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Abstract

:

Since lithium-ion batteries are rarely utilized in their full state-of-charge (SOC) range (0–100%); therefore, in practice, understanding the performance degradation with different SOC swing ranges is critical for optimizing battery usage. We modeled battery aging under different depths of discharge (DODs), SOC swing ranges and temperatures by coupling four aging mechanisms, including the solid–electrolyte interface (SEI) layer growth, lithium (li) plating, particle cracking, and loss of active material (LAM) with a P2D model. Additionally, the mechanisms causing accelerated capacity to drop near a battery’s end of life (EOL) were investigated systematically. The results indicated that when the battery operated with a high SOC range, the capacity was more prone to accelerated degradation near the EOL. Among the four degradation mechanisms, li plating was mainly sensitive to the operation temperature and SOC swing ranges, while the SEI growth was mainly sensitive to temperature. Furthermore, there was an inhibitory interaction between li plating and SEI growth, as well as positive feedback between LAM and particle cracking during battery aging. Additionally, we discovered that the extremely low local porosity around the anode separator could cause the ‘knee point’ of capacity degradation.
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1. Introduction


Lithium-ion (li-ion) batteries are widely used in electric vehicles (EVs) and energy storage systems due to their advantages, such as high energy density, long cycle life, and low self-discharge rate [1,2]. The battery performance degradation, including capacity fading, internal resistance increase and power capability decrease, shortens their usage lives in practice. Additionally, battery aging is highly dependent on operation conditions [3]. Therefore, to prolong the lifetime of batteries, it is critical to investigate the battery aging mechanisms under different usage conditions.



For lithium-ion batteries, multiple external stress factors such as ambient temperature, depth of discharge (DOD), state of charge (SOC) swing range and charging/discharging rate, etc., have a great impact on the electrochemical evolution of different aging mechanisms. The aging behaviors of li-ion batteries under different operating conditions have been studied in many works in the literature. Refs. [4,5,6] show that the high temperature accelerates the side reactions of lithium-ion batteries, especially the solid electrolyte interphase (SEI) layer growth and the loss of active materials (LAMs). The SEI layer breaks down at a temperature above 57 °C, destroying the structural stability of the battery electrode [7]. During battery charging, refs. [8,9] demonstrate that a significant amount of li ions accumulate on the anode surface under low temperatures and high charging rates, resulting in a sharp drop in the anode’s potential and, thus, a direct reduction in li ions into lithium metal on the anode surface. Li plating has a great influence on battery performance. Refs. [9,10] indicate that li plating can lead to the clogging of anode pores, which affects ion transport and thus causes a sharp resistance increase. Refs. [11,12] reveal that the development of li dendrites on the anode surface has the possibility to puncture the separator, thus resulting in the internal short circuit of the battery. Furthermore, Ref. [13] shows that the charging/discharging rate generates high mechanical stress during li-ion lithiation/delithiation, causing the stress fatigue of particles and, thus, particle cracking. Thus, it is important to place batteries in operation under suitable temperatures and charging/discharging rates to suppress these side reactions for extended battery life.



The DOD and SOC swing ranges significantly affect the battery performance degradation. Generally, the larger the DOD is, the faster the battery capacity degrades [5,14,15]. Wikner et al. [16] demonstrated that commercial lithium-ion pouch batteries have large capacity retention at a low SOC swing range. Based on a pouch battery with Li(NiMnCo)O2 as the positive electrode material, Gao et al. [17] investigated battery degradation under five different SOC swing ranges with a 20% DOD. The results show that the battery cycled with the [0–20%] SOC range had the maximal capacity retention, while the battery cycled with the [80–100%] SOC range had the fastest capacity degradation. Furthermore, it was discovered that the battery with a DOD of 100% degraded faster than that with a 20% DOD. Zhu et al. [18] showed that the battery life could be extended largely by cycling it under medium SOC ranges, and the loss of the lithium inventory (LLI) is the primary cause of the various capacity decay rates of lithium-ion batteries with different SOC ranges. Thiringer et al. [19] showed that avoiding cycling lithium-ion batteries in the high SOC ranges could effectively prolong battery life. Saxena et al. [20] demonstrated that the capacity decline rate of the LiCoO2 pouch battery increased with an increase in SOC swing ranges. Preger et al. [21] investigated the aging trajectories of three commercial lithium-ion batteries, including LiFePO4 (LFP), LiNixCoyAl1−x−yO2 (NCA), and LiNixMnyCo1−x−yO2 (NMC) as the cathode materials. The results show that, in contrast to LFP, the capacity degradation of NMC and NCA batteries was more sensitive to the DOD.



Although the battery capacity degradation of different li-ion batteries under different DODs, SOC swing ranges and temperatures have been studied by many researchers, the electrochemical evolution of aging mechanisms and the interactions between them under these operation conditions were not clear. To address this issue, this paper conducted a simulation experiment by coupling four different aging mechanisms and simulating the battery aging behaviors under different operation conditions. The main contributions are as the following:




	
A high-fidelity simulation model by coupling the P2D model and four aging mechanisms were developed to emulate the battery aging behaviors under different operation conditions.



	
The battery capacity degradation under different DODs, SOC swing ranges and temperatures was analyzed systematically based on the simulation experiment.



	
The aging mechanisms and the interaction effects between them under these usage conditions were analyzed systematically, based on which some new discoveries were made.








The remainder of this paper is organized as follows: Section 2 develops the models of four aging mechanisms, followed by Section 3, showing the specifications of the lithium-ion battery and the cycling protocols of the simulation experiments. Section 4 presents the battery aging results under different working conditions and the electrochemical evolution of different aging mechanisms. The paper is concluded in Section 5.




2. Model Development


The decline in battery life is primarily caused by differential degradation mechanisms in the positive and negative electrodes as well as electrolyte consumption. However, due to the incomplete modeling of aging mechanisms of the positive electrode and electrolyte consumption, especially due to the lack of consideration of mutual effects between different mechanisms, this study focused mainly on the negative electrode. Figure 1 illustrates all the aging mechanisms of the batteries considered in this paper, including the SEI layer growth, lithium plating, particle cracking and LAM. These aging mechanisms were integrated into the Doyle–Fuller–Newman (DFN) model [22] to characterize the battery’s aging behaviors. A detailed overview of the aging mechanisms and modeling is presented in the following subsections.



2.1. SEI Layer Growth Model


A structurally stable SEI layer is crucial for preserving the chemical and mechanical stability of the electrode. It is believed that the growth of the SEI layer is the most common and significant degradation mechanism for lithium-ion batteries. The growth of the SEI layer can be divided into two processes: first, the negative electrode of the battery is polarized, and the organic solvent in the electrolyte undergoes reduction and decomposition to produce new chemical compounds, and second, new chemical substances are precipitated on the anode surface to form a new SEI layer.



There are four SEI formation mechanisms, which were analyzed and modeled in [23]. In this paper, a diffusion-limited model was used to capture the growth of the SEI layer since the experimental data could be predicted by this model accurately [24], and the reaction rate was limited by the transport rate of the solvent through the outer layer of the SEI. The model assumed that the flux of solvent molecules followed Fick’s law:


   N  s o l   = −  D  s o l    ( T )    ∂  c  s o l     ∂ l    



(1)




with boundary conditions of:


   c  s o l | l = 0   = 0 ,  c  s o l | l =  L  S E I     =  c  s o l , e    



(2)




where    c  s o l     is the concentration of the solvent,    c  s o l , e     is the concentration of the solvent in the electrolyte,    D  s o l    ( T )    is the solvent diffusion coefficient,  l  is the location of the SEI layer.



Due to the law of conservation of material, the flux density at the interface of the SEI layer can be obtained as:


   N  S E I   = −  N  s o l   =    c  s o l , 0    D  s o l    ( T )     L  S E I     .  



(3)







The growth rate of the thickness of the SEI layer is also as follows:


    ∂  L  S E I     ∂ t   = −  1 2   N  s o l     V ¯   S E I   =    c  s o l , 0    D  s o l    ( T )    V ¯   S E I     2  L  S E I     ,  



(4)




where    L  S E I     is the SEI layer thickness and     V ¯   S E I     is the average partial molar volume of SEI. As indicated by Equation (4), the growth of the SEI layer was mainly affected by the temperature and the solvent diffusion coefficient, which followed the Arrhenius equation:


   D  s o l    ( T )  =  D  s o l    (   T  r e f    )  exp  (  −    E  s o l     R T   +    E  s o l     R  T  r e f      )  ,  



(5)




where    T  r e f   = 25   °C,    E  s o l     is the activation energy for solvent diffusion.



In addition, the growth of the SEI layer led to the following effects:




	
A decrease in the negative electrode porosity:


    d  ε n    d t   = −  a n  ·   ∂  L  S E I     ∂ t   .  



(6)







	
An increase in the overpotential of the SEI layer caused by an internal resistance increase in the SEI layer:


   η  S E I   =    j  t o t    L  S E I      a n   σ  S E I     ,  



(7)




where    ε n    is the negative electrode porosity,    a n    is the specific surface area. For spherical particles,    a n  = 3  ε n  /  R n   ,    R n    is the negative electrode spherical particle radius.    η  S E I     is the overpotential of the SEI layer,    j  t o t     is the total current density in negative charge conservation and    σ  S E I     is the conductivity of the SEI layer.









2.2. Lithium Plating Model


Lithium plating occurs when lithium ions do not intercalate into the electrode but instead form lithium metal on the electrode surface. The plated lithium can be recovered partially or completely by the subsequent discharge reactions through stripping. However, the plated lithium can quickly react chemically with the electrolyte solution to form SEI. The metal lithium isolated by the SEI film is not able to strip, so this part of lithium is called “dead lithium”. Ref. [25] constructed a partially reversible lithium plating model. According to the Butler–Former equation, with an overpotential correction form, the lithium plating/stripping flux at the anode/electrolyte interface was:


   N  L i   =  k  L i    (   c  L i   exp  (    F  α  a , L i    η  L i     R T    )  −  c e  exp  (    F  α  a , L i    η  L i     R T    )   )  ,  



(8)




where    k  L i     is the lithium plating/stripping constants,    c  L i     is the concentration of the plated lithium,  F  is Faraday’s constant,    c e    is the Li+ concentration in the electrolyte, while the transfer coefficients    α  a , L i     and    α  c , L i     were both set to 0.5 in this experiment.    η  L i     is the lithium deposition potential (LDP), defined as    η  L i   =  ϕ s  −  ϕ e  −  η  S E I    , where    ϕ s    and    ϕ e    are the electrode potential and the electrolyte potential with respect to Li/Li+, respectively. However, the electrode potential in the anode was close to 0, and the internal resistance of the SEI layer was small at 25 °C. Therefore, the LDP was mainly affected by the electrolyte’s potential.



Ref. [26] indicated that the plated lithium decayed into SEI and dead lithium over time by coupling the three models of lithium plating, stripping and SEI growth. The differential solution of    c  L i     was expressed as:


    ∂  c  L i     ∂ t   = −  a −   N  L i   −   ∂  c  d l     ∂ t   ,  



(9)




here    a −    is the ratio of the negative electrode surface area to volume and    c  d l     is the concentration of dead lithium, defined as:


    ∂  c  d l     ∂ t   = γ  c  L i    



(10)







Since dead lithium is formed by the reaction of plated lithium with the electrolyte solution, the reaction rate is affected by the rate of solvent diffusion, which is also the case for the SEI layer formation. This model assumed that the dead lithium decay rate  γ  was inversely proportional to the thickness of the SEI layer:


  γ  (   L  S E I    )  =  γ 0     L  S E I , 0      L  S E I , t     ,  



(11)




where    γ 0    is the fitting parameter,    L  S E I , 0     is the initial SEI thickness, and    L  S E I , t     is the SEI thickness at time t.




2.3. Particle Cracking Model


With the intercalation and deintercalation of lithium ions on the electrode, the electrode material expands and shrinks greatly. The alternating deformation of the electrode volume can cause alternating stress, leading to fracture propagation on the active particles and the creation of new surfaces, which, in turn, influences side reactions such as SEI and lithium plating. In this paper, a fatigue crack model based on spherical electrode particles was adopted, and the expressions of radial stress    σ r   ( r )   , tangential stress    σ t   ( r )    and displacement  u  were as follows [27]:


   σ r   ( r )  =   2 Ω E    (  1 − υ  )     [   c  a v g    ( R )  −  c  a v g    ( r )   ]  ,  



(12)






   σ t   ( r )  =   Ω E    (  1 − υ  )     [  2  c  a v g    ( R )  +  c  a v g    ( r )  −  c ¯  / 3  ]  ,  



(13)






  u =    (  1 + υ  )     (  1 − υ  )    Ω r  c  a v g    ( r )  +   2  (  1 − 2 υ  )     (  1 − υ  )    Ω r  c  a v g    ( R )  ,  



(14)




where    Ω    is the partial molar volume,  E  is Young’s modulus,  υ  is Poisson’s ratio,    c  a v g    ( r )    is the average lithium-ion concentration as a function of the radius,  R  is the particle radius, and    c ¯  = c −  c  r e f     is the deviation of the lithium-ion concentration  c  from the reference concentration    c  r e f     under no stress.



The fatigue crack growth model follows Paris’ law [28], and it can be assumed that all electrode particle surfaces have the same crack length    l  c r    , crack width    w  c r     and crack density    ρ  c r     per unit area.


    d  l  c r     d N   =    k  c r      t 0       (   σ t   b  c r     π  l  c r      )     m  c r            σ t  > 0 ,  



(15)




where    t 0    is the time of a single cycle,    b  c r     is the stress intensity correction factor, and    k  c r     and    m  c r     are constants obtained from the experiments.



The growth model of the SEI layer on the new crack can be defined as follows [25]:


    ∂  L  S E I , c r     ∂ t   =    c  s o l , 0    D  s o l    ( T )    V ¯   S E I     2  L  S E I , c r     +   ∂  l  c r     ∂ t      L  S E I , c r 0   −  L  S E I , c r      l  c r      



(16)




where    L  S E I , c r     is the average thickness of the SEI layer on the new crack, and    L  S E I , c r 0   =  L  S E I , 0   / 10000   is the thickness of the initial SEI layer on the new crack.




2.4. Loss of Active Material Model


Particle cracking can also lead to the loss of active material (LAM). The underlying principles of the physical phenomena are the same, so the above mechanism-based models could also be used to calculate the LAM. The LAM can be simulated by decreasing the volume fraction of active material    ε a    according to:


    ∂  ε a    ∂ t   =  β   t 0       (     σ  h , m a x   −  σ  h , m i n      σ c     )     m 2           σ  h , m i n   > 0 ,  



(17)




where  β ,    m 2    and    σ c    are the coefficients obtained from the experiments. The hydrostatic stress    σ h  =  (   σ r  + 2  σ t   )  / 3   can be derived from Equations (12)–(14). The subscripts max and min of    σ h    represent the maximum and minimum values, respectively.





3. Simulation Experiment


3.1. Battery Specification


A commercial 21,700-type battery (INR 21700-M50T, LG) with a nominal capacity of 5Ah and a nominal voltage of 3.63 V was simulated in this study. The anode used SiOy-graphite, and the cathode used LiNi0.8Co0.1Mn0.1O0.1 as the active material. It should be noted that the anode of the battery in question was a composite electrode, meaning that there was a small amount of SiOy present in the graphite negative electrode. However, the Si effect was disregarded in this study, and the negative electrode material was assumed to be pure graphite. The battery’s height and diameter were 70 mm and 21 mm, respectively. The lower and upper cut-off voltages were 2.5 V and 4.2 V, respectively. More detailed specifications of the battery are listed in Table 1.




3.2. Simulation Tool and Parameterization


The Python-based PYBAMM toolbox [29] was used to simulate the battery charging/discharging behaviors and aging characteristics in this study by using the P2D model coupled with aging models that describe the different aging mechanisms above. The key degradation parameters of the aging models are listed in Table 2, and some default degradation parameters are listed in Supplementary Table S1. In the simulation, the electrodes and separator were divided into 30 mesh nodes and the particles into 35 mesh nodes. The model was solved using the CasADI solver [30].




3.3. Cycling Protocols


The flow chart of the aging experiment is shown in Figure 2. The battery was first characterized with a reference performance test (RPT) to calibrate the capacity under T = 25 °C and was then cycled with the aging test. The specific processes for the RPT and aging tests are listed in Table 3. During the aging test, based on the constant current value, the battery charge and discharge time were controlled to ensure that the battery was cycled within a specific SOC range. The cut-off voltage (4.2 V and 2.5 V) was used as the charge/discharge limit to avoid battery overcharge or over-discharge. Since the aging experiments involved various depths of discharge (DODs), the equivalent full cycle (EFC) instead of the cycle number was used for fair comparisons. The EFC was computed by normalizing the accumulated throughput ampere-hour in charging and discharging to the battery’s maximum capacity.



For instance, when the SOC cycle range was [5–55%], the battery was first discharged at 1 C to a lower cut-off voltage of 2.5 V (SOC = 0%). Then the battery was charged at 0.5 C to 55% SOC, and after a rest for 60 s, the battery was discharged at 1 C for 0.5 h to 5% SOC. After another rest for 60 s, the battery was cycled between 5% and 55%, as the procedure indicates in Table 3. After 100 EFCs, the RPT was performed periodically to calibrate the battery capacity so that the charge-discharge rate and the charge-discharge time could be updated for the next aging test. This periodical capacity calibration was conducted to avoid accumulative errors caused by the continuous battery capacity fading during cycling. When the battery capacity fell below 80%, the aging test was terminated. Supplementary Table S2 lists the test matrix for the battery aging experiment. This research investigates how various DODs, SOC swing ranges, and ambient temperatures affect battery aging evolution. Note that the thermal characteristics were not considered in the modeling, and the battery temperature was fixed during the simulation.





4. Results and Discussion


4.1. Simulation Results with Different SOC Swing Ranges


Figure 3 shows the battery capacity degradation under different DODs and SOC swing ranges. Figure 3a–d indicates that when the battery DOD was fixed, the capacity fading rate generally decreased as the battery SOC swing range decreased. This phenomenon is consistent with the results presented in refs. [16,17]. For example, under a fixed DOD of 50%, shown in Figure 3c, the battery degradation rate was the highest under a SOC swing range of [45–95%], which decreased to the lowest under a range of [5–55%]. Additionally, we also discovered that the battery’s capacity decay rate was significantly faster during the ranges [35–85%] and [45–95%] compared to other SOC ranges in Figure 3c. These variable aging trajectories imply that different aging mechanisms are experienced by batteries when cycled with different SOC ranges, which contribute differently to the battery capacity loss. This aging phenomenon is investigated in detail in the following. It can be observed that when the battery was cycled with high SOC ranges of [65–95%], [55–95%], [45–95%], [35–95%], a ‘knee point’ occurred in the capacity degradation curve. This rapid nonlinear degradation phenomenon, which reduces the battery life drastically, is discussed in detail in Section 4.1.2. Figure 3e depicts the capacity decay rate per cycle with different mean SOC values. When     SOC  ¯    remained constant, the greater the DOD, the greater the battery capacity declined. Note that     SOC  ¯  =   SOC   upper − limit   − DOD / 2   or     SOC  ¯  =   SOC   lower − limit   + DOD / 2  .



4.1.1. Aging Mechanisms Analysis under Different SOC Ranges


To investigate the evolution process of different aging mechanisms inside the battery under various SOC ranges and their impact on the battery life, we selected a battery with a DOD of 50% and with five different SOC ranges. Figure 4 shows aging parameter variations with different SOC swing ranges at 50% DOD.



Figure 4a depicts the particle concentration distribution on the negative electrode separator side, where the lower the SOC swing range, the higher the particle internal concentration. According to Equations (12) and (13), a higher particle concentration induced larger alternating stress, making active particles more susceptible to fatigue and thus resulting in particle cracking more easily. As shown in Figure 4b, the particle crack length was longer with a lower SOC range, leading to more severe particle cracking. Particle cracking results in the loss of active material (LAM). The LAM of the negative electrode, depicted in Figure 4c, appeared more severe as the SOC cycling range decreased. LAM could lower the interfacial area between the active material and the electrolyte, resulting in an increase in the interfacial current density, which further increases the concentration within the particle and mechanical stress during battery operation. This positive feedback mechanism indirectly accelerates particle cracking.



Two aging mechanisms, including the SEI layer formation (red line) and Li plating (purple dashed line), are depicted in Figure 4d. The SEI formation involves the growth of the SEI layer on the electrode surface as well as the newly created SEI layer on the cracking surface of the active particles. Figure 4d illustrates that the loss of battery capacity caused by the growth of the SEI layer and Li plating slowed down as the battery aged. According to Equation (4), the SEI is a self-limiting growth whose thickness is proportional to the square root of time. However, the occurrence of lithium plating is influenced by the growth of the SEI layer. First, as the SEI layer grows, the reduction in recyclable lithium in the electrolyte avoids the high-lithiation state of the anode when it starts plating, thereby inhibiting the occurrence of lithium plating. Additionally, in Equation (8), when    k  L i   >   10   − 9   m  s  − 1    , the battery capacity decay is more sensitive to    γ 0    than to    k  L i     [26]. Additionally, the formation rate of dead lithium is negatively proportional to the thickness of the SEI layer, as indicated in Equation (11). Figure 4d shows that Li plating was more sensitive to the SOC cycling range than SEI growth. When the battery cycled in a high SOC range of [45–95%], the capacity loss caused by lithium plating was approximately five times greater than that in a low SOC range of [5–55%]. Furthermore, the rate of lithium plating was significantly faster in the ranges of [35–85%] and [45–95%] compared to the other three ranges, resulting in a significant difference in the rate of the battery capacity decline (Figure 3). It can be noted that the growth of the SEI layer and lithium plating resulted in a decrease in porosity. Figure 4e depicts the change in porosity on the anode side near the separator, and this changing trend was opposite to the growing trend of the curve shown in Figure 4d. The porosity decreased more rapidly as the SOC cycle range increased. It is also worth noting that the porosity was less than 0.05 near the late life of the battery with a SOC range of [45–95%], indicating that the pore was clogged [9]. This was the cause of the abrupt capacity drop shown in Figure 3, and a detailed analysis is presented in the following section.



Figure 5 depicts the capacity loss caused by SEI growth and li plating under different DODs and SOC swing ranges. Figure 5a illustrates that the difference in the capacity loss caused by SEI was very small, even with different     SOC  ¯    and DOD values. However, a greater loss in the battery capacity due to li plating was observed (Figure 5b) with higher DODs. Figure 5 indicates that li plating was the primary factor for accelerated battery capacity degradation when DOD increased.




4.1.2. Nonlinear Degradation Due to Pore Clogging


We took the SOC swing range of [45–95%] to analyze the ‘knee point’ of the battery capacity degradation. Figure 6 displays the battery potential characteristics at a 0.3 C discharge under different SOHs. Figure 6a shows that the battery voltage decreased slightly at the beginning of the discharge as the battery aged. However, at a SOH of 48.2%, the battery’s initial discharge voltage dropped sharply, indicating a dramatically increased battery resistance at a low SOH. A detailed analysis of the voltage loss in both fresh and aged batteries was undertaken to investigate the causes of this phenomenon. The overall voltage loss was mostly induced by: (1) electrode resistance; (2) electrolyte concentration polarization resistance and ion conduction resistance (unified as electrolyte resistance); (3) the internal concentration polarization resistance of active particles. The evolution of individual voltage loss during discharge for fresh and aged batteries is depicted in Figure 6b,c. Figure 6c shows that the rise in resistance in an aged battery was mostly attributed to the resistance increase in the anode electrolyte, whereas the electrode resistance and internal concentration polarization resistance of the active particles were close to 0. Comparing the anode electrolyte resistance in Figure 6b,c, it can be seen that the anode electrolyte resistance increased sharply during the nonlinear aging stage of the battery (SOH < 80% generally).



It can be noted that there was a positive correlation between the resistance increase and the potential gradient of the negative electrolyte. Figure 6d shows the potential gradient change in the anode electrolyte at different SOHs. During the discharging process, lithium was deintercalated from the negative electrode and became lithium ions, which flowed to the positive electrode via the electrolyte, causing the electrolyte potential to drop along the current collector to the separator. In a new cell, the electrolyte gradient decreased at the anode by a smaller amount, implying a smaller overall potential drop in the electrolyte. As the battery aged, the electrolyte potential gradient dropped quickly. The electrolyte potential gradient exhibited a dramatic decline near the anode/separator interface after the nonlinear degradation of the battery. This result indicates that the potential of the negative electrolyte dropped sharply and that its resistance increased violently after the ‘knee point’ of battery capacity degradation.



The dramatic drop in the electrolyte potential gradient at the anode during battery degradation was primarily caused by a decrease in the anode porosity. Figure 7a depicts the local porosity distributions of the anode at different SOHs. The porosity was relatively uniform across the anode in both fresh cells and cells with high SOHs. However, after the ‘knee point’ (SOH < 80%), the porosity of the anode near the separator was reduced substantially, thus resulting in pore clogging. According to Equation (6), the SEI layer growth could lead to a porosity decrease. Furthermore, as previously claimed, lithium plating also resulted in a porosity decrease. Figure 7b shows the volume fraction of pores occupied by an SEI layer and lithium plating during cycling. It could be seen that the SEI layer’s growth was relatively uniform across the anode thickness under different aging stages of the battery, while the li plating was relatively low near the current collector and increased exponentially after the 0.6 anode thickness (dimensionless) until the separator. And as the battery degraded, the lithium plating growth rate was higher.



That is, the decrease in porosity during the battery’s early health stages could be primarily attributed to the SEI growth. The accelerated porosity decreased during the battery’s late health stages mainly due to the more severe li plating. The extremely low porosity made the conduction of ionic charges and the diffusion of lithium ions very difficult, which led to the potential gradient reduction in the anode electrolyte (Figure 6d). Figure 7c,d shows the evolution of the li plating potential at three distinct sites of the anode during charging for a new battery and an aged battery with SOH = 84.96%. It shows that during CC charging, the li plating potential decreased at each site until the voltage reached the cutoff voltage, after which it started to increase back. The difference was that for the new battery, the li plating potential at the anode was higher than 0 V vs. Li/Li+, and thus, the lithium plating rate was slow. While for aged cells, the li plating potential dropped quickly during charging and to a negative value near the separator; this exacerbated Li deposition, as shown in Figure 7b.





4.2. Simulation Results with Different Temperatures


Figure 8 illustrates the battery capacity degradation at different temperatures, and SOC swing ranges with a DOD of 50%. Figure 8a–d shows that at different temperatures, the battery degraded more slowly as the SOC cycling range decreased, which was consistent with the battery degradation results at a temperature of 25 °C. It was observed that at T = 5 °C and T = 15 °C, the battery capacity fading rate with SOC swing ranges of [35–85%] and [45–95%] was larger than other SOC cycling ranges. But as the temperature increased, this difference in capacity degradation gradually reduced. Note that at T = 35 °C and T = 45 °C, the ‘knee point’ in the battery capacity degradation was also observed as that at T = 25 °C. Figure 8e depicts the capacity loss per cycle under different temperatures and     SOC  ¯    values. It shows that at T = 5 °C, the capacity degraded the fastest. Among the five temperatures, the battery capacity decline rate was ranked as T = 5 °C > T = 15 °C > T = 45 °C > T = 25 °C ≈ T = 35 °C. A detailed analysis of the degradation mechanisms under different temperatures is shown as the following.



Aging Mechanisms with Different Temperatures


Figure 9 shows the battery aging characteristics at 50% DOD and different aging characteristics. Figure 9a shows the battery capacity loss caused by SEI, which indicates that the SOC cycling range was limited while the temperature had a greater effect on the SEI layer growth. For example, the capacity loss due to SEI at 45 °C was approximately three times that at 5 °C for the same EFCs. The high SEI growth rate at high temperatures was due to the increased intercalation capability of solvent molecules at elevated temperature rises, which was indicated by an increase in the solvent diffusion coefficient of Equation (5). Figure 9b depicts the battery capacity loss due to li plating. As shown in Figure 9b, lithium plating was highly sensitive to both the SOC cycling ranges and temperatures. For instance, at the same EFCs, the battery capacity loss caused by lithium plating at 5 °C was four times that at 45 °C, indicating that low temperatures facilitated li plating. The reason for this was that the graphite anode kinetics deteriorated as the temperature decreased. That is, on the one hand, the li-ion intercalation rate into the negative electrode was reduced at low temperatures, resulting in the intensified polarization of the negative electrode electrolyte, and many li-ions directly obtained electrons at the negative electrode/electrolyte interface and became metallic lithium directly. On the other hand, at lower temperatures, the SEI layer growth was slower, which promoted the formation of dead Li (Equation (11)). Figure 9a,b shows that at low temperatures, li plating was the main aging mechanism, and the SEI layer growth caused less battery capacity loss than li plating.



Figure 9c depicts the crack length in the negative active material particles, which shows that the decrease in the temperature accelerated particle cracking. The main reason is that during a low-temperature discharge, the active material particles of the negative electrode shrank, increasing the concentration gradient inside the particles and, thus, promoting the LAM of the negative electrode. Figure 9d shows the LAM of the negative electrode, indicating positive feedback between the LAM and particle cracking, as discovered in Section 4.1.1. However, because Young’s modulus of the Li-ion battery in this paper was set to a large value, the LAM of the negative electrode had a limited effect on the battery’s capacity loss. Therefore, the capacity degradation rate per cycle at different temperatures (Figure 8e) was the cooperation results under different aging mechanisms, including the SEI’s layer growth, lithium-ion plating, and so on.






5. Conclusions


By coupling the four aging mechanisms of solid electrolyte interphase (SEI) growth, lithium (li) plating, particle cracking, and the loss of active material (LAM), this paper systematically studied the electrochemical evolution of battery aging at different depths of discharge (DODs), state of charge (SOC) swing ranges, and ambient temperatures. The relationship between different aging mechanisms was analyzed, and the mechanisms leading to the non-linear capacity degradation of the battery were discussed. The four discoveries are summarized as follows.



	
There is an aging-minimal operation state at a specific SOC swing range, DOD and temperature for the battery. This minimal aging state of the battery was determined by the trade-off between different aging mechanisms under specific operating conditions. For example, the optimal operating temperature range for this cell was around 25–35 °C, and the cell degraded faster under temperatures outside this range, necessitating the health conscious-control of battery operations for an extended lifetime in practice.



	
There was a negative feedback mechanism between the SEI growth and Li plating. By consuming cyclable lithium, SEI growth could prevent the negative electrode from becoming highly lithiated during Li plating, thereby restraining Li plating. Furthermore, SEI growth could inhibit the formation of dead lithium. However, particle cracking and LAM clearly had a positive feedback mechanism between each other. That is, LAM could reduce the interface area between the active material and the electrolyte, increasing the interface current density, the internal concentration of the particles and the mechanical stress, thus further promoting active particle cracking.



	
Lithium plating is highly sensitive to ambient temperatures and SOC swing ranges, while SEI growth is mainly sensitive to ambient temperatures. Low temperatures caused accelerated battery capacity fading and an increase in resistance. The main cause was that lithium plating occurred relatively easily at low temperatures. Furthermore, low temperatures can also speed up particle cracking, resulting in increased LAM. If the temperature is too high, lithium plating is inhibited, and the SEI layer growth is accelerated. At different temperatures, the battery capacity decline rate can be ranked as T = 5 °C > T = 15 °C > T = 45 °C > T = 25 °C ≈ T = 35 °C.



	
The clogging of the anode pores near the separator caused a significant accumulation of the lithium ions there. These circumstances aggravate the increase in the local electrolyte potential gradient in the anode, which, in turn, causes a sudden increase in the anode electrolyte’s resistance and, thus, nonlinear capacity degradation.
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Figure 1. Illustration of the main aging mechanisms of battery. 
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Figure 2. Flow chart of test procedure. 
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Figure 3. Battery capacity degradation with different DODs and SOC swing ranges. (a) DOD = 30%. (b) DOD = 40%. (c) DOD = 50%. (d) DOD = 60%. (e) Capacity loss per cycle before the ‘knee point’ with different DODs and mean SOC values. 
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Figure 4. Aging parameter variations with different SOC swing ranges at 50% DOD. (a) Concentration distribution of negative electrode particles near the separator at a 0.3 C discharge in the last RPT test of the cell. (b) Variations in negative particle crack length as battery ages. (c) Variations in x-averaged negative active material fraction as battery ages. (d) Capacity loss due to SEI formation (red lines)/Li plating (purple dotted lines). (e) Variations in negative electrode porosity at separator as battery ages. 
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Figure 5. Capacity loss under different DODs and SOC swing ranges due to (a) SEI growth, and (b) Li plating. 
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Figure 6. Characteristic analysis of battery potential at an SOC range of [45%–95%]: (a) Discharge voltage at 0.3 C under different SOHs. (b) Voltage loss caused by different components for a fresh cell. (c) Voltage loss caused by different components for an aged cell. (d) Gradient of electrolyte potential across the anode thickness under different SOHs. 
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Figure 7. Distributions of local anode porosity (a) and pore volume occupation by SEI and li plating (b) under different SOHs. Variations in li deposition potential during charging at different sites for a fresh cell (c) and an aged cell (d). 
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Figure 8. Capacity degradation under different SOC swing ranges with a DOD of 50% under temperatures of (a) T = 5 °C, (b) DOD = 15 °C, (c) T = 35 °C, (d) T = 45 °C, (e) Capacity loss per cycle under different temperatures and     SOC  ¯    values. 
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Figure 9. Battery aging characteristics at different temperatures and 50% DOD. (a) Capacity loss due to SEI. (b) Capacity loss due to plating. (c) Negative particle crack length. (d) x-averaged negative active material fraction. 
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Table 1. Specifications of the LGM50 lithium-ion battery.
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	Battery Type
	LGM 50





	Anode/Cathode material
	Graphite and SiOy/LiNi0.8Co0.1MnO0.1



	Cut-off voltages (V)
	2.5–4.2



	Nominal voltage (V)
	3.63



	Nominal capacity (Ah)
	5



	Operating temperature (°C)
	0–50



	Max discharge current (A)
	1.5 C



	Dimensions (mm)
	 ϕ 20 × 70



	Battery mass (g)
	68.3
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Table 2. Degradation parameters.
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Negative Electrode

	
Positive Electrode




	
Symbol

	
Definition

	
Default Value

	
Reference

	
Default Value

	
Reference






	
    D  s o l     

	
Solvent diffusivity in SEI

	
2 × 10−21

	
[23]

	
-

	
-




	
    k  L i     

	
Li plating/stripping rate constant

	
7.5 × 10−5

	
[26]

	
-

	
-




	
    γ 0    

	
Rate constant for dead Li formation

	
1 × 10−9

	
[26]

	
-

	
-




	
    k  c r     

	
Paris’ law cracking rate

	
3.9 × 10−20

	
[28]

	
3.9 × 10−20

	
[28]




	
  β  

	
Loss of active material proportional term

	
2.78 × 10−8

	
[31]

	
2.78 × 10−8

	
[31]
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Table 3. Cycling protocol for the degradation modeling.
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Tests

	
Procedure




	
Reference performance test (RPT)

	
(1)  Constant current (CC) charge at 0.5 C to 4.2 V




	
(2)  Constant voltage (CV) charge at 4.2 V until current < C/100




	
(3)  Rest for 1 h




	
(4)  CC discharge at 0.3 C to 2.5 V




	
(5)  Rest for 1 h




	
Cycling test

	
(1)  CC charge at 0.5 C to SOC upper limit




	
(2)  Rest for 60 s




	
(3)  CC discharge at 1 C to SOC lower limit




	
(4)  Rest for 60 s




	
(5)  Loop Step (1) to (4) for 100 equivalent full cycles
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