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Abstract

Under abusive conditions, lithium-ion battery (LIB) are prone to thermal runaway (TR), which can result in fire and explo-
sion, even toxic. A water-in-oil dodecafluoro-2-methylpentan-3-one (C4F;,0) microemulsion was created in this study by
emulsifying C4F,,0 as the oil phase with a fluorocarbon surfactant, sodium perfluorooctanoate, and a co-surfactant, per-
fluorobutanol, and encapsulating the aqueous phase. In this paper, the combustion characteristics of 100% SOC LIB and the
fire extinguishing experiments of various inhibitors such as microemulsions were carried out; the flame suppression effect,
cooling effect and suppression of TR gas production effect of different extinguishing agents were explored; the synergistic
suppression mechanism of C¢F;,O microemulsions on LIB fires was revealed. The experimental results show that C;F,,0
microemulsions can quickly and effectively extinguish LIB flames after release, and their fire extinguishing time is short,
which can effectively reduce the generation of high temperature battery fumes and prevent battery re-ignition without short
circuit risk. The microemulsion PM1 (61.2% C¢F,,0, 26.5% water, and the rest emulsifiers) was the most effective: compared
with C¢F|,0 and water, the cooling efficiency was enhanced by 156% and 28%, respectively, and the degree of TR inhibition
was enhanced by 18.5% and 24.0%; and the release of cell gas production during inhibition was reduced.
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Introduction

Due to their notable attributes such as high energy density,
extended cycle periods, elevated voltage levels, and absence
of memory effect, Lithium-ion batteries (LIBs) find exten-
sive application in several domains including electric vehi-
cles, electrochemical energy storage systems, and ordinary
consumer use [1, 2]. Nevertheless, LIBs are susceptible to
thermal runaway (TR) when exposed to abusive circum-
stances, including excessive charging, overheating, short cir-
cuiting, and mechanical impacts [3—8], resulting in smoke,
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combustion, explosion, and even toxic release, endangering
human life and property safety. Extensive study has been
conducted on the thermal dangers and safety aspects of lith-
ium-ion batteries (LIBs) in order to effectively mitigate the
concerns that must be addressed within the safety framework
of the energy storage industry. During the thermal runaway
(TR) process, a range of exothermic reactions take place
within lithium-ion batteries (LIBs), resulting in an eleva-
tion of battery temperature and facilitating more exothermic
reactions [7, 9-12]. Furthermore, the process produces huge
amounts of flammable and toxic gases, such as H,, CO, HF,
NOy, and SO, [13-15]. An enormous amount of gas build
up inside the cell, causing the rupture disk to open. An enor-
mous amount of gas are then ejected from the rupture disk
and ignited at high temperatures, resulting in fires and, in
extreme cases, explosions in enclosed spaces.

As a result, to reduce the risks of TR in LIBs, different
machine learning methods have been successfully used
in battery thermal management systems [16]. Researchers
have focused their attention on the LIBs fire extinguishing
agents, and numerous experiments have been conducted.
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Water, as an alternative to halon extinguishing agents,
does not cause ozone depletion and is absolutely green,
non-hazardous, and sustainable [17-20]. Egelhaaf et al.
[21] investigated the efficacy of water, an aqueous solu-
tion containing the additive F-500, and an aqueous solu-
tion containing a geling agent in suppressing LIBs fires.
They discovered that water was effective against LIBs fires
and that the additive could reduce the amount of water
needed to extinguish the fire. Yuan et al. [22] experimen-
tally verified that a 3% F-500 solution is up to three times
more effective in cooling LIBs fires than a pure fine water
mist. Xu et al. [23] compared and analyzed the suppression
effect of three extinguishing agents (CO,, HFC-227ea, and
fine water mist) on LIBs fires, and the results revealed that
CO, and HFC-227ea could not completely suppress LIBs
fires, but fine water mist could. However, Zhang et al. [24]
pointed out that when the fine water mist spraying stopped,
there was no prominent difference in the cooling rate of
the battery; the cooling effect increased with the amount
of water, and the water mist did not forestall the propa-
gation of TR, but only delayed it. Furthermore, because
of the low contact efficiency, the actual water required
to cool the battery is saliently greater than the theoreti-
cal water. According to Liu et al. [25], using fine water
mist before the critical temperature has a sound cooling
impact on the battery and can help prevent TR. However,
once the critical temperature has been reached, there is no
way to stop the battery from experiencing TR. In recent
years, novel halon substitutes have gained popularity for
LIB fires due to their strong chemical inhibition, superior
insulation, and sound environmental performance. Zhao
et al. [26] compared the fire suppression properties of
four fire extinguishing agents (fine water mist, C¢F,,0,
ABC, and BC ultra-fine dry powder) and discovered that
fine water mist was more effective at cooling, C4F,,0 was
effective at reducing CO, and the vapor could persist in
the air for a long time and put out LIBs fires. Although
the cooling effect is limited and LIBs may re-ignite,
Liu et al. [27] showed that there is an optimum dose of
C4F,0 to put out LIBs fires in a short amount of time. In
an experiment, Wang et al. [28] showed that HFC-227ea
can extinguish fires in individual cells or small battery
packs. However, even after the fire has been put out, the
battery’s violent reaction is still going on, and flammable
gases are constantly being ejected, which could cause the
fire to re-ignite. It is possible for the battery to relight. To
compare the fire extinguishing and cooling effects of three
gaseous fire extinguishing agents—C¢F,0, HFC-227ea,
and carbon dioxide—in synergistic application with fine
water mist on 243Ah large size LiFePO, cells, Zhang et al.
[29] combined gaseous fire extinguishing agents with fine
water mist. Compared to single extinguishing agents with
the same release mechanism and release time, the results
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demonstrate that the synergistic application of gaseous fire
extinguishing agents with fine water mist provides better
fire extinguishing and cooling effects.

In summary, the existing body of research on fire extin-
guishing agents for lithium-ion batteries can be categorized
into two main groups. One course focuses on the study of
water mist and water mist extinguishing agents with addi-
tives. These agents are essentially water-based extinguishing
agents that possess a notable attribute of effectively cool-
ing lithium-ion batteries through continuous application.
The fire extinguishing and cooling capacity of additives
can be enhanced by modifying their characteristics. How-
ever, it is important to note that the inadequate insulation of
the extinguishing agent has the potential to induce a short
circuit in lithium-ion battery systems, leading to a second-
ary fire. Consequently, the high conductivity of water can
be considered a critical limitation in this context. Another
category is defined by the utilization of perfluorohexanone,
heptafluoropropane, and other halon alternatives as the pri-
mary gaseous agent for fire suppression. This category is
distinguished by its potent chemical inhibition properties,
enabling rapid extinguishment of battery fires. Additionally,
the agent exhibits prolonged persistence in the air, allow-
ing for continuous action. However, it is important to note
that this category's cooling effect is insufficient, resulting in
inadequate suppression of rekindling.

The TR reaction of LIBs in a heated, pressurised tank
device was studied by Koch et al. [30], who also examined,
measured, and determined the emission gases’ affecting
components. The results showed that energy density and
battery capacity were significant determinants of the num-
ber of emissions, with CO,, CO, H,, C,H,, CH,, C,H,, and
C;Hg accounting for over 99% of the emitted gases, with
CO,, CO, and H, being the predominant ones. The princi-
pal emitted gas components for various battery types were
found, along with the concentrations, by Yuan et al. [31],
who researched the gases released from LIBs with various
chemical compositions. Peng et al. [14] employed a toxic
gas model to quantitatively assess the overall toxicity of
the released gas and discovered that lithium iron phosphate
batteries with a higher state of charge (SOC) had a greater
fire risk in terms of toxic gas concentrations. In their study
of the combustion and explosion risks associated with the
TR in lithium cobaltate batteries, Somandepalli et al. [32]
experimentally investigated and characterized the gas com-
position, explosion limits, and other indicators. They discov-
ered that the main flammable gas components were CO, H,,
and hydrocarbons, and they established the lower explosion
limit (LEL) and upper explosion limit (UEL) of the released
gases in various charge states. Zhang et al. [33] investigated
the toxicity of the gas released during the TR of ternary
LIBs. They used effective dose fraction and effective con-
centration models to assess the gas toxicity and discovered
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that the effect of HF was the most prominent and that the
system’s gas toxicity increased following water spraying.
To determine the toxicity of the HF and SO, gases released
from small-capacity lithium iron phosphate batteries and to
forecast the toxicity of the entire lithium-ion module, Lecocq
et al. [34] conducted combustion tests on the batteries. [15],
Larsson et al. [35, 36] performed fire tests to quantify the
toxic fluoride gases released from different types of LIBs.
They discovered that the fine release of water mist increased
the rate of HF production and that the lower the charge state,
the more HF was produced.

Numerous studies have been conducted to examine the
concentration and composition of gases emitted by TR.
These investigations have involved diverse chemical compo-
nents within LIB systems. Present evaluations of gas hazards
primarily center on the inherent risks of combustion, explo-
sion, and toxicity associated with the batteries themselves.
To yet, there has been a lack of scholarly examination and
assessment about the impact of extinguishing chemicals on
the emission of gases from thermal runaway batteries.

This paper aims to investigate the fire combustion char-
acteristics of lithium iron phosphate batteries under thermal
runaway conditions. To achieve this, a battery thermal runa-
way and fire extinguishing platform will be established. The
study will involve conducting thermal runaway combustion
inhibition experiments using a perfluorohexanone micro-
emulsion. The inhibitory effects of perfluorohexanone and
fine water mist as extinguishing agents will be compared,
analyzing their respective flame inhibition effects, cool-
ing effects, and gas release. The findings of this research
will provide theoretical support and guidance for selecting

appropriate extinguishing media and agents for lithium iron
phosphate batteries, as well as contribute to the development
of safety standards for batteries.

Experiments
Battery

A 50 Ah LIB with a positive electrode material of LiFePO,
was selected for this study, consisting of electrode material,
electrolyte, separator, aluminum case, safety vent, and cur-
rent collector. The battery had a nominal voltage of 3.2 V
and a prismatic shape with dimensions of 148 mm (L) X 28
mm (D) x 116 (H) mm. Before testing, the battery was dis-
charged to a cut-off voltage of 2.5 V by constant current
(10A, i.e., 0.2C) and then charged to a 100% state of charge
(SOC) by 10A constant current, at which point the full
charge cut-off current was 1A.

Experimental setup

The experimental setup, as shown in Fig. 1, consisted pri-
marily of an explosion-proof box, a fire extinguishing sys-
tem, a battery module box, a battery heating system, a tem-
perature data acquisition system, a ventilation device, a gas
collection device, a gas analyser, and a camera.

The explosion-proof box measured 1 mx 0.7 mx 1.8
m and had explosion-proof glass on the front, allowing
the external camera to record the entire experimental pro-
cess. A fire extinguishing agent storage tank, water pump,
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pressure gauge, solenoid valve, water pipe, and atomizing
nozzle were the main components of the fire extinguishing
system. A 500 W electric heating plate, an electric heating
unit, and a temperature control box were included in the
battery heating system. The temperature acquisition system
consisted of a K-type thermocouple and a real-time display
instrument with a 1 time/s acquisition frequency. The gas
analyser had a 1 time/s acquisition frequency and a range of
1~20,000 ppm. As shown in Fig. 2(a), to prevent heat loss
into the air, the batteries were placed in parallel in the bat-
tery module box, close to a heating plate of the same size as
the batteries, clamped with two steel plates separated by a
heat insulation plate. The heating plate was heated with an
electric heating device until the battery experiences TR and
was ignited with a manual electric igniter. During the test,
10 K-type thermocouples were distributed around the LIB to
detect the battery’s surface, flame, and ambient temperature;
the thermocouple distribution is shown in Figs. 2(b) and
(c). K1 monitored the temperature at the center of the heat-
ing plate, K2-K4 were distributed diagonally along the long
surface of the battery, and the average temperature of K2-K4
measured the temperature of the long surface of the battery,
K5 monitored the temperature of the battery’s side surfaces,
K6 monitored the temperature of the positive terminal of
the battery, and K7 surveiled the temperature of the flame
20 cm above the battery. To exhaust the fumes produced by
the cell’s TR, an explosion-proof fan with a power of 0.18
kW and a gas pipe with a volume flow rate of 622 m*/h were
used. During the experiment, a gas analyser was used to
measure the concentrations of CO, CO, and H, in real-time.

The tank was filled with various fire extinguishing solu-
tions, and the agent was released through an atomizing noz-
zle with a working pressure of 5.5 MPa and a flow rate of
1.62 L/min. The nozzle was 30 cm from the top of the bat-
tery, resulting in a fine water mist atomisation angle of 60°,

Lithium

battery Insulation

Heating board
oar

panel Fixture

which was sufficient to cover the entire battery range. When
the LIB emitted gas, a pointed flame ignited the smoke,
resulting in a stable flame. When one of the thermocouple
temperatures T;, T,, or T; exceeded 150 °C and the tem-
perature rise rate exceeded 1 °C s™!, the pump was activated,
allowing the extinguishing agent to be released.

Fire extinguishing agent preparation

In essence, C¢F|,0 is insoluble in water because it is a
perfluorocarbon compound. In this study, sodium perfluo-
rooctanoate surfactant was used as the emulsifier and per-
fluorobutanol as the co-emulsifier, with a mass ratio of 2:1.
To make the oil phase solution, a certain amount of the com-
pounded surfactant was thoroughly mixed with the oil phase
of C4F,,0 and stirred for 10 min with a constant temperature
magnetic stirrer until homogeneous. Then, drop by drop,
added deionised water to the solution of C¢F,,0 dissolved in
surfactant, each drop after adding a certain amount of water,
ultrasonic treatment instrument for 3 min, deionised water
after all drops were added and stood for a period of time
to obtain C¢F,,0 and water of the water-in-oil microemul-
sion. Conductivity was one of the most important parameters
affecting water-based extinguishing agents that caused short
circuits outside the battery system [37]; therefore, determin-
ing its conductivity, and characterizing the insulating prop-
erties of water-based extinguishing agents, was critical. At
room temperature, the conductivity of microemulsions was
measured using a conductivity tester (model DDSJ-308F,
measuring range 0.000-1000 mS/cm, minimum resolution
0.001 u S/cm, temperature range —5.0-110.0 °C).

There are a variety of component ratios in the man-
ufactured microemulsions due to the limitations of the
emulsifier and the characteristics of the oil phase C¢F,,0,
and water accounts for up to 26.5% of the total. The

(b) (c)

Fig.2 Battery module box and thermocouple distribution: a overall view, b heating plate surface, and ¢ cell surface

@ Springer



Efficiency of dodecafluoro-2-methylpentan-3-one microemulsion to inhibit thermal runaway. ..

12895

Table 1 Parameters of C¢F;,O microemulsions

Fire extinguish- Percentage of Percentage of  Electrical

ing agent CeF1,0/ % water / % conductivity / p
S/cm

PM1 61.2 26.5 3.92+0.15

PM2 66.7 20 3.89+0.20

PM3 73.2 12.2 3.75+0.16

Table 2 Experimental working conditions

Case Extinguishing Agent Pressure / MPa  Electrical
agent dosage conductivity /
/kg 4 slem

#1 No agent - - -

#2  Tap water 1 5.5 380+2.40

#3  C¢F 0 1 55 0

#4  PMI1 1 55 3.92+0.15
#5  PM2 1 55 3.89+0.20
#6  PM3 1 55 3.75+0.16

parameters of the C¢F,,0 microemulsion extinguishing
agent used for the experiments are listed in Table 1. Three
different ratios of microemulsions, PM1, PM2, and PM3,
were prepared according to the different ratios of C¢F,,0
and water, and water and C¢F,,0 were used as control
groups to suppress the battery TR and flame.

Experimental working conditions

The suppression effects of C¢F,,0, water, and three ratios
of microemulsions on battery fire and fire characteristic
parameters were compared with battery combustion with-
out fire extinguishing agent, to explore the performance
of C4F,O0 microemulsions in suppressing TR and fire
extinguishing in the LIB. The experimental conditions
are listed in Table 2.

Results and discussion
Combustion behavior of the battery

The battery combustion process is shown in Fig. 3, and
the temperature change of the battery surface is shown
in Fig. 4.

From Figs. 3 and 4, the thermal runaway and combus-
tion process of lithium iron phosphate batteries can be
divided into four stages: (I) warming and exhaust stage;
(IT) stable combustion stage; (III) intense combustion
stage; (IV) flame extinguishing stage.

In stage I, with the continuous heating of the electric
heating plate, the battery heat gradually accumulates, the
temperature of thermocouple K1 directly connected to the
heating plate T, rises rapidly, and the temperature of the
thermocouple connected to the battery is also increasing, as
T5 and T are closer to the heating plate, their temperature
rise rate is greater than that of 7,, T5 and 7, on the other
long surface of the battery. A series of reactions begin to
occur inside the battery at this stage. The solid electrolyte
interface film (SEI) will start to decompose first at around
90-120°C, and the reaction is shown in Eq. (1). And the
electrolyte inside the battery, such as ethylene carbonate
(EC), dimethyl carbonate (DMC), diethyl carbonate (DEC)
and other organic solvents react with Li and other organic
solvents in the negative electrode to produce a large amount
of gases such as C,H,, as shown in Eqgs. (2—4). This leads
to the accumulation of gas and heat inside the cell, and the
surface deforms and expands due to the increase in internal
pressure, at which point no thermal runaway occurs.

(CH,0CO,Li), —> LiyCO5 + C,H, + CO, +1/20, (1)

2Li + C;H,04(EC) — Li,CO, + C,H, o)
2Li + C;H05(DMC) —> Li,CO, + C,Hj 3)
2Li + CsH,,03(DEC) —> Li,CO; + C,Hy @)

In stage II, the internal pressure reaches the threshold,
the safety valve opens, ejecting a large amount of gas and

==t

b O
| p
&.-ﬁ

Fig.3 Battery combustion without extinguishing agent
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smoke; high-temperature gas products are ejected into the
environment, taking away some of the heat, making the tem-
perature of each thermocouple on the surface of the battery
have different degrees of decline. Safety valve open lithium
iron phosphate battery will not occur after spontaneous com-
bustion, you need to manually open the electric igniter. At
543 s, the gas is ignited by the electric ignition spark, a jet
fire occurs, the flame first strong and then weakened and
then tends to stabilize. Affected by the flame heat radia-
tion, the positive thermocouple temperature T, fluctuates
relatively large, while the other thermocouple temperature
is less affected. At this stage, with the accumulation of
internal heat, the decomposition reaction of cathode mate-
rial LiFePO, occurs, the electrolyte LiPF reacts to generate
HF and other toxic gases, EC and DMC with the generated
oxygen to generate a large amount of CO,, as shown in Eqgs.
(5-8).

2LiFePO, — FeP,0; +1/20, &)
LiPF, + H,O — LiF + POF; + 2HF 6)
5/20, + C3H,05(EC) —> 3CO, + 2H,0 )
30, + C3Hy,05(DMC) — 3CO, + 3H,0 8)

In phase III, the cell burns violently, with the flame
becoming brighter and lighter in color, and burns violently
for about 50 s. The cell surface temperature rises sharply,
with the temperature rise rate at each measurement point
rising from less than 0.5 °C s~! previously to more than
1 °C s~!. This change occurs first at T, followed by T,, T5,
and T,, because TR is first triggered at the heated surface,
and then spreads along the cell thickness direction and then
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propagates to the whole cell. The interval between T, where
thermal runaway occurs first, and 75, where thermal runa-
way occurs last, is the propagation time of thermal runaway
inside the cell, At, which is 72 s. And it can be assumed that
thermal runaway has occurred and shows signs of propaga-
tion when the temperature on the side of the cell exceeds
150 °C and the temperature rise rate is greater than 1 °C s~
It can be obtained that it is better to release the extinguishing
agent before the thermal runaway occurs at 7,, T; and T, i.e.
before the thermal runaway of the whole battery. The sur-
face temperature of the battery reaches the peak temperature
within 200 s. The temperature change trend of 7,, 75 and T,
is more or less the same, and finally rises to 370-400 °C,
and the peak temperature of T is 422.8 °C. At this stage,
most of the internal materials are involved in the combus-
tion reaction, and the electrolyte undergoes decomposition
reaction, as in Eq. (9).

C,H;OCOOC,H; + PFs— C,H;OCOOPF, + HF + C,H, (9)

In stage IV, the battery continued to burn steadily for
about 100 s without using extinguishing agent before the
flame was extinguished and only some smoke was emitted.
The internal chemical reaction stops, and no further thermal
runaway occurs within 1 h. At this point, the thermal runa-
way is considered to be over.

Inhibition effect of different fire extinguishing
agents

Different fire extinguishing agents were used to suppress the
battery flame and compare their fire extinguishing effects.
Figure 5 shows the suppression process of thermal runaway
and combustion of LiFePO, battery without fire extinguish-
ing agent, C4F,,0, water and three ratios of microemul-
sion. The fire extinguishing effect of different extinguishing
agents on lithium iron phosphate fires is shown in Table 3.
After the release of C¢F,,0, the flame of LiFePO, was
extinguished within 1 s. This is mainly due to the rapid
vaporization of C¢F|,O released into the combustion zone,
which reacted with the combustion radicals and quickly
interrupted the chain reaction and terminated the combus-
tion process. However, after the flame is extinguished, some
smoke and aerosols will still be produced, stop releasing
for electrical ignition, the lithium-ion battery did not re-
ignite, mainly because the vaporized C4F,,0 gas continues
to remain in the closed space, a short period of time did
not evaporate, at this time reached the inert concentration,
so it will not re-ignite. Under the action of pure fine water
mist, the battery flame was pushed around and below the
impact force and then extinguished. After stopping the
release of fine water mist, the battery still produces high-
pressure jet gas inside, at this time for electric ignition,
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Fig. 5 Battery combustion Stage | Stage Il Stage Il Stage IV
under different extinguishing \
agents

NO agent

CeF 120

Water mist |

PM1

PM3

Table 3 Effect of different

Agent  Inhibitory effect
agents on thermal runaway

combustion of battery Extin- Battery status after the fire is extinguished Reignition Residue Short-
guishing condition circuit
time condition
CeF,0 <15 Emit a lot of smoke No Nothing No
Water <5s High-pressure gas injection Yes Bulk water ~ Yes
PM1 <ls Emit a small amount of smoke No Partial foam No
PM2 <ls Emit a small amount of smoke No Partial foam No
PM3 <ls Emit a small amount of smoke No Small foam  No

three experiments, one electric ignition short circuit, two  the dispersed phase is C4F;,0, contact with the combustion
re-ignition occurred, but the flame did not continue to burn  zone, the oil phase C4F,,0 quickly vaporized, and the bat-
under the jet gas, lasted a few tens of seconds and then  tery flame was similarly extinguished within 1 s. However,
stopped, the bottom of the battery with liquid water residue. unlike the pure fine water mist, after the release of PMI1,
After the release of the three ratios of microemulsions, as ~ PM2 and PM3 stopped, the battery only produced a small
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amount of smoke and there was no high-pressure gas jet, at
which time the ignition was carried out and no re-ignition
occurred. Also the microemulsion release produces a foam
as shown in Fig. 6, which is produced by the low interfacial
tension of the fluorocarbon surfactant, which increases the
duration of the cooling and suppression effect. Microemul-
sions increase the cooling effect of water can inhibit the
combustion of C¢F,,0, in addition, the decomposition of
C¢F 1,0 in microemulsions can enhance the fire extinguish-
ing effect of water.

Cooling efficiency analysis

The temperature variation of the LIB indicates the suppres-
sion effect of the extinguishing agent on the thermal runaway
of the LIB and is also considered as an important param-
eter to evaluate the effectiveness of the extinguishing agent.
Figure 7 gives the changes of battery temperature under the
action of different extinguishing agents. It can be seen that
the battery surface temperature decreases with the release of
the extinguishing agent, but the battery temperature contin-
ues to increase after the extinguishing agent stops releasing
and even during the release. This is mainly due to the LIB
thermal runaway process is irreversible, the extinguishing
agent can only reduce the intensity of thermal runaway, but
can not stop the thermal runaway process. Under the action
of the fire extinguishing agent, the temperature changes at
each part of the LIB surface are different. T,5, is not in direct
contact with the fire extinguishing agent, its decline is small
in the process of fire extinguishing agent release, the fire
extinguishing agent release occurs after the rise. T5 and Ty
are in direct contact with the fire extinguishing agent in the
process of fire extinguishing agent release, the magnitude
of change is larger. Among them, T is subject to the impact
of the fire extinguishing agent, which occurs with greater
fluctuations. In which the water release process, the LIB
surface temperature drop is more effective. This is mainly
because the specific heat capacity of water and the latent
heat of vaporization is relatively large, in the fine water
mist contact with the surface of the LIB, warming and then

Fig. 6 Foam produced after release of the microemulsion inhibitor
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vaporization to take away a large amount of heat, and fine
water mist surface tension is small, the spray of small water
droplets can reach the long surface of the LIB through the
gap, thus reducing the surface temperature. Although the
chemical inhibition of C¢F,0 can extinguish the flame of
the LIB, the large amount of gas mixture generated after the
open fire above the LIB is extinguished is ejected through
the safety valve to form a high-temperature smoke shower,
thus inhibiting C¢F|,O from entering the negative combus-
tion zone of the LIB where chemical inhibition is required.
And because C¢F;,0 has a low boiling point and vapor-
izes rapidly upon contact with the LIB, it does not easily
reach the long surface of the LIB, so the temperature of the
LIB does not drop significantly under the action of C¢F,0.
However, after the release of the three microemulsions, the
synergistic effect of C¢F,0 and water significantly reduced
the degree of thermal runaway of the LIB and lowered the
peak LIB temperature.

The rebound of T,5, temperature after the release of extin-
guishing agent indicates the intensity of thermal runaway,
and is expressed by Eqs. (10)—(11). The changes of T5 and
T, highlight the transient cooling ability of extinguishing
agent on the LIB surface, and the change of battery surface
temperature T is more typical, and is expressed by Eq. (12).

— 70 i
AT, = T3y peax — Thsa peak (10)
_ i i
ATy = o3y peak ~ Tozaend (11
_ i i
ATC - TS,start - TS,end (12)
T§3 4 peak TEPTESENLS the pe?k temperature of 7,5, without
extinguishing agent action; 7, 4 peak TEPTESENTS the Peak tem-
perature of 7,3, with extinguishing agent action; 7, ., rep-

resents the instantaneous temperature of T3, after the end
of extinguishing agent release; T;’smrt represents the instan-
taneous temperature of T5 before extinguishing agent
release; Tg’en 4 represents the instantaneous temperature of T’
after the end of extinguishing agent release.

The AT,, AT, and AT, under the different extinguish-
ing agents are shown in Fig. 8. The maximum AT, under
the action of PM1 indicates that PM1 has the best over-
all inhibition effect, which is 156% higher compared with
C4F 1,0 and 28% higher compared with water. Taking the
degree of peak temperature reduction of 7,3, as the reference
basis, the inhibition effect is PM1 >PM?2 > water > PM3 >
C4F,0. This indicates that when the water content in the
compound microemulsion reaches a certain percentage, the
combined effect of C¢F,,0 and water is better for cooling the
cell surface than their individual effects. This is due to the
fact that after the compound solution is ejected, the C¢F,0
component can quickly extinguish the flame and the water
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Fig.8 The AT,, AT, and AT, under different extinguishing agents

component can inhibit the high temperature plume released
from the LIB, making it easier for the C;F;,O component
to contact the LIB and inhibit the internal thermal runaway
chain reaction, while both components can better cool down
the LIB.

In addition, the ATy of PM1 was 163.63°C, which was
18.5% lower compared to C4F,,0 and 24.0% lower com-
pared to water. Using the degree of thermal runaway inten-
sity of the LIB after the end release of the extinguishing
agent as the reference basis, the inhibition effect was PM 1
>PM2 >PM3 > CF,,0 > water in the order of good to bad.
The peak temperature under the action of water is smaller
than that under the action of C¢F,0, but AT is larger
instead, which indicates that the inhibiting effect of C(F,,0
on the thermal runaway reaction inside the battery is much
larger than that of water. The mass of C4F;,O component in
PM1, PM2 and PM3 increases in order, but AT}, increases
in order, which indicates that the inhibiting efficiency of
C¢F ;0 is higher under the synergistic action of water.

Unlike AT, and ATy, the heat absorbed by the fire extin-
guishing medium on the side of the cell during the release of
the extinguishing agent by convective cooling is much larger
than the heat transferred from the inside of the cell to the
side. AT, is water, PM1, PM2, PM3, and CF,,0 in descend-
ing order, and the content of water gradually decreases, and
this change result also confirms that the transient cooling
effect of water is better than that of C4F,,0. In addition, it
can be seen that there is a substantial reduction in the peak
cell side temperature with different extinguishing agents.
The AT, of PM1 is 147.5+3.22°C, a 34.9% decrease com-
pared to the unreleased extinguishing agent.

Figure 9 depicts the rate of temperature change of T dur-
ing the extinguishing agent’s release and post-release warming
phase. Figure 9 shows that the maximum temperature drop
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rate of Ts under the influence of PM1 is —25.7 °C s™!, which
was similar to the rate under the influence of water and greater
than the rate under the influence of PM2 and PM3. It was evi-
dent that case 2 had two peaks that resulted from the battery’s
severe TR and that the C(F,,0 release process did not entirely
stop the battery’s temperature rise. The graph also showed
that during this phase, the Ty temperature fluctuated above
and below 0, with periods of rising and falling during the T
temperature rise rate after the release of water and PM1. This
was because after the extinguishing agent ceased discharging,
C¢F 1,0 would evaporate, and water would still be present on
the battery’s surface, causing the surface temperature to fluc-
tuate due to the battery’s internal exotherm and the cooling of
the external residual water droplets until all the water droplets
evaporated and the temperature rise rate commenced to turn
positive [27]. This manifested that the release of water slowed
the rise in cell temperature, and the duration of temperature
swings on the surface demonstrated the extinguishing agent’s
slowing impact. The retarding effect of PM1 was greater than
20 s, but the effect was essentially nonexistent following the
release of C¢F,0.

Gas release

The response of CO, CO, and H, concentrations under dif-
ferent suppression of fire extinguishing agents during the
LIB combustion is shown in Fig. 10. It can be seen that
after the safety valve is opened, the concentration of H,
increases rapidly at first, followed by the concentration of
CO. After igniting the jet, H, and CO are partly ignited
and the concentration decreases to some extent, but the gas
is still continuously ejected from inside. H, reaches up to
8300 ppm without extinguishing agent, CO concentration
fluctuates around 600 ppm, while the concentration of CO,
starts to increase rapidly. After the internal material of the
cell is fully burned and ejected, the concentration of H, and
CO starts to decrease, and the concentration of CO, also
decreases rapidly until it reaches the normal concentration.

The total release of CO, CO, and H, under different extin-
guishing agent inhibition is shown in Table 4. Although the
extinguishing agent chemically and physically inhibits the
internal reactions and reduces the gas production, the extin-
guishing agent also inhibits the open flame, which leads to
incomplete combustion of electrolyte and electrode materi-
als, so the concentration of CO does not decrease much in
the presence of the extinguishing agent compared with the
effect without the extinguishing agent. On the contrary, the
release of CO in the presence of C¢F;,0 is much larger than
that without fire extinguishing agent, which is due to the fact
that at high flame temperatures of 700-800 °C, C4F;,0 and
free radicals generate CO through pyrolysis and bonding,
while C¢F;,0 undergoes decomposition reactions at high
temperatures to generate CO. The C¢F;,0 content of PM1,
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PM2, and PM3 is reduced, and at the same time the cooling
effect are better and all produce less CO than under C4F,,0
release, but all still have a portion of C¢F,,0, so all have

higher CO concentrations than under water spray. The CO
release under PM1 action is 1.50 x 10° ppm, which is 50.8%
lower compared to C¢F;,0.
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Table 4 Total rele,.ase of TR gas Gas volume Agent

from LIB under different fire

extinguishing agents No agent Water CeF 1,0 PM1 PM2 PM3
CO / ppm 1.45%10° 1.15% 10° 3.06x10° 1.51x10° 1.92%10° 2.28%10°
CO, / ppm 2.82x10° 1.24%10° 1.84x10° 1.45%10° 1.49%10° 1.29%x10°
H,/ ppm 9.55x 10° 7.41x10° 6.16x10° 423x10° 5.33x10° 5.94x10°

It can be seen from the CO, release and real-time con-
centration that the maximum CO2 concentration and total
release under different extinguishing agents are much
smaller than those under no extinguishing agent release.
Since CO, mainly originates from the decomposition at
the solid electrolyte interface, oxidation of electrolyte and
electrode, and complete combustion of alkane products, the
reduction of CO, release indicates that C¢F,,0, water, PM1,
PM2, and PM3 all inhibit the thermal runaway of the LIB
and reduce or even block the decomposition and reduction
reactions inside the LIB. The CO, release under the action
of PMI is 1.45x 10° ppm which is 21.4% lower compared
with C¢F,,0. It is also further demonstrated that C¢F,,0
generates additional CO, which increases the asphyxiating
toxicity of the system.

The extinguishing agent does not produce additional H,,
so it all originates from the thermal runaway products of the
LIB. Compared with the case without extinguishing agent,
the H, release was reduced by 35.5% and 22.4% with C(F,0
and water, respectively. Both C¢F;,0 and water inhibited
thermal runaway to some extent, and the effect of C4F,;,0
was better than that of water. However, the H, release was
reduced by 55.6%, 44.2% and 37.8% under the inhibitory

effect of PM1, PM2 and PM3, respectively, and the inhibi-
tory effect was better than that of C¢F,,0 and water.

Synergistic inhibition mechanism

The synergistic inhibition mechanism of C¢F;,0 microemul-
sion on TR of LIB can be represented by Fig. 11, taking
PM1 as an example.

At the beginning of the fire extinguishing agent release
phase, the vaporization and heat absorption of C¢F,,0O and
water reduces the flame temperature, and then C.F;,0
absorbs a large amount of flame heat and decomposes, and
the fluorinated radicals generated participate in the chain
reaction of combustion, consuming a large number of com-
bustion radicals and destroying the chain reaction of flame
combustion, which greatly reduces the flame propagation
speed and flame temperature.

The reduction of combustion intensity prompted the fine
water mist to reach the LIB surface, which has a high heat
capacity and a high specific surface area and can quickly
absorb heat and vaporize, cooling the LIB surface rapidly,
while the final battery flame was extinguished under the

“’ PM1 ‘: CgF,,0 o : Water W : Emulsifier

O
° gl

‘ Vaporization absorbs heat
l absorption of free radicals
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Fig. 11 Mechanism of microemulsion inhibiting TR of LIB

‘ %) —> forms a foam

Endothermic and
asphynxiating effects ‘

Inerting
dilution of
combustible

‘ gases

Emulsification

@ Springer



12904

Y. Liu et al.

physical heat absorption and asphyxiation effect of C4F,,0
and water.

The gas produced by the vaporization of C¢F;,0 dilutes
and inert the combustible gas near the LIB, preventing the
battery from re-igniting. And C¢F,,0 and water are emul-
sified by the action of emulsifiers, i.e. surfactants and co-
surfactants, to produce a foam layer covering the surface of
the LIB for continuous cooling and cooling.

In summary, the physical heat absorption effect of
C4F|,0, the chemical inhibition effect of consuming free
radicals, the efficient cooling effect of fine water mist and
the continuous cooling effect of microemulsion foam layer
synergistically complement each other to extinguish the LIB
flame, cool the LIB temperature, prevent the LIB from re-
ignition, and effectively suppress the LIB fire.

Conclusions

In summary, this paper analyzes the TR combustion char-
acteristics of LiFePO, battery, and uses C4F,,0, water, and
three homemade C4F,,0 microemulsions for suppression,
with the following main conclusions:

(1) 100% SOC LiFePO, battery requires an external
ignition source to start a fire after the safety valve is
opened, and the total combustion time from fire to
flame extinguishment is 376s; the peak temperature of
the LIB surface can reach 422.8°C; the propagation
time of TR inside the LIB is 72 s.

(2) The fire suppression effect of C4F;,0 microemulsion
on LIB is better than that of C¢F,0 and water: The
fire extinguishing time is shorter; the generation of
high temperature battery smoke is effectively reduced,
which reduces the intensity of TR of the battery; foam
and C¢F|,O gas are produced after release, which effec-
tively prevents the battery from re-ignition; the insula-
tion performance is excellent.

(3) PM1 microemulsion (61.2% of C¢F;,0, 26.5% of water,
the rest is emulsifier) has the best cooling and cooling
effect and inhibits the degree of TR: The peak tempera-
ture of the LIB surface is reduced by 82.03 °C, and the
cooling efficiency is enhanced by 156% and 28% com-
pared with C¢F,,0O and water, respectively; the degree
of TR of the LIB is reduced, and the LIB tempera-
ture rises back after releasing the extinguishing agent
163.63°C, which enhanced the degree of inhibition by
18.5% and 24.0% compared with C6F120 and water;
the instantaneous cooling effect reduced the peak side
temperature of the LIB by 147.5 °C, or 34.9%.

(4) COis released during perfluorocaprolactone inhibition,
while C¢F,,0 microemulsion can reduce the release of
CO and substantially reduce the release of H, and CO,

@ Springer

during thermal runaway. Under the effect of PM1, the
release of CO and CO, were reduced by 50.8% and
21.4%, respectively, compared with C¢F,,0, and the
release of H, was reduced by 55.6% compared with no
fire suppressant.
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