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HIGHLIGHTS

o Fire behavior of Na-ion electrolytes with and without additives were studied.
e A comparison was established with classical Li-ion electrolyte.

o Heat release rate revealed mainly governed by the solvent components.

o Chemical threat influenced by salts and additives, and ventilation degree.

o Fluorine fate of Na-ion and Li-ion electrolytes reveals a quite different trend.

ARTICLE INFO ABSTRACT

Keywords: Carbonate-based electrolytes are often employed as the preferred electrolyte for both Li-ion and Na-ion cells. To

Na-ion battery investigate the fire risk during abuse conditions in real-life scenarios covering the full value chain, not only cell-

il(;’;:‘r_‘ﬂyte level studies but also component-level investigation is crucial. Hence, Na-ion advanced electrolyte combustion
itives

tests are performed employing the fire propagation apparatus also called Tewarson calorimeter. Heat and
combustion products releases are measured, making use of fire calorimetry laws and analytical techniques such
as FTIR, NDIR, FID, or paramagnetic analyzers, and optical measurement. Thermal and chemical impacts of Na-
ion electrolytes combustion and fires are assessed under well-ventilated and under-ventilated environments. Data
are then compared against a carbonate-based electrolyte used in Li-ion batteries to create a comparative study
between these technologies. Overall, the heat released rate majorly depends upon the solvents used and is less
impacted by inorganic Li or Na salts while the emitted gases depend on both solvent and salt chemistry. Another
key observation lies in the different fate of the fluorine element chemically bound to the concerned salts: in
similar burning conditions, F from NaPFs decomposition is preferably converted in F-containing solid species in
the residues whilst LiPFg gives off more gaseous species such as HF.

Fire propagation apparatus
Heat release rate
Toxic gas

1. Introduction fabricated from renewable energy resources but by extracting raw ma-
terials from natural ores or in the case of sodium from brine deposits [3].

The overutilization of fossil fuels is responsible for the greenhouse However, compared to traditional renewable energy sources,

effect, the atmospheric increase in carbon dioxide levels, air and water
pollution, and global warming [1]. Shifting away from fossil fuels and
using renewable energy sources contribute to a carbon-neutral society
[2]. The active components in lithium-ion batteries are directly not
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lithium-ion and sodium-ion based battery technologies remain the best
compromises to provide clean stored energy on demand. The high en-
ergy and power density Li-ion batteries (LiBs) are predominantly used in
electric energy accumulation devices proposed in the automobile
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industry (EVs, HEVs, and PHEVSs), and portable electronics market. It is
also used in grid energy storage systems (in competition to energy
accumulation in hydroelectric form with pumped hydroelectric power,
mechanical form with compressed air, or in electrochemical form in
sodium-sulfur and redox flow batteries) [4-6]. As for sodium-ion bat-
teries (SiBs), they have recently become a commercially available option
for powering portable electronic devices.

The accidental risk linked to high-performance batteries lies in the
thermal runaway hazard potentially occurring from electrical (over-
charging, internal short circuits), thermal (self-heating, external heat-
ing), or mechanical (mechanical crushing) abuse or poor mishandling of
batteries. Depending on the battery (electro)chemistry, a series of un-
desirable chemical and electrochemical reactions may take place during
the thermal runaway such as the breakdown of the SEI layer, the elec-
trolyte decomposition, the separator meltdown, the oxygen release from
layered cathodes, and so on [7-10]. The increasing temperature inside
the battery pack resulting from the thermal runaway reactions is
accompanied by electrolyte-driven toxic gas releases, jet flames, and
explosion at worst [11].

A nonaqueous electrolyte used in commercial batteries is based on a
lithium or sodium salt dissolved in a mixture of organic carbonate sol-
vents. Cyclic carbonates like ethylene and propylene carbonate (EC, PC)
have high dielectric constant but with high viscosity, so that linear
carbonates like dimethyl, ethyl methyl, and diethyl carbonate (DMC,
EMC and DEC) must be added to lower the overall viscosity of the
electrolyte [12]. The inherent flammability (Table ST1) of such elec-
trolytes remains a critical concern for rechargeable batteries [13].
Hence, the fire behavior of electrolytes is important information for the
safety assessment of the full value chain of commercial batteries.
Although the solvent bases in both LiB and SiB technologies are similar
and combustion tests on LiB electrolytes were already widely investi-
gated [14,15], information on Na salts and specific additives in-
teractions in the overall behavior of SiB electrolytes in fire conditions
has not been addressed to our knowledge so far.

Therefore, this paper aims to understand the thermal (HRR, complete
and effective heats of combustion, mass loss rates) and chemical threats
(toxic gases) of advanced Na-ion electrolytes and compare these threats,
according to close similarity in terms of composition to a classical
carbonate-based electrolyte for lithium-ion batteries.

The fire hazards have been evaluated using a fire calorimeter, called
Fire Propagation Apparatus (FPA) or Tewarson calorimeter in Europe
[16,17], to disclose information on the potential thermal and chemical
threats pertaining to fire scenarios of any combustible materials on the
full spectrum of fire ventilation conditions. Description, working prin-
ciple and validation domains of this bench-scale fire testing apparatus
are covered by various American and international standards like NFPA
287, ASTM E2058, and ISO 12136 [18-20]. It is worth mentioning that,
in the present case of burning electrolytes, obtained results only partially
support what would result in a more complex situation where the
electrochemical or chemical decomposition of the electrolyte would
occur when inserted in a sealed battery under thermal runaway.
Nevertheless, this initial study provides a good overview of the thermal
and chemical threats to be assessed. The existing information on the fire
behavior of lithium-ion battery electrolytes [14,15] would help create a
benchmark of comparison between these analogous technologies.

2. Experimental

Different electrolyte formulations listed in Table 1 were prepared in
a dry room with a dew point of —50 °C. EC, PC, and DMC solvents with a
purity of 99.9 % were purchased from Solvionic, NaPFg salt from Stella
Chemifa Corporation, NaFSI from Arkema, additives like succinonitrile
(SN) from Acros Organics, vinylene carbonate (VC) and tris(trime-
thylsilyl) phosphite (TMSPi) from TCI Chemicals, and sodium difluor-
ooxalatoborate (NaODFB) from E-Lyte Innovations. The chemicals are
drawn in Fig. S1.
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Table 1
Designation and composition of studied electrolytes.
Electrolyte Solvent mixture Salt(s) Additives
designation
LP30 EC/DMC (1:1 wt LiPFg 1 mol
ratio) Lt
NP30 EC/DMC (1:1 wt NaPFg 1 mol
ratio) L!
El EC/PC/DMC NaPFg 1 mol
(1:1:2 wt ratio) L!
E1+X EC/PC/DMC NaPFg 1 mol 3 % VG, 0.2 % TMSPi, 0.5
(1:1:2 wt ratio) ! % NaODFB, 3 % SN
E2 EC/PC/DMC NaPFg 0.66
(1:1:2 wt ratio) mol L7},
NaFSI 0.33
mol L™!
E2+X EC/PC/DMC NaPFg 0.66 3% VG, 0.2 % TMSPi, 0.5
(1:1:2 wt ratio) mol L7}, % NaODFB, 3 % SN
NaFSI 0.33
mol L1

The fire experiments were carried out in a customized version of the
fire propagation apparatus as depicted in Fig. 1. The INERIS FPA is a
flow through type of fire calorimeter consisting of two main subsystems.
The lower part integrates the combustion chamber which accommo-
dates the electrolyte sample (around 50 mL) placed in a Petri dish of 67
mm in diameter enclosed inside a quartz tube. The pre-weighed test
sample is ignited by a pilot flame. Additionally, it is thermally heated by
four infrared heaters (tungsten filament tubular quartz lamps) with an
impacting external heat flux of 25 kW m~2 on the sample surface. This
acts as a non-intrusive thermal aggression, evenly radiating onto the
sample surface, mocking up the impact of thermal load resulting from
thermal radiation induced by established fire conditions of the test
material. Well-ventilated and under-ventilated conditions correspond-
ing to oxygen-rich and oxygen-lean environments were supplied with an
incoming air-flow of 350 L min ! and 30 L min ™! respectively. Obtained
fire ventilation mode prevailing in each test run was verified by the
calculation of the equivalence ratio also known as the phi factor (®)
which is the ratio of fuel mass flux to the air mass flux normalized by the
same parameters under stoichiometric conditions [21]. The phi value of
® <1, =1, and >1 refers to oxygen-rich (fuel-lean), stoichiometric, and
oxygen-lean (fuel-rich) fire scenarios, respectively.

In the upper part of the calorimeter (the fire gases collector and
exhaust subsystem), the fire products are captured, diluted, mixed with
ambient air and further conveyed in the sampling duct, where the gas
temperature and the product air-flow rate are measured. The gases were
quantified in real-time using in-situ analysis for O, (paramagnetic
analyzer), CO and CO; (non-dispersive infrared (NDIR) analyzers), total
hydrocarbons (THC) (flame ionization detector (FID)) and soot (optical
measurement). The supplementary FTIR apparatus quantified informa-
tion regarding gases like carbonates, CO, CO2, HCHO, CHy4, CoHy, CoHay,
HF, POF3, SO2, and NO. SiF4 gas originating from HF reaction with the
glass quartz tube composed of SiO; was also detected and considered in
the quantification of HF.

The X-Ray Diffraction (XRD) characterization of solid residues after
combustion was carried out using Bruker D8 X-ray Diffractometer with
Cu K, radiation in the 20 range 10-90° with subsequent step size of
0.027°. The obtained XRD peaks were analyzed and compared to stan-
dards from the International Center for Diffraction Data (NaPFg PDF
#491738, NaF PDF #361455, LiF PDF #040857), with assigned power
diffraction files. The chemical composition of obtained solid residues
was characterized by Scanning Electron Microscopy (SEM, FEI Quanta
200-FEG) and Energy Dispersive X-ray Spectroscopy (EDX).

3. Results and discussion

Flaming combustion was readily achieved in all tests on the two
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Fig. 1. Schematic view (left) of the FPA at INERIS and the working device pictorial representation (right).

carbonate mixtures and six electrolyte samples (Table 1) due to ease of
ignition of the solvent mixtures. These electrolytes will be called basic
electrolytes for LP30 and NP30 and advanced electrolytes for E1, E1+X,
E2 and E2+X, whose compositions are depicted in Table 1. Note that the
LP30 electrolyte composed of EC:DMC (1:1 wt ratio) solvents with 1 M
LiPFg salt has been the reference electrolyte commonly used in research
laboratories since 1993 [22]. EC solvent plays a significant role in the
formation of passivation solid electrolyte interphase (SEI) layer on
anode [23] and DMC solvent reduces the high viscosity of cyclic car-
bonate solvents [24]. This formulation was beforehand investigated as a
reproducibility test to check whether the HRR profile and the effective
heat of combustion were comparable with those obtained in a previous
study from Eshetu, G.G. et al. [15]. The results were close enough to
pursue our investigation using the same protocol, with confidence. The
comparison of thermal and toxic gas effluents released from Ref. [15]
and this study is shown in Table ST2, which validates good reproduc-
ibility of LP30 electrolyte testing in the FPA used in both studies. PC is
included in the standard Na electrolyte solvent formulations [25,26]. It
is an attractive solvent for low temperature operation [27], because of
its low melting point (about —48.8 °C), which can lower the eutectic
point of solvent with EC and thus the freezing point of the electrolyte.
The synergistic mixture of NaPFg and NaFSI salts have been proven to
work efficiently in sodium-ion batteries. Fan et al. [28] improved the
rate capability of NaNij 3Fe; 3Mn; ,30,||HC Na-ion cells by employing
this salt mixture in a wide temperature range. NaFSI salt possesses
higher conductivity [29] and NaPFg salt passivates aluminium current
collector, both working as the dual salt functional electrolyte. The ad-
ditives are added to stabilise the Cathode Electrolyte Interphase (CEI)
and Solid Electrolyte Interphase (SEI) layer and further to improve the
rate capability of NazVy(PO4)oFs||HC cells [25,26,30]. SN due to its
strong nucleophilic character (-C = N bond) stabilizes the high oxida-
tion state of V°* to minimize parasitic reaction associated with the
electrolyte [31,32]. It avoids vanadium dissolution and protects the
cathode NVPF structure. TMSPi is used as an effective acid-like HF/O-
scavenger [33-35], it generates a small amount of POF3 and TMSF gas in
the first cycle, but reduces CO3 production [25]. In NVPF||HC full cell,
NaODFB additive reduces the production of ethylene and hydrogen
gases, while CO2 and DMC-derived gaseous species were absent [36].
Hence, it contributes to the formation of stable SEI and protects the HC
surface. VC additive undergoes catalytic polymerisation upon reduction
and forms poly(VC)-enriched SEI layer [37-39] protecting the anode
surface. In addition, VC addition is also shown to stabilise the positive
NVPF electrode by forming a stable CEI layer [25].

Data on heat release rate, effective heat of combustion, gaseous
emissions and solid residues obtained under well and under-ventilated
fire conditions have been analyzed and discussed in the following sub-
sections with the aim of extracting key observations about the contri-
bution of the solvents, salts and additives in the overall combustion
process. The objective was the establishment of heat and mass balances

allowing the comparative assessment of the thermal and chemical
threats of Li-ion and Na-ion electrolytes.

3.1. Heat release rate (HRR)

The HRR calculations were conducted using the principles of carbon
dioxide (integrating CO and soot) generation (CDG) and oxygen con-
sumption (OC) calorimetry techniques, the former being linked to
combustion thermochemistry and the latter being based on the so-called
Thornton’s principle [40-42]. Both methods lead to identical and
reproducible results (Fig. S2), which rely on the generic energy constant
and direct mass balance conversion considering several assumptions
[14,40].

HRR profile of basic electrolytes. As shown in Fig. 2a and b, respec-
tively LP30 and NP30, and carbonate mixtures, EC/DMC 1:1 wt ratio
and EC/PC/DMC 1:1:2 wt ratio, the HRR profiles recovered in a well-
ventilated condition are divided into two distinct regions of
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Fig. 2. a-e) HRR profiles of solvent mixtures and electrolytes studied under
oxygen-rich environment, f) HRR profile of electrolyte E2 and related SO,
gas evolution.
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combustion. The latter were interpreted that the HRR of cyclic carbon-
ate(s) follows that of linear carbonate, i.e., DMC burns faster than EC or
PC due to its lower boiling point (Table ST1). Hence, the nature of the
solvents mainly dictates the kinetics of energy release and their inter-
action (solvation) with lithium or sodium salts does not lead to any
significant change in the HRR. Only a slight difference relies in the
appearance of a small hump at the end of the second region of the NP30
HRR profile whereas that of the LP30 tends to decrease more gradually.
The substitution of EC by PC solvent in Fig. 2b gives sharp fluctuations in
HRR profile, whereas the two solvents burning individually record fairly
smooth and similar results almost until the end of combustion [14]. This
fluctuation might be due to the co-interaction of cyclic carbonates and
their closeness in boiling points (EC ~ 247 °C, PC ~ 240 °C). It is not
pronounced at the beginning of combustion mainly pertaining to DMC
evaporation (0-100 s) but becomes more prominent as temperature
increases. It gradually decreased at the end of the combustion (500-600
s) which suggests only one cyclic solvent is still burning.

As seen in Fig. 3, LP30 and NP30 electrolytes record a similar two-
region HRR profile in the under-ventilated condition. However, the
duration and the maximum intensity (as further discussed in subsection
3.3.1.1) are higher in oxygen-rich than oxygen-lean environment, the
latter clearly favoring incomplete combustion. Partial oxidation of sol-
vents occurs, which in turn produces less energy and less energy feed-
back reradiated to sample surface. Hence, the lower air-flow entails
weaker HRR values.

HRR profile of advanced electrolytes. These electrolytes were investi-
gated to test the safety impact of co-salts and the additives, VC, TMSPi,
SN and NaODFB, used to improve the battery capacity retention and rate
capability [25,43].

Overall, it can be seen that neither the addition of NaFSI as a co-salt
(Fig. 2e) nor the usage of additives (Fig. 2c and d) show a significant
change in HRR. All profiles are comparable to classical LP30 and NP30
electrolytes. Hence, these electrolytes could be used in sodium-ion
batteries without any worse thermal threat potential impact in case of
incident.

Taking a closer look at the HRR profiles in Fig. 2e, a sharp peak at the
end of the second region of combustion is observed in case of electrolyte
E2, this peak also appears but is less intense for electrolyte E1. This
sudden peak relies on the decomposition of no longer solvated salts, at
solid state for Li(Na)PFg and liquid state for NaFSI (melting point around
110 °C - Fig. S3). Therefore, the E2 pertaining more intense peak can be
attributed to NaFSI (or its by-products) decomposition reaction; the
concomitant release of SO, (Fig. 2f) corroborates this assumption. As
revealed from TG measurements on salt powders (Fig. S3a), NaFSI and
NaPFg decompose in a close temperature range (around 200-540 °C for
NaFSI and 300-460 °C for NaPFg). However, unlike NaPFg powder,
whose decomposition peak is endothermic, that of NaFSI powder is
exothermic with a broad peak from around 200 to 490 °C. SO, gas is

Oxygen-rich environment
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only released from 410 to 490 °C (Figure S3 ¢, d and e) suggesting a
complex thermal decomposition process. It can be assumed that the
exothermic reaction triggers sudden residual solvent vaporization and
combustion, explaining the sharp HRR peak as well as the earlier fire
extinction as compared to the other electrolytes E1, NP30, and LP30
(560 against 610-660 s of combustion time, Table 2). The use of addi-
tives in electrolytes also decreases the time of combustion (minus 20-50
s), which might also hint that at least one of the additives undergoes an
exothermic decomposition process as it is the case for instance with the
salt NaODFB between 300 and 400 °C (Fig. S4).

3.2. Effective heat of combustion (AHcef)

The complete heat of combustion was theoretically predicated by
Boie’s model [44] developed in the following equation (1).

AH, (kJ kg 1) =35.160C + 116.225 H-11.090 O + 6.280 N + 10.465 S
(€Y

where C, H, O, N, and S are the mass fractions of carbon, hydrogen,
oxygen, nitrogen, and sulfur in the burning analyte. The choice of this
predictive method originally developed for solid fuels like coals has been
made by other type of Quantitative Structure Property Relationship
(QSPR) models [45], because of its widest use and recognized robust-
ness, including from complex chemicals like ionic liquids [46].
Carbonate-based electrolytes constituting solvents, salts, and additives
might follow minimal deviation from Boie’s heat of combustion because
descriptors in this correlation do not integrate Li, P, and F elements.
Nevertheless, as reported in the literature, it works well with Li-ion
electrolytes within an acceptable error range [14,15]. The integration
of the HRR profile gives the experimentally obtained effective heat of
combustion. Two values based on CDG and OC calorimetry were ob-
tained which lie close to each other, and the average of the values was
taken for calculating energy conversion efficiencies (Table 2).
Oxygen-rich environment. The values obtained for solvent mixtures
and all the electrolytes range between 89 and 109 %, which might lead
to the hypothesis that they all lie within Boie’s model with a relative
error bar of +10 %. However, low amounts of CO, soot and THC com-
pounds were formed, unveiling the combustion was only approaching
completeness. The effective heat of combustion of the advanced elec-
trolytes is similar to the classical NP30 electrolyte, which hints that one
could use these electrolytes from a thermal menace perspective.
Oxygen-lean environment. The effective heat of combustion of LP30
and NP30 electrolytes is lower when tested in oxygen-lean environments
(LP30: ca. 91 % vs. 75 %, NP30: ca. 103 % vs. 92 %) which relies on the
lack of oxygen present to fully oxidize the carbonates. Interestingly,
despite similar under-ventilated conditions, the combustion efficiency of
the Na-ion electrolyte (NP30) is higher than that of the parent Li-ion

Oxygen-lean environment

700 700
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Fig. 3. Comparison of HRR profiles of LP30 and NP30 electrolytes in oxygen-rich and oxygen-lean environments.



P.T. Bhutia et al.

Journal of Power Sources 622 (2024) 235234

Table 2
Thermal and chemical quantification of gases released from tested electrolytes. Data based on two independent experiments. (Last two columns: under-ventilated
environment).
EC/DMC EC/PC/ LP30 NP30 El E1+X E2 E2+X LP30 NP30
DMC
Residue (wt. %) 0 0 1.70 £ 10.30 + 10.80 + 9.80 + 8.10 + 6.80 + 1.88 £ 9.70 +
0.04 0.01 0.05 0.15 0.15 0.47 0.20 0.22
Ease of ignition (s)
Time of combustion 615+ 5 600 630 + 20 655 + 5 650 600 560 525+ 15 560 + 40 600
Heat of combustion (kJ/g of sample)
Complete heat of combustion basedon  13.6 14 12 11.9 12.2 12.5 12.1 12.5 12 11.9
Boie’s model
Effective heat of combustion based on ~ 12.9 + 15.21 + 11.00 + 12.0 £ 12.40 + 13.5 + 12.10 + 12,5 + 9.44 + 10.96 +
the OC method 0.2 0.81 0.36 0.3 1.09 0.3 0.56 0.3 0.21 0.04
Effective heat of combustion based on 12.89 + 14.05 + 10.78 + 12.57 + 13.50 + 13.50 + 12.80 + 12.50 + 8.56 + 10.91 +
the CDG method 0.01 0.02 0.05 0.01 0.09 0.05 0.36 0.14 0.20 0.33
Average value of heat of combustion 129 + 14.60 + 10.90 + 12.30 + 12.90 + 13.50 + 12.40 + 12.50 + 9 10.9 +
0.1 0.37 0.14 0.17 0.54 0.17 0.51 0.22 0.2
Energy conversion efficiency (%) 95.1 + 104.2 + 90.5 + 103.4 + 105.8 &+ 108.5 + 102.6 + 100.5 + 74.8 £ 0.1 91.95 +
1.1 3.2 1.5 2.4 4.8 0.5 3.4 2.5 1.55
Product yields (mg gas/g of sample) loss
CO 1406 =5 1476 = 2 1174 £ 6 1351 + 1405 + 1406 + 1 1363 + 1330 + 904 + 20 1163 +
21 14 10 14 36
Cco 0.6 0.6 £0.1 3.8+0.7 1.24+0.1 1.24+0.1 22+0.2 1.1+0.1 1.9 65.35 + 58.3 +
2.05 1.3
Soot 1.0+0.1 1.5+ 0.4 10.8 + 24+ 0.6 4.1+ 0.2 1.6 £ 0.4 1.8+0.2 28+1.5 11.35 + 3.1+0.1
3.7 2.45
THC 0.3+0.3 0.4 +£0.1 7.7 £1.2 1.8+0.2 1.6 +0.1 1.1+0.1 1.5 2.7 £0.2 26.25 + 12.85 +
1.85 0.65
CHy4 0 0 0 0 0 0 0 0 5.7+ 0.2 6.1
CoH, 0 0 0 0 0 0 0 0 1.0+ 0.2 0.75 +
0.15
CoHy 0 0 0 0 0 0 0 0 1.6 1.6
HCHO 0 0 0 0 0 0 0 0 1.75 £ 0.7 £0.5
0.05
Overall C conversion yield in % 95.3 + 100.7 + 93.4 + 94.6 + 99.4 + 98.7 + 99.5 + 97.8 + 85.55 + 91.35 +
0.7 0.7 0.6 1.6 1.4 0.3 0.5 0.2 1.95 1.95
HF (HF + SiF4) 0 0 59.1 + 16.5 £ 13.6 £ 25.5 + 229 + 333+ 45.8 + 2.4 15.95 +
0.7 0.5 0.1 0.5 0.9 2.0 2.05
POF3 0 0 25.5 + 1.2+£0.1 1.0 £0.1 7.3+ 0.6 11.1 + 18.4 + 352479 1.95 +
1.1 0.9 1.4 0.65
F conversion efficiency in % (HF, SiF,, - - 80.8 + 17.3 £ 13.8 + 28.4 + 38+2 56.3 + 72.05 + 17.35 +
POF3) 0.2 0.3 0.2 0.4 4.3 2.35 2.55
P conversion efficiency in % (POF3) - - 59.2 + 2.5+ 0.5 2.1+0.1 15+1 35.7 + 59.4 + 81.55 + 4.25 +
2.8 2.7 4.4 18.35 1.35
SO, 0 0 0 0 0 0 19.6 £ 27.2 + 0 0
0.5 1.5
Fuel-S to SO, conversion efficiency - - - - - - 55.3 + 77.8 + - -
(%) 1.3 4.8
NO 0 0 0 0 0 2.8+0.1 1.4+0.2 3.2+0.1 0 0
Fuel-N to N-containing emissions - - - - - 139+ 17.2 £ 10 - -
conversion efficiency in % 0.1 1.8

electrolyte (LP30), with the latter releasing higher levels of CO, soot and
THC. The lower thermal stability and higher sensitivity to hydrolysis of
LiPF¢ compared to NaPFe (due to the bigger and less polarizing sodium
cation than the lithium cation) can be incriminated. Indeed, in both
cases, emitted HF quantities increase during the combustion process but
the LP30 electrolyte gives off more HF than the NP30 (Fig. 4). The gas
production whose chemical reactions are detailed in the gas analysis
subsection (3.3.2) tends to limit O5 diffusion from the air to the fuel,
resulting in a less complete combustion reaction.

3.3. Gaseous emission analysis

The fire propagation apparatus permits qualifying and quantifying in
real-time the gases generated by combustion of electrolytes in fire

conditions. These gases emitted from solvents and salts/additives used
in the electrolyte account for the chemical threat according to the
resulting toxicity/corrosivity potential [47]. As the fate of chemical
products could change with fire ventilation conditions, gases formed
from LP30 and NP30 electrolytes were carefully examined in both
oxygen-rich and lean environments.

3.3.1. Gases coming from solvents

3.3.1.1. LP30 and NP30 electrolytes. In oxygen-rich environment. As
shown in Table 2 for both LP30 and NP30 electrolytes, a close-to-
complete combustion is revealed from energy conversion efficiency
calculation. This is favored by oxygen containing species in the elec-
trolyte and easy diffusion of oxygen from the air in the developing
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Oxygen-rich environment

EC/DMC (1:1 wt ratio)
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Fig. 4. Gases released during combustion of LP30 and NP30 electrolytes under
oxygen-rich environment.

diffusion flames. As a result, CO; (Fig. 4) and water vapor are the major
gaseous products, which is of no serious concern in terms of toxicity. For
both electrolytes, poisonous CO gas is also generated in very limited
quantities mainly at the end of the second stage of combustion (EC
burning region); LP30 generates about 3 times more CO than NP30 (ca.
3.8 vs. 1.2 mg of CO emitted/g of LP30 and NP30 resp.). As explained
hereafter, LiPF¢ decomposes faster than NaPFg salt and forms more HF
and fluorophosphates which most likely slightly hamper locally the ef-
ficiency of the mixing process of oxygen and solvent vapours in our test
conditions. This creates a pseudo-oxygen lean environment forming
some more CO and other unburnt species (soot, THC) thus also globally
slightly diminishing the overall combustion efficiency.

In oxygen-lean environment. As can be seen for LP30 and NP30 in
Fig. 5, the CO9 peak intensity reached during the first region pertaining
to dimethyl carbonate combustion is lower than in oxygen-rich envi-
ronment whereas the difference is less significant in the second region

Oxygen-lean environment
EC/DMC (1:1 wt ratio)
80 8
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H
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Fig. 5. Gases released during combustion of LP30 and NP30 electrolytes under
oxygen-lean environment.
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pertaining to ethylene carbonate combustion. On the other hand, unlike
tests carried out in oxygen-rich environment where CO is mainly pro-
duced at the end of the combustion process, CO is released from the
beginning in oxygen-lean environment, in two distinct regions; intensity
is much more pronounced in the first region than in the second. Both
CO2 and CO production profiles can be explained by the too high
vaporization rate of the DMC solvent; oxygen quantity and diffusion rate
into the flame are insufficient, resulting in a more incomplete combus-
tion process during the first region. During the second region, the EC
vaporization rate is low enough to undergo a more complete
combustion.

The CO production is obviously increased in under-ventilated con-
ditions, with LP30 still showing a little bit higher CO emission than
NP30 (ca. 65 vs. 58 mg of CO emitted/g of electrolyte). The difference is
not that much significant, however, in each scenario relating to a given
application of SiBs, a deeper analysis would be needed to see how far
toxicity of SiB fires proceeding in under-ventilated mode would foster
the CO driven toxicity risk. Maybe large fires involving SiBs storage in
fire resistant structures would make some difference.

Table 2 shows that additional hydrocarbons like formaldehyde,
ethylene, ethyne, and methane gases were produced in small quantities
during under-ventilated fires due to incomplete combustion of electro-
lytes. Such gases were absent in a well-ventilated atmosphere where
almost complete combustion into CO5 and HyO occurs.

3.3.1.2. Advanced Na-ion electrolytes. Similar to classical electrolytes,
tests carried out in well-ventilated conditions reveal that they produce
CO9 and CO (Figs. 6 and 7) accounting for the major conversion products
of elemental carbon chemically bound in the solvents. As previously
observed with LP30 and NP30 electrolytes, adding salts (E1 and E2) to
the solvent mixture (EC/PC/DMC) results in favoring more incomplete
combustion, i.e., pure solvents give off higher CO, emission than the
electrolytes with salts (Table 2). Overall, with or without salts, CO, is
released in two stages, with a higher emission rate during the first stage

EC/PC/DMC (1:1:2 wt ratio)
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Fig. 6. Gases released during combustion of E1 and E2 electrolytes (effect
of salt).
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EC/PC/DMC (1:1:2 wt ratio) + additives
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Fig. 7. Gases released during combustion of E1+X and E2+X electrolytes (ef-
fect of additives).

associated with linear solvents burning. The bump due to decomposition
of salts at the end of the combustion is revealed earlier and more
intensively when NaFSI is present (E2 electrolyte).

Concerning CO emissions, all these Na electrolytes release less
amount of CO and soot than the lithium salt electrolyte (LP30), which
was hereabove explained by a less thermal stability and higher sensi-
tivity to hydrolysis of LiPFe, compared to NaPF and NaFSI.

As shown in Fig. 6, not only do electrolytes E1 and E2 show a similar
CO production profile with a sharp peak (like NP30) at the end of the
second phase of combustion but they also generate equivalent amounts
of CO (Table 2).

The presence of additives as shown in Fig. 7 results in a reduction in
the combustion time and a little bit increase of the CO production (ca.
2.2vs.1.2and 1.9 vs. 1.1 mg/g of E1+X/E1 and E24+X/E2, respectively).

The CO; and CO production profiles are also altered in presence of
additives; it is noteworthy that, from the start of the second stage, the
CO4 and CO production stemming from burning NaFSI-based electrolyte
(E2+X) exhibits a marked increase in comparison to E2, whereas the
difference is hardly visible in the case of E1 and E1+X. This suggests that
an exothermic reaction involving NaFSI and an additive occurs during
the second stage of combustion, therefore increasing the EC vapor-
ization rate.

3.3.2. Gases coming from salts

3.3.2.1. LP30 and NP30 electrolytes. As shown in Figs. 4 and 5 and
quantitatively represented in Table 2, NP30 generates significantly
lesser HF and POFg than LP30 electrolyte in both well and under
ventilated conditions. This is a quite remarkable and robust result,
largely confirmed by the analysis of the mass balance establishment as
regard the fluorine element (section 3.5). A relatively same amount of
HF and POF; released in both ventilation conditions suggests that their
production is not much affected by the combustion process intensity.
Indeed, the fate of LiPF¢ and NaPFg salts is likely to result from the
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subsequent decomposition pathway steps: i) the thermal decomposition
of Li(Na)PFg (when dissolved in solvents or in solid state at the end of the
combustion process) leading to PFs and Li(Na)F (Egs. (2) and (3)) and ii)
the hydrolysis of the PF5 gas in the combustion chamber to form HF and
POFj, according to previously published results [48]. It is interesting to
note that, for all tested electrolytes, POFj3 is only detected just after the
carbonate burning process while HF is released earlier. This suggests
that the PF5 hydrolysis reaction (Eq. (4)) takes place from the water
produced by the combustion process of the carbonate solvents. The re-
action product POFjs, in turn, undergoes subsequent hydrolysis reactions
to yield other not detected compounds as HPO2Fy, HoPOsF and H3PO4
along with additional HF (Egs. (5)-(7)). After combustion, PFs hydro-
lysis still occur but there is not enough water in the chamber to enable
hydrolysis of the POFs, which is therefore detected along with HF.

LiPFg (s) — LiF (s) + PFs (g) 2
NaPFg (s) — NaF (s) + PF5 3

Hydrolysis reactions:

PF5 + HyO — 2HF + POF3 (g) )
POF3 + Hy0 — HF + HPOoF, (g at T > 116 °C) 5)
HPO,F, 4+ Hy0 — HF + HyPO3F (6)
H,POsF + HyO — HF + H3POy @

As NaPFg is much more stable to thermal decomposition and hy-
drolysis than LiPF¢ which is evidenced by their decomposition temper-
ature (Figs. S3a, b, c) starting at around 320 and 125 °C respectively
[49], NP30 electrolyte generates fewer quantities of HF and POF3 than
LP30 electrolyte.

3.3.2.2. Advanced Na-ion electrolytes. As shown in Fig. 6 and Table 2,
HF emissions increase more with electrolyte E2 than E1 (ca. 23 vs. 14 mg
of HF emitted/g of E2 and E1, respectively). A similar trend is observed
for POF3 gas generation where emissions increase about 11 times more
with electrolyte E2 than E1 (ca. 11 vs. 1 mg of POF3 emitted/g of E2 and
El, respectively). Considering the HRR profiles, assumption was put
forward above that the exothermic thermal decomposition of NaFSI at
the end of the second stage is at the origin of sudden cyclic solvent
vaporization and combustion peak. This phenomenon impacts the
thermal decomposition of NaPFg and PFs hydrolysis reactions in contact
with water vapor, thereby increasing the production of HF along with
POF;3. Following fire tests carried out with LiFSI electrolyte [15], hy-
drolysis of the NaFSI salt and/or its thermal degradation compounds
could also be considered as a supplementary source of HF emission
during combustion tests. Indeed, Zhou et al. [50] proposed an FSI™
hydrolysis reaction path releasing HF:

2N(FSO4)3 + 4Hy0 — FSO,NH, + NH2SO03 + FSO3 + SO%~ + 2HF +
2H"

It is worth noting that all thermal degradation compounds are not
well identified yet, indeed authors agree that a more detailed investi-
gation is needed to fully understand the decomposition mechanisms in
wet and dry conditions. Although NaFSI is more stable than LiFSI, we
took an interest in decomposition pathways of heated neat LiFSI already
investigated in literature using mass spectrometry. Huang et al. [51]
detected at only 180 °C, prominent peaks at m/z 48 (SO™), 64 (SO3), 89
(LiSO2F"), —180 (N(SO2F)3), —367 (Li[N(SO2F)2]3), —99 (SO3F ),
—261 (FSOoNSOFNSOoF ™) and —342 (FSO2(NSFO)oNSOoF ). From the
two latter fragments, they suggested the formation of FSO,N radicals. In
dry conditions, they can bond with S atom in a fragment containing the
FSO2N ™ group, repeatedly, to form an oligomer structure. In wet con-
ditions, water would interrupt this process and produce non identified
small fragments. Hong-Bo Han et al. [52] detected SO3 and NO5 as main
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gaseous products released upon heating up to higher temperature
(550 °C) and obtained 31 wt% of the initial mass in the solid residue that
cannot correspond to a singly pure LiF phase (13.9 wt%).

The addition of additives to electrolytes E1 and E2 results in an in-
crease in the emission of HF and POF3, as observed in Table 2, which
remains inferior to that of LiPF¢-based electrolyte. This suggests that
exothermic reactions involving additives may occur, leading to higher
thermal reactivity and hydrolysis of NaPFe. Indeed, from hereabove
solvent combustion gas analysis, it was assumed that, from the begin-
ning of the second stage, NaFSI might undergo an exothermic thermal
reaction with at least one additive, leading to enhanced emission of all
gas emitted from carbonate combustion, NaPFs and additive decompo-
sition but also from NaFSI such as NO and SO, (Figs. 6 and 7). It is worth
discussing that in such temperature conditions, there is no chance to
develop thermal NOy by oxidation of Ny from air, due to Zeldovitch
mechanism [53]. In our case, only N-fuel may be partially converted in
N-containing species: state of the art as regard the fate of N-fuel in fires
considers that a main part would convert into Ny, whilst in
well-ventilated conditions, some fraction (generally below 10 % for
liquids) would be converted in NOy (essentially NO). In our case, the
only sources of fuel-N are SN additive and NaFSI. NO was detected in
extremely minute quantities (ca. 2.8, 1.4 and 3.2 mg of NO/g of E1+X,
E2 and E2+X, resp.) to be related to limited nitrogen concentration in
tested electrolytes and moderate conversion ratios (Table 4) usually
encountered from combustion of N-containing organic materials. Note
that, as N-containing materials are generally favored to form N in fire
conditions and since 78 % of the air-flow comprises nitrogen, the con-
version efficiency of N during combustion cannot be calculated with
certainty. As for the fate of S element, NaFSI containing electrolytes E2
and E2+X gave off either detected SOy as a gaseous product or S-con-
taining solid product(s) in the residues detected by EDX but not yet
identified by XRD, as shown in Fig. 8.
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Fig. 8. XRD patterns of tested electrolyte residues.
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3.4. Combustion products: XRD and EDX analysis of solid residues

After combustion, LP30, NP30 and E1 gave off a greyish-white
colored residue while electrolytes E14+X, E2 and E2+X gave off a
black-colored solid residue. In the latter electrolytes, a peak corre-
sponding to the C element is clearly visible by EDX, so it is assumed that
the black color is due to a small amount of soot left in the residues. A
higher amount of solid residue (4-6 times more) was left behind in the
case of sodium electrolytes (NP30, E1, E1+X, E2 and E2+X) compared
to classical lithium electrolyte LP30. From the XRD analysis (Fig. 8), the
residue is composed solely of LiF for LP30 and both NaPFg and NaF
phases for NP30, E1 and E1+X as shown in Fig. 8, corroborating the
higher thermal stability of NaPFg. EDX results in Table 3 shows that for
LP30 residue, >99 wt% of the elemental composition contribution come
from LiF with minute phosphorus traces. On the other hand, NP30 and
E1 residues were composed of around 8 more times of NaPFs than NaF
and E1+X, of around 2.5 more time. E2 and E2+X electrolytes, left
NaPFg, NaF, and some unidentified peaks resulting from NaFSI salt as
supported by EDX analysis that shows the presence of N and S elements
(Table 3). Note that the presence of N in E1+X residue reveals that it can
also stem from the decomposition of the additive SN.

3.5. Mass balance and the fate of key elements forming tested electrolyte

The elemental mass balance calculations were achieved for each
element recovery ratio [54,55]. It is defined as the ratio of the total
amount of that element measured in fire effluents in the form of all the
gaseous releases and in the mass residue, to the amount of that initial
element before combustion. A conversion efficiency of 100 % would be
expected in an ideal case. Within experimental uncertainties, results
presented in Table 4 are globally in good agreement with the exception
of N (conversion of around 20-35 %) which, in addition to NO, is sus-
pected of recombining into Ny, P (conversion >60 %) which is suspected
of being in undetected HPOyF;, HoPOsF or H3PO4 species and Na (for
electrolytes with additives: conversion of around 75 %) for which,
honestly, there is no chemical explanation.

Despite of real difficulties in measuring F gaseous species, the mass
balance as regard F element is very good in all tests. During combustion,
fluorine gets converted into Li(Na)F residues and gaseous products such
as HF (SiF4 after subsequent reaction with glass) and POF3 that may
subsequently be hydrolyzed into HPO,F;, HyPOsF and H3POjs.
Regarding LP30 electrolyte, it is worth noticing that 81 % of fluorine
gets converted into gases while around 19 % exists in residues. From
these outcomes, it is safe to assume that almost all LiPF¢ decompose into
LiF (19 % exp. against 17 % calc.) and PFs. Since the fluorine conversion
yield is total, we can postulate that the 5 fluorine of PFs5 are converted
into 38 % (H3PO4 + 5 HF) and 62 % (POF3 + 2 HF). The presence of the
intermediate compounds, HPO,F5 and HyPO3F, would have led to a non-
total F conversion yield, so they were not formed. It is worth recalling
that hydrolysis reactions of PF5 into H3PO4 are allowed owing to the
water released from the combustion reaction of carbonate solvents.
After extinction, as the air-flow is dry, there is just enough water left in
the chamber for the hydrolysis reaction to result in POFs. This means
that in the event of a real fire, POF3 could still undergo hydrolysis

Table 3
EDX analysis of tested electrolyte residues. (Error calculated from 3 analysis
points).

Element (wt%) LP30 NP30 El E1+X E2 E2+X
F 99.7 £ 0.1 64 +4 65+ 4 50+4 4243 44+ 3
P 0.3+0.1 19+2 19+2 13+2 9+1 1241
Na 16 £2 152 14 +£2 20+ 2 19+2
o 2+1 4+1 9+2 8+£2
C 17 +2 9+1 8+1
N 2+1 3+1 2+1
S 7+1 7+1
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Table 4

Elemental mass balance: Element releases versus original sample.

E2+X

E2

NP30 El E1+X
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Total

Residue

Total Gases

Residue

Total Gases

Residue

Total Gases
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Total Gases
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Total Gases
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reaction with the moisture from the ambient air to release the additional
products, HF and H3PO4.

Due to the higher stability of Na salts, the inverse conversion is
observed for NP30 and E1 as well as it only differs by the solvent
composition; 14-17 % of fluorine gets converted into gases while around
79 % exists in residues. Besides, POFj is released in very small quantity
leading to P-gas conversion percentage of around 2 %. Hence, we can say
that, as far as HF emissions are concerned, NP30 represents a much
smaller chemical threat than LP30, even in the event of a real fire. This
further supports the safety argument of sodium-ion batteries, which
suggests that during thermal runaway, the electrolyte would mostly
convert into residue and release fewer toxic chemical gases.

It is worth noting that using additives and substituting NaPFg by
NaFSI tends to increase F and P-gas conversion %. Anyway, since NaFSI
contains only 2 F and some NaPFg was found to be left in solid residue,
the HF emission-related threat will never reach that of LP30 and NP30.
However, it must be considered that NaFSI induces SO, irritant gas
release with 55 and 78 conversion %, the residual S element remaining
in the solid residue.

3.6. Global discussion

The HRR profiles of both carbonate solvent mixtures and
hexafluorophosphate-based electrolytes were found to be almost similar
depicting two regions linked to the subsequent combustion of the linear
then cyclic carbonates in line with their boiling point. Besides, com-
bustion efficiencies in a well-ventilated condition were found to
approach 100 % which was expectable because low molecular signifi-
cantly oxygenated species are known in literature to burn efficiently
[56]. They were however slightly lower than 100 % for solvents mix-
tures and slightly over 100 % for electrolytes, which can be explained by
the fact that the Boie predictive model of complete heat of combustion
was not originally developed for battery electrolyte samples (only C, H,
O, N, S descriptors in the model, whilst other elements are present in the
test electrolytes). Additionally, some errors may also originate from the
calculation of the effective heats of combustion, since the accuracy of OC
and relating CDG principle used to perform these calculations can vary
according to test scale and complexity of the burning molecules [41,57].
Obviously, under-ventilated conditions lower the combustion effec-
tiveness and thus increase the carbon monoxide emission principally in
the first region because of the fast evaporation of linear carbonate.

These results highlight the importance of finding safer electrolyte
solvents in terms of better reaction-to-fire-properties, that are compat-
ible with the development of next-generation high-energy density and
power sodium-ion batteries. Endeavors are devoted to introducing
flame-retardant additives or solvents [58,59] presenting inherent flame
retarding properties (like ionic liquids) into the electrolytes generally
resulting in compromised battery performance because of their in-
efficiency to undergo cation de-solvation process or passivate carbona-
ceous anodes. Salt-concentrated electrolytes [60] can resolve this issue
by forming a robust inorganic SEI and participate in the cation coordi-
nation sphere. Interestingly, in recent years, researchers have high-
lighted the significant influence of the cation solvation structures in the
design of high-performance and reported ‘non-flammable’ electrolytes
with lower salt concentrations and flame-retardant solvent [61], based
for instance on lithium difluoro(oxalato)borate (LiDFOB) additive in the
mixture of dimethoxyethane (DME) solvent and hydrofluoroether (HFE)
diluent [62], trimethyl phosphate [63], and fluorinated ester and
cyclophosphazene with high flame retardancy efficiency [64].

Based on this concept, the impact of cation-solvent interactions on
the combustion process is worth discussing. It can be assumed that the
strong Li* (or Na™)-EC interaction (due to the high donor number of EC)
would impede the evaporation of the solvent and therefore the com-
bustion process. However, in this electrolyte combustion scenario, DMC
and increasing amount of EC (and PC) first evaporate, hence, the elec-
trolyte becomes increasingly concentrated in Li salt and ends up



P.T. Bhutia et al.

behaving like an ionic liquid. An anion is therefore expected to appear in
the first solvation shell due to insufficient solvent, effectively weakening
the Li*-solvent interaction. This would promote EC solvent evaporation
and thus explain the similarity in the second region of the solvent
mixtures and electrolytes’ HRR profiles.

Li(Na)PFg salts have a significant impact on the amount of toxic gases
emitted as products of their thermal degradation and hydrolysis re-
actions, preferably after solvent exhaustion. Based on the qualitative
HSAB theory, the softer Na* acid has a more stable interaction with the
soft PFg base than its Li™ counterpart. NaPFg is thus more thermally
stable than LiPFg and, unlike LiPFg, tends to remain intact in residue
after combustion. The PFs formed from the thermally degraded part of
the salt can be subjected to successive hydrolysis reactions to produce
between two and five undesirable hydrofluoric acid (HF) molecules,
depending on the water content from the carbonate combustion re-
actions or available in the ambient air. Given the above, NaPFg repre-
sents a much lesser chemical threat than LiPFs, a very good news
according to the ever-lasting debate on the genuine threat of F-con-
taining species and relating fire toxicity impact in case of battery fire
events.

The introduction of NaFSI into the electrolyte causes an additional
thermal and chemical threat at the end of the combustion owing to its
sudden exothermic decomposition. This initiates a cascade of subse-
quent degradation processes, including the evaporation and combustion
of the remaining cyclic solvent molecules and the greater extent of
NaPFg decomposition. All these reactions generate an increase in the
quantity of toxic gases (irritant HF and SO,, and asphyxiant CO). NaFSI
may also react with additives as observed in the present study through
the more intense and shortened second region of the HRR profile. Un-
fortunately, the thermal degradation mechanisms of NaFSI in the pres-
ence of water and additives are not elucidated and would deserve deeper
investigations. More importantly, due to the release of the various toxic
gases HF, SO; and NO, the threat of fire-induced toxicity in the event of a
major cell failure at different states of charge should be assessed on the
basis of experimental data and the technical use of international fire
safety standards [65].

4. Conclusion

The fire behavior of carbonate-based lithium and sodium electrolytes
was studied using the Fire Propagation Apparatus (FPA). Accurate on-
line gas quantification provided valuable data on thermal (HRR and
effective heat of combustion) and chemical threats (toxic gas emission).
All electrolytes exhibited a two-region solvent-dominated heat release
rate profile with very little differences depending on the nature of the
salt. Only NaFSI-induced decomposition reactions with/without addi-
tives and ventilation conditions demonstrated to impact its intensity and
shape, mainly at the end of combustion.

A difference in the production of toxic and hazardous CO, HF and
POF3 gases was observed when comparing hexafluorophosphate elec-
trolytes due the higher thermal stability and stability toward hydrolysis
of NaPFg salt as compared to LiPFg. Some of the less reactive NaPFg
remains in the residues after combustion, while up to 5-6 of the fluorine
atoms in LiPFg are likely to be released in the form of HF and phosphates.

Even if carbonate-based electrolytes for sodium-ion batteries hint at
the increased safety over conventional Li-ion electrolyte, further full-
level investigations on cell and module level must also to be planned
to confirm the observed safety gain as more complex electrolytes ther-
mal decomposition and oxidation reactions would be likely to occur
through interacting with active materials such as O-fuel releasing
layered cathode materials.
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