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Abstract: Electric vehicles (EVs) in severe cold regions face the real demand for fast charging under
low temperatures, but low-temperature environments with high C-rate fast charging can lead to
severe lithium plating of the anode material, resulting in rapid degradation of the lithium-ion battery
(LIB). In this paper, by constructing an electrode-thermal model coupling solid electrolyte interphase
(SEI) growth and lithium plating, the competition among different factors of capacity degradation
under various ambient temperatures and C-rates are systematically analyzed. In addition, the most
important cause of rapid degradation of LIBs under low temperatures are investigated, which reveal
the change pattern of lithium plating with temperature and C-rate. The threshold value and kinetic
law of lithium plating are determined, and a method of lithium-free control under high C-rate
is proposed. Finally, by studying the average aging rate of LIBs, the reasons for the abnormal
attenuation of cycle life at lower C-rates are ascertained. Through the chromaticity diagram of the
expected life of LIBs under various conditions, the optimal fast strategy is explored, and its practical
application in EVs is also discussed. This study can provide a useful reference for the development of
high-performance and high-safety battery management systems to achieve fine management.

Keywords: lithium-ion battery (LIB); fast charging; solid electrolyte interface (SEI); lithium plating;
low temperature

1. Introduction

The popularity of electric vehicles (EVs) in temperate regions is generally higher than
that in cold regions compared with traditional petrol vehicles. Mileage anxiety and long
charging time are the main problems hindering the development of EVs, and the poor low-
temperature performance of the lithium-ion battery (LIB) makes the above problems worse.
Therefore, improving the fast-charging capability and developing fast-charging strategies
in low-temperature environments are key problems to be addressed [1,2]. Unfortunately,
numerous studies have shown that the charging with low temperature and high C-rate
can cause accelerated degradation of battery performance in terms of capacity and output
power [3-6]. This makes fast charging of batteries at low temperatures a dilemma, and
finding a balance between aging rate and charging efficiency is the key to solving the
problem. This makes the fast charging of LIBs under low temperatures become a dilemma,
and finding the balance between aging rate and charging efficiency becomes the key to
solve the problem.

Previous studies have shown that the occurrence of lithium plating is one of the main
obstacles to fast charging [7-9]. For most power batteries of EVs, graphite is used as the an-
ode material [10,11]. Lithium plating forms lithium metal deposits on the graphite surface,
depleting the battery of recyclable lithium-ions and causing rapid capacity degradation due
to loss of lithium inventory (LLI) [12-14]. At the same time, as the equilibrium potential of
graphite is close to the metallization potential of lithium-ions, when charging the battery
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using high C-rates, there is a large polarization at the anode, causing lithium plating due to
the local overpotential [15,16]. The production of these lithium metals not only accelerates
the aging of the battery but also increases the safety risk [17-19]. At low temperatures, with
the decrease of carrier diffusivity, the probability of lithium plating will be significantly
increased. Jiang Fan et al. [20] found that under charging conditions, lithium, which can
rapidly enter the anode at room temperature, could not enter the graphite at —20 °C. Ming-
gao Ouyang et al. [21] found that at —10 °C, when the charging current reached 0.25C or
the cut-off voltage reached 3.55 V, a signal associated with lithium metal could be observed
on the surface of the anode. All the above results indicate that it is not suitable for direct
fast charging of LIBs under low temperatures.

However, the problem of fast charging becomes complicated when other aging and
kinetic mechanisms are introduced to investigate battery life with respect to temperature de-
pendence. In the early literature, researchers usually assumed that batteries age faster under
higher temperatures [22], the reason being that the internal reaction rate of LIBs follows the
Arrhenius equation with respect to reaction temperature, with higher temperatures promot-
ing the production of the solid electrolyte interphase (SEI) film. However, it has also been
shown that the influence of temperature for the battery is not limited to the internal reaction
rate. As the temperature decreases, the viscosity of the electrolyte increases, which reduces
the ionic conductivity and subsequently increases the resistance to directional migration of
ions, leading to the increasement of the internal resistance [23-25]. At the same time, the
ionic conductivities of the electrode and electrolyte are also affected by temperature [4,12].
Gao F et al. [26] discovered that the charge transfer resistance of the LiFePO4-based cathode
at —20 °C is three times higher than that at room temperature. These factors change the
electrode kinetic characteristics of LIBs significantly, complicating the response to high
C-rate charging conditions under different temperatures. Shimpe et al. [27] tested a set of
commercial 26650-format lithium iron phosphate batteries with 3 Ah, which were found to
have the best cycle life at 25 °C and 1C charging. In addition, it is worth noting that the
cycle life at 10 °C is only approximately half that of 25 °C. Ecker et al. [28] investigated
the cycle life response pattern of the 53 Ah high power graphite/NMC battery at 0.85C
and found that the cycle life of the battery dropped rapidly from 4000 cycles at 20 °C to
only 40 cycles at 10 °C. Matadi et al. [29] found the 16 Ah graphite/NMC battery that
can last 4000 cycles at 25 °C loses 75% of its capacity after only 50 cycles at 5 °C. These
studies indicate that lithium plating and SEI film growth may be a competitive reaction
for fast charging and there is likely an inflection point in the degradation rate of battery
capacity with respect to temperature. The optimum temperature for fast charging is the
temperature corresponding to the inflection point. Accurately describing the temperature
dependence of the degradation rate at different C-rates is the key to finding the optimum
charging temperature.

In this paper, on the basis of a full-order pseudo-two-dimensional (P2D) model consid-
ering the electrode kinetic and thermal diffusion, the response of two aging mechanisms,
SEI growth and lithium plating, to temperature under fast charging conditions is studied
by using LLI degradation mode. In order to highlight the influence of lithium plating
on cycle life, we focus on the aging behavior of batteries at very low temperatures. By
quantitatively comparing the contribution of SEI growth and lithium plating to the capac-
ity degradation of LIBs under different C-rates and ambient temperatures, we reveal the
competing dynamics of the two aging mechanisms and the change of lithium plating film
thickness during single charge, which showed the seriousness of lithium plating under
low-temperature fast charging. Through exploring the threshold of lithium plating and
its variation with temperature and current, the reason why the temperature dependence
of battery cycle life presents nonlinear characteristics under fast charging conditions is
revealed. Then, minimum inflection points of capacity degradation rate with the increase
of temperature, i.e., the optimal charging temperatures, under different C-rates are found.
This study provides a useful exploration for a more comprehensive and accurate reflection
of the internal state for LIBs without sacrificing computational efficiency. In addition,
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the charging strategy is optimized to achieve efficient and healthy charging under low
temperatures. Through the characteristic curves of single cycle aging rate with different
C-rates, it is found that the optimal charging temperature increases with the increase of
C-rate. At the end, the chromaticity diagram of the best C-rate for LIBs under different
ambient temperatures is given to provide guidance. This study provides a useful reference
for developing high-performance BMS and realizing fine-grained battery management.
Meanwhile, the framework of battery digital twin technology is enriched, and the guidance
for the construction of digital twin model is provided.

2. Battery Model

In order to better explore the electrochemical behavior inside the LIB in this study, we
choose the electrochemical model based on the laws of physics and chemistry to describe the
LIB instead of the equivalent circuit model. We use COMSOL and MATLAB for simulation
and data processing. In this paper, a modified P2D electrochemical model, first proposed
by Doyle et al. [30], is used to simulate the aging process of the battery after considering the
calculation and accuracy of the model. The governing equation is briefly reviewed below,
and the schematic diagram of the P2D model is shown in Figure 1.
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Figure 1. Schematic diagram of the modified P2D model of lithium-ion batteries.

The model considers the transport for charge and species of the active material along
the direction of electrode thickness (x) and within the solid particle (). The equations
governing the x and r directions are coupled by electrochemical reactions on the surface of
active material particles described by the Butler—Volmer relationship [31,32]. In order to
study the relationship between cyclic aging of LIBs and side reactions, the modification
terms of lithium plating and SEI growth are introduced into the P2D model, which are
the reactions competing with intercalation reactions during charging process. Meanwhile,
the description of the thermal behavior of LIBs are also added to the battery model to
consider the effect of temperature. The relevant governing equations for the P2D model are
as follows, and the parameter descriptions of the model can be seen in Table 1.

Table 1. Symbols and descriptions of the P2D model parameters.

Symbol Description
¢s Solid particle potential [V]
Pe Electrolyte potential [V]
o Open-circuit potential [V]
Cs Lithium concentration in solid phase [mol/ m?]
Ce Lithium concentration in electrolyte phase [mol/m3]
cpax Maximum lithium concentration in solid phase [mol/ m?]
cy Lithium concentration at surface in solid phase [mol/ m3]
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Table 1. Cont.

Symbol Description
Oeff Effective solid particle conductivity [S/m]
K%f Effective electrolyte conductivity [S/m]
Keff Effective electrolyte diffusional conductivity [A/m]
D; ff Effective solid particle diffusivity [m?/s]
D £ f Effective electrolyte diffusivity [m2/s]
Epn,s Porosity [%]
K1, p1sEr Reaction rate constant of intercalating, plating, and SEI [m/s]
ag Specific surface area [1/m]
fy Transference number [-]
JIn,PLSEI Ionic flux of intercalating, plating, and SEI [A/ md]
iloc Local current density [A/ m?]
o Transfer coefficient [-]
F Faraday constant [C/mol]
R Universal gas constant [J/ (mol-K)]
NIn,Pl,SEI Overpotential of intercalating, plating, and SEI [V]
T Battery temperature [K]
Tomb Ambient temperature [K]
Acell Cell surface area [m?]
Meell Mass of the battery [kg]
Ceell Specific heat capacity of the battery [J/ (kg-K)]
L Thickness [kg]
h Convective heat transfer coefficient [W/ (m?K)]
f Activity coefficient

2.1. Electrochemical Model

The relationship between the volumetric transfer current density of lithium-ions on
the surface of spherical particles and the activation polarization overpotential 7 for the
lithium-ion intercalation/deintercalation reactions of the electrode can be obtained through
the Butler-Volmer equation as follows:

jir = 2 (expla ) —exp(—(1—0) ) 0

where jy; is the lithium-ion’s total flux density, « is transfer coefficient, F is the Faraday
constant, and 7y is the equilibrium exchange current density at the interface, which is given

as follows:

i = kFc® (Cpax — ¢s)"cl™® )

where k is reaction rate constant, ¢, is lithium concentration in electrolyte phase, ¢ is lithium
concentration in solid phase, and cjsx is maximum lithium concentration in solid phase.
In the radial coordinate, Fick’s law is used to describe lithium-ion diffusion in spheri-

cal particles.

des 10 5 0Cs
9 7281’<Dsr 8r> ©)

where D; is solid particle diffusivity. In the electrolyte, diffusion and migration are consid-

ered as:

ac d dc .
Ea*f = o <Dgffax€> + a5 (1 — tp) jrot (4)

where ¢ is porosity, D¢ £ is the liquid phase effective diffusion coefficient, and ¢, is the

lithium-ion transference number. The effective diffusion coefficient is calculated from
porosity € and curvature T.

€
eff = De ©)
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The variation law of electromotive force in the liquid phase of LIBs can be expressed
by the modified Ohm’s law:

eff
K"’ff% _ alnce( 1) 2RTx

ox ox .k ©)

where %/ is liquid phase effective conductivity, x is the linear coordinate orthogonal to
the planar electrode area, ¢, is liquid phase potential, and i, is liquid phase current density.
Similarly, the solid phase Ohm’s law can be described as:

A ,
ffo%s _ _
ot 5 i ()

where 0¢// is solid phase effective conductivity, ¢s is solid phase potential, s is the solid
phase current density. In addition to the reaction current density satisfying the Butler—

Volmer equation, the solid phase particles and the electrolyte must satisfy the basic rule of
charge conservation. The charge conservation formulas for the solid and liquid phases are:

0i .

i = ]totFas (8)
0i .
é = —jttFas )

Furthermore, in order to study the effects of lithium plating and SEI growth on the
cyclic aging of LIBs, two correction terms are introduced in P2D model (Miiller et al., 2019),
and the two side reactions compete with the intercalation reactions during charging. The
all-reaction current density it can be redefined as:

Jtot = jin + jp1 + JSEI (10)

where j, is the intercalation current density of lithium-ions entering the anode, jsg; is the

current density of SEI formation, and jp; is the current density of lithium plating.
According to the Butler-Volmer equation of intercalation current, the intercalation

current density of lithium-ions entering the anode particles can be obtained as follows:

. ki \/cect(cmax — cx F—Fua Fua
jig = 2V sg_f s)(exp( RT 771n> —exp<—RT771n>) (11)

assuming that SEI is formed by the reaction of electrolyte with lithium-ion and electron.
A detailed description of SEI film simulation can be found in reference [33]. In addition,
it is also assumed that the SEI film reaction is irreversible, and no secondary SEI film is
generated on the lithium plating surface. Considering the Butler—Volmer equation, the
equation of SEI film growth is as follows:

. nFa
jser = —as(nFksgjcs) exp (RTUSEI) (12)

Assuming that there is no dissolution of lithium metal and no generation of “dead
lithium” in the reaction, the expression of lithium plating in the model is similar to SEI film
growth, which is as follows:

. nFa
jp1 = —ﬂs(”kale)eXP<RT77Pl> (13)
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2.2. Thermal Model

The P2D model couples a 0-dimensional thermal model to simulate the thermal
behavior of LIBs so that the temperature during simulation is closer to the real situation.
The equation of ohmic heat is as follows:

Gonm = Oeff V52 + (Keff Ve + <V Inc, ) Vg (14)

The above equation is the heat generation rate per unit length. The former term on the
right side of the equation is ohmic heat from the solid-state electrode, and the latter term is
ohmic heat from the electrolyte. Effective ionic diffusion conductivity of electrolyte th s

2RT(1— t1)Kepp (. dInf
D _
Keff = F (1 + dlnce) (15

In addition to ohmic heat, there is reaction heat in the reaction process during the
battery charging and discharging process, whose equation is as follows:

as follow:

Qreac = asilocﬂ (16)

Meanwhile, in addition to heat generation, there is also heat transfer phenomenon.
The transfer equation for thermal convection of the battery surface to the environment is
as follows:

Qloss = 2hAcell(T - Tamb) (17)

where & is convective heat transfer coefficient, T is battery temperature, and T,,,;, is ambi-
ent temperature.

In combination with the ohmic heat, reaction heat, and the heat transfer process
of the battery to the environment, the temperature change during battery charging and
discharging can be expressed as:

aT L. . .
mcellccellg = /0 (qreac + qohm)dL - Qlass (18)

where m,,; is the mass of the battery, c.; is specific heat capacity of the battery, and L is
the thickness of single layer structure within the battery.

The parameter description of the P2D model will be given in Table 1; the subscripts
p, s, and n of the symbols represent the positive electrode, the separator, and the negative
electrode, respectively. And we give a calculation example under a specific temperature
and charging rate in the Supplementary Materials.

3. Results and Discussion
3.1. The Change for Contribution of SEI and Lithium Plating to Capacity Degradation under
Different Charging Strategies

Figures 2 and 3 show the contribution to battery capacity attenuation and the influence
on battery aging rate caused by different aging principles at the end of life (EOL) under
different working conditions. In this study, EOL of the battery is set as 80% capacity
remaining, and the capacity loss caused by anode aging is divided into SEI growth and
lithium plating. Firstly, through the transverse comparison within the same subfigure in
Figure 2, it is found that lithium plating plays a dominant role in battery capacity loss
under low-temperature charging conditions, especially below —10 °C. With the increase
of temperature, the contribution of lithium plating to battery aging decreases. When the
temperature is above 25 °C, lithium plating no longer occurs, and all capacity loss comes
from the growth of SEI film. Then, through the longitudinal comparison among the three
subfigures in Figure 2, it can be found that the increase of charging C-rate can increase the
contribution of lithium plating to capacity attenuation at the same temperature. The above
phenomenon has also been found in relevant experimental studies of LIBs [34,35].
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Figure 2. Competition between lithium plating and SEI growth in cycle life simulation. (a) Charging
at 1C. (b) Charging at 2C. (c) Charging at 3C. All batteries are discharged at 1C.

Figure 3b,d,f shows the change rule of capacity loss caused by lithium plating with
the number of cycles. It can be found that under the condition of serious lithium plating,
the cycle life of LIBs is significantly reduced and the aging rate is significantly accelerated
compared with that without lithium plating. Under the very low temperature environments
(from —20 to —10 °C), serious lithium plating occurs in the initial cycle of the battery, which
leads to the consumption of recyclable lithium-ions at a very fast speed and causes the
battery to quickly reach EOL. This objectively inhibits the growth of SEI film, as shown in
the local subfigure in Figure 3a,c,e. However, the increase of charging C-rate accelerates
the above process, making the contribution of lithium plating to capacity degradation close
to 100% under high C-rates, as shown in Figure 2b,c. Then, by observing the curves of
—5°Cand 0 °C, it can be found that the rate of capacity loss caused by lithium plating is
significantly slower than that under extremely low temperature environments at the same
C-rate. Similarly, the cycle life of the battery at the same temperature can be significantly
reduced with the increase of charging C-rate. Furthermore, by observing the curves of
temperature of 5 °C and above, it can be found that as lithium plating is no longer the
leading factor of capacity degradation, lithium plating reaction gradually stops due to
chemical equilibrium, so that its contribution to capacity degradation eventually reaches
a fixed value. However, the promoting effect of C-rate on lithium plating still exists.
The above results show that the decrease of carrier diffusion coefficient caused by low
temperature and the increase of carrier flux caused by high C-rate are the kinetic causes
of lithium plating, and the fast-charging strategy at low temperature can significantly
reduce the cycle life of the battery due to the increase of anode lithium plating under high
C-rates. For example, lithium plating causes 17% capacity loss after 50 cycles under the
fast-charging condition at —5 °C and 3C, while at the same ambient temperature, lithium
plating causes only 6% capacity loss after 50 cycles at 1C.
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Figure 3. SEI growth and lithium plating in the cycling process. (a,c,e) are capacity loss caused by
SEI film growth with 1C, 2C, and 3C charge, respectively. (b,d,f) are capacity loss caused by lithium
plating with 1C, 2C, and 3C charge, respectively.

Figure 3a,c,e show the change rule of capacity loss caused by the SEI growth with
the number of cycles. It can be found that the SEI film grows rapidly at the beginning of
the cycle, and then the growth rate gradually slows and becomes stable after 150 cycles.
However, compared with lithium plating, the SEI growth rate has no significant response
to temperature and rate conditions. We believe that SEI growth is related to the diffusion
rate of ethylene carbonate (EC). Due to the thin SEI film at the initial cycles, the diffusion
rate of EC is large, leading to the rapid thickening of SEI film [22,36]. The diffusivity of EC
increases with the increase of temperature, and at the same time, the capacity loss caused
by SEI growth also increases. Under the same number of cycles, for the battery with higher
working temperature, the SEI film becomes thicker and more recyclable lithium-ions are
consumed. Therefore, the number of cycles reaching EOL at 45 °C is less than that at 25 °C.

On the basis of Figures 2 and 3, it can be found that for the battery working in the
high-temperature environment, the battery should be properly cooled before charging to
control the battery temperature to the optimal value corresponding to the charging C-rate,
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which can reduce the battery aging rate by controlling the growth rate of the SEI film.
For the battery working in the low-temperature environment, the fast charging with high
C-rates should be avoided as far as possible. The battery temperature should be raised by
charging at a low C-rate or by pre-heating the battery so that the temperature of the battery
is within the range of no lithium plating, which avoids rapid battery capacity degradation.

3.2. The Cause for Large Amounts of Capacity Degradation Caused by Lithium Plating under
Low Temperatures

In order to further explore the threshold of lithium plating reaction under the condition
of fast charging, the kinetic process of lithium plating is studied. Figure 4a—c show the
change rule of the thickness of the anode lithium plating film in the initial cycle at different
charging C-rates. By comparing the curves in the subfigures, it can be found that at the
same C-rate, with the decrease of ambient temperature, lithium plating becomes more
serious and the equilibrium thickness of lithium metal layer increases. Meanwhile, it
should also be noticed that at the same temperature, with the increase of charging C-rate,
the initial state of charge (SOC) of lithium plating gradually moves lower, and the SOC
range of continuous lithium plating reaction gradually widens. For example, as shown in
Figure 4b, when the battery is charged at 1C and 10 °C, lithium plating occurs at 80% SOC
and reaches equilibrium at 85% SOC. To be clear, the cut-off voltage of constant-current
charging is 4.2 V. However, when the battery is charged at —10 °C, lithium plating occurs at
52% SOC, and the thickness of the lithium plating film does not stop until 85% SOC when
the battery is converted to constant-voltage charging. Similar results have been observed
many times in the experimental studies of other research groups [20,21,37].
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Figure 4. Thickness of lithium plating and the lithium plating potential. (a—c) show the thickening of
lithium plating with a single charge at 1C, 2C, and 3C, respectively. (d) shows the overpotential of
lithium plating during 3C charge.

We believe that the reason for this phenomenon is the change of lithium plating
reaction overpotential. It is well-known that as an electrode parasitic reaction, the lithium
plating reaction intensity is determined by the exchange current at the reaction interface
based on electrode reaction kinetics, and the rate of reaction can be described by the
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Arrhenius equation. The reaction occurs only when the reaction potential generated by
the exchange current drops beyond the critical potential at which the reaction occurs, i.e.,
7 <0 V. Additionally, the larger the downward shift of overpotential is, the stronger the
lithium plating reaction is. Since the Arrhenius coefficient is sensitive to temperature, the
reaction overpotential of lithium plating changes with temperature and current density.
Therefore, according to the following equation, we study the evolution law of overpotential
under the above working conditions:

. nFua
jp1 = —ﬂs(”kale)eXP<RT77Pl> (19)

kpl _ _& Tref —-T

In =
kpl,ref R TrefT

(20)

where jp; is current density of lithium plating reaction, as is specific surface area, 7 is the
number of charges an ion carries (herein n = 1), « is transfer coefficient, #p; is overpotential
of lithium plating, k,, is reaction rate constant of lithium plating, and ¢; is lithium concen-
tration in solid phase. Equation (20) shows the effect of temperature on the reaction rate,
where T, is reference temperature (25 °C), T is reaction temperature, ks is reaction rate
constant at reference temperature, and E, is reaction activation energy.

Figures 4d and 5 show the change rule of lithium plating reaction overpotential under
different charging C-rates and different ambient temperatures. Figure 4d shows the change
curve of the overpotential with SOC at 3C. It is found that at the early stage of charging,
the overpotential is much higher than 0 V, resulting in no lithium plating, and then rapidly
decreased. In order to better observe the change of overpotential when lithium plating
reaction occurs, the part of the curve with SOC < 5% is truncated, and the charging currents
of 0.5C, 1C, and 2C are studied, which obtain Figure 5a—d, respectively.
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Figure 5. 17 of lithium plating with the increase of charge rate. (a) Charging at 0.5C. (b) Charging at
1C. (c) Charging at 2C. (d) Charging at 3C.

By comparing Figure 5a—d, it can be firstly found that at the same charging C-rate,
the overpotential of lithium plating reaction decreases significantly with the decrease of
temperature. Secondly, it is found that at the same temperature, the overpotential curves of
different C-rates obviously move down overall. This results in two obvious consequences:
the position of the reaction potential crossing 0 V at high C-rate shifts towards a lower
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SOC than that at low C-rate; and the reaction potential crosses 0 V more readily at low
temperature than that at high temperature. Correspondingly, in the case of high C-rate,
the temperature range in which the overpotential curve can cross the critical potential is
relaxed, and the SOC range in which the potential curve crossing the critical potential
stays below the critical line is relaxed. Considering Figure 5b,d as an example, in the
case of 1C charging, the cases where the overpotential curves cross the critical potential
are only at —20 °C and —10 °C. However, for 3C charging, the four overpotential curves
from —20 °C to 10 °C all cross the critical potential, and the maximum SOC range of
the reaction occurrence is expanded by 45%. This is consistent with the lithium plating
reaction observed in Figures 2 and 4, thus proving the correctness of our hypothesis above
and revealing the kinetic cause of the phenomenon in Figure 4. In addition, this result
shows that by monitoring the change of overpotential, the occurrence of lithium plating
reaction can be accurately determined in a non-invasive state, and the occurrence degree
can be predicted. Accordingly, we can take the discussion to the next level: how to achieve
lithium-free control with maximum charging efficiency and minimize battery aging?

3.3. Determination of Optimal Charging Strategy

In order to explore the equilibrium point between battery charging efficiency and
aging rate, the change rules of cycle times and average aging rate with ambient temperature
and charging C-rate were investigated. Table 2 shows the cycle numbers of LIBs needed
to reach EOL at various temperature and C-rates. Figure 6a,b, respectively, show the
change curves of the number of available cycles and the average aging rate with the
ambient temperature at different C-rates. Figure 6c can be obtained by enlarging the range
between 0 °C and 45 °C in Figure 6b. It can be seen from Figure 6a that battery cycle
life declines rapidly at low temperatures (below 5 °C); the number of available cycles
begins to increase significantly after the temperature is above 5 °C; when the temperature
exceeds 15 °C, the cycle life begins to decline slowly again with the further increase of
temperature. Combined with Figures 3 and 4, we believe that the reason for the above
phenomenon is the transformation of the aging mechanism which plays a leading role. At
low temperatures (below 5 °C), lithium plating is the dominant mechanism of battery aging,
and the rapid consumption of recyclable lithium-ions leads to the rapid end of battery cycle
life. Moreover, as the temperature rises (above 5 °C), the lithium plating phenomenon
weakens, and the leading role gradually tilts to the SEI growth. As the rate of recyclable
lithium-ions consumption slows, the battery cycle life increases rapidly and reaches an
extreme value when the reaction rates of lithium plating and SEI growth are balanced. With
the further increase of the temperature, SEI growth becomes the dominant mechanism of
battery aging, and the battery cycle life begins to gradually decrease again due to the loss
of the competitive response constraint. It should be noticed that the temperature at which
the battery cycle life reaches the maximum value gradually moves to the high temperature
region with the increase of C-rate. This indicates that for the optimal charging strategy
of batteries, a reduced quantity which can reflect both aging rate and charging efficiency
needs to be categorized.

Table 2. The cycle numbers that LIBs reach EOL.

Temperature (°C)

-20 -10 -5 0 5 10 15 20 25 30 35 40 45 50

1C 22 335 565 712 771 781 748 742 727 710 699 689 680

C-rate 2C 86 299 630 744 796 830 828 816 810 799 785 776
3C 1 5 45 149 508 687 781 827 854 842 839 825 810 804
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Figure 6. Cycle life and aging rate with the increase of temperature. (a) Cycle numbers at the
EOL. (b) LIBs capacity loss per equivalent cycle. (c) Detailed view of (b). (d) Ratio of cycle time to
cycle numbers.

By comparing the curves of different charging C-rates in Figure 6c, it can be clearly
seen that there is an inflection point in the average cycle aging rate of the battery at
different charging C-rates, and the temperature value corresponding to the lowest aging
rate is the same as the temperature value corresponding to the highest cycle life in
Figure 6a. This indicates that the average cycle aging rate can be used as a calibration,
reflecting the aging rate and charging efficiency of batteries. However, the movement
of the inflection point of the average cyclic aging rate indicates that room temperature
is not necessarily the optimal charging temperature for different C-rates, and larger
C-rates tend to require relatively higher ambient temperatures. For example, as the
increase of C-rate, the optimal charging temperature increases from 1C for 15 °C to 3C
for 25 °C. This also reflects that lithium plating itself has an inhibitory effect on SEI
film, and the two side reactions are competitive reactions. The dynamic balance of the
two competing with each other for the electrode main reaction determines the optimum
battery-charging condition.

Furthermore, an interesting phenomenon is found in Figure 6a: after crossing the
inflection point, the available cycle life of 1C is lower than those of 2C and 3C at the same
temperature, and the average cycle aging rate in Figure 6¢ gives a consistent result. A
similar phenomenon has been observed in studies by other groups [38], but this has not
been explained in depth, unfortunately. Based on the information already known, we
believe that this should be a macroscopic mapping of some microscopic kinetic mechanism.
To verify the above conjecture, the change trend of average available cycle time under
different charging conditions is studied. The result shows that after passing the inflection
point, the degradation amount of available circulating lithium is linearly related to the
average time of a single cycle. For this reason, the variation rule of single cycle time with
ambient temperature at different C-rates is studied, as shown in Figure 7b. From the figure,
it can be found that the time required of a single cycle for 1C charging is much higher than
those for 2C and 3C charging. We also find that even for charge at 20 °C with 1C, there is
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still a trace of lithium plating, which is easy to ignore because it causes only less than 0.02%
capacity loss. However, this tiny lithium plating process may promote the growth of SEI,
resulting in a decrease in the cycle number at low C-rates, which has also been found in
other study [39]. By comparing Figure 2 with Figure 3, it can be seen that SEI film growth
is the dominant factor of battery capacity degradation above 15 °C, while the growth rate
of SEI film is almost constant after stabilization, and it is not sensitive to the change of
C-rate. Combined with the existing studies on SEI film growth [40,41], we believe that
the available cycle life of 1C is less than those of 2C and 3C at the same temperature after
the average cycle decay rate crosses the inflection point, and the reasons are as follows:
in the case where SEI film growth is the only aging mechanism, 1C charging takes much
longer than 2C and 3C charging in a single cycle, resulting in the significantly greater
lithium loss due to SEI film growth at low C-rates than at high C-rates, which reduces the
number of available cycles of 1C charging and leads to a relative reduction in cycle life.
This is essentially a competition result between the single cycle time and the number of
available cycles.
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Figure 7. (a) The ratio of time per cycle to cycle numbers. (b) Time of single cycle under various
operating modes.

After all the above preparations, direct research to optimal charging strategies for
batteries can finally be performed. Figure 8 shows the chromaticity diagram of the expected
cycle life of the battery at different charging C-rates and temperatures. Darker red indicates
a higher cycle life of the battery, and darker blue indicates a shorter cycle life. It can be
found that for different charging C-rates, the optimal charging temperature of the battery is
in the range of 15-35 °C and increases as the C-rate increases. For example, the optimum
charging temperature is 15 °C for 1C charging, rising to 25 °C for 2C charging, and further
rising to 30 °C for 3C charging. This indicates that for batteries with low energy density
or low capacity, such as lithium—iron phosphate batteries, they are better adapted to fast
charging without preheating at low temperatures. For higher capacity batteries, they should
be properly preheated when charging them fast at high C-rates. Due to the potential for
lithium plating, it is important to achieve lithium-free control of the battery during high
C-rate charging. When charging at low temperatures, it is recommended that the battery is
first preheated to at least 15 °C. The self-generated heat of the battery alone is not sufficient
to counteract the negative effects of low temperatures on fast charging. If possible, the
battery temperature should always be controlled at the optimum charging temperature
according to the charging C-rate. This undoubtedly puts forward higher demands on the
thermal management and BMS for electric vehicles. Furthermore, our research can provide
a useful reference for the development of high-performance and safe BMSs to achieve
fine-grained management of batteries.
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Figure 8. Optimal temperature with charge rate.

4. Conclusions

In this paper, a porous pole-thermal coupling model combining SEI film growth and
lithium plating is established to systematically analyze the leading factors and competition
relation among different factors of capacity degradation for LIBs at different ambient
temperatures and charging C-rates. Additionally, a method of lithium-free control based
on reaction overpotential under high charging C-rates is proposed. In addition, through
studying the aging rate of average cycle for LIBs under different charging conditions, an
evaluation index balancing the aging rate and charging efficiency is obtained, and the
optimal fast-charging strategy of LIBs under different ambient temperatures is discussed,
in which it is pointed out that it is an effective strategy to adjust the preheating temperature
according to the battery capacity and charging C-rate in a low-temperature environment.
Therefore, a high-performance BMS is needed to achieve fine-grained management of
batteries. Our research can enrich the fast-charging strategy without lithium plating and
provide the guidance for the next generation battery management system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries8110234 /s1, We have submitted a calculation example
of charging with 3C at 10 °C (Calculation example.mph), and its brief description (Description.pdf).
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