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Abstract: Toxicity, emissions and structural damage results on lithium-ion battery (LIB) thermal
runaway triggered by the electrothermal method were performed in this work. The electrothermal
triggering method was determined to study the thermal runaway behaviors of three types of com-
mercial LIBs. The structural damage of the cathode material of the batteries after thermal runaway
was observed by scanning electron microscope (SEM), transmission electron microscope (TEM) and
X-ray diffraction (XRD). It was found that as the state of charge (SOC) of the battery increases, the
lower the temperature at which thermal runaway occurs, and the more badly the structural damage
of the electrode material after thermal runaway. Qualitative analysis of products from LIBs thermal
runaway emissions was conducted by GC-MS, and the toxicity and formation mechanism of the
emissions were analyzed in detail. Dozens of toxic substances were detected from the emissions after
thermal runaway of batteries using LixNi1/3Co1/3Mn1/3O2 and LiCoO2 as the cathode material, the
types of toxic substances increase gradually with the increase in the SOC, while as for batteries using
LiFePO4 as the cathode material, most types of toxic substances were detected from 30% SOC.

Keywords: lithium-ion battery; thermal runaway; electrothermal triggering method; toxicity; emis-
sions; formation mechanism

1. Introduction

Energy is the foundation and driving force of economic and social development.
In recent years, with the increasing consumption of fossil energy and the development
of technology, China’s industrial development represented by new energy has achieved
significant results, with a steady increase in power generation and storage capacity, laying
a solid foundation for China to achieve their carbon peak and carbon neutral goals on
schedule. Lithium-ion batteries (LIBs) are widely used in various new energy technology
fields (such as microelectronics, automobiles, photovoltaic, military, and so on) due to their
higher power density and energy density, faster charging and discharging capabilities,
long cycle life, and lower environmental pollution [1–6]. According to the statistics of
the Ministry of Public Security, the number of new energy vehicles in China reached
13.1 million in 2022, a year-on-year increase of 67.13% [7]. According to the statistics of
the Emergency Management Department, in 2022, there were more than 4000 new energy
vehicle fire accidents in China, with a fire probability of 3.05 per 10,000, which is nearly
ten times higher than 0.49 per 10,000 and 0.26 per 10,000 in 2019 and 2020, and nearly
one time higher than the spontaneous combustion rate of fuel vehicles ranging from 1 to
2 per 10,000. The main reason for this is the spontaneous combustion accident caused by
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the thermal runaway of the battery. According to the characteristics of LIBs, new energy
vehicles can ignite very quickly, almost instantaneously, or even explode [8–10]. According
to research, abuse situations that lead to thermal runaway of batteries can generally be
divided into mechanical abuse, electrical abuse, and thermal abuse [11–15]. Among them,
mechanical abuse includes squeezing, acupuncture, and collision, while electrical abuse
includes internal short circuit, overcharge (overdischarge), and thermal abuse includes
overheating, flame burning, and other situations [16].

In our previous research work [17], we summarized the mechanism of thermal run-
away reactions in LIBs, simulating the spread behavior of LIB packs after thermal runaway
through flame triggering. In this work, we design electrothermal triggering to simulate the
thermal runaway of LIBs under mechanical or electrical abuse conditions due to the accu-
mulation of heat inside the battery. This method can significantly reduce the introduction
of impurities and facilitate temperature control, effectively understanding the temperature
change and distribution of the battery pack during the thermal runaway process. After the
thermal runaway process is completed, electrode materials and solid ejectors are analyzed
by means of X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission
electron microscope (TEM) to understand the extent of thermal runaway damage and the
risk of thermal runaway. Gas emissions are analyzed by GC-MS technology to establish a
poison spectrum and to infer their generation mechanism and harm to human health and
the environment; the impact of different battery systems and state of charge on the degree
of thermal runaway harm are analyzed as well.

2. Materials and Methods
2.1. LIB Samples and Thermal Runaway Test Box

Abuse (overcharge, internal short circuit and external short circuit, hot stove) will
accelerate the generation of internal heat of LIBs, and lagging of heat transmission will cause
rapid accumulation of internal heat of the battery, which will eventually lead to thermal
runaway of the battery [18–23]. By studying the decomposition and mutual reactions of
various components in the battery, it can be seen that the thermal stability of LIB materials
is the basis of safety [24–27]. When the cell temperature rises, the exothermic reactions
that may occur inside the cell, such as the decomposition of the solid electrolyte interface
(SEI) [28–30]; thermal decomposition of cathode materials [31–34]; thermal decomposition
of anode materials [35–37]; thermal decomposition of the electrolyte on the cathode and
redox reaction of the organic electrolyte on the cathode and anode [38–40]. The experimental
samples used in this study were 18650 commercial batteries with the cathode material of
LixNi1/3Co1/3Mn1/3O2 (NMC), LiCoO2 (LCO), LiFePO4 (LFP). Samples were pretreated
by the Neware battery testing system, and four groups of samples with 0%, 30%, 50% and
100% SOC were obtained by processing each type of battery. The physical, chemical and
electrical parameters of each battery are shown in the Table 1.

Table 1. LIB parameters.

Battery Type NMC LCO LFP

Capacity 2200 mAh 2600 mAh 1300 mAh
Operating Voltage 3.70 V 3.70 V 3.20 V
Cathode Materials LixNi1/3Co1/3Mn1/3O2 LiCoO2 LiFePO4

This experiment used an explosion-proof test box as the experimental platform, and
the size of the box was 500 × 500 × 500 mm. The 18650 LIBs were heated by the electric
heating plate to trigger the process of thermal runaway. The power of the electric heating
plate was 1000 W, which was placed on the insulating brick. The LIB was fixed by an iron
wire at the interface near the cathode and was placed on the center of the heating plate.

Three thermocouples were used to monitor the temperature of the electric heating
plate surface, the battery surface and the gas environment. The positions are shown in
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Figure 1a–c, respectively. A high-frame-rate camera was placed on the surface of the
explosion-proof glass in front of the test box to record the experimental phenomena. The
battery residue was collected after the thermal runaway process. The experimental device
is shown in Figure 1.
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2.2. LIB Thermal Runaway Triggering Method

The commonly used trigger methods for thermal runaway include combustion trigger
and electrothermal trigger [41–43]. Electrothermal triggering can accurately control the
temperature of thermal runaway, which is convenient for simulating the process of thermal
runaway caused by internal heat accumulation due to an internal short circuit, overcharge
and other conditions. According to the existing theory, the thermal runaway of LIB is
divided into three stages [44], namely, self-heating stage (50~140 ◦C), thermal runaway
stage (140~850 ◦C) and thermal runaway termination stage (above 850 ◦C). In order to
unify the experimental conditions for thermal runaway, the relationship between thermal
runaway and trigger temperature of LIBs was studied. According to our previous research,
among the three types of batteries (NMC, LCO, and LFP), LFP is the most stable, while 30%
SOC is considered by most researchers to be a safer SOC. Therefore, it can be considered
that if a certain condition can trigger the thermal runaway of 30% SOC LFP, it should be
able to trigger the thermal runaway of other types and SOC of batteries. In this study, we
selected 30% SOC LFP and the electrothermal trigger method, with a trigger temperature
range of 100 to 190 ◦C and a heating rate of 10 ◦C·min−1, to study the relationship between
the thermal runaway trigger (TRT) temperature and the TRT time. Finally, a unified and
most likely triggering method was determined to study the thermal runaway process and
toxic products of three types of lithium-ion batteries with different cathode materials.

2.3. Detection of LIBs Thermal Runaway Emissions

In addition to fire hazards, the toxicant generated by the thermal runaway of LIB is
also one of its main hazards, which is flammable, easily asphyxiated, highly toxic, and
has the threat of explosion [17,45–47]. According to early research, the leakage process
of thermal runaway products of LIBs can be divided into two stages based on the time
node of battery pressure relief valve rupture, namely, thermal runaway latency zone and
thermal runaway behavior zone [48–50]. In the thermal runaway latency zone, the internal
temperature of LIB is low, the chemical reaction rate is slow, and it is easy to generate
small-molecule incomplete reaction products such as CO due to the internal hypoxia. In
the thermal runaway behavior zone, with the increase in the internal temperature of the
LIB and the acceleration of the chemical reaction rate, a large number of COx, SOx, C3~C8
organic substances and other flue gases are generated. At the same time, the oxygen
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content in the test box decreases sharply to below 19%, and there is a risk of explosion,
which is very dangerous. Therefore, we adopted the following methods for the study of
thermal runaway products. After the thermal runaway reaction was completed, the gas
ambient temperature dropped to room temperature. The gas samples were 5 cm above
the tested battery in the battery thermal runaway test box, which was collected by an air
sampler, and it was analyzed by Hapsite Smart, which conducted the qualitative analysis
of volatile and semi-volatile organic compounds. For solid ejectors, the battery wreckage
after thermal runaway was collected, and the cathode material was separated from the
wreckage. The XRD pattern was conducted by powder X-ray diffraction (Rigaku SmartLab,
using the Cu-Kβ radiation as a primary source, operating at 40 kV, 200 mA). SEM analysis
was performed on a ZEISS EVO 18 with an accelerated voltage of 5 kV and a resolution
of 3 nm to observe the morphologies and surface changes of the samples. TEM analysis
was performed on a HATACHI H-800 with an accelerated voltage of 100 kV and a lattice
resolution of 0.204 nm to observe the ultrastructure of the sample particles and edges.

3. Results and Discussion
3.1. Determination of TRT Temperature

Using 100 ◦C + 10 ◦C× n (n = 1, 2, . . . , 9) as the TRT temperature and the turning point
of temperature with time as the TRT mark (Figure 2), the relationship between the TRT
temperature and the TRT time was studied. The first derivative of temperature versus time
was calculated, and the TRT time with a derivative value of less than zero was recorded, as
shown in Figure 3.
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In our research, we found that using different numbers of heating plates, heating at
different locations, and using different heating rates can significantly alter the triggering
time of thermal runaway, the highest temperature after thermal runaway, and the severity
of the battery thermal runaway. This may be due to the hysteresis of heat transfer inside
the battery during the heating process, resulting in certain differences and temperature
gradients in the horizontal and vertical directions, causing the thermal imbalance inside
the battery to thermal runaway. At the same time, we also found that this change does not
affect the generation and emission of toxic species after thermal runaway of lithium-ion
batteries. Therefore, in this study, we can ignore the anisotropy of heat distribution and
thermal gradient in the vertical direction caused by a single direction of heating in the
battery, and the obtained condition can serve as a sufficient condition for triggering thermal
runaway in lithium-ion batteries.
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It can be seen from the relationship between the TRT temperature and the TRT time that
the time required for the TRT decreases with the increase in TRT temperature. Considering
the duration and operation feasibility of the experimental method, 170 ◦C was selected as
the TRT temperature to trigger thermal runaway in the follow-up experiment.

3.2. Analysis of Thermal Runaway Behaviors of LIBs

The thermal runaway experiment of 18650 battery under different SOC was conducted
by means of electrothermal triggering, and the battery surface temperature was compared
and analyzed in combination with video recording. The results are shown in Figures 4–6.
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After the electric heating plate was turned on, the surface temperature of each NMC
with different SOC rose slowly. After heating for 2 min, the temperature rose rapidly, and
the electrolyte leaked from the sealed part of the battery, accompanied by smoke generation.
The heating rate tended to be flat after 4 min. At 9 min, a lot of electrolytes and smoke
emitted from the battery. The phenomenon of battery samples at 30% and 50% SOC was
particularly obvious, and the intensity of reaction increased with the increase in SOC. The
100% SOC battery samples even exploded and had an open flame.

At the beginning of the experiment, except for the 50% SOC sample, the temperature
did not rise rapidly. Compared with NMC, there was no leakage of a large amount of
electrolytes in the reaction stage of the battery. The reaction of 0% and 30% SOC samples
was not violent, and the 50% SOC samples emitted less smoke compared with the NMC
samples. The 100% SOC sample did not emit a lot of smoke before explosion, but the
explosion reaction was violent.

The electrode material in LFP has good thermal stability and is not easy to reach
thermal runaway in normal use. However, during the thermal runaway process triggered
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by electric heating, 0%, 50% and 100% SOC LFP all exploded, and the thermal stability
of the 30% SOC LFP sample was better than the samples with the same cathode material.
This indicates that 18650 LFP has poor stability in the electric heating process and is prone
to thermal runaway in the event of thermal abuse. The high temperature during thermal
abuse may cause internal structural damage to the battery (such as membrane melting, SEI
decomposition, anode material disintegration, etc.), resulting in corresponding electrical
abuse or mechanical abuse and leading to severe thermal runaway. At the same time,
combined with the analysis of thermal runaway products, LFP with 0%, 50% and 100%
SOC generated fewer large-molecule gaseous products after thermal runaway. The vast
majority of carbon elements existed in the form of CO and CO2, resulting in a sharp increase
in internal pressure of the battery. In addition, the 18650 battery packaging was relatively
tight, and there was no time to release pressure. As a result, an explosion occurred.

3.3. Characterization of Cathode Materials of LIB Thermal Runaway

After the thermal runaway test was completed, the cathode material of the battery
was collected for electron microscope characterization and XRD detection and analysis. In
the XRD spectrum of the blank sample of NMC before thermal runaway (Figure 7a), the
splitting peak (006)/(102) was relatively weak, while the splitting peak (018)/(110) was
relatively obvious, indicating that ternary materials have good layered morphology and
representing that the blank sample has a relatively typical hexagonal layered crystal system
structure. After the thermal runaway process, the above characteristic peaks of the 0%
SOC NMC sample (Figure 7b) did not change much, indicating that the electrode structure
had not been damaged. With the increase in SOC, the characteristic peaks (006)/(012)
and (108)/(110) did not completely split or even disappear, indicating that during the
thermal runaway process, the cathode material underwent decomposition and led to the
destruction of the layered structure. In the spectrogram of 30% SOC (Figure 7c) and 50%
SOC (Figure 7d) NMC samples, there were two diffraction peaks at 2θ = 25.8◦ and 32.7◦ that
can be attributed to the (110) and (101) crystal planes of tetragonal MnF2, indicating that
the cathode material reacted with the electrolyte after decomposition. It could be observed
that the NMC samples with 0%, 30%, and 100% SOC (Figure 7b,c,e) have obvious carbon
characteristic peaks (002) and (101), indicating that during the thermal runaway reaction,
some carbon powder entered the cathode. However, 100% SOC NMC could observe the
carbon characteristic peak only, which indicated that with the violent explosion, the cathode
was completely destroyed and cannot be detected.
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Figure 8 shows the transmission electron microscopic (TEM) and scanning electron mi-
croscopic (SEM) characterization of the cathode of NMC before and after thermal runaway,
respectively. It can be seen from Figure 8a that the blank sample had a clear outline, which
showed good crystallinity, good layered structure, and good regularity. It shows that the
blank cathode sample of NMC was closely stacked by a layered structure, without adhesion,
and had good morphology, which can be used as the blank control of this experiment.
After the NMC thermal runaway reaction at 0% SOC (Figure 8b), the cathode material
still had a compact layered morphology. The morphology of 0% SOC NMC batteries was
maintained during the thermal runaway process. In the sample after the NMC thermal
runaway reaction at 30% SOC (Figure 8c), the SEI was damaged, the layered structure
was damaged and torn, and the existence of metal particles could be observed outside
the broken cathode material. After the NMC thermal runaway reaction under 50% SOC
(Figure 8d), the layered morphology was disrupted, and a large number of metal particles
could be observed in the fragments. The graphite in the anode was also decomposed due
to high temperature and entered the broken cathode. After the thermal runaway reaction
of NMC at 100% SOC (Figure 8e), only fragments could be observed in the cathode sample.
The metal particles could not be found, and the external impurities were doped into the
structure.
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Figure 8. TEM and SEM characterization of NMC with different SOC before and after thermal
runaway; the first row shows the TEM images; the second row shows the SEM images; (a) blank
sample; (b) 0% SOC; (c) 30% SOC; (d) 50% SOC; (e) 100% SOC.

Through XRD analysis of the wreckage of LCOs, it was found that the structure
of all samples had changed. For the 0% SOC LCO, possibly due to the long-term high
temperature, the membrane had been damaged, the anode carbon mixed into the cathode,
and the characteristic peak of carbon was shown in the XRD spectrum (as shown in
Figure 9b). In the 30% SOC LCO (Figure 9c), the cathode aluminum foil was oxidized at
high temperature, as the characteristic peak of Al2O3 (110), (113), (400), (440) appeared at
2θ = 37.73◦, 43.30◦, 45.78◦ and 66.76◦. In addition, the cathode material was decomposed
and the characteristic peak of CoO (200), (222) was found in the spectrum at 2θ = 42.3◦

and 77.5◦. Li2O was found in 50% SOC LCO samples (Figure 9d), indicating that Li
was completely oxidized in the battery at high temperature. CoO and Co (111), (200)
were found in the 100% SOC LCO samples (Figure 9e), which shows that after the cell
membrane was melted, the cathode material would decompose and release oxygen (as
shown in Formulas (1)–(3)).
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porous structure, in which LiCoO2 particles were evenly distributed, a continuous con-
ductive network was formed on the electrode surface, and a small amount of micropores 
existed. The surface of the blank cathode sample of LCO was relatively flat. This sample 
could be used as the blank control of this experiment. After the thermal runaway of the 
LCO cathode at 0% SOC (Figure 10b), part of the lithium cobalt oxide layered structure in 
the sample was torn and separated, and the porous structure collapsed. Due to the dam-
age of the membrane, a small amount of carbon particles was mixed with the cathode. At 
the 30% SOC LCO (Figure 10c) cathode after thermal runaway, the layered structure was 
destroyed, but the metal particles were not ejected. After the LCO cathode thermal runa-
way reaction at 50% SOC (Figure 10d), the morphology of the cathode sample underwent 

Figure 9. XRD result of LCO with different SOC before and after thermal runaway.

From the electron microscopic characterization of the cathode of LCO before and
after thermal runaway (Figure 10), we found that the blank sample (Figure 10a) had a
loose porous structure, in which LiCoO2 particles were evenly distributed, a continuous
conductive network was formed on the electrode surface, and a small amount of micropores
existed. The surface of the blank cathode sample of LCO was relatively flat. This sample
could be used as the blank control of this experiment. After the thermal runaway of the LCO
cathode at 0% SOC (Figure 10b), part of the lithium cobalt oxide layered structure in the
sample was torn and separated, and the porous structure collapsed. Due to the damage of
the membrane, a small amount of carbon particles was mixed with the cathode. At the 30%
SOC LCO (Figure 10c) cathode after thermal runaway, the layered structure was destroyed,
but the metal particles were not ejected. After the LCO cathode thermal runaway reaction
at 50% SOC (Figure 10d), the morphology of the cathode sample underwent significant
changes, with metal particles ejected from it. After the LCO cathode thermal runaway
reaction at 100% SOC (Figure 10e), the metal particles in the sample were damaged and
might have reacted, and impurities were mixed with the material.

The characteristic diffraction peak of the blank sample of LFP (Figure 11a) is consistent
with the standard diffraction peak. Compared with the blank sample, the 0% SOC LFP
sample (Figure 11b) shows the same characteristic peak, indicating that graphite had also
entered the cathode material. Impurity peaks of LiF (111), (200), (311), (222) and Fe2O3
(012), (104), (113), (116), (024), (214) were also found in it, indicating that the reaction on
the anode will generate LiPF6, which will then decompose into LiF (Formula (4)) and enter
the cathode through the broken membrane. At high temperature, the lattice of the cathode
material was changed, showing an Fe2O3 impurity peak.
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Figure 10. TEM and SEM characterization of LCO with different SOC before and after thermal
runaway; the first row shows the TEM images; the second row shows the SEM images; (a) blank
sample; (b) 0% SOC; (c) 30% SOC; (d) 50%SOC; (e) 100% SOC.

LiPF6 → LiF + PF5 (4)

The spectrogram of the 30% SOC LFP sample (Figure 11c) is similar to that of the
0% SOC LFP sample. In the spectrogram of the 50% SOC LFP sample (Figure 11d), the
existence of Li2CO3 was found, indicating that Li in the anode material reacted with the
organic solvent to generate Li2CO3 (as shown in Formulas (5)–(7)).

2Li + C3H4O3(EC)→ Li2CO3 + C2H4 (5)

2Li + C4H6O3(PC)→ Li2CO3 + C3H6 (6)

2Li + C3H6O3(DMC)→ Li2CO3 + C2H6 (7)

In the spectrum of the 100% SOC LFP sample (Figure 11e), the intensity of the char-
acteristic peak of carbon is large, indicating that the Li material had been oxidized to
Li2O.

Figure 12 shows the electron microscopic characterization of the cathode of LFP before
and after thermal runaway. It can be seen from Figure 12a that the blank sample had a
clear contour, a good compact layered structure and good regularity. This shows that the
cathode blank sample of LFP was closely stacked by the layered structure and had good
morphology, which can be used as a blank control in this experiment. After the LFP thermal
runaway reaction at 0% SOC (Figure 12b), the cathode material sample of LFP still retained
the hexagonal layered crystal structure, and the metal particles were still uniformly loaded
inside the gel. The morphology of samples after the LFP thermal runaway reaction at 30%
SOC (Figure 12c) is similar to that of the samples after the LFP thermal runaway reaction
at 0% SOC. As shown in Figure 12d, after the LFP thermal runaway reaction at 50% SOC,
metal particles were ejected from the broken layered structures. The cathode material
was decomposed at high temperature, and the graphite of the anode entered the cathode
through the melted membrane. After the LFP thermal runaway reaction at 100% SOC
(Figure 12e), the material structure was fragmented, and the pore structure was damaged.
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fore and after thermal runaway. It can be seen from Figure 12a that the blank sample had 
a clear contour, a good compact layered structure and good regularity. This shows that 
the cathode blank sample of LFP was closely stacked by the layered structure and had 
good morphology, which can be used as a blank control in this experiment. After the LFP 
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reaction at 50% SOC, metal particles were ejected from the broken layered structures. The 
cathode material was decomposed at high temperature, and the graphite of the anode 
entered the cathode through the melted membrane. After the LFP thermal runaway reac-
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Figure 12. TEM and SEM characterization of LFP with different SOC before and after thermal run-
away; the first row shows the TEM images; the second row shows the SEM images; (a) blank sample; 
(b) 0% SOC; (c) 30% SOC; (d) 50% SOC; (e) 100% SOC. 

Figure 12. TEM and SEM characterization of LFP with different SOC before and after thermal
runaway; the first row shows the TEM images; the second row shows the SEM images; (a) blank
sample; (b) 0% SOC; (c) 30% SOC; (d) 50% SOC; (e) 100% SOC.

3.4. Analysis of Thermal Runaway Gaseous Products of LIB

During the experiment, we found that all types of LIBs produce a large number of toxic
and harmful species with different concentrations after thermal runaway, making it difficult
to quantitatively evaluate the potential harm caused by the diffusion of toxicants after
thermal runaway. At the same time, we found that the definitions of substance toxicity are
also different domestically and internationally. Therefore, based on standards such as GBZ
230-2010 “Classification of Hazards of Occupational Exposure to Toxicant”, “WHO/IPC:
The User’s Manual for the IPCS Health and Safety Guides”, and GB 38031-2020 “Electric
Vehicles Traction Battery Safety Requirements”, etc., our research team established the
standard of “Composition Detection Method and Toxicity Classification of Traction Battery
Thermal Runaway Leakage” [51]. This standard specified the detection method for thermal
runaway leakage of LIBs and the toxicity grading principles for leakage (as shown in
Table 2).
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Table 2. Toxicity classification.

Toxicity Via Mouth/mg·kg−1 Via Skin/mg·kg−1 Inhalation/mg·m−3

Very Toxic (0, 25] (0, 50] (0, 200]
Highly Toxic (25, 200] (50, 400] (200, 500]

Toxic (200, 2000] (400, 2000] (500, 2500]
Low Toxic (2000, 20,000] (2000, 20,000] (2500, 20,000]

Qualitative analysis of thermal runaway gaseous products in LIB was conducted
through gas chromatography–mass spectrometry. The gaseous products of the thermal
runaway of NMC are shown in Table 3, including two types of very toxic substances,
2-propenal and methyl vinyl ketone, and 19 types of highly toxic and toxic substances such
as benzene and cyclopentadiene, etc. It can be seen from Table 3 that toxic substances were
not detected in the thermal runaway reaction products of 0% SOC NMC. With the increase
in the SOC of LIBs, more types of reaction products and higher toxicity products would be
produced.

Table 3. Thermal runaway gaseous products of NMC.

Order Name Toxicity 0% 30% 50% 100%

1 2-Propenal Very toxic
√

*
2 Methyl vinyl ketone Very toxic

√

3 1,3-Cyclopentadiene Highly toxic
√

4 1,3-Butadiene Toxic
√

5 1,3-Pentadiene Toxic
√

6 1-Undecanol Toxic
√ √ √

7 2-Butanone Toxic
√ √

8 2-Butene Toxic
√ √

9 Benzene Toxic
√ √ √

10 Benzene,
1,3-dimethyl- Toxic

√

11 Benzene, 2-propenyl- Toxic
√ √

12 Butanal Toxic
√ √

13 Cyclohexane Toxic
√ √ √

14 Cyclohexanone Toxic
√ √ √

15 Ethylbenzene Toxic
√ √

16 Heptane Toxic
√ √

17 Isooctanol Toxic
√ √ √

18 o-Xylene Toxic
√

19 p-Xylene Toxic
√

20 Styrene Toxic
√ √ √

21 Toluene Toxic
√ √ √

22 α-Methylstyrene Toxic
√ √

* Mark “
√

” indicates detection of the substance.

According to the analysis of the thermal runaway of NMC in Section 3.3, only a small
amount of electrolyte leakage occurred during the reaction of 0% SOC NMC, and the
maximum temperature of the battery surface did not exceed 100 ◦C; a small amount of
smoke came out from the battery and stopped in a short time. The structure characterization
also proved that the hexagonal layered crystal structure of the battery sample remained
after the thermal runaway process, indicating that the thermal runaway of this group of
samples was relatively mild, and the gaseous products could not be detected by GC-MS.

With 30% and 50% SOC, the cathode protection cover burst out, and a large amount of
smoke was emitted during the reaction of NMC thermal runaway, indicating that these
two groups of samples reacted violently during the thermal runaway process. The surface
temperature of the battery exceeded 200 ◦C, and the SEI was decomposed. The internal
pressure of the battery increased, which burst the cathode protection cover. The battery
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membrane melted, and an internal short circuit occurred in the battery, which promoted
the decomposition of the electrolyte and cathode material.

The thermal runaway of NMC with 100% SOC was the strongest compared with the
other SOC of NMC samples. There was a large amount of gaseous products generated in
the early stage, an explosion occurred in the later stage, and the internal structure of the
battery was damaged. With 100% SOC, NMC had the majority of types of thermal runaway
products, especially toxic substances with strong toxicity.

The thermal runaway emission products of LCOs are shown in Table 4. Compared with
other SOC of LCOs, 100% SOC LCO thermal runaway emissions generated the majority of
types and higher toxicity products. Among the emission products, four types of very toxic
substances, such as 2-propenal, methyl vinyl ketone, propanedinitrile and propanenitrile,
were found. These four substances were also found in the thermal runaway emission
products of other types of LCO in the early work of our research group. In addition, there
were 30 types of highly toxic and toxic gaseous products. Moreover, compared with other
types of LIB thermal runaway products, there were more types of aromatic substances in
the thermal runaway products of LCO.

Table 4. Thermal runaway gaseous products of LCO.

Order Name Toxicity 0% 30% 50% 100%

1 2-Propenal Very toxic
√

*
2 Methyl vinyl ketone Very toxic

√

3 Propanedinitrile Very toxic
√

4 Propanenitrile Very toxic
√

5 1,3-Cyclopentadiene Highly toxic
√ √

6 2-Butenal Highly toxic
√

7 2-Propen-1-ol Highly toxic
√

8 Furfural Highly toxic
√

9 Naphthalene Highly toxic
√ √

10 Oxirane, ethyl- Highly toxic
√

11 α-Methylstyrene Toxic
√ √

12 1,3-Butadiene Toxic
√ √

13 1,3-Pentadiene Toxic
√

14 1-Butanol Toxic
√

15 1-Propene, 2-methyl- Toxic
√ √ √

16 1-Undecanol Toxic
√ √

17 2-Butanone Toxic
√ √

18 2-Butene Toxic
√ √

19 Benzaldehyde Toxic
√

20 Benzene Toxic
√ √

21 Benzene,
1,3-dimethyl- Toxic

√ √

22 Benzene, 2-propenyl- Toxic
√

23 Butanal Toxic
√ √

24 Cyclohexane Toxic
√ √

25 Cyclohexanone Toxic
√ √

26 Diisopropylamine Toxic
√

27 Ethylbenzene Toxic
√ √

28 Heptane Toxic
√ √

29 Indene Toxic
√

30 Isooctanol Toxic
√ √

31 o-Xylene Toxic
√ √

32 Propanal, 2-methyl- Toxic
√

33 p-Xylene Toxic
√ √

34 Styrene Toxic
√ √

35 Toluene Toxic
√ √

* Mark “
√

” indicates detection of the substance.
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Most of the toxicants existed in the thermal runaway emission products of LCO with
50% and 100% SOC, and GC-MS did not detect toxic substances in the thermal runaway
products of 0% SOC LCO. Only isobutylene was detected in the thermal runaway products
of LCO with 30% SOC. Four very toxic species, especially 2-propenal, methyl vinyl ketone,
propanedinitrile and propanenitrile, were found in the thermal runaway products of
LCO with 100% SOC. During the thermal runaway experiment, the battery had a violent
combustion reaction, and the current collector had combusted after the battery explosion.
LCO with 50% and 100% SOC were similar in the products of highly toxic and toxic
emissions.

Compared with other types of LIBs, the least amount of types of thermal runaway
products were detected by LFP (as shown in Table 5), but two types of very toxic substances
containing nitrogen, such as 1,2-dimethyl-hydrazine and thiocyanic acid ethyl ester, were
detected, and most of the toxic products were detected in LFP with 30% SOC. In the thermal
runaway test of LFP, this might be due to the explosion of the battery a short time after
heating, except for the LFP at 30% SOC. Many kinds of nitrogen-containing compounds
were detected in the emission products, and 1,2-dimethylhydrazine was converted from
these compounds as a very toxic nitrogen-containing compound.

Table 5. Thermal runaway gaseous products of LFP.

Order Name Toxicity 0% 30% 50% 100%

1 Hydrazine,
1,2-dimethyl- Very toxic

√
*

√

2 Thiocyanic acid, ethyl
ester Very toxic

√

3 1-Butanamine Highly toxic
√

4 2-Propenoic acid Highly toxic
√

5 Furfural Highly toxic
√

6 Hydrazine,
1,1-dimethyl- Highly toxic

√

7 Propylene oxide Highly toxic
√

8 1,3-Dioxolane Toxic
√

9 1,4-Dioxane Toxic
√ √

10 1-Propanol Toxic
√

11 2-Butanol Toxic
√

12 2-Butanone Toxic
√

13 Acetic acid Toxic
√ √

14 Acetone Toxic
√

15 Benzene Toxic
√ √

16 Benzene,
1,3-dimethyl- Toxic

√

17 Butanal Toxic
√

18 Cyclohexane Toxic
√

19 Cyclohexanone,
2-methyl- Toxic

√

20 Dimethyl sulfide Toxic
√

21 Ethanethiol Toxic
√

22 Ethene, methoxy- Toxic
√

23 Formamide,
N,N-dimethyl- Toxic

√

24 Propanal Toxic
√

25 Propanal, 2-methyl- Toxic
√

26 p-Xylene Toxic
√

* Mark “
√

” indicates detection of the substance.

In the thermal runaway test, a total of six types of very toxic species were detected,
and we preliminarily speculated on their formation mechanisms.

1. 2-Propenal (CAS#107-02-8, C3H4O)
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2-propenal was detected in the thermal runaway products of 30% SOC NMCs, 30%
SOC and 50% SOC LCOs. The high temperature generated by thermal runaway caused
damage to the internal structure of the battery. Electrolyte solvents (such as EC, PC, DMC)
entered the anode and reacted with the lithium, generating small-molecule hydrocarbon
compounds (as shown in Formulas (5)–(7)). The propylene generated by the reaction
between PC and lithium was continuously oxidized to form acrolein at high temperature
(as shown in Formulas (8) and (9)).

2Li + C4H6O3(PC)→ Li2CO3 + C3H6 (8)

C3H6 + O2 → CH2 = CH−CHO + H2O (9)

Otherwise, the electrolyte solvents were decomposed to produce propylene glycol,
which was continuously oxidized to acrolein at high temperature (as shown in Formula (10)).

HOCH2CH2CH2OH→ CH2 = CH−CHO + 2H2O (10)

Otherwise, it was obtained by the mutual conversion of propanol and acrylic acid
in the thermal runaway products of LCO and LFP in high temperature environment (as
shown in Formula (11)).

CH2CH2CH2OH
[O]→ CH2 = CHCHO

[O]→ CH2CH2COOH (11)

2. Methyl vinyl ketone (CAS#78-94-4, C4H6O)

Methyl vinyl ketone was detected in 100% SOC NMC and 100% SOC LCO. It is
speculated that the first step was to decompose the electrolyte to produce aldehydes and
ketones, and the acetone in it reacted with formaldehyde at high temperature to produce
butenone after dehydration (as shown in Formula (12)).

CH2COCH3 + HCHO ∆→ CH3COCH = CH2 (12)

3. Propanenitrile (CAS#107-12-0, C3H5N)

Propanenitrile could be found in 100% SCO LCO batteries and is usually obtained by
hydrogenation of acrylonitrile. Previous research had shown that direct decomposition of
the electrolyte [52] or the reaction of lithium dendrites with the anode material adhesive [53]
will generate hydrogen, which can hydrogenate and reduce acrylonitrile to propionitrile
(as shown in Formula (13)). Acrylonitrile might be generated by the reaction of acetonitrile
and formaldehyde in electrolyte additives (as shown in Formula (14)) [54]. Due to the
strong activity of the catalyst (such as cobalt oxide, lithium oxide, etc., generated by the
decomposition of electrode materials), it could lead to the further oxidation of propionitrile
to propylamine (as shown in Formula (15)), which in turn disproportionated into ammonia
and dipropylamine (as shown in Formula (16)) [55]. The occurrence of this step could
be demonstrated by the presence of dipropylamine in the product after the LCO battery
thermal runaway (as shown in Supplementary Material Table S1).

CH2 = CH−CN + H2 → CH3 −CH2 −CN (13)

CH3CN + HCHO→ CH2 = CH−CN (14)

CH3 −CH2 −CN + H2 → CH3CH2CH2NH2 (15)

2CH3CH2CH2NH2 → HNCH2CH2CH32 + NH3 (16)



Batteries 2023, 9, 308 16 of 20

4. Propanedinitrile (CAS#109-77-3, C3H2N2)

Propanedinitrile could be found in the thermal runaway products of 100% SOC
LCO batteries. It can usually be prepared by the acrylonitrile method [56]. Acrylonitrile
gradually formed malonitrile under the action of alcohols decomposed from the electrolyte
solution (as shown in Formula (17)).

CH = CH−CN + ROH→ NC−CH(OH)2 → NC−CHO→ NC−CH2 −CN (17)

Otherwise, it could be prepared by the styrene method [56]. The small molecule olefins
generated by the electrolyte solvent and lithium were polymerized into benzene, which
then reacted with ethylene to generate styrene (as shown in Table S1). Propanedinitrile was
obtained as follows (as shown in Formula (18)).

C6H5 −CH = CH2 → C6H5CH2(OR)2 → C6H5CH2CHO→ NC−CH2 −CN (18)

5. Thiocyanic acid ethyl ester (CAS#542-90-5, C3H5NS)

Thiosyanic acid ethyl ester could be found in 30% SOC LFP batteries. Due to the
structure of the 30% SOC battery remaining intact after thermal runaway, the cyanide and
thiocyano groups in the electrolyte additives [57] were not damaged by high temperature,
and they might have reacted with alcohols and thiols (as shown in Table S1) obtained from
electrolyte decomposition in the thermal runaway products to generate thiocyanate ester
compounds (as shown in Formulas (19) and (20)).

CH3CH2OH + SCN− → CH3CH2SCN (19)

CH3CH2SH + CN− → CH3CH2SCN (20)

6. 1,2-dimethyl-hydrazine (CAS#540-73-8, C2H8N2)

1,2-dimethyl-hydrazine could be found in 100% SOC LFP batteries. Under the intense
thermal runaway process, cyanide compounds in the electrolyte additive decomposed into
ammonia, which reacted with the ketones produced by the electrolyte decomposition to un-
dergo a ketazine reaction and which hydrolyzed to obtain hydrazine (as shown in Formulas
(20) and (21)) [58]. Trichlorotoluene in flame-retardant additives underwent hydrolysis at
high temperatures to form benzoyl chloride (as shown in Formula (23)) [59]. Benzoyl chlo-
ride reacted with ammonia to produce dibenzoyl hydrazine, which reacted with dimethyl
carbonate in the electrolyte to obtain symmetric dibenzoyl dimethyl hydrazine. Under the
action of acid, 1,2-dimethylhydrazine was formed (as shown in Formulas (24)–(26)) [60].

NH3 + R1R2CO→ R1R2C = N−N = CR1R2 (21)

R1R2C = N−N = CR1R2 + 2H2O→ 2R1R2CO + NH2NH2 (22)

C6H5CCl3 + H2O Fe3+ , 90 °C∼120 °C−−−−−−−−−−−→C6H5COCl + 2HCl (23)

C6H5COCl + N2H4 → C6H5CONHNHCOC6H5 → CH3NHNHCH3 (24)

C6H5CONHNHCOC6H5 + 2CH3COOCH3 → C6H5CON(CH3)N(CH3)COC6H5 (25)

C6H5CON(CH3)N(CH3)COC6H5 → CH3NHNHCH3 + 2C6H5COOH (26)
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4. Conclusions

The abuse test under the simulated thermal, electrical and other environmental con-
ditions is the key step of the general safety test. In this work, the TRT of 18650 LIBs was
carried out using the electrothermal trigger method. The temperature condition of the
LIB sample and the emission products were detected and analyzed, the battery thermal
chemistry reaction product formation mechanism was briefly inferred, and the following
results were obtained:

(1) The feasibility of thermal runaway of LIB triggered by the electrothermal method
has been verified. The LIB thermal runaway electric trigger device was built and used to
conduct the electric trigger test of LFP at 30% SOC at different trigger temperatures. The
relationship between the TRT time and the TRT temperature was observed. The trigger
time of thermal runaway is generally linear with the trigger temperature. A temperature of
170 ◦C was determined as the TRT temperature in this work.

(2) The thermal runaway processes of LIBs at different SOC were explored by the
electrothermal trigger thermal runaway experiment of three types of LIBs (NMC, LCO
and LFP) at 0%, 30%, 50% and 100% SOC. For the NMC and LCO, with the increase in the
SOC of the LIB, the LIB was more prone to thermal runaway, and the TRT temperature
was lower, resulting in more severe damage to the electrode material. The battery with
higher SOC was more prone to explosion. For LFP, only the 30% SOC battery was the most
stable, and the change in the cathode material after the reaction was the smallest. As the
SOC increased, the degree of material damage inside the battery increased, as well as the
degree of the internal short circuit and thermal runaway.

(3) GC-MS was used to qualitatively detect and analyze the thermal runaway gaseous
products of the battery. Dozens of toxic substances can be detected in thermal runaway
products of LIBs with different cathode materials and SOC, among which six very toxic
substances such as 2-propenal, methyl vinyl ketone, propanedinitrile, propanenitrile, 1,2-
dimethyl-hydrazine and thiocyanic acid ethyl ester could be detected and analyzed. For
NMC and LCO, high-SOC batteries had more types of products than low-SOC batteries. For
LFP, most types of toxic products were detected in 30% SOC battery samples. At the same
time, it was found that certain substances used as electrolyte solvents or additives may
react with electrode materials or thermal runaway products during the thermal runaway
process, generating new products with higher toxicity. Therefore, when choosing electrolyte
solvents and various functional additives containing elements such as N, S, Cl, etc., more
serious concern is needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9060308/s1, Table S1: List of all products of thermal
runaway for three types of batteries.
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