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ABSTRACT: The methoxyperfluorobutane (HFE-7100) is a heat transfer
fluid used widely in lithium-ion batteries (LIBs) thermal management. The
thermal runaway of LIBs immersed in cooling liquid may yield a mixture of
combustible gas inside the container. It threatens the safety of the immersion
cooling system. In this work, the fundamental acknowledgment of the
inhibition mechanism of HFE-7100 on LIBs thermal runaway management is
investigated by the utilization of an Accelerating Rate Calorimeter (ARC)
and a tube furnace test at an evaluated temperature. The characteristics of
inhibition performance varying battery capacity are obtained. The pyrolysis
products of HFE-7100 at an evaluated temperature and test conditions are
obtained by Gas Chromatography (GC) and Gas Chromatography−Mass
Spectrometry (GC-MS). Finally, the potential inhibition mechanism is
proposed by the test results and previously available reaction pathways. It
provides an insight for the understanding of the inhibition performance of heat transfer fluid used in an immersion cooling system.
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■ INTRODUCTION

Currently, the thermal runaway of LIBs has caused many fire
cases, resulting in many serious disasters.1 Immersion liquid
cooling technology is widely used in LIBs systems due to its high
heat transfer e2ciency.2 Immersion cooling liquids include
fluorinated liquids, mineral oils, silicone oils, and water/glycol.2

Most cooling liquids can e5ectively cover the operating
temperature range of LIBs. However, mineral oils and silicone
oils have flash points and may be ignited during thermal
runaway, leading to severe consequences. Water/glycol-based
coolants are electrically conductive, thus the encapsulation of
LIBs is required for safe use as immersion coolants. In
immersion cooling systems, the cooling liquid directly contacts
LIBs, requiring fluids with low electrical conductivity.
Fluorinated liquids are suitable solutions due to their dielectric
properties and inertness.3 Many hydrofluoroethers (HFEs)
function as heat transfer fluids. Notably, HFE-7000, HFE-7100,
HFE-7200, HFE-7300, and HFE-7500 show environmentally
favorable properties, with GWP (global warming potential)
values below 530 and ALT (atmospheric lifetime) under 5 years.
Among them, HFE-7100 (methoxyperfluorobutane, C5H3OF9,
CAS No. 163702-07-6) has excellent environmental properties,
including an ODP (ozone depletion potential) of 0, a GWP of
320, and an ALT of 4.1 years.4 Additionally, it is stable,
nonflammable, and nonreactive, indicating good chemical
compatibility.5 Its low boiling point (61 °C at 1 atm) enables

electronic components to operate at low working temperatures.6

Therefore, it is widely used in immersion systems, such as energy
storage systems (ESS) and data centers and so on.7−11

It is widely acknowledged that immersion liquid cooling
systems primarily utilize the latent heat of the liquid coolant to
absorb the heat generated by LIBs. However, even with
immersion cooling, the thermal runaway behavior of LIBs still
happens frequently,12,13 releasing large quantities of combus-
tible gases.14,15 Regarding the immersion cooling system, the
mixture of combustible gases generated from thermal runaway
and the pyrolysis products of cooling agents would accumulate
in the top part of the system, just as shown in Figure 1. The fire
explosion risk of the gas mixture threatens the safety of the
immersion system. This issue is critically important for the safety
of immersion liquid cooling systems and warrants immediate
attention and in-depth exploration. Therefore, it is crucial to
investigate the impact of coolant pyrolysis products on the gas
products generated during LIB thermal runaway.
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The immersion cooling system primarily has two e5ects:
liquid cooling and the impact of pyrolysis products on thermal
runaway and deflagration. On one hand, the liquid absorbs latent

heat to achieve cooling. On the other hand, the impact of
pyrolysis products from the cooling agent on the deflagration of
LIBs. Currently, extensive research has been conducted on the
e5ectiveness of liquid cooling.16,17 Other works have been
conducted on the characteristics of thermal runaway under
immersion cooling conditions,12 the composition of thermal
runaway gases,15 and the risks of these gases in confined
spaces.18 However, most current studies are concentrated on
individual characteristics. There is a lack of research on the
impact of pyrolysis products on thermal runaway and
deflagration. In practice, gases from batteries and pyrolysis
products of liquid coolants may accumulate in confined spaces
under immersion cooling conditions. It needs to be taken into
consideration. Some studies have discussed the pyrolysis
components of fluorine-containing substances, such as
C5F10O,19 the CH2FOCHFO radical formed during the
photolytic oxidation of HFE-152E,20 as well as CF3CF3,
CF3CF2CF3, and CF3CF2CF2CF3.

21 Research on the pyrolysis
components of HFE-7100 is currently lacking. Given the
potential risks associated with immersion liquid cooling systems,
it is essential to investigate the pyrolysis products that may arise
when HFE-7100 is employed as a liquid coolant. In addition,
although it has been confirmed that HFE-7100 pyrolysis
products exert a certain inhibitory e5ect on the deflagration of
LIB thermal runaway gases.22 Until now, the specific inhibition
mechanisms have not been realized. Therefore, research on the
inhibition mechanisms of HFE-7100 pyrolysis products against

Figure 1. Gases distribution of the immersion system.

Figure 2.Description of ARC test and Fourier Transform Infrared Spectroscopy (a) ARC facility (b) the inner outlook of EV+ Calorimeter (c) Fourier
Transform Infrared Spectroscopy (d) experimental setup.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.5c00573
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the deflagration of LIB thermal runaway gases needs to be
further explored.

In this work, the aim is to explore the inhibition mechanisms
of HFE-7100 pyrolysis products against the deflagration of
thermal runaway gases in confined space. To simplify the
mechanism study, the heat absorption e5ect of the HFE-7100
immersion system is not considered, focusing only on the impact
of HFE-7100 evaporation and pyrolysis products on thermal
runaway and deflagration of LIBs. Experiments were conducted
using an EV+ Accelerating Rate Calorimeter (ARC) on LIBs
with capacities of 1800 mAh, 2000 mAh, 2500 mAh, and 2600
mAh, at 100% state of charge (SOC), with the addition of 2 g of
HFE-7100. The inhibition e5ect of HFE-7100 on the
deflagration of thermal runaway gas from LIBs of di5erent
capacities was investigated. Additionally, a self-designed
pyrolysis kinetics testing platform was developed, incorporating
gas chromatography (GC) and gas chromatography−mass
spectrometry (GC-MS) for the qualitative and quantitative
analysis of HFE-7100 pyrolysis gases. Finally, the inhibition
mechanism of HFE-7100 pyrolysis products on the deflagration
of thermal runaway gases under confined space conditions was
revealed.

■ EXPERIMENTS AND METHODS

Materials.The 18650 is chosen as a typical cylindrical LIB. The cells
are 18 mm in diameter and 65 mm in height, featuring nominal
capacities of 1800, 2000, 2500, and 2600 mAh, a maximum charging
voltage of 4.2 V, a cathode material of Li(NiMnCo)1/3O2, and an
anode material of carbon. The LIB is supplied by Wuhan Zhongju
Energy Technology Co., Ltd.. Before testing, the 18650 LIB was
charged to 100% SOC, and then left to rest for 12 h to stabilize. HFE-
7100 (99.7%) was purchased from 3 M China.
Accelerating Rate Calorimeter (ARC). The EV+ Accelerating

Rate Calorimeter (ARC) instrument utilized in this research was
produced by Thermal Hazard Technology,23 as shown in Figure 2a.
The EV+ is a cylindrical calorimeter with a diameter of 40 cm, a depth of
44 cm, 6 mm thick aluminum sides, and a lid and base made of 12 mm
thick aluminum, as shown in Figure 2b. It is equipped with eight heaters
and six thermocouples for measurement and control. Additionally, a
Fourier transform infrared spectroscopy is connected externally to the
ARC system to detect the composition of thermal runaway gases, as
shown in Figure 2c.

The experiment focused on studying the impact of HFE-7100 on
thermal runaway deflagration in LIBs with di5erent capacities (1800,
2000, 2500, and 2600 mAh) at 100% SOC. Under immersion
conditions, the intense heat release during the thermal runaway of
LIBs can cause evaporation and pyrolysis of the cooling liquid.
Clarifying the specific e5ects of HFE-7100 evaporation or pyrolysis
products on thermal runaway is of significant importance. To simplify
the mechanism study, only the impact of HFE-7100 pyrolysis products
on deflagration within the immersion liquid cooling system was
considered, while the heat absorption e5ect of the liquid was excluded.
Thus, 2 g of HFE-7100 was used in the experiment to simulate the
enrichment of mixed gases in the immersion cooling system during the
evaporation and pyrolysis of the cooling liquid under immersion
conditions.

Thus, the LIB thermal runaway experiments were divided into a
control group and an HFE-7100-treated group. This study adopts the
heat-wait-seek mode of ARC to systematically investigate thermal
behavior, in order to emulate realistic temperature escalation scenarios
encountered in practical battery operation. The battery samples were
securely fastened to the bracket and subsequently placed within the
ARC-sealed container. A high-precision balance was used to measure
the 2 g of HFE-7100. It was placed in a crucible and loaded into a sealed
ARC container near the battery sample, as shown in Figure 2d.
Thermocouples, pressure sensors, and a Fourier transform infrared
spectroscopy probe were installed and securely fixed. The container was

promptly sealed, and the sealing performance and safety of the
container were examined. The experiments were conducted under
room temperature conditions (25 °C). The heat-wait-seek mode was
employed, with the target set to 200 °C and a heating rate of 0.5 °C/
min, to conduct precise thermal runaway experiments. Battery
exothermic reactions were simulated and actual operating conditions
were replicated during the experimental process. Data recording
devices were used to monitor and record changes in temperature,
pressure, and peak temperature ratio inside the container. Data below
45 °C were excluded from the analysis to better observe the
characteristic parameters of lithium-ion battery thermal runaway.
Pyrolysis Kinetic Apparatus. A pyrolysis kinetic testing platform

was independently designed in this study to conduct high-temperature
pyrolysis experiments on HFE-7100. The experimental platform is
primarily composed of a reactant injection system, a high-temperature-
resistant reaction tube, a heating and temperature control system, as
well as a drying, deacidification, and exhaust gas treatment system. The
experimental platform is illustrated in Figure 3.

During the experiment, the tube furnace was slowly heated to the
target experimental temperature (ranging from 300 to 850 °C).
Nitrogen gas was continuously introduced during the heating process to
remove reactive gases such as oxygen. The syringe pump was initiated
once the tube furnace attained the target temperature, and a mixture of
HFE-7100 and nitrogen gas was introduced at a constant flow rate.
After residing in the constant temperature zone for a certain period, the
gas passed through the acid removal device. A gastight manual syringe
was used to collect the reaction gases between the drying,
deacidification, and the exhaust gas treatment device to ensure the
purity of the gas sample. The collected gases were then analyzed using
GC-MS. Subsequently, the syringe pump was turned o5, and the
nitrogen flow rate was increased to remove residual gases from the tube
furnace and experimental pipeline for exhaust gas treatment.

GC analysis was conducted using a Shimadzu GC-2014C gas
chromatograph from Japan. The pyrolysis gases were analyzed online
using a flame ionization detector (FID), with a DB-5MS column (30 m
in length). Nitrogen was used as the carrier gas, with the column oven

Figure 3. Testing platform of pyrolysis (a) schematic24 (b) testing
platform.
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temperature set at 40 °C, the injection port temperature at 140 °C, and

the detector temperature at 220 °C. The split ratio was set to 10:1. GC-
MS analysis was performed using an Agilent 7890A-5975C GC-MS

system from the United States, equipped with an HP-1MS column (30
m in length). Nitrogen was used as the carrier gas, with the vaporization

chamber temperature set at 220 °C, and the transfer line temperature at

220 °C. The electron ionization (EI) source temperature of the mass
spectrometer was set at 230 °C, with a split ratio of 10:1.

■ RESULTS AND DISCUSSION

Deflagration Inhibition Performance of HFE-7100
Based on ARC. To understand the inhibition e5ect of HFE-

Figure 4. Description of LIB samples (a) prior to test (b) after test.

Figure 5.Temperature and pressure test results of thermal runaway (a) temperature and pressure distribution without HFE-7100 (b) with the addition
of HFE-7100 (c) temperature ratio without HFE-7100 (d) with the addition of HFE-7100.
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7100 on the deflagration of LIBs with di5erent capacities, the
temperature and pressure curves during the thermal runaway of
LIBs were measured experimentally. The descriptions of LIB
before and after the experiment are shown in Figure 4a,b.

Experimental results show that for 2000 mAh LIB, the peak
thermal runaway temperature decreased from 464.1 to 431.3 °C
and the peak pressure increased from 3.5 to 4.6 bar after adding
HFE-7100 into the chamber. The peak temperature ratio
decreased from 10138.6 °C/min to 8422.5 °C/min, which
decreased by 16.9%, as shown in Figure 5.

In addition, the peak temperature ratio of the 1800 mAh LIB
changed from 5447.3 °C/min to 4881.1 °C/min after adding
HFE-7100, which decreased by 10.4%. The peak temperature
ratio of thermal runaway of 2500 mAh and 2600 mAh LIBs were
reduced by 51.9% and 71.6%, respectively, after the addition of
HFE-7100.

The results demonstrate that the incorporation of HFE-7100
significantly lowers the peak temperature ratio during thermal
runaway in LIB and e5ectively suppresses the deflagration of
18650 LIB. This is consistent with previous research.22 The
relationship between the reduction ratio of the peak temperature
ratio (RRPTR) and battery capacity (BC) was fitted as y =
0.0736x − 126.01, with R2 = 0.96. It was found that within a
certain range, the inhibition e5ect is positively correlated with
battery capacity, as shown in Figure 6. It is shown that within a
certain range of battery capacity, HFE-7100 demonstrates
greater e2cacy in inhibiting thermal runaway deflagration in
LIBs with larger capacities.
Pyrolysis Products of HFE-7100 Based on Tubular

Pyrolysis Furnace. Analysis of Pyrolysis Products. The
pyrolysis gas products at pyrolysis temperatures of 600, 700,
and 750 °C with a pyrolysis time of 3 s were analyzed using GC-

MS, and the results are shown in Table 1. According to Gas
chromatograms and mass spectrometry data, after comparing
and analyzing the molecular ion fragments against the standard
chromatogram, it can be determined that in addition to the
reactants, the main gas products produced by pyrolysis are 1H-
PerfluoroButane (CF3CF2CF2CHF2), octafluoro-1-butene
(CF3CF2CF = CF2), hexafluoropropylene (CF3CF = CF2)
and fluoroform (CHF3).
E	ect of Time and Temperature on the HFE-7100

Pyrolysis. The e5ect of pyrolysis temperature and time on
pyrolysis rate and products was revealed by tests. The pyrolysis

Figure 6. Relationship fitting line between RRPTR and BC.

Table 1. GC-MS Analysis of Gas Products from HFE-7100 at High Temperature

no. mass-to-charge ratio (m/z) substance

1 CH3O
+(31); CF2

+(50); CF3
+(69); C2F4

+(100); C2F5
+(119);C3F6

+(150); C3F7
+(169);C4F9

+(219); C4F9O
+(235) HFE-7100

2 CF+(31); CF2
+(50); CHF2

+(51); CF3
+(69); C2F4

+(100); C2F5
+(119); C3F5

+(131); C3F6
+(150); C3F7

+(169); C4F7
+(181); C4F9

+(219) 1H-perfluorobutane

3 CF+(31); CF2
+(50); CF3

+(69); C2F3
+(81); C3F3

+(93); C2F5
+(119); C3F5

+(131); C3F6
+(150); C4F6+(162); C4F7

+(181); C5F7
+(200) octafluoro-1-butene

4 CF+(31); C2F
+(43); CF2

+(50); CF3
+(69); C2F3

+(81); C3F3
+(93); C2F4

+(100); C3F4
+(112); C3F5

+(131) hexafluoropropylene

5 CF+(31); CHF2
+(51); CF3

+(69) fluoroform

Figure 7. Relationship between the pyrolysis rate and pyrolysis time.

Figure 8. Relationship of pyrolysis product with time and temperature.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.5c00573
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00573?fig=fig8&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gas products and pyrolysis rate at temperatures of 600 °C, and
700 °C, with a pyrolysis time of 1−5 s were analyzed.

Figure 7 shows that the pyrolysis rate increases with
prolonged pyrolysis time at both 600 and 700 °C. At 600 °C,

the pyrolysis rate increases significantly during 1−3 s, with the
pyrolysis rate increments per second at 2 and 3 s being 9.59 and
17.44%, respectively. At 3 s, the pyrolysis rate reaches 62.99%,
and with further extension of the pyrolysis time, the increase in
pyrolysis rate becomes relatively small. At 4 s, the pyrolysis rate
increases by 1.95% compared to 3 s, and the increment per
second at 5 s is 3.00%. At 700 °C, the pyrolysis rate increases
from 76.98 to 91.34% when the pyrolysis time rises from 1 to 3 s.
The increments in pyrolysis rate per second during 2−5 s are
6.09, 8.27, 4.14, and 0.96%, respectively. The point where
pyrolysis is considered nearly complete is chosen when the
increase in the pyrolysis rate per second is less than 5%.

Figure 9. Relationship of pyrolysis rate with pyrolysis temperature.

Figure 10. Relationship of pyrolysis product concentration and
temperature.

Table 2. Reactions for Promoting the Deflagration and Main
Reaction Pathways

no. reactions

1 CH O OH CH
4 3

+ +

2 CH O OH CH O
3 2 2

+ +

3 CH O O CH O
3 2 3

+ +

4 H CH O( M) CH O( M)2 3+ + +

5 CH O OH HCO H O
2 2

+ +

6 OH HCO H O CO
2

+ +

7 H HCO H CO
2

+ +

8 O H H OH
2

+ +

9 H O O OH
2

+ +

Table 3. Reactions for Promoting the Deflagration

no. reactions

1 H O O OH
2

+ +

2 OH CO H CO
2

+ +

3 H HO OH OH
2

+ +

4 C H O O CH CHO
2 3 2 2

+ +

5 HO CH OH CH O
2 3 3

+ +

6 HCO( M) H CO( M)+ + +

7 OH C H C H H O
2 4 2 3 2

+ +

Table 4. Fire-Extinguishing Mechanism of Fluorine-
Containing Groups

no. reactions

1 CHF H CF H
3 3 2

+ +

2 CHF OH CF H O
3 3 2

+ +

3 CHF O CF OH
3 3

+ +

4 CFO H CFO HF
2

+ +

5 CFO OH CO HF
2

+ +

6 CFO O CO F
2

+ +

7 CF H O CHFO H
2

+ +

8 CHFO H CFO H
2

+ +

9 CHFO O CFO OH+ +

10 CHFO M CO HF+ +

11 CO O CO
2

+

12 CF O CFO O
2

+ +

13 CF H CF HF
2

+ +

14 CFO M CFO F
3 2

+ +

15 CF O CFO O
3 2 3

+ +

16 CF OH CFO HF
3 2

+ +

17 CF H CF HF
3 2

+ +

18 CF O CFO F
3 2

+ +

19 CF O CFO F
2

+ +

20 CF O CFO O
2 2 2

+ +

21 CHF H CHF HF
2

+ +

22 CHF H CH HF+ +

23 CF O CO F+ +

24 CF OH CO HF+ +

25 CF OH CFO HF
2

+ +

26 CF OH CFO H
2 2

+ +
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Therefore, it can be drawn that the pyrolysis reaction is nearly
completed when the pyrolysis time is 3 s. And it is obvious that
the pyrolysis rate at 700 °C is higher than 600 °C.

Figure 8 shows the concentration of pyrolysis products of
HFE-7100 at 600 °C, 700 °C, with a pyrolysis time of 1−5 s. It
can be inferred from the figure that only one pyrolysis product
CF3CF2CF2CHF2 was generated at 600 °C. At 700 °C, only
CF3CF2CF2CHF2 is formed when the residence time is 1 or 2 s.
In addition, when the residence time exceeds 3 s, four pyrolysis
products are generated. The other three are CF3CF2CF = CF2,
CF3CF = CF2, and CHF3. Additionally, at 700 °C, the
composition of the pyrolysis products remains consistent
when the residence time exceeds 3 s. And it does not change
with an increase in pyrolysis time. However, the composition of
pyrolysis products is influenced by temperature under the same
pyrolysis duration, provided that pyrolysis progresses beyond a
certain threshold. Therefore, it can be concluded that the
pyrolysis time a5ects the pyrolysis rate, while the temperature
determines the composition of the pyrolysis products once the
pyrolysis reaches a certain point.

In conclusion, the composition of pyrolysis products of HEF-
7100 is mainly related to the pyrolysis temperature. The extent
of pyrolysis increases with higher temperatures, leading to more
thorough decomposition. Beyond a certain threshold, the
composition of HFE-7100 pyrolysis products becomes
independent of pyrolysis time. According to Figure 7, it can be
observed that when the pyrolysis time is 3 s, the pyrolysis is
nearly complete. Therefore, in the subsequent content, the
influence of di5erent temperatures on the pyrolysis rate and
pyrolysis product composition under the pyrolysis time of 3 s
has been investigated.

E	ect of Temperature on the Pyrolysis Rate of HFE-
7100. The pyrolysis rate and initial decomposition temperature
of HFE-7100 were determined by studying its pyrolysis process
at temperatures ranging from 300 to 850 °C with pyrolysis times
of 3 s.

Figure 9 shows that at a pyrolysis time of 3 s, the pyrolysis of
HFE-7100 initiates at a temperature range of 400−450 °C. The
pyrolysis rate rises rapidly with the increase in temperature when
the temperature is within the range of 400−700 °C. And it
reaches 91.37% at 700 °C. As the temperature further increases,
the pyrolysis rate experiences a slight rise, eventually reaching
100% at 850 °C. Consequently, it can be concluded that the
initial pyrolysis temperature of HFE-7100 is 400 °C. With the
rise in temperature, the pyrolysis rate gradually increases until
HFE-7100 is almost completely decomposed at 850 °C.
E	ect of Temperature on the Pyrolysis Products of

HFE-7100. Experiments were conducted to investigate the
influence of pyrolysis temperature on the composition of HFE-
7100 pyrolysis products. The analysis results from GC and GC-
MS revealed the variation of pyrolysis products with temper-
atures between 300 and 850 °C.

Figure 10 shows the influence of di5erent temperatures on the
components of pyrolysis products at pyrolysis times of 3 s. The
pyrolysis of HFE-7100 begins at 400 °C, producing
CF3CF2CF2CHF2. Its concentration continues to rise with
increasing temperature, reaching a peak of 74.21% at 650 °C,
and then rapidly decreases to 35.45% at 850 °C. When the
temperature exceeds 650 °C, products CF3CF2CF = CF2 and
small amounts of CF3CF = CF2 and CHF3 begin to form. As the
temperature rises, the concentration of CF3CF2CF = CF2

increases rapidly, reaching 52.19% at 850 °C, while the
concentrations of CF3CF = CF2 and CHF3 are 9.04 and

Figure 11. Reactions between fluorine-containing groups of HFE-7100 pyrolysis and free radicals.
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4.15%, respectively. Throughout the pyrolysis process, the
concentration of HFE-7100 continuously decreases, and it
completely decomposed at 850 °C. In conclusion, the
concentration of pyrolysis products rises as the temperature
increases, initially dominated by CF3CF2CF2CHF2. As the
temperature continues to rise, the concentration of
CF3CF2CF2CHF2 starts to decrease, while three other products
such as CF3CF2CF = CF2, CF3CF = CF2, and small amounts of
CHF3 begin to form.

A comprehensive analysis of the above experimental results
indicates that HFE-7100 begins to decompose at 400 °C and is
nearly completely decomposed by 850 °C. According to the
analysis results of pyrolysis gas products from GC and GC-MS,
the gaseous products generated during the pyrolysis process
mainly include CF3CF2CF2CHF2, CF3CF2CF = CF2, CF3CF =
CF2, CHF3.
Proposal of Potential InhibitionMechanism.Analysis of

Fourier-transform infrared spectroscopy measurements reveals

that multiple gases are generated during the thermal runaway of
LIBs, primarily including H2, CH4, C2H4, HF, HCl, CO, and
CO2. Most of these are combustible gases, primarily due to
intense redox reactions occurring during the thermal runaway of
LIBs.15,25−27

In addition, the peak temperature during thermal runaway can
reach approximately 400−800 °C, at which point the pyrolysis
of HFE-7100 may produce compounds such as
CF3CF2CF2CHF2, CF3CF2CF = CF2, CF3CF = CF2, and CHF3.

To elucidate the inhibition mechanism of HFE-7100 on the
deflagration of LIBs, this study focuses on the reactions between
the pyrolysis products of HFE-7100 and the combustible gases
generated during thermal runaway. It particularly emphasizes
the inhibition mechanisms of these decomposition products on
the deflagration of CH4, H2,

28,29 and C2H4.
30,31

Chain Reaction Mechanisms of CH4 and H2 Combus-
tion. The deflagration of CH4 and H2 is primarily driven by
continuous chain reactions, which often lead to severe hazards.

Figure 12. Mechanism of deflagration inhibition of HEF-7100.
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The currently recognized kinetic mechanisms for CH4/H2/air
mixtures include GRI-Mech 3.0, USC-Mech II, Aramco mech
1.3, and San Diego mech mechanisms.28,32

Research has been conducted on the deflagration mechanism
of CH4/H2/air mixtures, suggesting that the flame character-
istics of CH4/H2/air mixtures can be integrated into a 21-step
reduced mechanism.29 Moreover, the fundamental reactions
promoting free radical generation are R38, R155, and R156.32

Among them, the laminar burning velocity of the CH4/H2

mixture is significantly influenced by the O and OH radicals
produced in reaction R38.28 It has also been suggested that R38
serves as the dominant chain-branching reaction in CH4

deflagration, significantly promoting the chain reaction process.
R31 is a significant chain-branching reaction and the most
crucial exothermic reaction in hydrocarbon fuel combustion,
serving as the primary source of H radicals in the reaction.33

Additionally, it has been determined that the main reaction
pathways of the CH4/H2 mixture involve CH4, CH3, CH3O,
CH2O, HCO, CO, and CO2.

28 Combined with previous
research, the chain reactions that promote the deflagration of
CH4/H2 and the main reaction pathways are summarized, as
shown in Table 2.
Chain Reaction Mechanisms of C2H4 Combustion.

Some studies have been conducted on the chain reactions during
the deflagration of C2H4. It found that reactions R194, R96,
R254, and R1 favor the consumption of C2H4. And the reaction
R195 inhibits C2H4 consumption.30 Other studies have found
that 7 reactions were identified as the forward elementary
reactions in C2H4 explosions, while 3 reactions were identified as
the reverse elementary reactions.31 Inhibiting the forward
reactions or promoting the reverse reactions could significantly
enhance the inhibition of C2H4 explosions. Furthermore,
radicals such as CH3, C2H3, H, O, HCO, CH2CHO and OH
play a critical role in the chain reaction process, and the
consumption of these key radicals can terminate the chain
propagation. Combined with previous research, the chain
reactions that promote the deflagration of C2H4 are summarized,
as shown in Table 3.
Fire Extinguishing Mechanisms of Fluorine-Contain-

ing Groups. Some studies have been conducted on the fire-
extinguishing processes involving fluorine-containing groups.
The reaction mechanisms of fluorine-containing groups such as
CF3, CF2, CF, CF2O and so on with free radicals and O2 in the
fire inhibition process were elucidated.34 Furthermore, some
other fire inhibition mechanisms of CF3 and CF2 also have been
revealed, through the study of the extinguishing e5ects of CF3I,
CF3Br and CF3H on high-temperature methane flames.35

Additionally, it has been concluded that CF, CF2, CHF2 and
CHF can react with radicals in the combustion reaction through
the research on the intermediate products of the extinguishing of
CH4−O2 premixed flames by perfluoropropane.36 By integrat-
ing previous research, the reaction mechanisms of fluorine-
containing groups such as CF, CF2, CF3, etc. with radicals have
been obtained, as shown in Table 4.

Additionally, Table 4 was integrated into a mechanism
diagram of the reaction between fluorine-containing groups of
HFE-7100 pyrolysis and free radicals, oxygen, and other
substances, and the detailed reaction pathways were obtained,
as shown in Figure 11.

The key chain reactions that occur during the deflagration of
CH4, H2, and C2H4 have been summarized. The fire inhibition
mechanisms of fluorine-containing groups have also been
reviewed. The inhibition mechanism of HFE-7100 pyrolysis

gas products on LIB thermal runaway gases deflagration is
preliminarily analyzed in Figure 12, by integrating the reaction
steps of fluorine-containing groups and active centers in the
deflagration chain reaction depicted in Figure 11. Through
analysis, it can be confirmed that during the fire inhibition
process, the thermal decomposition of HFE-7100 produces
fluorine-containing free radicals such as CF3, CF2, CF, and
CHF2. These radicals can react with the free radicals such as H,
O, OH and so on present in the combustion chain reactions,
thereby reducing the concentration of these radicals and
interrupting the chain reactions, e5ectively contributing to the
chemical inhibition of the deflagration.

■ CONCLUSIONS

This study experimentally examines the inhibitory e5ects of
HFE-7100 on the deflagration of LIB thermal runaway gases and
explores the underlying mechanisms, given the frequent
occurrence of thermal runaway and deflagration incidents in
LIBs. The peak temperature, peak pressure, and temperature
ratio profiles are obtained by an Accelerating Rate Calorimeter
(ARC). Additionally, pyrolysis experiments of HFE-7100 were
conducted. Based on the experimental analysis and mechanistic
discussion, the following conclusions are drawn:

(1) With the addition of HFE-7100, the peak temperature rise
ratio during the thermal runaway of LIBs decreases. The
rate of decrease in the peak temperature rise ratio is
approximately positively correlated with battery capacity.

(2) HFE-7100 begins to decompose at 400 °C and is nearly
completely decomposed by 850 °C. The gaseous products
generated during the pyrolysis process mainly include
CF3CF2CF2CHF2, CF3CF2CF = CF2, CF3CF = CF2, and
CHF3.

(3) The fluorine-containing groups generated by the pyrolysis
of HFE-7100 can react with the active centers in the
combustion chain reaction, such as free radicals H, O, and
OH, during the inhibition of LIB deflagration. This
reaction reduces the concentration of these free radicals in
the combustion chain reaction, thereby inhibiting the
chain reaction and e5ectively inhibiting deflagration.
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