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Abstract

:

Battery overcharging can occur due to capacity and internal resistance variations among cells or battery management system failure that both accelerate battery degradation, which is more likely at low temperatures because of the large polarization effect. This study experimentally investigated the battery degradation characteristics during charging of LiFePO4 (LFP)/Graphite batteries at voltages of 3.65–4.8 V and Li(Ni0.5Co0.2Mn0.3)O2 (NCM)/Graphite batteries at 4.2–4.8 V at −10 °C with currents of 0.2–1 C. The results showed that the LFP cell capacities decreased linearly with an increasing number of cycles, while the NCM cell capacities faded in three trends with an increasing number of cycles under different conditions with linear fading, accelerated fading, and decelerated fading. The incremental capacity curves and differential voltage curves showed that the LFP cell degradation was mainly caused by the loss of lithium inventory (LLI), with some effect from the loss of active material (LAM). In the NCM cells, both the LLI and LAM significantly contributed to the degradation. Combined with internal battery morphology observations, the LAM mainly occurred at the anode, and the main side reactions leading to the LLI with lithium plating and solid electrolyte interface growth also occurred at the anode.
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1. Introduction


Lithium-ion batteries (LIBs) have high energy densities and power densities; thus, they are currently the best choice for electric vehicle power battery systems so far [1]. LiFePO4 (LFP) and LiNixCoyMn1-x-yO2 (NCM) batteries are two widely used types of LIBs. LFP battery cathodes with the olivine structure have high structural stability [2], which contributes to their better safety. However, the LFP cathodes have relatively low electronic conductivities [3], which leads to low current densities and low energy densities. Layered NCM cathodes have a lattice structure that can accommodate more lithium ions [4]. Therefore, NCM batteries have higher theoretical specific capacities, but their thermal stability is not as good as that of LFP batteries [5].



In practical applications, the cells are connected in series in a battery pack, and their capacities are not identical. When the cells with higher capacities are fully charged, those with lower capacities are probably charged beyond their rated capacities at voltages higher than the standard cut-off voltage, which is overcharging [6]. Overcharging can lead to many side reactions, including lithium plating, solid electrolyte interphase (SEI) decomposition and generation, electrolyte decomposition, and anode and cathode structure decomposition [7]. Generally speaking, battery degradation is accelerated by frequent overcharging, with the degradation manifested as capacity fades and internal resistance increases [8].



The optimal operating temperature range of LIBs is 20–45 °C [9]; thus, many studies have focused on overcharging at room temperature. Liu and Xie [10] overcharged LFP batteries to 105–120% state of charge (SOC) at room temperature and found that the capacity dropped and the alternating current (AC) impedance increased rapidly with increasing SOC. Zhang et al. [11] overcharged NCM batteries to 105%, 110%, 115%, and 120% SOC at 25 °C and found that the loss of active material (LAM) occurred only when the cell was overcharged within 105–110% SOC. Juarez-robles et al. [12] charged lithium cobalt oxide (LCO) batteries to 4.2–4.8 V and found that charging above 4.5 V led to significant lithium plating and electrolyte decomposition with significant volume expansion and fast capacity fade rates. Thus, battery degradation is more serious with increasing charging voltage or SOC, which aggravates battery deterioration.



However, batteries are not used in the desired temperature range, with low-temperature charging a common environmental hazard for electric vehicles in the winter [13]. The LIB efficiency is strongly affected by the temperature [14]. At low temperatures, the Li+ conductivity in the electrolyte decreases with decreasing temperature, which increases the electrode polarization [15], which, in turn, rapidly increases the battery voltage to the cut-off voltage and the possibility of overcharging.



Some side reactions that occur during overcharging at room temperature, such as SEI decomposition and positive and negative electrode structure decomposition [16], do not occur when batteries are overcharged at low temperatures because the temperatures do not reach the required reaction temperatures. Once the charging capacity exceeds the excess capacity reserved in the graphite anode at room temperature, the anode potential rapidly drops below 0 V vs. Li/Li+, resulting in lithium plating [17]. The graphite anode potential is more likely to be less than 0 V vs. Li/Li+ because of the larger polarization at low temperatures, which greatly increases the lithium plating [18]. The lithium plating then covers the anode surface and plugs the electrode micropores with particle volume expansion, creating high stresses among the graphite particles and electrode structure cracking. Furthermore, the highly reactive plated lithium reacts with the electrolyte to generate additional SEI, leading to reversible lithium reduction [19]. The various side reactions and the greater possibility of lithium plating mean that the degradation modes caused by overcharging at low temperatures differ from those at room temperature.



However, there are few studies of overcharging at low temperatures. Sun et al. [20] overcharged LFP batteries with various currents at −10 °C and found that the battery capacity fade rates and internal resistance increased with increasing charging current and first increased and then decreased with increasing charging voltage. Wang et al. [21] studied the capacity fades of lithium titanium oxide (LTO) batteries with overcharging at −20 °C and found that the degradation was not evident at cut-off voltages from 2.7 V to 3.2 V. Thus, these studies [20,21] showed that battery degradation does not increase with increasing charging voltage when overcharging at low temperatures, which differs from the characteristics of overcharging at room temperatures [10,11,12]. However, charging with the same charging current and voltage can have different effects on different batteries because the LFP and NCM electrode material structures differ. Therefore, the LFP and NCM battery degradation characteristics during overcharging at low temperatures need to be further clarified.



This study investigated the influence of the charging current and overcharging voltage on LFP and NCM battery degradation at low temperatures. This study used charging-discharging cycle tests of LFP and NCM batteries with various charging currents (0.2–1 C) and charging voltages (3.65–4.8 V for LFP batteries, 4.2–4.8 V for NCM batteries) at −10 °C, which is a common cold operating temperature for electric vehicles, to investigate the degradation characteristics using incremental capacity (IC) curves, differential voltage (DV) curves, and scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS).



The rest of this paper is organized as follows: Section 2 describes the experiment system and methods, including the measurement procedure and different test conditions. Section 3 illustrates the main results and discussions using the above detection means. Finally, the study is concluded in Section 4.




2. Experimental System and Methods


2.1. Lithium-Ion Batteries and Experimental System


This study used 18,650 type LiFePO4/Graphite and Li(Ni0.5Co0.2Mn0.3)O2/Graphite cells. A battery test system (NEWARE CT-4008, 5V-6A) was used to perform the battery cycle tests, and an environmental chamber (GUANGDONG BELL BTH-150TC) was used to control the ambient temperature. The system voltage and current accuracies were both ±0.05% FS (Full Scale), and the maximum temperature deviation in the chamber was ±1 °C. The experimental cell parameters are listed in Table 1. The standard charging process was the constant current-constant voltage (CC-CV) protocol, and the standard discharging process was the constant current (CC) protocol.



The tests required multiple LFP and NCM cells with the cells selected to initially have similar capacities and internal resistances. The capacity was taken as the discharge capacity of the last cycle of five standard charging-discharging cycles before the formal tests. The internal resistance was measured by the hybrid pulse power characteristic (HPPC) test [22]. The DC internal resistance of the LFP battery had little change at 40% depth of discharge (DOD), while that of the NCM battery had little change at 50% DOD. Therefore, the direct current (DC) internal resistance at 40% DOD was used as the criterion for the LFP battery resistance selection, with 50% DOD used for the NCM battery. The maximum capacity variations of both types of batteries were less than 1%, and the maximum DC internal resistance variations were less than 2%.




2.2. Experimental Methods


2.2.1. Overcharging Cycles at the Low Temperature


The overcharging cycles were carried out at −10 °C with five cycles per group. A reference performance test (RPT) was conducted at 25 °C to evaluate the battery performance after each group test. The experimental procedure is shown in Figure 1a, with the low-temperature overcharging cycle procedure and RPT process (using the LFP battery as an example) shown in Figure 1b,c.



The state of health (SOH), defined as the ratio of the discharging capacity to the initial capacity measured during the RPT, is the key degradation index. Due to the fast battery degradation under the conditions used here, the tests were stopped if the SOH was less than the set-up value (50% for the LFP batteries and 10% for the NCM batteries), as shown in Figure 1a.



The cells were tested with various charging currents and cut-off voltages. The test conditions are listed in Table 2, with No. 1, 5, and 9 cells being blank control cells whose cut-off voltages were the standard charging voltage.




2.2.2. Reference Performance Test


The reference performance test measures the battery’s performance at 25 °C with a capacity measurement, a small current charging-discharging (0.05 C) measurement, and a DC internal resistance measurement.



	(1)

	
Capacity measurement







The capacity test was measured over two charging-discharging cycles at 0.5 C–0.5 C with 1 h rest between the charging and discharging processes, with the discharging capacity of the second cycle used as the actual capacity after the low-temperature cycles [23].



	(2)

	
Small current (0.05 C) charging-discharging measurement







After the capacity measurement and 1 h rest, the cells were discharged and charged at 0.05 C–0.05 C to obtain the IC curves and the DV curves for the battery degradation characteristics [24]. The cells rested for 1 h between the discharge and charging processes.



	(3)

	
DC internal resistance measurement







After the small current measurement and 1 h rest, the DC internal resistance was measured using the same test process as for the cell selection introduced in Section 2.1.




2.2.3. SEM-EDS Analysis


After the last RPT, the cells were discharged to 0% SOC. The LFP and NCM cells that were charged with 1 C to 4.8 V were disassembled, and samples were cut from the electrodes. The microscopic morphology of the materials was observed by an SEM (Hitachi, Regulus 8100, Tokyo, Japan), with the element composition and product distribution characterized using an EDS (X-max, Oxford, UK). In addition, fresh cells of the two types of batteries were also disassembled and observed as a comparison.






3. Results and Discussion


3.1. Capacity Fades


3.1.1. SOH of LFP Cells


Figure 2 shows the influence of the number of cycles on the LFP cell SOH. The SOH decreases almost linearly with increasing number of cycles in all cases. The SOHs of the cells charged at 1 C drop much faster than the others due to the large charging current, which leads to more lithium plating at low temperatures [25]. For the cells charged at 1 C, the SOHs at 4.0 V and 4.4 V were less than 50% after 30 cycles, and the SOH at 4.8 V was less than 50% after 35 cycles, so the tests for these 3 cells were ended early. The data in Figure 2 was fit with a linear fit using the least squares method, with the slopes, which are called the SOH fade rates, shown in Figure 3.



The data in Figure 3 shows that the SOH fade rates change little with increasing charging voltage when charged at 0.2 C. The SOH fade rates of the normally charged cell (3.65 V) were even lower than those of the overcharged cells charged at 0.5 C and 1 C. The SOH fade rates of the 0.5 C and 1 C charged cells first increase and then decrease with increasing charging voltage, with the maximum at 4.4 V. This is because, at low temperatures, the temperature rise at the higher charging voltage reduces the side effects, such as lithium plating, particle breakage, and SEI generation, which reduce battery degradation [20].



The SOH fade rates of the overcharged cells (4.0 V, 4.4 V, and 4.8 V) do not change much with increasing charging voltage but increase significantly with increasing charging current, which shows that the current has a greater impact on the capacity fade than the voltage.




3.1.2. SOH of NCM Cells


Figure 4 shows the influence of the number of cycles on the NCM cell SOH. The LIB capacity fade characteristics can be divided into linear fades, decelerated fades, and accelerated fades [26]. The second and third types generally have a turning point after which the capacity fade rate changes abruptly. The NCM cell SOH fades for various conditions shown in Figure 4 are classified in Table 3.



Table 3 shows that the SOH of the cells charged to 4.2 and 4.4 V at 0.2 C has linear fade trends with an increasing number of cycles; thus, linear fades occur in cells that are normally charged or slightly overcharged at low currents. Battery capacity fades are mainly caused by the loss of lithium inventory (LLI) and LAM [27]. With linear fades, each cycle irreversibly consumes the same amount of lithium [26], with only a relatively small amount of active material consumed in the electrode structure.



The SOH of the cells charged to 4.6 and 4.8 V at 0.2 C shows accelerated degradation with an increasing number of cycles, so accelerated fades occur in cells that are strongly overcharged at low currents. This may be caused by the SEI growth due to overcharging at low temperatures, which blocks the pores in the active anode materials, slows the lithium insertion in the anode, and accelerates the lithium plating side reaction [28]. In such cases, the lithium plating first starts at unevenly compressed areas and then extends to the entire anode [29]. During this process, the lithium plating side reaction becomes stronger, leading to more consumption of the electrolyte and more deposition of lithium in the SEI and metallic lithium on the anode surface, which results in higher capacity fade rates.



The SOH of the cells charged at 0.5 C and 1 C experiences decelerated degradation with an increasing number of cycles, so decelerated fades occur in cells charged at higher currents. This may be caused by the low-temperature environment, with most of the cyclable lithium consumed in the initial cycles due to the higher charging currents, which leaves less lithium available for plating in subsequent cycles, so the fade rate decreases. Similarly, the active materials are severely damaged by overcharging at low temperatures in the initial cycles, resulting in a rapid drop in their ability to store lithium ions. Fewer structures can be destroyed in subsequent cycles, resulting in slower fade rates [26].



The turning point is defined as the point at which the curve changes most from the line segment connecting the first and last data points, that is, the Kneedle point [30]. Since the SOH decreases almost linearly before and after the turning point in the decelerated and accelerated fades, the SOH fade rates before and after the turning points were obtained by linearly fitting the data before and after the turning point. For the linear fade cells, the calculated SOH fade rates were defined as those before the turning points for comparison purposes. The SOH fade rates are shown in Figure 5.



The results in Figure 5 show that before the turning point, the SOH fade rate increases rapidly with increasing charging current, while the fade rates in the overcharged cells do not vary much with increasing overcharging voltage. Thus, the charging current has a greater effect on the capacity fade than the overcharging voltage before the turning point. After the turning point, the SOH fade rates of the decelerated fade cells drop significantly by more than 70% compared with those before the turning point. The SOH fade rates of the accelerated fade cells increase significantly by more than 100% compared with those before the turning point. The SOH fade rates of the decelerated fade cells no longer increase with increasing charging current after the turning point as they did before the turning point; thus, increasing the charging current has little effect on the capacity fade for decelerated fade cells after the turning point. The results confirm that there are fewer structures and less cyclable lithium available in the cycles after the turning point than in the initial cycles.



The results in Figure 3 and Figure 5 show that at 0.2 C, the minimum SOH fade rate of NCM cells before the turning point is 0.0998%/cycle, while the maximum SOH fade rate of LFP cells is 0.0708%/cycle; at 0.5 C, those are 2.3056%/cycle and 0.6627%/cycle, respectively; at 1 C, those are 4.0290%/cycle and 1.7486%/cycle, respectively. The minimum SOH fade rates of NCM cells are 1.41, 3.48, and 2.30 times as high as the maximum SOH fade rates of LFP cells at 0.2 C, 0.5 C, and 1 C, respectively. Therefore, the SOH fade rates of LFP cells are much smaller than those of NCM cells with similar currents and overcharging voltages at −10 °C; thus, the LFP batteries are more tolerant to overcharging than the NCM batteries at low temperatures.




3.1.3. Comparison of Capacity Fades at Room Temperatures and Low Temperature


The influence of temperature on the capacity fades of the LFP and NCM batteries was investigated by comparing the low-temperature results with fade measurements at room temperature for similar currents and cut-off voltages in the literature. Figure 6 shows the SOH variation with an increasing number of cycles measured here at the low temperature compared with those given in Yang et al. [31] at room temperature, who charged 1.3 Ah commercial LFP/Graphite pouch cells with standard cut-off voltages of 2.3–3.65 V to 3.65–4.5 V at 25 °C with 0.5 C.



Figure 6 shows that the SOH of the overcharged cells at 25 °C and −10 °C both decrease linearly with an increasing number of cycles, with the SOH of the cells charged at −10 °C decreasing more rapidly than those charged at 25 °C. The degradation of the cells overcharged at −10 °C is much faster than that of the normally charged cells (3.65 V), but this effect does not occur at 25 °C, which indicates that the overcharging cycles at 25 °C have less effect on the capacity fade.



The current results for the NCM cells (2.6 Ah) are compared with literature results for NCM cells with similar capacities. Figure 7a compares the current results with those in Liu et al. [32], who charged 18,650 type NCM/Graphite 2.5 Ah cells with standard cut-off voltages of 2.75–4.2 V to 4.4–4.7 V at 0.5 C. Figure 7b compares the present results with data in Ouyang et al. [33], who charged 18,650 type 2.5 Ah NCM/Graphite cells at standard cut-off voltages of 2.75–4.2 V to 4.8 V at 26 °C at 1 C.



The results in Figure 7a show that the SOH has an accelerated fade trend with an increasing number of cycles for the NCM cells overcharged with 0.5 C at room temperature. The SOH of the 4.4 V charged cells is stable for the initial cycles, while the other cells quickly reach a turning point, after which the SOH decreases rapidly. In contrast, the SOHs of the overcharged cells exhibit the decelerated fade trend with an increasing number of cycles at −10 °C, with the SOH decreasing faster than at room temperature before the turning point. The SOH fade rate increases with an increasing overcharging voltage before the turning point at room temperature, which is similar to the effect at low temperatures.



Figure 7b shows that the SOH of the 4.8 V charged cell at 26 °C exhibits a linear fade trend with an increasing number of cycles, while that at −10 °C exhibits a decelerated fade trend over the entire range. However, the fade rate of the overcharged cell at −10 °C is much higher than that at 26 °C both before and after the turning point, indicating the large effect of the low temperature on the capacity fade.



In this study, the degradation characteristics of overcharging at low temperatures are focused on. However, the effects on different types of lithium-ion batteries (e.g., Li(Ni0.8Co0.1Mn0.1)O2 batteries) caused by overcharging at various temperatures remain to be further explored, which will be investigated in future works.





3.2. Direct Current Internal Resistance Increases


The DC internal resistance is also an important index of the battery degradation because the cells are generally considered to have reached their service life when their internal resistance increases to twice their original internal resistance [34]. In this study, the DC internal resistance growth rate, defined as the ratio of the resistance increase at 10% DOD for the Nth RPT to that for the 1st RPT, is used to characterize the DC internal resistance growth as:


   α r  =    R N  −  R 1     R 1    × 100 %  



(1)




where R1 and RN are the 10% DOD DC internal resistance measured for the 1st and the Nth RPT, Ω. The reason for choosing the resistance at 10% DOD as the reference value (R1) is that the NCM cell tests were terminated at 10% SOH with R1 then chosen for both the NCM and the LFP cells at 10% DOD for consistency. The αr results are shown in Figure 8.



Figure 8a shows that αr of the 0.2 C charged cells changes little with an increasing number of cycles and remains at around 0%, indicating that the internal resistance does not change significantly with an increasing number of cycles. In addition, αr of the cells charged to different voltages are similar, indicating that the charging voltage has less effect on the internal resistance than the charging current for these conditions.



The results for 0.5 C differ from those for 0.2 C. The αr initially remains nearly constant at about 5% for the first 30 cycles and then increases with an increasing number of cycles as the internal resistance increases significantly. The charging voltage has a greater effect on αr after the first 30 cycles than before, with similar αr of the 4.0 V and 4.4 V charged cells, which are both greater than that of the 4.8 V charged cell.



αr increases rapidly with an increasing number of cycles when charging at 1 C to a maximum of 93.12% for the 4.0 V charged LFP cell after 50 cycles. In addition, the internal resistance first increases and then decreases with increasing voltage with the internal resistances of the 4.0 V and 4.4 V charged LFP cells at 1 C are again relatively close to each other and both much larger than that of the 4.8 V charged cell, which is similar to the results for the 0.5 C charging.



In addition, αr of the LFP cells increases with increasing charging current for the same charging voltage because charging at high currents accelerates the SEI growth [35], which then increases the internal resistance [36].



Figure 8b shows the variation of αr in the NCM cells with an increasing number of cycles. αr increases with the number of cycles and charging voltage when charging at 0.2 C. Additionally, αr of the 4.6 and 4.8 V charged cells is much larger than that of the 4.2 and 4.4 V charged cells. Thus, both the charging voltage and the number of cycles strongly affect the internal resistance of the NCM batteries at 0.2 C charging current, which differs from that of the LFP battery. For the LFP batteries at 0.2 C charging current, the number of cycles and the charging voltage have very small, even negligible, effects on the internal resistance.



The results are similar at 0.5 C and 1 C with αr increasing with increasing number of cycles and charging voltage, which shows, for the NCM cells, the relatively large effects of charging voltage and number of cycles on the internal resistance compared with the LFP cells. For the LFP cells, the number of cycles has little effect on the internal resistance for the first 30 cycles at 0.5 C with αr first increasing and then decreasing with increasing charging voltage at both 0.5 C and 1 C.



In addition, for the same charging voltage, αr of the 0.5 C and 1 C charged cells are similar and both larger than that of the 0.2 C charged cells. Thus, for the NCM cells, the effect of current on the internal resistance first increases and then decreases, while for the LFP cells, the effect of current on the internal resistance continues to increase with increasing charging current.




3.3. Incremental Capacity Curve and Differential Voltage Curve Analysis


The IC and DV analyses are effective ways to identify the LIB degradation characteristics [37]. The IC and DV curves were obtained by assuming that the cell is in equilibrium and examining the relationship between the charge, Q, and the pseudo-open circuit voltage, pOCV [37]. However, Q and pOCV are hard to measure in practical applications at an actual equilibrium state. Thus, these are measured by bringing the cell to a quasi-equilibrium state by charging and discharging using a very small current (e.g., 0.05 C) [38]. The IC curve is calculated as the gradient of Q relative to pOCV while the DV curve is calculated as the gradient of pOCV relative to Q [39]:


    d Q   d ( pOCV )   ≈   Δ Q   Δ ( pOCV )    



(2)






    d ( pOCV )   d Q   ≈   Δ ( pOCV )   Δ Q    



(3)







Since these are derivatives, the results require filtering of the noisy data and smoothing [39]. The IC curve (dQ/dV-V) and the DV curve (dV/dQ-Q) reflect the phase change of the electrodes during charging and discharging, with changes in the intensity, position, and shape of the peaks indicating battery degradation [40]. Battery degradation is generally attributed to LAM, LLI, and internal resistance increases [27], as was analyzed in Section 3.2. LAM causes the height of the highest IC peak to decrease for a given voltage, while LLI shifts the DV curve toward lower capacities [41].



The degradation characteristics are illustrated here by the IC and DV curves of the 0.5 C charged LFP cells and the 0.5 C charged NCM cells shown in Figure 9 and Figure 10.



The IC curves of the LFP cells shown in Figure 9 have three peaks, with the middle peak being the highest. Figure 9a shows that the middle peaks of the IC curves fluctuate with an increasing number of cycles but maintain a high level, which means that there is almost no LAM in the cell without overcharging [41]. Figure 9c,e,g show that the height of the middle peak decreases after 30 low-temperature cycles at higher charging voltages, which implies that LAM starts for these conditions.



The DV curves in Figure 9b,d,f,h shift significantly to the left with an increasing number of cycles, which indicates significant LLI [41]. Therefore, for the LFP cells, LLI is the main reason leading to battery degradation with low-temperature overcharging, which is similar to the results seen for overcharging at ambient conditions. Yang et al. [31] suggested that the LFP cell degradation during room-temperature overcharging is mainly due to the LLI caused by the SEI film growth.



In addition, the IC curve peak heights of the 4.0 V and 4.4 V charged cells decrease by similar amounts that are both greater than the decreases seen in the 4.8 V charged cell and significantly greater than those in the 3.65 V charged cell. The 4.0 V and 4.4 V DV curves shift to the left about the same amount. Therefore, the LLI and LAM of the LFP cells have the same trends, with those for 4.0 V and 4.4 V being similar and then decreasing for 4.8 V and for 3.65 V, which is consistent with the capacity fade results. Thus, the LAM and LLI increases determine the capacity fade decreases. Since LAM and LLI do not increase with increasing charging voltage, the capacity fades caused by LAM and LLI also first increase and then decrease with increasing charging voltage.



As shown in Figure 10a,c,e,g, the IC curves of the NCM cells have three peaks, with the right peak disappearing after five overcharging cycles and the middle peak, which is the highest peak, decreasing significantly with an increasing number of cycles. The middle peak of the 4.8 V charged cell decreases the fastest, such that the measurements of the 4.8 V charged cell had to be ended after the 25th cycle. The middle peaks of the 4.2, 4.4, and 4.6 V charged cells decrease more rapidly at the beginning than at the end, which means that LAM occurs throughout the low-temperature cycles but increases more slowly with more cycles, which is consistent with the decelerating capacity fade trend described in Section 3.1.



Figure 10b,d,f,h show that the DV curves for the NCM cells shift significantly to the left with an increasing number of cycles, with the leftward shifts becoming smaller with increasing numbers of cycles. Thus, the LLI rate of increase decreases at higher numbers of cycles, which is consistent with the LAM rates. The LAM and LLI both increase with increasing overcharging voltage. Therefore, the effect of the LLI and LAM on the NCM battery degradation during low-temperature overcharging cannot be neglected, and the turning point of the capacity fade is caused by both the LAM and LLI. This differs from the results for an overcharged NCM battery at room temperature. Liu et al. [32] concluded that for NCM cells at room temperature, the LAM is the dominant degradation mechanism for overcharging voltages less than 4.5 V while the LLI is the dominant degradation mechanism for voltages higher than 4.5 V. In addition, the dominant degradation mechanism changed from LAM to LLI with an increasing number of cycles for overcharging voltages below 4.5 V.



In summary, LLI is the main mode leading to LFP battery degradation with low-temperature overcharging, while for NCM batteries, both LLI and LAM play important roles. In addition, unlike for the LFP cells, the peaks in the IC and DV curves of the overcharged NCM cells mostly disappear for large numbers of overcharging cycles, which is related to the smaller SOH with more cycles and shows that the NCM cells fade faster than the LFP cells at low temperatures with the same charging current.




3.4. SEM and EDS Results


3.4.1. LFP Cells


The LFP battery degradation characteristics were further analyzed by comparing electrodes from a fresh cell and the cell overcharged with 1 C and 4.8 V using the SEM images shown in Figure 11.



As shown in Figure 11a,b, the LFP cathode is nearly unchanged after overcharging; thus, overcharging at this low temperature has little effect on the cathode material. However, Figure 11c,d show that the graphite anode is greatly changed after overcharging. The fresh graphite anode particles are spherical with smooth edges, while the graphite spheres can no longer be seen on the anode surface after overcharging but are replaced by a thick film with various lumps with large and small pores.



Thus, the severe side reactions occurred on the graphite anode surface of the overcharged cell, which produces secondary SEI with lithium plating. The plated lithium then reacted with the electrolyte to form a porous structure on the graphite anode surface [42].



Further observations are shown in the EDS measurement results for the graphite anode in Figure 12. The carbon mass fraction is largest on the fresh graphite anode, followed by a much smaller mass fraction of oxygen with a C/O mass fraction of 5.49. The fluorine is from the PVDF binder, the phosphorous and sulfur are from the electrolyte additives, and the copper is from the anode.



The data in Figure 12b shows that the degraded graphite anode has similar carbon and oxygen mass fractions, with a mass fraction ratio of almost 1.00, which correlates with the lithium plating and SEI growth. Although the lithium mass fraction cannot be measured by EDS, the occurrence of lithium plating can be inferred from the large increase in the oxygen mass fraction because the plated lithium reacts with O2, CO2, or H2O in the air to form Li2O or Li2CO3 after the battery is disassembled [43]. In addition, the reactions of the plated lithium with the electrolyte increase the main SEI components, such as Li2O, Li2CO3, LiOH, ROCO2Li, and RCOLi (R is alkyl), which further increases the oxygen mass fraction and the SEI thickness.



Aluminum also appears in the degraded cell, which is from the Al2O3 coating on the separator [12]. The electrolyte in the degraded cell was consumed by side reactions and tended to dry out so that the anode and separator were then tightly attached and difficult to separate during disassembly, leading to some aluminum from the separator attaching to the anode.



In summary, the cathode was nearly unchanged, while the secondary SEI and the lithium plating greatly altered the anode surface after the LFP battery was overcharged at the low temperature. In addition, the plated lithium reacted with the electrolyte to form a porous structure on the anode surface.




3.4.2. NCM Cells


The NCM battery degradation characteristics were further analyzed by comparing the electrodes of a fresh cell and the cell overcharged at 1 C and 4.8 V using the SEM images shown in Figure 13.



Figure 13a,b show that the particles on the NCM cathode are slightly larger and have a rough surface after overcharging, which may be caused by the coating deposited on the active material due to electrolyte oxidation [44]. Oxidation of the electrolyte components at the interface between the electrode and the electrolyte is accelerated at increasing cell voltage with precipitation of the carbon-based material products on the active material particles that fill the voids in the cathode [45]. The poor electrical conductivity of this layer then hinders the migration of lithium ions during the electrochemical reaction [46].



Section 3.3 showed significant LAM in the NCM cells, which is further verified by the EDS analysis of the NCM cathode shown in Table 4. As can be seen from Table 4, the transition element ratio in the cathode after overcharging remains almost unchanged (Ni:Co:Mn ≈ 5:2:3) while the carbon and oxygen concentrations increase by 18.89% and 22.72%, which shows that the cathode active material structure actually changed little, but a significant amount of carbon-based material precipitated on the surface.



The pictures in Figure 13c,d show that the graphite anode surface of the NCM cell was severely damaged, with lithium plating contributing to more secondary SEI [42], which was also seen on the LFP graphite anode.



The results of EDS measurements of the graphite anode are shown in Figure 14. The carbon mass fraction is significantly lowered on the degraded graphite anode, while the oxygen concentration is significantly higher. Thus, the carbon/oxygen mass fraction on the NCM cell anode decreased from 16.82 for the fresh cell to 0.28 for the degraded cell. The ratio decreased from 5.49 to 1.00 on the LFP cell. Thus, the mass fraction change on the NCM cell is much larger than that on the LFP cell, which indicates that the NCM cell graphite anode experienced more severe structural damage and lithium plating, which led to the SOH of the disassembled NCM cell decreasing to below 10% at the end of the experiment.



In addition, the NCM cell graphite anode also had increases in oxygen, fluorine, and phosphorous mass fractions after overcharging, which can be attributed to the electrolyte decomposition products and the film formation on the anode surface [47].



When NCM cells are overcharged at room temperature, manganese, cobalt, and nickel can be detected on the anode surface by energy dispersive X-Ray spectroscopy [44], which indicates the dissolution of transition metals in the cathode. In contrast, manganese, cobalt, and nickel are not found in the anode, and their elemental mass fractions do not decrease in the cathode when the NCM cell was overcharged at the low temperature in this study. That is, the transition metals do not dissolve in the cathode structure.



In summary, the NCM electrolyte was oxidized and decomposed by overcharging at the low temperature, while the cathode structure was basically unchanged, but with some deposition from electrolyte oxidation on the surface, which hindered the migration of the lithium ions. Lithium plating and secondary SEI growth then occurred on the anode surface, which seriously damaged the anode with significant structural changes. These observations, combined with the description in Section 3.3, show that the LAM in the NCM cells mainly came from the anode.






4. Conclusions


This study exposes LFP and NCM batteries to low-temperature overcharging cycles with measurements of the capacity and internal resistance changes with an increasing number of cycles. The battery degradation characteristics were analyzed using IC curves, DV curves, and SEM-EDS measurements.



1. The LFP cell capacity decreases linearly with an increasing number of cycles, while the NCM cell capacity fades experienced linear fading, accelerated fading, and decelerated fading. In the low-temperature environment, the minimum SOH fade rates of NCM cells before the turning point are 1.41, 3.48, and 2.30 times as high as the maximum SOH fade rates of LFP cells at 0.2 C, 0.5 C, and 1 C, respectively. The LFP batteries are more tolerant of overcharging at low temperatures than the NCM batteries.



2. The DC internal resistance growth rates in the LFP batteries increase with increasing charging current while they increase and then decrease with increasing charging voltage, which is similar to the capacity fade trends. The DC internal resistance growth rates of the NCM batteries increase with increasing overcharging voltage, but first increase and then remain stable with increasing charging current.



3. The IC and DV curves show that the LFP cell degradation is mainly caused by LLI, with some effect from LAM with low-temperature overcharging, while both LLI and LAM contribute greatly to the NCM cell degradation.



4. The SEM-EDS measurements show that both the LFP and NCM cell cathodes are nearly unchanged by overcharging, with the LAM of both cells mainly damaging the anode structures. The anodic carbon/oxygen mass fraction decreased from 16.82 to 0.28 on the NCM cell after overcharging, while the ratio decreased from 5.49 to 1.00 on the LFP cell. LLI is due to the main side reactions of lithium plating and SEI growth at the anode.
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Figure 1. Measurement procedure in this study. (a) Procedure overview, (b) Overcharging procedure, and (c) RPT procedure. 
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Figure 2. SOH of LFP cells after various numbers of cycles. 
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Figure 3. LFP cell SOH fade rates. 
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Figure 4. SOH of NCM cells after various numbers of charging cycles. 






Figure 4. SOH of NCM cells after various numbers of charging cycles.



[image: Energies 16 02786 g004]







[image: Energies 16 02786 g005 550] 





Figure 5. SOH fade rates of NCM cells before and after the turning point. 
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Figure 6. SOH of LFP cells at room temperature [31] and low temperature. 
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Figure 7. SOH of NCM cells at room temperature and low temperature. (a) 0.5 C charging current [32] and (b) 1 C charging current [33]. 






Figure 7. SOH of NCM cells at room temperature and low temperature. (a) 0.5 C charging current [32] and (b) 1 C charging current [33].



[image: Energies 16 02786 g007]







[image: Energies 16 02786 g008 550] 





Figure 8. DC internal resistance growth rate (a) LFP cells and (b) NCM cells. 
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Figure 9. IC and DV curves of the 0.5 C charged LFP cells. (a,b) 3.65 V, (c,d) 4.0 V, (e,f) 4.4 V, and (g,h) 4.8 V. 
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Figure 10. IC and DV curves of the 0.5 C charged NCM cells. (a,b) 4.2 V, (c,d) 4.4 V, (e,f) 4.6 V, and (g,h) 4.8 V. 
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Figure 11. SEM images from a fresh cell and the cell overcharged with 1 C and 4.8 V. (a) Fresh cathode, (b) Degraded cathode, (c) Fresh anode, and (d) Degraded anode. 
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Figure 12. EDS results (a) Fresh anode and (b) Degraded anode from the cell overcharged with 1 C and 4.8 V. 
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Figure 13. SEM images from a fresh cell and the cell overcharged at 1 C and 4.8 V. (a) Fresh cathode, (b) Degraded cathode, (c) Fresh anode, and (d) Degraded anode. 
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Figure 14. EDS results (a) Fresh anode and (b) Degraded anode from the cell overcharged with 1 C and 4.8 V. 






Figure 14. EDS results (a) Fresh anode and (b) Degraded anode from the cell overcharged with 1 C and 4.8 V.



[image: Energies 16 02786 g014]







[image: Table] 





Table 1. Experimental cell parameters.
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	Items
	LFP
	NCM





	Nominal capacity
	1.3 Ah
	2.6 Ah



	Nominal voltage
	3.2 V
	3.7 V



	Charging cut-off voltage
	3.65 V
	4.2 V



	CV-limit current rate
	0.02 C
	0.02 C



	Discharging cut-off voltage
	2 V
	2.75 V



	Standard charging current rate
	0.5 C
	0.5 C



	Standard discharging current rate
	0.5 C
	0.5 C



	Maximum charging current rate
	1 C
	1 C



	Maximum discharging current rate
	2 C
	2 C
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Table 2. Test conditions.
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Cell No.

	
Charging Current Rate

	
Discharging Current Rate

	
Charging Cut-Off Voltage of LFP Cells

	
Charging Cut-Off Voltage of NCM Cells






	
1

	
0.2 C

	
0.5 C

	
3.65 V

	
4.2 V




	
2

	
0.2 C

	
4.0 V

	
4.4 V




	
3

	
0.2 C

	
4.4 V

	
4.6 V




	
4

	
0.2 C

	
4.8 V

	
4.8 V




	
5

	
0.5 C

	
3.65 V

	
4.2 V




	
6

	
0.5 C

	
4.0 V

	
4.4 V




	
7

	
0.5 C

	
4.4 V

	
4.6 V




	
8

	
0.5 C

	
4.8 V

	
4.8 V




	
9

	
1 C

	
3.65 V

	
4.2 V




	
10

	
1 C

	
4.0 V

	
4.4 V




	
11

	
1 C

	
4.4 V

	
4.6 V




	
12

	
1 C

	
4.8 V

	
4.8 V
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Table 3. NCM cell fade types.
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	Charging Voltage
	0.2 C
	0.5 C
	1 C





	4.2 V
	linear fade
	decelerated fade
	decelerated fade



	4.4 V
	linear fade
	decelerated fade
	decelerated fade



	4.6 V
	accelerated fade
	decelerated fade
	decelerated fade



	4.8 V
	accelerated fade
	linear fade
	decelerated fade
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Table 4. Chemical composition (weight percentages) of fresh and degraded NCM cathodes.
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	Ni
	Co
	Mn
	C
	O
	F
	P





	fresh
	24.11%
	9.09%
	14.1%
	13.55%
	27.42%
	10.93%
	0.8%



	degraded
	24.86%
	9.44%
	15.94%
	16.11%
	33.65%
	-
	-
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