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Abstract: Layered ternary materials with high nickel content are regarded as the most promising
cathode materials for high-energy-density lithium-ion batteries, owing to their advantages of high
capacity, low cost, and relatively good safety. However, as the nickel content increases in ternary
layered materials, their thermal stability noticeably decreases. It is of paramount importance to
explore the characteristics of thermal runaway for lithium-ion batteries. In this study, two high-nickel
LiNi0.9Co0.05Mn0.05O2 batteries were laterally heated to thermal runaway in a sealed chamber filled
with nitrogen to investigate the thermal characteristics and gas compositions. The temperature of the
battery tabs was measured, revealing that both batteries were in a critical state of thermal runaway
near 120 degrees Celsius. A quantitative analysis method was employed during the eruption process,
dividing it into three stages: ultra-fast, fast, and slow; the corresponding durations for the two
batteries were 3, 2, 27 s and 3, 3, 26 s. By comparing the changes in chamber pressure, it was observed
that both batteries exhibited a similar continuous venting duration of 32 s. However, the pressure
fluctuation ranges of the two samples were 99.5 and 68.2 kPa·m·s−1. Compared to the other sample,
the 211 Ah sample exhibited larger chamber pressure fluctuations and reached higher peak pressures,
indicating a higher risk of explosion. In the experimental phenomenon captured by a high-speed
camera, it took only 1 s for the sample to transition from the opening of the safety valve to filling the
experimental chamber with smoke. The battery with higher energy density exhibited more intense
eruption during thermal runaway, resulting in more severe mass loss. The mass loss of the two
samples is 73% and 64.87%. The electrolyte also reacted more completely, resulting in a reduced
number of measured exhaust components. The main components of gaseous ejections are CO, CO2,
H2, C2H4, and CH4. For the 211 Ah battery, the vented gases were mainly composed of CO (41.3%),
CO2 (24.8%), H2 (21%), C2H4 (7.4%) and CH4 (3.9%), while those for the other 256 Ah battery were
mainly CO (30.6%), CO2 (28.5%), H2 (21.7%), C2H4 (12.4%) and CH4 (5.8%). Comparatively, the
higher-capacity battery produced more gases. The gas volumes, converted to standard conditions
(0 ◦C, 101 kPa) and normalized, resulted in 1.985 L/Ah and 2.182 L/Ah, respectively. The results
provide valuable guidance for the protection of large-capacity, high-energy-density battery systems.
The quantitative analysis of the eruption process has provided assistance to fire alarm systems and
firefighting strategies.

Keywords: LiNi0.9Co0.05Mn0.05O2 lithium-ion battery; thermal runaway; thermal behavior; gas
analysis
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1. Introduction

Lithium-ion batteries (LIBs) are widely used in portable electronic devices, electric
vehicles, energy storage systems, and other fields. However, during their usage, espe-
cially under abuse conditions such as high temperatures, overcharging, over-discharging,
and mechanical damage, there is a risk of thermal runaway (TR) [1–3]. This refers to the
potential scenario where a lithium-ion battery (LIB) may experience a violent exother-
mic reaction internally, leading to a loss of control and, in severe cases, causing fires
or explosions. Therefore, the study of TR characteristics and gas generation in LIBs
holds significant background and importance [4,5]. It is conducive to formulating more
scientifically sound safety designs and usage strategies, thereby enhancing the safety
performance of LIBs [6,7].

Firstly, the TR of LIBs poses a potential threat to the environment. Large-scale ap-
plications of LIBs in electric vehicles and energy storage systems may lead to significant
environmental and ecological impacts in the event of a TR incident [8]. This could result
in air and water pollution, presenting a potential threat to ecosystems and human health.
Therefore, conducting in-depth research on the characteristics and gas generation of tTR
in LIBs is beneficial for mitigating potential harm to the environment and promoting the
development of sustainable energy storage technologies.

Moreover, research on the TR of LIBs offers valuable insights for addressing the
challenges of energy transition and sustainable development. LIBs, as a critical energy
storage technology, find widespread applications in electric vehicles and renewable energy
systems and play a pivotal role in driving the adoption of clean energy. However, the
safety and reliability of LIBs are essential considerations for achieving a sustainable energy
transition. Investigating the TR issues associated with LIBs can help mitigate potential
safety risks, providing more reliable and secure solutions for the widespread adoption of
LIBs in sustainable energy systems [9].

The triggering conditions for battery TR primarily involve three aspects: electrical
abuse, thermal abuse, and mechanical abuse [10]. These three aspects share a common
TR trigger: an internal short circuit, which is also a primary cause of battery failure.
During TR, batteries experience a phenomenon known as capacity degradation before
internal heat generation, referred to as high-temperature self-discharge [11], following
this, the initial heat generation occurs due to the decomposition of the Solid Electrolyte
Interphase (SEI) [12]; as a result of SEI decomposition, the negative electrode comes into
direct contact with the electrolyte, initiating a reaction and forming an irregular SEI [13],
this leads to a continuous reaction between the negative electrode and the electrolyte,
causing the internal temperature of the battery to rise until it reaches the melting point
of the separator [14], the melting of the separator induces an endothermic reaction,
slowing down or even reducing the rate of temperature increase within the battery.
Following the melting of the separator, an internal short circuit occurs, leading to jelly
roll failure and the release of a significant amount of heat. At this point, various chemical
reactions occur simultaneously, such as positive electrode decomposition and electrolyte
decomposition. The electrolyte decomposition generates a substantial amount of gas [15],
resulting in an increase in internal gas pressure. The battery swells, and upon reaching a
certain threshold, the safety valve opens, releasing high-pressure gas [16], the expelled
gas contains combustible components. In the presence of oxygen in the environment
and encountering an ignition source, it can lead to a severe combustion reaction [17].
In recent research, it has been discovered that TR can occur even in the absence of
internal short circuits. The positively charged electrode material undergoes a phase
transition at around 250 ◦C, releasing reactive oxygen species that react with the negative
electrode [18,19]. Therefore, the significant heat generated by the oxidation–reduction
reactions of the positive and negative electrodes could potentially be a direct cause of
TR, not solely due to internal short circuits [20,21].
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In summary, the research background and significance of TR in LIBs primarily lie
in enhancing the safety of LIBs, reducing potential environmental hazards, advancing
battery technology, and promoting sustainable energy transition. An in-depth study
of the mechanisms and patterns of TR in LIBs can provide a scientific basis for battery
design, production, usage, and management [22]. This, in turn, enables the optimal
utilization of LIBs as a crucial energy storage technology, expanding their applications
across various domains and facilitating the realization of sustainable energy and sustainable
development goals.

Feng X. et al. provided an overview of the mechanisms of TR in LIBs used in electric
vehicles, summarizing the abusive conditions that may lead to TR [23]. N.E. Galushkin
analyzed the mechanism of TR in LIBs and found that the cause of TR in LIBs is the strong
exothermic reaction of atomic hydrogen accumulated in the anode graphite during the
battery cycling process [24]. Shen H. et al. compared the TR characteristics of LIBs
with different cathode materials and analyzed their gas generation characteristics. They
found that the gas composition of high-nickel LiNi0.9Co0.05Mn0.05O2 batteries is the most
hazardous compared to other systems [25]. JH Kim compared the TR characteristics
between NCM and LFP batteries and found that, compared to NCM, LFP batteries
exhibit a delayed time to reach the maximum temperature during TR due to their
higher thermal stability [26]. Sascha K. and his team conducted TR experiments on
51 batteries in a gas-tight container and analyzed their mass loss characteristics as well
as gas compositions [27]. Yuan L. et al. conducted multiple TR temperature and gas
generation characteristic tests on four batteries using ARC and found that the main gas
concentrations in the emitted gases depend mainly on the chemical properties of the
battery [28]. Zhang Q. et al. analyzed the effect of different state-of-charges (SOCs) on
the gas composition generated by the battery and found that batteries at 100% (state-of-
charge) SOC generate a large amount of unsaturated hydrocarbons, which pose a higher
thermal hazard [29].

High-nickel layered ternary materials, as positive electrode materials for lithium-
ion batteries possess numerous advantages, such as high energy density, excellent
cycling stability, outstanding power performance, high resource utilization efficiency,
and environmental friendliness. For batteries, the typical hazards resulting from TR are
often associated with the nickel content in the positive electrode material [30,31] and the
initial SOC [32], pouch cells and cylindrical cells without safety valves pose increased
risks in the event of TR [33]. A higher Ni content leads to an increase in capacity, as
Ni serves as the primary redox material in the core structure; the thermal stability of
Li[Ni1−x−yCoxMny]O2 is directly related to the Ni content; Mn ensures excellent cycle
life and safety and Co increases electronic conductivity [31]. For the same positive
electrode material at different SOCs, as the SOC increases, the onset temperature of
self-heating reactions shifts towards lower temperatures. Additionally, the self-heating
rate exponentially increases, especially beyond 50% SOC, significantly affecting the
thermal instability [34].

Currently, most research focuses on small-capacity batteries like the 18650 and
batteries with lower energy density. There is relatively less research on high-nickel
NCM 9-series and high-capacity batteries. Quantitative analysis of battery venting
processes remains unclear. The research primarily concentrates on comparative anal-
yses of TR characteristics among various battery systems or comparative analyses of
different TR triggering mechanisms. This study involved two different high-nickel
NCM9 0.5 0.5 lithium-ion batteries with varying capacities and energy densities. In a
sealed chamber, TR was induced through lateral heating within an inert gas environment.
The study monitored temperature changes at the electrode tabs during the TR process,
along with variations in battery voltage and chamber pressure. High-speed cameras
were used to record the TR phenomenon. It was observed that the critical temperature
for TR at the electrode tabs was roughly the same for both batteries. However, the
higher energy density sample exhibited significantly more intense venting during the
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TR process. The study employed a quantitative analysis of venting processes to compare
the venting characteristics during the TR of the two batteries. Both batteries exhibited
similar venting durations, but the higher energy density battery showed significantly
higher fluctuations in its venting curve. Finally, the gases vented during the TR were
collected and subjected to gas composition analysis.

2. Experimental Setup
2.1. Battery Samples

The two selected samples for this experiment are both batteries with LiNi0.9Co0.05Mn0.05O2
as the cathode material. Their capacities are 211 Ah and 256 Ah, respectively, with the
anode primarily composed of graphite. For ease of expression, the following will use
Sample A and Sample B to represent the two batteries. In this experiment, both battery
samples were subjected to three charge and discharge cycles at a rate of 1/3 C. The charge
and discharge cutoff voltages are specified in Table 1. The specific parameters of the battery
samples are outlined in Table 1 below:

Table 1. Battery Sample Parameters.

Cell Sample A Sample B

Shape Prismatic Prismatic
Packaging Material Aluminum Alloy Aluminum Alloy

Capacity (Ah) 211 256
Upper Cutoff Voltage (V) 4.25 4.35
Lower Cutoff Voltage (V) 2.8 2.5
Energy Density (Wh/kg) 342.06 325.82

Weight (g) 2621.6 3417.8
SOC 100% 100%

Anode Graphite Graphite
Cathode LiNi0.9Co0.05Mn0.05O2 LiNi0.9Co0.05Mn0.05O2

2.2. Experimental Setup

A 1000 L sealed container filled with nitrogen was employed to carry out TR tests
and facilitate the collection of gases generated after the TR of the samples. The container
is equipped with two wires, two pressure sensors, and multiple K-type thermocouples.
The two wires are used for real-time monitoring of battery voltage, the pressure sensors
are used for real-time monitoring of pressure changes inside the chamber, and the
thermocouples are used to monitor environmental temperature inside the chamber
and surface temperature changes of the samples during TR. Sensors are connected
to a high-speed data acquisition system to collect experimental data with a sampling
frequency of 10 Hz. The chamber door is hydraulically rotated and fixed to achieve
sealing. Vacuum and nitrogen-filling pipelines are provided to create an inert atmosphere
for the experiments. An observation window is located on the side of the equipment,
allowing real-time observation of the experimental situation inside the chamber. A
high-speed camera is placed outside the observation window to record the moment
of battery ejection. The structure of the experimental chamber is shown in Figure 1.
After the experiment, gases are collected and analyzed using a gas chromatograph.
The gas analysis equipment used in the experiment is the Thermo Fisher Scientific
gas chromatograph Trace 1300 (Country of origin and manufacturer: Thermo Fisher,
Singapore), equipped with four detectors and eight chromatographic columns.
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Figure 1. Experimental chamber layout. (a) Schematic diagram of experimental arrangement;
(b) Experimental setup, left (Sample A) and right (Sample B).

2.3. Testing Procedure

The aim of this study was to investigate the TR characteristics and gas analysis of
lithium-ion batteries with the same cathode material but different capacities. The TR
was triggered by applying lateral heating to the battery using a heating plate with the
same power.

The experimental procedure was as follows:

(a) The examined battery was fully charged; the voltage and weight of the battery were
recorded before the experiment;

(b) Place the battery at the center of the chamber on a fixed plate. Two thermocouples (T1,
T2) were adopted to monitor the temperature variations of the positive and negative
tabs during the experiment. Another four thermocouples (T3–T6) were evenly fixed
in the chamber in the up, down, left, and right directions to monitor the ambient
temperature inside the chamber;

(c) The heating plate was positioned on one side of the battery to apply heat. Mica boards
were placed on the outer side of the heating plate and the opposite side of the battery’s
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larger surface to prevent heat loss. Clamps were used on the outermost side as fixtures
to secure the setup. The wires were connected to the battery terminals to monitor
voltage changes throughout the experiment;

(d) After closing the chamber door, a vacuum was drawn, N2 was injected to restore
normal pressure, and this sequence was repeated multiple times to ensure an inert
gas atmosphere;

(e) A high-speed camera was placed outside the observation window to capture the
eruptive state during TR;

(f) The data logger was initiated to gather data from the battery voltage, thermocouples,
and pressure sensors. The heating plate was activated until the battery experienced
TR, subsequently, the heating plate was deactivated.

After the experiment concluded, a period of stillness was observed until the gases
inside the chamber stabilized, and the particles settled. The gases were collected from
the chamber and the gas composition was analyzed using a gas chromatograph for both
battery samples. Additionally, any particles and remaining battery debris were collected
for weighing, and conducting an analysis of the mass loss.

3. Results and Discussion
3.1. The TR Characteristics of Batteries with Different Capacities

At elevated temperatures, the initial heat generation in the battery arises from the
decomposition of the SEI membrane at the anode/electrolyte interface. This is followed
by heat absorption by the separator, the heat released from the exothermic reaction at the
anode/electrolyte interface, and further heat generation from the decomposition of the SEI
membrane at the anode/electrolyte interface. The heat primarily originates from reactions
between the anode’s active material and the electrolyte, with the decomposition reaction
of the cathode’s active material ultimately releasing a significant amount of heat [35]. To
ensure the accuracy of the chamber’s environmental temperature during the experiment,
the average value of the four environmental temperatures arranged was taken to represent
the temperature inside the chamber. Taking the moment of TR initiation as “0” time, and
considering the voltage drop as the trigger time for TR, heating by the heating plate was
stopped after the TR was triggered. Figure 2 illustrates the variations in tab temperature
and voltage of the two batteries, as well as the changes in environmental temperature and
chamber pressure inside the experiment chamber.

Batteries 2024, 10, x FOR PEER REVIEW 6 of 16 
 

as fixtures to secure the setup. The wires were connected to the battery terminals to 
monitor voltage changes throughout the experiment; 

(d) After closing the chamber door, a vacuum was drawn, N2 was injected to restore 
normal pressure, and this sequence was repeated multiple times to ensure an inert 
gas atmosphere; 

(e) A high-speed camera was placed outside the observation window to capture the 
eruptive state during TR; 

(f) The data logger was initiated to gather data from the battery voltage, thermocouples, 
and pressure sensors. The heating plate was activated until the battery experienced 
TR, subsequently, the heating plate was deactivated. 
After the experiment concluded, a period of stillness was observed until the gases 

inside the chamber stabilized, and the particles settled. The gases were collected from the 
chamber and the gas composition was analyzed using a gas chromatograph for both 
battery samples. Additionally, any particles and remaining battery debris were collected 
for weighing, and conducting an analysis of the mass loss. 

3. Results and Discussion 
3.1. The TR Characteristics of Batteries with Different Capacities 

At elevated temperatures, the initial heat generation in the battery arises from the 
decomposition of the SEI membrane at the anode/electrolyte interface. This is followed by 
heat absorption by the separator, the heat released from the exothermic reaction at the 
anode/electrolyte interface, and further heat generation from the decomposition of the SEI 
membrane at the anode/electrolyte interface. The heat primarily originates from reactions 
between the anode’s active material and the electrolyte, with the decomposition reaction 
of the cathode’s active material ultimately releasing a significant amount of heat [35]. To 
ensure the accuracy of the chamber’s environmental temperature during the experiment, 
the average value of the four environmental temperatures arranged was taken to 
represent the temperature inside the chamber. Taking the moment of TR initiation as “0” 
time, and considering the voltage drop as the trigger time for TR, heating by the heating 
plate was stopped after the TR was triggered. Figure 2 illustrates the variations in tab 
temperature and voltage of the two batteries, as well as the changes in environmental 
temperature and chamber pressure inside the experiment chamber. 

 
(a) 

Figure 2. Cont.



Batteries 2024, 10, 84 7 of 16

Batteries 2024, 10, x FOR PEER REVIEW 7 of 16 
 

 
(b) 

Figure 2. During the experimental process, the temperatures of the positive and negative tabs of the 
battery, the surface temperature of the battery, the environmental temperature, the pressure, and 
the voltage were monitored. (a) For Sample A; (b) For Sample B. 

In the temporal sequence of reactions occurring within the battery’s internal structure 
as temperature changes, the metastable components of the SEI film undergo exothermic 
decomposition between 70 and 90 degrees. Between 90 and 260 degrees, three 
simultaneous chemical reactions occur, including the melting of the SEI and the 
decomposition of various positive electrode materials, which may result in internal short 
circuits between electrodes. Electrolyte decomposition occurs between 200 and 300 
degrees [25]. Christensen et al. conducted thermal abuse and mechanical abuse 
experiments on battery modules, observing trends similar to those depicted in Figure 2. 
However, due to differences in the triggering mechanisms between their experiment and 
ours, the curves exhibit less fluctuation compared to theirs [36]. The differences in the 
triggering mechanisms for thermal runaways result in varying characteristics of thermal 
runaways as well. 

The initial temperature of the batteries was 30 °C, with initial voltages of 4.2 V and 
4.3 V, respectively. The batteries were heated from one side, causing the battery 
temperature and tab temperatures to gradually rise. For Sample A, it took 3916 s to turn 
on the heating plate to reach the TR triggering condition. The critical temperature for TR 
is defined as a temperature change rate of 1 °C/s. The temperature of the positive tab rose 
to 119 °C, and the negative tab rose to 123 °C. The voltage stabilized at 4.16 V, and then 
the battery underwent TR, with the voltage rapidly dropping to 0 V. Following this, the 
temperatures of both tabs rose rapidly. The highest temperature inside the chamber 
reached 557.5 °C, and the highest pressure inside the chamber reached 386.5 kPa. For 
Sample B, it took 4346 s, from turning on the heating plate to reaching the TR triggering 
condition. The temperature of the positive tab rose to 110.9 °C, and the temperature of the 
negative tab rose to 108.4 °C. The voltage experienced a slight decrease when there was a 
sudden rise in temperature and pressure, and then TR occurred, with the voltage 
dropping to 0 V. The temperatures of both tabs rose rapidly. The pressure inside the 
chamber and the environmental temperature rose rapidly before the voltage dropped, 
indicating that the battery’s safety valve opened before the battery failed. The reason for 
the difference from the phenomenon observed in sample A, where the voltage dropped 
before the valve opening, might be due to an initial TR occurring in a specific part of the 
battery core. This led to an increase in internal pressure, causing the safety valve to open. 
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voltage were monitored. (a) For Sample A; (b) For Sample B.

In the temporal sequence of reactions occurring within the battery’s internal structure
as temperature changes, the metastable components of the SEI film undergo exothermic
decomposition between 70 and 90 degrees. Between 90 and 260 degrees, three simultaneous
chemical reactions occur, including the melting of the SEI and the decomposition of various
positive electrode materials, which may result in internal short circuits between electrodes.
Electrolyte decomposition occurs between 200 and 300 degrees [25]. Christensen et al. con-
ducted thermal abuse and mechanical abuse experiments on battery modules, observing
trends similar to those depicted in Figure 2. However, due to differences in the triggering
mechanisms between their experiment and ours, the curves exhibit less fluctuation com-
pared to theirs [36]. The differences in the triggering mechanisms for thermal runaways
result in varying characteristics of thermal runaways as well.

The initial temperature of the batteries was 30 ◦C, with initial voltages of 4.2 V and
4.3 V, respectively. The batteries were heated from one side, causing the battery temperature
and tab temperatures to gradually rise. For Sample A, it took 3916 s to turn on the heating
plate to reach the TR triggering condition. The critical temperature for TR is defined as
a temperature change rate of 1 ◦C/s. The temperature of the positive tab rose to 119 ◦C,
and the negative tab rose to 123 ◦C. The voltage stabilized at 4.16 V, and then the battery
underwent TR, with the voltage rapidly dropping to 0 V. Following this, the temperatures
of both tabs rose rapidly. The highest temperature inside the chamber reached 557.5 ◦C,
and the highest pressure inside the chamber reached 386.5 kPa. For Sample B, it took 4346 s,
from turning on the heating plate to reaching the TR triggering condition. The temperature
of the positive tab rose to 110.9 ◦C, and the temperature of the negative tab rose to 108.4 ◦C.
The voltage experienced a slight decrease when there was a sudden rise in temperature and
pressure, and then TR occurred, with the voltage dropping to 0 V. The temperatures of both
tabs rose rapidly. The pressure inside the chamber and the environmental temperature
rose rapidly before the voltage dropped, indicating that the battery’s safety valve opened
before the battery failed. The reason for the difference from the phenomenon observed
in sample A, where the voltage dropped before the valve opening, might be due to an
initial TR occurring in a specific part of the battery core. This led to an increase in internal
pressure, causing the safety valve to open. As the reaction intensified further, the entire core
failed, resulting in a complete TR and the voltage dropping to 0 V. The highest temperature
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inside the chamber reached 409.86 ◦C, and the highest pressure inside the chamber was
330.5 kPa. For Sample A, the highest temperature of the positive tab was 241 ◦C, and the
highest temperature of the negative tab was 217 ◦C. For Sample B, the highest temperature
of the positive tab was 328 ◦C, and the highest temperature of the negative tab was 355.5 ◦C.
Table 2 shows the key temperature points for two samples. Figure 3 shows the temperature
changes of the positive and negative tabs during the test.

Table 2. The TR temperature data of the batteries.

Sample TPmax (◦C) TNmax (◦C) TPcritical (◦C) TNcritical (◦C)

A 241 217 119 123
B 328 355 110.9 108

TPMax: The highest temperature during positive electrode TR. TNMax: The highest temperature during negative
electrode TR. TPcritical: The critical temperature for positive electrode TR. TNcritical: The critical temperature for
negative electrode TR.
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the experimental process.

To investigate the TR spray process of these two batteries, a quantitative analysis
method proposed by Zhang et al. for the spray process in LIBs was employed. The LIB
spray process was divided into the ultra-fast spray stage, fast spray stage, and slow spray
stage. Based on the calculation formula for the explosion index Kg, as shown in Equation (1),
the normalized pressure rise rate KLIB during the LIBs spray process was obtained as the
spray index, as shown in Equation (2). Four typical times were defined:

1. The time corresponding to the rapid rise of KLIB is defined as the start time of the
spray (te);

2. The time corresponding to KLIB,max is defined as the end time (tu) of the ultra-fast burst;
3. The time when KLIB changes from positive to negative is defined as the end time (tf)

of the fast spray;
4. The time when KLIB returns to the initial fluctuation state before the burst is defined

as the end time (ts) of the slow burst.

The durations corresponding to the above critical times are defined as follows:

1. The time interval from te to tu is referred to as the duration of the ultra-fast burst (Du);
2. The time interval from tu to tf is referred to as the duration of the fast burst (Df);
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3. The time interval from tf to ts is referred to as the duration of the slow burst (Ds);
4. The time interval from te to ts is referred to as the overall duration of the burst (De) [37].

Kg =

(
dP
dt

)maxV
1
3 (1)

KLIB =

(
dP
dt

)
V

1
3 (2)

According to the above research method, the TR spray processes of the two batteries
were compared during the experimental process, as shown in Figure 4. It can be observed
that the chamber pressure follows a similar trend over time during the TR process, increas-
ing first, then decreasing and finally stabilizing. However, the amplitude of the pressure
variation for Sample A is significantly higher than that of Sample B, with Du, Df, Ds, De
being 3, 2, 27, 32 s and 3, 3, 26, 32 s, respectively. The pressure characteristic parameters of
the two batteries are presented in Table 3 below. Compared to Zhang’s analysis of NCM6 2
2, these two batteries demonstrate shorter eruption times. This could be attributed to the
higher Ni content in the samples examined in this research, intensifying the redox reactions
during TR and significantly increasing the gas generation rate. Consequently, the eruption
duration decreases. The higher KLIBmax in both samples further supports this observation.
The comparatively higher explosion risk in A, as opposed to B, could be linked to A’s
higher energy density.

Table 3. Pressure fluctuation parameter.

Sample Pmax (kPa) KLIB max
(kPa·m·s−1) Du (s) Df (s) Ds (s) De (s)

A 380.5 99.5 3 2 27 32
B 330.3 68.2 3 3 26 32

Li(Ni0.6Mn0.2Co0.2)O2 [37] 126.3 24.9 4 4 28 36
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3.2. Recording of Experimental Observations and Battery Mass Loss

The occurrence of battery rupture is primarily attributed to two factors. Firstly, explo-
sions happen when the electrode assembly fails to maintain an opening for sufficient gas
flow to reach the exhaust port. This leads to displacement of the electrode assembly, block-
ing the exhaust port. Secondly, when the exhaust port itself does not allow enough gas to
escape, internal pressure builds up until the battery ruptures at a critical pressure [38].
In this experiment, battery rupture mainly resulted from the second cause. Wang et al.
categorized the TR mass loss into three stages: (1) Packaging thermal decomposition;
(2) Violent gas or smoke jetting and intense burning of ejected materials; (3) Attenuation
and eventual extinction of open flames [39]. During the experiment, due to the vigorous
reactions between the positive and negative electrodes and the electrolyte, a large amount
of gas, particles, and electrolytes were generated. When the pressure reached a certain
level, the safety valve opened, ejecting gas, particles, electrolytes, etc., resulting in bat-
tery mass loss. Figure 5 shows several images recorded during the TR process using a
high-speed camera. The moment of smoke ejection from the safety valve was taken as
the starting point. Within 0.06 s after the smoke ejection, sparks were observed, but at
this point, smoke was still predominant. Around 0.2 s later, the ejection phenomenon was
dominated by flames. It took only 1 s from the observation of smoke ejection to the entire
chamber being filled with smoke within the field of view. Subsequently, the open flames
gradually attenuated and eventually extinguished. We observed that the severity of TR in
Sample A was higher than in Sample B. The jetting of sparks was more pronounced in
Sample B. This may be attributed to the higher energy density of Sample A, leading to
more intense reactions.

The weights of the two samples were measured before and after the experiments.
Table 4 presents the resulting mass loss due to TR. Yang et al. compared the mass loss after
TR in different systems and pointed out that NCM9 0.5 0.5 exhibited higher energy density,
leading to higher mass loss. In their experiments, the mass loss was 72.89% with an energy
density of 328.78 Wh/kg [40]. Sample A showed a larger mass loss after TR, indicating a
more severe TR phenomenon. This was further confirmed by the recorded videos, which
clearly showed more intense combustion in Sample A.
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Table 4. Mass Statistics.

Sample Initial Weight (g) Final Weight (g) Mass Loss Rate (%) Energy Density
(Wh/Kg)

A 2621.6 707.8 73 342.06
B 3417.8 1200.6 64.87 325.82

3.3. Gas Composition and Explosive Limits

The TR in lithium-ion battery systems can generate hundreds of liters of high-temperature,
toxic, and flammable gases. With the continuous increase in energy density and battery
capacity, the exhaust from battery TR has also changed accordingly. For passenger safety
in electric vehicles, it is crucial to understand the volume and composition of the exhaust
gases. The experimental setup used in this study can achieve an inert gas atmosphere, filled
with nitrogen, effectively preventing the reaction of gases emitted from battery TR with
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oxygen and other gases, ensuring the accurate measurement of the volume and composition
of gases produced during TR.

The calculation of gas production during battery TR uses the ideal gas state equation,
as shown in Equation (3), where n is the molar mass of the substance, P is the gas pressure,
V is the gas volume, R is the ideal gas constant, and T is the ambient temperature. To
ensure the accuracy of temperature measurements, multiple thermocouples are evenly
distributed inside the experimental chamber, and the average value is calculated as the
ambient temperature.

PV = nRT (3)

∆n =
P1

RT1
− P0

RT0
(4)

The gas production can be calculated using Equation (4), where ∆n represents the
change in gas volume inside the chamber before and after the experiment, which is the
volume of gas produced during battery TR. P1 represents the pressure inside the chamber
after the experiment, V is the volume of the experimental chamber (1000 L in this case),
R has a value of 8.31, T1 represents the ambient temperature inside the chamber after the
experiment, P0 represents the pressure inside the chamber before the experiment, and T0
represents the ambient temperature inside the chamber before the experiment. To ensure
accuracy in calculations, the values of P1 and T1 are taken from the data after the TR
stabilizes to obtain the molar quantity of gas. After calculations, the gas production for
Sample A is 18.35 mol, and for Sample B, it is 24.85 mol. To facilitate comparison, the
gas production is converted to standard conditions, resulting in 1.958 L/Ah for Sample
A and 2.182 L/Ah for Sample B. It can be observed that gas production is related to the
capacity of the battery. During the thermal decomposition process, gases mainly originate
from three sources: Firstly, the breakdown of SEI and NCM materials at high temperatures
generates oxygen [41], and through secondary reactions with electrolytes, produces carbon
dioxide. Secondly, lithium embedding into the graphite anode at high temperatures results
in the release of carbon dioxide [42]. Lastly, the electrolyte decomposition at elevated
temperatures produces gases such as HF, CO2, and C2H4 [43]. Table 5 below shows the
detected components of gases for both samples. As the experiment was conducted in an
inert environment, the reactions within the chamber did not generate HF, and therefore,
this component was not detected.

Table 5. Gas composition.

Sample A B

Major
components

(%)
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The composition of the gases after TR is closely related to the phenomenon. When
TR is accompanied by combustion, the electrolyte components in the collected gas sample
will decrease [44]. The severity of combustion in Sample A is higher than that in Sample B.
The electrolyte components ejected will also be more fully ignited. The detected electrolyte
components of the TR gases from the two batteries are also significantly higher for the latter
compared to the former.

In this section, the flammable limits of the gases generated during battery TR were
also studied. Based on the gas composition measured in Table 5, the flammable upper and
lower limits of the mixed gases were calculated using the Le Chatelier equation. In the
equation, Lmix represents the flammability limit of gases generated during battery TR, Li
denotes the flammability limit of combustible component i in the battery, and xi represents
the volume percentage of component i in the mixed gas.

Lmix =
1

∑n
i=1

xi
Li

× 100% (5)

Using Equation (5) to calculate the flammable limits of the mixed gases produced
during the TR of the two samples, the calculated results are shown in Table 6 below.

Table 6. The flammable limits.

Sample UFL LFL Flammable Range

A 58.3 8.49 49.81
B 51.88 7.43 44.45

The safety of batteries is assessed from two aspects of gas flammability limits. On
one hand, the lower flammable limit indicates how easily the gas can act as a fuel and
lead to combustion or explosion; thus, the lower the flammable limit, the higher the risk.
On the other hand, the flammable concentration range reflects how easily the gas in the
environment can satisfy the conditions for combustion. A wider flammable concentration
range implies that the gas is more likely to combust under environmental conditions.

4. Conclusions

In this study, we investigated the characteristics of terminal temperature and gas com-
position during the TR of batteries with the same positive electrode material NCM9 0.5 0.5
but different capacities. The experimental samples had capacities of 211 Ah (Sample A)
and 256 Ah (Sample B), with the energy density of Sample A being higher than that of
Sample B. The main experimental equipment was a sealed chamber, and the experimental
environment was a sealed inert atmosphere. The TR was triggered by lateral heating. The
main conclusions are as follows:

(1) The TR triggering temperatures for the two batteries are relatively close, with the
electrode tab temperatures both around 120 ◦C. The maximum temperature of Sample
B electrode plates is significantly higher than that of Sample A. Yet, the maximum
pressure within Sample A chamber is higher than that of Sample B.

(2) Quantitative analysis of the spray process for the two lithium-ion batteries was
performed using the KLIB curve. The ultra-fast, fast, and slow venting stages for both
batteries were observed to be 3, 2, 27 s and 3, 3, 26 s. The total venting duration for
both was 32 s. However, it was evident that the fluctuation amplitude of the chamber
pressure for Sample A was notably higher than that of Sample B; A poses a higher
explosion risk compared to B;

(3) In the experimental phenomenon captured by the high-speed camera, it took only
1 s for the sample to transition from the opening of the safety valve to filling the
experimental chamber with smoke. The battery with higher energy density in the
two exhibits a higher degree of severity in TR, with more pronounced phenomena of
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jetting flames and a significantly increased mass loss rate. The mass loss rates for A
and B were 73% and 64.87%;

(4) The gas production of the two batteries under standard conditions is 1.985 L/Ah
for one and 2.182 L/Ah for the other. With gas production increasing with battery
capacity. The main gas components for both batteries, listed in descending order, are
CO, CO2, H2, C2H4, and CH4. The total amount of gas components measured in
Sample A is lower than that in Sample B.

5. The Limitation of the Study and the Future Work

This study only conducted comparisons with the same positive electrode materials,
focusing solely on the differences in capacity and energy density. Subsequent additions
should include comparisons of TR temperatures and gas production characteristics for
different positive electrode materials, capacities, and application types. The aim is to
provide assistance for the application of batteries in various scenarios and for thermal
hazard protection.
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Nomenclature

Symbols Explanation
LIB lithium-ion battery
LIBs lithium-ion batteries
SEI Solid Electrolyte Interphase
SOC state-of-charge
SOCs state-of-charges
NCM LiNixCoyMnzO2
UFL Upper flammable limit
LFL Lower flammable limit
TR Thermal runaway
TPMax The highest temperature during positive electrode TR
TNMax The highest temperature during negative electrode TR
TPcritical The critical temperature for positive electrode TR
TNcritical The critical temperature for negative electrode TR
P1 the pressure inside the chamber after the experiment
V the volume of the experimental chamber
T1 the ambient temperature inside the chamber after the experiment
P0 the pressure inside the chamber before the experiment
T0 the ambient temperature inside the chamber before the experiment
Lmix the flammability limit of gases generated during battery TR
Li the flammability limit of combustible component i in the battery
xi the volume percentage of component i in the mixed gas
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