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Abstract:

 The effect of calendar aging on the thermal safety of 4.6 Ah pouch cells with a LiMn2O4 (LMO) cathode was investigated by a battery test calorimeter (BTC) that can be used to determine the heat evolved during an uncontrolled exothermic runaway reaction. Cells were stored at 55 °C and 100% state of charge (SOC) for accelerated aging, and they were taken out after 10, 20, 40, 68, and 90 days of storage to obtain different aging states. Those cells were then put into the BTC for thermal safety tests. The results show the cell thermal safety improves after aging: (1) the self-heating temperature increases; (2) the thermal runaway temperature increases; and (3) the exothermal rate during the process of thermal runaway decreases. The cell voltage drops to zero about 40 °C earlier than the thermal runaway, indicating the voltage can be used as a signal for cell safety monitoring.
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1. Introduction


Lithium-ion cells have become one of the most attractive energy sources due to their excellent performance, including high power and energy density [1,2]. However, the thermal runaway of a cell is a critical issue hindering its diffusion in the current market [3,4]. The investigation of cell thermal runaway faces various challenges. To date, the state-of-safety (SOS) of lithium-ion cells is not yet well defined, mostly due to the rare, stochastic, and transient nature of thermal runaway accidents.



In the last decade, increasing effort has been put in the field of cell thermal safety. To improve the safety of the cell, many materials with better thermal stability have been developed, and some operating methods for the battery system have been suggested. Among various components of a cell, the cathode material [5,6,7], anode material [8,9,10], separator [11,12,13], and electrolyte [14,15,16] have been mostly studied. For example, Fergus [5] investigated the safety of different cathode materials and the results show that the safeties of different cathode materials rank as: LiFePO4 (LFP) > LiMn2O4 (LMO) > LiCoO2 (LCO) > LiNiO2. Jiang and Dahn [16] compared the safety of different solvents and concluded that ethylene carbonate (EC) was better in protecting the lithiated carbon compared with dimethyl carbonate (DMC) and diethyl carbonate (DEC). Based on those results, cells with higher safety have been designed, but, in the meantime, other performances such as energy density might be compromised.



Choosing appropriate operating conditions such as ambient temperature is another important factor in guaranteeing the cell thermal safety. To find appropriate control strategies for cell thermal safety, side reactions that might happen at different temperatures have been investigated [17,18,19], as summarized in Figure 1. Although the accurate temperatures for different reactions also relate to the cell type, the figure provides a benchmark for temperature control. Most of the current studies address the thermal safety issue of fresh cells, hardly considering the cell in aged states [20,21,22]. Nevertheless, for the use of cells in some applications such as automobiles and cell phones, it is important to guarantee the safety of cells for their entire lifetime. Roder et al. [21] studied the cause-effect relations between calendar aging and thermal safety of lithium-ion cells, and found out that both the solid electrolyte interface (SEI) layer and the state of the cathode material affect the safety of the cell after aging. Fleischhammer et al. [22] investigated the safety of lithium-ion cells after aging at high-rate and low-temperature cycling. Their results indicated that cells cycled at high rates show only slightly declined safety performances, while the safety performances of cells cycled at low temperature has been dramatically reduced. However, those limited works [20,21,22] have not been concerned with the thermal safety of cells at different aging states, which is necessary for the replacement of cells to ensure the safety of a battery system. Therefore, more work needs to be done to figure out the evolution of cell thermal safety with aging.


Figure 1. Summary of side reactions that happen inside lithium-ion cell at different temperatures [17,18,19]. LCO: LiCoO2; LMO: LiMn2O4; LFP: LiFePO4; NCM: LiNi1/3Co1/3Mn1/3O2; EC: ethylene carbonate; PC: propylene carbonate; DEC: diethyl carbonate; DMC: dimethyl carbonate; PE: polyethylene; PP: polypropylene; and SEI: solid electrolyte interface.
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In this study, the calendar condition was considered as the first step in studying the evolution of cell thermal safety with aging. Cells with five different aging stages were obtained, and the thermal safety of those cells was then tested using a battery test calorimeter (BTC). Finally, the cell thermal safety was quantitatively compared and the effect of calendar aging on the cell thermal safety was concluded.




2. Experiment


All the tests were conducted using a high-temperature chamber PTV1004-D-type, an environment chamber GDJW-225 (Yashilin, Beijing, China), a MACCOR Series 4000, a Land CT2001B, and a BTC (HEL Company, Hertfordshire, UK). The tested samples are pouch cells supplied by CITIC Guo’an MGL Power Technology Co., Ltd. (Beijing, China), and the specifications of the cell are listed in Table 1.


Table 1. Nominal specifications of the test cell.


	No.
	Item
	Specification





	1
	Cathode material
	LMO



	2
	Anode material
	Graphite



	3
	Electrolyte
	EC + LiPF6



	4
	Nominal capacity
	4.6 Ah



	5
	Weight
	146 g



	6
	Cross section area
	120 × 180 mm2









2.1. Accelerated Aging under Storage Condition


Twenty cells were used, and the initial capacities of all those cells were calibrated at 25 °C before the test. The charge protocol was constant current followed by a constant voltage (CCCV), while the discharge protocol was constant current (CC). The rate was C/3 during the CC stage for both charging and discharging, and the current was C/30 during the CV stage for charging. Then, those cells were equally divided into five groups, and they were stored at 55 °C and 100% state of charge (SOC) for accelerated aging. The cells in five groups were respectively taken out after 10, 20, 40, 68, and 90 days of storage. To obtain the aging state of each cell, the capacity was re-calibrated at C/3 and 25 °C. After that, one cell in each group was used for the further thermal safety test.




2.2. Thermal Safety Test


Figure 2 displays the experimental setup for the thermal safety test. A cell was placed inside the BTC cavity with two thermocouples symmetrically attached on its surface. Open circuit voltage (OCV) was simultaneously monitored by the Land device during the test process. Previous researches [20,23] showed that cell thermal safety decreases with respect to an increasing SOC. Consequently, all the tests were performed using the worst-case scenario of the fully charged state.


Figure 2. Experimental setup for the thermal safety test. OCV: open circuit voltage; and BTC: battery test calorimeter.
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The temperature inside the BTC was controlled by Heat-Wait-Seek-Track computer program [24], whereby the temperature was raised in a stepwise manner by 10 °C. The starting temperature was 40 °C. The heating step was followed by a wait period of 15 min for equilibration. Then, another period of 15 min was taken for searching, and the threshold of self-heating rate was 0.03 °C·min−1. If the temperature increase rate surpassed this threshold during the searching period, the BTC system tracked the temperature of the sample to realize an adiabatic pattern. If the temperature rise was under this threshold or there was no temperature rise, a new temperature step was carried out. The shutdown criteria of the system was when temperature over 200 °C or the pressure in the system over 2 bar.





3. Results and Discussion


3.1. Cell Capacity Fade during the Storage Test


Figure 3 displays the cell capacity fade during the storing process. The results show that the rate of cell capacity fade decreases during the first 68 days of storage, while it slightly increases after 68 days. The authors have to mention that the turning point might not be exactly the 68th day because cell states were only tested at some specific time points such as the 40th day, 68th day, and 90th day. The capacity of cells faded about 35% after 90 days of storage. It has been reported that the loss of reversible lithium ion (LLI) and the loss of active material (LAM) are the two main reasons for cell capacity fade [25]. The LLI is generally caused by the formation of a SEI film on the surface of the anode electrode, which obeys the time square root regulation [26]. In addition, the formation of SEI film always exists during the whole lifetime of a cell. The cell capacity fade might be blamed on the LLI in the first 68 days of storage. The LAM, in contrast, appears when a cell reaches a specific aging state [25]. Consequently, the slight acceleration of capacity fade might be caused by the combination of LLI and LAM after cells are stored for 68 days.


Figure 3. Capacity remaining during the storage period for the tested cells.
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To study the evolution of cell thermal safety with respect to calendar aging, one cell in each group was chosen for further tests. The capacity remaining of those cells was 92.5%, 85.1%, 78.5%, 71.7%, and 68.0%.




3.2. Thermal Safety Test


Figure 4 shows the images of a cell before and after the thermal safety test. The cell swelled with many brown spots on its surface after the test, as shown in Figure 4b. Generally, the volatilization temperature is about 140 °C for the electrolyte in a lithium-ion cell [17]. The maximum temperature was near 200 °C in the test, which might cause gas releasing side reactions and volatilizing the electrolyte that leads to the swelling of the tested cell. A rip appeared on the surface of the tested cell, as indicated in Figure 4b. Thus, the brown spots should be the residue of the volatilized electrolyte that sprayed out and then condensed on the surface of the cell.


Figure 4. Image of a studied cell: (a) before the thermal safety test and (b) after the test; (c) anode electrode and (d) cathode electrode of the cell after the test.
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The cathode material is LMO, whose decomposition temperature is higher than 200 °C [27]. The anode material is graphite and its ignition temperature is also much higher than 200 °C. Thus, the composition of both cathode and anode material were unlikely to be changed during the thermal safety test. However, the binder in each electrode might lead to side reactions, reducing the mechanical properties of electrodes. Figure 4c,d shows the images of both electrodes after the test. Both electrodes almost kept their integrity, corresponding to the stability of LMO and graphite during the test. The slight fracture of electrodes might be caused by mechanical stress during the disassembling process, corresponding to the decrease of mechanical properties caused by side reactions of the binder.



Figure 5a depicts the temperature on the cell surface during the test, while Figure 5b displays the variation of the cell voltage and current with respect to temperature. According to those two plots, three critical temperatures can be outlined, which are the initial self-heating temperature (T1), the OCV-drop temperature (T2), and the thermal runaway temperature (T3) [28].


Figure 5. Thermal safety test for the cell stored 10 days. (a) The variation of cell temperature with respect to time; and (b) the variation of cell voltage and current with respect to cell temperature during the test.
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When the temperature reached T1, the cell started releasing heat by itself. With the temperature increasing, the cell voltage suddenly dropped to zero when the cell temperature reached T2, indicating an internal short circuit of the tested cell. Finally, when the temperature reached T3, the cell quickly released heat by itself (dT/dt > 0.5 °C·min−1), causing the fast increase of cell temperature, which might lead to the explosion and burning of the cell. It should be mentioned that the T1 here is a little higher than the self-heating temperature of the cell that has been reported before [28]. This might due to different experiment setups in different tests. For example, the threshold of the self-heating rate in the test was 0.03 °C·min−1, which is higher than the threshold heating rate of 0.01 °C·min−1 [28] or 0.02 °C·min−1 [21,22]. Consequently, self-heating is harder to detect in this test compared to that in others’ work [21,22,28], leading to a higher self-heating temperature.



The temperature time curve in Figure 5a can be divided into five stages by the three critical temperatures and the shutdown temperature (200 °C). In Stage 1, the cell was safe without detectable self-heating (dT/dt < 0.03 °C·min−1), indicating there was no obvious side reactions that quickly release heat inside the tested cell. When the cell came to Stage 2, the cell started releasing heat that could be detected by the BTC, leading to the increase of cell temperature and a long tracking period as shown in the beginning of Stage 2. The initial self-heating should be caused by the decomposition of a part of the metastable SEI film at nearly 120 °C [19,29]. The cell might stop self-heating due to the slow rate of heat releasing that was lower than the threshold of 0.03 °C·min−1. In Stage 3, the cell voltage quickly dropped to zero which should be caused by a micro short circuit inside the cell. The melting temperature for the separator varies from 135 °C to 176 °C according to different compositions of the separator [18]. In this stage, electrons directly transferred from anode to cathode, followed by heat releasing which increased the cell temperature. Then, in Stage 4, a large amount of heat was released due to violent side reactions inside the cell when the temperature reached T3. The released heat caused a fast temperature increase (dT/dt > 0.5 °C·min−1) and led to the thermal runaway of the cell. Finally, in Stage 5, a large amount of cold air was pushed into the chamber of the BTC to protect the test system when the cell temperature was higher than 200 °C. The maximum temperature was a little higher than 200 °C in the final stage because of the fast heat releasing when the cell reached thermal runaway.



Figure 5a shows that T2 is about 40 °C lower than T3. If the temperature increase rate can be estimated, the time remaining before the thermal runaway can be derived. With such information, one can make a wise choice between escaping from the battery or trying to save the battery and other related systems. Voltage and current are always measured for each cell, while temperature is hardly monitored for every cell in a battery system. In addition, the speed of electrical signals transported from the inner part of a cell to the detectors is much faster than the thermal signals. Consequently, it is more convenient and reliable to monitor the thermal safety of cells based on voltage or current signal than temperature.




3.3. The Effect of Aging on Cell Thermal Safety


Figure 6 displays the evolution of cell thermal safety with respect to storage time. Each cell went through three stages during the test: stable, self-heating, and thermal runaway, which were divided by the critical temperatures of T1 and T3. The results show that both T1 and T3 increase with respect to storage time, which means a higher temperature is needed to cause the self-heating and the thermal runaway for cells in aging states. Thus, the thermal safety of cell improves after aging.


Figure 6. The evolution of thermal safety of cells with storage time. Dash lines are used to describe the tendency of the critical temperature points with aging.
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T1 is the onset temperature of self-heating, which corresponds to the decomposition of the SEI film. It has been reported that a more pronounced SEI after aging leads to a lower onset temperature for self-heating [21], which contradicts the results. This discordance might come from a different experiment setup among different studies, especially the setting of the threshold for the self-heating rate. For instance, the threshold in this test is 0.03 °C·min−1, which is higher than the threshold heating rate of 0.01 °C·min−1 [28] or 0.02 °C·min−1 [21,22]. Therefore, even though there might be some pronounced SEI that formed during aging, the self-heating of those SEI films cannot be detected if their exothermic rate is less than 0.03 °C min−1.



T2 varied little for cells during the first 68 days of storage. The separator for the tested cells is polyethylene (PE)-based, and its melting point is around 130–140 °C [28]. Since T2 is around 140 °C, the voltage sharply drops at T2 which might correspond to the melting of the separator that led to the micro internal short circuit. The little variance of T2 indicates that storing the battery at 55 °C hardly had an impact on the separator of the tested cell. In contrast, T2 decreased after the cell was stored 90 days. This might be caused by the mechanical stress that was generated during the aging process [30]. Although the separator should not melt at about 120 °C, its physical performance deteriorates at that temperature. Thus, the separator becomes easier to impale with electrode particles, leading to the internal short circuit.



T3 is the onset temperature of thermal runaway, during which various types of side reactions happened together and, after mutual promotion, generated a large amount of heat in a very short time. However, it is hard to distinguish which reactions trigger the thermal runaway, and the increase of T3 cannot be easily blamed on a specific reason. One of the possible reasons could be the formation of SEI film during the aging process which will be further explained in the following discussion.



Figure 7 compares the exothermic rate of cells with different aging states during the process of thermal runaway. At the same temperature, the exothermic rate decreases with respect to storage time, except for the cell aged 10 days, indicating that the safety of the cell improves after aging. The formation of passive film on the surface of both electrodes after the aging of the cell might be related to this phenomenon. On the one hand, the formation of passive film consumed active material, such as the electrolyte and inserted lithium-ion, leaving less active material for side reactions during the stage of thermal runaway. On the other hand, the formed passive film can cover active points that are needed for some side reactions during the process of thermal runaway.


Figure 7. The exothermic rate vs. temperature for cells with different aging stages during the process of thermal runaway. The dash line is used to describe the tendency of heating rate.
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4. Conclusions


In this study, the influence of calendar aging on the thermal safety of 4.6 Ah pouch cells with a LMO cathode was tested by BTC. The voltage and current of the cell were monitored in the meantime. Cells with five different aging stages were acquired for the thermal safety test, and the tested results have been analyzed synthetically.



Three critical temperature points were derived from the test data to compare the thermal safety of cells at different aging states, and they were the self-heating temperature (T1), the OCV-drop temperature (T2), and the thermal runaway temperature (T3). Furthermore, the exothermal rate during the thermal runaway process was also considered. The results show that both T1 and T3 increased, and the cell’s exothermal rate during the thermal runaway process decreased with respect to the storage time. This indicates that the cell thermal safety improved after calendar aging. Thus, cells aged under storage conditions can be deployed in second-life applications while meeting more stringent requirements of thermal safety. In addition, the results show the cell potential suddenly dropped at about 140 °C, which was about 40 °C lower than T3, indicating the voltage could be used as an early warning of thermal runaway in managing a battery system.



Future work will focus on the mechanism that leads to the improvement of thermal safety after calendar aging. Besides, the effect of cycling aging on the cell thermal safety will also be considered to provide guidance for second-life applications of used cells.
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