SiOx cells during overcharge under 

adiabatic conditions by combining a multi-channel battery cycler with an accelerated rate 

calorimeter (ARC). 

Figure 13: Stages of overcharge induced thermal runaway based on overcharging experiments combined with ARC. 

Reproduced with permission from.240 Copyright 2016, Elsevier Ltd.

The study found that the overcharge process in LIBs follows four distinct stages, as shown in 

Figure 13. (1) A to B: As the cathode delithiated and the anode lithiated, the voltage increased 

gradually, with low surface temperature and minimal gas evolution until decomposition 

accelerated above 4.5V. (2) B to C: As the cathode approached full charge, heat generation 

increased due to electrolyte decomposition, producing CH4 and alkyl radicals, while gas release 

caused cell deformation, leading to Li plating on the edges of the graphite anode due to a change 

in the distance between the anode and cathode. (3) C to D: The surface temperature increased 

sharply above 60°C, triggering exothermic reactions between the delithiated cathode and 

electrolyte, causing CO2 gas evolution, voltage drop, and structural degradation of the cathode. (4) 

D to terminal: When the internal temperature reached 150–160°C, the separator shut down, leading 

to violent reactions involving Li, electrolyte, binder, and cathode material. This triggered thermal 

runaway, rupture, and gas emissions (CO2, CO, H2, CH4, C2H6, C2H4). At higher C rates (> 1.0C), 
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overpotential heat accelerated temperature rise, making electrolyte-cathode reactions more intense 

before Stage B. 

Zhu et al. 241 systematically studied the overcharge-induced thermal runaway properties of 30Ah 

cells using NCM622 cathode at different C rates at 30ºC. It was found that the overcharge process 

consisted of four stages. Stage I entailed normal charging with stable voltage and temperature, 

while Stage II marked the beginning of the overcharge conditions, causing a gradual voltage 

increase and slight temperature increase. In Stage III, voltage plateaus and temperature increased 

rapidly, signaling an increased risk that escalates in Stage IV, where extreme temperature spikes 

led to battery rupture, fire, or explosion, accompanied by a sharp voltage drop. Qi et al. 242 

developed an overcharge model of the LIB pack by coupling the electrochemical model with the 

thermal abuse model. The study used a battery pack of three fully charged batteries with a capacity 

of 10 Ah, with only the middle one overcharged. It was found that higher overcharge currents 

increased the thermal runaway onset temperature of the overcharged middle cell but lowered it in 

the adjacent non-overcharged cells. Cell spacing and clamping significantly influenced heat 

transfer, increasing the risk of failure in neighboring cells. The overcharged middle cell heated 

rapidly, transferring heat to adjacent cells.

Using both experimental and numerical methods, Mei et al. 243 demonstrated that overcharging of 

a commercial 26650 LiNi1/3Co1/3Mn1/3/Gr cell caused Li plating. The overcharge tests performed 

to induce Li plating included constant current charging at 0.2 C and 0.5 C to the cut-off voltage 

range of 4.5–4.9 V with no relaxation to stabilize the Li content within the electrode bulk. They 

found that Li plating begins at voltages > 4.5 V, with greater Li deposition occurring at higher 

voltages as confirmed by SEM images showing dendritic Li growth at the anode-separator 

interface. Furthermore, using computational simulations, they revealed that overcharge led to 

deeper Li penetration, increasing plating severity. The model showed a linear relationship between 

Li plating and C rates, indicating that higher C-rates accelerate plating, emphasizing the need for 

controlled charging. Increasing anode thickness while maintaining a reasonable N/P ratio (i.e., 1.1-

1.2) was found to reduce Li plating risk by lowering local current density and increasing Li 

accommodation in the electrode structure.

iii. Internal Short Circuit
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Liu et al. 244 used electrochemical impedance spectroscopy to analyze the resistance of internal 

short circuits (ISC) with concurrent monitoring of thermal runaway propagation using high-speed 

X-ray imaging. The results highlighted that the expansion of the failure area is linked to the melting 

and collapse of the separator. Wu et al. 245 used infra-red imaging thermography to characterize 

the evolution process from ISC to thermal degradation inside a LIB. The ISC was triggered by 

heating the battery to approximately 70-75 ℃.  The study identified a thermal runaway boundary, 

where a hot spot of 50 mm2 exceeding 150 °C, combined with rapid exothermic side reactions 

within 0.6 seconds, triggered a thermal occurrence. Batteries with high energy and low resistance 

ISC are more prone to runaway, while those with low energy or high resistance ISC develop 

temporary hot spots that cool down. Exothermic side reactions dominated the hot spot region, 

releasing significant heat, while the exhaust leaving the cell, which consisted of flammable gases 

(after ~1.5 seconds), caused pressure buildup. The study also highlighted that temperature 

gradients near the ISC point influenced the severity of exothermic reactions.

Liu et al. 246 developed a 3D equivalent circuit model of a 20 Ah LIB and performed ISC 

simulations. The study considered the effects of ISC area, resistance, penetration depth, convective 

heat transfer coefficient, and ISC position on thermal runaway. The results of the study 

demonstrated that the average cell temperature is only weakly affected by the ISC area, penetration 

depth, and position. On the other hand, the ISC resistance and the convective heat transfer 

coefficient have large impacts on the thermal runaway propagation. A high convective heat 

transfer coefficient can effectively suppress this propagation. However, such a high convective 

heat transfer coefficient is hard to achieve at the cell surface. Finegan et al.247 used an ISC device 

placed in multiple locations across the cell for controlled, on-demand, initiation of thermal 

runaway to study the nucleation and propagation failure within 18650 cells through the use of 

high-speed X ray imaging at 2000 frames per second. It was observed that sidewall rupture was 

more likely when the runaway event was initiated closer to the casing of the cell. Likewise, the 

cylindrical mandrel in the core of the electrode assembly was shown to influence the venting 

process. 

Huang et al. 248 reported in-situ measurement of temperature distributions in a 2.5 Ah pouch format 

cell during ISC and thermal runaway events. The events were triggered by nail penetration. It was 

observed that the in situ sensed nail tip temperature started to increase after 30s and exhibited 
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multiple peaks corresponding to the cell voltage drops. The multiple temperature peaks and voltage 

drops suggested that there were multiple short-circuit processes during the nail penetration process. 

The highest temperature of the nail tip at the internal short circuit location was measured to be 

209 ℃. Liu et al. 249 compared the performance of five substitute triggering methods for ISC; use 

of phase change materials (PCM), shape memory alloys (SMA), artificially induced dendrite 

growth, equivalent resistance, and nail penetration. Likewise, the thermal-electrical coupled 

features, controllability, similarity to real accidents, and repeatability of the test were discussed by 

experimental and modeling analysis. It was found that there were four different classes of ISC. 

The first class was the most dangerous, where the voltage rapidly drops to 0 V and has a maximum 

temperature rising rate of nearly 100 ℃/s. This class of ISC would be accompanied by severe 

thermal runaway when conducted by nail penetration or triggering Al-An type ISC by PCM and 

SMA. The second and third class featured less abrupt voltage failure and slow voltage drop, 

respectively, and both these classes demonstrated lower temperature rise of only 10 ℃/s with no 

thermal runaway. The fourth class showed minimal impact in both voltage drop and temperature 

rise. 

Xu et al. 250 employed an electrochemical-thermal model, validated through experiments, to 

analyze how electrode design parameters influence ISCs in cylindrical LIBs. A parametric study 

examined the effect of parameters such as porosity, electrode/separator thickness, short-circuit area, 

and failure layers, revealing their effects on internal resistance, voltage drop, and temperature rise. 

Additionally, the study categorized different short-circuit types (An-Ca, An-Al, Ca-Cu, and Al-

Cu) to enhance understanding of failure mechanisms and provide insights for safer battery designs. 

The study validated a coupled electrochemical-thermal model by comparing simulation results 

with experimental data, effectively describing electrochemical behavior during normal and short-

circuit conditions. Using a 2200 mAh LCO cell, experiments, including nail penetration tests, 

showed that voltage remained stable until 4 mm penetration, after which temperature and voltage 

changed significantly. Thermal runaway occurred 300 seconds after short-circuit initiation, though 

model predictions deviated from measured temperatures at this stage. The study found that cathode 

design had a more substantial impact on internal resistance and battery safety than the anode, 

emphasizing the importance of optimizing cathode electrode architecture. These insights provide 
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crucial guidance for safer LIBs designs, focusing on separator integrity, porosity, and thickness to 

mitigate short-circuit risks.

iv. External Short Circuit

An et al. 251 employed a variety of experimental methods to investigate the thermal behavior and 

mechanism during external short circuiting. Constant current discharge process at various 

discharge rates (30C, 25C and 20C) were simulated while also conducting experiments on small 

capacity batteries under external short circuit (ESC) conditions (Figure 14). The study found that 

the capacity of the short-circuited batteries was recovered despite initial damage. Furthermore, in 

batteries with high states of charge (80% and 100%), the maximum temperature was related to the 

time of battery rupture. Li deposition, electrolyte evaporation, graphite particle rupture, and 

separator closure were observed during the discharge process of the high SOC batteries. This 

increased internal resistance and caused internal side reactions. The ohmic resistance experienced 

a permanent increase while the polarization resistance recovered to the condition prior to the ESC 

experiments. 

Figure 14: Discharge capacity at different C rates. Reproduced with permission from.251 Copyright 2022, Elsevier 

Ltd.

Zeng et al. 252 investigated the ESC characteristics of 18650-type NCM LIBs under different SOCs 

and short-circuit currents. The study involved ultra-high discharge rates (i.e., 15C, 18C, 20C, 22C, 

25C) for constant current discharge at 50% and 100% initial SOCs to simulate the ESC condition. 

The results of the study found that short circuits induced a serious risk of deleterious thermal events 
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when the discharge rate reached 25C and the maximum temperature exceeded 500 ℃. At low SOC 

levels, there was rapid depletion of Li+
, increasing the polarization resistance and exhibiting a sharp 

voltage drop in this instance. The high temperature during the short circuit induced a closure of 

the separator pores.

An et al. 253 further studied the effect of SOC and discharge rate on the ESC behavior of a 3Ah 

LFP graphite pouch battery. The battery damage was triggered by ESC abuse for 50% and 100% 

initial SOCs at discharge rates of 20C, 30C, 40C, and 50C.  The results of the study indicated that 

maximum temperature points during ESC were always found halfway between the anode and 

cathode tabs for all discharge rates. Electrolyte depletion and thermal adhesion of the cathode to 

the electrode and wrinkling of the electrode were observed due to gas generation from heat-driven 

side reactions. In another study,254 an analytical model to predict runaway events in prismatic and 

pouch cells due to ESC/ultra-high discharge rates was developed. COMSOL Multiphysics was 

used for validation of the analytical model, and it was found that at discharge rates above 15C, 

multiple decomposition reactions occur, ultimately leading to thermal runaway. The ambient 

temperature was also found to have a critical role, as cells discharged below 30°C remain stable, 

while those at 40°C or higher experienced a higher runaway risk due to reduced convective heat 

dissipation, causing excessive temperature rise. At a 15C discharge rate, only SEI decomposition 

occurs, generating insufficient heat to trigger further reactions. However, at a higher discharge rate 

of 18C, additional reactions, including negative electrode and solvent decomposition, occur, 

generating enough heat to initiate a chain reaction. This escalation leads to a rapid rise in 

temperature.

b. Characterizing Thermal Stability of Battery Materials and Cells Using Calorimetry

Various calorimetric tests are used to understand the behavior of LIBs during thermal abuse 

conditions. In these tests, batteries are typically heated in adiabatic conditions, and temperature, 

pressure, and their rate of increase are measured.255 Differential Scale Calorimetry (DSC) is 

employed to look at the thermal stability and exothermic reactions of chemical components in a 

battery at the material level. 255 ARC is designed to study exothermic chemical reactions by 

simulating adiabatic conditions. By employing ARC, critical kinetic parameters, i.e., the onset 

temperature of the reaction and the enthalpy of the exothermic process, can be acquired.256
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Liu et al.257  performed an ARC test on an aged 1.2Ah pouch cell with 95% LiMn2O4 + 5% 

Li(Ni0.5Mn0.2Co0.3)O2 cathode and graphite anode to obtain the onset temperature of the SEI 

decomposition reaction. Ren et al. 258 investigated the thermal runaway mechanisms using DSC 

for a fully charged 24 Ah Li(Ni1/3Co1/3Mn1/3)O2/graphite battery. The cell components extracted 

from the pouch cell were tested individually and as mixtures to elucidate the mechanism and 

characterize exothermic reactions.  Six exothermic reactions were characterized, and kinetic 

analysis was performance on them based on the DSC data. It was found that the heat generation 

was dominated by the reactions on the anode/electrolyte interface, such as the decomposition of 

SEI film and the reaction between anode active material and electrolyte. The data from the ARC 

test was used to validate the model prediction once all the kinetic parameters were estimated using 

this data. Patel et al. 259 used ARC test to study the failure mechanism of commercially available 

18650 cells with Li(Ni0.6Mn0.2Co0.2)O2 cathode, polymer separator, and graphite anode. The study 

revealed the initial exothermic event occurred between 30-50 ℃ and is attributed to the breakdown 

and reformation of the SEI layer while the second exothermic event indicating the onset of thermal 

runaway occurred at 175 ℃. The study also quantifies the reaction rates associated with thermal 

failure.

Kvasha et al.260 studied the thermal runaway of three different Li-ion cells (NCA/Graphite, 

LFP/Graphite, NCA/LTO) at 100%, 50%, and 9% SOC and conducted DSC and ARC tests to 

study the behavior of positive and negative electrodes at the three SOC levels. All cells underwent 

thermal runaway, regardless of SOC or chemistry, with higher SOC leading to lower onset 

temperatures and faster self-heating rates. Despite using a low-stability polyolefin separator, 

LFP/Graphite was the most thermally stable due to its polyanionic structure, unlike the unstable 

NCA, which releases oxygen when heated. DSC tests confirmed that all electrodes were thermally 

unstable in LP30 electrolyte.

In a study by Feng et al. 261, the DSC tests showed significantly lower heat generation in NCM 

cells compared to ARC, suggesting that anode reactions were not the primary heat source during 

thermal runaway. Instead, the process was mainly driven by redox reactions between the cathode 

and anode, with the cathode undergoing active material decomposition, cathode-electrolyte 

reactions, and electrolyte breakdown, while the anode experienced SEI layer decomposition and 

Li-electrolyte interactions. The ARC tests identified three key temperatures: T1 (70–150°C) for 
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SEI decomposition, T2 (<300°C) as the thermal stability threshold, and T3, which varied with 

energy density and determined spread rate. These findings highlight that thermal runaway is 

primarily dictated by cathode-driven exothermic reactions and battery design factors rather than 

internal short circuits. Yuan et al. 262 conducted experiments with different Li-ion cells in sealed 

canisters of steel and used DSC to analyze small samples of anodes, cathodes, and separators while 

ARC was used to heat battery cells. Cells were charged and discharged three times and were 

charged again to 100% SOC for testing, and each test was repeated twice to ensure reliability and 

repeatability. Three different cathode chemistries were selected for the study, namely NCM, LFP, 

and LTO. For the NCM cell, it was found from the DSC tests that anodes and cathodes exhibited 

sharp exothermic peaks at lower temperatures (159–174°C for anodes, 125–200°C for cathodes), 

which indicated lower stability as compared to LFP and LTO batteries. Likewise, ARC tests 

showed that NCM cells had a slower temperature rise before experiencing the highest peak 

temperature (998 °C), while LTO had the lowest peak temperature of 305 °C but had faster thermal 

runaway (Figure 15). It was observed that NCM cells emitted flames while LFP cells only released 

smoke, indicating different behaviors at thermal failure among different chemistries. 

Figure 15: Comparison of surface temperatures during ARC tests. Reproduced with permission from.262 Copyright 

2020, Elsevier B.V.

Fractional Thermal Runaway Calorimetry (FTRC) is also used to measure thermal runaway 

behavior by characterizing energy release during thermal events. FTRC measures the total heat 
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release and fractionates it into heat emitted through the casing and heat expelled as ejecta, 

providing a detailed energy distribution analysis. Unlike DSC, which analyzes small material 

samples for heat flow and reaction enthalpies, and ARC, which evaluates whole cells under 

adiabatic conditions to measure self-heating rates, FTRC uniquely quantifies how heat propagates 

externally, making it essential for studying thermal management and containment strategies in 

real-world applications. Walker et al.263 employed FTRC for GS Yuasa Li-ion cells and found the 

average total energy release to be 1.6 times the stored electrochemical energy, supporting the 

notion that energy yield scales linearly with the capacity of the cell. 

c. Cell Gas Build Up and Venting

During thermal runaway, LIBs generate flammable and toxic gases, leading to internal pressure 

build-up and eventual venting to prevent catastrophic failure. Several studies have investigated the 

composition and behavior of vented gases using techniques like gas chromatography and Fourier 

transform infrared spectrometry to identify key species, such as hydrogen, carbon monoxide, 

methane, and ethylene. These studies provide crucial insights into gas generation mechanisms, 

venting thresholds, and the impact of factors like SOC and cell chemistry. Understanding these 

processes is essential for improving battery safety, fire mitigation strategies, and thermal 

management systems and as such there have been numerous studies on quantifying and 

understanding the gas venting process during thermal runaway in batteries.  Yuan et al. 262 

conducted gas chromatography to study the vented gas and found that major gas concentrations of 

vented gases were primarily dependent on the battery chemistry used. The study used three 

different chemistries, namely NCM, LFP, and LTO, and found that the NCM cells produced the 

highest levels of CO and CH4 but the lowest levels of C2H4 while LFP cells produced the highest 

levels of H2, C2H2, C2H4, and C2H6 but lowest levels of CO. On the other hand, LTO cells produced 

the highest levels of CO2 and lowest levels of H2, CH4, C2H2. Jiaqiang et al. 264 used gas 

chromatography to review models of gas generation, highlighting its role in increasing internal 

battery pressure. Their study found that flammable and toxic gases, including CO2, H2, CH4, and 

C2H6, were released, with their composition varying based on cathode materials and operating 

conditions. They also outlined the importance of understanding these mechanisms as crucial for 
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assessing hazards.  Using a H2 detector and Fourier transform infrared spectroscopy in their study, 

Jia et al.265 also found similar composition but reported differences in total gas production 

depending on whether thermal runaway is caused by overcharging or overheating. The overheating 

scenario involved larger gas production (101.3 L) suggesting a high reaction rate as compared to 

overcharging, which produced a gas volume of 62.1 L only. This study also identified that 

overcharging promotes gas release, leading to earlier venting mechanism activation by triggering 

the safety venting mechanism. Despite overcharging producing a lower volume of gas, it led to 

faster thermal runaway onset than overheating by initiating earlier gas generation that resulted in 

weakening of the structural integrity of the cell and triggering an internal short circuit. On the other 

hand, during overheating, the battery underwent progressive degradation that required a higher 

temperature threshold before thermal runaway was initiated, but it was more intense when it 

occurred. Ostanek et al. 266 developed and validated a gas generation model that computes gas 

generation from decomposition reactions and electrolyte vaporization. Their results indicated that 

modification of cell design and geometry could influence the evaporation rate, which in turn 

affected the vent time and time to thermal runawy. Kim et al. 267 developed a numerical model to 

study cell venting, internal pressure, and gas-phase dynamics behavior of 18650 Li-ion cells. It 

was found that the production of flammable gases like CO, H2, and hydrocarbons led to higher 

internal pressure with an increase in SOC.  Mao et al. 268 found a simplified relation suggesting 

that the gas generation rate is proportional to the temperature increase rate. They also found the 

peak pressure at 100% SOC to be significantly higher than at 0% SOC. 

4. Approaches to Enhancing Safety 

a. Cathode

Several strategies have been proposed to address the degradation mechanisms of the LIB cathode 

materials. These strategies include modifying the microstructure using techniques, such as 

concentration gradient design and nanorod synthesis, and applying protective coatings.

i. Microstructure Modification

a. Concentration Gradient Cathodes

Concentration gradient cathodes are engineered to enhance performance, safety, and longevity by 

incorporating a deliberate variation in chemical composition from the core to the shell of the 
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cathode material. Three main configurations have been developed based on this gradient concept: 

core-shell gradient (CSG), full-concentration gradient (FCG), and two-sloped full-concentration 

gradient (TSFCG) cathodes.269–271 This approach provides significantly enhanced cycling stability 

and thermal resilience, especially under strenuous high voltage cycling conditions. For Ni-rich 

layered oxide, these materials feature a high concentration of Ni at the core of the cathode and a 

Mn-rich concentration at the shell to serve as a protective layer that reduces the reactivity at the 

cathode's surface (Figure 16a). 41,272,273  Sun et al.273 first introduced the concept of a 

concentration-gradient cathode in 2010 with the development of Li[Ni0.72Co0.18Mn0.10]O2, a Ni-

rich layered oxide designed to enhance both electrochemical and thermal stability. This cathode 

featured a Ni-rich core (Li[Ni0.8Co0.2]O2) surrounded by a Mn-rich shell (Li[Ni0.55Co0.15Mn0.30]O2) 

(Figure 16b), creating a gradual compositional transition that mitigated structural degradation and 

improved cycling performance. The cathode delivered an initial discharge capacity of 193 mAhg-

1 and exhibited excellent cycle stability, retaining 95.3% of its capacity after 50 cycles, compared 

to only 66% retention for the core material alone. Thermal analysis further revealed that the 

exothermic decomposition peak shifted from 225°C to 280°C, reducing heat generation and 

improving safety. In 2011, this was refined with the design of Li[Ni0.83Co0.07Mn0.10]O2, 

incorporating a Ni-rich core (Li[Ni0.9Co0.05Mn0.05]O2) and a Ni-depleted shell 

(Li[Ni0.68Co0.12Mn0.20]O2). This modification increased capacity to 200 mAhg-1, with 96.9% 

retention after 50 cycles, compared to 79.2% for the core material alone. Thermal stability also 

improved, as the exothermic peak shifted to 227°C.272

Building on this in 2012, they later introduced the FCG cathode, LiNi0.75Co0.10Mn0.15O2, 

optimizing metal distribution to achieve 215 mAhg-1 and 90% retention after 1,000 cycles. The 

exothermic reaction was further delayed to 250°C, significantly reducing thermal risks.274 This 

progression from core-shell (2010) to gradient (2011) to fully optimized FCG (2012) established 

a clear pathway for developing high-energy, long-life cathodes suited for EVs and grid storage 

applications.  Noh et al.275 further highlighted the superior performance of FCG nanorod-structured 

Li[Ni0.54Co0.16Mn0.30]O2 cathode material compared to conventional cathode materials 

Li[Ni0.5Co0.2Mn0.3]O2 (NCM523) and Li[Ni0.33Co0.33Mn0.33]O2 (NCM333). The FCG exhibited an 

initial discharge capacity of 183.7 mAhg-1, outperforming the conventional constant composition 

NCM523 at 174.9 mAhg-1 and NCM333 at 162.5 mAhg-1. After 100 cycles, the FCG material 
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retained 93.2% of its capacity, compared to 89.9% for NCM523 and 92.4% for NCM333. At -

20 °C, the FCG also showed higher capacity retention, confirming its superior electrochemical 

stability and cycling performance. Chong et al.276 demonstrated that gradient cathodes consistently 

achieve high discharge capacities (Figure 16c), exceeding 200 mAhg-1 across multiple 

configurations. 

Figure 16: a) Illustration of core-shell, core-shell concentration gradient, and full concentration gradient NCM particle 

structures. Reproduced with permission from.277 Copyright 2023, Elsevier Ltd. b) SEM images of the lithiated core-

shell oxide with concentration-gradient shell particles. Reproduced with permission from.273 Copyright 2010, WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. c) Capacity retention, thermal stability versus specific capacity of 

gradient cathodes compared to constant concentration cathodes. Reproduced with permission from.278 Copyright 2017, 

American Chemical Society d) Cross-sectional SEM images of the three Li-rich layered oxides (S1, S2, and S3) with 

different gradients and e) gradients of representative S1, S2, and S3 semispheres as reflected by the contents of 

transition metals at positions 1–7 (see Fig. d) from the sphere center to the surface. Reproduced with permission 

from.279 Copyright 2020, Wiley-VCH GmbH. f) The comparison of cycling stability for the raw LiMn2O4 and obtained 

g-Li1+xMn2-xO4. Reproduced with permission from.280 Copyright 2022, Elsevier B.V.

The compositional gradient, particularly in TSFCG85, also resulted in superior cycling stability, 

with over 90% capacity retention after 100 cycles. Concentration gradient strategies, while widely 

used in Ni-rich layered cathodes, are also applied to Li-rich layered oxides and 5V spinel cathodes. 
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Wu et al.279 designed a Li-rich layered oxides with an FCG structure to enhance its electrochemical 

performance. By creating Li-rich layered oxide particles with a core-to-surface gradient, featuring 

a decrease in Mn and an increase in Ni and Co concentrations (Figures 16 d and e), they addressed 

common issues such as voltage decay and poor cycling stability. The gradient-tailored Li-rich 

layered oxides achieved 88.4% capacity retention after 200 cycles at 200 mAg-1, with an average 

voltage decay of just 0.8 mV per cycle. Additionally, thermal stability was improved, with a 41% 

reduction in heat release rate. This study demonstrated that the FCG design effectively suppresses 

voltage decay and enhances both cycling and thermal stability, making it a promising approach for 

Li-rich cathode materials. Similarly, Cheng et al.281 investigated the synthesis and electrochemical 

performance of Li-rich Mn-based oxides with a concentration-gradient structure to improve 

cycling retention. They employed a co-precipitation and sol-gel method to create a CSG structure, 

where Mn0.75Ni0.25C2O4 was used as the core and Li1.2Mn0.54Ni0.13Co0.13O2 as the shell. The CSG 

cathode demonstrated significant improvements in cycling stability, achieving 95.4% capacity 

retention after 100 cycles at 1C, and the initial Coulombic efficiency increased by 12% to 85%. 

Structural analysis indicated that the concentration-gradient design reduced Li/Ni mixing and 

improved Li+ diffusion, contributing to enhanced electrochemical performance and long-term 

stability. 

For 5V spinel cathodes, Zhang et al.280 developed a gradient Li1+xMn2−xO4 structure to enhance 

cycling stability in LIBs. The gradient-Li1+xMn2-xO4 exhibited a stable capacity of ~105 mAhg-1 

over 250 cycles with over 99% Coulombic efficiency, outperforming raw LiMn2O4, whose 

capacity dropped from ~120 mAhg-1 to 76 mAhg-1. The gradient design, with a Li-rich surface, 

mitigated Mn dissolution and the Jahn-Teller distortion, significantly improving capacity retention 

and stability compared to homogeneous doping. Although concentration gradient strategies 

provide enhanced stability by tailoring the chemical composition from the core to the surface, 

another effective structural modification lies in reshaping primary particles into nanorod structures.

b. Nanorod Cathode Structures

This approach entails reshaping the primary particles into tightly packed elongated rod-like 

structures that are oriented radially. The elongated structure of the nanorods promotes Li+ 

movement by aligning the Li-containing (003) planes outwardly to provide a straight, shortest 
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pathways for Li+ diffusion (Figures 17a and b) It also allows for homogenous tensile stress 

dissipation, allowing for better absorption of the anisotropic lattice strain caused during phase 

transition. As a result, the microcrack degradation pathway is suppressed during prolonged cycling, 

preventing capacity fading and impedance increase from electrolyte penetration (Figure 

17c).41,282,283 These nanorod structures, also observed in gradient-structured cathode materials, 

have been shown to outperform their constant concentration counterparts as highlighted by Sun et 

al,284 where the Li[Ni0.81Co0.06Mn0.13]O2 nanorod gradient cathode (NRG81), delivered a discharge 

capacity of 225 mAhg-1 with 91% capacity retention over 100 cycles in half cells. In full cell tests, 

NRG81 retained 88.3% capacity after 1000 cycles, whereas its counterpart without nanorod 

(CC82), only retained 55.9% (Figure 17d). Thermal stability tests performed on both cathode 

materials also showed that the NRG81 delayed the transition to the rock-salt phase until 390 °C 

compared to 320 °C for (CC82), demonstrating its improved safety under high-temperature 

conditions. As indicated by Noh et al.285, these rod-shaped particles grow radially from the center 

of the particle and extend to lengths of up to 2.5 μm. These elongated primary particles are arranged 

in a crystallographic texture that aligns their c-axis in the transverse direction, which is crucial for 

improving Li+ diffusion and enhancing electrochemical kinetics. This unique nanorod structure 

significantly contributes to the material's high-rate capability, low-temperature performance, and 

thermal stability. 

Although nanorod-structured cathodes are characteristic of concentration gradient cathodes, they 

can be synthesized through doping uniform composition cathodes with high oxidation dopants. 

These dopants influence the crystal growth process by altering nucleation and growth kinetics, 

which leads to anisotropic crystal growth and the formation of elongated nanorods rather than 

conventional polyhedral morphologies.286–288  Sun et al.289 explored the stabilization of a highly 

Ni-rich cathode, Li[Ni0.89Co0.10Sb0.01]O2 (NCSb89), using a flower-petal nanograin structure. This 

alignment improved Li+ diffusion and reduced the harmful effects of the H2→H3 phase transition. 

NCSb89 retained 95.0% of its capacity after 100 cycles in half-cells and 83.9% after 1000 cycles 

in full cells. It also delayed the rock-salt phase transition until 390 °C, compared to 320 °C for the 

undoped material. The dense nanograins minimized microcracks and electrolyte seepage, 

enhancing both cycling performance and safety. To further understand the role of high-oxidation-

state dopants in stabilizing Ni-rich layered cathodes, Sun et al.290 studied Mg2+, Al3+, Ti4+, Ta5+, 
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and Mo6+ in Li[Ni0.91Co0.09]O2 (NC90). Ta5+ and Mo6+ significantly improved cycling stability, 

with pouch-type full cells retaining 81.5% capacity after 3,000 cycles at 200 mAg-1. The dopants 

induced a nanorod grain structure, reducing microcracks and electrolyte infiltration. These dopants 

also enhanced Li/TM cation ordering, stabilizing the layered structure and suppressing the H2 → 

H3 phase transition. Charge-transfer resistance remained lower over 100 cycles, improving Li-ion 

transport. The study established a direct correlation between oxidation state, particle morphology, 

and electrochemical performance (Figures 17e-g), offering a strategy to enhance cycle life and 

thermal stability in high-Ni cathodes.

Overall, nanorod structures contribute to a safer battery system by minimizing the formation and 

propagation of microcracks. The homogenous stress distribution and reduced impedance growth 

further enhance thermal stability, making nanorod cathodes a safer option for high-performance 

LIBs.

Figure 17: a) TEM image of the NCSb89 grains showing the Li diffusion channels b) HR-TEM image of the circled 

region in (a). Reproduced with permission from.289 Copyright 2020, American Chemical Society. c) Morphological 

design of nanorod cathode (top) preventing electrolyte penetration, and typical cathode (bottom) failing to prevent 
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electrolyte penetration during charging. Reproduced under the terms of the Creative Commons CC-BY-NC-ND 

license.41 Copyright 2020, American Chemical Society. d) Comparison of long-term cycling (1000 cycles) 

performances of NRG81 vs CC82 in pouch-type full-cells at 1.0 C cycling rate. Reproduced with permission from.284 

Copyright 2019, American Chemical Society. e) a-axis lattice parameters. f) c-axis lattice parameters and  g) 

summaries of the capacity retention values after 1000 cycles as functions of average angle of primary particle, aspect 

ratio, and grain size. Reproduced with permission from.288 Copyright 2021, The Authors.

Li-rich layered oxide cathodes can also be synthesized into nanorods with improved rate capability 

and enhanced material utilization stemming from shorter electron and ion transport pathways. 

Chen et al.291 synthesized porous Li-rich oxide nanorods, Li[Li0.19Mn0.32Co0.49]O2. The nanorods, 

with diameters of � 200 nm and composed of 20 nm subunit particles, featured a hierarchical 

porous structure that significantly enhanced electrochemical performance. These nanorods 

delivered a discharge capacity of 267 mAhg-1 at 0.2C and retained a capacity of 145.4 mAhg-1 at 

5C, demonstrating improved rate capability. 

ii. Surface Coating

While structural modification methods can alleviate defect formation in cathode materials, 

degradation caused by surface-related reactions, such as HF corrosion and CEI degradation, are 

not sufficiently addressed by structural modification.292 To address these challenges, surface 

coating has emerged as a simple and effective strategy to protect the electrode surface. Doing so 

builds a stable surface layer on the cathode surface that reduces the dissolution of transition metal 

ions and enhances surface structural stability.  There is a wide range of surface coating materials 

available, including metal oxides like Al2O3, TiO2, and MgO; metal fluorides such as LiF and 

AlF3; phosphates like MnPO4, AlPO4, and Si3(PO4)4; solid-state electrolytes like Li3PO4, LiNbO3, 

and Li2ZrO3; and conductive organic materials like polyimide and polyaniline293–297. Herein we 

focus on discussing the degradation mitigation mechanism of fluorides and phosphates as surface 

coating material for Ni-rich layered, Li-rich layered, and 5V spinel cathode. 

a. Fluoride-Coated Cathodes

Fluoride-coating has emerged as a promising strategy to mitigate surface degradation in cathode 

materials. By forming a stable protective layer on the cathode surface, fluorine minimizes side 
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reactions with the electrolyte, reduces transition metal dissolution, and enhances the overall 

electrochemical stability. Fluoride compounds are generally chemically inert and are not easily 

reduced or oxidized during cycling conditions. The introduction of F- has been shown to improve 

the rate performance and cycling stability of LIB cathodes, while also lowering charge transfer 

resistance. The high electronegativity of fluoride ions facilitates the formation of LiF, which 

enhances the interfacial stability of cathode materials.298–300 

i. Ni-rich layered oxide cathode

In Ni-rich layered cathode, these coatings serve as HF passivating layers that reduce the acidity of 

non-aqueous electrolytes on the cathode surface and suppress metal dissolution from the 

Figure 18: a) Schematic drawing of the interface between the cathode and electrolyte. Reproduced from.301 Copyright 

2016, American Chemical Society. TEM bright-field images of (b) the pristine Li[Ni0.8Co0.15Al0.05]O2. c) magnified 

images of (b). d) the AlF3-coated Li[Ni0.8Co0.15Al0.05]O2, and (e) magnified images of (d) after 500 cycles at 55 °C. 

Reproduced with permission from.302 Copyright 2013, Elsevier B.V. f) Cycling performance of uncoated and AlF3 

coated Li-rich Mn-rich layered oxide (Li1.2Ni0.15Co0.10Mn0.55O2) and g)  Schematics of the microstructural changes of 
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uncoated and AlF3-coated Li-rich Mn-rich. Reproduced with permission from.303  Copyright  2014, American 

Chemical Society. h) Schematic of on AlF coating on LNMO surface, i) TEM images of 1.0% wt% AlF3-modified 

LNMO material, and j) cycling performance of pristine versus AlF3-modified LNMO materials. Reproduced with 

permission from.304 Copyright 2020, Elsevier B.V.

cathode materials. They act as a physical protection layer that protects the cathode surface from 

HF attack and electrolyte decomposition (Figure 18a).301  Lee et al.302  investigated the impact of 

an AlF3 coating on the long-term cycling performance of Li[Ni0.8Co0.15Al0.05]O2 cathodes. Using 

a dry coating process, they applied a 50 nm AlF3 layer to the cathode surface. The AlF3-coated 

cathodes exhibited improved electrochemical performance, particularly at elevated temperatures. 

At 55°C, the coated cathode demonstrated capacity retention of 84.7% after 100 cycles, compared 

to 79.1% for the uncoated version. In long-term cycling tests at room temperature, the coated 

cathode maintained 86.2% of its capacity after 1000 cycles, while the uncoated sample retained 

only 66.5%. This improvement was attributed to the AlF3 layer's ability to suppress TM dissolution, 

reduce charge transfer resistance, and prevent particle pulverization during cycling (Figure 18b-

e), ultimately enhancing the cathode's structural stability and thermal safety. Xie et al.305 

investigated the effects of 10 different fluoride coatings on the cycling stability of high-voltage 

LiNi0.5Co0.2Mn0.3O2 (NCM523) cathodes, focusing on mitigating interfacial reactions between the 

cathode and electrolyte. They found that AlF3-coated NCM523 showed the best performance, 

retaining 88% of its capacity after 200 cycles at 4.5 V, compared to 56% for the uncoated sample. 

The 2.7 nm AlF3 coating effectively suppressed interfacial reactions and maintained structural 

stability. Other fluorides, such as YF3 and ZrF4, also improved performance, but to a lesser extent. 

The result showed that coatings with a suspension pH near 4.0 and small cation ionic radii provide 

strong protection, with AlF3 being particularly effective in enhancing the longevity of NCM523 

cathodes. Wang et al.306 developed a solvothermal method using trifluoroethanol to in-situ 

construct a uniform fluoride coating layer on Ni-rich LiNi0.83Co0.12Mn0.05O2 (NCM) cathode 

materials. The fluoride coating significantly enhanced the chemical stability of NCM against air 

and reduced side reactions between the cathode and the electrolyte. After four weeks of air aging, 

the fluoride-coated NCM (NCM-F) maintained a high initial capacity of 166.96 mAhg-1 compared 

to 105.65 mAhg-1 for the uncoated NCM, with a much lower voltage polarization. The NCM-F 

retained 84.91% capacity after 200 cycles compared to 61.32% for the uncoated sample. In a recent 

work by Ryu et al., 307  fluorine coating significantly improved the stability of Ni-rich layered 
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cathode Li[Ni0.9Co0.05Mn0.045Nb0.005]O2 (Nb-CSG90).  The F–Co-washed cathode retained 65% 

capacity after 6,000 cycles, compared to 55.2% for unwashed and 63.7% for DI-washed cathodes. 

In pouch-type full cells, capacity retention after 1,000 cycles reached 93% for F–Co-washed 

cathode, outperforming 87.1% for F-coated-only and 85.6% for Co-washed-only cathode. Gas 

evolution at 60°C storage was also substantially reduced, lowering battery swelling and enhancing 

safety. XPS analysis confirmed LiF formation, which suppressed electrolyte decomposition and 

HF attack, while EIS measurements showed lower resistance growth, ensuring stable Li-ion 

transport over prolonged cycling.

ii. Li-rich layered oxide cathode

In Li-rich layered cathodes, fluoride coatings suppress the release of oxygen, maintaining vacancy 

levels in regions where oxygen is deficient.  As reported by Zheng et al.303, AlF3 coating on Li- 

and Mn-rich cathode materials, was found to significantly enhance electrochemical performance. 

Using STEM and electron energy loss spectroscopy, they observed microstructural and electronic 

changes before and after cycling and found that the AlF3 coating effectively reduced electrolyte 

oxidation at high voltages, suppressed the formation of a thick SEI, and protected the electrode 

surface from etching and corrosion (Figure 18f). Furthermore, the coating mitigated the layered-

to-spinel phase transformation in the bulk material (Figure 18g), which is typically responsible 

for voltage fade. Zhao et al.308 investigated the enhancement of Li-rich cathode materials using a 

eutectic melting salt treatment to apply a LiF-MgF2-CaF2 fluoride coating and doping to 

Li1.2Ni0.13Fe0.13Mn0.54O2. The fluoride coating suppressed oxygen release and mitigated transition 

metal dissolution, while the doping improved Li+ diffusion kinetics and stabilized the bulk crystal 

structure. As a result, the treated cathode achieved 90.1% capacity retention after 120 cycles at 0.2 

C, with improved rate capability and thermal stability. Wang et al.309 explored the effect of 

fluorination on Li- and Mn-rich (LMR) layered oxide cathodes, focusing on improving their 

cycling performance and addressing issues like capacity and voltage fade. Using a single-crystal 

Li1.2Ni0.2Mn0.6O2 platform, they applied in-situ fluorination to develop a gradient distribution of 

Mn3+ from the surface to the bulk, contributing to the formation of a Ni-rich spinel phase on the 

surface and a coherent spinel-layered structure in the bulk. This structural enhancement 
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significantly improved the specific capacity and capacity retention of the fluorinated cathodes, 

highlighting fluorination as a promising strategy for enhancing the stability and performance of 

Li-rich cathodes.

iii. 5V Spinel Cathode 

Although designing electrolytes with an electrochemical stability window of � 5V has been 

proposed as a primary solution for 5V spinel cathodes, surface coating has shown potential in 

minimizing the cathode's reaction with the electrolyte to prevent electrolyte decomposition, and 

inhibit Mn dissolution (Figure 18h).310 Zheng et al.311 investigated the stabilization of the 5V 

spinel LiNi0.5Mn1.5O4 (LNMO) cathode in organic electrolytes using a liquid-applied 

polyvinylidene fluoride (PVdF) coating. The PVdF-wrapped LNMO retained 97.8% capacity after 

300 cycles at room temperature and 86.1% at 55°C, compared to rapid degradation in the uncoated 

sample. The PVdF layer effectively reduced Mn dissolution, electrolyte decomposition, and the 

formation of a thick SEI layer, leading to reduced impedance growth and enhanced 

electrochemical performance. 

Chu et al.304 demonstrated that a 1 wt% AlF3 coating on LiNi0.5Mn1.5O4 (LNMO) cathodes (Figure 

18i) improved high-temperature performance, where the AlF3-modified LNMO showed 81.7% 

capacity retention after 100 cycles at 55°C, compared to 70.1% for the unmodified LNMO (Figure 

18j). This enhancement is attributed to the AlF3 layer's ability to suppress electrolyte 

decomposition and transition metal dissolution to stabilize the electrode during cycling. Despite 

not increasing the initial discharge capacity, the coating effectively improved cyclability under 

elevated temperatures. Li et al.312 investigated the impact of a LaF3 nanolayer coating on the 

performance of LiNi0.5Mn1.5O4 (LNMO) cathode materials. The study found that a 4 wt% LaF3 

coating significantly improved capacity retention, achieving 92% retention after 150 cycles, 

compared to 74.7% for uncoated LNMO. Additionally, the LaF3-coated LNMO showed improved 

rate capability and resistance to impedance growth during cycling.

Fluoride coatings, especially materials like AlF3, provide a robust protective barrier against 

electrolyte degradation and transition metal dissolution. Their high stability and ability to suppress 

side reactions make them indispensable for enhancing the long-term performance and safety of 

high-voltage cathodes.
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b. Phosphate Coating 

Phosphate-based coatings are proving to be a highly effective solution for mitigating degradation 

in Ni- and Li-rich layered oxide cathode materials, primarily due to the strength of the P=O bond. 

This bond significantly enhances the thermal stability of the cathode by preventing oxygen release 

from the cathode lattice, even at elevated temperatures. The improvement is largely attributed to 

the strong affinity of phosphorus for oxygen, which stabilizes the oxygen framework within the 

cathode, reducing degradation and improving overall performance299. 

Figure 19: a) Comparison of Li-removal reactivity from calculations and experiments showing the most effective 

coatings for removing Li residues and reducing capacity fade. Reproduced with permission from.313 Copyright 2017, 

The Author(s). b) schematic diagram of the chemical evolution of pristine and LVP/NVP-coated Li-rich layered oxide 

particles during extended cycling, and c) cycle performance of PR–Li-rich layered oxide, LVP–Li-rich layered oxide 

and NVP Li-rich layered oxide across 250 cycles (1C). Reproduced with permission from.314 Copyright 2022, Royal 
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Society of Chemistry. d) schematics illustrating atomic layer deposition of AlPO4 thin film as a coating material for 

LNMO electrodes to circumvent safety issues, and e) Long cycling performances and coulombic efficiency of bare 

LNMO and AlP-10 over 350 cycles under 0.5 C. Reproduced with permission from.315 Copyright 2017, Elsevier Ltd.

i. Ni-rich layered oxide cathode

Using first-principles calculations, Min et al.313 reported that the electrochemical performance of 

LiNi0.91Co0.06Mn0.03O2 improved after the application of metal phosphate coatings. They screened 

16 metal phosphate (MP) materials based on their reactivity with lithium oxide (Li2O), which is 

known to contribute to gas generation and degradation in batteries. They identified Mn3(PO4)2, 

Co3(PO4)2, and Fe3(PO4)2 as the most effective coatings for removing Li residues and reducing 

capacity fade (Figure 19a). Experimental validation confirmed that Co3(PO4)2-coated cathodes 

retained 76.68% capacity after 50 cycles, with Fe₃(PO4)2 and Mn3(PO4)2 showing retention rates 

of 77.16% and 73.08%, respectively. In contrast, TiPO4 demonstrated poor performance. The 

study concluded that Co3(PO4)2 is an optimal coating material for improving the cycle life and 

capacity retention of Ni-rich cathode materials. Long et al.316 improved the electrochemical 

performance of LiNi0.8Co0.1Mn0.1O2 (NCM811) cathodes using a composite phosphate and borate 

coating. The modified cathode achieved a higher specific capacity of 152 mAhg-1 over the pristine 

NCM811 at 5 C and retained 85.4% capacity after 200 cycles at 4.5 V. The coating reduced charge 

transfer resistance and enhanced thermal stability, making the cathode more suitable for high-

voltage and high-temperature applications. 

ii. Li-rich layered oxide cathode

Strong phosphate-oxygen bonds have been utilized to prevent oxygen loss from the Li-rich layered 

cathode lattice. The robust covalent bond between the PO4
3- polyanion and the metal ions in the 

phosphate coating limits interaction between the Li-rich layered cathode and the electrolyte, 

enhancing both the structural and thermal stability of the material.317

Jerkins et al.314 investigated the regulation of surface oxygen activity through the application of 

Li3V2(PO4)3 and Na3V2(PO4)3 surface coating, where the electronic bond structure between the 

Li1.2Mn0.54Ni0.13Co0.13O2 vanadium phosphate coatings were aligned. This alignment mitigated 

common issues such as oxygen release, voltage fade, and the layered-to-spinel phase transition 

(Figure 19b). As a result, the vanadium phosphate-coated Li-rich layered oxides showed capacity 
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retention of up to 90% and a reduced voltage fade of −0.315 V after 250 cycles, significantly 

outperforming pristine samples (Figure 19c). They concluded that band-aligned surface coatings 

can effectively lower charge transfer resistance and improve the structural stability of high-energy 

cathode materials. 

iii. 5V Spinel Cathode 

Phosphate coating in 5V spinel cathode has also shown improvement. For example, Yi et al.318 

explored the application of a FePO4 coating on LiNi0.5Mn1.5O4 (LNMO) cathodes, which was 

synthesized via a sol-gel method, with various coating levels (0.5 wt%, 1 wt%, 3 wt%). The coating 

level of 1 wt% FePO4 was the most optimal, where the FePO4-coated LNMO retained a discharge 

capacity of 117 mAhg-1 at a 2C rate, compared to only 50 mAhg-1 for the uncoated LNMO after 

80 cycles. The FePO4 coating effectively stabilized the interface between the LNMO cathode and 

the electrolyte, reducing charge transfer resistance and improving Li+ diffusion, which contributes 

to the improved performance of the battery. Deng et al.315 explored the use of ultrathin atomic 

layer deposition (ALD) of AlPO4 on LiNi0.5Mn1.5O4 cathode to improve its electrochemical 

performance and safety (Figure 19d). The study demonstrated that applying 10 ALD cycles of 

AlPO4 on LiNi0.5Mn1.5O4 cathode showed an excellent capacity retention of 94% after 100 cycles, 

compared to 69% for the uncoated LNMO (Figure 19e). The coating also reduced side reactions, 

minimized Mn dissolution, and improved thermal stability, with the exothermic peak of the AlPO4-

coated LNMO appearing at 225.2°C, compared to the 217.6°C of bare LNMO.

iv. Dual-function phosphate coating

Lithium phosphate (Li3PO4) has been reported to serve a dual function as a coating material, with 

Li+ facilitating charge transfer reactions across the electrode-electrolyte interface. Li et al.319 

demonstrated the dual functionality of an in-situ Li3PO4/AlPO4 coating formed via LiH2PO4- 

assisted Li2CO3 washing to enhance NCA cathodes. The coating removed residual Li compounds, 

stabilizing the surface and suppressing electrolyte decomposition. The modified NCA exhibited a 

higher discharge capacity (185.0 mAhg-1 at 0.2C) and 90.3% capacity retention after 500 cycles at 

1C, outperforming uncoated samples. EIS confirmed a lower charge transfer resistance, CV 

showed reduced voltage polarization and stabilized phase transitions, and a uniform phosphate 
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layer was verified using TEM. These results establish Li3PO4 as a dual-function coating, providing 

both surface protection and Li+ conductivity.

Lie et al.320 reported similar dual functionality in Li-rich cathodes. They investigated the in-situ 

application of a lithium phosphate (Li3PO4) coating on Li-rich Mn-based cathode materials. The 

coating was formed during synthesis through a carbonate-phosphate precipitate conversion 

reaction, creating a Li3PO4 layer less than 30 nm thick on the cathode surface. The coated Li-rich 

Mn-based cathode showed enhanced cycling stability, retaining 81.8% of capacity after 175 cycles 

at 0.5C, compared to 72.9% for uncoated materials. Additionally, the Li3PO4 coating reduced 

voltage decay to 1.09 mV per cycle and improved Li+ transport, leading to overall better 

performance and reduced side reactions with the electrolyte.

b. Anode

i. Composite Anode

Composite anodes represent a key area of research aimed at improving the safety and performance 

of LIBs by combining two or more materials to balance high energy density with mechanical 

stability and long cycle life. A prominent example is the silicon-carbon composite anode, such as 

silicon-graphite. In silicon-graphite composites, the graphite is a buffer that accommodates Si’s 

volume changes, maintaining structural integrity and electrical conductivity throughout cycling.321 

This buffering effect of graphite reduces the mechanical degradation and capacity loss associated 

with silicon anodes. Besides graphite, other carbon materials, such as carbon nanotubes, carbon 

nanofibers, graphene, and amorphous carbon have been employed as suitable carbon matrixes as 

well.322 

Recent advancements have focused on optimizing silicon-carbon composites through nano 

structuring and introducing artificial solid electrolyte interphase (A-SEI) layers.86 The nano 

structuring approach, such as embedding Si nanoparticles in carbon/graphite matrices, minimizes 

the stress on individual Si particles and improves the overall contact between active materials and 

the conductive carbon network, offering improved performance and safety. For instance, Liu et 

al.323 demonstrated a nano-/micro structured silicon-carbon composite with high tap density, where 

Si nanoparticles were uniformly embedded into a carbon matrix. This design improved volumetric 
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energy density, enhanced structural stability, and provided 3D electron-transfer pathways. The 

composite exhibited excellent cycling performance, maintaining 600 mAhg-1 after 1000 cycles. 

SiOx/C composites are also considered promising, as the high specific capacity and minimal 

volume fluctuations of SiOx stem from strong Si-O bonds and the formation of Li2O during 

cycling86. These attributes make SiOx composites highly attractive, offering better mechanical 

stability than pure Si anodes. 

Applying A-SEI layers on Si anodes is another strategy to prevent electrolyte decomposition and 

stabilize Li+ transport in composite Si anodes. For instance, Abdollahifar et al.324 developed a 

multifunctional polymeric, A-SEI protective layer to enhance the cycling stability and 

performance of silicon-on-graphite composite anodes (Figures 20a-f). This approach addressed 

the inherent instability of the in-situ SEI by applying a sulfonated chitosan (SCS) coating 

crosslinked with glutaraldehyde to form a robust and conductive A-SEI layer. The SCS coating 

not only improved the ionic conductivity but also provided mechanical strength to accommodate 

the volumetric expansion of silicon during cycling. Due to the cation-selective nature of the A-

SEI, electrolyte decomposition and the parasitic reactions that typically lead to SEI thickening and 

capacity fading were significantly minimized. Furthermore, the study showed that the silicon-on-

graphite/C-SCS anodes achieved a high specific capacity of over 600 mAhg-1 at 0.1C and 

maintained long cycling stability, with over 67% capacity retention after 1000 cycles at 0.3C. In 

contrast to uncoated or conventionally coated electrodes, the SCS-modified anodes demonstrated 

reduced polarization and stable impedance profiles throughout prolonged cycling. 
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Figure 20: a-c) Cross-sectional SEM images of silicon-graphite composite having A-SEI protective layer made of 

sulfonated chitosan (SCS) Si@Gr/C-SCS, and d-e) Silicon on graphite without A-SEI Si@Gr/C electrodes before and 

after cycling. f) Cycling performance of the electrodes at 0.3 C. Reproduced with permission from 324. Copyright 2022, 

American Chemical Society. Cycling stability (g) and CE (h) of Graphite-Silicon (G/Si) and Al2O3 coating on G/S 

composite anode. Reproduced with permission from.325 Copyright 2021, IOP Publishing Ltd

Zhu et al.325 used a low-cost and scalable sol-gel method to deposit Al2O3 coating as an A-SEI 

layer on silicon-graphite composite anodes. The Al2O3 coating transformed into a Li+ conductive 

Li-Al-O layer during lithiation, enhancing ionic conductivity while physically shielding the 

electrode from electrolyte decomposition. The coated composite anode exhibited significantly 

improved cycling performance and capacity retention, maintaining 76.4% capacity after 100 cycles 

at room temperature, compared to 56.4% for uncoated anode material (Figures 20g and h). 

Additionally, at 55 °C, the Al2O3 coated anodes offered a capacity retention of 66.8% over 80 

cycles, while the uncoated anodes retained only 27.6%.

ii. Oxide Anode

While significant progress has been made in improving cathode materials, anodes have 

traditionally relied on graphite because of its incomparable balance of relatively low cost, 

abundance, high energy density, power density, and very long cycle life.326 However, the inherent 

low-capacity problem of graphite and its safety under high charge rate necessitates the need for 

higher-capacity alternatives to meet the market demand.327 As discussed in the second section, 

graphite anodes face safety risks at high charge rates due to Li plating, where Li deposits on the 

surface as metal, forming dendrites that cause internal short circuits and thermal runaway. 

Acknowledging these limitations, researchers have turned their focus toward oxide anodes as 

viable alternatives. Oxide anodes have emerged as a promising class of materials owing to their 

higher theoretical capacities and enhanced thermal stability from a reduced tendency for Li plating. 

These materials encompass a broad range of materials that can be categorized into two main types 

based on their Li storage mechanisms: conversion and intercalation type anodes. Figure 21a shows 

a comparison of these two mechanisms. Conversion-type anodes, such as silicon oxides (SiOx), tin 

oxides (SnO2), and certain transition metal oxides, such as iron oxide (Fe2O3, Fe3O4), cobalt oxide 

(Co3O4), manganese oxide (MnO2), and nickel oxide (NiO), are known for their high theoretical 

capacities.328 Intercalation-type anodes, including lithium titanate (Li4Ti5O12), titanium dioxide 
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(TiO2), and lithium vanadate (LVO), offer excellent reversibility.329,330 These materials operate at 

a higher potential (>1.55 V versus Li/Li⁺) and  maintain zero-strain during cycling enhances their 

durability, making them particularly suitable for applications requiring high power and energy 

densities.

A key advantage of oxide anodes over graphite is their reduced risk of dendrite formation, which 

leads to improved reversibility. Hou et al.331 demonstrated this by synthesizing a two-dimensional 

lamellar lithium titanate (Li4Ti5O12, LTO) anode material, which effectively suppressed Li 

dendrite formation. With a high Li+ diffusion coefficient and minimal volume changes, LTO 

enhances both safety and performance. Synthesized from a titanium-based MXene precursor, the 

lamellar structure improved Li+ transport and charge transfer. Electrochemical tests showed that 

LTO achieved 173 mAhg-1 after 100 cycles at 0.1C and retained 82% of its capacity after 1000 

cycles at 2C, positioning it as a strong candidate for alternative anode material suitable in high-

performance batteries. Liu et al.332 synthesized self-supported Li4Ti5O12−C (LTO-C) nanotube 

arrays directly on stainless steel foil using a scalable template-based method. These arrays, 

designed for use as anode materials in flexible LIBs, demonstrated exceptional performance with 

reversible capacities of 135 mAhg⁻¹, 105 mAhg⁻¹, and 80 mAhg-1 at charge/discharge rates of 

30C, 60C, and 100C, respectively. The arrays also exhibited excellent cycling stability, retaining 

93% of their capacity after 500 cycles at 10C, with a capacity retention of 144 mAhg-1. The carbon 

coating on the nanotubes significantly enhanced the electronic conductivity, contributing to a high-

rate capability and long-term stability.
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Figure 21: a) Comparison of an intercalation and conversion mechanisms for the lithiation/delithiation of electrode 

materials. Reproduced with permission from.333 Copyright 2007, Elsevier B.V. Illustration of conversion-type 

electrode lithiation behavior. b) SEM images of α-Fe2O3 nanorods at a low magnification and (b) end-view at a high 

magnification. The yellow dashed line in panel b outlines the hexagonal structure of a single nanorod, c) Reversible 

capacities of α-Fe2O3 electrodes made with nanorods, submicrometer particles, and micrometer-sized particles. All 

electrodes cycled at 0.2 C rate (201 mAg–1), and d) Electrochemical impedance spectroscopy of electrodes with α-

Fe2O3 nanorods, submicrometer particles α-Fe2O3, and micrometer-sized particles α-Fe2O3. All measured after 100 

cycles at 0.5 C rate. Reproduced with permission from.334 Copyright 2011, American Chemical Society. 

e)Comparison of SnOx-C Lithiation/Delithiation versus Unsupported Tin Oxide Particle Lithiation/Delithiation and f) 

Long-term cyclic voltammograms of SnOx-C. Reproduced with permission from.335 Copyright 2019, American 

Chemical Society. g) Schematic Illustration of the Nanoengineering Strategies for High-Performance Conversion 

Type Anode Materials for Next-Generation LIBs. Reproduced with permission from. 25 Copyright 2018, Elsevier Inc.

Conversion-type oxides, such as Fe2O3 and Fe3O4, have proven to be promising high-capacity 

anode materials due to their affordability, high capacity, and nontoxic nature. Lin et al.334 found 

that α-Fe2O3 nanorods as an anode material  delivered high reversible capacities of 908 mAhg-1 at 

a 0.2 C rate and 837 mAhg-1 at a 0.5 C rate. The α-Fe2O3 nanorods averaged ∼40 nm in diameter 

and ~ 400 nm in length, providing a short path for Li+ diffusion, reduced charge transfer resistance, 

and effective accommodation of the strain generated from the volume expansion during the 

lithiation/delithiation process (Figures 21b-d). Chen et al.336 designed a sea urchin-like 

Fe3O4@C@NS-rGO composite with nitrogen and sulfur co-doped graphene coating to improve 
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the conductivity and provide fast ion-diffusion pathways. The composite exhibited a high 

reversible capacity of 532.5 mAhg-1 after 100 cycles at 100 mAg-1 with an energy density of 232.1 

Whkg-1 when paired with a LiCoO₂ cathode. Other oxide anodes, such as SnO2, offer high capacity 

with stable cycling. Weeks et al.335 developed a tin oxide-carbon (SnOx-C) composite through the 

pyrolysis of a tin-citrate precursor. The resulting composite contained tin oxide nanocrystals 

surrounded by a flexible porous carbon framework. This structure enhanced reversibility during 

Li2O formation (Figure 21f), reduced particle aggregation, suppressed volume expansion, and 

improved cycling stability to deliver a high initial capacity of 542 mAhg-1 and retained 80.6% of 

this capacity after 400 cycles at 1C.

Oxide anodes represent a significant advancement in LIB technology, offering enhanced safety, 

higher performance, and the potential for innovation. Their high theoretical capacities and 

improved thermal stabilities address the key limitations of traditional graphite anodes. 

Intercalation-type oxides provide excellent cycling stability and are suitable for high-rate 

applications due to their minimal volume change and higher operating potential. Conversion-type 

oxides offer the advantage of higher capacities to meet the demand for increased energy density. 

Continued research and development of these oxide anode materials are crucial for advancing LIBs 

technology to meet future energy storage needs (Figure 21g).

c. Electrolyte

Given the growing demand for safer, higher-energy-density batteries, extensive research has been 

conducted to develop newer electrolyte systems that enhance safety while maintaining or 

improving performance. This section discusses additives, solid electrolytes and aqueous 

electrolyte as approaches to improving electrolyte safety.

i. Additives

One widely employed strategy for improving LIB safety is the incorporation of electrolyte 

additives. Additives represent an economical and efficient approach to improving electrolyte 

performance and safety and has been a core direction of research in the field.337 

Currently, additives are classified based on their specific roles, such as SEI film formation and 

flame retardancy. Film-forming additives are crucial for creating protective surface films on the 
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electrodes. So far, reductive compounds comprising fluorine donating functional groups have been 

the most explored as SEI-forming additives, particularly for high-specific capacity anodes such as 

Li metal and Si. It is worth noting that fluorinated solvents, including ethers, attract considerable 

attention as electrolyte additions, owing to their wider electrochemical stability window, low 

flammability, and inherent ability to form effective surface films on electrodes and current 

collectors. Among these, Fluoroethylene carbonate (FEC) is the most commonly used. Schroder 

et al.338 showed that FEC, when added to an EC/DEC electrolyte, significantly enhances the 

formation of a stable, LiF-rich SEI layer on Si anodes (Figure 22a-f). They demonstrated that 

adding FEC resulted in a thicker SEI (35.1 nm) compared to the thinner SEI (23.1 nm) formed in 

the absence of FEC. The thicker, inorganic species-rich SEI effectively stabilized the anode surface, 

minimizing capacity loss during repeated cycling. The Si-anodes cycled in the FEC-containing 

electrolyte maintained a discharge capacity > 3000 mAhg-1 after 100 cycles compared to 1252 

mAhg-1 in the FEC absent electrolyte (Figure 22g). From a safety perspective, this shows the FEC-

containing electrolyte better curtails the degradation mechanisms of Si-anodes that result in 

catastrophic cell failures. 

FEC has also demonstrated its effectiveness as additive for high voltage operations. 278  Zou et 

al.339 investigated the impact of FEC in a fluorinated ester-based electrolyte, designed to enhance 

cycling stability and power capability under extreme temperature conditions, fast charging, and 

high voltage. Their study revealed that FEC improved the electrolyte stability, oxidation resistance, 

and Li+ solvation dynamics, thereby enhancing the performance of NCM 811||Gr cells at  > 4.3V. 

The addition of FEC into the MDFA/PFPN/FEC electrolyte resulted in significantly improved 

initial CE (87.0%) and long-term cycling stability, with an 85.2% capacity retention after 200 

cycles and 80.3% after 500 cycles. 
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Figure 22: Relative composition of the 10nm SEI layer formed on an amorphous Si anode after: a)first lithiation cycle 

in EC/DEC, b) first lithiation cycle in EC/DEC/FEC, c) first delithiation cycle in EC/DEC, d) first delithiation cycle 

in EC/DEC/FEC, e) 100 cycles in EC/DEC, and f) 100 cycles in EC/DEC/FEC. Reproduced with permission from.338 

Copyright 2015 American Chemical Society. g) 100 cycle performance of amorphous Si||Li cell. Reproduced with 

permission from.338 Copyright 2015 American Chemical Society.  h) Rate capability performance of NCM811||Li half 

cells cycled in baseline (1M LiPF6 in EC:DEC (50:50 v/v)), and baseline line electrolytes with 0.5 and 2 wt% VC, 

respectively. Reproduced under the terms of the Creative Commons CC-BY 4.0 license.340 Copyright 2024, The 

Authors.  HAADF-STEM images of NCM811 after 100 cycles in (i) baseline electrolyte, and j) Baseline + 2wt% VC. 

k) and l) VC oxidation and polymerization pathways that allow the formation of stable CEI. Reproduced under the 

terms of the Creative Commons CC-BY 4.0 license.340 Copyright 2024 The Authors.

In contrast, electrolytes lacking FEC exhibited rapid degradation, with significantly lower capacity 

retention. Hwang et al.341  showed that while FEC facilitates the in situ formation of a mechanically 

stable, electrically conductive, and elastic SEI layer, when combined with other additives, such as 

LiDFOB, and an ex-situ LiNO3 anode treatment, which promotes Li2O formation in the SEI, better 

performance is attainable. Their study paired an Al-doped FCG Li[Ni0.75Co0.10Mn0.15]O2 cathode 

with the modified electrolyte/anode and reported an unprecedented high areal capacity of 4.1 mAh 

cm-2 and  80% capacity retention after 300 cycles at a current density of 3.6 mA cm-2. Moreover, 

pouch-type cells assembled using the modification approach retained 90% of their initial capacity 

over 500 cycles at a high current density of 1.8 mA cm-2, highlighting the practicality of this 

approach.

Vinylene carbonate (VC) is another additive that enhances the stability of the cathode electrolyte 

interface (CEI). VC undergoes oxidation at the cathode electrode at potentials lower than other 

carbonate solvents, resulting in the formation of insoluble products that contribute to the stability 
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of the CEI, particularly at high voltages, by forming a polymeric protective layer that suppresses 

electrolyte decomposition at elevated temperatures.340 Dai et al proposed that a uniform and 

cohesive CEI could protect the cathode by preventing transition metal mixing, dissolution, and 

surface construction at voltages up to 4.8V.340 They suggested that VC oxidizes and initiates a 

polymerization process that forms a cohesive polymeric layer on the cathode (Figure 22k). The 

protective polymeric layer inhibits the detrimental rock-salt-like phase that forms on NCM cathode 

surfaces along with a dense, uniform CEI that suppresses electrolyte decomposition, reducing the 

likelihood of suitable environments for thermal runaway events (Figures 22h-j).

Flame retardant additives, often containing organic halogens, phosphorus, and phosphazene 

compounds, help mitigate the risk of thermal runaway.342 Among these, organic phosphorus 

compounds, such as trimethyl phosphate (TMP), triethyl phosphate (TEP), triphenyl phosphate 

(TPP), and dimethyl methyl phosphonate (DMMP) are the most commonly used due to their high 

efficiency, low toxicity, and low cost. 

Figure 23: a)Heat release profiles of TEP-based electrolytes (1M LiTFSI in TEP, 2.8M LiTFSI in TEP, and 2.8M 

LiTFSI in TEP + 10 vol% FEC) obtained by microscale combustion calorimeter. Reproduced with permission from.343
 

Copyright 2019, American Chemical Society. Photographs of ignition tests of glass fiber strips saturated with b) 2.8M 

LiTFSI electrolyte, c) 2.8M LiTFSI + 10 vol% FEC electrolyte, and d) 1M LiPF6 in EC:DMC (1:1, v/v). Reproduced 

with permission from.343
 Copyright 2019, American Chemical Society. e) Structures of common flame retardant 

additives. Reproduced with permission from.344 Copyright 2024, The Authors. f) Rate performance of LFP||Li cells 

cycled in 1M LiFSI in DOL:PFPN (9:1, v/v) (LDP), 1M LiFSI in DOL (LD) and 1M LiPF6 in DMC:EC (7:3, v/v) 

(carbonate electrolyte). Reproduced with permission from.345 Copyright 2024, The Royal Society of Chemistry. g) 

Long-term cycling performance of LFP||Gr cells cycled in LDP, DL, and carbonate electrolytes at 1C. Reproduced 

with permission from.345 Copyright 2024, The Royal Society of Chemistry. 
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Typically, when the temperature within a LIB cell increases, these additives decompose, forming 

free radicals that replace hydrogen and hydroxy free radicals formed from electrolyte 

decomposition/combustion, leading to the termination of the combustion reaction.346 Dong et al.343 

demonstrated a fire-retardant electrolyte consisting of 2.8 M LiTFSI in TEP with 10% FEC. The 

electrolyte composition demonstrated good thermal stability, with peak heat release rates (PHRR) 

elevated to 290°C and negligible volatility below 150°C, compared to conventional carbonate 

electrolytes with PHRR around 190°C (Figure 23a). The electrolyte was considerably 

nonflammable (Figures 23b-d) and formed a stable LiF-rich SEI, leading to the high performance 

of dendrite-free Li||LFP cells that retained 90% of their capacity over 2000 cycles at 1C. Its 

effectiveness was shown in  high-voltage cathodes (NCM811), with a 95.7% capacity retention 

after 100 cycles. 

Although effective, these phosphate-based additives suffer from poor reduction stability, 

especially when in contact with the graphite anode. To balance the flame-retarding effect and 

electrochemical performance of LIB electrolytes, cyclophosphazenes are an emerging category of 

flame-retardant additives. Cyclophosphazenes have ring structures consisting of alternating 

nitrogen and phosphorus atoms (Figure 23e).347 The phosphorus molecules act as radical 

scavengers and promote char formation to enhance thermal insulation.347 The nitrogen molecules 

release non-combustible gases, such as NH3 and N2, further suppressing combustion. Liu et al.344 

showed that adding 3 wt% ethoxy (pentafluoro) cyclotriphosphazene (PFPN) to a base electrolyte 

of 1 M LiPF6 in EC (1:1) significantly improved the electrolyte’s flame retardancy, reducing the 

self-extinguishing time to 10 s g-1 . The PFPN electrolyte also showed better compatibility 

with graphite cells, resulting in a 97.25% capacity retention after 100 cycles. Under fast charge 

conditions, the addition of PFPN to a 1 M LiFSI-based electrolyte in 1,3-dioxolane significantly 

improved both ionic conductivity and the formation of a stable, highly conductive SEI to enable 

superior fast-charging performance.345 PFPN not only enhanced the non-flammability of the 

electrolyte but also mitigated the corrosion of Al foil triggered by the LiFSI salt. Under extremely 

fast charge conditions, Li||Gr cells delivered high reversible capacities of 314.2 mAhg-1 at 20C and 

164.4 mAh g-1 at 50C (Figure 23f). Additionally, LFP||Gr pouch cells with an N/P ratio of 1.4 

delivered an initial capacity of 127.9 mAh g-1 and maintained 127.5 mAhg-1 after 500 cycles 

(Figure 23g).
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ii. Solid electrolytes

Solid electrolytes present another significant advancement for enhancing the safety of LIBs. By 

replacing volatile and flammable liquid organic solvents with non-flammable solid-state materials, 

the adverse effects of these solvents are curbed. Moreover, eliminating liquid containment also 

simplifies cell design and mitigates safety risks, such as electrolyte leakage and thermal runaway, 

which are common in liquid electrolyte systems. The wider electrochemical stability window of 

certain solid electrolytes (up to 7V)348 and their temperature stability enable the application of 

high-voltage cathode materials and operation in a wider temperature range.349

 Generally, two classes of materials are used as solid electrolytes in LIBs—inorganic ceramics and 

organic polymers, 288with hybrid ceramic-polymer-type solid electrolytes emerging recently. 349 

Inorganic ceramics are recognized for their solid-state ionic conductivity translating into high ionic 

conductivities exceeding the order of 10-2 Scm-1 350, particularly at elevated temperatures, and their 

mechanical stability. Some widely studied ceramic materials include halides, sulfides, garnets, and 

perovskites, such as Li3N, La0.5Li0.5TiO3, La3.25Ge0.25P0.75S4, Li7La3Zr2O12, Li10GeP2S12, 

Li10SnP2S12.350 Owing to the robust mechanical properties (high Young’s modulus) of solid-state 

electrolytes, internal short-circuiting resulting from dendritic growth is suppressed 349, allowing 

better pairing of these electrolytes with Li metal anodes for higher energy densities. However, 

these materials are susceptible to oxidative instability and electronic percolation because of their 

high electronic conductivity, especially at high current densities, which can still lead to dendrite 

formation.351 Hence, modifying the electrolyte structure to withstand dendrite formation and 

suppress electronic conductivity while maintaining high ionic conductivity is crucial to ensure the 

full adoption of solid electrolytes (Figure 24a). 

To address this, Wei et al.352 explored an in-situ melting reaction between lithium borohydride 

(LiBH4) and polymethyl methacrylate (PMMA). They observed that forming a covalently bonded 

coordination layer on the surface of the solid electrolyte particles via the in-situ melting reaction 

blocks electronic percolation pathways by “locking” excess electrons in place (Figure 24b), 

extends the oxidative stability of the electrolyte to suppress dendrite growth. 
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Figure 24: a) Key issues new GPE approaches should mitigate. Reproduced with permission from.353
 Copyright 2023, 

The Authors. Photographs of ignition tests of glass fiber strips saturated with b) Li+ and electronic conductivities of 

PMMA absent LiBH4 electrolyte (HT150-0PMMA) and 5% PMMA present LiBH4 electrolyte (HT150-5PMMA). 

Reproduced with permission from.352 Copyright 2023, The Royal Society of Chemistry. c) Schematic of the through-

plane Li/aLLZO/LLZO/aLLZO/Li configuration employed. Reproduced with permission from.354 Copyright 2021, 

The Authors. d) Optical images of the LLZO pellet surface on the uncoated and aLLZO-coated side at the beginning 

of the plating-stripping process and after reaching a current density of 1.6 mA cm−2. Magnified image shows a Li 

filament short-circuiting the Li contacts in the uncoated side of the pellet. Reproduced with permission from.354 

Copyright 2021, The Authors. e) Nyquist plot of the impedance response of the uncoated and aLLZO-coated LLZO 

pellets. Reproduced with permission from.354 Copyright 2021, The Authors. f) Schematic of Li+ diffusion through 

polar groups and segment movement of polymer chains in composite polymer electrolytes. Reproduced with 

permission from.353
 Copyright 2023, The Authors. 

The coordination layer acted as a binder that strengthened the mechanical properties of the solid 

electrolyte, enabling it to withstand the stress and strain during Li plating/stripping. Additionally, 

the in-situ modification extended the voltage window of the electrolyte to 10V, offering 

unprecedented cycling stability for high-voltage applications. Sastre et al.354 proposed using 

amorphous Li-La-Zr-O (aLLZO) as a solution to Li dendrite formation in solid-state batteries 

(Figure 24c). Unlike the crystalline version, the amorphous phase eliminates grain boundaries, 

which are common pathways for dendrites. The ultrathin 10 nm aLLZO films effectively blocked 

dendrite growth, allowing the battery to operate at current densities of up to 3.2 mAcm-2 with 

reduced impedance (Figure 24d-e)
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Organic polymers, particularly poly(ethylene oxide) (PEO), are another category of favorable 

materials for solid electrolytes because of their flexibility, lower cost, and easier processability 

compared to inorganic ceramics. Unlike gel polymer electrolytes with solvents confined in a 

polymer matrix, in solvent-free solid polymer electrolytes, Li salts are solvated by polymer chains. 

Compared with traditional liquid electrolytes, solid polymer electrolytes not only alleviate the 

danger of flammability and detrimental side reactions of the electrolyte with electrodes but also 

retain excellent adhesion and film-forming properties of polymers. However, while organic 

polymer electrolytes, such as the PEO-based electrolytes, exhibit good compatibility with Li salts 

and can stabilize the Li metal interface, their low ionic conductivity at room temperature remains 

a challenge, often requiring higher operating temperatures. 

To overcome these limitations, hybrid solid electrolytes, which combine ceramic and polymer 

materials, have emerged as a promising solution to balance the benefits of both systems. Ceramic-

polymer composite electrolytes offer high ionic conductivity along with the flexibility and 

processability of polymers. They are formed by adding ceramic fillers into polymeric solid 

electrolytes.353 Moreover, Li+ diffusion in this class of electrolyte is due to the polar groups and 

segment movement of polymer chains (Figure 24f). Ceramic fillers like Li7La3Zr2O12 and Al2O3 

act not only as ion conductors but also as structural reinforcements that prevent polymer 

crystallization, a major factor limiting the ionic mobility of pure polymer electrolytes.353 These 

fillers also create continuous ion-conducting pathways while increasing the electrolyte's shear 

modulus, effectively suppressing Li dendrite growth.293 The fillers' ability to interact with Li+ and 

prevent undesirable reactions with the anode or cathode extends the electrochemical stability 

window, making these hybrid electrolytes compatible with high-voltage layered oxide cathodes. 

Additionally, the ceramic particles improve the thermal stability of the electrolyte to reduce the 

risk of thermal runaway, especially under high-temperature operating conditions. 353 By enhancing 

both the mechanical and electrochemical properties, hybrid polymer-ceramic electrolytes address 

the inherent weaknesses of liquid and polymer-only systems, thus significantly boosting the overall 

safety and performance of LIBs.

iii. Aqueous electrolytes 
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Aqueous rechargeable metal batteries were introduced by Li et al. in 1994.355  Aqueous electrolytes 

offer potential solutions to safety concerns in LIBs, particularly when compared to their organic 

carbonate-based counterparts, which are prone to flammability and thermal runaway. Due to the 

absence of volatile organic compounds, aqueous electrolytes are inherently non-flammable, 

reducing the risk of fires and explosions that occur due to short-circuiting. This makes aqueous 

electrolytes especially attractive for large-scale or stationary energy storage applications. However, 

traditional aqueous systems are limited by their narrow electrochemical stability window (ESW) 

of 1.23 V.356 Beyond this ESW, H2 evolution, occurring between 2.21 to 3.04V vs Li, coupled with 

O2 evolution deteriorates electrode structures. These side reactions limit the choice of electrode 

materials compatible with the ESW of aqueous electrolytes. 

Adjusting the electrolyte's alkalinity is a common approach to widening the ESW. While this 

suppresses hydrogen evolution, it compromises anodic stability against oxygen evolution, 

resulting in high self-discharge rates.356,357 To address this limitation and widen the ESW of 

aqueous electrolytes whilst maintaining the safety aspects of aqueous electrolytes, the "water-in-

salt" electrolyte (WiSE) concept has been developed. WiSE refers to aqueous electrolytes where 

the concentration of salt in water exceeds 5 M. In these systems, the salt molecules outnumber 

those of the solvent by both weight and volume357, resulting in super-concentrated aqueous 

electrolytes. The enlargement of ESW offered by WiSE has been ascribed to the modification of 

the Li+ solvation sheaths (Figure 25a), allowing a preferential decomposition of salt anions that 

form stable SEIs on the anode interface. Unlike non-aqueous electrolyte systems where SEI layers 

form and protect the electrodes, traditional aqueous electrolyte systems lack decomposition 

products capable of forming dense, stable interphases on the electrodes. This makes the WiSE 

approach promising, especially from a safety perspective.
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Figure 25: Performance of WiSE Reproduced with permission from.357 Copyright 2015, American Association for 

Advancement of Science: a) illustration of the evolution of the Li+ primary solvation sheath in diluted vs water-in-salt 

solutions, b) illustration of expanded electrochemical stability window for water-in-salt electrolytes paired with 

LiMn2O4 cathode and Mo6S8 anode, b), TEM images of pristine Mo6S8 (c) and cycled Mo6S8 (d) in WiSE electrolyte. 

Performance of WIBS electrolytes. Reproduced with permission from. 358 Copyright 2016, Wiley-VCH: e) Cycling 

stability of LiMn2O4||c-TiO2/TiO2 anodes in 12m LiTFSI in water (WIS) and 21m LITFSI + 7m LiOTf  (WIBS) 

electrolytes, f) TEM images of C-TiO2 recovered after 143 cycles in WIBS at 1 C,  g) and h) XPS of C-TiO2 anode 

before and after 10 cycles at 0.5 C, respectively in WIBS electrolyte.

The most frequently studied WiSE systems are based on one Li salt, typically bis(trifluoromethane 

sulfonyl)imide (LiTFSI) or TFSI-derived salts because of their high solubility in water, ability to 

form fluorine-rich SEIs, and stability and lesser likelihood to undergo hydrolysis to form harmful 

byproducts, such as HF, compared to LiPF6. In 2015, Suo et al.357 demonstrated the suitability of 

WiSE using a LiTFSI-based electrolyte with molality > n. This allowed the formation of a SEI-

beneficial anion-containing Li+ solvation sheath, causing the formation of a stable, passivating 

interphase on a Mo6S8 anode interface (Figure 25c-d). The highly concentrated salt provided an 

ESW of �3V (Figure 25b), and the fully aqueous LiMn2O4 || Mo6S8 cell demonstrated high CEs 

for up to 1000 cycles at both low (0.15C) and high (4.5C) rates with a cell voltage of 2.3V. This 

significant increase in the ESW allows more cathode and anode materials to be applied to aqueous 

LIBs, offering improved performance without sacrificing the inherent safety benefits of aqueous 

electrolytes.
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Despite the promises of WiSe, limitations still exist. Drouget et al.359 demonstrated the instability 

of the SEI formed at the anode in this electrolyte system. They showed that the SEI in WiSE is not 

protective enough to prevent continuous parasitic reactions, such as water reduction and hydrogen 

evolution. For instance, when a Mo6S8||LFP system was cycled with WiSE, significant gas 

evolution and capacity loss were observed. This was attributed to the SEI's inability to fully block 

hydrogen evolution, limiting the long-term cycling and thermal stability of WiSE-based systems. 

Moreover, the high concentration of LiTFSI used in WiSE is close to the saturation point of the 

salt at room temperature, indicating that further salt concentration cannot improve SEI.

To address the underlying issues of WiSE, super concentrated electrolytes using either two Li-

based salts or one Li-based and one non-Li-based salt, called Water-in-Bisalt (WiBS), are also 

gaining momentum in aqueous electrolytes research. Greater salt concentrations are possible in 

WiBS systems due to the solubility of Li-based salts being increased by asymmetric ions. Since a 

hydrated salt, considered a saturated electrolyte, can dissolve another un-hydrated salt with similar 

chemical properties, it is possible to form mixed salt systems with higher cation/water ratios. Based 

on this, Suo et al.358 utilized a 21m LiTFSI-based WiSE to dissolve lithium trifluoromethane 

sulfonate (LiOTf), resulting in a WiBS consisting of 21m LiTFSI and 7m LiOTf that offered better 

electrochemical performance (Figure 25e) and formed a more efficient SEI (Figure 25f-h). 

Additionally, bisalt electrolytes further reduce the electrochemical activity of water, reducing its 

likelihood for gas evolution, while depressing the liquidus temperature of the electrolyte.358 

While WiSE and WiBS approaches demonstrate significant promises for enhancing the safety of 

aqueous LIBS, further research that focuses on the SEI stability in aqueous electrolyte systems is 

paramount to harness the full safety benefits of these electrolyte systems.

d. Cell Level Thermal Runaway Mitigation Strategies

There are two main categories of thermal runaway mitigation strategies reported in the literature, 

namely the prevention in a cell and suppression of propagation across multiple cells. Kong et al. 
360 suggest various methods, like thermally responsive materials and the implementation of real-

time monitoring systems. A study by Lai et al. 361 investigated the effect of introducing a poison 

agent (Al2(SO4)3.16H2O) in high-energy batteries. They found that the maximum thermal runaway 

temperature can be reduced by more than 300 ℃ due to a new reaction sequence regulation. Two 
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poisoning mechanisms were identified that revealed how the poison agent worked.  The hydrate 

could react with LiPF6 and EC to hinder further exothermic reactions that relate to EC and the 

hydrate could poison the lithiated graphite and prevent the redox reaction between the cathode and 

the anode. It was noted that due to the significant reduction in the maximum temperature by the 

self-poisoning design of the system, more work needed to be conducted to test the feasibility of 

the toxic agent for practical applications. 

Friesen et al.362 investigated the safety behavior after thermal and mechanical abuse of 18650 Li-

ion cells with Al2O3 coating on the anode surface and their aging at low temperatures. Post-mortem 

analysis showed a thick, irreversibly deposited Li metal layer beneath a mostly intact Al2O3 coating 

on the negative electrode. Safety tests in an open system confirmed that the coating remained 

effective despite Li deposition, ensuring a safe response for both fresh and aged cells. Under quasi-

adiabatic conditions, aged cells exhibited increased reactivity, but both fresh and aged cells showed 

similar responses to thermal abuse (Figure 26). 

Figure 26: Thermal abuse ARC experiments under quasi-adiabatic conditions. Reproduced with permission from. 
362 Copyright 2017, Elsevier B.V.

Naguib et al. 363 developed a battery system with breakable electrodes for mitigating abuse by 

electrically isolating the internally shorted part of the battery from the rest of the cell before the 

separator is punctured. It was found that thermal runaway could be prevented by limiting the 

current passing through the shorted area. Likewise, FEM simulations were performed to identify 

the level of separation needed. The breakable electrodes were realized by introducing a certain slit 
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pattern using a modified clicker die without affecting the conventional roll-to-roll production for 

battery electrodes. Batteries with slitted electrodes exhibited capacities and voltage profiles similar 

to those of standard batteries. When mechanically abused by heavy deformation, the modified 

battery did not short-circuit, while the standard one shorted and became nonfunctional. The 

modified battery was found to retain 93% of its capacity after the mechanical abuse test and was 

electrochemically viable.

Ji et al. 364 developed a thermal shutdown separator with a shutdown temperature of 90 ℃ by 

coating thermoplastic ethylene-vinyl acetate copolymer (EVA) microspheres onto a conventional 

polyolefin membrane film and tested for thermal protection. The experimental results 

demonstrated that owing to the melting of the EVA coating layer at a critical temperature, this 

separator could promptly cut off the Li+ transport between the electrodes and thus shut down the 

battery reactions to protect the cell. In addition, this type of separator had no negative impact on 

the normal battery performance, therefore providing an internal and self-protecting mechanism. 

Shi et al. 365 investigated alkanes (octane, pentadecane, and icosane) as thermal-runaway retardants. 

In nail penetration tests on coin cells, 4wt. % pentadecane reduced the maximum temperature by 

60%. Similarly, in the impact test on pouch cells, 5wt. % pentadecane reduced the maximum 

temperature by 90%. The high mitigation effectiveness of pentadecane is attributed to its high 

wettability of the separator and its immiscibility with electrolyte. By forming a physical barrier 

between the cathode and anode, pentadecane interrupted Li+ transport and increased the charge 

transfer resistance by nearly two orders of magnitude. The diffusion rate of pentadecane in the 

electrode layer stack was measured to be 580 μm s-1.

Wen et al. 366 investigated the effects of oxygen levels and dilution gases on thermal runaway 

propagation. They used a combustion chamber for pressure and gas control and analyzed the 

internal changes like electrode structure degradation, droplet formation, and decomposition of 

electrolyte and binder using X-ray computed tomography. They found that reduced oxygen 

concentration leads to decreased mass loss, weakening the progression and decreasing the heat and 

gas production, which leads to less structural degradation. It was observed that oxygen 

concentration control and inert gas diffusion were effective strategies for battery fire safety and 

thermal management. Another mitigation strategy is the introduction of hollow gas microspheres 

plates as thermal barriers. Niu et al. 367 found that increasing the hollow gas microspheres plates 
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decreased the propagation rate. Thermal runaway can be triggered in adjacent cells within a 3 mm 

distance, so mini channel cooling has also been studied by Xu et al. 368 This method can prevent 

propagation, but it is not effective in stopping runaway in a single cell. On the other hand, Hu et 

al. 369 proposed the use of water mist, which could significantly reduce the maximum battery 

temperature and decrease the likelihood of thermal runaway. It also explores the use of phase 

change material and composites.

Xu et al. 370 tested three different extinguishing agents, including CO2, HFC-227ea, and water mist 

on the fire and their extinguishing properties on NCM/graphite cells. The NCM/graphite cells 

produced black smoke and violent jet fire, necessitating effective suppression measures to prevent 

fire propagation and ignition of battery materials. Among the tested extinguishing agents, only 

water mist effectively suppressed the fires. The cooling effects of these agents vary, with water 

mist providing the most significant temperature reduction, followed by HFC-227ea, which is 

slightly more effective than CO2. Temperature measurements before agent depletion show that 

water mist reduces peak average temperatures by up to 133°C, significantly more than the other 

agents. Zhang et al. 371 established a coupled electrochemical-thermal simulation model of thermal 

runaway propagation to supplement experimental data and public datasets for model training and 

verification. Multi-mode and multi-task thermal propagation forecasting neural network was 

established for advanced multi-step prediction along with a temperature-based propagation 

grading warning strategy. The validation of the simulation model involved experiments on single 

battery cells and battery modules. Single-cell tests were conducted in an ARC to precisely measure 

temperature changes, while module tests were performed on a specialized platform simulating 

real-world conditions.

5. Operational Considerations: Temperature and Mechanical Factors

One critical environmental condition that LIBs need to adapt to is a wide range of temperatures. 

With the advent of a thermal management system at relatively moderate temperatures, it is often 

necessary to account for their storage and start-up under extreme operating conditions.372 

Applications such as space, deep-sea exploration, and military use, require optimal performance 

across extremely broad temperature ranges.373–375 Operating LIBs at such temperatures will often 

lead to significant changes in the ion diffusion kinetics and Li+ migration within the SEI layer.373,376 
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To address these challenges, significant efforts have been made to explore the thermodynamics 

and kinetics of anodes, cathodes, electrolytes, and additives, with the aim of enhancing the 

performance.377,378  A summary of the key operational considerations is shown in Figure 27a.

Figure 27: a) Schematic of key operational considerations for practical LIBS. b) Conductivities of three Li salts in 

various electrolytes versus temperature. Data extracted from Jet Propulsion Laboratory reported studies and c) electron 

energy levels and electrode potential correlated with the HOMO/LUMO levels of the electrolyte governing 

thermodynamic stability with increasing temperature, and insets showing the SEI and CEI formed on the anode and 

cathode particle surfaces. Reproduced with permission from.379 Copyright 2020, Wiley-VCH. 

For the operation at subzero temperatures, electrochemical reactions are expected to become 

kinetically sluggish compared to standard temperatures, leading to a significant decrease in 

electrolyte conductivity and diffusion coefficients. Furthermore, a significant increase in viscosity 

at these temperatures can cause the electrolyte to freeze, potentially leading to open circuits.380 

Therefore, it is desirable to find an electrolyte with high conductivity and a low freezing point to 

avoid ohmic polarization induced by the reduced diffusion coefficient. The Jet Propulsion 

Laboratory showed the ternary mixture of ethylene carbonate (EC), diethyl carbonate (DEC), and 

dimethyl carbonate (DMC) yielded approximately 1 mS cm−1 , which is higher at −40 °C (Figure 

27b) compared to other combinations, facilitating Li intercalation-deintercalation processes.381 

Aliphatic esters and ethers such as 1,2-dimethoxyethane (DME), have been included to design the 

new solvent mixtures to lower the viscosity and freezing points of electrolyte solutions.382,383 In 

addition to having high ionic conductivity, it is also crucial for the electrolyte solution to have the 

ability to form a stable SEI on the anode electrode. The ability to form a stable SEI for the 

electrolyte solution including ester mixture was found to be lowest for low molecular weight esters 

and this enhanced as the polymer chain length increased.384,385
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In contrast, different challenges must be met when operating LIBs at high temperatures. Even 

though the enhancement in solid/liquid diffusivity can be seen, the thermodynamics and kinetics 

of both SEI and CEI layers are significantly modified at high temperatures near 40 °C.379,386,387 

Shifting of the highest occupied molecular orbit (HOMO) and lowest unoccupied molecular orbit 

(LUMO) yields a narrower energy gap between them, rendering the SEI and CEI unstable at higher 

temperatures (Figure 27c). Electrolytes with low volatility are desirable to minimize the loss of 

liquid electrolyte in solution. Vapor pressure is often used to assess the thermal stability and safety 

of electrolytes for the design of LIBs.388 Due to the instability of LiFP6 at high temperatures, 

various new salts, including a Li salt based on a chelated borate anion (LiBOB), were studied for 

the formation of stable SEI.389 These new types of salts demonstrated similar battery capacity with 

LiFP6, but with improved capacity retention at 60 °C. Another challenge with high-temperature 

operations will be understanding the complex interfaces at the anode and cathode, including how 

the lithiated anode and delithiated cathode interact directly with the electrolyte and its degraded 

products through the SEI/CEI layers.390–392

When installing LIBs in new locations within a military vehicle, it is essential to consider both the 

temperature conditions and the mounting method.393 To ensure reliable performance and extend 

battery life, batteries should be protected from extreme temperatures and securely mounted to 

minimize vibration. Mounting batteries outside the engine bay can help manage battery 

temperature more effectively. However, if the distance from the alternator or starter motor is 

increased, longer electrical cables will be required, leading to greater electrical losses and reduced 

system efficiency. Additionally, if LIBs are installed in the passenger or operator compartment, 

appropriate measures must be taken to safely vent potentially harmful gases.

Understanding the effects of mechanical shocks and vibrations on battery performance in extreme 

operational environments is another crucial aspect to consider for the LIB system. The battery pack 

structure can be compromised when exposed to vibration and shock conditions, and electrical 

connection within the pack can be unstable during vehicle movements.394,395 Hooper et al. explored 

the degradation of cell materials caused by vibrations, using 18650 oxide-based battery cells.396,397 

The direct current resistance of the oxide-based cells increases drastically when subjected to a 

vibration cycle representative of a 10-year vehicle life. Somerville et al. also demonstrated that 

surface films on battery cells formed due to vibrations contribute towards increased cell 
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degradation, capacity loss, and higher cell impedance.398 Overall, understanding the correlation 

between vibrations and degraded battery performance is essential for ensuring the safety and 

optimal performance of LIBs.

6. Battery Use in Military Operational Settings

The operational considerations discussed regarding vibrations, shocks, and operation of LIBs in 

widely varying temperature environments are particularly concerning for military, first responder, 

and space operations that routinely use these batteries for energy storage. Since military and first 

responder operations are often characterized by extreme environments, additional design 

considerations for LIBs must be applied. The physical design of the internal battery components 

is important from a reliability standpoint. Rough handling of the battery when installed or 

transported in vehicles designed for rough terrain has been shown to adversely impact battery 

performance through degradation of internal connections. Changes in internal battery connections 

resulting in either short circuiting or large resistances can lead to thermal runaway or large voltage 

drops respectively.399

Military operations often occur in extreme environments; desert heat to arctic cold, with wide 

ranges in humidity, and LIBs are often used in communications and optical equipment inherent to 

these operations. First responders, particularly firefighters, often operate in high-temperature 

environments. For safe operation of battery-powered equipment, the batteries must be able to 

maintain operation in these environments.400  Additionally, the batteries must be stable and 

maintain functionality over long periods of non-use, such as prolonged shelf-life in long-term 

storage. Military organizations often procure equipment in large quantities and store it for future 

use. The storage facilities for equipment may not be climate controlled, and storing batteries for 

long periods of time at high ambient temperatures can lead to significant decreases in battery life. 

A study on the degradation of LIBs due to long-term storage (two months) in temperature-

controlled laboratory conditions led to a 3% drop in useful capacity.399

When worn on the body of military personnel, LIBs may be damaged due to ballistic impacts. 

While it may be of secondary importance relative to the impacts on personnel, the damage 

sustained by the battery may increase the danger to military personnel through violent exothermic 

reactions that could result in severe burns.  The significance of safety issues inherent in ballistic 
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impacts to battery casings was highlighted in a study focused on evaluating the feasibility of using 

LIB as supplemental body armor.401  This study used standard 7.62x39 mm ammunition fired at 

battery packs in combination with body armor used by current military forces. In this experiment, 

battery packs were mounted either in front of the body armor, or behind, and the ballistic protection 

afforded by the battery pack and the resulting damage to the battery was examined. In all tests, the 

batteries were crushed and perforated, and in the tests with partially charged batteries, the 

temperature of the battery pack rose to over 100oC within 2 minutes of impact.401 These results 

lead to increased risk of burns and toxic fume inhalation by personnel.

Non-ballistic damage to LIBs can still result in the same safety issues due to short circuiting 

because of crushing or penetration of the battery housing. Mechanical failures can often arise 

during military operations that include transportation over rough terrain, equipment or personnel 

drops from aircraft, and equipment handling operations by heavy equipment or large numbers of 

personnel. Often battery failure due to these operations is a result of puncture or deformation of 

the battery case. Puncture tests on batteries have shown that foreign objects penetrating the battery 

case often result in a short circuit within the battery, leading to undesired side reactions and thermal 

runaway.402

Battery performance requirements for technology applications used by first responders and 

emergency personnel are based on reliability, safety, and longevity. These same requirements are 

essential for military applications. Programs such as the System Assessment and Validation for 

Emergency Responders (SAVER) program were initiated by the U.S. Department of Homeland 

Security (DHS) for developing specifications and performance requirements for emergency 

responder equipment and procurement.403 For example, both single-use and rechargeable Li-ion 

batteries with a cycle life of 400 cycles are required for firefighting equipment such as the self-

contained breathing apparatus (SCBA).404 Single-use AA batteries and C cell batteries had the best 

performance in SCBAs at elevated temperatures. At -20 °C (-4 °F), an SCBA with C-cell batteries 

showed the lowest performance, lasting about 1.5 hours in full alarm mode with electronic safety 

features active.405Moreover, single-use CR123 Li batteries did not discharge in high-temperature 

conditions. Testing results concluded that non-rechargeable back-up Li batteries failed to 

discharge at 54 °C (129 °F).405 Li-based batteries are best for use for first responder and military 
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applications at extremely low temperatures and not advised for fire conditions due to thermal 

runaway at 140 ºC (284 ºF).406 

The total weight of battery systems and components is a primary concern for their design, as they 

are mostly used for unmanned aerial vehicle (UAV) power supplies. For UAVs, two key 

performance parameters are energy capacity and overall battery weight.407 High energy density 

and low weight are important to sustain long UAV mission times. In addition to UAVs, military 

applications, including electromagnetic launch systems, directed energy weapons, and other high-

power equipment, require LIBs capable of sustaining ultrahigh-rate discharge profiles of 10C to 

20C for prolonged periods.408,409  These demanding conditions also necessitate a long 

charge/discharge cycle life. For example, the LIBs used in the 2003 Mars Exploration Rover were 

capable of exceeding 1,000 cycles while maintaining 80% of their original capacity.410 Looking 

ahead, future ground vehicles for military applications will likely follow the growth in electric 

vehicle development in the civilian sector, decreasing reliance on petroleum-based fuels.411

Achieving higher energy density, improved energy efficiency, extended cycle life, and longer 

calendar life in LIBs also requires careful handling, storage, and charging procedures to mitigate 

associated risks. According to safety guidance from United States Naval Sea Systems Command, 
412–414 the total stored Li battery energy aboard ships must not exceed 1,000 watt-hours in a single 

location, and that location must be approved by the Damage Control Assistant or Fire Marshal. In 

the event of thermal runaway, gases vented from burning Li cells may contain hazardous 

substances, such as HF. To minimize structural damage during such events, deliberate measures 

need to be placed to mitigate the direct impingement of hot gases from cell vents onto critical 

structural components of military platforms. 

Furthermore, the catastrophic failure of LIBs can result in the release of large volumes of gas. To 

address this, pressure vessels are generally engineered with intentional failure mechanisms, 

preventing structural rupture using Belleville washers on bulkhead fasteners, urethane springs, and 

pressure relief devices such as discs, ports, or flapper valves.412–415 The battery system must also 

be engineered to minimize the risk of short circuits caused by operator error or system 

malfunctions. Such mitigation can be achieved through the strategic use of electrical interruption 

devices and/or physical design layouts that protect both the user and the battery from injury or 
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catastrophic failure. Electrical Safety Devices (ESDs), such as contactors, fuses, circuit breakers, 

need to be validated through testing under voltage and current conditions representative of both 

normal operation and potential failure scenarios.412–414

Conclusion

The interconnection between electrochemical reactions and mechanical stress has been shown to 

influence the performance and lifespan of LIB components. In particular, cathode degradation, 

which is driven by microcracking, phase transitions, and oxygen release, coupled with the intrinsic 

challenges of anode materials and electrolytes trigger a complex matrix of failure pathways that 

culminate in catastrophic thermal events. Advanced strategies to mitigate these risks have emerged 

as key enablers for next‐generation LIBs. Structural modifications such as concentration-gradient 

designs and the development of nanorod cathode architectures have significantly improved Li+ 

transport and mechanical integrity, while surface coating techniques using fluoride and phosphate 

compounds have been effective in suppressing parasitic side reactions and stabilizing interfacial 

layers. On the anode side, composite architectures and A-SEI layers have demonstrated the 

potential to balance high energy density with enhanced mechanical stability. Moreover, electrolyte 

engineering has contributed to reducing flammability risks and extending the electrochemical 

stability window.

Operational factors, including extreme temperature variations and mechanical stresses, further 

complicate LIB performance, especially in demanding applications such as military operations. 

The integration of novel materials and engineering approaches that account for thermal and 

mechanical influences is critical for ensuring long-term reliability and safety. While significant 

progress has been achieved in understanding and mitigating degradation mechanisms in LIBs, 

ongoing research is essential. Future research should focus on improving the interfacial behaviors 

between electrodes and electrolytes by considering multifunctional electrolyte additives/solvents 

to develop better SEI layers that can withstand mechanical and thermal stresses. There is also a 

need to explore new electrolyte formulations that minimize parasitic reactions and enhance thermal 

stability, particularly in aqueous systems where current SEI layers are inadequate. Research should 

also focus on innovative electrode architectures, particularly cathodes, as cathode design has a 

more substantial impact on internal resistance and battery safety than anodes. Given the unique 
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challenges faced in military and first responder applications, future work should specifically 

address the performance of LIBs under military-specific conditions, prioritizing focus on 

operations under harsh temperatures, mechanical shocks, and vibrations. Investigating advanced 

thermal management strategies is also crucial. This would be to develop materials that can 

dissipate heat more effectively and prevent thermal runaway events. Additionally, while not 

extensively covered in this review article, future research should focus on improving the 

mechanical and thermal stability of LIB separators, given the highlighted cell and pack-level risks 

that internal short circuits and damage to separators pose. These efforts will not only enhance 

battery performance and safety but will also pave the way for the broader adoption of LIB 

technology in safety-critical applications.
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