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Abstract

:

This paper proposes a new model that predicts the cell voltage dynamics and capacity degradation induced by lithium plating and stripping. The proposed model uses a single equilibrium reaction to describe the deposition and dissolution of metallic lithium, predicting the partial reversibility of the plating/stripping reaction, the characteristic voltage plateau during relaxation, and the capacity loss due to the Loss of Cyclable Lithium (LCL). The model is integrated with a Doyle–Fuller–Newman (DFN) electrochemical model, calibrated and validated with experimental data. The model has the potential to improve the accuracy of predicting the effects of lithium plating in Li-ion cells and aid in the development of Extreme Fast Charging (XFC) technology for BEVs.
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1. Introduction


Enabling Extreme Fast Charging (XFC) is a key priority for increasing the adoption of Battery Electric Vehicles (BEVs) and decarbonizing the transportation sector. On the other hand, lithium ion (Li-ion) cell technology is currently limited in terms of charge rate capability by a side reaction known as lithium plating, in which solid metallic lithium forms in the anode, where its local potential falls below the potential of solid lithium [1]. Lithium plating has been shown to be favored at low temperatures, high State of Charge (SOC) and high rates of charging, which leads to lower intercalation rates, larger overpotentials, values of the anode Open Circuit Potential (OCP) close to 0V (vs.   L i / L  i +   ), and slower solid-phase diffusion [2,3,4,5]. While the plating reaction can be partially reversible, irreversibly plated lithium can form solid dendrites, leading to a loss in the accessible surface area of the anode active material and a loss of cyclable lithium through formation of a Solid Electrolyte Interface (SEI) [6,7,8,9].



Due to the practical challenges of measuring the onset of plating in a commercial cell in situ during fast charging, modeling and simulation resources have received considerable attention [10,11,12]. Methods to predict the lithium plating and its effects on capacity loss have been created by postulating different mechanisms, rates, and locations of these phenomena [1,13,14,15,16,17,18]. On the other hand, capturing the interactions between the side reactions and the lithium intercalation in the anode during the cell charging and subsequent relaxation is rather complex due to the dynamics and couplings inherent to this process. A lack of fidelity in modeling these effects ultimately limits the ability of models to predict the characteristic voltage response that can be observed from experimental tests when plating occurs.



This paper proposes a new model that predicts the cell voltage dynamics and capacity degradation induced by lithium plating and stripping via a single side reaction. Most plating models assume that the plating and stripping reaction kinetics are described by two separate equations. However, this assumption contrasts with the principles of equilibrium reactions, in that a cathodic and an anodic reaction are simultaneously present at the same electrode/electrolyte interface. According to this assumption, the lithium plating and stripping kinetics can be described using a single equation. In this study, a single equilibrium reaction is used to describe the deposition and dissolution of metallic lithium. The resulting model predicts the partial reversibility of the plating/stripping reaction, the characteristic voltage plateau during relaxation, and the capacity loss due to the Loss of Cyclable Lithium (LCL). The model is validated with experimental data to show the ability to correctly represent the process.



The paper is organized as follows: Section 2 presents the experimental tests and data analysis for lithium plating detection and capacity loss analysis. Section 3 illustrates the plating/stripping model. Section 4 describes the integration of the model with a Doyle–Fuller–Newman (DFN) electrochemical model, the calibration process, and verification.




2. Experimental Tests and Results


A small format, 1.6 Ah pouch cell with commercial-grade electrodes was selected for the experimental study. The 50 × 50 mm cell contains a blended NMC811 and NMC111 cathode and a blended artificial and natural graphite anode and utilizes a 1M LiPF6 electrolyte with a ceramic coated separator.



The pouch cells were retrofitted by inserting a reference electrode, providing an in-situ, non-destructive method to measure anode potential. After conducting initial tests for baseline capacity and internal resistance, the cells were pierced in one of the lower corners, and a 22 AWG copper wire was inserted into the cell. Prior to the insertion, the copper wire was coated in solid lithium using electroplating to ensure proper electrical contact and minimize noise in the measurements. After the insertion, electrolyte solvent was injected into the cell, and the hole was sealed with an epoxy resin [19]. Figure 1 shows a schematic of the reference electrode insertion.



The retrofitted cells were then placed in an aluminum fixture to apply pressure (34 kPa) and temperature control via Peltier junctions. The cells were cycled with a 0–5 V Arbin Instruments LBT21044 eight-channel battery cycler, capable of a current range of 0-100/10/1/0.1A with 100 ppm precision.



After a baseline characterization, a series of fast charge tests was performed at three different temperatures (0  ° C, 10  ° C, 25  ° C). In this protocol, a cell is charged starting from a low SOC at a constant current (CC) until the terminal voltage of the cell reaches the maximum cell voltage cutoff (4.2V), and then the charge mode is switched to constant voltage (CV). As discussed in [18,20,21,22,23,24,25,26,27], one of the most accessible detection methods in-situ for the presence of Li-plating in a charge cycle consists of a plateau in cell voltage during relaxation. Figure 2 shows the difference in terminal voltage during cell relaxation between typical settling behavior and a voltage plateau indicative of the Li-stripping side reaction, which indirectly indicates that Li-plating has occurred during the preceding cell charging.



According to literature, plating can occur when the local anode potential falls below 0 V vs. Li/Li   +   [1,18,23,26,28,29]. If charging ends while Li-plating is still occurring, or if the overpotential is sufficiently small to cause the anode potential to rise above 0 V vs. Li/Li   +  , the plating reaction will reverse (stripping), leading to a characteristic plateau in the voltage [15,18,21,23,26,30,31].



It is noteworthy to observe that plating may extend through the early phase of the CV portion during a CC-CV charging event. If charging ends while lithium is still plating, the stripping reaction will begin as soon as the anode potential rises above 0 V. This appears as a voltage plateau as the cell relaxes, as shown experimentally in Figure 3. This figure (relative to a 5C charge with a 1C CV cutoff at 25  ° C) indicates the occurrence of Li-stripping by the presence of a peak in the rate change of the cell voltage profile (  d V / d t  ) during relaxation, which is equivalent to the characteristic voltage plateau.



On the other hand, if the anode potential rises above 0V vs Li/Li   +   during the CV phase, the stripping process will begin while the cell is still charged. Because the voltage is held constant, the transition to stripping during the CV phase can be detected by monitoring the rate of change in current (dI/dt), which displays a characteristic peak when the stripping side reaction begins. Figure 4 illustrates this behavior for a CC-CV charge at 4.2 V with a C/10 CV cutoff at 25  ° C).



It should be noted that while the plateau in the voltage profile during relaxation is commonly assessed in the literature as an indicator of Li-stripping [22,28,32,33,34], the peak in the applied current during the CV phase under very low currents is a novel indicator of stripping in this study. The presence of a plating-to-stripping transition during CV charging is strongly dependent on the parameters of the CC-CV charge profiles. For the cells tested in this study, the transition occurred during the CV phase, when the target cell voltage was 4.2 V and the cutoff current was set lower than C/2 at 25  ° C.



The magnitude of the CC current and the CV cutoff voltage were varied to explore their effects on the onset of Li-plating in the cell. For each selected CC charge rate and CV current cutoff, the cell was charged to its maximum cutoff voltage, charged at CV until the set cutoff current, allowed to rest for 4 h, and then discharged at C/5 to its minimum cutoff voltage to perform a capacity test.



For each tested condition, the rate change of the voltage profile was analyzed for the indicative peak in the dV/dt profile. If a peak is present, this suggests that a voltage plateau has occurred during the relaxation after the charge, which indicates the presence of Li-stripping and, by consequence, of Li-plating. The current profile during the CV phase was also analyzed to detect a localized increase in the current decay profile (or the peak in the dI/dt profile), which may be indicative of an Li-stripping side reaction occurring during CV charge. If no voltage plateau was present in the relaxation voltage data or peaks present in the CV current profile, it was determined that there was no indicative sign of Li-stripping in the reaction. This investigation was repeated for multiple C-rates and cutoff currents for CV, and the presence of an Li-stripping plateau in each test is tabulated in Table 1 for tests performed at 25  ° C.



A summary of the outcomes of all tests performed at the three chosen temperatures is shown in Figure 5. Here, it can be seen that varying the C-rate for CC charging, the CV cutoff current, and the cell temperature changes the lithium stripping behavior in the cell, and that this behavior is sensitive to the charge conditions which include temperature, charge current, and CV current cutoff.



As documented in the literature and verified in these experiments, Li-plating increases with increased charge current and decreased temperature. At 0  ° C, there were signs of Li-stripping (and thus Li-plating) at charge rates as low as C/3, while Li-plating did not occur in the same charge cycles at 10  ° C until rates of 1C and at 25  ° C until rates of 3C.



The CV cutoff, which has an impact when the Li-stripping plateau occurs (during CV or during relaxation), can provide additional insight into the behavior of the anode during the plating/stripping portion of the charge cycle. Figure 6 highlights how studying the effects of the CV cutoff at one fixed CC charge rate can give insight into the behavior of the anode potential in situ.



In the 4C charge test with no CV portion (CC only), there is a very small plateau associated with the occurrence of Li-stripping during the rest phase. In the 4C charge with a 1.5 A CV cutoff current, there is a more noticeable and distinct voltage plateau, which lasts longer after charge is cut off in the cell. When the cell is charged at 4C with a 0.1 A CV cutoff current, Li-stripping occurs during the CV phase.



From these conditions, it can be deduced that in all three charge conditions, the anode reaches a potential of less than 0 V vs.   L i / L  i +    during the CC charge portion. In fact, even with the 4C charge with no CV, there are signs of Li-stripping, indicating that Li-plating has occurred. The 4C charge with a 1.5A CV cutoff current exhibits a longer and more distinct voltage plateau, indicating that more Li-stripping is occurring after this charge and implying that this is caused by more Li-plating. Because the voltage plateau happens after charge is stopped, the anode must be plating (at   < 0  V vs.   L i / L  i +   ) during the entire CV mode in this charge cycle. This indicates that the Li-plating starts in the CC region (as seen in the 4C charge with no CV) and continues through the CV region until the 1.5 A charge current cutoff. In the longer CV test (at which the CV current is cut off at 0.1 A), the plateau occurs around the point at which the cell is being charged at 0.5 A. Because the current peak indicates the occurrence of an Li-stripping side reaction, this represents the point at which the anode potential rises above 0 V to transition from the Li-plating to Li-stripping reaction.



These sequential charges at different rates, exemplified in Figure 6, can shed further light on the anode behavior during different portions of the charge phase and can lend understanding to both the onset and stop of the Li-plating and allow the charge region to be broken into the regions shown in Figure 7.



In region (a), the anode reaches the Li-plating favored potential lower than 0 V vs   L i / L  i +    and maintains this condition through region (b). Region (c) indicates the final portions of the Li-plating condition being favored before the cell transitions into conditions of Li-stripping, when the anode rises to a potential greater than 0 V vs   L i / L  i +   . This methodology of mapping various charge profiles to indicators of anode behavior can help to give insight into the underlying mechanisms and conditions favoring Li-plating. Additionally, this provides a useful data set for the model calibration explored in this work.




3. Modeling


The lithium plating side reaction is a local phenomenon that can occur in parallel with the intercalation and other degradation mechanisms. As pointed out in the literature—see for instance [28]—plating often occurs in conjunction with other side reactions, such as SEI layer growth. On the other hand, for a low number of consecutive charge cycles at high C-rate conditions, as performed in the experiments described in this paper, it is reasonable to assume that the amount of capacity loss due to SEI layer growth is minimal compared to plating. This allows us to simplify the integration of the plating/stripping model into an electrochemical model.



If the local potential of the anode drops below the potential of solid Li (<0V vs.   L i / L  i +   ), the lithium plating side reaction is favored [1,18,23,28]. The process of deposition and dissolution of the solid lithium can be implemented as a side reaction occurring at each location within the anode thickness. The reference reaction can be written as


  L  i +  +  e −   ⇌  L  i 0   



(1)







The deposition and dissolution of metallic lithium is described by a single Butler–Volmer equation:


   j  L i   =  i  0 , L i      c  L i    c  L i   e p    exp     α  a , L i   F   R T    η  L i    −   c e   c  e   e p    exp    −  α  c , L i   F   R T    η  L i      



(2)




where   j  L i    is the side reaction current density,   i  0 , L i    is the exchange current density,   α  a , L i    and   α  c , L i    are the respective anodic and cathodic transfer coefficients for the plating/stripping reaction,   c  L i    is the concentration of Li metal,   c e   is the concentration of   L  i +    in the electrolyte,   c  L i   e q    and   c  e   e q    are the bulk concentrations of Li metal and ions in the electrolyte respectively, R is the universal gas constant, T is the temperature, and F is Faraday’s constant.



The lithium overpotential   η  L i    is defined as


   η  L i   =  ϕ s  −  ϕ e  −  U  L i    



(3)




where   ϕ s   is the local solid phase potential,   ϕ e   is the local electrolyte potential, and   U  L i    is the equilibrium potential of metallic lithium.



The exchange current density for the side reaction is calculated by


   i  0 , L i   = F  k  0 , L i     (  c  L i   e q   )   α  c , L i      (  c e  e q   )   α  a , L i     



(4)




where   k  0 , L i    is the reaction rate constant of the plating/stripping reaction. Since the deposition/dissolution reaction is modeled as homogeneous along the surface, the lithium concentration is set to 1 when plated lithium is present, causing the amount of plated lithium to not affect the reaction rate. When plated lithium is not present, the concentration is set to 0 so that stripping does not occur. A correction term     β  n  L i , r e v     1 + β  n  L i , r e v       on the anodic branch replaces this plated lithium concentration to bulk concentration ratio (   c  L i    c  L i   e q    ) to compute the stripping side reaction within the Butler–Volmer equation [28].


   j  L i   =  i  0 , L i       β  n  L i , r e v     1 + β  n  L i , r e v      exp     α  a , L i   F   R T    η  L i    −   c e   c  e   e p    exp    −  α  c , L i   F   R T    η  L i      



(5)




where   n  L i , r e v    is the quantity of reversibly plated lithium, and  β  is a large value to effectively make the     β  n  L i , r e v     1 + β  n  L i , r e v       term equal 1 when    n  L i , r e v   > > 1  , and 0 when    n  L i , r e v   = 0  . The inclusion of this term in Equation (5) allows us to compute the current density for the stripping reaction while reversibly plated lithium is present and restricts stripping when the reversibly plated lithium is not present.



At each node, the amount of plated lithium is calculated by integrating the side reaction current:


    d  n  L i     d t   = −   a n  F  ·  j  L i    



(6)




where   n  L i    is the quantity of plated lithium, and   a n   is the surface area of the anode. It is assumed that a portion of the plated lithium becomes electrically inactive and no longer participates in the reaction. The reversibility of the plating reaction is governed by


    d  n  L i , r e v     d t   = −  η r    a n  F  ·  j  L i    



(7)






    d  n  L i , i r r     d t   = −  ( 1 −  η r  )    a n  F  ·  j  L i    



(8)




which introduces a “reversibility factor”   η r   as a function of current sign:


   η r  = α + 0.5  ( 1 − α )   1 +   arctan ( k  j  L i   )  90    



(9)




where  α  is the reversible fraction of plated lithium (tunable parameter), and k is a large number.



During plating (   j  L i   < 0  ), the side reaction current leads to the accumulation of both irreversible and reversible plated lithium. When stripping is favored (   j  L i   ≥ 0  ), the side reaction current contributes to removing only the reversibly plated lithium. The total quantity of plated lithium at each location within the anode thickness is the sum of the reversible and irreversible parts:


   n  L i , t o t    ( x , t )  =  n  L i , i r r    ( x , t )  +  n  L i , r e v    ( x , t )   



(10)








4. Integration with P2D Model


The plating and stripping model can be integrated into any electrochemical Li-ion cell model as a side reaction. In this work, the Doyle–Fuller–Newman (or Pseudo Two Dimensional, P2D) model was utilized as the source model due to its ability to predict the distribution of lithium concentration and potential through the thickness of the electrodes [35,36].



The P2D model assumes uniform use of the electrodes in the planar direction (i.e., uniform intercalation across anode surface). For this reason, this work assumes the same uniform Li plating/stripping on the anode surface.



The side reaction current density   j  L i    represents both the forward lithium plating and reverse Li-stripping reactions. The lithium plating side reaction occurs in parallel with the intercalation/deintercalation of graphite. At each location within the anode, the net current density (  j n  ) is split between the side reaction current density (  j  L i   ) and the intercalation/deintercalation current density (  j  i n t   ):


   j n   ( x , t )  =  j  L i    ( x , t )  +  j  i n t    ( x , t )   



(11)







Figure 8 illustrates the concept. When any location in the anode reaches a potential favoring the plating side reaction, the amount of plated lithium   n  L i    grows due to Equation (6). This process occurs in parallel with the intercalation reaction, described by   j  i n t   . This net current density is the same magnitude of the current density that is subtracted from the electrolyte solution at each location through the electrode thickness.



When the local potential no longer favors the Li-plating side reaction and there is reversible plated lithium present on the particle (   n  L i , r e v   ≥ 0  ), the amount of plated lithium decreases as described by Equations (5) and (7). The side reaction current density that dissolves the reversible lithium results in an increased local concentration of ionic lithium in the electrolyte solution, with successive intercalation into the graphite.



Since the magnitude of the plating reaction is dependent on the local value of the anode potential in both location and time, there can be different amounts of plated lithium at different locations within the anode domain as the cell is charged.



The model was integrated within PyBaMM, an open-source Python implementation of the P2D model [36]. Figure 9 illustrates the essential equations of the P2D model and its interaction with the plating and stripping model, via block diagram representation.




5. Calibration and Verification


The plating and stripping model has two parameters for calibration, namely the reaction rate constant   k  0 , L i    and the degree of reversibility  α . The reaction rate parameter affects the exchange current density for the plating and stripping reaction and is the main fitting parameter. The model behaviors for different   k  0 , L i    values are presented in Figure 10.



While the parameter   k  0 , L i    dictates the amount of lithium plating that occurs, the duration of the plating/stripping process is mainly dependent on the overpotential   η  L i   . For this reason, accurate prediction of the anode potential (which requires use of reference electrode data) during fast charging is critical to correctly capture the intercalation and plating reactions.



The voltage plateau associated with the stripping reaction during cell relaxation is commonly used to calibrate the reaction rate constant. When stripping induces a voltage plateau, the magnitude of the peak in the differential voltage is an indication of the quantity of lithium being stripped away, so the reaction rate constant can be tuned to match this peak. Figure 11 shows how the voltage and differential voltage profiles during relaxation are affected by changes in the reaction rates for the formation/dissolution of metallic lithium.



One single fast charging test (5C CC fast charge) was used to calibrate the parameter   k  0 , L i   . The differential voltage profiles in Figure 12 and Figure 13 show good agreement between the model and the data for other test conditions.



In Figure 12, the modeled 4C CC relaxation   d V / d t   has an early peak occurring at 90 s that is not observed in the data. This peak is caused by a characteristic cathode OCP slope change and is not related to the lithium stripping side reaction.



In Figure 13, the model presents errors in capturing the relaxation   d V / d t   curves at 4C and 6C for the CC-CV test. The errors might be the result of an imperfect model calibration at Beginning of Life (BOL), rather than issues with the stripping model. In fact, although the predicted   d V / d t   profile does not exactly match the data, the time of occurrence of the stripping peak matches quite well, which indirectly proves that the model is correctly predicting the onset of the stripping behavior.



The reversibility parameter  α  governs the fraction of reversible and irreversible plated lithium and can be calibrated to match capacity test data following a fast charging cycle. To this extent, the C/20 discharge test data were used to compute the capacity reduction after each fast charge cycle. Since severe capacity fade is observed within just a few charge cycles, it can be assumed that the main aging mechanism causing this degradation is lithium plating.



Simulations of consecutive fast charge cycles (4C, 5C, then 6C) were conducted to predict the quantity of irreversibly plated lithium, from which the capacity loss was computed via Faraday’s law:


   Q  p l   =    n  L i   F  3600   



(12)







The reversibility parameter  α  was tuned to match the capacity fade experienced due to CC fast charging (Figure 14).



Note that changing the reversibility of the side reaction impacts the accuracy of the voltage plateau prediction, requiring further tuning after capacity loss data are matched. The final calibrated lithium plating parameters are provided in Table 2. As previously mentioned, once the reaction rate parameter   k  0 , L i    is tuned to match the relaxation profile, the reversibility parameter  α  can be calibrated to match the capacity loss, which is measured in the C/20 discharge experiments. Figure 14 shows how the model can match the capacity loss from lithium plating by calibrating the  α  parameter.




6. Simulation and Analysis


The model predictions can be further analyzed to understand the behavior of the cell during Li-plating and Li-stripping conditions. Figure 15 illustrates the phenomenon of Li-stripping during relaxation, namely how the profile of plated lithium through the anode thickness changes as it is oxidized and returns to the electrolyte solution during the rest period.



The individual points in the Li-stripping plateau in time show that the amount of plated lithium decreases at each time step, with the peak of plated lithium located at the interface with the separator. As the stripping process continues, each location in the cell where plated lithium exists becomes progressively depleted.



Investigation of the net anodic current density (   j n  =  j  i n t   +  j  L i    ) in Figure 16 during Li-stripping shows a location-dependent net current. At the interface between the anode and separator, the net anodic current is positive, meaning the oxidation reaction is favored. This means that there is a positive contribution of lithium from the stripping reaction, since there is a larger quantity of accumulated lithium in these regions as confirmed in Figure 15. Closer to the current collector, the net anodic current density is negative, meaning that the reduction reaction is favored. Here, the net reaction is the charge of the graphite from stripped Li intercalating back into the anode. Because lithium stripping is favored near the separator side of the anode but lithium intercalation is favored on the current collector side, this implies the net movement of lithium ions from the separator to current collector side of the anode as the stripping reaction occurs.



Figure 17 confirms that as lithium strips from the surface of the graphite particles, it moves towards the current collector side of the anode to re-intercalate back into the graphite material. As the concentration of lithium in the electrolyte increases, ionic diffusion drives the movement of lithium towards the current collector, where less lithium is in solution due to the lack of stripping in this region of the anode. Additionally, the potential gradient in the electrolyte solution after charge favors the migration of Lithium towards the current collector, as there is a higher potential in the liquid phase on the separator side of the anode.




7. Conclusions


This paper proposes a new model that predicts the cell voltage dynamics and capacity degradation induced by lithium plating and stripping. Unlike most models that utilize multiple reactions to describe the process, a single equilibrium reaction is here derived to describe the deposition and dissolution of metallic lithium. The resulting model predicts the partial reversibility of the plating/stripping reaction, the characteristic voltage plateau during relaxation, and the capacity loss due to the Loss of Cyclable Lithium (LCL).



The plating and stripping model was integrated with a Doyle–Fuller–Newman (DFN) electrochemical model, calibrated and validated with experimental data to show the ability to correctly represent the process. The model described in this paper can be utilized to analyze the physical phenomena occurring in the cell during fast charging, giving better insight into the cell’s behavior during this undesirable side reaction. If the behavior can be better predicted and understood and the the root causes and dynamics of the Li-plating and Li-stripping reactions can be quantified, these models can be used for design studies for cell construction and applied current profiles to avoid Li-plating and enable fast charging in BEVs.



Ongoing work focuses on extending this modeling effort to predict the effects of dendrite formation on impedance growth and loss of active material. Furthermore, teardown and post-mortem analysis will be utilized to prove the occurrence of plating and stripping.
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Figure 1. Li-ion pouch cell setup with lateral reference electrode. 
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Figure 2. Experiment cell terminal voltage during relaxation for a typical charge cycle vs. a cycle indicating the presence of Li-stripping. 
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Figure 3. Example of lithium stripping detection for CC−CV charging profile during rest. 
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Figure 4. Example of lithium stripping detection for CC−CV charging profile during CV phase. 
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Figure 5. Summary of all experimental charge results and occurrence of stripping plateau. 
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Figure 6. Example of various 4C charge profiles at   25 °  C with various CV cutoffs and implications on plating. 
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Figure 7. Understanding of charge regions from 4C charge profiles at 25  ° C with various CV cutoffs and implications on plating. 
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Figure 8. Mechanism of plating and stripping reactions integrated in P2D model. 
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Figure 9. Block Diagram of P2D Model with Integrated Plating/Stripping Model. 
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Figure 10. Plating/stripping behavior for different values of   k  0 , L i    (5C CC fast charge). 
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Figure 11. Effects of   k  0 , L i    parameter on voltage derivative during relaxation (5C CC fast charge). 
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Figure 12. Verification of calibrated   k  0 , L i    parameter for CC fast charge tests. 
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Figure 13. Verification of calibrated   k  0 , L i    parameter for CC−CV fast charge tests. 
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Figure 14. Modeled capacity agreement with RPT measured capacity loss. 
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Figure 15. Investigation of plated lithium quantity through the anode thickness after relaxation with the DFN model. 
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Figure 16. Investigation of anodic current density through the anode thickness after relaxation with the DFN model. 
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Figure 17. Concentration and potential gradients in the electrolyte solution. 
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Table 1. Li-plating test conditions and results of Li-stripping plateau detection.
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CC Charge Rate

	
CV Current Cutoff




	
None (CC Only)

	
1.5 A

	
0.1 A






	
4C

	
Stripping during relaxation

	
Stripping during relaxation

	
Stripping during CV




	
5C

	
Stripping during relaxation

	
Stripping during relaxation

	
Stripping during CV




	
6C

	
No Stripping

	
Stripping during relaxation

	
Stripping during CV
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Table 2. Calibrated plating model parameters.
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	Plating Parameters
	Value





	Rate Constant   k  0 , L i   
	5.5 × 10    − 8    [m/s]



	Reversibility  α 
	0.65 [-]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
——4C CCnoCV
——4CCCto1.5ACV
6 ~———4CCCto0.1ACV

IS

Current [A]
w

Time [hr]





media/file4.png
4.2

Voltage [V]
W
oo NN

3.6

CC Charge

CV Charge

Rest
——(C/2 Charge Data
——C/5 Charge Data

Voltage plateau
associated with LI-

stripping

Typical settling
behavior without
the presence of Li-

stripping

Time [hr]

6

4.2

4.18

=

416

age [V]

S 414

Vol

A

™

A—
—C/3 |

41
0

0.2

04 0.6
Time [hr]

0.8 1






media/file30.png
Voltage [V]

Current [A]

1.5 2

Time [hours]

25

3.5

9 =
8 L
7 -
a
—b
6 C
— —d
:Ej e
T5f —
> —9g
IS —h
Eal — i
£ —
< —k
3| —
T m
i a
2 L
1 .
0 | | | | ln
0 0.2 04 0.6 1
Current collector Arnode Position Separator





media/file18.png
I(1)

Solid Phase Transport

| nLi = ¢s — de _ULil‘_
|

Anode Current Split

Exchange Current Density
|0 (x,rt)  Dsk 9 ( 2 des k(x,r1) '\ |10k(x 1) = ki[cs,s k(X )]% [ce (X, D)(C5 k max — 5,5,k (X, )] Ii
o — 2 or 0 )
— d 1 oCP i (x,1)
Cs.5.k (X, t)
El > U (€554 (x, 1))
ectrolyte Transport Uk (¢s,5.k(x,1))
dc.(x,1) 9 ( ef f dc.(x,t) \
—{€ = D + x,t
¢ o ox \ Tek " ox F Jk( )} co(x,1) Overpotential
= 6, 1) = i (%, 1) = e, 1) = Uk (€ (x. 1)
¢€ (x’ r) A
MacInnes' Equation y
ieCot) _ _ 0peled) | 20-1)RT dlnec(x) Mic(x, 1)
7
K ox F ox Butler-Volmer Equation v
A 7 -
; _ 1 M) _ ()
- Jk(x, 1) = —igk(x, 1) le RT —e K ]
Divergence Je(x, 1) F
di.(x,t) . .
> ) - aSF.]k(x,t le(x,f)
X
Kirchhoff's Law Cell Voltage
—
o i (x, 1)+ iga(x,1) = I(t)h V(1) = s (L. 1) — (0, 1) = R (1)
A
is(x,1)
Ohm's Law
iS.k(x’t) — ad)s(x’t) ¢S(x’t)
oeff T 0x
Plating Overpotential

Plating Exchange Current Density

|10 Li (x t) - FkO Li (C )ar o (CGQ)aa b

| nC, 1) = 1 (1) + i G5, 1)

Butler-Volmer Equation

A

. s ) BeLires ex agLi F c_cex —a. i F
JLi = Alo.Li | Tipe, —CXP | ~gy MLi ol p nL; -

RT

Irreversible Plated Li l

anLl irr (x 1)

= (1= 1) (—ji(x, 1) |

Reversible Plated Li l

ong;ren(X,t) n ,
= () (X, 1)) I—






media/file21.jpg
dVidt [Visec]

x10*

ou=te8ms]

8[ms)

——k, =808 [ms
o = 808 (ms™)

. .
—— Ky = 1008 [ms”)|

| ——Test Data

50 100 150 200
Time [s]

250

300 350 400





media/file26.png
dV/dt [V/sec]

-

[
O

-10

200

400

Time [s]

600

3800

1000





media/file27.jpg
0.4

Cell 18 Post CC
0.35 Cell 20 Post CCCV
O DFN PostCC
0.3 |L_%_DFN PostCCCV

o
o
a

Capacity Loss [Ah]
o
N

x

0.15

0.1
x [o]

0.05
0 1 2

Fast Charge Cycles





media/file3.jpg
Voltage V]

a2

36

—c12 Charge Data)
|—ci5 Charge Data

Volisge plateau
associted it Li-
stripping % 416

g

414

Thcseting
ypce seting
behaviorwihout 2
the presence of Li- 4.1
sipping o

4 5 6

Time fhr]

02 o4 06 08 1
Time [hr]





media/file22.png
dV/dt [V/sec]

-15

= ]

-
v w  wor e W =

-1
_k‘D,Li =2e-8 [m.s ']

K
—
—

s |

-1
T 4e-8 [m.s ]

-1
oL Be-8 [m.s ]

Test Data

-1
oL g8e-8 [m.s ]

-1
Th 10e-8 [m.s ]

20

100

150

200
Time [s]

230

300

350 400





media/file19.jpg
x10°

2 :
T 15 | t |
E i 4
2 i 3






media/file7.jpg
(A eBe3j0A [BUILIB) 18D - [SIALIPIAP
5 D
< + 3 oy % _w & o
%
-}
3
o
% {°
2
°
i 3
o
g
% E
%, T 5 X
2 ® © <« & o -

[v] weung abieus

[srvlwpnp

12

06 08
Time [hr]

04

02





media/file28.png
0.4

Cell 18 Post CC

035 | Cell 20 Post CCCV
O DFN PostCC
03 |L_X DFN Post CCCV

=
()
o

Capacity Loss [Ah]
=
(RN

0.1}

Fast Charge Cycles





media/file10.png
CV Current Cutoff[A]

o
[y~]

=
—
an

©
—

2
o
a

——
($)]
/

CV Current Cutoff[A]

=
=
L
5 10 4
® \ N
r B4
S
O
> /
O 0-
15
10
10
Charge Current [A] 0 0 .
Temperature [ C]
0°c 10° C
T 0.2
= o o o < oo o
“é 0.15
=
(©]
£ 01
-
3
O 005}
>
o o © o
S - l ol—e :
0.2 0.4 0.6 0.8 1 2
Charge Current[A] Charge Current [A]

-
M

'y
o

== S L~ 2 I = =)

30

B No Li-stripping plateau
- Li-stripping plateau in rest
I Li-stripping plateau in CV

25 C
A
A
A
A A A
A | i A LA A
0 4 6 8 10 12

Charge Current [A]






media/file33.jpg
]

L r——

Gt Masoponssn Curontcolecior  soosarossen Separter

(a) Concentration gradient in clectrolyte solu-  (b) Potential gradient in electrolyte solution
tion.





media/file32.png
x107°

[
i
TITITITTTTI |
| | | | |
® ©® & 1 - 1 o
N -~ o 0_

ﬁm wy/jow] Ajisusp jualLInd 2Ipouy |e10|

0.8

0.6
Anode Position

0.4

0.2
Current collector

0

Separator





media/file14.png
Current [A]

N

W

1

—4C CCnoCV
—4C CCto 1.5A CV
———=4C CCto 0.1ACV

Time [hr]






media/file11.jpg
»
o

minal Voltage [V]
-

©
@

©

& o

avietvis) Cell Ter

®

Current [A]
[

difat [Als]

x10*

It " Li-stripping during relaxation

Li-stripping during relaxation

¢ Li-stripping during CV

x10°

Time [hr}

15





media/file6.png
[A] @6B)jOA JeUIWIB] (8D

2
< < () PN

g
0.8

0.6

0.4

0.2

|

| 1 1 1 | 0
o © © < o™ o
—

[v] wuainy abieyn

O
Coe (o
L N

%D [S/Al /AP
% o« o~ o e
-
o
o —
(o) o Lo m

[s/v] 1p/1P

1.2

0.6 0.8
Time [hr]

0.4

0.2





media/file15.jpg
Liplating process (during charge)

M






nav.xhtml


  batteries-09-00337


  
    		
      batteries-09-00337
    


  




  





media/file16.png
Li-plating process (during charge)

Graphite n; increases Separator

In=lint 11

Current Collector

Migration and
diffusion of Li in

electrolyte solution
>,
—
=
x=20 i x=1In
X R Li-stripping process (at rest)
Graphite ny; decreases Separator
Particl
9 Jn =Jint ¥ Ji =0
D ] ] :
S JLi
S : [ Migration and
- diffusion of Li in
” electrolyte solution
s
=
e
x=20 b 4 x =1Ln





media/file2.png
J Tabs
<J «

Separator layer
surrounding jellyroll

Cell jellyroll (stacked layers I

Cell case ; _
of active materials and
\__, Sy Copper wire reference
electrode electroplated
J7 with solid LI

A hole is made in the cell case to insert J
the reference electrode and is sealed
with epoxy.





media/file20.png
«1072

N [mol]

19

05 L Onset of

Plating

Onset of
Stripping

o0 100

190

200

250

300

300

End of
Stripping

400

450

200

10000

T

2000

i [Am?]
(o]

-5000

——kg,; =28 [ms1]
——kg,, = 4e8 ms™]
——kg,, = 6e8 ms™]
——k,,, = 8e8 [ms1]

- _ -1
ko, = 10e-8[ms ]

T

20 100

120

200

250
Time [s]

300

300

400

450

200





media/file23.jpg
dV/dt [V/sec]

200 300 400 500
Time [s]

100





media/file5.jpg
[l a6eijon | @
& L [s/Alp/AP
< < T v & o o
. «
3 3
<
3
3
3
%
% S
20 %
% g
b I —— =
22 © © v o w© ° ) B

[w] wwewn) abieyd

[srvlpnip

12

06 08
Time [hr]

04

0.2





media/file24.png
dV/dt [V/sec]

o

I
0|

-10

%107

4C CC
” Data 5C CC
' Model 6C CC
0 100 200 300 400 500

Time [s]





media/file29.jpg
o o5 os
Anode Posiion Separator

T Dol Glrent coliodior





media/file1.jpg
A

Separtr e
socundog ol
i ettt scked ers
st et .
e ) Copprwieeeence
decrot sucroised
st

‘Aboleis made nthe ce case o nsert:
he rfeence lcirodeand s sedled
withepory.





media/file31.jpg
Total Anodic current density [mol/m 2]

N

o

-
o

0
n
05
0 02 04 06 08 1
Current collector Anode Position Separator





media/file25.jpg
dV/dt [Visec]

200

800

1000





media/file12.png
o
o

AN
T

——

minal Voltage [V]

a
o

X

-—

o
N

-

dv/dt [vss) Cell Ter
<M o

-
(@)
T

DV

| ALLi-stripping during relaxation

|—Li-stripping during relaxation

RAS (o))

Current [A]
N

v Li-stripping during CV

4CCCnoCV
4C CCto 1.5ACV
4CCCto 0.1ACV

dl/dt [A/s]
oo &

Time [hr]

1





media/file9.jpg
CV Curent Cutoff [A]

5 il o sipngpieas
Charge Curent (4] 0 © . 0 stiging e st
Temperature €] W sppngpenincy
ve s we . e
B ?f“" o . im A
. | & B s L
(. .. A S Y






media/file0.png





media/file8.png
s

(0
Qe
cN

(P
o
QG

o
4

[A] 86.)joA JeuiwlB] |80

< (9]

0.6 0.8

0.4

0.2

o8] O < AN

[v] wanny abiey)

? [s/AI /NP
*x o~ o i
3_0 S ~——
—
(e} o 7o} m

[s/v]1p/1P

1.2

0.6 0.8

Time [hr]

0.4

0.2





media/file34.png
1005 -
a
7 18-
1000 ; {,//
& ///’ < 16|
£ 2
3 7 n a
E, 995 - y a—
@ 4 5 c
> — —
< | S12- —e
Q 990 - g —
o a —_—
2 = qpe —b CE | -
5 | \0(\9 c = —
%5 985 02 —d S gl |l—
‘ \O =08 j
= ‘%\)6 e o] —_—k
= A/d\ —t T
© a0 L ]
= , \\O —9 06 —m
£ 980 ) —h
c — .
3 — 04 -
975 ¢ —k
— 02+
—
n
970 ‘ ‘ ‘ 0 ' ‘
0 02 0.4 06 08 1 0 0.2 0.4 06 n/ 0.8 1
Current collector Anode Position Separator Current collector Anode Position Separator
(a) Concentration gradient in electrolyte solu- (b) Potential gradient in electrolyte solution

tion.





media/file17.jpg
10

Sola Phse Teansport

‘Exchange Current Density

e _ D 3

e

el = Rl et

] e

ocr lox(x.n)

i
e — " iy PO
men o (prmen T
ek G s anad) | o B
e = 6~ o~ O]
ey
TS m— T
o __shesn | By et
= +
e L sl iavaion |
e ) 50 = Faatron [e5F00 - ]
I e ]
convonnge
ia() F iga G = 10) bbo=s.0-4.00- R
o
cotaw
s obea)] 0.
s 3
Rm— Piniag xcange crrnt ety
[P, st = Proscsee






