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ABSTRACT
Simulation models are of great importance in understanding the complexities of the internal electrochemical processes within

batteries, aiding in design optimization and advancing energy storage technologies. One of the central challenges lies in

predicting battery lifespan and elucidating side reactions under extreme operating conditions. This study aims to design an

electrochemical model that considers multiple side reactions to predict the cycle life of lithium‐ion batteries in high temperature

environments. First, a basic simulation framework is established using a simplified electrochemical‐mechanical coupling

model. Subsequently, multiscale characterization of aged batteries is performed to identify five types of side reactions,

encompassing phenomena such as solid electrolyte interphase (SEI) growth, cracking of negative electrode particles, electrolyte

oxidation and decomposition/deposition of active materials. A comprehensive battery life prediction model is constructed by

modeling these side reactions. Finally, the accuracy of the life prediction is validated using high temperature cycling data.

The conclusions reveal that electrolyte decomposition and the loss of active material are the primary causes of battery

degradation under high temperature conditions.

1 | Introduction

Achieving net‐zero emissions and climate neutrality has placed
increasing emphasis on the development and deployment of
low‐carbon technologies across energy systems [1–6]. Among
these, CO₂ reduction and capture strategies, along with
other emerging low‐carbon approaches, are receiving growing
attention for their potential to directly mitigate greenhouse gas

emissions [7–10]. In parallel, the widespread integration of
renewable energy sources, including solar, wind, and hydrogen,
presents new challenges for energy management, particularly
due to the variability and intermittency of power generation
[11–17]. These challenges highlight the growing need for effi-
cient and dependable energy storage systems to ensure stable
and resilient grid operation [18–21]. Among various storage
technologies, lithium‐ion batteries (LIBs) are widely adopted
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due to their high energy density, long operational lifespan, and
favorable electrochemical performance [22–25]. Nonetheless,
LIBs are subject to gradual degradation during extended use,
especially under elevated temperature or high‐rate cycling
conditions, which can lead to capacity loss, shortened service
life, and increased safety risks [26–29]. Improving the durability
of LIBs is therefore critical for supporting the long‐term
performance and economic feasibility of energy storage in
low‐carbon and renewable energy infrastructures [30, 31]. To
optimize their performance across diverse climatic conditions
and enable reliable health monitoring, a systematic investiga-
tion of the complex interactions between multiple degradation
mechanisms is essential [32–36]. In particular, elevated tem-
perature has been recognized as a major factor accelerating
degradation, yet the predictive modeling of such thermally‐
driven aging processes remains insufficiently explored.

The degradation of LIBs stems from complex, interrelated aging
mechanisms that evolve over time. The direct observation of
internal chemical reactions remains inherently challenging,
particularly in capturing the dynamics of side reactions under
extreme operational conditions, where multiple degradation
pathways interact synergistically [37–39]. To address these
complexities, recent studies have employed advanced modeling
and computational techniques [40]. For instance, Lee et al. de-
veloped an electrochemical‐mechanical phase field model to
simulate the growth of dendrites on the actual electrode surface
morphology [41]. The findings elucidate that the electric field
concentrated at the dendrite tips serves as the principal driving
force for lithium ion transport and the induction of dendrite
growth. Complementing this, Sun et al. [42] used ab initio
molecular dynamics (AIMD) to demonstrate that ethylene car-
bonate (EC) solvent decomposition is the primary origin of solid‐
electrolyte interphase (SEI) formation. Meanwhile, Zhang et al.
investigated the latest developments in comprehending oxygen
loss and structural degradation in layered oxide cathodes [43].
They provided a thorough analysis of the complex reaction
mechanisms linked to oxygen loss‐induced structural degrada-
tion. While extensive research has advanced the understanding
of battery degradation mechanisms through detailed microscale
analyses, a critical knowledge gap persists in establishing robust
correlations between these internal aging processes and the
resultant macroscopic performance deterioration such as capac-
ity loss and lifespan. Current investigations have yet to bridge
this divide, limiting our ability to predict long‐term battery
behavior and develop targeted mitigation strategies.

The longevity or state of health (SOH) of a battery reflects its
current ability to store and deliver energy compared with its
initial condition. Accurate SOH prediction is critical for en-
suring safe energy storage system operation and preventing
thermal/electrical failures. Various modeling approaches have
emerged for capacity degradation forecasting and SOH estima-
tion, including equivalent circuit models (ECMs), empirical
models, electrochemical models, and machine learning tech-
niques [44]. The ECM method treats the parameters of the
equivalent circuit components as state variables. By employing
data fusion techniques such as Kalman filtering, particle fil-
tering, and Unscented Kalman filtering, the method optimizes
estimation results based on the deviations between predicted
and actual values [45–47]. Empirical models for capacity

degradation estimation typically fit known data using polyno-
mial or exponential functions or through parameter identifica-
tion [48–51]. These models often depend on the parameter
identification process, which limits their generalization capa-
bilities and makes them sensitive to environmental factors,
potentially leading to significant errors. In contrast, machine
learning models have gained widespread attention due to their
improved versatility and accuracy in state estimation [52–54].
These algorithms are effective tools for function approximation,
as they can unveil latent mapping relationships between data
points, thereby eliminating the necessity for intricate physical
modeling procedures [55]. However, machine learning models
struggle to handle challenges in out‐of‐distribution (OOD)
generalization, requiring substantial experimental data for
training model parameters and incurring considerable compu-
tational expenses during parameter optimization. These chal-
lenges highlight the limitations of existing data‐driven and
equivalent‐circuit‐based approaches in physically interpreting
capacity fade under varying thermal conditions. A modeling
approach that explicitly considers internal physicochemical
mechanisms while maintaining reasonable computational cost
is therefore essential for high‐temperature reliability analysis.

In comparison to the methods mentioned above, electrochemical
modeling approaches offer distinct advantages by enabling
comprehensive analysis of battery degradation mechanisms
while capturing intricate internal reaction dynamics without
requiring extensive historical training data. For example, Yu et al.
developed a model for calculating battery life cycle capacity
degradation, utilizing a simplified electrochemical model and the
kinetic Monte Carlo (kMC) method [56]. The electrochemical
model provides real‐time internal state variables for kMC cal-
culations, while the kMC model analyzes the growth of SEI films
from a microscopic perspective, focusing on the evolution of
molecules. Similarly, Gao et al. demonstrated the effectiveness of
combining a full‐order Pseudo‐Two‐Dimensional (P2D) model
with dual extended Kalman filters for simultaneous estimation of
state of charge (SOC) and SOH. The model considered SEI
growth as the main factor of degradation and expressed accurate
voltage response across several operating conditions [57]. Cur-
rently, most battery modeling techniques are based on the P2D
model, which couples several differential equations to describe
lithium diffusion in electrodes, redox reactions at the electrode/
electrolyte interface, and lithium‐ion diffusion in the electrolyte.
The P2D modeling framework systematically integrates funda-
mental physicochemical principles to describe battery behavior
across multiple scales. At its core, the model employs: (i) Ohm's
law for electric potential distribution, (ii) Fick's law of diffusion
for ion transport dynamics, (iii) the Butler‐Volmer equation to
quantify electrode reaction kinetics as a function of overpotential,
and (iv) the Nernst equation relating equilibrium potential to
local reaction conditions. This multi‐physics approach not only
captures the three primary operational processes (charge trans-
port, mass transport, and interfacial reactions) but also model
side‐reaction, thereby enabling the accurate capture of processes
such as battery aging, heat generation, gas generation, and
thermal runaway. However, despite the strength of the P2D
framework, most existing models still simplify degradation
behavior by isolating single mechanisms, limiting their ability to
reproduce the coupled aging effects observed under long‐term
high‐temperature cycling.
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Temperature represents a critical, yet understudied factor in
battery safety and performance. While thermal effects signifi-
cantly influence battery behavior, current research exhibits
three key limitations: (1) insufficient investigation of internal
state evolution under elevated temperatures, (2) inadequate
simulation of thermally accelerated side reactions, and (3)
limited predictive capability for high‐temperature aging sce-
narios. Furthermore, existing electrochemical models fre-
quently oversimplify degradation processes by focusing on
isolated aging mechanisms rather than their synergistic inter-
actions [58, 59]. To enhance the accuracy of capacity degrada-
tion prediction for individual batteries under high temperature
conditions, we develop a multi side reaction coupled model for
battery life prediction. By examining the effects and processes of
five aging modes on battery life, including SEI growth, frag-
mentation of negative electrode particles, electrolyte oxidation,
and decomposition/deposition of active materials, the coupling
relationships between multiple aging factors are identified. In
this work, a degradation modeling framework is established by
coupling multiple reaction mechanisms, including SEI growth,
particle fracture in the negative electrode, electrolyte oxidation,
LiPF₆ decomposition, and Mn dissolution. The applicability of
the proposed framework at elevated temperature arises from the
inclusion of these fundamental degradation mechanisms, which
are significantly accelerated at 60°C and thus become domi-
nant. By explicitly representing these processes, the framework
successfully reproduces the observed capacity fade trends
during long‐term cycling and is validated by post‐mortem
characterization (SEM, XPS, XRD, Raman). The framework
therefore provides new insights into degradation behavior
under elevated‐temperature conditions and offers practical
value for assessing battery reliability in high‐temperature
applications. By bridging the gap between theoretical model-
ing and real‐world degradation behaviors at high temperatures
of LIBs, this study will potentially contribute to more reliable
lifetime estimation, especially at high temperatures, improved
fast‐charging protocols and safer battery design. The present
model emphasizes the interactive behavior among multiple
aging mechanisms under continuous high‐temperature cycling.
A simulation framework is constructed to resolve the temporal
and spatial evolution of degradation‐driven variables and their
influence on capacity fade. Model predictions are systematically

compared with electrochemical performance and validated
through post‐mortem observations, including structural, mor-
phological, and compositional changes. This combined model-
ing and experimental strategy enables a more robust
understanding of failure modes under thermal stress and sup-
ports improved predictive capability in battery life assessment.

2 | Methodology

2.1 | Electrochemical Model

The objective of this study is to develop a physics‐based
electrochemical model that will facilitate a more profound un-
derstanding of the electrochemical dynamics under high tem-
perature conditions. Although ambient temperatures exceeding
60°C are rare, this study simulates operating environments
typical of battery packs in electric vehicles and grid‐scale stor-
age systems exposed to external heat, insufficient cooling, or
thermal runaway precursors. For instance, under direct sun-
light or in under‐hood EV placements, local battery tempera-
tures can surpass 60°C, even if ambient conditions are lower
[60–62]. Moreover, international safety standards such as IEC
62660‐2 recommend thermal abuse testing at elevated temper-
atures to evaluate worst‐case scenarios [63]. As illustrated in
Figure 1, the established electrochemical model comprises five
main elements: anode current collector, negative electrode,
separator, positive electrode, and cathode current collector.
The cathode material used in the experiment is NCM523, with
the chemical formula LiNi0.5Co0.2Mn0.3O2. This material pos-
sesses a layered rock‐salt structure of the α‐NaFeO2 type,
belonging to the R‐3m space group. The anode material is
graphite. The material parameters required for modeling are
referenced from the literature [64]. The model is based on the
P2D model, where the transport behavior of lithium ions is only
considered in the thickness direction. The solid phase of the
porous electrode is defined as spherical particles, with the
electrolyte filling the entire space. Therefore, another “pseudo”
dimension, denoted as the radial dimension r through the
thickness of each spherical electrode particle, is also considered
in the electrode domain [65]. In this study, an electrochemical
model was constructed using COMSOL Multiphysics.

FIGURE 1 | Schematic diagram of the P2D model.
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The decomposition/deposition model of Mn was built using the
dilute matter transfer module.

The fundamental equations of the model, which encompass
conservation of mass, conservation of charge and kinetic model
are presented in Table 1.

2.2 | Electrochemical‐Mechanical Couple Model

The stress resulting from the diffusion of Li is intimately asso-
ciated with the distribution of lithium‐ion concentration. The
computation of stress and strain fields induced by lithium‐ion
diffusion is enabled by the treatment of the active material
as isotropic ideal spheres. Under the assumption that that
spherical particles are considered to be linear elastic solids that
are not affected by external forces, their elastic characteristics
remain unaffected by the lithium concentration. The correlation
between stress and strain during lithium‐ion diffusion is illus-
trated as follows:

ε
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where εij is the strain tensor, σij is the stress tensor (Pa), δij is
the Kronecker delta, E is the Young's modulus (Pa), ν is the
Poisson's ratio, Δcs is the change of lithium concentration in the
solid phase (mol·m–3), and Ω is the partial molar volume of
lithium in the active material (m3·mol–1).

In a spherical coordinate system, the aforementioned Equation (7)
can be decomposed into the stress‐strain relationships along the
radial and tangential directions within the electrode:
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where εr and εθ are the radial and tangential strain components,
σr and σθ are the radial and tangential stress components (Pa),
E is the Young's modulus (Pa), ν is the Poisson's ratio, Ω is the
partial molar volume of lithium (mol·m–3), and Δcs is the
change in lithium concentration in the solid phase (m3·mol–1).

For an equivalent spherical particle of the active material, the
strain versus displacement is given by
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where μ is the radial displacement (m), r is the radial coordinate
(m), εr is the radial strain, and εθ is the tangential strain.

During Li insertion, the absence of external forces on the
particle surface results in a radial stress of zero. Moreover, there
exists a finite stress magnitude at the particle center.

Given that the diffusion rate of lithium ions within the
electrode material significantly lags behind the rate of elastic
deformation, the diffusion process is treated as a quasi‐static
equilibrium problem, formulated by Equation (10).

σ

r r
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d
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2
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where σr is the radial stress (Pa), σθ is the tangential stress (Pa),
r is the radial coordinate (m), and dσr/dr is the gradient of radial
stress along the particle radius.

Because the radial stress at the surface of the electrode particles
is zero, and the radial and tangential stresses are approximately
equal at the particle center, the boundary conditions for the
static equilibrium equation:
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where σr is the radial stress (Pa), Rp is the particle radius (m),
and r is the radial coordinate (m). The first condition indicates
that the radial stress vanishes at the particle surface, while
the second condition ensures symmetry at the particle center.

Based on the aforementioned derivation, the radial and
tangential stresses of the electrode particles can be determined,
as depicted by Equation (12).
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where σr(r) and σθ(r) are the radial and tangential stresses (Pa),
E is the Young's modulus (Pa), ν is the Poisson's ratio, Ω is the
partial molar volume of lithium (m3·mol−1), cav(Rp) is the
average lithium concentration within a particle of radius Rp

(mol·m−3), cav(r) is the average concentration within radius r,
and c(r) is the local lithium concentration in the solid phase
(mol·m−3).
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3 represents the average concentration

within a spherical volume with a radius of r (r< Rp). Because

→
c r clim ( ) = (0)av s

r 0
, the expression for Equation (13) is obtained
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where cs(0) is the lithium concentration at the particle center
(mol·m–3). This expression represents the hydrostatic stress at
the particle center.

According to (13), the stress at the center of the sphere is
hydrostatic pressure.
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When the von Mises stress of the electrode particle reaches the
yield stress limit of the material, yielding occurs. In the stress
tensor of a spherical particle, σ r σ r( ) = ( )r ϕ , thus, its specific
expression is:

 
σ r

σ r σ r

c r c r
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= ( ) − ( )
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σ r σ r σ r σ r σ r σ r
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2 2 2

(14)

where σe(r) is the von Mises equivalent stress (Pa), σϕ(r) is
the hoop stress (equal to σθ for spherical symmetry), cav(r)
is the average concentration within radius r (mol·m–3),
and cs(r) is the local lithium concentration at radius r
(mol·m–3).

2.3 | SEI Growth Model

The primary degradation modes observed during battery oper-
ation are loss of active material (LAM) and loss of lithium ions
(LLI) [66]. Among the various factors that contribute to battery
aging, LLI, as manifested in the growth of the SEI and lithium
plating, is regarded as the primary cause. Visual inspection
through battery disassembly experiments reveals the absence of
lithium plating on the negative electrode of the tested batteries.
Moreover, under high temperature conditions, lithium plating
is difficult to occur. Therefore, this study identifies SEI as the
primary aging factor.

The electrolytes of LIBs typically consist of organic carbonate
compounds like EC and dimethyl carbonate (DMC). During the
charge‐discharge cycles, electrolyte reacts with the electrode
surface, resulting in the formation of solid products including
polymerized organic solvents, alkaline carbonates and lithium
salt precipitates. SEI forms on the negative electrode surface,
with its development being most pronounced during the initial
cycling. It functions to stabilize the negative electrode surface,
preventing electrolyte from further decomposition, while also
constraining the diffusion of lithium ions and other electrolyte
components. However, the continuous growth of the SEI layer
persists throughout the battery's lifespan, leading to irreversible
capacity degradation.

Presently, various models have been devised for simulating SEI
growth, including kMC [56, 67, 68], AIMD [69] and the kinetic
limited electrochemical model [70], etc. In this study, to
quantify the capacity degradation stemming from SEI growth,
we assume that the formation of SEI is the reaction of the
electrolyte with lithium ions and EC. This side reaction has the
general form as shown in Equation (15):

→S e Li P+ + SEI
− + (15)

where S represents the solvent, and PSEI is the product formed
in the reaction. The generation of SEI leads to the loss of
cyclable lithium in the battery, increasing in the resistance and
a decrease in the electrolyte volume fraction in the negative
electrode.T
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Assuming that the SEI membrane growth process is irreversible,
the SEI generation process is influenced by the concentration of
EC on the surface of the negative electrode particles as well as
the kinetics of the electrochemical reaction, following the Tafel
equation as (16).


















j
i

F

α F

RT
ϕ ϕ U

j

a
R= − exp − − − −

SEI tot
SEI

0, SEI
s,n e SEI SEI

(16)

where jSEI is the side‐reaction current density for SEI for-
mation (A·m−2), i0,SEI is the SEI exchange current density
(A·m−2), F is the Faraday constant (C·mol−1), αSEI is the
charge transfer coefficient for the SEI reaction, R is the
universal gas constant (J·mol−1), T is the absolute tempera-
ture (K), ϕs,n is the solid potential of the negative electrode
(V), ϕe is the electrolyte potential (V), USEI is the equilibrium
potential of the SEI formation reaction (V), jtot is the total
interfacial current density (A·m−2), a is the specific surface
area of the electrode (m2·m−3), and RSEI is the SEI film
resistance (Ω·m2).

1. Kinetic Limited Reaction Model

In typical electrochemical models considering battery
aging, SEI growth models based on kinetic constraints
are often employed [71]. However, this model fails to
adequately describe the characteristic of SEI growth
rate slowing down with increasing cycle numbers.
Wickramanayake et al. [64] comprehensively compared
a kinetic limited SEI growth model with a diffusion
limited SEI growth model. The diffusion‐limited model
demonstrated the same linear behavior as the kinetic
model. However, as the SEI layer becomes thicker, the
growth rate decreases.

2. Diffusion Limited Reaction Model

The diffusion‐limited SEI growth model considers the
diffusion of solvents from the SEI layer/electrolyte
interface to the SEI layer/anode surface [72]. Therefore,
it can better model the gradual slowing down of SEI
growth [73]. The model for the SEI exchange current
term is as follows:

i Fk c x R t= ( , , )n
α

0,SEI SEI EC
SEI (17)

where cEC(x,Rn,t) is the EC concentration at the anode
particle interface, kSEI is the SEI reaction rate, and αSEI is
the SEI reaction transfer coefficient.

The diffusion of solvents through the SEI layer follows
Fick's second law:

∂

∂

∂

∂

c x r t

t
D

c x r t

r

( , , )
=

( , , )EC
sol

2
EC

2
(18)

where cEC(x,r,t) is the solvent concentration within the SEI
layer (mol·m–3), Dsol is the solvent diffusion coefficient in
the SEI (m2·s−1), t is time (s), and r is the radial coordinate
(m).

Equation (18) holds for the following boundary conditions at
the anode particle surface:

∂

∂
D

c x r t

r
j x t

( , , )
= ( , )

r R
sol

EC

=
SEI

n

(19)

where Dsol is the solvent diffusion coefficient in the SEI layer
(m2·s−1), cEC(x,r,t) is the solvent concentration within the SEI
(mol·m–3), r is the radial coordinate (m), Rn is the negative
electrode particle radius (m), and jSEI(x,t) is the solvent flux
consumed by SEI formation (m2·s−1).

Assuming that the SEI layer is a porous structure, the liquid
electrolyte fills the voids within the SEI structure and reaches
the electrode surface. Therefore, the effective solvent concen-
tration at the electrolyte/SEI interface determines the boundary
conditions of the equation as follows:

c x R L t ε c( , + , ) =nEC SEI SEI 0,EC (20)

where εSEI is the porosity of SEI layer, c0,EC is the bulk solution
concentration.

Finally, the definitions of SEI growth and capacity decay are as
follows:

j x t
n ρ

M

dL

dt
( , ) = −SEI

SEI SEI

SEI

SEI (21)

∂

∂

Q x t

t

Fa

n
j

( , )
= − nlost

SEI
SEI (22)

where jSEI is the side‐reaction current density for SEI formation
(A·m⁻²), nSEI is the number of electrons transferred in the SEI
formation reaction (dimensionless), ρSEI is the density of the
SEI layer (kg·m–3), MSEI is the molar mass of the SEI product
(kg·mol–1), and LSEI is the thickness of the SEI layer (m). Qlost is
the capacity lost due to SEI formation (C·m–3), F is the Faraday
constant (C·mol–3), and an is the specific surface area of the
negative electrode (m²·m–3).

2.4 | Negative Electrode Particle Cracking

Mechanical degradation occurs in electrode particles due to
stress induced by diffusion. The rate and saturation level of
damage growth are contingent upon particle size and charge‐
discharge rates. Given the decaying trend observed in the
evolution rate of microcracks, an exponential decay model is
utilized in this study to estimate the density of microcracks
fbb [74].

⋅f f C R Ahtp A m Ahtp= ( , , ) = (1 − exp(− ))bb srate max rate

(23)

where Amax is the maximum potential damage in active
particles, while mrate is the rate of damage evolution.
Both parameters are dependent on the particle radius and
C‐rate [74].
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where Amax is the maximum potential damage in active parti-
cles (dimensionless), Rs is the particle radius (μm), and Crate is
the applied charge/discharge rate (h−1). mrate is the rate of
damage evolution (dimensionless), Crate is the C‐rate of cycling
(h−1), and Rs is the particle radius (μm).

The formation of microcracks increases the tortuosity of diffu-
sion pathways, leading to a decrease in the diffusion rate of
active particles.

D D f= (1 − )s s bb
γeff (26)

Ds
eff represents the effective solid‐phase diffusion coefficient

of lithium ions in the active material, while Ds denotes the
intrinsic diffusion coefficient of the solid phase. The term fbb
refers to the microcrack density or fraction of broken bonds,
and γ is the tortuosity exponent describing how microcracks
increase the diffusion path length and reduce the effective
diffusion rate.

2.5 | Deposition of Active Material

Although dissolution and deposition of LMO, LCO, and LNO
occur at high temperature, leading to capacity degradation in
batteries, evidence suggests that, due to poor cycling perform-
ance and inadequate high temperature stability of LiMnO2, the
dissolution of Mn and electrolyte decomposition are the pri-
mary aging factors in NCM batteries under high temperature
comparing with the dissolution and deposition of LNiO2 and
LCoO2. The capacity will decrease due to Mn2+ reduction on
the anode surface. To characterize battery aging behavior under
experimental conditions, this paper developed a coupled model
for Mn deposition, cathode Mn dissolution, electrolyte oxida-
tion, and salt decomposition [75].

The deposition of Mn leads to the consumption of electrons that
would otherwise have been involved in the coupling with lith-
ium ions during insertion, consequently diminishing the
number of lithium ions available for recycling. The expression
representing this secondary reaction is provided below:

→e sMn + 2 Mn( )2+ − (27)

The deposition mechanism of Mn adheres to the Butler‐
Volmer expression and is modulated by the thickness of the
SEI. As the SEI layer thickens, the rate of Mn deposition is
expected to decline. Hence, by defining an exponential decay

function R(δ), the current associated with manganese depo-
sition can be described as:

⋅








( )

i R δ i e Fk

c
α F

RT
ϕ ϕ

_ = ( ) _* = − _

exp −
_

2
−

_
Mn dep

λ δ

c

Mn dep
−

Mn dep

Mn

Mn dep

s,n
e

Mn dep

2+

(28)

where iMn_dep denotes the current density associated with
manganese deposition, while R(δ) is an exponential decay
function that accounts for the influence of SEI thickness on the
deposition process. The term iMn_dep

∗ represents the intrinsic
exchange current density for manganese deposition, kMn_dep is
the reaction rate constant, and cMn2+ is the concentration of
manganese ions near the anode surface. Here, αc

Mn_dep is the
charge transfer coefficient, F is the Faraday constant, R is the
universal gas constant, and T is the absolute temperature. The
potentials ϕs,n and ϕe correspond to the solid‐phase potential of
the negative electrode and the electrolyte potential, respectively.

2.6 | Dissolution of Active Material & Electrolyte
Oxidation

Protons generated as a result of solvent oxidation and salt
decomposition play a pivotal role in the dissolution of manga-
nese. Under the influence of protons, lithium manganese com-
pounds undergo oxidation, releasing Mn2+ ions. This reaction is
depicted by Equation (29).

→4H + 2LiMn O 2Li + Mn +
3

2
Mn O + 2H O+

2 4
+ 2+

2 4 2

(29)

H+ represents protons generated from electrolyte decomposition
or solvent oxidation, and LiMn2O4 denotes the manganese‐
containing cathode material. The reaction produces Li+ ions that
participate in the normal intercalation process, while Mn2+ ions
are released into the electrolyte due to the structural degradation
of the cathode. The solid product Mn2O4 and water (H2O) are
also formed as secondary products of this dissolution reaction.

According to (29), because the proton has a lower concentra-
tion, the reaction rate is controlled by the proton concentration
within the cathode. Therefore, the dissolution current of man-
ganese is given by equation:

i f i f Fk c_ = _ _ = _Mn dis Mn dis Mn react Mn dis dis H+ (30)

where iMn_dis is the Mn dissolution rate, fMn_dis is the fraction
coefficient, iMn_react is the reaction rate, kdis is the reaction rate.

The H+ originates from solvent oxidation and salt decomposi-
tion. The solvent oxidation equation is given below:

→ or eSolvent SL + H ( SL ) + ,o
+ + − (31)

Assuming that the solvent oxidation is irreversible, the ex-
change flux of solvent oxidation follows the Tafel equation:
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


( )j a i

α F
ϕ ϕ U= exp

RT
− −c

a
oxid 0

sol
sol

s,n e oxid
eq (32)

where joxid denotes the current density of solvent oxidation, and
ac is the specific surface area of the electrode. The term io

sol

represents the exchange current density for solvent oxidation,
while αa

sol is the anodic charge transfer coefficient. Here, F is the
Faraday constant, R is the universal gas constant, and T is the
absolute temperature. The potentials ϕs,n and ϕe correspond to
the solid‐phase potential of the negative electrode and the
electrolyte potential, respectively, and U oxid

eq is the equilibrium
potential of the solvent oxidation reaction.

Assuming that the current for proton production from sol-
vent oxidation is a small fraction of the oxidation current,
therefore:

⋅j f j=H
oxid

H oxid+ + (33)

Another source of protons is the reaction between the elec-
trolyte salt lithium hexafluorophosphate (LiPF6) and H2O,
which generates H+, as expressed in Equation (27). This pro-
cess does not consume Mn from the positive electrode or
recyclable Li+ ions in the electrolyte; it simply involves the
generation of H+.

LiPF + H O = LiF + POF + 2H + 2F6 2 3
+ − (34)

Due to the decomposition of LiPF6, the H+ production is con-
trolled by:

( )j Fk c c=H
salt

decom H O
2
LiPF+ 2 6 (35)

where jH
eff
+ is the current density of proton production from

LiPF₆ decomposition (A·m⁻²), F is the Faraday constant
(C·mol⁻¹), kdecom is the reaction rate constant for LiPF₆
decomposition (m6·mol⁻²·s⁻¹), cH2O is the water concentration
in the electrolyte (mol·m⁻³), and cLiPF6 is the concentration of
LiPF₆ salt in the electrolyte (mol·m⁻3).

Since the concentrations of Mn2+ and H+ are relatively low, the
effect of potential on the migration is neglected and only dif-
fusion is present. In summary, the concentration changes of H+

and Mn2+ are modeled as follows (36) with the following
boundary conditions (37)
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where ε2
pos, ε2

sep, and ε2
neg are the volume fractions of electrolyte

in the positive electrode, separator, and negative electrode
(dimensionless), cH+ is the concentration of protons (mol·m⁻³), jH

eff
+

is the effective diffusion coefficient of protons (m²·s⁻¹), jH
salt
+ is the

current density of proton generation from LiPF₆ decomposition
(A·m⁻²), jH

oxid
+ is the current density of proton generation from

solvent oxidation (A·m⁻²), iMnreact is the current density of Mn‐
related reactions (A·m⁻²), iH2 is the current density of hydrogen
evolution (A·m⁻²), F is the Faraday constant (C·mol⁻¹), and aspos
are the specific surface areas of the positive and negative electrodes
(m²·m⁻³). cMn2+ is the concentration of dissolved manganese ions
(mol·m⁻³), D

Mn
eff

2+ is the effective diffusion coefficient of Mn²⁺
(m²·s⁻¹), iMndis the current density of Mn dissolution (A·m⁻²), and
iMndep is the current density of Mn deposition (A·m⁻²).

According to the hypothesis, Mn dissolution is the primary
aging factor under high temperature conditions. However, the
LAM caused solely by Mn dissolution cannot fully explain the
overall capacity degradation. Therefore, considering the use of
solid phase volume fraction and defining effective volume
fraction, is proposed to describe the attenuation caused by Mn
dissolution and deposition.

∂

∂





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= −

=
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t

a i V

F

dε
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dε
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¯s p s p

s p s p

, , Mn react

,
eff

,

(38)

where εs,p is the solid phase volume fraction of active material
in the positive electrode (dimensionless), as,p is the specific
surface area of the positive electrode (m²·m⁻³), and iMn_react is
the current density of Mn‐related reaction (A·m⁻²). V̅ is the
molar volume of the electrode material (m³·mol⁻¹), F is the
Faraday constant (C·mol⁻¹), and ε s p,

eff is the effective solid
volume fraction after reaction (dimensionless). kiso is the
isotropic correction coefficient (dimensionless), and t is the
time (s).

Assuming that the LAM is primarily driven by Mn and occurs
throughout the electrode, V̅ represents the molar volume of the
positive electrode material.

After the LAM occurs, both the maximum lithium capacity and
effective lithium capacity per unit electrode volume decrease. In
the absence of specific reaction equations for these two aging
modes, it is sufficient to adjust the model parameters to achieve
an adequate simulation to the effects of Co, Ni and Mn disso-
lution and deposition on battery life in the same time.




c ε c

c ε c

=

=
Li p s p

eff
Li p

Li p s p Li p

, ,max , , ,max
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(39)


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j j t j t a i

j j t j t a i

= ( ) + ( ) + _

= ( ) − ( ) + 2 _

n n a

p p a

tot, ,int SEI Mn dep

tot, ,int oxid Mn react
(40)
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where cLi,p,max is the maximum lithium concentration in the
positive electrode (mol·m⁻³), ε s p,eff is the effective solid‐phase
volume fraction of the positive electrode (dimensionless), and
cLi,p,0 is the initial lithium concentration in the positive elec-
trode (mol·m⁻³). jtot,n is the total interfacial current density in
the negative electrode (A·m⁻²), jn,int(t) is the intercalation cur-
rent density of the negative electrode (A·m⁻²), and jSEI is the
side‐reaction current density for SEI formation (A·m⁻²). ad is
the specific surface area of the electrode (m²·m⁻³), and iMn_dep

is the current density of manganese deposition (A·m⁻²). jtot,p(t)
is the total interfacial current density in the positive electrode
(A·m⁻²), jp,int(t) is the intercalation current density of the
positive electrode (A·m⁻²), joxid(t) is the current density of sol-
vent oxidation (A·m⁻²), and iMn_react is the current density of
manganese‐related reactions (A·m⁻²).

The above aging mechanisms are coupled directly to the elec-
trochemical model via current relationships, as (40).

The parameters used in the model are consistent with commonly
reported values in the literature and were chosen to remain
physically meaningful and within reasonable ranges. Their suit-
ability for the present system was evaluated by comparing model
predictions with experimental cycling data at 60°C, ensuring that
the framework reflects realistic degradation behavior without
requiring extensive parameter re‐identification.

3 | Experimental Section

3.1 | High Temperature Battery Aging
Experiment

The 18650‐battery used in this study features an NCM523‐based
positive electrode, with a rated capacity of 2.9 Ah and a nominal
voltage of 4.2 V. All charging/discharging procedures were
performed at a controlled temperature of 60°C. The experi-
mental protocol began with an initial constant current‐constant
voltage (CC‐CV) charge to 100% SOC, followed by a 10‐min rest
period. The battery was then discharged at 1 C to 50% SOC to
establish a baseline condition. The subsequent cycling tests
consisted of repeated 0.5 C charging to 85% SOC, a 10‐min rest,
1 C discharging to 50% SOC, and another 10‐min rest interval.
The current and voltage profiles for the initial cycles are pre-
sented in Figure 2, demonstrating the characteristic behavior
during these operational phases. This cycling regimen was
maintained for 1250 full cycles to evaluate long‐term perform-
ance under the specified conditions.

3.2 | Battery Disassembly Experiment

To understand the aging‐related reactions inside the cell,
it is necessary to conduct battery disassembly experiments.
The experiments are conducted inside a glovebox, and the states of
battery electrodes at different aging levels are shown in Figure 3.

The batteries at different aging stages, as shown in Figure 3,
demonstrate progressively severe degradation from left to right.
The white region corresponds to the separator, while the deep

black areas represent active materials (NCM523 cathode and
graphite anode). The silver‐white and purple‐red zones denote
aluminum and copper current collectors respectively, with light
black deposits indicating other material accumulated on current
collectors. Figure 3 reveals significant detachment of active
materials from both electrodes, attributable to three synergistic
degradation mechanisms under high‐temperature conditions:
(1) excessive drying of the electrodes, (2) binder failure, and
(3) active material loss. Notably, Batteries numbered 12, 14, and
32 exhibited incomplete discharge, evidenced by lithium metal
plating (metallic luster) on the anode. Post‐mortem analysis
confirmed that elevated temperatures accelerated electrolyte
oxidation, generating gaseous byproducts that compromised
tab‐cap weld integrity due to volume expansion. Therefore, cells
12, 14, and 32 were tested with zero voltage, indicating cell failure.
Concurrent solvent evaporation further exacerbated electrode
drying, creating localized arid zones that promoted material
delamination. Additionally, high temperatures caused binder
softening and viscosity reduction, making electrode materials
more prone to drying, detachment, and pulverization. These dis-
assembly experiments indicate that the primary aging mechanisms
during high‐temperature, low‐rate cycling are SEI layer growth,
LAM, and electrolyte oxidation.

3.3 | Multiscale Characterization Experiments

Battery aging mechanisms under high‐temperature conditions
exhibit greater complexity compared to normal or low‐
temperature operation. Two primary degradation pathways are
identified: (1) accelerated SEI growth at elevated temperatures,
and (2) active material detachment caused by electrode drying,
as visually confirmed in Figure 3. Through systematic dis-
assembly of batteries aged at 60°C under controlled experi-
mental conditions, we performed multi‐scale characterization
to isolate thermal degradation effects. The use of a relatively
low rate during cycling eliminates lithium plating and
overcharge/discharge as potential aging factors.

Figure 4 presents comparative SEM analysis of NCM523 cathode
materials pre‐ and post‐aging, revealing a positive correlation
between aging severity (quantified up to 17.96% capacity loss) and

FIGURE 2 | The current and voltage curves for the first nine cycles.

10 of 18 Battery Energy, 2025



the progression of surface crack formation. Pristine cathodes
display binder‐encapsulated primary/secondary particles with
minor processing‐induced cracks from electrode calendaring
and winding. As aging severity increases to 17.96%, there is

noticeable growth in cracks on the electrode particle surfaces,
attributed to three synergistic mechanisms: (i) PVDF binder
degradation, (ii) electrode surface drying, and (iii) accumulated
mechanical stress during cycling.

FIGURE 3 | Macroscopic morphology of batteries at each aging stage; (a) fresh battery, #1; (b) #12, SOH 86.86%; (c) #14, SOH 85.86%; (d) #13,

SOH 82.56%; (e)#32, SOH 82.04%.

FIGURE 4 | The SEM images of NCM523 cathode material from (a) battery #1, (b) battery #12, (c) battery #14, (d) battery #13 and

(e) battery #32.

11 of 18



Complementary analysis of anode materials in Figure 5 dem-
onstrates stress‐induced irregular detachment of graphite par-
ticles, exacerbated by interfacial drying. These microstructural
evolutions collectively validate the predominance of thermally‐
driven material degradation in the observed capacity fade.

Figure 6 illustrates the XPS spectra of the anode electrode
before and after aging. The Cls pattern reveals a notable
increase in the intensity of the C‐Li peak following cycling.
This suggests that the relative content of the C‐Li compound is
gradually increasing, indicating a gradual incorporation of
Li into the electrode. The surface of the graphite exhibits an
increase in the loss of active lithium ions, while the change in
the other peak is not significant. The Ni2p pattern displays a
rise in the content of Ni, indicating the presence of a transition
metal at the positive electrode and its dissolution and deposition
at the negative electrode.

Figure 7 depicts the XPS spectra of the cathode material before
and after aging. It can be observed that the cathode is more
affected by the shedding of the active material. Additionally,
the Ni elemental pattern indicates that Ni2+ is dissolved

from the main structure. Upon entry of the cathode into the
electrolyte, NiF2 is formed on the cathode surface. The results of
the spectral analysis of Cls, Ols, and Fls indicate the emergence
of a CEI film on the cathode surface. The peak at 529 eV on the
Ols spectrum is attributed to the appearance of lattice oxygen
peaks (0‐M) in the cathode material, and the peak at 532 eV is
attributed to the C=O, both of which exhibit significant growth.
Furthermore, the generated NiF₂ and CEI impeded further
characterization of the transition metals.

As illustrated in Figure 8a,b, the XRD spectra of the electrode
material at varying aging stages exhibited minimal spectral
differences without emergence of new crystalline phases. The
electrodes were subjected to high cycling temperatures, result-
ing in over‐drying and the dislodgment of the material during
disassembly. Therefore, the test samples of the aged battery
were scraped from the electrodes. Notably, peaks related to
copper (111), (200), and (220) can be only observed in the XRD
spectra for cell #1, as its sample was prepared by cutting the
intact negative electrode sheet. The prominent (002) peak
characteristic of graphite reflects the primary crystallographic
orientation of the graphite planes. As the degree of battery aging

FIGURE 6 | The (a) C1s and (b) Ni2p spectra of anode material.

FIGURE 5 | The SEM images of anode material from (a) battery #1, (b) battery #12, (c) battery #14, (d) battery #13 and (e) battery #32.
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increases, the diffraction angle 2θ gradually decreases with the
(002) peak of the graphite material shifting significantly
towards lower angles. According to Bragg's equation, this
indicates a gradual increase in the interlayer spacing of the
graphite. The Scherrer equation demonstrates that the grain
size of the graphite material tends to decrease as the half‐height
width of the diffraction peak (002) increases. The decrease in

the particle size also indicates that the graphite material is
peeling off after aging at high temperature, which is consistent
with the morphology analysis of the graphite anode. These
phenomena indicate a certain degree of damage to the graphite
material structure. Due to the expansion of the battery caused
by gas generated, the battery was not fully discharged, and the
negative electrode Li existed embedded, so the (002) peak peaks

FIGURE 7 | The (a) O1s, (b) C1s, (c) Co2p, (d) Mn2p, (e) F1s and (f) Ni2p spectra of cathode material.

FIGURE 8 | The XRD spectra of (a) anode and (b) cathode materials.
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of cells 14, 13 and 32 were intensified. Figure 9 shows the XRD
spectra of the new battery, battery 12, battery 14 and battery 32.
Due to the severe shedding of the anode material of battery 13
and the aging degree is consistent with that of battery 32, the
experiments of battery 13 are not considered for the time being.
The degree of splitting of the two pairs of diffraction peaks (006)
and (102) facets, and (108) and (110) facets is used to charac-
terize the layered structure of the NCM material. According
to the experimental results, there is no significant change in
I003/I104, which proves that the high temperature and low
multiplicity working conditions have little effect on the crystal
structure of the material.

Figure 9 illustrates the Raman spectroscopy test results for
anode materials at different aging stages.

The spectral comparison reveals substantial intensification of
both D and D' bands with progressive aging, indicative
of increased structural disorder in graphite crystallites. This
disorder manifests through the emergence of sp³‐hybridized
carbon defects and mixed crystallographic orientations.

Furthermore, the increasing ID/IG ratio (D‐band to G‐band
intensity) quantitatively confirms the accumulation of lattice
imperfections. These spectroscopic signatures collectively
demonstrate the temperature‐accelerated structural degradation
of graphite anodes during electrochemical cycling, character-
ized by progressive graphitic lattice distortion and edge defect
formation.

4 | Results and Discussion

The simulation results in Figure 10a demonstrate the capacity
degradation trend over 2200 cycles, predicting a state‐of‐health
(SOH) of 73.2% upon cycle completion. The simulation out-
comes exhibit a maximum error of 2.5% and a root mean
square error of 1.6%. Under continuous 60°C cycling condi-
tions, the battery's end‐of‐life is projected at approximately
1180 cycles when reaching 80% remaining capacity, showing
excellent agreement with experimental observations (1196
cycles). In terms of lifespan estimation, considering the
ongoing charge‐discharge conditions at 60°C, the battery is
projected to retire approximately 1180 cycles, with the
remaining usable capacity nearing 80%. Additionally, the
simulation parameters were adjusted to obtain the capacity
fade curves at different charging/discharging rates. As illus-
trated in Figure 10, nonlinear aging behavior and capacity
knee‐point persist even without lithium plating considera-
tions. This phenomenon originates from the progressively
dominant role of LAM in capacity deterioration under elevated
temperatures, as confirmed by both simulation and experi-
mental validation.

Crack propagation represents a significant mechanical degra-
dation mechanism in battery electrodes. Under the present
experimental conditions, however, crack propagation is mini-
mal, yielding a computed value of 0 within the model. This
is directly correlated with the lower charge/discharge rates
and limited depth of cycling employed. To investigate rate‐
dependent mechanical degradation, we systematically modified
the simulation parameters to evaluate crack evolution under
accelerated cycling conditions (1.5 C, 2 C, 3 C, and 4 C). The
simulation model was calibrated using the capacity degradation
data obtained from high‐temperature cycling experiments at
60°C. The predicted SOH curve and voltage response show good
agreement with the experimental measurements, indicating theFIGURE 9 | The Raman spectra of the anode material.

FIGURE 10 | Life prediction results. (a) Comparison of simulation results and experimental data of capacity degradation under experiment

conditions; (b) Model predictions at different rates; (c) Discharge curve prediction.
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validity of the model under thermal aging conditions. In addi-
tion, post‐mortem analyses (e.g., SEM, XPS, XRD, Raman) provide
supporting evidence for the main degradation mechanisms cap-
tured in the simulation, including SEI layer growth, active material
loss, and Mn dissolution/deposition. These comparisons qualita-
tively reinforce the reliability of the model assumptions and out-
puts. As shown in Figure 10a, the simulated capacity fade
exhibits close agreement with the experimental data at 60°C.
The predicted end‐of‐life cycle number closely matches the mea-
surements, and the discharge profiles in Figure 10c further confirm
the consistency between simulation and experiment. These results
indicate that the adopted parameter set is appropriate for describing
the behavior of the present system.

The simulation results are illustrated in Figure 11. The von Mises
stress encompasses contributions from both radial and tangential
components induced by diffusion. At the center of the sphere, the
von Mises stress is 0, and it increases towards the surface.
The equivalent stress at any position increases over time,
reaching its maximum at the particle surface during the final
stages of discharge. Therefore, the particle surface is most sus-
ceptible to fracture. The surface von Mises stress essentially
simulates the characteristics of tangential components of
diffusion‐induced surface stress. As shown in Figure 11, the von
Mises stress initially increases at the separator and subsequently
at the current collector end. Due to concentration gradients
within the porous electrode, the stress induced in electrode
particles varies at different locations along with the negative
electrode. Similarly, it can be envisioned that the total elastic
strain density driving fracture also varies at different locations
along with the negative electrode.

Assumptions made in the current modeling framework include
simplified reaction kinetics, idealized coupling relationships, and
the absence of explicit spatial heterogeneity. While these as-
sumptions enable computational tractability, they also limit the
model's ability to fully resolve the complex interplay between
degradation pathways. Due to the lack of decoupled experimental
data, the individual contribution of each side reaction cannot be
directly validated. Nevertheless, the model captures the general
transition in dominant aging mechanisms over time, which
qualitatively agrees with widely reported high‐temperature deg-
radation behaviors. Future improvements will focus on integrating
advanced in situ characterization techniques to enhance parame-
ter calibration and isolate the effects of specific side reactions.

Overall, the consistency between model predictions and the
60°C cycling experiments demonstrates the reliability of the
framework. The dominant degradation pathways represented in
the model are in line with the degradation features observed in
post‐mortem analyses, confirming that the framework provides
a realistic description of high‐temperature aging mechanisms.

5 | Conclusion

This study applies a simplified electrochemical–mechanical cou-
pling framework that incorporates five key degradation mecha-
nisms, SEI growth, particle fracture in the negative electrode,
electrolyte oxidation, dissolution of active materials, and subse-
quent deposition, to interpret the degradation behavior of LIBs
under 60°C cycling conditions. The model accounts for
temperature‐dependent reaction kinetics and interactions among
different degradation pathways, allowing accurate prediction of
capacity fade during long‐term operation under high‐temperature
conditions. Simulation results show strong agreement with ex-
perimental data obtained from cycling tests at 60°C, with a root
mean square error of 1.6 percent. The results indicate that deg-
radation processes evolve throughout the aging cycle. SEI growth
is dominant in the early stage, while electrolyte oxidation and
active material loss become the main contributors during the later
stages. Post‐mortem analysis confirms the presence of severe
electrolyte decomposition, electrode drying, and gas evolution,
providing experimental support for the model's predictions
and offering insights into failure modes under thermal stress.
While the current model captures the essential trends in high‐
temperature degradation, further development is required to
improve its accuracy and adaptability. Future work will focus on
establishing species‐specific dissolution models for transition
metals such as nickel, cobalt, and manganese, integrating stress‐
dependent descriptions of particle cracking, and implementing
refined parameter identification methods for aging reactions.
These efforts are expected to enhance the reliability and gener-
alization of lifespan prediction tools for LIBs operating under
demanding thermal environments.
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