Thermal runaway of various lithium ion batteries with adiabatic calorimetery methodology
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A B S T R A C T
Thermal runaway hazards relating to adiabatic runaway reactions in various 18650 lithium ion batteries are being studied in an adiabatic calorimeter, vent sizing package 2 (VSP2). We select two cathode types of LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2, and tested Li-ion batteries to determine the thermal runaway features. The charged 18650 Li-ion batteries are tested to evaluate the thermal hazard characteristics, such as the initial exothermic temperature (T0), self-heating rate (dT/dt), pressure rise rate (dP/dt), pressure-temperature profiles, maximum temperature (Tmax) and pressure (Pmax), which are measured by VSP2 with a customized stainless steel test can. The thermal reaction behaviours of the Li-ion battery packs are proved to be an important subject for safety concerns of energy storage system for power supply application. The thermal abuse trials of the adiabatic calorimetric methodology to classify the self-reactive ratings of the various cathode types Li-ion batteries provided the safety design considerations.
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1. Introduction
The lithium-ion battery is one of the key energy devices that have efficient energy density (gravimetric and volumetric), high power density, long life cycle and low self-discharge properties for power storage system. Therefore, Li-ion battery applications, from small cells in electronic products to large-scale devices in electrical vehicles, have attracted wide attention [1,2]. The application of Li-ion battery packs in portable electronics and electrical vehicles to reduce CO2 or emission of other pollutants is considered an environmentally green system [2,3]. 
In order to improve the performance of Li-ion batteries have desired to understand the cell chemistry. The thermal and electrical abuses in the electrode-electrolyte reactions of the Li-ion cell occurred at a high temperature under conditions of heating, crushing, or short-circuit. For the reasons the of the effort have been toward identifying candidate cathode materials and a stable electrolyte and understanding the cell electrochemistry[4]. The cathode materials in the Li-ion batteries, such as LiCoO2, LiMnO2, Li[NixCoyMnz]O2 (LiMnCoNi), and LiFePO4, are thermally unstable and release oxygen at elevated temperatures to induce an autocatalytic reaction with the electrolytes [4,5]. Many studies reported that the majority of Li-ion batteries underwent thermal runaway due to overheat or abuse since of the components are toxics or flammable [6−8]. Thermal runaway reactions in lithium-ion batteries are sensitive to the various charging levels, which the higher the charged voltage the lower the onset temperature and exponential heating rate, for the 18650 cell type and the relatively low melting point of lithium (180.5°C) indicates that batteries must be prevented from reaching high internal temperature [2,4]. Therefore, the battery manufacturers should take serious safety concerns of Li-ion batteries and consult for more details on the performance of individual ones.
Safety issues of thermal abuse as well as development for high capacity batteries are taking into consideration. Thermal analysis is one of alternative methodology to classify hazardous rating for Li-ion batteries, which cause by flammable electrolyte, thermally unstable cathode, overcharge, overheating and short-circuit, etc. Thermal stability of LixCoO2 cathode material is determined by calorimeters and the results display that exothermic reaction increasing with higher charging voltages [6,9]. The potential hazards for a Li-ion battery and its inside components, such as lithium metal and flammable solutions, are needed to characterize the physicochemical data. 

In our previous studies, we described the thermal runaway characteristic for 18650 Li-ion batteries with various charging levels by adiabatic calorimetry methodology. The thermal abuse trajectories of a LiCoO2 battery can be characterized by the following regimes: [5,8,9].
(1) The obvious onset temperature of anode decomposition begins at about 125 °C. The fusion of separator leading to reaction of the electrolyte at the negative electrode.

(2) Exothermic decomposition of the cathode with electrolyte as the temperature rises over 140 °C and accompany with the gas generation by thermal effects. The cathode materials in the Li-ion batteries are thermally unstable and release oxygen at elevated temperatures to induce an exothermic reaction with the electrolytes.

(3) Rapid temperature rise and overpressure due to runaway reaction of cathode decompose and electrolyte consists of lithium salts. The heating rate increased dramatically until the temperature reached above 180 °C, and the behaviors of sharp exothermic heat generation and gas liberation could cause the potential damage of the cell.
The thermal runaway reaction initially proceeds slowly, but it accelerates exponentially as the temperature increases because of the start of the runaway reaction. Due to the cathode-electrolyte reactions, the heat of generation from the battery exposed to a high temperature environment [4]. The unstable growth is a major problem with application for power systems of large scale battery packs, and constitutes a safe recommendation upon the development of commercial Li-ion battery. Experiments using calorimetry methodology to classify the verity of Li-ion battery types, electrode materials, thermal electrochemistry, and so on, are our proposed safety features. We investigated the thermal runaway characteristics of commercial 18650 Li-ion batteries by calorimetric methodology [9,10]. The use of the calorimeter has the advantage that practically to estimate the behavior of a real scale battery. We obtained the essential parameters of the thermal hazard via VSP2 to compare Li-ion batteries which have different electrode, LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2. The thermal profiles of both 18650 Li-ion batteries were measured via the adiabatic calorimetric methodology to rank the thermal hazards.
2. Experimental
2.1. Samples
A commercial 18650 Li-ion batteries grade LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2 cathode candidate were selected, which were widely used in special custom battery pack. The specifications for the 4.2 V charge voltages and 45.5 grams. The information was shown in table 1.
2.2. Vent sizing package 2 (VSP2) [10]
An adiabatic calorimetric technology of the battery testing, using the VSP2 with a closed test can, essentially ensured that all of the released reaction heat and pressure remained within the Li-ion battery. The stainless steel (SS316) cylindrical test can with an inside volume of 88.0 mL (inside diameter of 4.0 cm and height of 7.0 cm) was designed to be suitable for an 18650 Li-ion battery to trace the changes of temperature and pressure with time. It can be used to assess the experimental data, which can be directly extrapolated from the reactive conditions to real applications.
2.3. Adiabatic calorimetry methodology
A standard heat-wait-search (HWS) procedure was the most common way to conduct the tests, and it determined and elucidated the runaway reaction. The temperature range initially detected was from room temperature to 300 °C. Then the sample equilibrated in the adiabatic vessel, followed by a 10 min search for the onset self-heating temperature. The detectable sensitivity was 0.20 °C min−1 and the range of the pressure transducer was within 3,000 psig. In a specially designed test can, the thermocouple touched the battery can to accurately obtain the temperature change in the battery. The runaway reactions take place under thermal adiabatic conditions to rank the severity of the runaway data, such as the time to maximum rate (TMR), thermal reaction or gas generation of the Li-ion batteries. These adiabatic calorimetric methodologies may be used to estimate the actual self-heating rate of the batteries to determine reliable thermal data such as T0, Tmax, Pmax, dT/dt, dP/dt and other adiabatic runaway behaviors, by a sound adiabatic calorimeter or calculated from the chemical kinetic parameters. The VSP2 was used to measure the runaway reaction of the various commercial Li-ion batteries both charged and uncharged. A patented low thermal mass, temperature, and equalized pressure were used via the VSP2 system. Consequently, accurate adiabatic temperature and pressure data were still received with the fastest runaway reactions.
In an adiabatic calorimetric experiment no heat is lost to the surroundings, and the whole reaction energy liberated is used for the self-heating of the Li-ion battery. The adiabatic reaction enthalpy is important for practical discussions of safety because it represents the thermal runaway profiles for the Li-ion battery. The simple thermal analytical equations of reaction heat of Li-ion batter by VSP2 trails, which is characterized by a heat of reaction (△Hcell), total heat capacity of full cells (Cp), sample mass (mcell), and adiabatic temperature rise (△Tad) of the Li-ion battery can be written as: [7,9]
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We consider an simplified calculation of self-heating rate ((dT/dt)cell) of the Li-ion battery to characterize the consequence of a runaway reaction depend on the exothermic trajectories of Li-ion battery thermal abuse conditions. We proposed a simplified equation for calculating the thermokinetic parameters [7,9]:
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where kb is Boltzmann’s constant, A is the pre-exponential factors, T is the adiabatic temperature change and Ea is the activation energy. The thermal analysis of battery runaway type often implies suggestions for the safe running of the battery packs.
3. Results and discussion
The 18650 Li-ion battery test using VSP2 is an alternative measurement of a battery thermal stability evaluation. The contribution of the both cathodes, LiCoO2 and LiMnCoNi, to the full cell thermal runaway profile as seen by VSP2 can be determined by measuring the battery components thermal stability under similar conditions. The ARC has been used to measure the thermal stability of Li-ion batteries, such as Li1+xMn2-xO4 and LixCoO2 [6,7,12]. When the properties of the battery components were evaluated in combination with each other, the reactions were found to be exothermic and cause local heat due to the electrolytes reacting with the lithium, and they formed either crystalline or amorphous product layers on the surface of the electrodes [4,13,14]. 
The experiments using the VSP2 have shown the thermally hazardous potential of the dramatic reaction as the charged cells proceed with the electrochemical reaction at elevated temperature [9,10]. Figure 1 shows the failure Li-ion battery with LiCoO2 cathode generated the blast pressure to destroy the cell cylinder can under thermal explosion in VSP2 experiment. The safe devices of the battery pack may not be sufficient if not designed for the energy releasing and gas evolution by such worst case scenario. Figure 2 and 3 show the Temperature-pressure with time profiles comparison of the LiCoO2 and LiMnCoNi cathode materials. This figure 2 shows that LiCoO2 and LiMnCoNi cathode materials underwent exothermic reactions beginning as low as 131.5oC and 175.4 oC, respectively, and the TMR of the LiCoO2 is shorten than that of the LiMnCoNi. The magnitude of the LiCoO2 cathode reaction initial temperature and gas generation were significantly greater than that of the LiMnCoNi. This result is agree with the study that the 18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries do not explode during oven test at 150 OC, showing good safety performance [15,16]. 
The main reason for the combustion or explosion in Li-ion batteries is the exothermic reaction of the cathode materials reacting with the electrolytes. Table 2 shows the results of quantitative tests of both cathodes in the VSP2 trials of the 18650 Li-ion batteries, which were charged to 4.2 V. The VSP2 trials of the Li-ion batteries provided time (t)-temperature (T)-pressure (P) profiles for the runaway reactions taking place under thermal adiabatic conditions. The results of the both Li-ion batteries were extremely different from each other with the T0, dT/dt, Pmax and Tmax, dP/dt, and other of adiabatic runaway behaviors. The characteristic curves of the self-heating rate versus the reciprocal temperature and pressure for the various cathodes commercial charged batteries are shown in Figs. 3 to 5. The mechanism of this difference in reaction rates is not clearly understood at this time but may relate to the differences in anode particle morphology shown earlier or may be due to different levels of gas generation which can affect the apparent heat generation rate [17,18]. The pressure-temperature diagrams of both cathodes shown in Figure 4 and 5 display the dramatically thermal runaway behaviors. Whereas the thermal explosion for LiCoO2 and LiMnCoNi cathodes at ca. 180 and 250oC, respectively, would generate sharply increasing rate of pressure rise, the curve for Li-ion batteries have the steepest ascent shortly after the beginning of the exothermic runaway reaction [9,10].
Finally, the VSP2 data were used to calculate the Arrhenius parameters. By the plotting the natural logarithm of the self-heating rate versus the inverse of temperature, the heat of reasction, activation energy (Ea) and frequency factor (A) of LiCoO2 and LiMnCoNi batteries can be calculated from the equations 1 and 2[6]. The experimental data by VSP2 test can be obtained Ea and A with an Arrhenius plot, which is shown in Table 3 and Fig. 5. The various activation energy of LiCoO2 and LiMnCoNi are  1.4 and 1.3 eV, respectively. These results are shown in Fig. 5. The LiCoO2 activation energy was slightly higher than the LiMnCoNi activation energy. The lowest value of the activation energy, for both cathodes, was observed at the charged 4.2 V. The self-heating rate can be increased by increases in A [4].
Based on the observations of this study, the self-heating rate of LiCoO2 and LiMnCoNi battery increased exponentially with the temperature. It is evident that the LiCoO2 batteries have more hazardous potentiality. The full battery thermal response depends on the cathode materials in the cell. These reaction profiles suggest that the cathodes were contributing significantly to the magnitude of cell heat generation while both cell components contributed to the different thermal hazards during the explosive decomposition of the various batteries [19].
4. Conclusions
Li-ion batteries convert the energy released by chemical reactions to electrical work. The thermal stabilities of charged 18650 Li-ion batteries with LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2, were characterized via VSP2. The LiCoO2 battery proved to be more hazardous than the Li(Ni1/3Co1/3Mn1/3)O2 one. The thermal accumulation could cause a temperature rise and explosion because of the thermal runaway reactions. The temperature control of Li-ion batteries is critical to avoid the occurrence of thermal runaway reactions. The results also demonstrated that applying the calorimetric methodology to classify the thermal hazards of a Li-ion battery is an alternative technology for battery safety research. In summary, the kinetic and thermodynamic properties of the electrochemical reaction mechanisms that need to be understood to determine the crucial factors for thermal runaway can be investigated with the adiabatic calorimetric methodology.
This is a common problem when using elemental cathodes in contact with electrolytes containing organic cationic groups. Thease reactions are exothermic and cause local heating. Various cathode contributes to battery thermal runaway occur at different temperature and lead to different exothermal behaviour. Calorimetric experiments have shown this problem increase dramatically as batteries are charged at high levels and various cathodes. The results of the adiabatic runaway reaction experiments agreed with those acquired by the calorimetric methodology [20], for which the Li-ion battery for the self-accelerating reaction was identified, and an accurate technique was proposed to study the thermal decomposition. We can be fairly certain of the hazards that a Li-ion battery can cause from the violent thermal decomposition and explosion in a runaway reaction, and we must pay attention to the safe use of this kind of Li-ion battery. The calorimeter is important for the determination of a battery’s inherent electrochemical reactions. The thermal properties of the electrode materials of a Li-ion battery, within the field of energy storage applications, are readily studied by the adiabatic calorimeters. 
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Figure captions
Fig. 1. The LiCoO2 material battery was destroyed by VSP2 trials.
Fig. 2. Temperature-pressure profiles with time of 4.2 V Li-ion batteries (LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2) by the VSP2 adiabatic tests.
Fig. 3. The self-heating rate for the thermal decomposition of 4.2 V Li-ion batteries (LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2).
Fig. 4. The pressure rise rate for the thermal decomposition of 4.2 V Li-ion batteries (LiCoO2 and Li(Ni1/3Co1/3Mn1/3)O2).
Fig. 5. The plot of ln dT/dt vs. 1000/T for 4.2 V Li-ion batteries (LiCoO2) and Li(Ni1/3Co1/3Mn1/3)O2.

Table captions
Table 1
The information for LiCoO2 and LiMnCoNi battery.
Table 2
Comparison on LiCoO2 and LiMnCoNi cathodes of 4.2 V 18650 Li-ion batteries by VSP2 trails.
Table 3
Thermokinetic data from VSP2 adiabatic experimental for 4.2 V Li-ion batteries (LiCoO2) and Li(Ni1/3Co1/3Mn1/3)O2.
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