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Abstract: Lithium-ion batteries that use lithium iron phosphate (LiFePO4) as the cathode
material and carbon (graphite or MCMB) as the anode have gained significant attention
due to their cost-effectiveness, low environmental impact, and strong safety profile. These
advantages make them suitable for a wide range of applications including electric ve-
hicles, stationary energy storage, and backup power systems. However, their adoption
is hindered by a critical challenge: capacity degradation at elevated temperatures. This
review systematically summarizes the corresponding modification strategies including
surface modification of the anode and cathode as well as modification of the electrolyte,
separator, binder, and collector. We further discuss the control of the charge state, early
warning prevention, control of thermal runaway, and the rational application of ML and
DFT to enhance the LFP/C high temperature cycling stability. Finally, in light of the current
research challenges, promising research directions are presented, aiming at enhancing their
performance and stability in such harsh thermal environments.

Keywords: LiFePO4; high-temperature stability; degradation mechanisms; modification
strategies

1. Introduction
Lithium iron phosphate batteries (LiFePO4) have emerged as a promising contender in

the realm of commercial lithium-ion batteries (LIBs). These batteries employ LiFePO4 as the
cathode material and carbon (graphite or mesocarbon microbeads (MCMBs)) as the conven-
tional anode. Despite having a lower operating potential (approximately 3.4 V) compared
with other high-energy-density cathodes, like Ni-rich layered oxides (LiNixMnyCo1−x−yO2,
approximately 3.8 V), LiFePO4 batteries possess a unique set of advantages including low
cost, low toxicity, low self-discharge, long cycle life, high power capabilities, and remark-
able thermal stability [1–12]. As a result, they have found applications in electric vehicles
(EVs), utility-scale stationary energy storage, and backup power systems. Nonetheless,
LiFePO4/carbon secondary batteries confront an inherent challenge—rapid capacity degra-
dation under elevated temperatures, presenting a notable impediment to their widespread
adoption, especially in the context of electric vehicles. Large batteries, employed in electric
vehicles and hybrid electric vehicles (EVs/HEVs), frequently encounter elevated internal
temperatures during operation, even in typical environmental conditions. For instance,
during EV/HEV operation at usual ambient temperatures, LIBs can reach internal temper-
atures exceeding 60 ◦C, with even higher electrolyte temperatures. This issue is further
exacerbated by high-pulse cycling in high-power batteries such as those used in EVs and
HEVs [13,14]. Electric vehicles are also subjected to extreme temperature fluctuations,
ranging from −40 ◦C to 70 ◦C, coupled with high charge and discharge rates, collectively
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contributing to elevated temperatures [15]. Consequently, the performance criteria for LIBs
in high-temperature conditions are stringent.

Understanding the degradation mechanisms of LiFePO4-based batteries under high-
temperature conditions is paramount to the development of effective modification strate-
gies. Researchers have extensively delved into the behavior of LiFePO4 cathode materials,
electrolytes, and other battery components when subjected to elevated temperatures. The
primary cause of severe capacity decay at elevated temperatures is the dissolution of Fe2+

ions from the cathode to the electrolyte and its deposition on the anode, hindering the
intercalation of Li+ ions and leading to the formation of a thick and irreversible solid
electrolyte interface (SEI) layer. Commonly used electrolytes, like lithium hexafluorophos-
phate (LiPF6) dissolved in a carbonate-based organic solvent, are susceptible to thermal
decomposition, producing acidic substances that corrode the anode and active cathode
materials. Additionally, the side reactions between the electrolyte and the anode as well as
significant structural changes in both LiFePO4 and carbon anode materials at very high or
very low state-of-charge (SOC) ranges contribute to high impedance polarization and thick
SEI formation.

Building on these mechanistic insights, a diverse range of modification strategies
has been crafted to bolster the stability and performance of LiFePO4-based batteries in
high-temperature environments. Cathode protective strategies such as coatings, doping,
and producing composite materials could effectively mitigate iron dissolution. Coating the
anode with Au or Cu metals could effectively absorb the dissolved Fe and prevent electrode-
electrolyte side reactions, improving stability. The replacement of the electrolyte or the
adoption of additives, such as LiTFSI, LiBOB, LiODFB, or vinylene carbonate (VC), has
been successful in reducing Fe dissolution and electrolyte decomposition, and consequently
improving the LiFePO4 battery’s high-temperature stability. Furthermore, optimizing oper-
ating conditions, particularly SOC control, is paramount in determining the performance
and longevity of LiFePO4-based LIBs.

In this comprehensive review, we consolidate the research findings related to
the degradation mechanisms of LiFePO4-based LIBs. Additionally, we provide a de-
tailed discussion on diverse strategies and modifications aimed at improving high-
temperature performance.

2. Basic Characteristics of LiFePO4/Carbon Batteries
2.1. LiFePO4 Cathode Material

Compared with conventional cathode materials like LiCoO2, LiNiO2, and LiMn2O4,
LiFePO4 boasts several advantages including significant theoretical capacity (approxi-
mately 170 mAh g−1), a moderate operating voltage plateau (the Fe3+/Fe2+ redox couple
conveniently located at 3.4 V versus Li+/Li, compatible with common organic and polymer
electrolytes), and a theoretical energy density of 580 Wh kg−1 versus Li+/Li, surpassing
that of LiCoO2. LiFePO4 is also known for its thermal stability, excellent reversibility,
cost-effectiveness, and environmental friendliness [16].

LiFePO4, belonging to the olivine family of cathode materials, exhibits an orthorhom-
bic lattice structure within the Pnma space group [17]. Its lattice structure features oxygen
atoms arranged in a slightly distorted hexagonal-close-packed configuration. Within this
structure, phosphorus atoms occupy tetrahedral sites, while iron and lithium atoms re-
side in the octahedral 4a and 4c sites, respectively. In this crystalline matrix, each FeO6

octahedron forms interconnected zigzag planes through common corners in the b–c plane.
Simultaneously, LiO6 octahedra create edge-sharing chains along the b-axis, with one
FeO6 octahedron sharing edges with two LiO6 octahedra. Furthermore, PO4 groups share
one edge with an FeO6 octahedron and two edges with LiO6 octahedra, as illustrated
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in Figure 1. Due to its structural characteristics, LiFePO4 demonstrates an exceptional
stability during electrochemical charge and discharge operations at ambient temperature.
Its volume change content during delithiation is a mere 6.81%, which effectively prevents
capacity degradation associated with volume fluctuations over extended cycles [8]. This,
coupled with the strong P–O covalent bonds, results in excellent thermal stability, cyclability,
and safety.
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Figure 1. Crystal structures of LiFePO4 and FePO4. During charging, LiFePO4 changes to FePO4 by
delithiation. In the discharge process, a reversible transformation from FePO4 to LiFePO4 occurs by
lithiation. The image was taken with permission [8].

However, it is important to note several intrinsic limitations of this olivine-type
cathode material for LIBs. First, LiFePO4 exhibits low intrinsic electronic conductivity,
measuring less than 10−8 S cm−1, which hinders the full utilization of its theoretical capacity.
Second, it has a low Li-ion diffusion coefficient, with chemical diffusion coefficients ranging
from 10−14 to 10−16 cm2 s−1, dependent on the Li concentration and characterization
method used [18]. These intrinsic deficiencies in LiFePO4 narrow the acceptable working
temperature range of LiFePO4 batteries. Operating beyond the moderate temperature
zone can lead to rapid capacity fade and safety risks including the potential for fire and
explosion, thereby limiting the commercial viability of such batteries.

2.2. Carbon Anode Materials

Graphite as the anode material: Graphite has been widely adopted as an anode
material for the past two decades due to its safety and environmental friendliness. As seen
in Figure 2, graphite has a layered structure [19], and it offers several advantages including
cost-effectiveness, ease of preparation, and versatility in various forms. Graphite operates
through a lithium-ion insertion/extraction mechanism during the charge/discharge process.
As Li+ undergoes intercalation into graphite carbon to form LiC6, it provides a specific
capacity of 372 mAh g−1 [20]. While this capacity for an anode may not be exceptionally
high, ongoing research into next-generation anode materials such as silicon is underway.
However, it is important to note that, at present, graphite remains the most extensively
utilized anode material for commercial LIBs.
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At elevated temperatures, it has been observed that the growth of the SEI layer on the
surface of the graphite electrode accelerates. This acceleration may lead to lithium immobi-
lization in the SEI layers and hinder the accessibility of Li+ to the graphite electrode [21].
The heightened SEI growth is suspected to be associated with the dissolution of iron from
the cathode and the deposition on the anode, which is minimal at moderate temperatures
but becomes more pronounced at elevated temperatures. The blocking of the graphite
electrode by the SEI layer can ultimately result in a decrease in the anode’s storage capacity,
as it impedes the intercalation of lithium.

MCMB as the anode material: Mesocarbon microbeads (MCMBs) are a standout
carbon material for lithium-ion batteries (LIBs) due to their distinctive attributes. Pro-
duced via the heat treatment of coal tar or coal tar pitch, MCMBs polymerize pol-
yaromatic hydrocarbon molecules, resulting in an ordered structure despite the ini-
tial pitch disorder. Figure 3 shows the structure of MCMBs [22], and their regu-
lar spherical shape (1 to 40 µm) and close-packed arrangement contribute to a high
volumetric energy density. The ordered lamellar structure and low surface area of
MCMBs enhance cycle life and electrical conductivity at low voltage, making MCMBs
advantageous [21,23–26]. MCMBs’ electrochemical performance aligns with its carbon
microstructure design. MCMBs with numerous micropores or increased carbon layer
spacing facilitate faster Li+ migration, improving the charge and discharge capacity and
rate performance. Conversely, smaller particle sizes enhance the rate performance but may
reduce the reversible capacity and charge–discharge efficiency due to increased electrode
surface area and thus more SEI growth.

Despite the advantages of MCMBs, such as Li+ dispersion and mechanical stability, its
low theoretical specific capacity poses a developmental challenge. Hence, ongoing research
has focused on modifying MCMBs and their composites for improved performance. At
elevated temperatures, while the MCMBs themselves remain stable, it can still be a primary
factor contributing to the performance degradation of a LiFePO4/MCMB battery. This is
attributed to the increased growth of the SEI layer, similar to that observed in a graphite
anode, which impedes the accessibility of Li+ ions to the graphite electrode.



Sustain. Chem. 2025, 6, 7 5 of 24Sustain. Chem. 2025, 6, x FOR PEER REVIEW 5 of 25 
 

 

 

Figure 3. The structures of MCMBs. The image was taken with permission [22]. 

2.3. Major Electrolytes and Electrode–Electrolyte Interface Characteristics in LiFePO4/Carbon 
Batteries 

The most commonly used electrolyte for LiFePO4-based batteries comprises LiPF6 
dissolved in a mixture of organic carbonate solvents. Among the prevalent solvents are 
propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC), and di-
ethyl carbonate (DEC). LiFePO4 electrodes exhibit stability in standard LiPF6 solutions at 
ambient temperatures. However, challenges emerge when the batteries are exposed to el-
evated temperatures, specifically around 60 °C [27]. The aging of LixFePO4 cathodes in 
LiPF6 solutions at 60 °C results in capacity degradation, which can be attributed to Fe dis-
solution and a significant increase in electrode impedance, leading to sluggish redox re-
action kinetics [28]. 

An alternative conductive salt is lithium bis(oxalato)borate (LiBOB). LiBOB has gar-
nered significant attention in the realm of LiFePO4-based battery salts due to its excellent 
thermal stability, boasting a decomposition temperature exceeding 290 °C [29]. However, 
LiBOB does exhibit some limitations, primarily its solubility in solvents such as EC and 
PC, which restricts the concentration of LiBOB that can be effectively utilized (typically < 
1 M, dependent on the solvents employed). Another noteworthy lithium salt is lithium 
oxalyldifluoroborate (LiODFB). This compound features a structural variation from 
LiBOB, where one oxalato group is replaced by two fluorine groups. LiODFB combines 
properties from both LiBOB and lithium tetrafluoroborate (LiBF4), offering enhanced sol-
ubility compared with LiBOB, thereby allowing for higher concentrations of the salt. Con-
sequently, the conductivity of LiODFB is improved compared with LiBOB, and it is on 
par with that of LiPF6. Previous studies have effectively demonstrated that LiODFB retains 
a much higher capacity (88% after 100 cycles) compared with LiPF6 (50% after 100 cycles) 
when cycled at 65 °C in LiFePO4/graphite full cells [30]. 

3. Primary Factors Contributing to Performance Degradation in 
LiFePO4/Carbon Batteries During High-Temperature Application 

LiFePO4/C batteries operated within a moderate temperature range exhibit excep-
tional reversibility with negligible capacity decay under standard operating conditions. 
However, commercial lithium ion batteries commonly encounter challenges related to 
high-temperature environments. In the case of large-scale LIBs engaged in rapid charge 
and discharge cycles, there is a rapid increase in temperature, further elevating the bat-
tery’s operating temperature. When subject to elevated temperatures, LiFePO4/carbon bat-
teries are susceptible to rapid capacity deterioration. Although LiFePO4 maintains a rela-
tively low operating potential compared with other cathode materials in LIBs (such as 
layered oxide-based cathodes), thus mitigating the problem of electrolyte oxidation when 
operated at elevated temperatures, there is still a concern. The dissolution of Fe2+ ions from 

Figure 3. The structures of MCMBs. The image was taken with permission [22].

2.3. Major Electrolytes and Electrode–Electrolyte Interface Characteristics in
LiFePO4/Carbon Batteries

The most commonly used electrolyte for LiFePO4-based batteries comprises LiPF6

dissolved in a mixture of organic carbonate solvents. Among the prevalent solvents
are propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC), and
diethyl carbonate (DEC). LiFePO4 electrodes exhibit stability in standard LiPF6 solutions
at ambient temperatures. However, challenges emerge when the batteries are exposed to
elevated temperatures, specifically around 60 ◦C [27]. The aging of LixFePO4 cathodes
in LiPF6 solutions at 60 ◦C results in capacity degradation, which can be attributed to Fe
dissolution and a significant increase in electrode impedance, leading to sluggish redox
reaction kinetics [28].

An alternative conductive salt is lithium bis(oxalato)borate (LiBOB). LiBOB has gar-
nered significant attention in the realm of LiFePO4-based battery salts due to its excellent
thermal stability, boasting a decomposition temperature exceeding 290 ◦C [29]. How-
ever, LiBOB does exhibit some limitations, primarily its solubility in solvents such as
EC and PC, which restricts the concentration of LiBOB that can be effectively utilized
(typically < 1 M, dependent on the solvents employed). Another noteworthy lithium salt
is lithium oxalyldifluoroborate (LiODFB). This compound features a structural variation
from LiBOB, where one oxalato group is replaced by two fluorine groups. LiODFB com-
bines properties from both LiBOB and lithium tetrafluoroborate (LiBF4), offering enhanced
solubility compared with LiBOB, thereby allowing for higher concentrations of the salt.
Consequently, the conductivity of LiODFB is improved compared with LiBOB, and it is on
par with that of LiPF6. Previous studies have effectively demonstrated that LiODFB retains
a much higher capacity (88% after 100 cycles) compared with LiPF6 (50% after 100 cycles)
when cycled at 65 ◦C in LiFePO4/graphite full cells [30].

3. Primary Factors Contributing to Performance Degradation in
LiFePO4/Carbon Batteries During High-Temperature Application

LiFePO4/C batteries operated within a moderate temperature range exhibit excep-
tional reversibility with negligible capacity decay under standard operating conditions.
However, commercial lithium ion batteries commonly encounter challenges related to
high-temperature environments. In the case of large-scale LIBs engaged in rapid charge
and discharge cycles, there is a rapid increase in temperature, further elevating the battery’s
operating temperature. When subject to elevated temperatures, LiFePO4/carbon batteries
are susceptible to rapid capacity deterioration. Although LiFePO4 maintains a relatively
low operating potential compared with other cathode materials in LIBs (such as layered
oxide-based cathodes), thus mitigating the problem of electrolyte oxidation when operated
at elevated temperatures, there is still a concern. The dissolution of Fe2+ ions from the
LiFePO4 cathode into the electrolyte can lead to a minor loss of active materials from the
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cathode. Even more concerning is the potential for these Fe2+ ions to undergo reduction on
the anode surface, which subsequently deteriorates the SEI. This leads to elevated internal
resistance and a decrease in the available Li inventory, ultimately contributing to further
capacity degradation in the battery.

3.1. Anode Side

In LiFePO4-based batteries, particularly during high-temperature storage, capacity
degradation is primarily driven by the consumption of active lithium in conjunction
with the evolution of the SEI film on the anode (see Figure 4) [31–33]. Studies suggest
that elevated temperatures exacerbate the decomposition of the SEI film, leading to its
continuous regeneration, which significantly consumes active lithium. This mechanism
remains a major contributor to accelerated capacity fade [32,34].
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Figure 4. Schematic diagram of SEI degradation pattern on the graphite anode side of the LFP cell.
The image was taken with permission [33].

Several studies have delved into the degradation mechanisms of LiFePO4 batteries
under elevated temperatures. For instance, Kassem et al. [35] conducted post-mortem anal-
yses on eight Ah LiFePO4/graphite commercial batteries stored at varying temperatures
and SOC. They observed that elevated temperatures and high SOC levels exacerbated the
decomposition and regeneration of the SEI film on the graphite anode. Significantly, the
change in anode impedance was more pronounced than that of the cathode, with active
lithium consumption emerging as the primary driver of battery degradation. Similarly,
Lewerenz et al. [36] conducted cyclic tests on eight Ah LiFePO4/graphite cells at 40 ◦C.
Detailed analysis of the covering layer on the anode’s surface following cyclic aging un-
veiled a composition that included plated active lithium, deposited iron, and the SEI film.
The dissolution of Fe from the cathode was attributed to the elevated temperature. In
the later stages of aging, segments of the anode became deactivated due to limited Li+

ion conductivity. This led to an accelerated capacity decline and a noticeable increase in
internal resistance.
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3.2. Cathode Side

At standard ambient temperatures, the LiFePO4 cathode is known for its stability and
reliability, distinguishing it from many other LIB cathodes. However, at elevated temper-
atures, the dissolution of Fe2+ ions becomes evident and is recognized as a contributing
factor to accelerated capacity loss [32,34].

Considerable research efforts have been dedicated to studying the mechanism of
Fe dissolution in LiFePO4 batteries and its effects on cell performance and capacity loss.
Substantial progress has been achieved. Initially, only dissolved Fe in the electrolytes of
LiFePO4/graphite cells could be detected. However, examinations of graphite-based anode
using energy-dispersive X-ray spectroscopy revealed no detectable iron deposits [37]. Later,
many studies consistently showed that Fe deposition on the anode led to battery capacity
degradation. Lai et al. [38] and Iltchev et al. [39] investigated the impact of Fe2+ dissolution
in the electrolyte on cell performance. Their findings pointed to the reduction of Fe2+ on the
surface of the anode, resulting in expedited electrolyte decomposition and the obstruction
of the reversible intercalation of Li+ ions into the graphite electrode. Amine et al. [40] also
illustrated a strong correlation between the dissolution, deposition, and possible reduction
of Fe2+ on the anode’s surface and capacity loss. Ongoing electrolyte decomposition occurs
on the deposited metallic iron, resulting in heightened cell impedance and reduced capacity
retention. Komaba et al. [41] revealed that Fe2+ ions were electrochemically reduced on
the graphite anode during discharge, creating metal deposits that impede lithium ion
intercalation into the graphite and, in some instances, expedite electrolyte decomposition,
resulting in the formation of a thick SEI layer. The schematic diagram of iron dissolution is
shown in Figure 5 [42]. Striebel et al. corroborated these findings but detected iron oxide
deposits rather than metallic iron on the anode’s surface [43]. Zaghib et al. proposed another
dissolution mechanism, linking Fe dissolution to Fe oxide impurities in LiFePO4 [44].

Sustain. Chem. 2025, 6, x FOR PEER REVIEW 7 of 25 
 

 

3.2. Cathode Side 

At standard ambient temperatures, the LiFePO4 cathode is known for its stability and 
reliability, distinguishing it from many other LIB cathodes. However, at elevated temper-
atures, the dissolution of Fe2+ ions becomes evident and is recognized as a contributing 
factor to accelerated capacity loss [32,34]. 

Considerable research efforts have been dedicated to studying the mechanism of Fe 
dissolution in LiFePO4 batteries and its effects on cell performance and capacity loss. Sub-
stantial progress has been achieved. Initially, only dissolved Fe in the electrolytes of 
LiFePO4/graphite cells could be detected. However, examinations of graphite-based an-
ode using energy-dispersive X-ray spectroscopy revealed no detectable iron deposits [37]. 
Later, many studies consistently showed that Fe deposition on the anode led to battery 
capacity degradation. Lai et al. [38] and Iltchev et al. [39] investigated the impact of Fe2+ 
dissolution in the electrolyte on cell performance. Their findings pointed to the reduction 
of Fe2+ on the surface of the anode, resulting in expedited electrolyte decomposition and 
the obstruction of the reversible intercalation of Li+ ions into the graphite electrode. Amine 
et al. [40] also illustrated a strong correlation between the dissolution, deposition, and 
possible reduction of Fe2+ on the anode’s surface and capacity loss. Ongoing electrolyte 
decomposition occurs on the deposited metallic iron, resulting in heightened cell imped-
ance and reduced capacity retention. Komaba et al. [41] revealed that Fe2+ ions were elec-
trochemically reduced on the graphite anode during discharge, creating metal deposits 
that impede lithium ion intercalation into the graphite and, in some instances, expedite 
electrolyte decomposition, resulting in the formation of a thick SEI layer. The schematic 
diagram of iron dissolution is shown in Figure 5 [42]. Striebel et al. corroborated these 
findings but detected iron oxide deposits rather than metallic iron on the anode’s surface 
[43]. Zaghib et al. proposed another dissolution mechanism, linking Fe dissolution to Fe 
oxide impurities in LiFePO4 [44]. 

Iron dissolution was primarily attributed to an ion exchange reaction between the 
iron in LiFePO4 and protons from the formation of HF in organic solvent-based electro-
lytes containing LiPF6 as a conducting salt. When using LiBOB as the conducting salt, 
higher capacity retention and significantly lower dissolved iron levels were observed due 
to the absence of HF [8]. Additional research indicated that the use of acid scavengers in 
electrolytes substantially reduced Fe2+ dissolution [28]. 

 

Figure 5. Schematic of LFP cathode iron dissolution. The image was taken with permission [42]. 

  

Figure 5. Schematic of LFP cathode iron dissolution. The image was taken with permission [42].

Iron dissolution was primarily attributed to an ion exchange reaction between the iron
in LiFePO4 and protons from the formation of HF in organic solvent-based electrolytes
containing LiPF6 as a conducting salt. When using LiBOB as the conducting salt, higher
capacity retention and significantly lower dissolved iron levels were observed due to
the absence of HF [8]. Additional research indicated that the use of acid scavengers in
electrolytes substantially reduced Fe2+ dissolution [28].
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3.3. Effect of Electrolyte

The electrolyte plays a critical role in lithium-ion batteries, impacting their cycling
performance, power, safety, and capacity. An ideal electrolyte must exhibit exceptional
electrochemical and thermodynamic stability. The commonly used electrolyte salt LiPF6

in commercial LIBs is sensitive to moisture and is thermally unstable, resulting in the
generation of hydrogen fluoride (HF) and phosphorus oxyfluoride (POF3) through re-
actions like LiPF6 + H2O/2HF + LiF + POF3 and accelerated thermal decomposition
(LiPF6/LiF + PF5) at elevated temperatures [28]. Both PF5 and POF3 act as strong Lewis
acids, initiating the decomposition and polymerization of cyclic carbonate solvents such
as EC [45]. HF, being a strong acid, corrodes SEI layers on anodes and active cathode
materials, particularly Li transition metal oxides, leading to transition metal dissolution,
capacity degradation, and reduced cycle life [46–49]. While additives in the electrolyte
provide partial solutions to these issues related to LiPF6, the search for alternative lithium
salts with high-temperature and water stability continues. LiTFSI, due to its excellent
stability in heat and water, is a promising electrolyte salt for Li-ion batteries. However, its
strong corrosion behavior on aluminum current collectors (Al oxidative potential around
3.7 V vs. Li/Li+) [50] limits its application, likely linked to the mechanism of Al
oxidative dissolution.

4. Modification Methods
The commercial viability of LiFePO4 batteries has long been hindered by their poor

high-temperature cycling stability. However, in recognition of their inherent safety and
efficient performance, researchers have intensified their efforts, successfully overcoming
these technical challenges. As a result, several methods have emerged to enhance their
high-temperature storage capabilities. Here, we provide a concise overview of these various
modification techniques.

4.1. Anode Protection

Chang et al. demonstrated that the cyclic performance of LiFePO4/carbon cells could
be significantly enhanced by depositing a thin layer of specific metals onto the carbon elec-
trode [51]. Figure 6 illustrates the results of the cyclic performance tests for LiFePO4/carbon
cells with different metal coatings. Notably, these cells initially exhibited similar capacities
around 145 mAh g−1 but demonstrated varying rates of capacity degradation over cycling.
These can be categorized into two groups: one featuring Au and Cu coatings, which ex-
hibited significantly reduced capacity fading, and the other with Fe, Ni, Co, or Ti coatings,
showcasing faster capacity degradation compared with the pristine cell.

Scanning electron microscopy (SEM) analysis revealed a consistent correlation between
the capacity fading rates and the amount of SEI deposition. Higher fading rates were
associated with greater SEI material formation on the cycled carbon electrode surface.
In line with Figure 6a, the Ti-coated cells exhibited the fastest capacity decay and the
most abundant SEI deposition. Compared to the original battery, the iron-coated carbon
electrode exhibits a more rapid capacity decay, which is consistent with the view that iron
deposition on the surface of the carbon electrode can accelerate the formation of the SEI,
thereby hastening capacity degradation. Cobalt and nickel coatings also react with the
electrolyte to produce by-products, catalyzing the formation of SEI, leading to battery
capacity degradation. Conversely, the Au-coated carbon electrode exhibited the least SEI
formation, resulting in the least capacity degradation. Interestingly, the Au and Cu coatings
appeared to act as “sieving layers”, preventing the diffusion of metal ions into the interior
of the anode layer. Consequently, by collecting Fe ions on the superficial Au and Cu layers,
it became possible to reduce the overall SEI formation and mitigate capacity fading.
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More surface modification strategies for anodes have also been proven to be effective
in enhancing the high-temperature performance of LiFePO4/carbon LIBs. Lee et al. [52]
demonstrated that a carbon coating layer with a turbostratic structure, which was prepared
by decomposing polyvinylchloride (PVC) on a graphite surface, protected graphite grains
from electrolyte attack. They concluded that this carbon layer significantly improved the
electrochemical performance and thermal stability of graphite electrodes at elevated tem-
peratures. Another study by Park et al. [53] revealed that a thermal decomposition process
involving H3PO4 and H3BO3 successfully incorporated phosphorus and boron into the
surface of natural graphite, forming chemical bonds with carbon. This method results in the
creation of a stable SEI film on the anode surface, reducing lithium ion consumption at high
temperatures. This has proven to be an effective approach to enhance the electrochemical
and thermal stabilities of natural graphite anodes in lithium-ion batteries.

In the study by Yen et al. [54], a combination of small-sized mesophase graphite
(SMG) with natural graphite was investigated, with a particular focus on the impact of
two different binders—polyvinylidene difluoride (PVDF) and styrene-butadiene rubber
(SBR)/carboxymethyl cellulose (CMC)—on various performance aspects at elevated tem-
perature. This included the capacity, rate capability, and cycle life of the SMG anode
in an SMG/LiFePO4 cell designed for high-temperature (55 ◦C) operation. The cycling
performance (see Figure 6b) indicates that the use of an SBR/CMC binder at the anode
significantly enhances the high-temperature cycle life of the entire lithium-ion battery (LIB).
The surface morphologies of the SMG anodes in the 18650 cells after one and five cycles
were compared, as shown in Figure 6c,d. For the anode using a PVDF binder, a relatively
thick SEI layer had already formed after just one cycle, exhibiting prominent cracks and
additional deposited particles on the surface (Figure 6c). In contrast, the SBR/CMC-binder
anode developed a much thinner SEI layer after the first cycle, allowing the original mor-
phology of the graphite particles to be clearly observed beneath the surface (Figure 6d).
These findings indicate that the formation of the SEI layer on the SBR/CMC-binder anode
was considerably slower compared with the PVDF-binder anode, which corresponded to
the slower capacity fading observed in the SBR/CMC-binder cell relative to the PVDF-
binder cell (Figure 6b).

In a separate investigation, Park et al. [55] presented an alternative method for an-
odic modification. In contrast to previous studies, their focus was on the impact of the
graphite powder particle size on the thermal stability of graphite anodes. The researchers
investigated the thermal stability of lithiated flake-type graphite electrodes with different
particle sizes when heated in a 1.0 M LiPF6 EC–DEC electrolyte. The results showed that
the decomposition rate of the SEI layer accelerated with decreasing graphite particle size.
Larger graphite particles, conversely, exhibited better high-temperature stability.

Subsequently, Li [56] coated LiFePO4@C with SiO2 layers using a sol–gel method.
They found that the SiO2 coating significantly improved the cycle stability of the cells
by enhancing the charge transfer kinetics. This improvement was attributed to the SiO2

layer on the particle surface, which effectively prevents direct contact between the LiFePO4

particles and the electrolyte solution. As a result, the structural stability of the material is
enhanced, the interfacial resistance is reduced, and the Li-ion conductivity is increased. In
addition to reducing the resistance and preventing direct contact with the electrolyte, the
SiO2 coating was also believed to regulate the insertion of Li+ into the LiFePO4 structure
by increasing the ordering of the outer lattice in the particles.
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4.2. Cathode Protection

Surface coatings have been proven to be effective in mitigating issues related to high-
temperature metal dissolution and cycling deterioration. In a study conducted by Yang
et al. [57], a spherical porous SP-LFP/C composite was fabricated using a spray-dry (SP)
method and post-sintering techniques. To enhance the high-temperature performance of
the SP-LFP/C material, they employed Li4Ti5O12 (LTO) surface modification through the
sol–gel method. The synthesis flowchart is shown in Figure 7a. The results demonstrated
that the LTO-coated SP-LFP/C composite significantly mitigated the capacity fading rate
at 55 ◦C (0.028 mA h cycle−1) when subjected to testing at a 3 ◦C rate for 200 cycles. This
was in stark contrast to the bare SP-LFP/C material, which exhibited a fading rate of
0.405 mA h cycle−1. Figure 7b shows further high temperature electrochemical tests. The
results showed that the SP-LFP/C cathode material with a 3% LTO coating exhibited the
best cycling stability at high temperature, and less capacity degradation after 200 cycles.
Interestingly, the LTO coating served a dual purpose, acting as both an ionic conductor
layer to maintain high Li+ ionic conductivity and a barrier layer to prevent Fe2+ dissolution.
Consequently, the LTO-coated SP-LFP/C composite holds promise as a suitable candidate
for lithium-ion batteries in high-power and high-temperature applications.

In addition to the aforementioned coating modification methods, elemental doping
provides a viable approach [58]. Lee et al. [59] employed an anion doping method to prepare
sulfur-doped LiFePO4 using the traditional sol–gel method. Figure 7c illustrates the high-
temperature cycling performance of sulfur-doped and unmodified LiFePO4, demonstrating
that the doped batteries exhibited favorable stability during high-temperature cycling.
Liao et al. [60] introduced fluoride ions into LiFePO4, which also led to an enhancement
in the high-temperature cycle life of the battery. Furthermore, Mi et al. [61] employed a
cationic doping method, uniformly introducing minor Mn into well-defined LiFePO4/C
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compounds. Results showed that Mn-doping contributed to an extended cycle life for the
battery under high-temperature conditions.
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image was taken with permission [59].

Wang [62] prepared LiFePO4 material with a compacted density of 2.73 g/cm3 by
increasing the compact density of electrode laminates. The discharge energy density of
the LFP/C battery (18650 cell) reached 7.0 Wh, which was 5.6–10% higher than that of the
electrodes with lower compaction densities. By controlling the particle size distribution
of the precursor slurry through sand grinding, they reduced the widening of the distribu-
tion range, ultimately resulting in an almost normal distribution of LiFePO4/C particles.
Their research demonstrates that electrodes with high compaction exhibit a lower voltage,
suggesting that the highly compacted material has better wettability with the electrolyte,
allowing for faster equilibrium attainment. In highly compacted battery systems, the in-
teraction between the electrodes and the electrolyte is more stable, leading to improved
performance at both high and low temperatures. Wang’s study confirms these findings [62].

Yang et al. [63] synthesized a LiFePO4/C-PPy composite material to enhance high-
temperature stability. The resulting sample demonstrated excellent cycling stability
at a 5C charge–discharge rate at 55 ◦C, maintaining a specific capacity retention of
140 mAh g−1 and preserving the discharge voltage at 3.25 V vs. Li+/Li after 300 cy-
cles. The notable enhancement in the electrochemical performance of the LiFePO4/C-PPy
electrode was attributed to improved electrical conductivity, minimal iron dissolution, and
reduced electrode cracking facilitated by the PPy coating.
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A well-designed surface coating layer can effectively suppress HF attack and prevent
Fe dissolution. Additionally, element doping strategies can enhance the electronic conduc-
tivity of the surface-modified electrode at elevated temperatures. Therefore, combining
element doping with surface decoration strategies appears to be a promising approach and
warrants further investigation [64].

4.3. Electrolyte Modification

Commercial LIB electrolytes typically contain LiPF6 as the conducting salt mixed
with various organic carbonates [27,65–67]. However, during cycling, especially at ele-
vated temperatures, the salt decomposition yields acidic products, such as HF, potentially
leading to increased iron dissolution [27,28]. Numerous studies have explored the is-
sue of iron dissolution from LiFePO4 (LFP) into lithium-ion battery (LIB) electrolytes,
attributing it to an ion exchange reaction between electrolyte-derived protons and Fe2+ in
LiFePO4 [28,40,43].

To address this concern, Amine et al. [40] improved the high-temperature performance
of LiFePO4/graphite cells by using a LiBOB electrolyte and Li4Ti5O12 as the anode material
(in which no issues related to SEI were involved as in carbon-based anodes), reducing Fe
dissolution. Wu et al. [68] demonstrated that the addition of VC to the electrolyte effectively
reduced Fe dissolution in LiFePO4-based cells, enhancing their cycling performance at
55 ◦C. They evaluated two 18650-type full-cell Li-ion batteries, one containing a LiFePO4

cathode and a MCMB anode with the VC additive, and the other without VC. The VC-
added cell showed improved cycling performance, retaining about 80% of its initial capacity
after 980 cycles at 55 ◦C (as shown in Figure 8a). SEM images (Figure 8b,c) revealed that
the VC-containing cell displayed no deposited film on the anode’s surface and preserved
the granular morphology of the MCMB particles even after 100 cycles. In contrast, the
non-VC cell exhibited significant Fe deposition and SEI formation on both the cathode and
anode, resulting in capacity loss. ICP analysis of the cycled MCMB anodes indicated that
cells containing VC had anodes with Fe contents of 50 ppm and 240 ppm after 100 and
980 cycles, respectively. In contrast, the Fe content substantially increased to 1807 ppm
after just 100 cycles when VC was absent. In summary, the addition of VC additives in
the electrolyte significantly enhanced the high-temperature cycling performance of the
LiFePO4-based Li-ion cells, suppressing Fe dissolution and SEI formation.
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Concerning the use of LiTFSI as an alternative lithium salt with high-temperature
and water stability to address issues related to LiPF6, a new problem emerges due to its
strong corrosive behavior on aluminum current collectors (Al oxidative potential around
3.7 V vs. Li/Li+) [50]. To inhibit Al foil corrosion at elevated temperature, a dual salt
system in the electrolyte has been developed. Matsumoto et al. discovered that high LiTFSI
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concentrations facilitate the formation of a protective LiF film on aluminum foil [69], while
the addition of LiBOB can also help create effective passivation films on the Al foil [47,66,70].
The exact mechanisms behind this film formation have not been entirely elucidated, but it is
believed that compounds from LiBOB help protect the Al foil from LiTFSI-based electrolyte
corrosion. Chen et al. [71] systematically studied mixed salts of LiTFSI and LiBOB (each
at >5 wt% in the electrolyte) in a LiFePO4 battery system, finding that the corrosion of Al
foil in LiTFSI-based electrolytes can be successfully suppressed by using LiBOB as a co-salt.
This resulted in excellent high-temperature cycling stability and good room temperature
rate capability, making the LiTFSI0.6-LiBOB0.4-based electrolyte a promising candidate for
high-temperature Li-ion batteries.

However, the limited solubility and conductivity of LiBOB in carbonate solvents, espe-
cially at low temperatures and high rates, hinder its use as a sole electrolyte salt, limiting
the further commercialization of lithium iron phosphate batteries. LiODFB has a structure
similar to LiBOB, suggesting that its addition might protect Al foil from corrosion in LiTFSI-
based electrolytes. Li et al. employed LiTFSI and LiODFB in LiFePO4-based batteries and
found that cells using LiTFSI0.6-LiODFB0.4-based electrolytes exhibited outstanding cycling
stability and rate performance, surpassing cells with LiPF6-based electrolytes. Adding
LiODFB to LiTFSI-based electrolytes successfully suppressed Al corrosion, offering the ad-
vantage of lower cost, increased safety, competitive theoretical capacity (170 mAh g−1), and
higher electrical conductivity. This suggests its potential widespread use in the future [72].

Liang et al. [73] developed a room-temperature ionic liquid-based polymer electrolyte
(RTIL-PE) by combining 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([BMPy][TFSI]), LiTFSI, LiBOB, and poly(ethylene glycol) diacrylate (PEGDA). Electro-
chemical testing of the LFP|RTIL-PE|Li batteries showed that at 0.2 C and 50 ◦C, the
RTIL-PE-based cell maintained an average coulombic efficiency exceeding 99.4%. The cell
demonstrated a capacity retention of approximately 91.1% after 100 cycles and around
52.2% after 500 cycles, indicating excellent electrochemical stability at high temperatures.
These findings suggest that RTIL-PE is a promising and safe electrolyte for next-generation
electrochemical energy storage systems.

Recent studies have also highlighted the significance of drying protocols in water
retention and the subsequent performance of various electrode materials. Logan et al. [74]
examined the impact of water contamination and various electrolyte additives on the
performance of LFP/graphite cells. Consistent with earlier findings, the presence of
electrolyte additives, such as VC [68], mitigated capacity degradation at high temperatures,
thereby enhancing the cycling stability of the batteries. In contrast, cells with no electrolyte
additives (control electrolyte) exhibited poor performance, which could be significantly
improved by vacuum drying the cells at higher temperatures to remove excess water.

4.4. Binder, Separator and Current Collectors Modification

The performance of lithium-ion batteries is primarily determined by the properties of
the electrode active materials and electrolytes, as previously discussed. However, binders
also play a crucial role in influencing the electrochemical performance of these batteries.
They affect electronic and ionic conductivity, connect electrode assemblies, and maintain
electrode cohesion over time [75,76].

Polyvinylidene fluoride (PVDF) is one of the most commonly used polymer binders
in lithium-ion batteries. However, PVDF is expensive, difficult to recycle, and requires
the use of hazardous solvents such as N-methyl-2-pyrrolidone (NMP), which is toxic
and environmentally damaging [77]. Furthermore, its high-temperature stability is lim-
ited. To address these issues, water-soluble alternatives are being explored to enhance the
electrochemical performance of lithium-ion batteries. Water-based binders also offer an
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environmentally friendly manufacturing approach [78]. In one study by Ding et al. [79], a
new three-component polymer gel binder (PGB) was developed, consisting of chitosan, an
ionic liquid (1-butyl-1-methylpyrrolidinium dicyanamide (PYR14 DCA)), and LiTFSI for
use in LiFePO4 electrodes. The addition of PYR14 DCA increases the availability of free
amino and hydroxy groups by dissociating chitosan chains, enhancing the binding of each
electrode component to the current collector. Their research demonstrated that LFP/PGB
exhibited stable cycling performance at 60 ◦C, with a capacity retention of approximately
70% after 100 cycles at a high rate of 10 C (corresponds to a current that enables full
charge or discharge in 6 minutes). Additionally, Ding et al. [80] prepared thick electrodes
(4.5 mg cm−2 mass loading) using a simple coating process. Their study showed
that LFP/PGB electrodes exhibited significantly better rate capabilities compared with
LFP/PVDF electrodes across all C-rates. At a particularly high current density of 30 C,
LFP/PGB still maintained a steady capacity of at least 123 mAh g−1, while LFP/PVDF
electrodes showed a near-zero capacity. This enhanced performance was attributed to
the improved electronic conductivity provided by carbon black particles along the chi-
tosan polymer chains and the increased lithium-ion transfer ability from the addition of
LiTFSI and the ionic liquid. In summary, the PGB binder’s unique composition over-
comes the limitations of PVDF, improving the electrochemical performance, particularly
at elevated temperatures, and thus enhancing the high-temperature cycling stability of
LiFePO4 batteries.

Separators are also vital components of lithium-ion batteries, serving not only as
porous channels for ionic transport but also as barriers preventing physical contact between
the anode and cathode [81]. One of the key reasons for poor high-temperature cycling
performance in LiFePO4 batteries is the dissolution of iron at elevated temperatures, leading
to its deposition on the anode and significant capacity degradation. Therefore, designing
diaphragms with excellent mechanical properties and high thermal stability is essential to
improve the high-temperature cycling performance of lithium iron phosphate batteries.

Several factors must be considered when designing high-performance diaphragms.
They must be chemically inert under both reduction and oxidation conditions in organic
electrolyte solutions. Additionally, diaphragms should have high porosity to allow for ion
flow, but sufficient tortuosity to prevent the growth of lithium dendrites. They must also
be absorbent to maintain electrolyte wettability, mechanically robust, and thermally stable
over a wide range of temperatures. Moreover, diaphragms should exhibit good flame
retardancy and high ionic conductivity, with an ionic transference number approaching
unity. Currently, commercial separators, such as Celgard separators, are typically made
from porous polyolefin films like polypropylene (PP), polyethylene (PE), or a mixture of
these materials [82].

In recent years, several innovative strategies have been employed to design and
prepare lithium-ion battery separators, with many new separators emerging beyond con-
ventional polyolefin-based designs. One strategy involves coating inorganic particles on
the surface of polyolefin-based separators to enhance their properties. For example, a
polyacrylonitrile separator with increased porosity and improved electrolyte wettability
can be fabricated using an electrospinning method [83], while Al2O3-modified polyolefin
membranes offer better electrolyte wettability and thermal stability [84]. Another approach
is to develop full-inorganic separators to improve the thermal stability of the battery. These
can include SiO2 particles that self-assemble into hollow mesoporous structures [85] or
nonwoven ZrO2 ceramic membranes with robust nanofiber microstructures [86]. Despite
these advances, challenges remain in developing separators that balance high porosity,
excellent electrolyte wettability, thermal stability, and mechanical strength [87].
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In a recent study, a polyacrylonitrile/boric acid/melamine/delaminated BN nanosheet
electrospun fiber membrane (PB3N1BN) was fabricated, which exhibited excellent me-
chanical properties, high thermal stability, superior flame-retardant performance, and
good electrolyte wettability [82]. The electrochemical behavior of this PB3N1BN mem-
brane was evaluated in high-temperature conditions, with devices assembled using
LiFePO4/PB3N1BN/Li and LiFePO4/PP/Li tested at 80 ◦C and 100 ◦C. The results showed
that the LiFePO4/PB3N1BN/Li device maintained a high capacity of 152 mAh g−1 at 1.0 C
without significant capacity decay after 60 cycles at 80 ◦C. In contrast, the LiFePO4/PP/Li
device exhibited a notable capacity reduction, with only 137 mAh g−1 remaining. These
findings indicate that the LiFePO4/PB3N1BN/Li device demonstrates excellent electro-
chemical stability at high temperatures, and the PB3N1BN electrospun fiber membrane
shows promising potential as a separator for lithium-ion batteries.

In addition to this, the modification of the collector can also enhance the stability of
LFP cells and mitigate the dissolution of transition metals at high temperatures. The most
common method of collector modification is carbon coating.

Graphite carbon has high thermal stability, excellent electrical conductivity, industrial
reliability, low cost, and most importantly, non-toxicity, which make it a preferred choice
for collector carbon-coating materials in a variety of applications [88,89]. The category of
graphitic carbons includes a wide range of materials such as carbon nanotubes (CNTs),
graphene, graphene oxide (GO), reduced GO (rGO), graphdiyne (GDY), and so forth. It im-
proves the electronic conductivity of the collector, reduces the interfacial resistance between
the electrode material and the collector, and establishes a stable interface that ultimately
improves the overall performance and life cycle of the battery. In addition, the carbon
layer acts as a protective barrier to prevent aluminum from corroding or reacting with the
electrolyte, especially at higher potentials. While the addition of a graphite-carbon coating
adds an extra step to the manufacturing process, which may increase costs, the improve-
ment in battery life and performance often outweighs this drawback. Cost-effectiveness
also depends on the scale of production; for large-scale production, economies of scale
can make the coating process more affordable. However, for small-scale or customized
applications, the additional costs may be more significant. Introducing graphitic carbon
coatings into aluminum current collectors can complicate the manufacturing process. The
coating must be uniform, adhere well to the aluminum surface, and maintain its integrity
during battery cycling [88].

4.5. State-of-Charge (SOC) Control

Early studies suggest that maintaining LiFePO4-based LIBs within a medium state-
of-charge (SOC) range enhances their stability compared with high or low SOC cycling
(Figure 9a) [90]. Electrochemical tests, such as GITT and EIS analyses, reveal higher
impedance polarization in LiFePO4/carbon LIBs cycled at high or low SOC. This results
from pronounced side reactions between the electrolytes and electrodes and visible struc-
tural changes in both the LiFePO4 and anode materials during very high or very low
SOC conditions. Precise SOC control mitigates degradation, bolsters LiFePO4/carbon LIB
cycling stability, and aids in accurate performance degradation prediction models [91].
Nevertheless, Sauer et al. found that cycling degradation at 1 C between 45% and 55%
SOC exceeded that between 50% and 100% depth-of-discharge (DOD) [92]. Furthermore,
cycling at 4.0 C displayed a lower degradation rate than at lower charge/discharge rates
(Figure 9b), warranting further investigation. Molaeimanesh et al. [93] investigated the cy-
cling performance of lithium iron phosphate (LFP) batteries under different state-of-charge
(SOC) conditions (30%, 50%, and 100%) at 55 ◦C. The results revealed that capacity degra-
dation was minimal at 50% SOC, while it was most severe at 100% SOC. These findings
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suggest that maintaining the battery around 50% SOC is an effective strategy to minimize
capacity loss and enhance battery longevity.

Sustain. Chem. 2025, 6, x FOR PEER REVIEW 16 of 25 
 

 

4.5. State-of-Charge (SOC) Control 

Early studies suggest that maintaining LiFePO4-based LIBs within a medium state-
of-charge (SOC) range enhances their stability compared with high or low SOC cycling 
(Figure 9a) [90]. Electrochemical tests, such as GITT and EIS analyses, reveal higher im-
pedance polarization in LiFePO4/carbon LIBs cycled at high or low SOC. This results from 
pronounced side reactions between the electrolytes and electrodes and visible structural 
changes in both the LiFePO4 and anode materials during very high or very low SOC con-
ditions. Precise SOC control mitigates degradation, bolsters LiFePO4/carbon LIB cycling 
stability, and aids in accurate performance degradation prediction models [91]. Neverthe-
less, Sauer et al. found that cycling degradation at 1 C between 45% and 55% SOC ex-
ceeded that between 50% and 100% depth-of-discharge (DOD) [92]. Furthermore, cycling 
at 4.0 C displayed a lower degradation rate than at lower charge/discharge rates (Figure 
9b), warranting further investigation. Molaeimanesh et al. [93] investigated the cycling 
performance of lithium iron phosphate (LFP) batteries under different state-of-charge 
(SOC) conditions (30%, 50%, and 100%) at 55 °C. The results revealed that capacity degra-
dation was minimal at 50% SOC, while it was most severe at 100% SOC. These findings 
suggest that maintaining the battery around 50% SOC is an effective strategy to minimize 
capacity loss and enhance battery longevity. 

 

Figure 9. EIS at different SOC values when charging, with 10 min rest time at 25 °C (a). The image 
was taken with permission [90]. Trend in the relative capacity of the cycle degradation tests at 50% 
DOD and C-rates of 1.0, 2.0, 4.0, and 8.0 C at 40 °C (b). The images were taken with permission [92]. 

4.6. Thermal Runaway Detection 

In addition to the aforementioned improvement methods, thermal runaway (TR) de-
tection technology for lithium iron phosphate batteries presents a valuable approach to 
enhance safety. 

Jia et al. [94] outlined the thermal runaway chain reaction of LFP batteries in four 
distinct stages, as illustrated in Figure 10a. In stage I, the LFP battery is subjected to exter-
nal abuse conditions. This leads to self-heating, marking the transition to stage II. Once 
the SEI layer decomposes, the lithiated graphite anode loses its protective layer, allowing 
it to react with the electrolyte, which generates heat and gas. As the electrolyte evaporates 
and gas is produced under high temperatures, the internal pressure of the battery gradu-
ally rises. When this pressure reaches the threshold value of the safety valve’s opening 
pressure, the valve opens. In stage III, the opening of the safety valve releases large 
amounts of gases, liquids, and solid particles from inside the battery. This can lead to gas 
venting and potential flame behavior, resulting in thermal runaway in stage IV. Therefore, 
effective monitoring and early warning systems are crucial for managing battery safety. 

Figure 9. EIS at different SOC values when charging, with 10 min rest time at 25 ◦C (a). The image
was taken with permission [90]. Trend in the relative capacity of the cycle degradation tests at 50%
DOD and C-rates of 1.0, 2.0, 4.0, and 8.0 C at 40 ◦C (b). The images were taken with permission [92].

4.6. Thermal Runaway Detection

In addition to the aforementioned improvement methods, thermal runaway (TR)
detection technology for lithium iron phosphate batteries presents a valuable approach to
enhance safety.

Jia et al. [94] outlined the thermal runaway chain reaction of LFP batteries in four
distinct stages, as illustrated in Figure 10a. In stage I, the LFP battery is subjected to external
abuse conditions. This leads to self-heating, marking the transition to stage II. Once the
SEI layer decomposes, the lithiated graphite anode loses its protective layer, allowing it to
react with the electrolyte, which generates heat and gas. As the electrolyte evaporates and
gas is produced under high temperatures, the internal pressure of the battery gradually
rises. When this pressure reaches the threshold value of the safety valve’s opening pressure,
the valve opens. In stage III, the opening of the safety valve releases large amounts of
gases, liquids, and solid particles from inside the battery. This can lead to gas venting and
potential flame behavior, resulting in thermal runaway in stage IV. Therefore, effective
monitoring and early warning systems are crucial for managing battery safety.

In the effective management of battery system safety, a well-designed temperature
monitoring strategy is essential. This strategy should include tracking both the battery’s
temperature and its rate of temperature rise, with particular attention to sudden changes in
the temperature rise rate, which can serve as an early warning for potential issues [95,96].
Zhou et al. [97] highlighted that research in China has focused on developing early warning
technologies for battery thermal runaway given the multiple factors that can trigger such
events. These technologies utilize various monitoring systems tailored to specific risks.
For example, thermal runaway due to overheating can be detected through single-unit
temperature or temperature rise monitoring systems. Overcharging, over-discharging, and
internal short-circuit initiation within the battery can be monitored via a single-voltage
monitoring system. Jia et al. [94] analyzed the warning signals of eight key parame-
ters of the battery system and summarized their response order as follows: temperature
signal → infrared imaging → gas pressure and external stress → EIS signal → voltage
signal → sound signal → ejection image recognition → gas signal. The sequence and
advantages of these response signals are outlined in Figure 10b. The first five warning
signals occur before safety venting, which is generally considered to be an early warning.
Among these, the temperature and pressure signals are the earliest to respond due to the
heat and gas generation characteristics of LFP batteries during the early stages of thermal
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runaway (TR). However, these warning methods require monitoring individual batteries or
modules, which can be costly and complex to implement. In contrast, sound, smoke, and
gas signals in the battery energy storage container (BESC) are more cost-effective and easier
to manage. These signals can also provide warnings after safety venting, which is widely
used in BESCs. Li et al. [98] proposed a multidimensional parameter detection strategy to
identify TR in LFP battery modules, enabling earlier and more accurate warnings using
parameters such as practical expansion force, temperature, and voltage [99]. Based on this,
we recommend a composite warning strategy combining expansion force and characteristic
gas detection for large-scale battery energy storage systems (BESSs), focusing on the battery
module and BESC two-level warning to ensure efficient and accurate early warnings. Addi-
tionally, the monitoring of gas concentration, insulation degradation, ultrasonic detection,
and fiber-optic pressure detection systems can help identify risks such as battery breakage,
leakage, lithium dendrite growth, or the intensification of internal side reactions.
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To further ensure the battery’s safety, cooling systems, such as air cooling or liquid
cooling can be employed to maintain the internal temperature within a safe range. This
helps prevent overheating and ensures that the battery operates smoothly. Zhou et al. [97]
also emphasized that safety protection measures for LiFePO4 batteries should begin with a
thorough inspection of the battery body and continue throughout its entire life cycle. This
proactive approach can significantly reduce the risk of safety incidents during operation,
thereby safeguarding the overall safety of energy storage power stations.
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4.7. Simulation and Forecasting

Density functional theory (DFT), which was applied earlier in the field of electro-
chemical energy storage, is a quantum mechanical method used to calculate the electronic
structure and properties of materials, and can simulate the atomic structure, ion diffusion
rate, and phase transition temperature of materials [100,101]. Machine learning (ML) has
been widely used in the battery field in the last few years, and it can be used to process large
amounts of data, predict material properties, optimize the experimental parameters, and so
on [101–103]. ML and DFT play a key role in improving the high temperature performance
of LFP batteries, and the combination of the two significantly accelerates material design
optimization and performance prediction.

DFT reveals atomic-scale mechanisms through quantum mechanical calculations to
provide theoretical guidance for high-temperature property optimization such as calculat-
ing the migration energy barriers of Li+ at different crystalline surfaces (e.g., (010) channel)
to guide doping (e.g., Mg2+, Ti4+) to broaden the diffusion channels and predict the in-
hibitory effect of doping elements (e.g., Co, Ni) on the LFP lattice distortion to reduce
the volume expansion at high temperatures. ML dramatically shortens experimental cy-
cles through high-throughput screening and performance prediction such as modeling
the correlation between elemental doping (e.g., cation substitution, anion doping) and
high-temperature cycling performance, and predicting the optimal doping ratio [104].
The synergistic effect of DFT and ML can perform a multi-scale modeling framework
and accelerate research and development (R&D) through active learning. The former
can generate microscopic data (e.g., migration barriers, surface energy) by DFT as ML
input to build cross-scale performance prediction models such as combining interfacial
binding energies computed by DFT with ML modeling to predict the inhibitory effect
of carbon cladding thickness on high-temperature Fe dissolution. The latter is formed
by the ML recommendation of potential candidate materials → DFT verification of key
properties → experimental synthesis and validation, forming a closed-loop iteration [101].

In conclusion, machine learning through data-driven efficient screening and density
flood theory through in-depth analysis of microscopic mechanisms synergistically provide
a full chain solution from atomic design to system integration for the optimization of
the high-temperature performance of LFP batteries. With the upgrading of computing
resources and algorithmic innovation in the future, this cross-cutting field is expected to
promote the rapid realization of the next-generation high-security and long-life energy
storage devices.

5. Conclusions and Future Outlooks
In this comprehensive review, we systematically summarized the challenges and strate-

gies associated with the high-temperature stability of LiFePO4/carbon lithium-ion batteries.
While LiFePO4 offers advantages such as cost-effectiveness, safety, and thermal stability, its
performance at elevated temperatures is hindered by Fe2+ dissolution, electrolyte decompo-
sition, and SEI layer growth. Various modification strategies have been explored including
anode and cathode surface modifications, electrolyte optimization, binder and separator
innovations, state-of-charge (SOC) control, thermal runaway detection and prevention as
well as computational and machine learning approaches.

While significant progress has been made in improving the high-temperature stability
of LiFePO4/carbon batteries, several areas warrant further investigation:

(1) Advanced coating materials: Future research should focus on developing novel
coating materials with enhanced thermal and electrochemical stability. Explor-
ing nanomaterials and hybrid coatings could further mitigate Fe dissolution and
SEI growth.
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(2) Electrolyte additives and salts: The development of new electrolyte additives and
salts with improved thermal stability and reduced reactivity with electrode mate-
rials is crucial. Research into ionic liquids and solid-state electrolytes could offer
promising alternatives.

(3) Binder and separator optimization: Continued innovation in binder and separator
materials is needed to enhance their thermal stability, mechanical strength, and ionic
conductivity. The integration of flame-retardant properties into separators could
further improve battery safety.

(4) SOC management strategies: Further studies are required to optimize SOC control
strategies, particularly for large-scale battery systems. Developing adaptive SOC
management algorithms could enhance battery longevity and performance under
varying thermal conditions.

(5) Thermal management systems: Advanced thermal management systems, includ-
ing phase-change materials and active cooling technologies, should be explored to
maintain the optimal operating temperatures and prevent thermal runaway.

(6) Machine learning and DFT integration: The integration of machine learning and
DFT for high-throughput screening and material design holds great potential. Fu-
ture research should focus on developing multi-scale models that can predict bat-
tery performance under high-temperature conditions and guide the synthesis of
new materials.

(7) Real-world validation: While laboratory-scale studies have provided valuable insights,
real-world validation of these strategies in commercial battery systems is essential.
Long-term cycling tests under realistic operating conditions will help identify practical
challenges and refine modification strategies.

(8) Sustainability and recycling: As the demand for LiFePO4 batteries grows, research
into sustainable production methods and recycling technologies will be critical. De-
veloping eco-friendly manufacturing processes and efficient recycling techniques will
ensure the long-term viability of LiFePO4-based energy storage systems.

In conclusion, the high-temperature stability of LiFePO4/carbon batteries remains
a critical area of research, with significant potential for improvement through material
modifications, advanced electrolytes, and innovative thermal management strategies. By
addressing these challenges, LiFePO4 batteries can continue to play a pivotal role in the
transition to sustainable energy storage solutions.
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