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Time Sequence Map for Interpreting the Thermal Runaway Mechanism of Lithium-Ion Batteries With LiNixCoyMnzO2 Cathode
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Thermal runaway is one of the key failure reasons for the lithium-ion batteries. The potential of thermal runaway in applications increases when the industry starts to use high energy LiNixCoyMnzO2 cathode. The thermal runaway mechanism is still unclear, because the side reactions are complex. Heat generation during thermal runaway can be caused by the decomposition of individual cell components, or by interactive reactions between multiple components. This paper tries to comb the heat sources during thermal runaway using a novel method named the “Time Sequence Map” (TSM). The TSM tracks the heat sources according to the notion of thermodynamic systems. The thermodynamic system means a combination of materials that stay and react together, and generate heat independently without interruptions from other thermodynamic systems. With the help of the defined thermodynamic systems, researchers will be rescued from being trapped in the complex reactions, and the heat sources during thermal runaway can be clearly explained from bottom up. The thermal runaway results for two battery samples demonstrate the validity of the TSM. The TSM shows the heat sources including that: (1) fire, (2) internal short circuit, (3) oxidation-reduction reaction between the cathode and anode, etc. The contributions for the heat sources to the thermal runaway are further discussed. Conclusions come to: (1) the major heat source is the oxidation-reduction reaction; (2) the fire releases lots of heat, but most of the heat is not to heat the cell itself; (3) the internal short circuit is critical to trigger the oxidation-reduction reaction; (4) the internal short circuit is not the major heat source that heat the cell to 800°C or higher; (5) the oxidation-reduction reaction is triggered when the temperature reaches a critical temperature. The TSM helps depict the frontiers in the researches of battery thermal runaway. It suggests that we focus on: (1) the relationship between internal short circuit and thermal runaway; (2) the mechanism of the oxidation-reduction reaction between the cathode and anode; (3) the detailed reaction mechanisms for a specific thermodynamic system within the cell.
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INTRODUCTION

Electrochemical energy storage system (EESS) is one of the heart components of the clean energy systems in the future, because the EESS can help regulate the intermittent power output by the renewable energy sources (Zhang, 2013). Lithium-ion battery, given its high energy density and extended life time, is a promising choice for the EESS (Feng et al., 2012; Ji et al., 2015; Kong et al., 2018). The application in transportation systems (Ouyang et al., 2016; Lai et al., 2018; Zheng Y. et al., 2018) and electronic devices (Duh et al., 2018; Zhang et al., 2018; Zhu et al., 2018) require compact design of an EESS, thereby proposing demand of higher energy density for the lithium-ion batteries (Zeng et al., 2018). The target of energy density for the lithium-ion batteries is 300 Wh·kg−1 in the “Made in China 2025” project funded by the Chinese State Council and the “Strategic Priority Research Program” funded by the Chinese Academy of Sciences (Liang et al., 2016). The lithium vanadium phosphate (Mao et al., 2015) or the lithium manganese rich cathode (Yan et al., 2015) might be promising to fulfill the target. However, due to their limited cycle life, the massive applications of them are still far away. A more favorable roadmap is to use cathode with ternary oxide LiMO2 (M can be Ni, Co, Mn, or Al, etc.) and anode with silicon additions (Feng et al., 2018a; Vitoux et al., 2018). The cathode with Ni rich ternary oxide LiMO2 has higher energy density among others, but Ni rich cathodes usually have poorer thermal stabilities (Noh et al., 2013). Accidents emerge as the cell with LiMO2 cathode starts to substitute the cell with LiFePO4 cathode in the transportation and electronics (Feng et al., 2018b). The customers are fearing about the smoke, fire, and explosion (Huang et al., 2015) that accompany with the battery failures, therefore the safety issues of high energy lithium-ion batteries are arousing more and more attentions in recent years (Feng et al., 2016a, 2018c,d; Guo et al., 2016; Huang et al., 2016; Wu et al., 2018).

Thermal runaway (TR) is the root cause of the hazards that occur during battery accidents. Wang et al. (2012) proposes that the essence of the battery TR should be a moment when the exothermic reaction goes out of control, that is the reaction rate increases due to an increase in temperature causing a further increase in temperature and hence a further increase in the reaction rate. Feng et al. (2018a) advances the definition of battery TR to the Heat-Temperature-Reaction (HTR) loop. The HTR loop always exists for lithium-ion battery when it is exposed to extreme temperature. The TR occurs once the HTR loop goes out of control.

Conducting a successful battery TR research should consider five key factors:

Key Factor 1: How to trigger a TR?–The way to trigger TR.

Key Factor 2: How to characterize the phenomenon-during tests?–The technique for TR characterization.

Key Factor 3: How to interpret the TR mechanisms behind the observations?–The methodology for mechanism interpretation.

Key Factor 4: How to quantify the TR process by a mathematical model?–The establishment of a good TR model that can capture the underlying mechanisms.

Key Factor 5: How to reduce the TR hazard in cell and system design in application?–The model-based battery safety design considering the TR hazards.

For the key factor 1, the core thing is to heat the cell to extreme temperature higher than 80°C or even higher, until the HTR loop runs out of control. Heating a battery can be fulfilled by oven-box heating (Dahn et al., 2013), penetration (Feng et al., 2015a; Mao et al., 2018), overcharge (Ouyang et al., 2015; Ren et al., 2017; Qi et al., 2018), power heater (Coman et al., 2017a; Gao et al., 2017), etc.

For the key factor 2, calorimetric instruments can help quantify the heat generation during the HTR loop, thereby benefiting studying the TR mechanisms. The common utilization of a calorimetry includes: the accelerating rate calorimetry (ARC) (Feng et al., 2014a,b); the differential scanning calorimetry (DSC) (Zheng S. et al., 2018); the C80 micro calorimetry (Ping et al., 2014); the cone calorimetry (Ping et al., 2018); other self-made calorimetry (Chen et al., 2016; Liu et al., 2017) etc.

For the key factor 4, the TR model is always built by chemical reactions using Arrhenius Equations. Hatchard et al. (2001) built the first TR model, which is propagated by Spotnitz and Franklin (2003), further extended to 3D simulations by Kim et al. (2007), and followed by others (Peng and Jiang, 2015; Coman et al., 2017b; Abada et al., 2018). Recent years the TR model is evolving to not only predict the temperature, but also the voltage, called as the electrochemical-thermal coupled TR model (Lee et al., 2015; Melcher et al., 2016; Ping et al., 2017). The accuracy of the TR model is being improved by considering gas venting (Coman et al., 2016, 2017c) and aging effects (Abada et al., 2018; Ren et al., 2018b). Most of the parameters used in those papers are similar, in other words the TR model has been inherited for nearly 20 years. Actually, the kinetic parameters in the Arrhenius Equations can be acquired from calorimetric tests. Ping et al. proposed a deconvolution method to acquire the pre-order factor and activation energy in the Arrhenius Equations (Ping et al., 2014). A classical approach for calibrating the kinetic parameters of the Arrhenius Equations is the Kissenger's method in the chemical dynamic theory (Wang et al., 2011). Practice succeeded in Ren's (Ren et al., 2018a) work, therefore the kinetic parameters of the chemical reactions can be measured by experiments, no longer needing to be inherited from the Hatchard's model.

For the key factor 5, model-based safety design is an attracting technology arousing concerns from industry. Safety design at system level is the major application of the TR models built in key factor 4. The TR model is modified with heat transfer functions for simulating the TR propagation in a battery system (Feng et al., 2015b, 2016b). High precision prediction of the TR propagation process in system level requires accurate setting of the boundary conditions of heat transfer and a TR model with adequate accuracy. Sometimes the chemical kinetics can be simplified by lookup tables in the propagation simulation (Yeow and Teng, 2013; Chen et al., 2015). Those kinds of model-based TR propagation simulation help optimize the safety design of a battery pack, significantly reducing the TR hazard in the system level, and enhancing the efficiency of correlated research and development. However, model-based safety design of a battery cell is rarely seen up to now, to the best knowledge of the authors. The researchers of materials have switched to new cell chemistries, which can bring them more reputations in paper publications, but left the practical problem of TR of lithium-ion batteries for the engineers. The target of model-based safety design at cell level still cannot be fulfilled, because the TR model still cannot reflect all the key physical and chemical processes. This is caused by the lack of researches on the key factor 3, which bridges the gap between key factor 2 and key factor 4.

For the key factor 3, we are still lacking strong weapons for interpreting the TR mechanisms from test observations. Generally, a good approach for interpreting the complex reaction mechanisms can comb the relationships between different physical and chemical processes. The Semenov Diagram is a mature technique in analyzing the controllability of heat generations (Samba et al., 2014). The Semenov Diagram can also help reveal the reaction mechanisms of battery TR. For a quantified analysis of TR mechanisms, the Semenov Diagram must work with an accurate battery TR model, which forms a logic loop here. Wang et al. (2010) proposed a 3D diagram that can illustrate a swallowtail catastrophe of battery TR using dimensionless parameters. However, the accuracy of the 3D diagram also depends on the accuracy of the TR model. Feng et al. (2018a) tries to summarize the reaction kinetics of cell components using an “Energy Release Diagram,” with 3D variables including the critical temperature, the heat generation power, and the enthalpy of the reactions. Current available approaches usually establish a phase diagram with temperature as x axis. However, they omit the information at time domain, thereby losing information on the sequential order of different physical/chemical processes. Upon this, we guess that a diagram with time as x axis might be more intuitive for people to understand the TR mechanisms.

This paper tries to establish a novel method, named the Time Sequence Map (TSM), for interpreting the TR mechanisms of lithium-ion batteries. The TSM tracks the heat sources according to the notion of thermodynamic system, of which the heat generation power can be measured by DSC. The temperature curve is transformed into cartoonish vectors that can clearly reflect the key heat sources that contribute to the TR process. The theory of the TSM has been validated by two kinds of commercial lithium-ion batteries with LiMO2 cathode, making it convincible for guiding the battery TR modeling and safety design.

MATERIALS AND METHODS

Battery Samples

Table 1 lists the battery samples used in the calorimetric tests for validating the proposed TSM. Both the Sample A and the Sample B have cathode with LiMO2, carbon based anode and separator with ceramic coating on the PE base. Both the Sample A and the Sample B have large format and capacity no <20 Ah. The battery samples are charged to 100% state-of-charge before test, to represent the most dangerous status.


Table 1. The battery samples used in the calorimetric tests.
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Calorimetric Tests

Accelerating rate calorimetry (ARC) manufactured by Thermal Hazard Technology® (THT) is used to conduct adiabatic TR tests of the battery samples. The ARC has extended-volume to hold the large format samples, as shown in Figure 1. A thermocouple was inserted between the two cells to measure the internal temperature of the battery sample. Thermal runaway tests were conducted under the heat-wait-seek-exotherm mode. The ARC builds an adiabatic boundary condition around the cell during the exotherm mode, ensuring accurate measurement of the heat generation during TR. More detailed experimental settings can be seen in Zheng S. et al. (2018).


[image: image]

FIGURE 1. Experimental settings for the ARC test.



Differential scanning calorimetry (DSC), manufactured by Netzsch® with name of DSC 214 Polyma, is used to evaluate the thermal stabilities of the cell components. The DSC results from the segments in the TSM. The samples for the DSC tests are the cell components scratched from the battery samples. The mass ratio for the powder of “anode+electrolyte” is “3.6 mg + 0.96 μL,” and for that of “cathode+electrolyte” is “6.3 mg + 0.7 4 μL.” The mass ratio is same as that in the porous electrodes. The DSC scans the samples from 50 to 600°C with a temperature rise rate of 20°C·min−1.

THEORETICAL

The Key Characteristics of Battery Thermal Runaway

Figure 2 displays the key characteristics of battery TR. Figure 2A shows the voltage, temperature and the temperature rate in the ARC test results for Cell Sample A. Characteristic temperatures {T1, T2, T3} can be observed in many of the ARC tests (Feng et al., 2018e). T1 (78.2°C for Battery Sample A) is regarded as the onset temperature of heat generation. In ARC results, T1 means when the ARC detects obvious temperature rise, which is usually judged by a preset threshold of temperature rise rate, e.g., 0.01°C min−1 or so. T2 is the triggering temperature for TR. T2 is the flag when the HTR loop runs out of control. Understanding T2 is quite critical for battery safety design, because a higher T2 usually means better overall thermal stability, and the battery can thus be more likely to pass an abuse test in a standard. However, there is still no quantifiable definition of T2, to the best knowledge of the authors. T3 is the maximum temperature that the battery can reach during TR. The difference ΔT = T3 −T2 directly links to the total heat generation during TR (ΔHTR) as shown in Equation (1), where M is the cell mass and Cp is the heat capacity. The TR propagation behavior largely depends on the intensive heat release between T2 and T3. Figure 2B shows that smoke is possible to occur during TR test for Battery Sample A, whereas Figure 2C shows that fire is possible to occur after TR is triggered. The key characteristics of battery TR includes the characteristic temperatures {T1, T2, T3}, and the unique phenomenon (smoke, fire and explosion) that occurs during TR. The relationships between those key characteristics seem to be complex, because they contain several physical/chemical processes at high temperature. We are proposing the TSM to connect the underlying logics between those key characteristics of battery TR.
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FIGURE 2. Key characteristics for battery TR, data from Battery Sample A. (A) Characteristic temperatures for a TR during ARC test; (B) Smoke during a TR test; (C) Fire during a TR test.



A Demo for the Time Sequence Map

Figure 3 shows a demo for the TSM, which interprets the TR mechanisms of battery Sample A. From left to right, the TSM in Figure 3 can be divided into two regions: (1) The left side shows the reaction systems, which will be defined in Figure 4. The onset temperatures are marked to show the initial condition of the reactions. (2) The right side shows the characteristics during TR. Although it seems to be complex at the first sight of TSM, it contains almost all of the key chemical/physical processes during TR. The reader can know what process is happening at what stage of TR illustrated in the TSM. The details of the TSM is being introduced as follows.


[image: image]

FIGURE 3. The time sequence map for interpreting the thermal runaway mechanism of the Battery Sample A.
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FIGURE 4. The thermodynamic systems involved for drawing a Time Sequence Map.



The Definition of System During Battery Thermal Runaway

The chemical/physical processes usually occur within a confined thermodynamic system. Actually, the Hatchard's model (Hatchard et al., 2001), which is regarded as the first TR model, calculates the summation of all kinds of chemical reactions, which are assumed to be occurring independently. Figure 4 illustrates the thermodynamic system in a lithium-ion cell. From left to right, we use the symbol “SYS” to represent an independent thermodynamic system, which has a heat capacity that can absorb the generated heat during TR. The SYSALL denotes that cell and its surroundings. The cell is marked as “SYSBAT,” whereas the surroundings are regarded as the SYSENV. The physical/chemical processes in the SYSENV have not been considered in the Hatchard's model and its descendants. The Hatchard's model predicts the temperature within the SYSBAT. The notion of SYSENV and SYSALL are quite important. The smoke, fire and explosion usually occur in the SYSENV, after cell venting, therefore if one wishes to simulate the behavior of fire and explosion, he/she should focus on the major chemical/physical process outside the cell. If one wishes to simulate the temperature rise during TR, he/she should focus on the chemical/physical processes within the SYSBAT. The fire and explosion have their own modeling principles, which are different from that in the Hatchard's model. Strictly, when we call a TR model, it is more for the Hatchard's model for SYSBAT, rather than the model for fire and explosion for SYSENV. Interestingly, cell venting is an important process that bridges the chemical/physical process from SYSBAT to SYSENV, as cell venting transfers mass from inside out. The mass exhausting during TR can vary from 10 to 70%, as seen from experimental experiences. Therefore, considering cell venting in the TR model is important, if the mass loss is huge.

The venting is always caused by massive gas generation inside the cell during TR. There are two sources of gas generations: (1) The vaporization of the solvents (DMC, EMC, DEC, EC, etc.), once the temperature rises to the boiling point of the solvents, they will gasify and run out of the cell (Larsson et al., 2018). (2) The gas generated by the decomposition of cell components (Feng et al., 2018a). Before TR is triggered, it seems that the source (1) is the major source of cell venting, and the venting temperature is quite near to the boiling point of the components in the solvents.

Now we look at the chemical/physical processes in SYSBAT. Figure 4 shows that as the separator perfectly isolates the cathode and anode, the SYSBAT can be divided into three independent thermodynamic systems: (1) [image: image] for the anode, including the porous electrode materials and the electrolyte filling the pores; (2) [image: image] for the separator, including the porous separator and the electrolyte filling the pores; (3) [image: image] for the cathode, including the porous electrode materials and the electrolyte filling the pores. The electrolyte itself has unique properties, because the gasification always starts from the solvents in the electrolyte system, which we define as SYSELE, as at the central bottom of Figure 4. Here we assume that the components in the SYSELE are LiPF6 with 1:1:1 DMC:EMC:EC solvents.

The separator will collapse at high temperature (Arora and Zhang, 2004), that means the [image: image] will vanish at high temperature, as shown at the right side of Figure 4. At this moment the thermodynamic system inside SYSBAT may combine into [image: image]+[image: image]. The mixing of the [image: image] and [image: image] at extreme temperature can lead to rapid oxidation-reduction reactions (Liu et al., 2018; Ren et al., 2018b). It seems that none of the Hatchard's model and its descendants consider this reaction. That might be the reason for why the Hatchard's model cannot predict the TR behavior well. Actually, most of its descendants are fearing about showing the fitting results with the experimental data. However, the true mechanisms of the rapid oxidation-reduction reactions for the system of [image: image] + [image: image] still requires further study.

The Temperature Segments in the Time Sequence Map

There are cartoonish temperature segments in the TSM, as shown at the upper right in Figure 3. Those segments come from the DSC test data for the systems defined in section The Definition of System During Battery Thermal Runaway. As the system defined in section The Definition of System During Battery Thermal Runaway are independent upon the chemical reactions, the behavior of the SYSBAT can be regarded as the superposition of the sub-systems. Therefore, we can test the thermodynamics at high temperature of the sub-systems by DSC tests, and then infer the behavior of the SYSBAT at ARC tests. Moreover, as the division of the sub-system is reasonable, the calorimetric tests on the sub-systems ([image: image], [image: image], [image: image]+[image: image], etc.) are practical in operations.

Figure 5 shows the methodology of how to transfer the DSC test results into the segments in the TSM. Key characteristics of the DSC peak, which usually represents a chemical reaction of the tested sample include the onset temperature (T0,x), the total heat generation (ΔHx) and the average heat release power ([image: image]), as shown at the left side of Figure 5. The subscript x means the parameter is for an arbitrary reaction x. Then the key characteristics of the DSC peak are transferred into the segment in the TSM by Equations (2, 3):

[image: image]

[image: image]

where ΔTx is the total temperature rise of the SYSBAT caused by the reaction x, mx the mass of the reactants for reaction x, M is the total mass of the SYSBAT, Cp is the heat capacity of the SYSBAT, and α the angle between the segments and the time axis in the TSM.


[image: image]

FIGURE 5. Transformation from typical DSC peak to segment in the Time Sequence Map.



In the next section, we are introducing the actual reactions x involved in the TR process, and showing the details of the reactions at the sub-systems of the SYSBAT.

The Key Chemical/Physical Processes During Thermal Runaway for the Defined Systems

This section introduces the key chemical/physical processes during TR for the defined thermodynamic systems. The chemical reactions involved in the heat generations that are measured by DSC tests for the sub-systems are described in details. Practices on transformation of the DSC peak into segments in the TSM according to Figure 5 have been performed. Other physical processes that do not generate heat, but their influences on the TR characteristics are also discussed.

Key Process for SYSELE

The SYSELE connects the systems of [image: image], [image: image], and [image: image], and the vaporization of its components determines the venting of the cell. The electrolyte of current commercial lithium-ion batteries usually contains a salt, for which LiPF6 is pervasively used, and contains binary or ternary organic solvents, including DMC (boiling point 91°C), EMC (boiling point 110°C), DEC (boiling point 126°C), PC (boiling point 242°C), and EC (boiling point 248°C) (Kalhoff et al., 2015).

The gasification of the solvent components can explain the reason for the cell venting during TR. As the boiling points for the binary/ternary solvents are different, therefore multi-stage jet can be observed during experiments (Wang et al., 2017; Larsson et al., 2018). Figure 6 provides a cartoonish explanation of the multi-stage jet/venting that is commonly observed during TR tests, assuming that the components in the SYSELE are LiPF6 with 1:1:1 DMC:EMC:EC solvents. Figure 6A shows that when the temperature of the cell (TBAT) reaches 100~110°C, which exceeds the boiling point of DMC and EMC, venting with white-gray smoke will be observed during TR tests. This is the first chance for the experimentalists to observe smoke/fire in their TR tests. The smoke tends to has white or gray color, because it mainly contains the vaporized solvents. Fire is possible if the run-out vapors are ignited. The inventory of DMC and EMC will soon drops to a very low level after venting occurs, drying out some of the porous electrodes, causing capacity degradation of the cell (Feng et al., 2014b). Figure 6B shows that when the TBAT reaches 250°C, the EC will vaporize and burst out from inside. There will be some alkane CxHy or other organic gases running out simultaneously with the vaporized EC, because the side reactions at the [image: image] can generate correlated substances (Feng et al., 2018a). Figure 6C shows that a third jet smoke/fire is possible after the TR is triggered. The electrode powders will burst out with the gases generated during the oxidation-reduction reactions in [image: image]+[image: image], because the aluminum current collector will melt into fragments at its melting point of 660°C, resulting in heavy smoke with black color. As the smoke in the third stage contains much proportion of organic gases, and the temperature of the gases is much higher than that in the first and the second stages, fire and explosion will be more prone to occur in this stage.


[image: image]

FIGURE 6. Interpretation of the multi-stage smoke or jet fire during thermal runaway tests. (A) The first smoke/fire due to the gasification of DMC and EMC, the color of the smoke is white-gray; (B) The second smoke/fire due to the gasification of EC, the color of the smoke is white-gray; (C) The third smoke/fire due to the melting of aluminum collector and CxHy bursting out during thermal runaway. The smoke is black, if the aluminum collector is collapsed.



The moment of jet smoke/fire has been marked at the top in the TSM, whereas the inventory of the ternary electrolyte is marked at the bottom in the TSM. With the cartoonish presentation in the TSM (Figure 3), the reader will be clear about the contributions of the electrolyte to the TR process.

Key Process for [image: image]

The key role of the separator in defining the thermodynamic systems within the lithium-ion cell is to isolate the [image: image] and the [image: image], The collapse of the separator determines the transition point from separate systems into a mixed system [image: image]+[image: image]. The commonly used base materials for current commercial separators include PE (polyethylene) and PP (polyethylene). The PE/PP based separator will melt and shrink, when the temperature reaches their melting points. The melting points of the PE and PP separators are ~130 and 170°C (Arora and Zhang, 2004), respectively. Although the close of the holes can shutdown the ion transfer inside the cell under abuse conditions such as short circuit or overcharge, the advantages of the separator shutdown is limited under high temperature heating. Shrinkage of the separator is possible after the separator melts, as shown in Figure 7. Figure 7 shows the heating results of the PE base+ceramic coated separator from Battery Sample B. Shrinkage can be observed after the temperature reaches the melting point of PE.


[image: image]

FIGURE 7. Inferring the collapsing temperature of the PE+ceramic-coated separator, which is from Battery Sample B. (A) Separator heated to different temperatures, with LiPF6 washed out. (B) Separator heated to different temperatures, with residual LiPF6. (C) Separator heated to extreme temperature with compression, with reduced shrinkage.



Nevertheless, the collapse temperature can be much higher than the melting point of the separator base. In other words, the shrinkage of separator base does not equal to the collapse of separator. Although the pure PE based separator will collapse at 130°C, the PE based separator with ceramic coating can hold to much higher temperature, usually higher than 200°C (Feng et al., 2018a). The ceramic coating can provide the skeletons of the separator structure (Zhu et al., 2015; Jiang et al., 2017), and the shrinkage will be confined within the ceramic structure, thereby increasing the collapse temperature of the separator. Interestingly, we have recently found that the collapse temperature of the separator can be influenced by the electrolyte and the compression load. Figures 7A,B infer that the shrinkage will be advanced to lower temperature if the separator is soaked with electrolyte. The reason might be that the products of the decomposition of LiPF6 may attack the PE base, thereby decreasing the temperature for shrinkage. Another interesting finding is that with tight compression inside the battery cell, the separator with PE base+ceramic coating can hold to as high as 260°C, as observed in one of the experiments for Battery Sample B (Figure 7C). Figure 7C shows that the area of the separator can hold at high temperature (260°C or higher), but with much thinner thickness, indicating that the shrinkage mainly occurs at the vertical direction under high compression forces. There will be holes initiating from the center of the separator, if the shrinkage becomes more severe at higher temperature, as shown in Figure 7C.

Key Reactions for [image: image] and [image: image]

The isolation by the [image: image] provides convenience for us to investigate the independent behaviors of heat generations for the [image: image] and the [image: image] during TR process. This section discusses the independent heat generation mechanisms for the [image: image] and the [image: image], given that the [image: image] is still intact. The details of the transformation from typical DSC peaks to the segments in the TSM will be described as follows.

Figure 8 shows the DSC test data of the [image: image] for the Battery Sample A and B, and the transformation results from the DSC heat flow into the segments in the TSM. Figures 8A,B show that there might be four major stages of reactions in the [image: image] of the Battery Samples, therefore the DSC results can be transformed into four independent segments with different T0,x and α. The four independent segments are marked with SEI, AN-I, AN-II, and AN-III, inferring the different stages of heat generation for the [image: image], respectively. The segments in Figure 8A have been reflected in the TSM in Figure 3 at the bottom part. Note that due to the long storage time after scratching powders from the cell anodes, the heat generation by SEI decomposition is not obvious in Figure 8A.


[image: image]

FIGURE 8. Transformation of the DSC data into the segments in the Time Sequence Map, for the anode system [image: image] of (A) Battery Sample A, (B) Battery Sample B.



Figure 9 shows the DSC test data of the [image: image] for the Battery Sample A and B, and the transformation results from the DSC heat flow into the segments in the TSM. Figures 9A,B show that there might be two major stages of exothermic reactions in the [image: image] of the Battery Samples, therefore the DSC results can be transformed into two independent segments with different T0,x and α. Note that the endothermic peak caused by electrolyte vaporization and the venting of the DSC crucible has been omitted, because in a real case the venting effect on the ARC results is not obvious. The two independent segments are marked as CA-I, and CA-II, inferring the two stages of heat generation for the [image: image], respectively. The segments in Figure 9A have been also reflected in the TSM in Figure 3 at the bottom part, below the segments for [image: image].


[image: image]

FIGURE 9. Transformation of the DSC data into the segments in the Time Sequence Map, for the cathode system [image: image] of (A) Battery Sample A, (B) Battery Sample B.



Key Reactions for [image: image]+[image: image] After Separator Collapse

After the separator collapses, the SYSBAT changes into a mixed thermodynamic system of [image: image]+[image: image], in which the rapid oxidation-reduction will occur, generating intensive heat. This section describes the details of the transformation from typical DSC peak to the segment in the TSM for the reaction in [image: image]+[image: image] at high temperature. As we assume that most of the solvents might be vaporized before the reaction occurs, the solvents have been dried out in the DSC tests with mixed powder from cathode and anode.

Figure 10 shows the DSC test data of the [image: image]+[image: image] for the Battery Sample A and B, and the transformation results from the DSC heat flow into the segments in the TSM. Figures 10A,B show that there is only one sharp peak in the DSC test data, denoting the fierce heat generation caused by the oxidation-reduction reaction between the cathode and the anode. The T0,x for the reaction is quite high (250°C for Battery Sample A, and 270°C for Battery Sample B), indicating that once the temperature of the SYSBAT reaches 250°C or higher, and the separator already collapses, there will be fierce reaction between the cathode and the anode, releasing large amount of heat generation. The segment for the “CA+AN” reaction for Battery Sample A has already been marked in Figure 3, with a block combining the region of [image: image], [image: image], and [image: image] located at the middle right.


[image: image]

FIGURE 10. Transformation of the DSC data into the segment in the Time Sequence Map, for the mixed system of [image: image]+[image: image]. (A) Battery Sample A, (B) Battery Sample B.



Internal Short Circuit for [image: image]

The Hatchard's TR model does not consider ISC, therefore cannot fit the experimental data well. Recently, researchers are introducing terms that can reflect the heat generation by ISC in the TR model (Feng et al., 2015b; Coman et al., 2017b). However, the accurate proportion of the heat generation by ISC in the TR process remains unclear, based on the current literature. Our recent calculation (Feng et al., 2018e) indicates that the ISC is critical to trigger the oxidation-reduction reaction, however, the ISC is not the major heat source that heat the cell to 800°C or more. And Liu et al. (2018) suggests that the ISC is not an essential condition for TR. Some hints are indicating that there can be TR without ISC. Nevertheless, the exact relationship between ISC and TR for all kinds of lithium-ion batteries still requires more researches. Here we focus on discussing the certain conditions for the occurrence of TR, and the quantified analysis of the ISC during TR for the specific experimental data.

The essential condition for ISC includes: 1 The cathode and the anode have contact; 2 There is pathway for the Li-ion to transfer. For condition 1, the separator should have defects, e.g., shrinkage or collapse at high temperature. For condition 2, there should be electrolyte that can transfer Li-ions. Even if the condition 1 is satisfied, the resistance of the cell can be very high, resulting in low heating power during ISC. Generally, the heat generation power of ISC (QISC) can be estimated by:

[image: image]

where U is the cell voltage, η is the conversion coefficient for electrical-thermal effect, RISC is the equivalent ISC resistance at the point of ISC. The ISC can release large amount of heat instantaneously if RISC is very low. A fierce ISC always occurs at a relative low temperature before cell venting because there is still sufficient electrolyte inside the cell. Figure 11 shows the hints for the fierce short that occurred during TR. The copper collector (melting point 1,083°C) has melted, as shown in the yellow circuit in Figure 11, indicating that the ISC can be quite intensive and release large amount of heat in a limited area. The ISC occurred at the edges at the electrode, where the separator shrinkage initiates, as in Figure 11. While the ISC in Figure 7 occurs at the center, where the shrinkage in the thickness direction cannot hold. The occurrence of ISC can be picked up when we see voltage drop during TR test, although the heat generation of ISC can vary. Therefore, it is easy to locate the ISC in the TSM, according to the measured voltage.


[image: image]

FIGURE 11. The hint for fierce internal short circuit during thermal runaway test.



RESULT AND DISCUSSIONS

Mechanism Interpretation Using the Time Sequence Map

Figure 3 uses the TSM to interpret the TR mechanism of Battery Sample A. According to the TSM, there might be two stages of smoke/fire, first for the vaporization of DMC and EMC, another for the vaporization of EC and the gas generated during TR. The major heat source comes from the anode under 180°C. Although the separator melts at ~130°C, the collapse will not occur until 192°C. The temperature rise rate accelerates after the temperature reaches 180°C, because the heat generation of anode accelerates and the cathode joins to release heat. ISC occurs at ~192°C, further increasing the heat generation power. The SYSBAT switches to [image: image]+[image: image] when the separator collapses at 192°C, but the rapid oxidation-reduction reaction will not occur until the temperature rises to 250°C or higher, when the TR is finally triggered. The characteristic temperatures for TR can be explained by the TSM as in Figure 3. T1 is the onset temperature for heat generation, caused by the decomposition of SEI, whereas, T2 is the collapse temperature of the separator, representing the moment of ISC and the system transition in SYSBAT. It looks like the TR is triggered at T2 = 192°C, however, the major heat will not be released until TCA+AN = 250°C.

The Influence of the Internal Short Circuit on the Thermal Runway Behavior

Figure 12 illustrates two cases in the ARC tests to discuss the influence of the ISC on the TR behaviors. The two tests are both conducted for a same batch of Battery Sample B, however, with different TR characteristics. The T2 varies much, though the ISC temperature (TISC) for both of them are ~130°C. The T2, which is defined as the moment when the temperature rise rate exceeds 10°C·min−1, varies from 250.2°C for Case A to 132.7°C for Case B. It should be noted that T2 = TISC for Case B, indicating that the TR is directly triggered by ISC. While for Case A, the triggering mechanism is similar with that for Battery Sample A, that is “ISC occurs first, the oxidation-reduction reaction is triggered later.”


[image: image]

FIGURE 12. Two different ARC test results for Battery Sample B. (A) A case when TR occurs at 250.2°C, (B) A case when TR occurs at 132.7°C.



The TSM in Figure 13 helps interpret the different features that displayed in the ARC tests for Battery Sample B. The thermodynamics of the sub-systems for Case A and B should be the same. The only difference is the heat release speed of ISC. The ISC in Case A, as shown in Figure 12A and Figure 13A, is milder than that in Case B, as shown in Figure 12B and Figure 13B. Therefore, TR will not be triggered at the same moment of ISC for Case A, whereas, TR is triggered at the same moment of ISC for Case B. The results are interesting, indicating that the degree of ISC can change the moment of TR, even if the batteries are produced in a same batch. And the heat release of TR is mainly determined by the oxidation-reduction reaction in the [image: image] +[image: image], the ISC is just a sector that accelerate the temperature rise to T2. Moreover, the role of separator in controlling the degree of ISC is important, if the separator can mild the ISC during its breakage, the TR may be delayed to a higher temperature, which represents a better safety.


[image: image]

FIGURE 13. The TSM for interpreting two different ARC test results for Battery Sample B. (A) The TSM for Case A, (B) The TSM for Case B.



Possible Improvements of the Time Sequence Map

The divisions of thermodynamic systems as in section The Definition of System During Battery Thermal Runaway are useful for further interpretation of the TR mechanisms of lithium-ion batteries using the TSM, however, the DSC tests cannot guarantee the ideal in-situ test environment yet. The ideal in-situ test environment means that the test condition (temperature and pressure of the system) during material characterization is the same as that during battery characterization. In this paper, the battery characterization is conducted using ARC, whereas the material characterization is conducted using DSC. The difference in the environment of temperature locates at that the test environment in the ARC is adiabatic, whereas that in the DSC is constant rate scanning. To reduce this difference, one should select a scanning rate that is similar to the temperature rise rate in the ARC test when characterizing a specific reaction. The difference in the environment of pressure locates at that the venting time of the battery cell and the material with electrolyte might be different, because there is compression force inside battery cell but no for the material in the crucible. In other words, the toughness of the crucible in DSC test and that of the cell case are different. Controlling the temperature and pressure during material characterization is quite difficult but meaningful for improving the credibility of the TSM. We are calling for new inventions in the calorimetric techniques that might be essential to fill in the gap. However, considering the limitations in the test methods, the most convenient way to obtain the information of the materials' properties is to use DSC.

Nevertheless, there might be coincidence that the venting of the crucible might be similar with what occurs in a pouch cell, if the test condition can be properly controlled (Ren et al., 2018a). Then the TR behavior of the battery cell can be calculated by the superimposition of the materials' chemical kinetics. How to control the test condition in order to make the DSC test closer to the real condition is ongoing in our lab.

Moreover, one may find that the mass change in the system also brings the change in the reaction mechanisms. However, the current TSM does not consider much on the mass change. According to the experimental data, the ignorance of the mass change might be good approximations for the cells with Ni-poor NCM cathodes, whereas that for the cells with Ni-rich NCM cathodes, which generate more gases during high temperature decomposition, might be not good. TGA/DSC joint system was recently installed in our lab. Correlated improvements in the DSC test facilities are ongoing. The mass change will be considered in the ver. 2.0 of the TSM, once we made significant progress.

One more concern on the improvements of the TSM might be the influence of the fire on the heat transfer from the SYSENV to the SYSBAT. The ignorance of the combustion after venting comes from Feng et al. (2015a), in which the data shows that the heating effect caused by fire on the cells might be quite limited, because the temperature at the bottom of the fire is low to form large gradients for heat transfer.

CONCLUSION

The paper tries to propose a graphical methodology, name the TSM, to help interpret the TR (Thermal runaway) mechanism of lithium-ion batteries. The graphical method contains all the key physical/chemical processes that occur during battery TR. The key physical/chemical processes are ordered sequentially in the TSM, vividly depicting the underlying mechanisms of battery TR. The TR results of two battery samples demonstrate the validity of the TSM. With the help of the proposed TSM, conclusions can come to: (1) the major heat source is the oxidation-reduction reaction; (2) the fire releases lots of heat, but most of the heat is not used to heat the cell itself; (3) the internal short circuit (ISC) is critical to trigger the oxidation-reduction reaction; (4) the ISC is not the major heat source that heat the cell to 800°C or more; (5) the oxidation-reduction reaction is triggered when the temperature reaches the initiation temperature. The TSM further helps depict the frontiers in the battery TR researches. It suggests that in the future work on battery TR we should focus on: (1) the relationship between ISC and TR; (2) the mechanism of the oxidation-reduction reaction between the cathode and the anode; (3) the detailed reaction mechanisms for a specific thermodynamic system within the cell.
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