Journal of Thermal Analysis and Calorimetry (2024) 149:10321-10333
https://doi.org/10.1007/510973-024-13080-0

=

Check for
updates

Staged thermal runaway behaviours of three typical lithium-ion
batteries for hazard prevention

Yang Xiao'?® . Jia-Rong Zhao' - Lan Yin'2 - Bei Li3 - Yuan Tian*

Received: 16 July 2023 / Accepted: 16 March 2024 / Published online: 16 April 2024
© Akadémiai Kiado, Budapest, Hungary 2024

Abstract

Thermal runaway (TR) considerably restricts the applications of lithium-ion batteries (LIBs) and the development of renew-
able energy sources, thus causing safety issues and economic losses. In the current study, the staged TR characteristics of
three LIBs are examined using a self-built experimental platform and cone calorimeter. The results indicate that the TR of
the ternary lithium and lithium cobalt batteries successively underwent the following stages: smoke production, swelling,
bursting and combustion. By contrast, the lithium iron phosphate battery experiences smoulder instead of combustion dur-
ing TR process. The TR time of the ternary lithium, lithium cobalt oxide and lithium iron phosphate batteries are 728 s,
689 s and 849 s, and the critical temperatures are 260.02 °C, 240.84 °C and 290.88 °C, respectively. Moreover, the lithium
cobalt oxide battery has the largest heat release of 0.027 MJ m™, the ternary lithium battery presents the most mass loss
rate of 0.75 g !, and the lithium iron phosphate battery produced the largest smoke, CO and CO, during the TR process.
These results reveal the safety and stability of three LIBs and can be beneficial for studies on the proactive process safety
and potential hazard prevention of LIBs.
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Introduction been increasingly used because of their various advantages,

including high energy density, high power energy, favour-

Rapid consumption of non-renewable resources and mas-
sive emission of carbon dioxide since the Industrial Revolu-
tion in the nineteenth century have substantially increased
the damage caused to the environment [1]. To reduce this
damage, renewable energy development, transformation and
storage technology have improved considerably. LIBs have
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able cycle performance, long life cycle and environmental
friendliness [2]. However, with an increase in the capacity
and specific capacity of LIBs, the TR of LIBs has caused
numerous fires and explosion incidents involving energy
storage power stations, computers, mobile phones and elec-
tric cars (Fig. 1a), including LIB energy storage system acci-
dents in South Korea [3], the Tesla electric car battery fire
[4] and Samsung Galaxy Note 7 mobile phone explosions
[5]. Therefore, concerns have been raised regarding the use
of LIBs in terms of personal safety, commercial promotion,
social benefits and the ecological environment. The TR
characteristics of LIBs are widely studied in the renewable
energy industry.

TR is the primary cause of accidents involving LIBs
[5-9]. TR refers to the process in which uncontrollable exo-
thermic chemical reactions occur inside the battery under
severe conditions (heating, overcharging, short circuit,
puncture, extrusion, etc.) [10-14], resulting in an increase
in internal temperature, pressure, organic electrolyte pro-
duction and decomposition products (Fig. 1b). Combus-
tion or explosion accidents occur when the pressure and
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temperature of LIBs reach the upper limit. The methods,
such as differential scanning calorimeter (DSC), accelerating
rate calorimeter (ARC), C80 micro-calorimeter, VSP2 adi-
abatic calorimeter, oven box and numerical simulation meth-
ods commonly used to determine the TR of LIBs [15-21].

The TR of LIBs can be divided into different stages and
exhibit different behaviours. Wang et al. [4] characterised
the TR of fully charged 50 Ah LiNi,Co,Mn,_, ,O,/graph-
ite batteries by using different heating methods and divided
the TR into four steps, namely smouldering without flame,
gas release or explosion, flame and reignition stages. Ping
et al. [22] divided the combustion behaviours of a 50 Ah
lithium-iron phosphate/graphite battery pack into six stages,
including expansion, jet flame, stable combustion, a second
cycle of a jet flame followed by stable combustion, abate-
ment and extinguishment. TR would increase the risk of
a fire accident by triggering combustion and resulting in
heat release [23, 24], releasing toxic and harmful gases [25,
26] and generating a large amount of smoke. The combusti-
ble material ejected from LIBs, high-temperature electrode
active substance and oxygen are the three main conditions
required for LIBs combustion [27]. CONE is widely used to
investigate the combustion characteristics of LIBs. Fu et al.
[28] used CONE to examine the effect of the stage of charge
(SOC) on the burning behaviours of 18,650 LIBs. Zhong
et al. [29] used an improved CONE to examine the combus-
tion behaviours of 18,650 LIBs and measured the changes
in the law of temperature, the heat release rate (HRR) and
gaseous products. Yang et al. [30] developed a concentration
device to analyse CO and CO, gases released during the TR
of LIBs. The experimental results indicated that ambient
temperature, battery capacity and heating power were pro-
portional to the gas concentration.

Numerous factors affect the thermal behaviours and safety
of LIBs. The electrochemical behaviours of LIBs were

Fig. 1 Distribution of LIBs

directly proportional to the SOC [31]. LIBs with a higher
capacity tended to have higher TRs [20]. Moreover, differ-
ent heating regions and heating power are crucial for the TR
of LIBs [21]. The cathode material released the maximum
amount of heat during the TR of the battery, considerably
reducing the safety of LIBs [32]. Therefore, research on dif-
ferent cathode materials used in LIBs can help improve the
safety of LIBs.

In this study, we investigated the stability of cathode
materials used in three typical LIBs. LiCoO, is the first com-
mercial cathode material used in LIBs. Despite its demerits,
including high cost and the ability to cause severe pollution,
LiCoO, has been widely used in recent years. Currently,
the Tesla Roadster are powered by LiCoO, batteries [33].
Lithium iron phosphate batteries have higher stability due
to their olivine structure. Moreover, these batteries are safe
to use and environmentally friendly, exhibit superior cycling
performance, require low-cost raw material and have a high
TR critical temperature and low self-discharge rate [34].
In addition, ternary lithium batteries, which integrate the
advantages of LiCoO,, LiMnO, and LiFePO,, demonstrate
high energy density and favourable overall performance.
Ternary lithium batteries have been widely used in note-
books, new energy vehicles and energy storage systems in
recent years [35].

To sum up, many studies have found that battery capac-
ity, heating mode, SOC and other factors have a significant
influence on the TR process and combustion characteristics
of LIBs, and pointed out that the cathode material of the
battery is the key to high safety of LIB. However, the cur-
rent research focuses on the TR of the 18,650-type LIBs,
single LIBs and related materials, there are few comparative
studies on TR of soft-package LIBs with different cathode
materials, and the experimental methods used are relatively
simple. Based on it, we evaluated the TR and combustion
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characteristics of soft-package LIBs containing three cath-
ode materials by using an independently built experimental
platform and CONE in this work. Furthermore, we com-
bined data analysis with images to compare variations in
parameters in the various stages of three typical types of
LIBs to comprehensively analyse the TR behaviours of
LIBs. Subsequently, some combustion characteristic param-
eters of LIBs were explored, which may provide a reference
for the implementation of strategies for process safety and
potential hazard prevention of LIBs.

Materials and methods
The battery

Three typical soft-package LIBs with different cathode
materials including LiN;;Mn,,;Co,,;0,, LiCoO, and
LiFePO, were selected, namely ternary lithium battery,
lithium cobalt oxide battery and lithium iron phosphate bat-
tery, respectively. Figure 2 presents the structure of the soft-
package LIBs and the working principle. As Fig. 2¢c shows,

Fig.2 Structure (a) and work-
ing principle (b) of the soft-
package LIBs (a) and the crystal
structure of three cathode
materials (c¢)

LiN,;sMn, ;Co, 30, and LiCoO, have the same crystal struc-
ture as a-NaFeO, and the crystal structure of LiFePO, is
olivine-type [36, 37]. The anode materials of the three LIBs
are all carbon, and the electrolyte mainly consists LiPF, and
solvents (C;H,05, C,HO3). The nominal voltage of three
LIBs are 3.7 V, 3.2V, and 4.2 V. Otherwise, the capacity
values of the three LIBs were all the same as 2 Ah. Before
testing, we first discharged the new battery and then charged
those to 100% SOC at the same constant current.

Apparatus and procedures

As Fig. 3 presents, this work carried out a self-built experi-
mental platform and CONE to explore the TR behaviours of
three typical LIBs. The structure and principle of the appa-
ratus are as follows.

Self-built experimental platform
Figure 4 presents the schematic of the self-built experimen-

tal platform. The platform consists of an infrared thermal
imager (- 20 °C to 750 °C), a copper heating plate (150 X

Fig.3 Technology roadmap for
the experiments
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Fig.4 Schematic of the self-
built experimental platform

Temperature
control box

150 x 150 mm; 0-550 °C), a temperature control box (180
X 130 x 110 mm; 0-600 °C), a digital video camera (Sony,
HDR-CX405, 1080 p), and a data acquisition and storage
system (0—1000 °C) composed of thermocouples, a data
acquisition module (ART DAM-3038), wires and a com-
puter. We did preliminary experiments to detect the accuracy
of the self-built experimental platform before tests.

As presented in Fig. 4, the LIBs were heated using a cop-
per heating plate and an intelligent temperature controller.
An infrared thermal imager was placed 2 m to the front left
of the LIBs to capture the thermal image of the change in
the temperature of the LIBs in real time. Furthermore, a
camera placed 2 m to the front right of the LIBs was used
to record the combustion process during TR. The positive
and negative terminals of the LIBs were connected by wires
to monitor voltage. Five K-type WRNK-191 thermocouples
were arranged to monitor the change in the temperature of
the battery in real time, including the temperature of the
heating plate (¢,), the temperature near the LIB electrode
lug (,), the temperature of the LIB hot surface (#3, t,) and
the temperature of the LIB cold surface (5). In addition, to
further investigate the TR characteristics of LIBs, the critical
temperature values of the LIBs were examined by altering
heating methods. The critical temperature was defined as the
temperature value at TR occurred. Set initial temperature at
150 °C, and increase the temperature by 10 °C unless the
LIBs lost thermal control. Then, each temperature gradient
was maintained for 5-8 min until the occurrence of the TR
of the LIBs. At this moment, the values of the temperature
control box set were the critical temperature of LIBs.

Cone calorimeter
The combustion characteristics of the three LIBs were inves-

tigated using CONE. The HRR, total release rate (THR),
smoke produce rate (SPR), gas generation and mass loss

@ Springer

Data acquisition module
(ART DAM-3038) l

Camera

Infrared
thermal imager

&

Transparent shield

Type K
~ thermocopules

LIBs

Copper
heating plate

were measured. The three LIBs were placed in a sample
cell individually during the experimental tests. We covered
the sample by using a wire grid to prevent the generation
of explosion sparks that damage the cone heater. The sam-
ple was heated by the cone heater, and combustion gaseous
products were collected using an exhaust hood and trans-
ported using a ventilation system. The N,, CO and CO,,
0O,, mass, soot flow and baseline calibrations of CONE
were performed before the experiments. A gas analyser was
employed to measure the production of O,, CO and CO,.
The experimental temperature was increased from ambient
temperature to 400 °C. When the flame was completely put
out, the test was terminated.

Results and discussion
Thermal runaway of three LIBs
Thermal runaway behaviours

As Fig. 5 shows, different LIBs performed various behav-
iours and experienced three steps from start to finish during
the heating by a self-built experimental platform. Firstly, all
the LIBs were observed to produce smoke and gases with a
pungent odour near the electrode lug at different points of
time, including CO, HF, H,, CO,, SO,, CH,, C,H,, HC] and
other toxic gases [31, 32]. Moreover, the shell combustion
of the battery produced gases with a pungent odour. The
smoke volume increased with the temperature rise of the
heating plate. Then, the three LIBs began to swell after the
production of smoke and swelled to its limit after a short
time. Subsequently, the ternary lithium battery and lithium
cobalt oxide battery ejected numerous dazzling sparks near
the electrode lug after swelling and bursting, indicating the
occurrence of a TR. After approximately 7-8 s, the two LIBs
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Fig.5 Behaviours of the three
batteries using the self-built
experimental platform
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reached a stable combustion stage and burned silently. The
rapid swelling and combustion of the LIBs were primarily
due to the swift exothermic reaction occurring between the
electrolyte and cathode material, resulting in the generation
of a large amount of combustible gas (CH compound) and
combustion-supporting gas (O,) as Egs. (1-3) [38]. How-
ever, the TR behaviours of the lithium iron phosphate battery
showed large differences under external heating as shown
by the literature [39]. The battery ejected a large amount
of electrolyte after it was swollen to its limit at 817 s, and
then, smouldering occurred with the marked production of
abundant smoke. After approximately 30 s, the laboratory
was filled with smoke, and the battery did not stop reacting
until 1076 s. Further observation revealed that the surface
morphology of the LIBs was significantly different after
TR. The ternary lithium and lithium cobalt oxide batteries
completely burned and formed multilayer grey substances.
However, the lithium iron phosphate battery reacted incom-
pletely, and some dense black electrolyte was attached to
the battery surface. This is because the strong covalent P-O
bonds in the cathode inhibit the production of oxygen [40],
and release much less oxygen during the cathode decompo-
sition compared with other LIBs causing the combustion of
the electrolyte significantly inhibited [41]. The absence of
oxygen causes smouldering rather than steady combustion.
Additionally, by observing the changes in the infrared image
depicted in Fig. 5, it can be observed that as the temperature
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increases, there is a sharp rise in the overall temperature of
the three LIBs during the second stage. The temperature
distribution exhibits a gradual decrease from inner to outer
regions, indicating that TR of the LIBs initiate from a spe-
cific area rather than undergoing simultaneous reaction.

Li,Co0, — xLiCo0, + 1/3(1 = x)C0;0, + 1/3(1 — x)O, 1
(H
NCM(R3 — M) — (Mn, Ni)(Fm3m) + CoO+ 0, 1 (2)

2FePO, — Fe,P,0, + 0.50, 1 3)

In summary, the TR process of the ternary lithium battery
and lithium cobalt oxide battery differed from that of the
lithium iron phosphate battery. A mass of previous works in
the literature has shown that lithium iron phosphate battery
is the safest among many other LIBs chemistries [42, 43].
The time required from the production of smoke to the end
of the reaction for the ternary lithium battery and lithium
cobalt oxide battery was approximately 60 s shorter than
what was required for the lithium iron phosphate battery. In
addition, the combustion of the ternary lithium battery and
lithium cobalt oxide battery were observed, and the smoke
produced by these two LIBs was less than that produced
by the lithium iron phosphate battery. Although the com-
bustion phenomenon was not observed after the bursting of
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the lithium iron phosphate battery, the generation of smoke
and gases with a pungent odour was noted. The lithium iron
phosphate battery might explode if the generated combusti-
ble gas reaches the explosion limit and encounters external
ignition sources as reported in Ref. [44].

However, as Fig. 6 illustrates, the behaviours of the three
LIBs have shown different under the CONE test. With the
constant increase in radiation flow, the lithium iron phos-
phate battery burned and produced less smoke unlike the
results reported above. This finding was ascribed to the fact
that the self-built platform set up in the laboratory required
placing the battery in a semi-closed space leading to the
accumulation of substances generated around the battery
and less oxygen released during the decomposition of the
lithium iron phosphate battery. Due to these two factors,
insufficient oxygen was provided into the interior of the bat-
tery. However, a CONE was used in this experiment, smoke
produced by the combustion of the battery was discharged
through the exhaust pipe and the pen space of LIBs placed
provided adequate oxygen from outside. Figure 6 also points
out the time to occur combustion of the three LIBs are 535,
477 and 555 s, respectively. The lithium cobalt oxide battery
occurred TR at the shortest reaction time, whereas the lith-
ium iron phosphate battery required the longest time. Such
a finding indicated that the lithium iron phosphate battery
possessed the highest thermostability.

Variation of temperature and voltage

Figure 7 depicts changes in the temperature of the three
LIBs. Five stages were divided by temperature change
curves, and their TR behaviours were analysed. In stage I,
except for the cold surface, the temperature increased slowly
and exhibited the same trend as the heating rate of the heat-
ing plate. This was because heat was mainly generated from
the heating plate, whereas less heat was generated within
the battery. Thermocouples arranged on the cold surface and
electrode lug were far away from the heating plate, resulting
in lower temperatures. In stage II, heat released by the chem-
ical reactions of some active materials at high temperatures
caused a slow increase in the heating rate. In stage III, the

Fig. 6 Combustion stage of
three LIBs [ternary lithium
battery (a), lithium cobalt oxide
battery (b) and lithium iron
phosphate battery (c¢)] using a
CONE

(a) 5355
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battery was swollen and exploded with a marked increase in
temperature within a short time interval, reaching the highest
heating rate. In stage I'V, the temperature first increased and
then decreased during the steady combustion period. The
temperature reached the maximum while the heating rate
decreased promptly. In stage V, a complete electrochemi-
cal reaction occurred, and the temperature decreased slowly
after flame extinguishment.

As presented in Fig. 7a, the temperature of the LIB
increased uniformly with the lifting of the heating plate
at the initial heating stage. At 723 s, the battery tempera-
ture increased sharply, reaching the maximum value of
637.23 °C within 8 s, and the maximum temperature reached
63.89 °C s™! after 20 s. Figure 7b depicts that the TR of the
lithium cobalt oxide battery occurred at 684 s while the tem-
perature reached the maximum value of 859.53 °C and the
temperature increased to 143.64 °C s™! after 20 s. Figure 7c
indicates that the lithium iron phosphate battery was out of
control at 852 s. Meanwhile, the maximum temperature of
the battery reached 488.54 °C, and the temperature increased
rapidly by 29.01 °C s™! after the explosion of the battery.
Under the same heating conditions, the lithium cobalt oxide
battery reached TR earlier and attained higher temperature
and heating rate values than the lithium ternary battery and
the lithium iron phosphate battery.

The voltage of the ternary lithium battery and lithium
cobalt oxide battery fluctuated after the swelling of the bat-
tery (Fig. 7d). The voltage dropped to O V within 8§-10 s
after the occurrence of TR. The voltage exhibited no promi-
nent change before the TR occurred; thus, the voltage can-
not indicate the occurrence of TR. However, the voltage of
the lithium iron phosphate battery was not decreased to 0 V
immediately. The voltage exhibited apparent fluctuations in
stage IV after the material inside the battery decomposed
incompletely.

Critical temperature of thermal runaway

To determine the TR characteristics of the LIBs, the tem-
perature was set at 150.00 °C first and then increased by
10 °C every 5-8 min until the occurrence of the TR of the
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Fig. 7 Temperature and temperature increase rate curves of five faces and division of TR stages for the ternary lithium battery (a), lithium cobalt
oxide battery (b), lithium iron phosphate battery (c) and the voltage of three typical LIBs (d)

LIBs. Changes in the TR critical temperature, voltage and
the behaviours of the three LIBs were determined (Fig. 8).
We observed that if the temperature of the heating plate
remained unchanged after the production of smoke and the
slight swelling of the battery, the TR phenomenon did not
occur immediately. As the temperature of the heating plate
increases, the battery became swollen to its limit. When
the temperature of the heating plate remained unchanged,
TR easily occurred in a short period. Unlike the ternary
lithium battery, the lithium cobalt oxide and lithium iron
phosphate batteries exhibited slight air leakage at 220.00
and 160.00 °C, respectively, with a concurrent decline in
voltage during the test. With an increase in the heating
plate temperature, the voltage of the lithium iron phos-
phate battery increased again until it decreased to 0 V after
TR. The critical temperatures for TR of the three LIBs
were 260.02, 240.84 and 290.88 °C, respectively, which

indicated that lithium iron phosphate battery had the high-
est thermal stability than others.

Combustion characteristics of three LIBs
Thermal parameters

HRR and THR are crucial elements governing thermal haz-
ards, they must be considered while investigating the fire or
explosion risks of the LIBs. Figure 9 depicts the HRR and
THR variation curves of the three LIBs under the constant
radiation current. The three LIBs had no perceivable heat
release until the battery began to burn. During the combus-
tion stage, the HRR of ternary lithium battery, lithium cobalt
oxide battery and lithium iron phosphate battery are rapidly
increased and reached the maximum at 428.78, 508.87 and
254.93 kW m, respectively, and then decreased at once.
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Fig.9 HRR (a) and THR (b) curves of three LIBs

The lithium cobalt oxide battery released heat first, followed
by the lithium iron phosphate battery. As Fig. 9a shows, the
HRR of the lithium cobalt oxide battery rapidly increased
at first, whereas that of the lithium iron phosphate battery
was more stable than those under the same heating condi-
tions. In addition, the THR of the lithium cobalt oxide bat-
tery were the highest reaching 0.027 MJ m™, indicating that
the lithium cobalt oxide battery had a higher risk of TR than
the other two LIBs.

Smoke and gas production
Abundant CO, CO,, H,, CH,, C,H,, C,H,, PF;, and other
poisonous and harmful gases can be generated during

the overheating of the LIBs [32], resulting in hypoxia,
asphyxia, poisoning and other conditions in the human
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body. A CONE can be utilised to quantitatively analyse
smoke and gases produced during the TR of the LIBs.
The smoke produce rate (SPR) and total smoke produc-
tion (TSP) of the three LIBs are presented in Fig. 10. The
SPR of the three LIBs was low before combustion, but
rapidly increased when they were out of control, reaching
the maximum values of 0.13, 0.08 and 0.21 m?s™, respec-
tively. The largest TSP of the lithium iron phosphate bat-
tery was 6.8 m>.

Figure 10c, d presents the concentration variation of
CO and CO,. Both them were generated at the beginning
of the smoking stage of the LIB. As temperature rises, the
concentrations of CO and CO, increased markedly until
the end of combustion. The concentration of CO, is signifi-
cantly higher than CO. The generation of CO, was related
to certain chemical reactions, including the decomposition
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Fig. 10 Smoke parameters of three LIBs: SPR (a), TSR (b), content variation in CO (c¢) and CO, (d) produced by three LIBs
of th(.z solid electrolyte interface film (Egs. 4, 5) an'd the 2.50, + C3H,04(EC) - 3CO, 1 +2H,0 t (6)
reaction between the electrolyte and cathode material as
Egs. (6) and (7) shows [38]. Some CO was formed by the
reaction of the cathode electrode of the battery with the 40, + C4Hg0,(PC) — 4CO, 1 +3H,0 1 Q)
resulting CO, (Eq. 8), and it can also be produced from
incomplete reactions (Eqs. 9 and 10) [4]. Therefore, the ~ 2CO, +Li" +2¢~ — CO 1 +Li,CO; (8)
electrolyte of the LIBs and the anode material of the dia-
phragm exerted a substantial effect on the production of 0, + C;H,0,(EC) - 3CO t +2H,0 1 )
CO and CO,. The toxic and harmful gaseous products indi-
rectly reflected the risk of the TR of LIBs. The more the 20, + C,H,05(PC) — 4CO 1 +3H,0 1 (10)

CO and CO, were produced, the higher the risk for the TR

of the LIBs was.

(CH,0CO,L1), = Li,CO; + C,H, 1 +CO, 1 +0.50, 1
“

Li,CO; = Li,0+CO, 1 5)

Mass loss

The mass variation of the three LIBs during TR can be
divided into four stages as follows (Table 1). Stage I (¢,_,)
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Table 1 Some parameters for
mass loss of the three LIBs by

the CONE

LIBs tfs tJs t/s Amg_ /g Am,_Jg Amy_/g Foad2 s

Ternary lithium battery 513 535 575 0.8 54 6.2 0.75

Lithium cobalt oxide battery 304 465 493 2.1 32 53 0.5

Lithium iron phosphate battery 406 555 887 4.3 4.1 8.4 0.4
Discussion

is the heating stage of the battery from the beginning of
the experiment to the beginning of the loss in mass, where
the mass of the LIBs did not change markedly, princi-
pally because the LIBs were well sealed with no leaks or
openings. The temperature did not reach the critical value
for the reaction of the various components of the LIBs.
The second stage was between the mass loss and com-
bustion of LIBs (¢,_.), and high temperatures promoted
chemical reactions within the battery, increased the gas
production rate and caused the loss of mass of the battery
at a relatively mild rate. Furthermore, the LIBs entered
the TR period with a sharp decline in battery loss after
combustion (7._,). During this period, the LIBs cathode
material decomposes and releases a lot of heat, and the
electrolyte burns, which are the direct causes of sharp
mass loss; the mass loss of three LIBs reached 5.4, 3.2
and 4.1 g, respectively. The maximum battery mass loss
rates (7,,,.» MLR) of the ternary lithium battery, lithium
cobalt oxide battery and lithium iron phosphate battery
were 0.75, 0.50 and 0.40 g s™!, respectively. In stage IV,
the mass loss had very little decrease, which indicated that
combustion slowed down and terminated gradually. The
total mass loss (Am,_,) was 6.2, 5.3 and 8.4 g, respectively.
Although the ternary lithium battery exhibited the earliest
mass loss, due to the presence of oxygen atoms, the degree
of complete combustion during TR was higher than that
of the other two types.

Fig. 11 TR behaviours with |~ (@) " Lithium cobalt oxide baftery
reaction process of LIBs

In this work, two experiments were carried out to explore
the TR behaviours, heat variation and mass loss of three
LIBs from macroscopic. In fact, the TR process of LIB is so
complicated mainly because of the complex thermochemical
reactions inside the LIB during heating. The TR process of
the LIB was further discussed by combining the experimen-
tal results with the previous references.

According to Fig. 11a, the TR process of LIBs can be
summarised as four exothermic reactions between differ-
ent materials, including the heating decomposition of the
SEI layer, the reaction of anode material and electrolyte,
the reaction of cathode material and electrolyte and electro-
lyte decomposition. Firstly, the metastable components of
the SEI layer (CH,OCH,L1i), decompose exothermically at
90-120 °C [45]. As the temperature increases and the heat
released from the decomposition of SEI layers increases, the
organic solvents in the electrolyte react with the negative
lithium releasing flammable hydrocarbon gases [46]. The
gas generated not only increases smoke but also increases
the internal pressure of the battery causing the slowly swell-
ing of LIBs. Further increasing the temperature, the dia-
phragm of LIBs melts and causes a short circuit, triggering
the continuous heat release of the battery [10]. The cathode
material is partially decomposed to completely decom-
posed as the temperature increases, and then, the gener-
ated oxygen reacts with the electrolyte, releasing large heat
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and producing a mass of combustible gases [46]. It can be
known the decomposition temperature performs LiCoO,
< LiN,;3Mn,;;Co,,50, < LiFePO, from the TR critical
temperature of three LIBs in section “Critical temperature
of thermal runaway.” The large increase of heat and pres-
sure inside the cell leads the LIB to swell and burst when
it reaches the limit, ejecting a large amount of electrolyte.
The electrolyte decomposed under high temperature, and the
ternary lithium battery and lithium cobalt oxide battery enter
a stable combustion stage with the assist of enough oxygen
and combustible gas. But no combustion reaction occurs in
lithium iron phosphate battery due to the lack of oxygen. The
flammable gas, oxygen and heat released during the whole
process are an indispensable part of TR, and the quality of
the LIB is greatly reduced due to the decomposition and
combustion of internal materials.

As Fig. 11b shows, the comprehensive analysis of temper-
ature, reaction time, thermal parameters and gases of LIBs
TR indicated that the lithium cobalt oxide battery has the
lowest temperature condition required for TR, the highest
heating rate during TR and the most heat release, followed
by the ternary lithium battery. However, lithium iron phos-
phate batteries release the highest amount of smoke, CO
and CO, after the TR, causing a higher risk of poisoning
and suffocation. It indicates the stability and safety of the
lithium cobalt oxide battery are the worst. Significantly, the
lithium iron phosphate battery has higher thermostability but
greater thermal runaway hazardness than the ternary battery.

These results shed light on the thermal runaway behav-
iours of three LIBs and the harm it can cause, propose some
detection parameters for the TR of the LIBs, and provide
a basis for the selection of lithium battery under different
requirements. Combined with these results, it is recom-
mended to avoid the use of lithium cobalt oxide batteries
in daily needs or commercial applications. Besides, when
analysing the risk of TR and fire in different LIBs, param-
eters such as temperature, heat, gas and time need to be
comprehensively discussed. Significantly, it is necessary to
prevent thermal runaway before it occurs for the time of
thermal runaway of lithium batteries is too short. It is effec-
tive to analyse cathode materials, temperature and storage
environment.

Conclusions

In this work, a new methodology is proposed to investigate
the staged TR characteristics of the three LIBs comprehen-
sively and clearly with different cathode materials through
the combination of quantitative and qualitative, data analysis
and image form by using a self-built experimental platform
and CONE. The following primary conclusions were drawn:

e The TR characteristics of the three LIBs were remarkably
distinct. The ternary lithium battery and lithium cobalt
oxide battery exhibited four stages of smoke, swell, burst
and stable combustion, whereas the lithium iron phos-
phate battery exhibited the stages of smoke, swell, burst
and smoulder without a flame in the entire experiment.
Furthermore, the corresponding TR critical temperatures
were 260.02, 240.84 and 290.88 °C, respectively.

e With the generation of a considerable amount of smoke,
CO and CO, gases were generated before the battery
burned. The HHR and MLR increased rapidly at the
steady combustion stage. The CO and CO, gas concen-
tration and the LIB mass change can serve as valuable
parameters for the study of TR warning index.

e The comprehensive analysis of the two experiments not
only reveals that the lithium iron phosphate battery and
ternary lithium battery presented higher safety and sta-
bility than the lithium cobalt oxide battery did but also
showed greater significance in the potential fire or explo-
sion hazard prevention of LIBs.
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