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Abstract. To avoid overheating of the batteries, which could lead to a fire, Lithium-
ion batteries are provided with a thermal management system using refrigeration liq-
uids. Since some of the commercial dielectric liquids used as refrigeration liquids con-

tain halogens, their presence will contribute to a formation of hazardous emissions
such as hydrofluoric acid during a potential fire. In this study, a simulation of a high
temperature accident has been performed for lithium-ion batteries cooled with the
direct immersion cooling systems using single-phase dielectric liquids to define their

contribution to HF formation. Four commercial refrigeration liquids based on perflu-
oropolyethers, hydrofluoroether and polyalphaolefin were investigated in this work.
By simulation of a fire, it was observed that the refrigeration liquids delayed the

smoke formation by a factor of 2 to 2.5 in comparison to the case when the battery
was burned without the cooling liquid. By analysis of the fluoride concentration in
the washing system, it was determined that without the refrigeration liquid approxi-

mately 46.8 mmol/l of [F] was captured after the fire. When refrigeration liquids
based on two perfluoropolyethers and hydrofluoroether were applied, the fluoride
concentration in the washing system was 259 mmol/l, 173 mmol/l and 145 mmol/l,
respectively. This work also proposed the reaction mechanisms of the refrigeration

liquid�s decomposition during a fire. It was concluded that the refrigeration liquid
based on polyalphaolefin does not contribute to the additional formation of hydroflu-
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oric acid due to the chemical stability and low content of fluoride and can be consid-

ered as a more sustainable alternative for a direct cooling system for Lithium-ion
batteries.

Keywords: Lithium-ion batteries, Thermal accident, Refrigeration liquids, Hydrofluoric acid

1. Introduction

Lithium-ion batteries (LiBs) are now the most employed power source for
portable electronic devices and fully electric and hybrid engines [1–6] since they
can provide high energy and power per unit of the battery weight, as they are
lighter and smaller than other rechargeable batteries [7, 8]. During the charge and
discharge cycles, a significant quantity of heat is created inside of LiBs, due to the
exothermic chemical reactions [9]. This generated heat negatively influences the
performance, life span, and safety of LiBs [10–12]. Furthermore, the electric vehi-
cles are increasingly required to use higher energy density batteries than ever
before and to accumulate more cells in the pack, in order to increase the mileage
that can be covered before the next charging. This trend further increases the
internal heat generation and accumulation that might be expected during normal
operations [13]. Further, the exothermic reactions can be triggered in the case of
abuse of LiBs, such as mechanical abuse, overcharging or high temperature opera-
tion [14]. Battery failure can lead to the release of a combustible gas mixture (hy-
drogen, methane, organic carbonates, or propane) and under certain conditions
thermal runaway can occur [15]. Also, the heat released by the exothermic reac-
tions can cause a thermal runaway, manifested as an uncontrollable rise in the
reaction rate. The mechanism of thermal runaway can be described as a chain of
chemical reactions [16] that starts in a single battery cell, usually with the decom-
position of the solid electrolyte interphase (SEI) layer followed by a reaction
between the anode and the electrolyte, the decomposition of electrolyte, and the
melting of the separator made from polyethylene (PE) or polypropylene (PP) [17].
This can result in the ejection of a large amount of dark smoke and hot sparks.
The main risk is that when this process happens within the individual cells, it can
propagate throughout the entire battery and it can cause an explosion [15, 18].
During the burning of LiBs, the generated toxic smoke can contain chemical com-
ponents such as carbon monoxide (CO) and hydrogen fluoride (HF) [11, 19–21].
The main source of the flammable substances in the battery is the electrolyte.
Generally, the electrolyte is based on halogens and organic solvents such as die-
thyl carbonate, polypropylene carbonate, and ethylene carbonate and salts. The
most common salt is lithium hexafluorophosphate (LiPF6) but also other Li-salts
(LiBF4, LiClO4 or LiSO3CF3) can be used. When overheated, the electrolyte will
decompose and be released from the battery cells. The gases do not need to be
ignited instantly. At higher temperature hydrogen fluoride (HF), phosphorus
pentafluoride (PF5) and phosphoryl fluoride (POF3) can be formed as a conse-
quence of the electrolyte and binder—polyvinylidene fluoride (PVDF) decomposi-
tion. Compounds with fluorine content can also be applied as flame retardant
materials for the components such as electrolyte or separator. They can even be
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used as the additives for cathode and anode materials, usually in a form of e.g.
fluorophosphates. The decomposition of LiPF6 salt is promoted by the presence
of water/humidity according to the following reactions [21]:

LiPF6 $ LiFþ PF5 ð1Þ

PF5 þH2O $ POF3 þ 2HF ð2Þ

LiPF6 þH2O $ LiFþ POF3 þ 2HF ð3Þ

To avoid thermal runaway and keep the temperature in a range that does not
negatively influence the performance of the battery, the LiBs are provided with a
battery thermal management system [18, 20, 22–24]. Generally, the surface of the
battery cells in electric vehicles have been cooled with forced directed ambient or
cooled air. An alternative method consists of an indirect liquid-cooled system in
which a cooled water–glycol mixture is pumped through pipes and so-called cold
plates close to the cells [20, 23]. A third and more effective thermal management
system consist of the direct immersion in a cooling single-phase dielectric liquid
[20]. These liquids are forced to circulate with a pump to ensure a constant flow
to make continuous contact with all the battery modules [20, 25]. Dielectric cool-
ants have higher thermal conductivity, density, and specific heat capacity than air
and therefore perform more effectively as cooling media than air. Many of the
commercial dielectric liquids used as refrigeration liquids (RL) contain halogens
due to their performances in avoiding or significantly delaying thermal runaway.
Cooling liquids are expected to have chemical stability at higher temperatures.
However, there is limited knowledge about the formation of hydrofluoric acid in
the case of high temperature accidents involving LiBs using a cooling system
based on refrigeration liquids containing halogens. It is unknown if the use of
these RLs could increase the quantity of toxic gas released. Such data can con-
tribute to a more sustainable design of future batteries and knowledge about the
risks associated with accidents with LiBs thermal runaway. This study aimed to
determine the formation of HF in the case of a high temperature accident (at 700
ºC) involving the Li-ion batteries using the cooling system based on four commer-
cial refrigeration liquids containing fluorine. The main goal of the work was to
determine quantitively how much the selected liquids contribute to the formation
of HF during the fire of LiBs.

2. Materials and Methods

2.1. Materials and Thermal Treatment

LiBs cells Samsung INR21700-50E with a weight of 69 g were cut in half to
obtain representative samples with a weight of � 34.5 g. The cell chemistry was
based on graphite/LiNi0.8Co0.15Al0.05O2. Each sample was partially immersed in
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5 ml of refrigeration liquid (RL) to simulate a real operational ratio. Four com-
mercial refrigeration liquids were tested: PFPE1 and PFPE2 (perfluoropolyethers),
HFE (hydrofluoroether) and PAO (polyalphaolefin). Due to the confidentiality
reasons, more exact composition of refrigeration liquids cannot be disclosed and is
not exposed in any part of the article. To determine how much HF can be gener-
ated by a refrigeration liquid in a high temperature event, thermal treatment at
700�C was performed, since 700�C is the average surface temperature of the bat-
tery cells during thermal runaway [25]. The aim was to trigger the decomposition
of the organic material and refrigeration liquid.

3. Equipment for the Thermal Treatment

The thermal treatment was performed in a tubular furnace (Nabertherm GmbH
Universal Tube Furnace RT 50-250/13). Each sample was placed in an alumina
sample holder and inserted into a high-purity 65 cm alumina tube (Al2O3, 99.7%,
Degussit AL23, Aliaxis). Custom-made stainless-steel connectors were added to
both ends of the tube [26, 27]. When the furnace reached the selected temperature,
the alumina tube was then inserted into the tubular furnace. A constant flow of
approximately 340 ml/min of air was pumped through the tube, with a flowmeter
used to regulate the gas flow at the system inlet. The exhaust gas was bubbled
through three plastic cylinders filled with 150 ml of MilliQ water (ultrapure water
with a resistivity of 18.2 MX cm (at 25�C) and a TOC value below 5 ppb), as
shown in Figure 1. Using a thermocouple, it was controlled that the samples were
not subjected to a temperature higher than 80ºC in this part of the tube. The Mil-
liQ water from the plastic wash bottles was collected and analyzed. The MilliQ
water from the gas-washing bottle directly connected with the alumina tube is
referred to as B1. Consequently, the MilliQ water from the other gas-washing bot-
tles is referred to as B2 and B3, respectively. Plastic bottles were selected to pre-
vent HF loss via the reaction with glass vessels. All experiments and
measurements were carried out in triplicates.

4. Ion Chromatography for Fluoride Analysis

Washing solutions B1-3 were analyzed using a Dionex DX100 Ion chromatograph
to measure the concentration of fluorine as fluoride ions. The column used was a
Dionex IonPacTM AS4A-SC RFICTM 4 9 250 mm Analytical. The eluent was a
solution of 1.7 mM NaHCO3 and 1.8 mM Na2CO3.

5. Measurement of the pH in the Washing Solutions

The pH of the washing water was also measured. The pH meter was calibrated to
an accuracy of ± 0.02 pH units at 25�C (Radiometer Analytical SAS) using three
buffer solutions at pH 1, 4, and 7.
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6. Determination of the Fluorine Content
in the Refrigeration Liquids

The fluorine content of the samples was analyzed by using combustion ion chro-
matography, Metrohm, Switzerland. The samples were first subject to hydropyrol-
ysis in quartz glass tube with a supply of oxygen and argon at 1050�C. Under this
condition, the organic fluorine was converted into inorganic fluoride, and the car-
rier gas brought the formed HF to the absorption unit where the fluoride anions
were formed. After that these fluoride ions were transferred to an ion exchange
column for separation and the quantity was measured using conductivity detector.
Details of the method can be obtained elsewhere [28]. This pyrolysis had been
shown to be sufficient to convert fluoro-organics to fluoride [28–30]. The solvent
used for dilution was also analyzed and a very low detectable level of fluorine was
found (16 ng F/ml).

7. Analysis of Carbon, Hydrogen, and Fluorine

The oil by-product of the thermal treatment and washing solutions B1-3 were
analyzed for carbon, hydrogen and fluorine content. The analysis of carbon and
hydrogen was carried out by combustion analysis. The sample was completely and
instantaneously oxidized by the combustion, which converts all the organic fluori-
nated hydrocarbons from the organic condensate and diluted hydrofluoric acid
from the washing solution into a gas phase. The resulting combustion gases pas-
sed through a reduction furnace and were swept into the chromatographic column
by the He carrier gas. Here they were separated and eluted as carbon dioxide and
water and detected by a thermal conductivity detector (TCD), which gives an out-
put signal proportional to the concentration of the individual components of the
mixture. The instrument was calibrated with the analysis of known standard com-
pounds. The fluorine was analyzed by means of combustion, followed by titration
or ion chromatography.

Figure 1. Apparatus with the washing system used for the simulation
of the thermal accident.
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8. Results and Discussion

8.1. The Analysis of Fluoride Content in the Refrigeration Liquids

The concentration of fluorine in the refrigeration liquids as determined through a
combustion ion chromatographic analysis is shown in Table 1. PFPE1 and PFPE2
had the highest fluorine concentration. There was a very low concentration of flu-
orine detected in PAO.

9. Suggested Mechanism of Refrigeration Liquids
Decomposition During the Fire

A combination of 1,1-difluoroethene and hexafluoropropene can be used to form
a fluoroelastomer. When heated in a quartz tube to between 700�C or 900�C,
smaller molecules are produced [31]. These can include the monomer which is
reformed by thermally cracking the polymer. While normal alkenes are well
known to undergo attack of electrophiles (electron seeking species) on the electron
rich pi system of the alkene. For the highly fluorinated alkenes such as tetrafluo-
roethylene and hexafluoroisobutylene it is possible that they could cause similar
lung injuries to those caused by phosgene. This is due to the fact that they are
able to act as electrophiles on nucleophiles such as alkoxides. During the pyrolysis
of the fluorinated polymer, it is likely that nucleophilic species such as water will
be present. For example, if tetrafluoroethylene is combined with sodium ethoxide
then it forms 1,1,2-trifluoro-2-ethoxyethene at room temperature [32]. It can be
reasoned at the higher temperature that a neutral alcohol or water will be able to
act as a nucleophile on the trifluoroalkene. This reaction will form both protons
and fluoride anions as the side product. Thus, it will be able to form hydrogen
fluoride. A possible mechanism of the reaction is proposed in Figure 2, which
shows that the nucleophile attacks at the less electron poor carbon and ultimately
forms pentafluoroacetone.

However, it is more likely that the nucleophile will attack at the other end of
the alkene, this is due to the fact that the p orbital holding the negative charge in
the carboanion shown top right will be only able to be stabilized by resonance
with the trifluoromethyl group rather than the fluorine atom. This reaction will
result in the formation of a carboxylic acid fluoride which will be able to react
with water to form another equivalent of hydrogen fluoride and a carboxylic acid.
The mechanism of described reaction is depicted in Figure 3.

While the carboxylic acid formed has a passing resemblance to fluoroacetic
acid, it is unclear if the 2,3,3,3-tetrafluoropropinoic acid is toxic. It will be unable
to form the fluorocitrate and thus it is likely to be far less toxic than fluoroacetate
[28].
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10. Ion Chromatographic Analysis of the Gas Product
After Thermal Treatment

Dense white smoke was generated 2 min after the sample without RL was placed
into the furnace. For the sample containing RL, the generation of the smoke star-
ted 5 min after the sample was introduced to the furnace. The amount of smoke
slowly decreased but persisted until 30 min from the beginning of the heat treat-
ment. At the end of the experiments, all RLs were decomposed to gas products,
without leaving any condensed product in the sampler. The data in Table 2 show
the amounts of HF released during the experiments. The use of PFPE1 con-
tributes to the HF formation by a ratio of 5:1 ([F]RL/[F]LiB) when the weight ratio
is 1:7 (wRL/wLiB) and produces the highest quantity of HF. For the PFPE1,
PFPE2, and HFE only � 1% of the initial concentration of fluorine in the RL
(Table 1) was detected by ion chromatographic analysis of the gas-washing water
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Figure 2. Mechanism (1) of the refrigeration liquid decomposition
during the high temperature accident.

Table 1
The Concentration of Fluorine ([F]) in the Commercial Refrigeration
Liquids

Refrigeration liquid Chemical group [F] (mol/l)

PFPE1 Perfluoropolyethers 28.4 ± 0.20

PFPE2 Perfluoropolyethers 18.4 ± 0.10

HFE Hydrofluoroether 13.7 ± 0.20

PAO Polyalphaolefin < 0.26 ± 0.05
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(Table 2). This indicates that only a small quantity of the fluoride is released as
HF during the decomposition of the RLs. There is not a significant difference
between the total concentration of fluorine released from thermal treatment of the
LiB without refrigeration liquids and the concentration of fluorine released using
PAO. Therefore, PAO did not contribute to any HF formation, whereas PFPE1,
PFPE2 and HFE increased the HF formation. In common with Feldmann’s
method for the collection of volatile methylated selenium species in nitric acid for
the determination of the total selenium content of air [33] we choose to use multi-
ple Dreschel bottles in series to enable an estimate of the total amount of volatile
inorganic fluorine to be made. To a first approximation the amount of fluoride
found in the bottles decreased exponentially as the stage number increased, taking
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Figure 3. Mechanism (2) of the refrigeration liquid decomposition
during the high temperature accident.

Table 2
Ion Chromatographic Analysis of Fluoride Content in the Gas Product

Total captured [mmol/L] Total estimated [mmol/L]

Without RL 46.8 ± 1.7 38.8

PFPE1 259 ± 13 265.9

PFPE2 173 ± 9.0 162.2

HFE 145 ± 8.3 104.7

PAO 45 ± 1.7 37.8

Given values are for total captured fluoride and estimated concentrations
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the assumption that the amount of fluorine decreased exponentially estimates were
made of the total amount of fluorine compounds which entered B1.

The difference between the estimated and captured fluorine concentration can
be explained by additional fluorine coming from the battery electrolyte. The loss
of fluorine is due to its reaction with metal compounds such as lithium and alu-
minum, which are both possible from the thermodynamic point of view as shown
in the reaction mechanism summarized in Equations (4) and (5). Some loss of flu-
orine can also occur due to the formation of polycyclic aromatic hydrocarbons,
which can be formed during the fire [34] and can be present as fluorinated.

Liþ þ F� $ LiF ðDG0
700 ¼ �166 kJ/molÞ ð4Þ

Figure 4. Ion chromatographic analysis data of fluoride
concentration of the gas product in the first bottle of the washing
system.

Figure 5. Ion chromatographic analysis data of fluoride
concentration of the gas product in the second bottle of the washing
system.
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Figure 6. Ion chromatographic analysis data of fluoride
concentration of the gas product in the third bottle of the washing
system.

Table 3
Measured pH of the Washing Solution in the 3 GAS-WASHING
BOTTLES, Where the Accuracy of the Analysis was ± 0.2 (Absolute
Values)

pH

B1 B2 B3

Without RL 2.1 3.0 3.0

PFPE1 1.3 2.4 2.7

PFPE2 1.9 2.4 2.7

HFE 1.9 2.5 2.6

PAO 2.1 3.4 3.8

The pH meter was calibrated with three standard solutions at pH 1, 4, and 7

Figure 7. Cumulative change of [F] in the washing system.
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Al0 þ 3F� $ AlF3 ðDG0
700 ¼ �855 kJ/molÞ ð5Þ

As it is shown in Figures 4, 5 and 6, the majority of HF is captured in the first
washing bottle of the washing system. The third bottle contained only residual
concentration of HF.

Figure 7 shows the cumulative change of fluoride concentration in the washing
bottles after the thermal treatment of all four refrigeration liquids.

11. Change of pH in the Washing System Due to HF
Formation

The pH of the Milli Q water used to wash the off-gas varied depending on which
RL was used (Table 3). This indicates the presence of hydrogen ions, most proba-
bly from HF. The pH increased from B1 to B3 for PFPE1, PFPE2, and HFE,
corresponding to a decrease in F concentration in the washing solutions as shown
in Table 2. The pH measured for PAO and for the LiBs thermal treated without
refrigeration liquids has similar values in B1. In B2 and B3, RL 4 has a higher pH
than LiBs without RL. Since PAO contains a negligible amount of F, this
decrease is explained by the formation of other substances than HF.

12. Conclusions

The organic components of the LiBs decomposed, releasing a gas composed
mainly of CO2, CO, and H2O, as already described in two previous works [26,
27]. The electrolyte and PVDF decomposed to release HF and an organic by-pro-
duct rich in fluorine. It was observed that in a case of the lithium-ion battery fire
the smoke formation was delayed 2 to 2.5 times when refrigeration liquid was pre-
sent in comparison to the fire without the liquid. However, the use of the refriger-
ation liquid with a fluorine-based chemical composition leads to a consistent
increase in the quantity of HF released in the event of a high temperature acci-
dent. It was determined that, without the refrigeration liquid approximately
46.8 mmol/l of [F] was captured after the fire. When refrigeration liquids based on
two perfluoropolyethers and hydrofluoroether were applied, the fluoride concen-
tration in the washing system was 259 mmol/l, 173 mmol/l and 145 mmol/l,
respectively. on the other hand, the fluoride released as HF represents only a
small quantity of the fluoride concentration present in the perfluoropolyethers and
hydrofluoroether. In general fluoride released from those liquids represents around
1% in their initial concentration at the tested temperature. The refrigeration liquid
based on polyalphaolefin did not contribute to additional HF formation and can
be considered as a more environmentally friendly alternative for a cooling system.
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