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Abstract: This aging

characteristics of lithium-ion battery (LIB) under fast charging based

paper numerically investigates the
on an electrochemical-thermal-mechanical (ETM) coupling model.
First, the ETM coupling model is established and solved by
COMSOL Multiphysics. Subsequently, a long cycle test is conducted
to explore the aging characteristics of LIB. Specifically, the effect
increasing C rates and number of cycles on battery agig
interface (SEl), SEI

formation, thermal

of SEI, as well as a consequent increase i

SEI formation. Meanwhile, the increase in

in the heat dissipation rate of

in a decrease in the thermal

centration of
the positive electrode is 18 e negative electrode,
proving that the tensile-typ acture occlfring in the positive
material under long cycling do@llpated the capacity loss process.
The aforementioned studies are pful for researchers to further
explore the aging behavior of LIB under fast charging and take

corresponding preventive measures.

1. Introduction

In an environment of global warming and energy scarcity,
the energy landscape is evolving towards sustainability, green
and energy efficiency [1,2]. Among various clean energy
sources, lithium-ion batteries (LIBs) stand out for their high
energy density, light weight and long life [3,4]. Nowadays, it has
experienced decades of dynamic development and is widely

energy storage

in demand for

of LIBs is
electrochemical models, and most of them are based on the
Pseudo-2D (P2D) model developed by Newman et al. [17-18].

On the basis of the P2D model, many researchers have

currently conducted though

established electrochemical-thermal (ET) coupling model of LIBs
by incorporating different heat generation mechanisms. For
example, Ren et al. [19] developed an ET coupling model for
square batteries to simulate the thermal behavior during battery
discharge. The simulation results showed that the heat
distribution of porous electrode is not uniform and the heat
generation increases with the increase of discharge rates. He et
al. [20] investigated the thermal behavior of LiFePOs cells under
natural convection conditions and different C rates (1C, 3C, and
5C) based on a three-dimensional ET coupling model. The
numerical results showed that the average particle size of the
electrodes directly affects the heat generation rate during the
discharge process. The uneven distribution of local currents will
lead to uneven distribution of heat generation rate, which in turn
will lead to uneven distribution of battery temperature. In
addition to the effects of temperature, some researchers have

also incorporated stress fields into their models to study the
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effects of stress on battery behavior. Zhang et al [21]
investigated the diffusion-induced stresses (DIS) in LiMn2O4
The

indicated that larger aspect ratios and smaller sized ellipsoidal

ellipsoidal active particles. results of the simulation
particles can reduce the stresses generated by lithiation. Wu
and Lu [22] developed an electrochemical-mechanical coupling
model to predict the intercalation-induced stresses in secondary
particles with agglomerated structures. It has been shown that
the dependence of the open-circuit voltage of the active material
on the lithium ion concentration decreases the stress level. At
the same time, the higher the surface overpotential amplitude of
the secondary particles, the higher the stress level.

The study of aging behavior of LIBs based on the
electrochemical model has also been extensively reported by
many researchers. Ouyang et al. [23] performed long-term
cycling of three battery samples with 90% state of health (SOH)
under different C rates to explore their electrochemical features
and thermal behaviors. It is demonstrated that the thermal
stability of both electrode materials is decreased due to th

electrolyte decomposition and the gradual accentuatig

aggravates as the C rate increases.

ultrasonic technology to detect the me

acoustic waves. The nonline
revealed, and it is shown th
electrode material that domin

is shown that lithium
self-heating initial tempe e gas produced by the
reaction leads to a reducti® the temp@&Fature of the thermal
runaway trigger. In additiongllke loss of active material and
available lithium ions during Ag@lRg results in a decrease in
maximum temperature and temperature rise rate, indicating a
reduction in the thermal hazard of aging battery. S. Yang et al.
[26] investigated the aging phenomenon of the separators during
battery cycling and found that the degradation products of
electrolyte and graphite appeared on the surface of the
separators as the number of cycles increased. This in turn leads
to a decrease in porosity and an increase in ionic conductivity
and internal resistance of the separators. Finally, with the
increase of the current rate and the number of cycles, the

mechanical properties of the separators gradually deteriorate.

The aforementioned studies have extensively investigated
the electrochemical features, thermal behavior, and even the
mechanical characteristics of separators. However, there has
been a limited focus on the specific analysis from the
perspective of multi-physical field coupling. This limitation makes
it challenging to comprehend the mechanism through the lens of
the electrochemical reaction mechanism. Furthermore, in recent
years, the pursuit of enhanced battery charging speed has often
led to the adoption of fast charging strategies such as high
current rates. Generally, the aging behavior of the battery may

vary under different C rate

ely illustrates the
ysical fields, and
enomenon. Here,
0 be high C rate
C) condition. On the

the electrochemical

paper. The ge of thermal stability of electrode
al after long cycle is also analyzed. Lastly, the causes of
pical damage of electrode material after the long-term

cycling

iscussed. This work aims to provide valuable insights

for rggearchers to investigate the root causes of aging and

e corresponding protective measures to mitigate aging

2. Theoryl/calculation

In the previous group's works [27-29], a Pseudo-3D (P3D)
model was developed based on the P2D model created by
Newman, Doyle et al. [17-18] which can more accurately
describe the reaction mechanism within the battery. The

geometry model is shown in Fig. 1.
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Figure 1. Schematic of P3D geometric model
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2.1. De-/intercalation reaction

The governing equations related to the theory of porous
electrodes and concentrated solutions have been described in
detail in a large number of literatures. [27-32] So that we focus

on the model extensions with regard to the side reactions.

The current density in of the lithium de-/intercalation

reaction is calculated by the Butler-Volmer equation.

o a F -a F (1)
ln = lO,n (exp (Iae_]—wnj - eXp [RL—TUJJ

C e a % 2)
lO,n - chs,surfcl (Cs,max - cs,surj )

where ¢, and ¢, are the charge transfer coefficients at the

negative electrode and the positive electrode, R , T and F are
the universal gas constant, the absolute temperature and the

Faraday's constant, respectively. j, ~ is the exchange current

density, k is the reaction rate constant. C, and ¢ are

rf §,max
the lithium-ion concentrations at the particle surface and

maximum concentration of lithium concentrations. n

growth on the overpotential, the corr
follows [30]:

77 = ¢.s _¢e _Eeq _iF,SEIRﬁI

potential.
f the side reaction

product film. E,gf is the ope uit potential due to the diffusion

Qo,

of lithium concentration, (T -7, L and

of represent the

or
extra potential induced by the temperature gradient and the

hydrostatic stress, respectively. 7, is the reference
temperature.
2.2. SEl formation

In this work, SEI is considered to be an electrochemical
reduction product of the electrolyte. The product precipitates on
the surface of the negative graphite particles to form a SEI. The
reaction current for SEI follows B-V kinetics with concentration

and temperature dependence and is expressed as [31]

. e C -0.5Fn
lpsgr = _nFKSEIC(()l )CR ?;exp[TJ (5)
where KSEI is the SEI reaction rate constant, C, is the oxide

concentration, C, is the reductant concentration, and Cl 0 is the

liquid initial concentration.

Because the long-cycle test is performed under fast

charging, and taking into account the effect of C rate on K, the
Ky, is corrected to be [31]
E
K — k . _ a,SEI
ser = Kser exp[ R (6)
.IC,Inc,neg (7)
is the local

a —igS

a,neg (8)

©)

ere C

loss

is the lost capacity, C; maxnee IS the initial maximum

concentration of the negative solid phase, soc, is the initial

state-of-charge (SOC), and C, is the initial capacity of the

battery.
2.3. Heat transfer model

During the operation of LIBs, the heat generated by the
battery is divided into three parts: the activation polarization heat

(9., ), the ohmic heat (0, ) and the reaction heat (Qm ). The

heat transfer model can be described by the law of conservation
of energy [33-34].

or
picp»f E + V(_EVT) = chr + Qrea + Qohm (1 O)

where pO,, Cp,[, A are the battery material density, the specific
heat capacity and the thermal conductivity, respectively.

The QO

act

Q,,, and O, are calculated using the following

equations, respectively [33-34].
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In this work, the heat exchange between the battery and
external environment is regarded as a heat conduction process.
The boundary conditions governing this exchange are described
by the Newton's law of cooling:

VT =h(T-T,,) (14)

amb
where /1 is the effective surface heat transfer coefficient of the

battery, and T, is the ambient temperature around the battery.

2.4. Solid mechanics model

Because the constructed model is a P3D model, both
particle-scale and electrode-scale stresses and strains can be
considered. On the particle scale, the radial and tangential
strains inside the isotropic spherical particles are describ
follows [28,35]

£ =Ei(aj,—2upa;9)+%Ac+MT

"

P

*

1, . ey 0
&, :E(aao ~v,(0y +o-rr))+§Ac+aAT

r

1
&= E((l +0)Z; 0 Ty

where 2, 0, are the ele

ij

function, respectively.

The hydrostatic stress ced by the lithium ions
concentration gradient is
o = 2 :3(23%)[; X Achdr_A;J e
P \'p
The hydrostatic stress between electrode layers is
calculated based on volume average theory.
. ontoL+ol T +Y 43 (19)

O' =
b 3 3¢

The total hydrostatic stress can be obtained by combining
Eq. 18 and Eq. 19 to solve.

o, = O'; + O',i
2.5. Model validation
In this work, the ETM coupling model is solved by COMSOL
Multiphysics. First, a mesh-independent analysis is performed.
Two meshing methods are chosen and the results are shown in
Fig. 2A and Fig. 2B. The mesh density of mesh 1 is much
smaller than that of mesh 2. The results of the model with the
two mesh densities are shown in Fig. 3. Fig. 3 shows the
variation of the voltage and von Mises stress with time under
different C rates. The lines represent mesh 1 and the symbols

represent mesh 2. The how that the symbols and lines

match very well, whj dicates thaggiie mesh density has little

effect on our er, different mesh
time required for
p was chosen for

k is shown in Fig.

Figure 27 rent mesh density.
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Figure 3. Voltage (A) and von Mises stress (B) variation over time under
different C rates.

The ETM coupling model is compared with the experimental
data of Keil and Jossen [36] to verify the accuracy and
applicability of the model. The boundary conditions are
prescribed in accordance with the experiment. Keil and Jossen
conducted the test using commercial graphite battery with a
standard capacity of 2.05 Ah, table 1 gives the specific
parameters of the battery to be used. The boundary conditions
are prescribed in accordance with the experiment. In the
simulation, the initial ambient temperature is set as 25 °C, and
the voltage variation curves and temperature variation curves

A B

are verified at different discharge rates (0.1C, 0.2C, 0.5C, 1C
and 2C), respectively. And the capacity fade is verified under 1C.
As shown in Fig. 4, the solid line represents the simulation data,
and the points represent the experimental data. It is evident that
the simulation results closely align with the experimental data,
thereby confirming the model’s accuracy. It is worth noting that
Keil and Jossen's study only considered the effect of the
temperature field on the electrochemical field and neglected the
effect of the stress field. In contrast, we use the ETM coupling
model so that the effects of both the temperature and stress

fields can be considered, ill be discussed in detail later.
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Figure 4. Comparison of simulation results and exp

0.0 05 1.0 s 20
Capacity/Ah

ates. (A) Voltage (B) Surface temperature (C) Capacity loss.

M coupling model.

Parameters Separator Positive electrode
Thickness | 20 60
Mean particle rad 4
Solid phase fracti 0.59 0.61
0.3 0.45 0.3
31370 51385
25086 20544
1000
0.8 0.4
0.5 0.5
0.5 0.5
Reaction rate constant k m-s” 1.5x10™ 1.5x107"
-1
Universal gas constant R Jwmol™-K 8.314 8.314 8.314
-1
Faraday’s constant F C-mol 96485 96485 96485
Transport number t, 0.38
Reaction rate constant for SEI formation - KS,,,:‘).ssxloAxexp(W)
KSEI m-s
Battery material density o kg m> 1555 1017 2895
Specific heat capacity C, Tkg 'K 1437 1978 1270
Thermal conductivity A W m'K”! 1.04 0.34 1.58
Reference temperature T, K 208 208 208
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Young’s modulus E, 12 0.25 10
Poisson'’s ratio U, 0.3 0.35 0.3
Coefficient of thermal expansion 4.06x10° 1.3x107* 8.62x107°
of SEI. Essentially, an elevation in the C rate not only

3. Results and Discussion

This section begins with a long cycle simulation test of the
battery using COMSOL Multiphysics. The battery is a Sanyo
NCM battery with a capacity of 2.05Ah, the ambient temperature
is 25°C, and the charging and discharging sequence is
discharge
first then charge. Then the aging characteristics of the battery
are discussed. Specifically, the non-uniform distribution of SEI in
space and the growth difference under different C rates are
analyzed. The thermal behavior of the battery under long cycles
is further explored, and it is proved that the heat dissipation
performance of the battery material gradually deteriorates with
the increase of the number of cycles. Finally, the stress behavior
of the battery is discussed, which is changing all the time during
the charging and discharging process. Compared to
negative electrode, the tensile type fracture of the pé
electrode material dominates the capacity loss pro
battery.
3.1. Non-uniform distribution of SEI
As introduced earlier, SEI formatio
during the charging process. While lithiu
positive electrode to the negative ele
organic components in the el

that covers the surface of th

ive electrode to the
separator. Moreover, the cIQ88F a region is to the separator, the
. This is due to the higher

the interface between the

higher the concentration of
concentration of lithium ions ¥
negative electrode and the separator compared to the side near
the negative electrode, resulting in a high concentration of SEI.
The nonuniformity of the SEI distribution is subsequently
analyzed under 2C and 3C rates, respectively, revealing that the
concentration of SEI generation gradually increased with the
increase of C rate. This phenomenon can be attributed to the
fact that, as indicated by Equations 5-8, the reaction rate of SEI
formation increases with the elevated current rate. Consequently,
there is an associated increase in the current density of SEI
formation, ultimately manifesting as a heightened concentration

accelerates the reaction rate of the side reaction but also
augments the formation of SEI. As a result, the capacity loss of
the battery becomes more pronounced.

After analyzing the nonuniformity of the SEI distribution
under different C rates, the distribution of the SEI is explored at
the end cycles of 100, 200, 300, 400, and 500, respectively. As
depicted in Fig. 6A, the concentration of SEI gradually increased

with the increase of tk cles. This observation is

evident because, wi ) increase in mber of charging and

t with the organic
ore pronounced
strates that the
oss the negative

the charging and

and discharging rate exacerbates the
of this gradient distribution of lithium ions. It also
ates the reaction rate of SEI formation. This suggests
gpacity loss of battery resulting from SEI formation
reasingly prominent with a higher number of battery
s depicted in Fig. 7, the capacity loss of the battery
r various cycles is evident not only in the concentration of
SEI generation but also in the degree of non-uniformity in spatial

distribution.

C_SEIl molim3

B C_SEI I/'m3




11
12
13

C_SEI mol/im3 i

Figure 5. SEI distribution under different C rates at 500 cycles. (A: 1C, B: 2C,
C:3C)
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Figure 7. Capacity loss of the battery at different cycles under 1C, 2C and 3C.

3.2. Thermal behavior

As described by the heat source equation in the solid heat
transfer field in the second subsection, the heat generation of
LIBs during operation is divided into three main heat sources,
which are activation polarization heat, the ohmic heat and the
reaction heat. The process of exchanging heat between the
battery and the external environment is considered a heat
conduction process and is described by the Newton's law of
cooling. Initially, the temperature variation over time under 1C,
2C, and 3C rate are investigated. As depicted in Fig. 8A, the

temperature rapidly increg its peak during the discharge

arge cycle, the

after discharge.

ture value exhibit an increasing trend.

Then the variation in temperature rise under different C
rates are examined by analyzing the heat generation rates. As
shown in Fig. 9, the curves illustrating the reaction heat
generation rate and ohmic heat generation rate with time under
different rates are presented. With an increase in the C rate, the
reaction heat generation rate begins to increase, although the
difference between the various C rates is not particularly
significant. In contrast, the ohmic heat generation rate exhibits a
large difference, which is because according to the Joule's law,
simply increasing the current causes the ohmic heat to increase
exponentially. Thus, the difference in ohmic heat under different
C rates is much more significant compared to that of the reaction
heat. From the values of the final heat generation rate, the
difference between the ohmic and reaction heat values is small
only under 1C. As the C rates increases, the ohmic heat
generation rate becomes considerably larger than that of the
reaction heat. This also proved that the ohmic heat is the main
heat source contribution during the charging and discharging
process of the battery, which is also consistent with the report of
Yea et al [37].
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time under 1C, 2C and 3C rate.
During the long cycling of the battery, thermal

parts of hea rate in LIB under different C rates.

eversible he ) Irreversible heat.

It can be d that the heat flux under different C rates
resulting from the increased internal resistan ycles is sli lower compared to 100 cycles. This
generation contributes to the aging of the ele that the heat dissipation of the negative material at 500
manifested by the degradation of the th is much lower compared to 100 cycles because the heat
electrode material. The previous parag
heat generation rate and the temperatu
under different C rates. In this es gradually during long battery cycling, as evidenced by
battery's heat dissipation ch crease in the heat dissipation rate.
the distribution of heat flux Subsequently, the same analysis is conducted for the heat
different C rates is presented dissipation rate of the positive electrode material, as shown in
respectively. Her: i Fig. 11. Comparing the heat flux of the positive electrode at the
of heat passing thrd N i it ti end of 100 and 500 cycles with that of the negative electrode
the thermal condu reveals consistent characteristics, which further verified the
equation ¢, =kVT - It g that the closer to the  aging of the battery material at the end of the cycle. However, it

B This is e to the fact that the 'S worth noting that in terms of the magnitude of heat flux, the

ore intense degree of reaction

separator, the higher the he

. heat flux of the positive electrode is smaller than that of the
closer the separator is to the

. \ . negative electrode. This implies that the positive material has
leading to more heat generati@@ the temperature change is
significant and thus leads to an increase in heat flux. Fig. 10B more severe aging of the electrode material after long cycling

shows the heat flux on the negative electrode at the end of 500 compared to the negative material.
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1 3.3. Stress behavior As the discharge progress, the
2 During the operating process of LIBs, the ®ntial stresses are compressive at the center of the
3 repeated de-embedding of lithium ions a i al particle and tensile on the surface. At the particle's
4 caused by temperature changes will angential and radial stresses are consistently equal,
5 mechanical damage to the battery. The in a stress state that is entirely hydrostatic. The
6 analyzed under 5C rate. Sp ition from compression to tension occurs at rzl/\/z
7 during the discharge proce after the stress reaches steady state. Then, the von Mises
8  spherical particies are in com stress on the particle surface is discussed, as depicted in Fig.
9 compressive radial stress 12C. Throughout the discharge process, the von Mises stress is
10 decreases mono )0 at the center of the particle and reaches a maximum at the
11 rate during the disc } surface of the spherical particles, with stress values varying at
12 tangential component | different time points.
A . C
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Figure 12. DIS at different moments under 5C rate. (A) Radial component of induced stress (B) Tangential component (C) Von Mises stress.
1 Furthermore, the von Mises stress on the positive and  both the positive and negative electrodes exhibit an increasing

2 negative electrodes are analyzed at the end of discharge under  trend with the number of cycles, with the stresses on the positive

3 different cycles. As shown in Fig. 13A, the von Mises stress on  electrode surpassing those on the negative electrode. This

9
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indicates that the DIS is more active on the positive electrode
during long cycles and may have a more severe effect on the
positive material.

Later, the available lithium ions concentration at the positive
and negative electrodes at the end of different cycles during the
discharge process are compared under different cycles, as
shown in Fig. 13B. At the end of the initial discharge, the positive
electrode has the highest available lithium ions concentration, as
all lithium ions are embedded in the positive electrode, while the
lithium ions concentration in the negative electrode is 0. With the
progress of charge and discharge, the available lithium ions
concentration in the positive and negative electrodes gradually
decreases. However, after a long cycle, the available lithium
ions concentration of the positive electrode is less than that of
the negative electrode. This discrepancy implies that, after long
cycling, the positive material can receive fewer lithium ions than
the negative material can release. In essence, this suggests that
the aging of the positive material after extended cycling is more
pronounced than that of the negative material.

After long cycling, the electrode material will deform ¢

material dominates the agin
Combined with the previous

electrode materi
paper.
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4. Conclusion

In this paper, the aging behavior of LIB under fast charging
The
distribution of SEI, SEI formation, thermal stability and stress

is investigated based on an ETM coupling model.

characteristics of the battery under different C rates and number

of cycles are analyzed. The conclusions can be summarized as

follows:

(1) As the C rates increases, the non-uniformity of the SEI
distribution due to the higher reaction current becomes

more worse, and the concentration of SEI increases,
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