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Abstract

This study investigates the high-temperature pyrolysis pathways and product distribution
of the battery immersion coolant HFE-7300 (C7H3F13O) within a simulated thermal run-
away environment. Using a tube furnace system combined with GC-MS analysis across a
temperature range of 300–800 ◦C (residence time of 3 s), the thermal stability and cracking
evolution were evaluated. Experimentally, HFE-7300 exhibits low initial decomposition
at 400 ◦C with a pyrolysis rate of 5.84%, which rapidly scales up to 48.72% at 500 ◦C, and
reaches a near-complete degradation of 98.46% at 800 ◦C. Qualitative product characteriza-
tion identified C2H4, C2F4, C3F6 C4F8, and C5H3F9O as the primary species evolved. To
map the micro-scale degradation trajectories, a reaction network comprising 12 elementary
pathways was constructed via density functional theory (DFT) calculations at the B3LYP/6-
311+G(d,p) level. Using the TST method, we calculated the reaction rate constants for the
main decomposition pathways. Analysis reveals that the C4–C5 bond scission pathway (R6)
serves as the predominant initial decomposition channel, yielding C5H3F9O and CF2=CF2

as the definitive primary products. These findings provide baseline thermodynamic data
and critical safety insights for the engineering design of immersion-cooled battery thermal
management systems.

Keywords: HFE-7300; fire protection; immersion liquid cooling; Lithium-ion batteries;
thermal decomposition

1. Introduction
With the continuous development of the new energy industry and electrification

technology, lithium-ion batteries, with their high energy density, long cycle life, and excel-
lent power performance, have been widely used in electric vehicles, new energy storage
systems, aerospace equipment, and other fields [1–4]. They have gradually become an
important energy carrier supporting the operation of modern energy systems [5]. However,
with the continuous improvement of the energy density and power density of lithium-ion
batteries, their operating environments and conditions have become increasingly complex,
leading to increasingly prominent safety issues [6–8]. Triggered by various factors such as
overcharging, external short circuits, internal defects, mechanical shocks, and external heat
sources, a series of irreversible exothermic reactions may occur inside the battery [9,10].
This causes the battery temperature to rise rapidly and gradually lose thermal equilibrium,
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ultimately leading to the thermal runaway process [11]. Among numerous battery thermal
management and safety control technologies, immersion liquid cooling technology has
attracted widespread attention from academic and engineering fields in recent years due to
its advantages of high heat transfer efficiency, uniform temperature distribution, and high
system integration [12,13]. Compared with traditional air cooling or indirect liquid cooling
methods, immersion liquid cooling can significantly enhance the convective heat transfer
process through the direct contact between the liquid cooling agent and the battery surface.
Under high heat flux conditions, it introduces a phase change heat absorption mechanism,
thereby to a certain extent delaying the trigger time of thermal runaway, reducing the peak
battery temperature, and weakening the intensity of thermal disasters [14].

Currently, various thermal management methods have been proposed and applied to
ensure the thermal safety of lithium-ion batteries during operation. As a key component
of the battery management system, the Battery Thermal Management System (BTMS) is
employed to achieve thermal stability and efficiency through the integrated utilization of
software, hardware, and related components. The safety and reliability of battery systems
can be significantly enhanced, and the risk of thermal runaway effectively reduced, by
the implementation of a BTMS. Various cooling strategies have been developed within
BTMS, including air cooling, indirect liquid cooling, direct liquid cooling, and phase change
material cooling. Among these, immersed liquid cooling, a typical form of direct liquid
cooling, achieves temperature regulation by submerging the entire battery in a coolant,
allowing heat generated during operation to be absorbed via sensible or latent heat of
the liquid.

Research has been conducted on the thermal runaway behavior of lithium-ion batteries
under immersion conditions. The results indicate that immersed liquid cooling can mitigate
the hazards associated with thermal runaway to some extent. For example, Liu F. et al. [15]
investigated seven typical fluorinated liquid coolants, including Novec 7500, and explored
the suppression mechanisms of different coolants on the thermal runaway of 18,650 lithium-
ion batteries through experimental studies. Jiaxing Li et al. [16] performed thermal runaway
experiments on lithium iron phosphate batteries, demonstrating that under overcharge
conditions, immersed liquid cooling exerted an inhibitory effect on the occurrence of
thermal runaway. Zhendong Zhang et al. [17] examined the thermal runaway behavior of
21,700 cylindrical batteries under immersion conditions, revealing the influence of state
of charge and immersion ratio; it was found that the immersion system could reduce the
required safety distance between batteries, although peak thermal runaway temperatures
still reached 587 ◦C.

Fluorinated electronic liquids, due to their high thermal conductivity, low energy
consumption, excellent electrical insulation, chemical inertness, and non-flammability, have
been widely employed in data center liquid cooling systems [8,11,18,19] and are increas-
ingly applied to lithium-ion battery immersion cooling. Among them, ethyl perfluorobutyl
ether (HFE-7300, C7H3F13O, CAS: 132182-92-4) is a colorless, odorless, low-toxicity, non-
flammable, and well-insulating fluorinated liquid. Its environmental characteristics are
favorable, with a global warming potential (GWP) of 200 and an ozone depletion potential
(ODP) of 0 [20,21]. The absence of solid particles, oils, and ozone-depleting elements such
as chlorine or bromine further enhances its environmental compatibility. HFE-7300 has
a boiling point of 98 ◦C, covering the optimal operating temperature range of lithium-
ion batteries, and exhibits strong boiling heat transfer capacity, making it a promising
candidate for direct immersion phase change cooling [22–24]. In comparison with other
common hydrofluoroethers, HFE-7100 and HFE-7200 exhibit boiling points of 61 ◦C and
76 ◦C, respectively, whereas HFE-7300 has a boiling point of 98 ◦C and a longer, branched
perfluoroalkyl skeleton. Due to these variations in chemical architecture and physical
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properties, their thermal stability and decomposition behavior vary significantly. During
thermal decomposition, fluorinated compounds are highly prone to producing toxic and
corrosive compounds such as HF; therefore, understanding how HFE-7300 decomposes at
high temperatures and identifying its primary decomposition products helps in assessing
the risks associated with its practical application. However, most existing studies focus pri-
marily on the macro-scale thermal runaway suppression parameters of general fluorinated
agents or lower-boiling short-chain variants, while a systematic scientific investigation into
the underlying high-temperature pyrolysis pathways and specific gas evolution traits of
the longer, branched HFE-7300 skeleton under simulated battery thermal failure fields is
still lacking. To address these literature limitations, the uniqueness of this study is that
it establishes a comprehensive, high-temperature gradient evaluation network spanning
300–800 ◦C.

2. Materials and Methods
First, in this paper, all molecular structures were optimized using Gaussian16 software

at the B3LYP/6-311G+(d,p) level [25–27]. For all molecular structures containing radicals,
the UB3LYP/6-311G+(d,p) method was used to optimize the molecular structures and
calculate their electronic energies. The electronic energies of all molecular structures in this
paper were calculated as the sum of electronic and thermal free energies. Shermo_2.6.1 was
used to calculate the Gibbs free energy of all reactants and products, thereby determining
the Gibbs free energy changes for all reaction processes [28]. All major reaction processes
were verified using a flexibility scan to confirm the presence of energy barriers.

By performing flexible scans to calculate the molecular structures involved in all
barrier-free reaction pathways, we obtain the overall changes in molecular free energy
along the reaction pathways, The bond length is increased by 0.2 Å at each step; 12 steps are
calculated to ensure complete bond breakage. After confirming the absence of a free-energy
barrier, we subtract the free energy of the reactants from that of the products and use
this difference as the free energy in the TST equation to calculate the chemical reaction
rate constant.

The Skodje-Truhlar method was used to calculate the transmission coefficients for
reaction processes involving energy barriers, and these coefficients were incorporated into
the TST method to calculate the reaction rate constants. All molecular structures containing
radicals were checked against S2 to ensure the absence of severe spin contamination.

Subsequently, the actual pyrolysis behavior of HFE-7300 was analyzed through pyroly-
sis experiments. The experimental setup is shown in Figure 1. The experimental setup used
a flow control device to regulate the flow rate of HFE-7300, with N2 serving as the carrier
gas, and the mixed gas was fed into a tube furnace. The integrated research framework of
this work is schematically summarized in Figure 1. It visually couples the macro-scale ex-
perimental loop with the micro-scale theoretical density functional theory (DFT) simulation
matrix. The experimental workflow involves programmatic tube furnace pyrolysis, effluent
deacidification, and GC-MS characterization. Ultimately, this combination establishes a
closed-loop correlation to decode the dominant cracking pathways of HFE-7300.
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Figure 1. Research mechanism diagram of this work.

This article initially employs a tube furnace to simulate the high temperatures gen-
erated during the thermal runaway process of lithium-ion batteries. In conjunction with
GC-MS, it investigates the thermal decomposition products of HFE-7300 under high-
temperature conditions and the decomposition rates at various temperatures.

The GC-MS was from Agilent Technologies, Inc. 7890B-5977B. The specific GC-MS
detection parameters were as follows: A DB-5 capillary column (30 m × 0.250 mm ×
0.50 µm) was utilized for separation. The column oven temperature program was initiated
at 30.0 ◦C (held for 6.00 min), followed by a ramp to 200.0 ◦C at a rate of 20.00 ◦C/min, with a
final isothermal hold for 5.00 min. The inlet temperature was maintained at 200 ◦C. Nitrogen
served as the carrier gas with a split ratio of 10:1 and a split flow rate of 9.0 mL/min.
The temperatures of the ion source and the transfer line were set to 230 ◦C and 250 ◦C,
respectively.

3. Results and Discussion
3.1. Gaussian Calculation of Decomposition Pathway

This paper first uses DFT calculations to theoretically investigate the possible thermal
decomposition pathways of HFE-7300. The primary thermal decomposition pathway is
identified by calculating the reaction rate constants, and the main thermal decomposition
products are then analyzed. Given that this paper involves a large number of structures
containing free radicals, the S2 values of all structures with free radicals were checked
after molecular structure optimization to avoid potential spin contamination. The S2

values for all structures in this paper are around 0.75; for example, the S2 value for the
CF2CF3 molecule is 0.7523, indicating that spin contamination has a minimal impact on the
theoretical calculation results presented in this paper.

All the molecular involved in this paper has been shown in Figure 2. Compare to other
similar work, the structure of HFE-7300 in our article was similar to the structure that been
reported before [29]. The pyrolysis pathway of HFE-7300 is shown in Figure 3 and Table 1.
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There are a total of 12 independent reaction pathways, most of which are simple barrierless
reactions. As shown in Figure 4 and Table 2, reaction R1 involves the breaking of the C-O
bond in the molecule. Since the bond energy of the C-O bond is generally lower than
that of the C-C bond, it is possible for the C-O bond to break preferentially. The breaking
of this bond generates two radicals, OCH3 and CF3CF(CF3)CFCF2CF3, which requires
the absorption of 51.48 kcal/mol of energy. The CF3CF(CF3)CFCF2CF3 macromolecular
radical generated in R1 is unstable and will continue to decompose. In reaction R2, the
C4–C5 bond within the radical undergoes homolysis, requiring the absorption of 62.68
kcal/mol of energy to generate CF3CF(CF3)CF and CF2CF3. Subsequently, in reaction R3,
the CF3CF(CF3)CF radical undergoes structural rearrangement through transition state
1 (TS1). During this process, a fluorine atom on C2 migrates to the electron-deficient
C4 atom, ultimately forming the stable product CF3(CF3)C=CF2. Another fragmentation
pathway of this macromolecular radical, reaction R4, breaks the C2-C4 bond, requiring
the absorption of 60.14 kcal/mol of energy to generate CF3CFCF3 and CFCF2CF3. Among
them, CFCF2CF3 rearranges to CF3CF=CF2 through transition state 2 (TS2). During the
rearrangement process, a F atom attached to the intermediate carbon atom migrates to
the adjacent CF group, resulting in the conversion of a single carbon–carbon bond to a
double bond.

Table 1. The reaction formula of HFE-7300 decomposition pathway.

NO. Reaction Formula

1 C7H3F13O → ·OCH3 + ·CF3CF(CF3)CFCF2CF3
2 ·CF3CF(CF3)CFCF2CF3 → ·CF3CF(CF3)CF + ·CF2CF3
3 ·CF3CF(CF3)CF → TS1 → CF3(CF3)C=CF2
4 ·CF3CF(CF3)CFCF2CF3 → ·CF3CFCF3 + ·CFCF2CF3
5 ·CFCF2CF3 → TS2 → CF3CF=CF2
6 C7H3F13O → ·CF3CF(CF3)CFOCH3 + ·CF2CF3
7 ·CF3CF(CF3)CFOCH3 + F → C5H3F9O
8 ·CF2CF3 → F + CF2=CF2
9 C7H3F13O → ·CH3 + ·CF3CF(CF3)CFOCF2CF3
10 ·CF3CF(CF3)CFOCF2CF3 + H → CF3CF(CF3)CF(OH)CF2CF3
11 ·CH3 → ·H + ·CH2
12 ·CH2 → CH2+CH2

Table 2. Electronic energy of the molecular structures involved in Reactions 1–5.

Reaction Number Reactants Products

1
HFE-7300 OCH3 CF3CF(CF3)CFCF2CF3

−1642.120911 −115.08 −1526.958946

2
CF3CF(CF3)CFCF2CF3 CF3CF(CF3)CF CF2CF3

−1526.958946 −951.315981 −575.543255

3
CF3CF(CF3)CF TS1
−951.315981 −951.249287

4
CF3CF(CF3)CFCF2CF3 CF3CFCF3 CFCF2CF3

−1526.958946 −813.403568 −713.459629

5
CFCF2CF3 TS2
−713.459629 −713.40537
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Figure 2. All the molecular and transition state structures are involved in this paper.

Figure 3. The decomposition pathway of HFE-7300.

As shown in Figure 5 and Table 3, reaction R6 represents another initial decomposition
pathway. In this reaction, the C4–C5 bond breaks, generating CF3CF(CF3)CFOCH3 and
CF2CF3 radicals. This process requires the absorption of 43.58 kcal/mol of energy. The
CF2CF3 radicals formed in R6 can further react through reaction R8, forming C2F4 by
removing a F atom from the CF3 group. This process requires the absorption of 59.58
kcal/mol of energy. The departure of the F atom leads to a redistribution of the electron
cloud of the original carbon–carbon single bond, ultimately forming a carbon–carbon
double bond. The CF3CF(CF3)CFOCH3 radical, which is generated simultaneously with
CF2CF3, has a highly reactive carbon atom at its radical center. This carbon atom can capture
a free F atom in the environment through a strongly exothermic reaction R7, releasing 98.29

https://doi.org/10.3390/app16157731

https://doi.org/10.3390/app16157731


Appl. Sci. 2026, 16, 7731 7 of 12

kcal/mol of energy to generate a stable oxygen-containing final product, C5H3F9O. During
this binding process, the carbon atom transitions from a sp2 hybridized planar triangular
configuration to a sp3 hybridized tetrahedral configuration, and the molecular geometric
structure relaxes to achieve a more stable state.

Figure 4. Potential surface of reaction 1–5.

Figure 5. Potential surface of reaction 6–12.

Reaction R9 is the third initial pathway, involving the breakage of the C8-O bond,
generating CH3 and CF3CF(CF3)CFOCF2CF3. This process requires the absorption of
73.60 kcal/mol of energy. The CF3CF(CF3)CFOCF2CF3 radical generated by R9 can capture
a hydrogen atom through the strongly exothermic reaction R10, directly forming the
stable alcohol product CF3CF(CF3)CF(OH)CF2CF3. This process releases 104.31 kcal/mol
of energy. On the other hand, the simultaneously generated CH3 can undergo further
transformation. In reaction R11, a C-H bond absorbs 123.05 kcal/mol of energy and
undergoes homolysis, generating H and CH2 radicals. Subsequently, two highly reactive
CH2 radicals combine with each other through reaction R12, with their respective single-
electron occupied orbitals overlapping to form a new C-C bond. This process releases
166.46 kcal/mol of energy, ultimately generating C2H4.

Among the three primary initial reaction pathways, R5 requires the lowest energy
absorption, indicating that this reaction is more likely to occur in the initial stage. The
radical intermediates generated by each pathway, through subsequent elementary steps
such as bond breakage, atomic migration rearrangement, elimination, and recombination,
collectively constitute the complex pyrolysis reaction network of HFE-7300.
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Table 3. Electronic energy of the molecular structures involved in Reactions 6–12.

Reaction Number Reactants Products

6 HFE-7300 CF3CF(CF3)CFOCH3 CF2CF3
−1642.120911 −1066.508276 −575.543255

7 CF3CF(CF3)CFOCH3 F C5H3F9O
−1066.508276 −99.775393 −1166.440147

8 CF2CF3 F CF2CF2
−575.543255 −99.775393 −475.673085

9 HFE-7300 CH3 CF3CF(CF3)CFOCF2CF3
−1642.120911 −39.844281 −1602.179454

10 CF3CF(CF3)CFOCF2CF3 H CF3CF(CF3)CF(OH)CF2CF3
−1602.179454 −0.499795 −1602.84532

11 CH3 H CH2
−39.844281 −0.499795 −39.14786

12 CH2 CH2 CH2CH2
−39.14786 −39.14786 −78.560747

3.2. Analysis of Main Pyrolysis Pathways and Product Distribution

In this subsection, the reaction rate constants for the major thermal decomposition
pathways of HFE-7300 are calculated using the TST method, and the major thermal decom-
position products are thereby identified.

Since the vast majority of reactions in the pyrolysis process are barrier-free reactions,
a flexible scan of the reaction pathways is first performed before calculating the reaction
rate constants. The changes in free energy along the reaction pathways are calculated
to determine whether free-energy barriers exist. Subsequently, subtract the Gibbs free
energy of the reactants from the Gibbs free energy of the products to obtain the free energy
barrier. The TST method is used to calculate the reaction rate constants for the barrier-free
reaction processes at different temperatures, ultimately identifying the kinetically favorable
pyrolysis pathway. For barrierless cleavage pathways (R1, R6, R9), employing the net free
energy difference as the activation free energy in transition state theory yields an effective
upper-bound kinetic approximation.

By obtaining the molecular structures along the reaction pathways through flexible
scanning and calculating the vibrational frequencies for all molecular structures, the imagi-
nary frequencies for reaction pathways R1, R6, and R9 were found to be −106.43, −73.85,
and −227.93, respectively. Using the approximate Skodje-Truhlar method, the transmission
coefficients for R1, R6, and R9 at 800 ◦C were calculated to be 1.001, 1.001, and 1.004,
respectively. At 300 ◦C, the transmission coefficients increased slightly, with values of 1.004,
1.002, and 1.016 for R1, R6, and R9, respectively. The calculation results indicate that, under
these conditions, the quantum tunneling effect does not play a dominant role.

First, the calculation results indicate that the reaction processes R1, R6, and R9 are all
barrier-free reactions. The calculation results are shown in Tables 4 and 5. The trend of
the curves is similar to that of the chemical equilibrium constants, with R6→R7 being the
dominant thermal decomposition pathway across the entire temperature range. Reactions
R1, R6, and R9 are all endothermic, and their reaction rate constants increase with rising
temperature. At 800 ◦C, the reaction rate constants for R1, R6, and R9 are 10−8.69, 10−5.63,
and 10−11.41, respectively. Among them, reaction R6 exhibits the highest reaction rate
constant due to its lowest reaction energy barrier, making it superior to R1 and R9 in both
thermodynamics and kinetics. Reaction R7 involves the capture of a fluorine atom by
the ·CF3CF(CF3)CFOCH radical fragment and is exothermic. Although its reaction rate
constant gradually decreases with increasing temperature, it remains significantly higher
than that of reaction R8.
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Table 4. Values of the logarithmic form of the reaction rate constant for R1, R6 and R9 at 300 ◦C and
800 ◦C, The units of reaction rate constant are s−1.

R1 R6 R9

300 ◦C −20.90 −16.75 −25.16

800 ◦C −8.69 −5.63 −11.41

Table 5. Values of the logarithmic form of the reaction rate constant for R7 and R8 at 300 ◦C and
800 ◦C, The units of reaction rate constant are s−1 for R8 and s−1M−1 for R7.

R7 R8

300 ◦C 27.75 −25.78

800 ◦C 8.90 −13.09

3.3. GC-MS Data, Pyrolysis Products at 800 ◦C

To verify the results of the theoretical calculations presented earlier, we conducted
experimental investigations into the pyrolysis process of HFE-7300 at temperatures ranging
from 300 to 800 ◦C by simulating a battery thermal runaway scenario using a tube furnace.

Table 6 presents the main pyrolysis gas products of HFE-7300 under conditions of
300–800 ◦C. Note that individual relative concentrations were not quantified due to calibra-
tion limits, but their thermodynamic dominance is thoroughly evaluated via Keq analytical
frameworks in subsequent sections. Among them, C2H4 primarily manifests as characteris-
tic ion peaks with low mass-to-charge ratios (m/z) of 14, 15, 26, 27, and 28, corresponding
to CH2

+, CH3
+, C2H2

+, C2H3
+, and C2H4

+, respectively. In the mass spectrum of C2F4, two
characteristic fragment peaks appear at m/z = 50 and 69, corresponding to CF2

+ and CF3
+,

respectively. C3F6 exhibits ion signals at m/z = 69, 100, and 131, where m/z = 100 and 131
can be attributed to C2F4

+ and C3F5
+, respectively. For fluorinated products with higher

carbon numbers, C4F8 mainly presents characteristic ion peaks at m/z = 69, 119, 131, and
181, where m/z = 119 and 181 correspond to C2F5

+ and C4F7
+, respectively. Additionally,

the table detects an oxygen-containing product, C5H3F9O, with characteristic ion peaks at
m/z = 15, 69, 119, 169, 181, and 231, where m/z = 169 and 231 can be attributed to C3F7

+

and C5H3F8O+, respectively. The residual HFE-7300 bulk exhibits characteristic ion peaks
at m/z = 31, 69, 119, 169, and 269, with newly added m/z = 31 and 269 corresponding to
CH3O+ and C5F11

+ ion signals, respectively.

Table 6. Main gaseous products of the HFE-7300 pyrolysis process.

Number Mass-to-Charge Ratio (m/z) Corresponding Substance

1 CH2
+(14); CH3

+(15); C2H2
+(26); C2H3

+(27);
C2H4

+(28) C2H4

2 CF2
+(50); CF3

+(69) C2F4
3 CF3

+(69); C2F4
+(100); C3F5

+(131) C3F6
4 CF3

+(69); C2F5
+(119); C3F5

+(131)C4F7
+(181) C4F8

5 CH3
+(15); CF3

+(69); C2F5
+(119); C3F7

+(169);
C4F7

+(181); C5H3F8O+(231) C5H3F9O

6 CH3O+(31); CF3
+(69); C2F5

+(119); C3F7
+(169); C4F8

+;
C5F11

+(269) HFE-7300

The pyrolysis results indicate that during the high-temperature pyrolysis process,
HFE-7300 undergoes simultaneous reactions such as carbon chain breakage, retention of
oxygen-containing structures, and recombination of fluorine-containing fragments, ulti-
mately forming a pyrolysis product system composed of small hydrocarbon molecules,
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perfluoroolefins, and oxygen- and fluorine-containing organic compounds. The experimen-
tal results show that the pyrolysis of HFE-7300 primarily produces C2F4; this finding is
consistent with previous theoretical calculations, demonstrating that the theoretical results
are relatively reliable.

Under the conditions of a residence time of 3 s and a pyrolysis temperature ranging
from 300–800 ◦C, the variation in pyrolysis rate of HFE-7300 is shown in Figure 6. At 300 ◦C,
HFE-7300 has not begun to decompose, and the pyrolysis rate is 0%. Within the lower
temperature range, HFE-7300 already exhibits a high level of pyrolysis, with a pyrolysis
rate of only 5.84% at 400 ◦C. When the temperature rises to 500 ◦C, the pyrolysis rate
rapidly increases to 48.72%. The increase is most pronounced within the 400–500 ◦C range,
indicating that HFE-7300 undergoes significant cracking at lower temperatures, which is
beneficial for absorbing heat through rapid initial cracking and controlling the temperature
of thermally runaway batteries. Subsequently, the rate of thermal decomposition gradually
slows down, with the pyrolysis rate only increasing from 69.58% to 98.46% between 600 ◦C
and 800 ◦C.

Figure 6. The decomposition percentage of HFE-7300 under 300–800 ◦C.

Research results indicate that HFE-7300 exhibits excellent stability, with virtually no
decomposition occurring at normal operating temperatures. At the same time, in the event
of thermal runaway in lithium-ion batteries, it decomposes rapidly to suppress flame forma-
tion and absorb heat to reduce temperature. At 800 ◦C, its primary decomposition products
are C2F4 and C5H3F9O. C2F4 has relatively low toxicity, whereas toxicity data for C5H3F9O
are currently unclear. It is recommended that future immersion-type liquid cooling systems
for lithium-ion batteries adopt a sealed design, and that protective equipment be worn
when handling thermal runaway incidents.

4. Conclusions
In this work, the thermal decomposition of HFE-7300 was investigated by combining

density functional theory (DFT) calculations and experimental analysis. DFT simulations
at the B3LYP/6-311+G(d,p) level were used to explore the possible decomposition path-
ways and the formation routes of pyrolysis products, leading to a preliminary pyrolysis
reaction network. All stationary points, including reactants, products, intermediates, and
transition states, were confirmed by frequency analysis and intrinsic reaction coordinate
(IRC) calculations. The potential energy surface was mapped in detail, which allowed
the energy barriers and reaction mechanisms to be determined. The pyrolysis products

https://doi.org/10.3390/app16157731

https://doi.org/10.3390/app16157731


Appl. Sci. 2026, 16, 7731 11 of 12

obtained at 800 ◦C were identified by GC–MS. The proposed reaction network, together
with the experimentally identified products, provides a consistent description of the initial
decomposition chemistry of HFE-7300.

The experimental results indicate that at 800 ◦C, HFE-7300 mainly decomposes into
C2H4, C2F4, C3F6, C4F8, and C5H3F9O. The pyrolysis rate of HFE-7300 at 400 ◦C is only
5.84%, and then gradually increases to 69.58% at 600 ◦C, demonstrating high thermal
stability. Theoretical calculations reveal that there are 12 reaction pathways for the pyrolysis
of HFE-7300. According to the reaction rate constants calculated by TST method, reactions
R6–R7 are the primary decomposition pathways within the temperature range of 300–
800 ◦C. The main reaction products are C5H3F9O and CF2=CF2. This experiment provides
a basis for the selection of liquid coolants for lithium-ion batteries in subsequent research.
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