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Abstract: Thermal abuse of lithium-ion batteries (LIBs) leads to the emission of gases, solids, fires
and/or explosions. Therefore, it is essential to define the temperatures at which key events occur
(i.e., CID activation, venting, and thermal runaway (TR)) and to identify the related emissions for
identifying the hazards to which people and especially rescue teams are exposed. For this purpose,
thermal abuse tests were performed on commercial lithium nickel cobalt aluminum oxide (NCA)
18650 cells at 50% state of charge in a reactor connected to an FI-IR spectrometer by varying test
conditions (feed gas of N, or air; heating rates of 5 or 10 °C/min until 300 °C). In particular, the
concentrations of the gases and the composition of the condensed-phase emissions were estimated.
As regards gases, a high concentration (1695 ppmv) of hydrofluoric acid (HF) was measured, while
the emissions of condensed matter consisted of organic compounds such as polyethylene oxide and
paraffin oil, and inorganic compounds containing Li (0.173 mg/ m?) and Al (0.344 mg/ m?). The main
safety concerns were caused by the temperatures (564 £ 85 °C) reached by the cell during TR, by the
HF concentration which exceeded the toxicity limits of 30 ppm, the IDLH defined by the NIOSH, and
the diameter of the particles (1.54 £ 0.69 pum) that rose the PM2.5 concentration. These results are
also useful for identifying personal protection equipment for rescue teams.

Keywords: thermal abuse test; lithium-ion batteries; venting; thermal runaway; gas analysis; FI-IR;
SEM-EDS; ICP-OES; AAS

1. Introduction

Lithium-ion batteries (LIBs) find applications in many fields, such as electrical vehicles
(EVs), mobile device, and energy storage system (ESS) [1]. The main disadvantage that is
emerging is the thermal runaway (TR) of the cell encountered when subjected to abuse.
The term abuse indicates an irreversible event in LIBs that can be initiated in several ways,
i.e., electrically, mechanically, or thermally [2]. In all cases it can be considered a direct
cause of LIBs’ TR [3], leading to the decomposition of internal components and multiple
exothermic reactions in a wide range of temperatures [4] with the emission of smoke, gases,
the projection of fragments, fire and/or explosion [5]. To improve battery safety, protection
devices such as a positive temperature coefficient (PTC), a current interrupt device (CID),
a top vent, a bottom vent, and a protection circuit can be integrated into the commercial
18650 Li-ion cells, depending on the manufacturer [6].

Once the abuse initiates the exothermic reactions, the heat produced increases the
temperature and pressure inside the cell causing the activation of the protection devices
installed on a single cell [7]. If the activation of protection devices is not sufficient to balance
the pressure and the temperature increase inside the cell, the temperature rises faster,
causing TR. Three key events can be distinguished over time: first the CID activation [8],
then the venting, and finally TR [9]. The CID activation is due to the increase in the internal
pressure, which leads to the opening of the circuit with the electrical insulation of one of
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the electrodes, at a predefined internal pressure of about 1.0-1.2 MPa [6]. Then, there is the
venting, at an internal pressure of about 2.2-2.3 MPa [6], with gases emitted from the vent
valve. Finally, TR occurs when the temperature increases with a self-heating rate (SHR)
greater than 10 °C/min.

Therefore, to improve battery safety it is essential to control these events and this work
aimed to contribute to it by defining the temperatures at which they occur and evaluating
the related emissions to identify the hazards to which people and especially rescue teams
are exposed.

In the literature, there are several studies that investigate the thermal stability of
the single components of the cell and/or induce thermal abuse tests on the whole cell.
The tests conducted on single components or on whole cells lead to different thermal
response [10]; in fact, the full cell presents a higher heating rate and temperature with
respect to single components [11]. These studies are usually performed through differential
scanning calorimetry (DSC) [12] or a thermal gravimetric analysis (TGA) [13]. Comparing
the materials of the positive electrodes of the most used commercial batteries, it emerged
that LFP (lithium iron phosphate) is the most thermally stable due to the lack of oxygen
production up to 500 °C, followed by the lithium cobalt oxide (LCO) and lithium nickel
cobalt aluminum oxide (NCA), which is the most reactive and has a lower thermal stability
than the other cathodes [10].

Various international standards and regulations were published for the safety testing
of cells, modules, or packages under abusive conditions [14]. Specifically, thermal tests
evaluate the safety performance and the thermal stability of a system under conditions
of temperature change. The thermal stability test on a cell, module, and battery pack,
according to the UN/ECE Regulation No. 100 [15], has allowed researchers to identify the
temperature where the main events begin, by increasing it sequentially, in 5 °C steps with
a holding time of 30 min at each incremental step, until the temperature reaches 200 °C
above the battery’s maximum operating temperature.

The thermal abuse tests studies, conducted on single cells and modules, are usually
performed via a cone calorimeter [16,17], a single burning item (SBI) [18], or combustion
chambers [19] to obtain information on the temperature of the key events, the heat release
rate (HRR) [17], the mass loss, and the chemical and structural modifications of the cell
components. Regarding the characteristics of single Li-ion cells, the main factors influencing
the behavior under thermal abuse conditions of the cell are the chemical composition
and the state of charge (SoC). The SoC determines the electrochemical potential energy
possessed by the device [19]; a higher SoC causes a higher oxygen consumption, compared
to a lower SoC, and a sharp increase in the thermal hazard with different gaseous products.
Experimental conditions, such as the heating rate and atmosphere, influence the results [20].
External heating can be applied either by direct flame exposure, i.e., a propane burner, or
through a radiative heater, leading to higher temperatures and the production of small
molecules [21]. Finally, the tests can be conducted in an oxidative atmosphere, which
leads to the complete combustion of the organic compounds (i.e., electrolyte solution),
or in an inert atmosphere which causes pyrolysis with the production of gases and solid
particles [21].

To analyze the emitted gases, Fourier transform infrared (FI-IR) spectroscopy or gas
chromatography (GC) can be connected online to the reaction chamber [18,19]. The gases
produced during TR are mainly carbon monoxide (CO), carbon dioxide (CO,), methane
(CHy), fluorinated compounds, such as hydrofluoric acid (HF), phosphorous oxyfluoride
(POF3), and phosphorous pentafluoride (PF5) [22,23], and electrolyte solvents such as
dimethyl carbonate (DMC), ethylene carbonate (EC), and/or diethyl carbonate (DEC) [21].

The production of fluorinated compounds, such as HF, POF3, and PFs, is due to the
decomposition reaction of the binder (polyvinylidene fluoride PVDF), the Li salt used as
electrolyte, and the active cathode material [18]. The production of all these gases increases
with the SoC; in fact, fully charged batteries have the most serious toxicity [19]. Moreover,
in the tests carried out in an air atmosphere the combustion produces more off-gas, but
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at the same time the toxicity of the off-gas is reduced compared to pyrolysis in N for the
unburned products, such as CO [21].

The solid particles ejected from an LIB can be composed of carbon, organic com-
pounds (i.e., carbonates), metals, metal oxides, and other species, in composition and
particle sizes, depending on the type of cell and the abuse conditions [24]. However, a
comprehensive safety assessment is still lacking, with few or no investigation into the size
and nanostructures of particles present in gases during the TR of LIBS.

For this purpose, the behavior resulting from the thermal abuse of commercial
18650 cells (NCA) at a 50% SoC at two different heating rate (5 and 10 °C/min) and
two feed-gas compositions, air and nitrogen (N,), was investigated in this work. The
key events (i.e., CID activation, venting, and TR) were characterized by temperature and
pressure. Furthermore, the characterization and quantification of the products emitted
during the thermal abuse of the cell was performed. The different composition of the feed
gas made it possible to distinguish between the products which were generated inside
the cells, in N, and those which were formed outside the cells by a reaction with air. In
order to have a complete picture of the products emitted, the gaseous and condensed phase
emissions were analyzed using various techniques. The gases were analyzed by an FT-IR
spectrometer (Spectrum 3, Pekin Elmer, Waltham, DC, USA) while the condensed phase
was analyzed by ATR-FT-IR spectroscopy for the organic components and by ICP-OES,
AAS, and SEM-EDS for the inorganic part.

These results give a more comprehensive understanding on the dangerousness of
cells when subjected to thermal abuse according to the limit temperature, obtained by the
thermal stability tests, and the toxicity of gas and condensed-phase emissions, comparing
it to the immediately dangerous to life or health limit (IDLH) value.

2. Materials and Methods
2.1. Materials

Test were conducted on commercial lithium-ion cells (Panasonic’s NCR 18650). The
cathode was made of lithium nickel cobalt aluminum oxides (NCA), the anode was made
of graphite while the electrolyte was made of LiFP¢ salt dissolved in organic carbonate
solvents (i.e., dimethyl carbonate (DMC) and ethylene carbonate (EC)). Figure 1 shows the
cell with its dimensions (a) and the technical specifications (b).

Specification at 20 °C® and at 25 °C®@

Rated capacity® Minimum 3200 mAh
Capacity® Minimum 3250 mAh
Typical 3350 mAh
Nominal voltage 3.6V
Charging CC-CV. Std. 1625 mA, 4.20 V, 4.0 hrs
Weight (max.) 485¢g
Temperature Charge: 0 to 45 °C
Discharge: —20 to 60 °C
Storage: —20 to 50 °C
H 65 mm Energy density on Volumetric: 676 Wh/1
D 18 mm bare cell dimensions Gravimetric: 243 Wh/kg
(a) (b)

Figure 1. NCA 18650: (a) cell and its dimension; (b) technical specifications.

Before the thermal abuse tests, the cells were subjected to a procedure consisting of
five charge—discharge cycles for the formation of the solid electrolyte interface (SEI). Then,
the cells were charged using a PS80002U series power supply from Elektro-Automatik
(EA), Viersen, Germany. Cells were charged to a state of charge (SoC) of 50%, applying a
constant current (CC) load of 12 A for 1 h, at a maximum limit voltage of 3.50 V.
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2.2. Lab-Scale Setup: Reactor, Transfer Line, and FT-IR Spectroscopy

The cell was positioned in a stainless-steel tubular reactor, fluxed with nitrogen (N»)
or air, heated up by an electrical oven (PID-controlled) and connected via a transfer line
to the gas cell for the Fourier transform infrared (FT-IR) spectroscopy analysis. Figure 2
illustrates a photograph of the laboratory plant for the thermal abuse tests.

Figure 2. Photograph of the laboratory plant for thermal abuse testing: reactor, transfer line,
and FT-IR.

The gas flow (N or air) entering the reactor was regulated by a mass flow controller
at a constant flow rate of 500 Nml/min. The reactor consists of a cylindrical stainless-steel
tube closed at the ends by two removable flanges; on one of them a support was mounted
with a cell holder for the 18650 cells (Figure 3a). Three thermocouples (Figure 3b) were
positioned inside the reactor and connected to an external data logger. Two thermocouples
were located on the cell surface, TC; (positive electrode side) at 0.5 mm from the venting
valve and TC; (negative electrode side) at 0.5 mm from the cell bottom, while TC3 measured
the gas temperature under the cell support. A differential pressure transducer monitored
the pressure inside the reactor chamber.

() (b)

Figure 3. Scheme of (a) the cell holder; (b) thermocouples’ position.

A filter unit, consisting of three filters with different filtering properties, as reported in
Table 1, was connected to the gas outlet to purify the gas before it was flushed into the gas
cell for FI-IR analysis via transfer line. The gas flow to the FT-IR cell was regulated by a
vacuum pump with a sampling flow of 150 mL/min. To avoid condensation, the filter, the
transfer line, and the cell were heated up to 180 °C. The gases were analyzed by an FT-IR
spectrometer (Spectrum 3, Pekin Elmer) coupled with a mercury cadmium telluride (MCT)
detector cooled with liquid nitrogen, to increase its sensitivity. Through Perkin Elmer’s
TimeBase software, FT-IR spectra were acquired continuously for the entire test. Table 1
reports the specifications of the setup.
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Table 1. Specification of the measurement system.

Instrumentation

Specification

Filter unit

Temperature: 180 °C  Split: 30%

Primary filter

PTFE (5 um), diameter of 47 mm.

Secondary filter

Screen holding a filter with a fine and coarse mesh.

Third filter

Cylindric filter in sintered stainless steel (50 um), diameter of 15 x 25 mm.

Pump parameters

Sampling flow: 150 mL/min

Sampling tubing

Temperature: 180 °C

Gas cell

Volume: 98 mL Path length: 2.0 m Temperature: 180 °C

Spectrometer parameters

Resolution: 4 cm~!  Spectral range: 4500-400 cm~!  Scans/spectrum: 8

(FT-IR Spectrum 3, Perkin Elmer) Detector: MCT

Software parameters
(TimeBase, Perkin Elmer)

Run time: 200 min  Delay: 10 min  Data collection mode: continuous

2.3. Methods
2.3.1. Thermal Stability Test Conditions

The thermal stability test of UN/ECE Regulation No. 100 [15] has made it possible
to identify the temperature at which TR begins by increasing the temperature in steps of
5 °C with a holding time of 30 min at each incremental step, up to a temperature of 200 °C
above the maximum operating temperature of the battery or until a catastrophic event such
as venting occurs. The thermal stability test was conducted on cells both in air and Nj.

2.3.2. Thermal Abuse Test Conditions

Thermal abuse tests were conducted on 50% SoC cells with an inlet flow of N, or
air of 500 Nml/min, over a temperature range of 20-300 °C, with two heating rates, 5
and 10 °C/min. The setpoint temperature was maintained while after TR, the oven was
switched off.

2.3.3. FT-IR

The main gaseous products were essentially composed of hydrofluoric acid (HF),
carbon monoxide (CO), carbon dioxide (CO;), methane (CHy), and the electrolyte sol-
vents (dimethyl carbonate (DMC), ethylene carbonate (EC), and diethyl carbonate (DEC)).
The spectra of the standard gases, at different concentrations (ppmv), were collected
according to the spectrometer and software parameters reported in Table 1. Table 2 re-
ports the wavenumbers relative to each gas, expressed in cm~!, obtained by the standard
gas analysis.

Table 2. Wavenumbers, expressed in cm ™!, obtained by the standard gases analysis.

Compounds Wavenumber (cm—1)

EC 1079, 1087, 1096, 1122, 1131, 1141, 1385, 1860, 1868, 1876, 3735
DMC 917,925, 985, 990, 996, 1295, 1455, 1463; 1768, 1780, 2199
DEC 791; 862; 1021; 1093; 1258; 1302; 1374; 1409; 1448; 1746; 1742

HF 4172-4175 (4110); 4202-4203

cO 2115; 2173
CO, 2343; 2360; 3731
CHy 2989-2843; 3015; 3224-3029 (3175)

For each gas, a characteristic wavelength was selected for subsequent quantification
using SpectrumQuant software (Version 10.7.2.1630) (Perkin Elmer, Waltham, MA, USA).
The characteristic wavelength was chosen among the wavenumbers present in the standard
spectrum following three criteria: (i) the absorbance at the chosen wavenumber did not



Energies 2023, 16, 3250

6 of 21

saturate as the concentration increased, (ii) it showed a linear trend with the concentration,
increasing as the concentration increased, and (iii) the wavenumber was unique, therefore
attributable only to the gaseous compound under examination and not in common with
other species. Through the software tool, from the relationship between the %T and the
concentration for each specific wavelength (in bold in Table 2), it was possible to obtain the
calibration lines relating to each gas. Finally, the gas concentration of each compound was
obtained by applying the relevant calibration line.

2.3.4. ATR-FT-IR

Primary filters, both before and after abuse tests, were analyzed by this technique.
The ATR-FT-IR spectra of the collected condensed phase were obtained by subtracting the
spectrum, obtained under the same operating conditions, of the filter. The spectra were
collected using the following spectrometer parameters: a resolution of 4 cm ! in a spectral
range between 4000 cm ™! and 650 cm ! with a scan/spectrum of 8 and detected by an MIR
TGS detector. The identification was obtained by comparing the spectra with the spectra
available in the library.

2.3.5. SEM-EDS

Surface morphology analyses were performed with an FEG-SEM Tescan Mira3 (Tescan,
Brno, Czech Republic) equipped with the Edax Octane Elect EDS system (Edax/Ametek
Inc., Wiesbaden, Germany). SEM analyses were conducted on the primary filter (PTFE)
both before and after abuse tests. A layer of carbon film was deposited on the filters to make
the surface conductive for the SEM analysis by a Leica EM SCD005 (Leica Microsystems
S.R.L., Buccinasco (MI), Italy) top sputter coater. Compositional analyses were performed
with energy-dispersive X-ray spectroscopy (EDX) to verify the presence of other elements
in the filter. SEM-EDX analyses were performed with a beam voltage of 15.0 kV and a
working distance from the source of 15.00 mm, at different magnifications, depending on
the size of the particles detected in the filter plots. EDX analyses were therefore conducted
on the particles’ point and area.

2.3.6. ICP-OES and AAS

Approximately 0.060 g of filter were weighed and kept in the muffle at 530 °C for 8 h.
Then, 10 mL of reverse aqua regia was added to 3 parts of nitric acid 69% (HNOs) and
1 part of hydrochloric acid 37% (HCI). The digestion was performed at room temperature
(20 °C) for 3 h. At the end of the digestion, the samples were filtered and then diluted
with ultrapure water up to a final volume of 100 mL. The samples were finally analyzed by
atomic absorption spectroscopy (AAS) or inductively coupled plasma with optical emission
spectrometry (ICP-OES) according to the metal and quantified by comparing with the
correspondent standard calibration line.

3. Results
3.1. Thermal Abuse Tests: Temperature and Pressure Profile

Figure 4 illustrates the profile of temperature and pressure observed during the test in
air at 10 °C/min (a) and 5 °C/min (b) and in N5 at 10 °C/min (c) and 5 °C/min (d).

The first event that was observed at 1217 s and 135 °C (Figure 4a), at 1672 s and 106 °C
(Figure 4b), at 1184 s and 128 °C (Figure 4c), and at 1754 s and 107 °C (Figure 4d) was the
CID activation due to the increase in internal pressure, which led to the opening of the
circuit with the electrical insulation of one of the electrodes. Then, venting occurred at
1780 s and 212 °C (Figure 4a), 2770 s and 179 °C (Figure 4b), 1793 s and 195 °C (Figure 4c),
and 2393 s a 171 °C (Figure 4d), with the emission of gases from the vent valve due to
the increasing pressure inside the cell. Regarding the venting, it could be observed both
an increase in the pressure and a decrease in the surface temperature of the cell (TC; and
TCj). This phenomenon was due to the release of the electrolyte solution, which increased
the pressure in the reactor, and to its evaporation with consequent heat absorption due
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to the endothermic phase change (vaporization), which decreased the temperature of the
cell surface. In the case of tests conducted in air, the phenomenon was characterized
by a narrow peak, a rapid decrease followed by an increase in temperature in a few
seconds, while in the case of Ny, the temperature variation was less defined, and the
heating was dilated over time. These two distinct trends were both due to the gas fed to
the reactor and to the temperature reached at the moment of venting. Once released into
the reactor fed with air, the electrolyte solution evaporated almost completely, because the
temperatures (179-212 °C) were higher than the boiling point of the electrolyte solvents
(for DMC Tpyiling = 90 °C, and for EC Tyjling = 248 °C), and then burned with air. In the
case of nitrogen, the lower temperatures (171-195 °C), especially at 5 °C/min, allowed
only a partial vaporization of the solution; therefore, the change in temperature was less
evident. Moreover, since nitrogen is an inert gas, there was no combustion of the electrolyte
solvents. Subsequently, TR occurred at 1910 s and 235 °C (Figure 4a), 3122 s and 230 °C
(Figure 4b), 2115 s and 221 °C (Figure 4c), and 3107 s and 213 °C (Figure 4d) under different
conditions. TR refers to the moment in which the temperature increases with a SHR higher
than 10 °C/min; a peak in temperature was observed, higher for tests in air than in Np than
the temperature decreased slowly. In summary, each key event was defined by a relative
temperature and pressure. Table 3 reports the average temperature, recorded on the cell
surface by TC; and TC,, and the pressure of the key events in the different thermal abuse
test conditions.

(a)

(b)

Figure 4. Cont.
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(d)

Figure 4. Temperature and pressure profiles for test in air at 10 °C/min (a) and 5 °C/min (b); in N,

at 10 °C/min (c) and 5 °C/min (d).

Table 3. Average temperature of TC; and TC, (°C) and pressure (barg) for key events of different

thermal abuse tests.

Key Event Air—10 °C/min  Air—5 °C/min N,—10 °C/min N,—5 °C/min
CID activati 135+ 7°C 106 £ 2°C 128 £ 23 °C 107 £ 4°C
activation 0.04 barg 0.175 barg 0.25 barg 0.11 barg
Ventin 212 £3°C 179 + 16 °C 195 + 23 °C 171 £ 5°C
& 0.31 barg 1.43 barg 3.70 barg 0.34 barg
Thermal runawa 235+ 1°C 230 + 6 °C 221 £11°C 213+ 6°C
y 0.12 barg 1.50 barg 4.10 barg 0.83 barg
Peak 565 + 106 °C 535 + 17 °C 497 + 68 °C 554 4+ 11 °C
€a 1.30 barg 2.31 barg 5.10 barg 1.19 barg

From the comparison, the CID-activation temperatures and venting temperatures
were not significantly different for tests conducted at the same heating rate in air or N;
but were higher for tests performed at a higher heating rate (10 °C/min). On the contrary
the TR and peak temperatures were more affected by the feed gas used in the tests than
by the heating rate. In air, the cell temperature was affected by the combustion of the
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organic compounds (mainly electrolyte) emitted by the cell that occurred outside the cell,
as described in the following section.

3.2. Thermal Abuse Tests: Gas Profile and Quantification

In addition to the increase in temperature and pressure, the heating caused the emis-
sion of gases. The spectra obtained from the FI-IR spectrometer during the tests performed
at 5 °C/min in air (a) and in Ny (b) are reported in Figure 5.

(@)

(b)
Figure 5. Absorbance vs. wavenumber during the tests at 5 °C/min: (a) in air; (b) in Nj.

Figure 5 illustrates the absorbance profile as a function of the wavenumber. Regarding
the CID activation, there was an increase in the absorbance, which became more evident at
the venting phase, followed by a maximum in absorbance for most of the wavenumbers
and then a decrease. It was observed that absorbance increased later in N, than in air
but decreased earlier. The typical wavenumbers, to identify the main species emitted, are
reported in Table 2. Through quantification software, it was possible to quantify, in ppmv,
the main gases, i.e., HF, CO, CO,, CHy, DMC, and EC, as emitted during the test, as shown
in Figure 6.
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(a)

(b)
Figure 6. Concentration (ppmv) profiles over time (s) for 5 °C/min test: (a) in air; (b) in Nj.

From the concentration profiles, it is possible to notice that the first released gas was
HF after the CID activation at 1672 s (Figure 6a) and 1754 s (Figure 6b). The other gases
(CHy, CO, and CO;,) and DMC and EC vapors were instead emitted from the venting phase,
and a sudden increase in their concentrations corresponding to TR was observed, except for
DMC in the case of air (and DMC and CO in the case of N») that first decreased and then
increased again. The maximum concentration values of HF (1300 and 1700 ppmv) were
reached at the maximum temperature both in air and N, respectively. This was similar
for CO (35,000 ppmv) and CO; (100,000 ppmv) in N, but not in air, where the maximum
concentrations of CO (60,900 ppmv) and CO, (90,000 ppmv) were shifted after the peak
temperature. This behavior gave evidence of the combustion outside the cell of the gases
emitted during TR. From the profile of each gas, it was possible to observe that the emitted
amount of HF, DMC, and EC were not significantly affected by the test conditions. DMC
and EC were the main electrolyte solvents, while HF was due to the decomposition of the
electrolyte salt, LiPFg [7]. The CO and CO,, on the other hand, were strictly dependent on
the test conditions; in fact, in air, the total amount of CO, was higher (1-13 times depending
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on the heating rate) than the total amount of CO, while in nitrogen, it was the opposite.
Even the CH,4 production was dependent from the operating conditions.

3.3. Thermal Abuse Tests: Condensed-Phase Emissions

The condensed matter was collected at the outlet of the reactor on the primary filter
(PTFE 5.0 um). In Table 4 are reported the quantities gathered for each test, in the range
0.3-1% of the total mass loss of the cell, while Figures 7 and 8 illustrate the filters and the
correspondent cells after each test. The condensed phase collected on the primary filter
was analyzed by the ATR-FI-IR spectrometer to determine the superficial composition, by
SEM-EDS for the composition and the distribution of the metal particles and by ICP-OES
and AAS for the quantification of the metals. From Figure 7, it is also evident that the metal
case of the cell was not damaged during the abuse tests. Therefore, the material collected
on the filter came from inside the cell through the vent valve and could be traced back to
the electrolyte solution and electrode’s material.

Table 4. Quantities of collected material and weight loss of cell gathered for each test.

Air—10°C/min  Air—5°C/min = N,—10 °C/min  N,—5 °C/min

Cell—total mass loss 55754 g 58223 g 57801 g 557% g
Condensed matter 0.0612 g 0.0504 g 0.0183 g 0.0375¢g
(a) (b) (c) (d)

Figure 7. PTFE filters sampled after testing: (a) 10 °C/min in air; (b) 5 °C/min in air; (c) 10 °C/min
in Np; (d) 5 °C/min in N».

T T
- i: R i

(a) (b) © (d)

Figure 8. NCR cells sampled after testing: (a) 10 °C/min in air; (b) 5 °C/min in air; (c) 10 °C/min in
Nj; (d) 5 °C/min in N».

3.3.1. Condensed-Phase Characterization: ATR-FI-IR Spectroscopy

Figure 9 illustrates the comparison between the spectra, in the percentage transmit-
tance format (%T), of the condensed phase collected during the tests at 5 °C/min in air and
Np, respectively.
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r d
>

Filter_3Cmin_N2
Filter_5Crmin_Air

Figure 9. ATR-FT-IR spectra of condensed phase on filters at 5 °C/min in: (red) air; (black) N».

Comparing the two spectra, it was possible to notice a difference in the transmittance
(%T); in fact, the spectrum acquired on the sample obtained in air (red line) had lower trans-
mittance values with more intense peaks (strong, s). By comparing the low wavenumbers
range, between 1000 and 600 em~ L it emerged that in air, there was a loss of information
due to a huge number of unique peaks with a very low transmittance values, %T around
60%, instead of different peaks with small or medium intensity. The loss of information
was attributable to the brown deposit on the filter, which caused a high absorbance of the
IR wave in the range close to the visible spectrum.

Table 5 reports the wavenumbers (cm~!) of the transmittance peaks found in each
sample with the relative force, very weak (vw), weak (w), medium (m), strong (s), and very
strong (vs), and the attribution obtained by comparing the spectra with the library.

Table 5. The wavenumbers (cm_l) found in each filter with the relative force (vw, w, m, s, or vs) and
the corresponding attribution.

Identification Air—10 °C/min Air—5 °C/min N,—10 °C/min N,—5 °C/min
Paraffin oil s 2951.76 m 2951.19 m 2951.70 m 2951.14 m
Paraffin oil—PEO Vs 2917.87 Vs 2918.01 \ 2917.35 Vs 2918.16 Vs

Paraffin oil—PEO Vs 2849.63 s 2849.62 s 2849.15 s 2849.77 s
Paraffin oil vw 2724.01 vw 2737.23 vw - - 2722.61 vw
PEO w 1712.88 m 1714.37 m 1711.40 4 1713.75 w
PEO w 1644.21 VW 1642.61 VW 1642.32 vw 1642.91 vw
PEO w 1614.47 w - - - - 1602.36 VW
Paraffin oil—PEO s 1461.48 s 1461.66 s 1462.57 m 1461.97 m
Paraffin oil—PEO m 1376.48 s 1376.06 s 1376.72 m 1375.86 m

Paraffin oil w 1273.84 w 1267.92 vw 1201.19 s 1212.49 s
PEO w 1167.09 VW 1163.74 m 1145.29 Vs 1154.36 Vs
Paraffin oil vw 1074.22 vw 1068.87 vw 1085.88 vw 1081.13 vw
PEO w 908.95 w 909.60 w 909.63 m 909.28 m
Paraffin oil w 887.25 w 886.26 w 885.48 m 887.05 m
Paraffin oil m 730.22 m 729.99 m 729.56 m 730.00 m
Paraffin 0il—PEO s 719.48 m 719.27 m 719.48 m 719.47 m

PEO = polyethylene oxide; vw = very weak; w = weak; m = medium; s = strong; vs = very strong.
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The analysis showed the presence of paraffin oil that could be related to the use of
paraffin wax as a protective layer of the anode material or separator [25]. The paraffin
oil was released during the increase in cell temperature: at about 55 °C, the wax melted
and subsequently (>240 °C), it started to decompose [26]. In addition to paraffin oil, the
main peaks due to polyethylene oxide (PEO) were identified [27]. PEO has attracted
widespread attention as a solid base electrolyte because of its excellent salt-solvating ability
and electrode interfacial compatibility [28]. PEO is also applied as a multifunctional binder
to partially replace the commonly used PVDEF binder. PEO has the advantages of a good
adhesive quality, a high ionic conductivity, a high flexibility, a low cost, excellent processing
properties, and environmental friendliness. The utilization of high-conductivity binders
can significantly improve the battery cycling performance [29].

3.3.2. Condensed-Phase Characterization: SEM-EDS

Figure 10 illustrates the SEM images of the surface of the filters collected for the tests
in air at (a) 10 °C/min and (b) 5 °C/min and in N at (c) 10 °C/min and (d) 5 °C/min.

(a) (b)

(o) (d)

Figure 10. SEM-BSE on the PTEFE filters after testing: (a) 10 °C/min in air; (b) 5 °C/min in air;
(c) 10 °C/min in Nj; (d) 5 °C/min in Np.

From the images obtained with the BSE detector, it was possible to highlight the
compositional contrast at the expense of the structural morphology, which could be eval-
uated with the secondary electron detector (SE). From the images obtained on the test
filters, shown in Figure 10, no compositional difference was observed between the various
samples. In fact, in all the samples, there were small particles, lighter points with an almost
spherical shape, dispersed on the filter surface. The composition of the filter was constant,
even if acquired in the BSE detector; from the images, it was possible to observe the fibers
and their texture, and the dimensions of the particles were significantly smaller than the
filtering section.
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O\ Spot 3

By magnifying the different filter areas, it was possible to identify particles with
different compositions and diameters. The EDS detector was used to identify the chemical
composition of some metallic particles, while the diameter of these particles was calculated
using software.

Figures 11-14 illustrate the most significant images of each filter with the magnification
and its spot and/or area analyzed, the diameter of the particles, and the respective EDS
spectra from the compositional analysis. The results of the analyses are reported in the
following order: in Figure 11, tests at 10 °C/min in air; in Figure 12, tests at 5 °C/min in
air; in Figure 13, tests at 10 °C/min in Ny; and in Figure 14, tests at 5 °C/min in Nj.

Spot 1 «O (b)

d=1.48um

O\> Spot 2

d=2.54um

d=1.04um

(c)

(a) (d)

Figure 11. Condensed matter collected during the test at 10 °C/min in air. (a) Areas analyzed by
EDS and dimension of the particles; (b) EDS of Spot 1; (¢) EDS of Spot 2; (d) EDS of Spot 3.

The chemical composition and diameters of the particles observed in the sample of
Figure 11 were homogeneous. In fact, they had the same chemical composition: Al, O, F,
and P with a similar percentage relationship among the investigated spots and comparable
diameters, d; = 1.48 um, dy = 1.04 pm and dz = 2.54 pm, between the different particles.
The presence of F and P was common and was traceable to the electrolyte solution in which
the Li-salt (LiFP¢) was dissolved in organic carbonates (i.e., DEC and EC). The presence of
lithium could not be verified by this analysis; in fact, SEM-EDX only detected Z > 3; Li was
too light and could not be detected for the very low energy of the characteristic radiation.
The presence of Li was demonstrated by the ICP and AAS analysis later reported. Al and
O were instead attributable to the composition of the cathode made of lithium nickel cobalt
aluminum oxides (NCA). The presence of C was due to the initial treatment of the sample,
graphitization, so it was therefore not possible to distinguish it from the graphite of the
anode material.
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Spot 1
d=1.10u

(b)
Area 1
\ d1=2.55pu
d2=1.78u
(a) (c)

O/' d=7.98um

Figure 12. Condensed matter collected during the test at 5 °C/min in air. (a) Areas analyzed by EDS
with dimension of the particles; (b) EDS of Spot 1; (c) EDS of Area 1.

Spot 1

(b)

Figure 13. Condensed matter collected during the test at 10 °C/min in Nj. (a) Spot analyzed by EDS
and dimension of the particle; (b) EDS of Spot 1.

The agglomerate in Figure 12a could be divided into two distinct particles, the upper
one with d = 1.10 pm and the inferior one with d; = 2.55 um and d, = 1.78 um. The main
difference between the two in terms of composition was the presence of Al in the upper one
and a greater amount of oxygen in the inferior one. Moreover, in that case, P and F were
found and attributable to the electrolyte salt, while the material coming from the electrodes,
specifically the cathode, was confirmed by the copresence, in Spot 1, of Ni, Co, and Al,
presumably in oxidized form, and in Area 1 by the copresence of Ni and Co.

In the latter sample, in Figure 13, the particle had no perfectly spherical geometry,
d =7.98 pm, and compounds from both electrodes (Al, Ni, Co from the cathode and Cu
from the anode), which can always be in the form of oxide due to the oxygen copresence,
and electrolyte salts (P and F) were present. In this sample the contribution of the electrodes,
specifically the active cathode material and the anode collector, is higher, in weight %,
than the previous samples. The presence of Al, Co, and Ni, tendentially in oxidized form,
was due to the degradation of the cathode’s active material, while the Cu was due to the
degradation of the anode collector.
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Spot 1
d=4.86pum

(a) (©)

Element CK 0K FK Al K PK
Weight% | 1891 | 450 | 8.08 | 6671 [ 179
Atomic% |32.72 | 584 [8.85 |51.38 |1.20

(b)

Figure 14. Filter 5 °C/min in Nj. (a) Spot analyzed by EDS and dimension of the particle; (b) EDS of
Spot 1; (c) same spot analyzed by SE.

Also in this sample, Figure 14 shows a spherical particle, with d = 4.86 um, composed
mainly of Al, in the form of an oxide due to the copresence of O, and F and P attributable
to the electrolyte solution.

Comparing the results of different feed-gas composition, it was observed that in air,
the particles had a more spherical shape and smaller diameters, around an average value of
1.54 & 0.69 pm. In nitrogen, instead, the particles had a less spherical shape, agglomeration,
and much larger diameters, 6.42 £ 2.21 ym. In terms of composition, however, there
was the constant presence of F, P, O, and Al while the presence of Ni, Co, and Cu varied
depending on the sample.

3.3.3. Condensed-Phase Characterization: ICP-OES and AAS

The metals present in the condensed phase were quantified by an AAS analysis (Li,
Co, Mn, Ni, and Cu) and ICP-OES (Al). Table 6 reports the quantification of the metal
expressed in mg/m?: it was calculated by dividing the mass in mg of metals as obtained
from the ICP-OES and AAS analysis by the volume of gas passed through the filter during
the test. The concentration of metals is usually lower than the limit of detection, except for
some metals. The presence of Li could be due to the electrolyte solution, made of organic
carbonates, in which the Li-salt was dissolved; in particular, for the cell examined, it was
LiFPg dissolved in DMC and EC. As observed by the SEM-EDS analysis, aluminum was
the metal with the highest concentration, and it was present in all the samples.
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Table 6. Concentration of metals (mg/ m?) for each thermal abuse test.
mg/m3 Air—10 °C/min Air—5 °C/min N,—10 °C/min N,—5 °C/min

Li 0.04 0.07 0.17 0.02

Ni <LOD 0.01 <LOD <LOD

Co <LOD <LOD <LOD <LOD
Mn <LOD <LOD <LOD 0.01

Al 0.14 0.34 0.20 0.14

Cu <LOD <LOD <LOD <LOD

<LOD: under the limit of detection.

4. Discussion

The temperature and pressure values of the key events for the different thermal abuse
test conditions, reported in Table 3, were compared with the values obtained by the thermal
stability test, the UN/ECE Regulation No. 100 [15]. Figure 15 illustrates the comparison
of the results (a) in air and (b) in N; for the temperature of the key events: CID activation,
venting, and TR.

® 10°C/min_AIR
5°C/min_AIR

UN/ECE N*100_AIR

(a)
® 10°C/min_N2
5°C/min_N2
UN/ECE N°100_N2
(b)

Figure 15. Comparison between the temperatures from the UN/ECE test and thermal abuse tests in:
(a) air and (b) N».

In terms of temperature the values recorded for the key events, in all test conditions,
were higher than the limit values obtained by applying the thermal stability test reported
in the UN/ECE Regulation No. 100. This result showed that the in the test conditions
investigated, the key events occurred at higher temperatures than those predicted by the
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thermal stability test, confirming the ability of the latter to give a conservative estimation
of the key temperatures. On the other hand, the activation of the protective systems (CID,
venting) of the cell at higher temperatures increased the possibility of secondary reactions
inside the cell, with a consequent increase in dangerous emissions. For the pressure, an
increase in the reactor pressure was observed at each key event, regardless of the conditions
of the abuse test. The increase in pressure was related to the release of the material (gases
and condensed phase) from the cell because of the increase in the internal pressure of the
cell due to heating.

Figures 5 and 6 illustrate that the profiles of the emitted gases were similar in air
and N for most of the gases, except for carbon dioxide, for which higher concentrations
were measured in air than in nitrogen because of the combustion reactions of electrolyte
solvents, and for carbon monoxide, which is the main product of the carbonates” decom-
position in nitrogen. As reported by the National Institute for Occupational Safety and
Health (NIOSH) the immediately dangerous to life or health (IDLH) values for CO is
1200 ppm [30]. The CO concentrations obtained during the tests (maximum value in the
range of 35,000-60,900 ppmv) were higher than the IDLH. However, the most hazardous
substance detected was HF, produced by the reaction of the Li-salt (LiFP¢) present in the
electrolyte solution [7]. As reported by the NIOSH, the IDLH for HF is 30 ppm [31]. Figure 5
illustrates that the concentrations obtained in the different tests were significantly higher
than that limit. In fact, a maximum value of 1300-1700 ppmv was measured in the tests.

A similar analysis could be made for metals, both in particle size and chemical compo-
sition. By cross-checking the data obtained from the ATR-FI-IR analyses, the SEM images
with related EDS analyses and ICP-AAS analyses, it was possible to trace the condensed
matter emitted by the electrolyte solution, i.e., Li, P, F, and PEQO, to the degradation of the sep-
arator, i.e., the paraffinic wax and PEO, and the electrode material, i.e., Al, Ni, Co, and O.

The degradation of the separator and the protective layer was assessed by an ATR-
FT-IR analysis on the filter as it stood. The wavenumbers obtained, reported in Table 5,
identified both peaks due to polyethylene oxide and paraffin oil. The microparticles of
the latter were used on the anode or on the separator to avoid, in case of abuse, the
flow of lithium ions between the two electrodes. As it is possible to observe from the
Figure 6, the filters where the condensed matter was deposited differed in the amount of
collected material; in particular, the brown deposit, probably due to soot particles, was
more homogeneously dispersed on the whole surface of the filter in the tests performed
in air than in N,. This difference was due to combustion reactions that can occur in the
oxidative environment generating soot particles.

From the EDS analysis, it was possible to obtain an identification and a distribution
of the metals. In terms of composition, the presence of F, P, and O was observed in all
the samples, while the amounts of Al, Ni, and Co varied depending on the sample, but
their distribution was similar to that of O, allowing us to assume that the electrode metals,
Ni, Co, and Al, were present as oxides. For the Ni emissions, the permissible exposure
limits for airborne contaminants values have been reported by the Occupational Safety and
Health Administration (OSHA) [32]. For Ni, the limit value (8 h time weighted average)
was 1 mg/m3, higher that the value obtained by the filter analysis, but it referred to a longer
exposure time than during the tests. Another important aspect that must be evaluated is
the dimension of the particles or metal agglomerates. SEM images showed the presence of
particles and/or metal agglomerates, with an average diameter of 1.54 &= 0.69 um. These
particles, if dispersed in the air during a fire of Li-ion batteries, contribute to the rise of
PM 2.5, which can be inhaled, causing effects both in the short and long term depending
on the toxicity of the compounds. For the analyzed NCA cell, the particles were com-
posed of different metal (Li, Ni, and Co) oxides, carbonates, fluorinates and phosphates.
From the quantification through ICP-OES and AAS, it was possible to evaluate the metal
concentration in the emissions of 0.02-0.017 mg/m? for Li and of 0.14-0.34 mg/m? for Al
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5. Conclusions

Thermal abuse tests were conducted in a tubular reactor on NCA 18650 cells, while
monitoring during the tests the cell surface temperature, the pressure, and the gases emitted
by FT-IR spectroscopy and characterizing the condensed-phase emissions by ATR-FT-IR,
SEM-EDS, ICP-OES, and AAS.

In terms of temperature, the values recorded for the key events, the CID activation,
venting, and TR, were higher in the thermal abuse tests than the values obtained from
the tests of the UN/ECE Regulation No. 100. This result demonstrated that the limit
values obtained from the UN/ECE Regulation No. 100 were conservative with respect
to the key fire risk events. On the other hand, in the tests at a constant heating rate,
higher values of the peak temperature were reached (526-550 °C), which increased the
risk of secondary reactions and possible domino effects. Another risk was correlated to
the pressure generated by the release of the gases from the cell, once the safety systems
were activated.

The risk of LIBs is not just correlated to the temperature and pressure reached during
the key events but also to the toxicity of the products, in gas or condensed phase, that are
released during and/or remain after the fire. Comparing the concentration values of CO
and the HF with the IDLH, it emerged that the measured values were significantly higher.

For the metal particles (Li, Ni, Co, Al), diameters of 1.54 £ 0.69 pm were measured,
indicating that they could be dangerous for human health, especially when particles are
dispersed in the environment, contributing to the emission of PM 2.5.

Our overall results are fundamental for the risk management of Li-ion batteries, for
example for the identification of appropriate personal protection systems for rescue teams.
Furthermore, the results in terms of temperature and pressure can be used to develop
new materials such as phase-change materials for battery thermal management systems
(BTMSs) [33]. By using phase-change materials to absorb heat, the temperature of a battery
pack could be kept within the normal operating range for a long time without using any
external power, such as in a traditional air-cooling-based BTMS.
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