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Abstract: Lithium-based batteries have the potential to undergo thermal runaway (TR), during
which mixtures of gases are released. The purpose of this study was to assess the explosibility of the
gaseous emission from LIBs of an NMC-based cathode during thermal runaway. In the current pro-
ject, a series of pouch lithium-based battery cells was exposed to abuse conditions (thermal) to study
the total amount of gases released and the composition of the gas mixture. First, the battery cells
were placed in a closed vessel, and the pressure and temperature rise inside the vessel were meas-
ured. In a second step, the composition of gases was analysed using a Fourier transform Infrared
(FTIR) spectrometer. We found that the amount of released gases was up to 102 + 4 L, with a clear
dependence on the battery capacity. This study showed that the concentration of gaseous emissions
such as carbon monoxide (CO), methane (CHu), ethylene (C2Hs), ethane (C2Hs), and hydrogen cya-
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1. Introduction

Copyright: © 2023 by the authors. Li- The safety of lithium-ion batteries (LIBs) is of major concern because of their high
censee MDPI, Basel, Switzerland.  energy density. The primary safety hazards are the ignition of the cell due to thermal
This article is an open access article  runaway and its accompanying gaseous emissions [1]. Heat transfer during thermal run-
distributed under the terms and con-  away can be induced by the decomposition of individual cell components or by interac-
ditions of the Creative Commons At tjve reactions between multiple components [2]. This results in heat generation and, in
tribution (CCBY) license (https://cre- - gome circumstances, the release of harmful gases and fire.
ativecommons.org/licenses/by/4.0/). Previous investigations have been conducted to quantify gaseous emissions and pos-
sible hazards, but most studies do not cover pouch lithium-ion batteries with NMC-based
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cathodes [3-9]. The limited number of studies performed on NMC pouch lithium-ion bat-
teries have mostly focused on a 100% state of charge (SOC) [10-13].

Gas production is a result of several decomposition stages [13]. However, the thermal
decomposition of the organic carbonate electrolyte used in an LIB largely influences the
main gas emissions at thermal runaway. In a temperature range of 363493 K, the organic
carbonate electrolyte decomposes, and a reaction between Li and electrolytes occurs to
produce various organic and inorganic compounds [12,13]. Some main gases produced
include carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), ethylene (C2Hs),
ethane (C2Hs), fluoroethane (C2HsF), hydrogen (Hz), and hydrogen fluoride (HF) [12,13].

Observations made by Kwade et al. indicated that nail-penetration-induced thermal
runaway could result in the release of 1.04-3.28 mg/m? of CO, 18-90 mg/m? of HF and 73—
257 mg/m?3 of CH4 from 2.1 Ah pouch cells with NMC-based cathodes. Nedjalkov et al.
(2016) investigated the gaseous emissions from 40 Ah LIBs with NMC-based cathodes.
The investigators reported the emission of 1640 ppm of HF from the emerging gases.

Essl et al. analyzed the gas composition and particle emission from 41 Ah LIBs with
NMC/LMO-based cathodes for SOC levels as 0%, 30%, and 100% in a N2 atmosphere. The
main toxic component measured was CO. The measured explosible components were Hz,
CHs, and diethyl carbonate (DEC) [13]. However, the explosibility of these components in
an enclosed geometry was not studied.

As mentioned by Sturk et al., thermal runaway tests are commonly carried out in an
inert atmosphere, and findings may differ from those obtained in normal atmospheres, as
some chemical reactions may occur only in the presence of oxygen [12]. These findings
demonstrate the need to investigate the explosibility hazard of gaseous releases from the
NMC-based pouch cells in a normal atmosphere.

Several accidents have occurred, especially in instances in which the LIBs were not
in use (idle) or being charged [14-17]. Previous investigations of gas emissions during
thermal runaway of lithium-ion batteries indicate the release of toxic gases. Studies have
shown that a single 18,650 LIB could release up to 0.27 moles (6 L) of toxic gases during
thermal runaway at a maximum cell temperature of 1123 K [3].

The mixture of released gases is dependent on the type of Li-ion cells, the test
method, and the test equipment used [18]. By heating 18,650 cylindrical batteries,
Golubkov et al. observed the emission of relatively large volume fractions of CO2 com-
pared to CO, CHs, and C2Hs from LIBs with lithium iron phosphate (LFP) and nickel co-
balt aluminum (NCA) cathodes using gas chromatography (GC) [4]. Experiments per-
formed by Warner revealed that thermal treatment of LFP and NMC LIBs results in the
emission of toxic gases such as HF, CO, hydrogen chloride (HCl), and hydrogen cyanide
(HCN) in high concentrations [19]. The investigator used a Fourier transform infrared
spectroscopy (FTIR)-coupled gas bag-sampling technique.

Other studies indicate the release of combustible gases during thermal abuse tests
from LIBs with LFP, lithium manganese nickel oxide (LMNO), and lithium cobalt oxide
(LCO) cathodes. Important parameters used in assessing the presence of an explosive at-
mosphere are the so-called lower and upper explosive limits (LEL/UEL). The lower (fuel-
lean range) and upper (fuel-rich range) explosion limits indicate the limiting values of the
combustible component content in a mixture of flammable gas, oxidant, and, if present,
inert gas at which a hazardous reaction no longer propagates autonomously in the mix-
ture [20]. Webster et al. (2016) found an LEL of 10% in gas volume fraction, while the UEL
varied between 35% and 45% gas volume fraction depending on the SOC of the cell [21].

Somandepealli et al. performed a test to determine the maximum pressure (Pnex) of the
gases released from 2.1 Ah (7.7 Wh) LCO cells in a 20-L explosion sphere [22]. The study
revealed that the measured Puax of over 7 bar is in the range of common hydrocarbons and
hydrogen. The current study aims to demonstrate the combustibility of the gases released
from lithium-ion batteries.

In most cases, no substantial amount of oxygen gas seems to be released from the
LIBs to increase the rate of combustion during thermal runaway. However, thermal
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decomposition reactions can be enhanced by the temperature of the expelled gases [11].
This could result in a cascade thermal runaway of adjacent cells. The majority of thermal
runaway reactions occur during or shortly after the Li-ion cell has reached 100% SOC [23].
From an energy perspective, the occurrence of a thermal runaway is less likely in LIBs
with a low SOC [24].

Hollow-sphere glass granulate-like pyrobubbles have found effective applications in
fire protection. Foam-like granules made from silicon dioxide with a diameter ranging
from 0.5 to 5 mm have low thermal conduction, are not inflammable, are floatable, have
outstanding asphyxiation, and have a high melting temperature (>1373 K) [25]. In this
study, the effectiveness of pyrobubbles in removing the gas components in gas emission
was investigated.

In summary, this work presents investigations of the emissions from NMC lithium-
ion batteries during thermal runaway at SOCs of around 0%, 30%, 50%, 80%, and 100%.
The main focus of this investigation is the total amount of gases released, the gas compo-
sition, and the explosibility parameters of the emissions. The effectiveness of pyrobubbles
in the removal of the gas emissions, namely CO, COz, CHs, HCN, HF, Cz2Hs, and C2Hs, at
different SOCs was evaluated.

2. Materials and Methods
2.1. Cells

In total, 34 pieces of lithium-ion cells with NMC-based cathode and graphite anode
were used for the investigation. The electrolyte is composed of four different mixtures,
namely ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate
(DMC), and propylene carbonate (PC). Each cell used lithium hexafluorophosphate
(LiPFe) as conducting salt. The batteries tested were pouch LIBs with nominal capacities,
Qnom of 2.5 Ah (=9.25 Wh), 10 Ah (37 Wh), and 32 Ah (=118 Wh). The parameters of the
studied cells are presented in Table 1.

Table 1. Cell parameters.

Parameter Test Series 1 & 3  Test Series2 Test Series 2
Manufacturer Grepow Hunan CTS  Hunan CTS
Capacity, Ah 2.5 10 32
Energy density, Wh/kg 275 200 200
Mass(max), g 58 178 590
Width, mm 60 59 102
Length, mm 78.5 156 305
Thickness, mm 5.7 8.5 11.5
Upper-limit voltage, V 42 42 42
Average voltage, V 3.7 3.7 3.7
Cutoff voltage, V 2.7 2.75 2.75

As depicted in Table 2, 31 tests were performed in three different test series. A battery
stack consisting of two 10 Ah cells (double-cell) assembled together was also studied. As
illustrated in Figure 1C, these cells were labeled as A and B.
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Table 2. Experiments carried out for test series 1, 2, and 3.

Capacity per Cells per SOC Pyrobubble . Test Chamber
T 11 Total T Ref. [2
et Cell(Ah)  Test  cenTorl o Filter N8BT Volume (L) ef. [26]
Series 1
#01-#03 1 3 0 x -
#04 1 1 v -
#05-#07 1 3 30 x -
#08 1 1 v -
#09-#11 1 3 x -
7# ™ 2.5 ] 1 50 7 Overheating 10 §
#13-#15 1 3 x -
#16 1 1 80 v -
#17-#19 1 3 x -
#20 1 1 100 v -
Series 2
#21-#23 1 3 x Test #07-#09
10 Test #24—Test #10
#24-#26 2 6 100 x Overheating 100 Test #25—Test #12
Test #26—Test #11
#27-4#29 32 1 3 x Test #13-Test #15
Series 3
#30 1 1 100 x -
31 2.5 1 1 100 < Overcharge 45 -
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Figure 1. Positioning of the ignition source and thermocouples on the LIB (A) cell in test series 1, (B)
cell in test series 2, and (C) double-cell in test series 2.

2.2. Hollo- Sphere Glass Granulate Filter

A filter was used to treat the gases released during thermal runaway. The filter was
made up of a stainless-steel container with hollow-sphere glass granulate (pyrobubbles)
as the filter media. The properties of the pyrobubbles are shown in Table 3. The cylindrical
container had an inner volume of 1.26 L (diameter, & = 100 mm; height, h = 160 mm). It had
three openings, an inlet for off-gas inflow, an outlet for treated-gas outflow to the FTIR,
and a vent. The cylindrical filter chamber was filled with 400 g of pyrobubbles.

Table 3. Properties of the pyrobubbles [25].

Parameter Data
Thermal conductivity (20 °C), W/(m-K) 0.075
Density, kg/m? 190-230
Melting Temperature, °C 1100
Heat capacity, J/(kg-K) 700
Particle size, mm 1-5

2.3. Experimental Setup

Figure 2 shows the experimental setups for the thermal abuse. For test series 1 and 2,
the thermal runaway was triggered inside an air-tight stainless-steel vessel with 10 L and
100 L inner volumes, respectively. A pyrobubble filter was incorporated into the experi-
mental setup for test series 1. The cells used in test series 1 and 2 were forced into thermal
runaway by local overheating using a glow plug and a heating plate, respectively. Over-
charge experiments were performed in test series 3 in an enclosed explosion chamber with
dimensions of 500 mm x 300 mm x 300 mm (height x length x width).
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Figure 2. (A) Schematic representation of the experimental setup used for the thermal runaway in
test series 1 and 2; (B) test series 3.

The surface area of the glow plug for heating had a diameter of 5 mm and a height of
10 mm. Heat was supplied from the surface of the heating plate with dimensions 150 mm
x 100 mm x 20 mm (height x length x width). To protect the heating plate from the direct
impact of the thermal runaway, a stainless steel panel with a thickness of 2 mm was in-
stalled between the heating plate and the LIB, as shown in Figure 2. A transformer (TF)
(Thalheimer LTS 606 Isolation Transformer, Jagst, Germany) was used to limit the power
supply to the ignition sources to a maximum of 400 W.

For the third test series (overcharging), the electrodes of the cell were connected to a
current regulator MRGN-900 (E. T. T.—Trading GmbH, Braunschweig, Germany) to
maintain the power supply to the electrodes and voltage measurement during the over-
charging process. The thermal runaway was triggered by limiting the overcharge rate (C-
rate) to 2 C in test #30 and 4 C in test #31. Through the application of the high-speed cam-
era (Photron Deutschland GmbH, Reutlingen, Germany), the thermal runaway was
filmed at 250 fps. The data were recorded using Phototron Fastcam Viewer version 4.
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To measure the temperature and pressure, K-type thermocouples (5 pieces maxi-
mum) and a pressure transducer (Kistler's Piezoresistive Amplifier 4603b, Kistler Group,
Sindelfingen, Germany) were installed on the reaction vessels (i.e., test series 1 and 2). An
exception was made in test series 3, for which only the local temperature on the cell sur-
face was measured. The temperature and pressure were measured synchronously by the
transducer and thermocouples with a sampling rate of 1 kHz and 0.1 kHz, respectively.

Figure 1 illustrates the arrangement of thermocouples and the positioning of the ig-
nition sources on the test cells. An electrical actuator (EA) and a gas accumulator (GA)
were installed to ensure smooth flow of gas and prevent pressurization of the gas during
the feeding of the sampling section. N2 gas was used for pressure regulation in the reaction
vessels during operation and purging. Data were recorded using two types of data loggers.
An Agilent Data Manager (DAQ: U2355A) (DL-1) (Agilent Technologies, Boeblingen, Ger-
many) was used to acquire pressure and temperature readings, and a DL-2 (Gasmet FTIR
analyser DX4000, Gasmet Technologies Oy, Helsinki, Finland) was used to record the
readings from the FTIR with a P-Hot sampling system (Ansyco GmbH, Karlsruhe, Ger-
many). In test series 3, data logger 3 (Voltsoft (Conrad Electronic International (HK) Lim-
ited, Tsuen Wan, Hong Kong) was used to record the voltage readings during the over-
charging process.

2.4. Experimental Procedure

The experiments were conducted in three series, as listed in Table 2. In test series 1,
20 pieces of 2.5 Ah Li-ion cells were ignited by a glow plug. The glow plug was installed
20 mm from the top section of the LIBs to supply direct heat, as shown in Figure 1A. Trip-
licate analysis of single cells in dependence on their SOC levels (0%, 30%, 50%, 80%, and
100%) was carried out to study the gas emissions during thermal runaway. Subsequently,
single runs were performed at the respective SOC levels to analyse the gas emission re-
moval efficiency of pyrobubbles. Fresh pyrobubbles were used for each test. First, mean
values of the triplicate analysis were used for the evaluation of pressures, temperatures,
and gas concentrations.

In tests series 2 (tests #21 to #26), the gas emissions from 10 Ah (nominal capacity,
Qnom) NMC cells were investigated. For tests #27 to #29, 32 Ah NMC cells were used. All
tests were performed with fully charged cells.

In test series 3, the combustibility of the released gases was closely studied with fully
charged 2.5 Ah cells.

Prior to all tests, the cells were checked to confirm that they did not have any physical
damage. The capacities of the cells were determined by three charging and discharging
processes (CC-CV) at a C-rate of 0.5 using a Voltcraft multifunctional charger (V-Charge
100 Duo, Conrad Electronic International (HK) Limited, Hong Kong). In this way, the
voltage limits, minimum voltage (Up;, #0% SOC) and full charge voltage (Uy,om, 100%
SOC) were also known, as shown in Figure 3. Each cell was then adjusted to its respective
final SOC level (SOCy).
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Figure 3. Experimental SOC versus voltage curve of the 2.5 Ah NMC pouch cell.

A weighing balance (Kern & Sohn GmbH, Balingen-Frommern, Germany) was used
to measure the weight of the prepared samples before and after the thermal runaway. The
LIB was then placed into a sample container made of stainless steel to reduce and probably
inhibit the distribution of particulate fragments in the respective reaction vessels used for
test series 1 and 2 and the combustion chamber used for test series 3. All screws were
fastened; valves were tightly closed; and the power supply, thermocouples, and pressure
transducer were connected.

The pressure and temperature signals were recorded during the test. The total vol-
ume of gases released was calculated using the ideal gas law as described in detail in ref
[26].

To measure the gas emissions produced during the thermal runaway, the FTIR ana-
lyzer was operated at the required temperature of 180 °C to avoid condensation of flue
gas components with a high boiling point in the measuring line. It was calibrated manu-
ally using Calcmet Analysis STD Software, (Gasmet Technologies Oy, Helsinki, Finland)
ahead of the flue gas analysis. In addition, a gas dilution system was installed to avoid
extension of the measurement range of the FTIR, especially for CO, for which the upper
limit without a dilution system is 2000 ppm. The dilution factor was 1:100 such that CO
concentrations of as much as 20% in volume still could have been resolved.

The flue gas measurements were performed every 10 s, consisting of 3 scans, ena-
bling rapid real-time measurement. The mean values calculated from the 3 scans were
used for all gas analysis measurements.

3. Results

Thermal abuse tests at various SOCs (0%, 30%, 50%, 80%, and 100%) were performed
on 2.5 Ah, 10 Ah, and 32 Ah Li-cells of NMC chemistry in enclosed vessels. The surface
temperature of the cells (Ty¢qc), maximum pressure (absolute), and pp,q, inside the reac-
tor were monitored throughout each test conducted in series 1 and 2. The study showed
that the thermal stability of lithium-ion pouch cells of NMC chemistry decreases at high
SOC levels.

3.1. Thermal Runaway Behavior

As shown in Table 4, the p,,,, increased with increasing SOC. The highest p,,,
from test series 1 (3.2 + 0.5 bar) was observed at 100% SOC, and the lowest value (1.2 =
0.04 bar) was observed at 0% SOC. Low pressure spikes were detected at 0% SOC (test
#01-#04). The low measured p,q, may be the result of gas (smoke) released from the cells
into the environment. The maximum temperatures ( Ty¢q.) measured on the surface of the



Batteries 2023, 9, 300

9 of 20

tested cells (374-402 K) was in the range of the thermal decomposition temperature of the
SEI layer [24,27]. This suggests that gas release was only the result of the decomposition
of the solid electrolyte interface (SEI) decomposition layer. Visual examination of the post-
failure cells indicated that the thermal abuse resulted only in gas release. In addition to
the aforementioned observation, the measured p,,,, valuesof 1.3 +0.1 bar and 1.34+0.15
bar from the triplicate analysis at 30% SOC (test #05-#07) and 50% SOC (test #09-#11)
show that the gas may have been released simply due to the thermally driven decompo-
sition of the solid electrolyte interphase (SEI) layer followed by a reaction between the
graphite material with the electrolyte and binder inside the cell. At 80% SOC and 100%,
the piq, values of the cells were measured in ranges of 2.6 + 0.9 bar and 3.2 + 0.5 bar,
respectively. An explanation of the higher p,,,, values measured at an SOC level > 80%
could be due to the participation of lithium in the thermal runaway reaction. Further ex-
planation is provided elsewhere [26].

Table 4. pp,q, and T, measured from the experiments.

Test SOC (%) Pmax_(bar) Treac (K) Ref. [26]
Series 1
#01-#03 0 1.2 £0.04 378 +4 -
#04 1.14 402 -
#05-#07 30 1.3+0.1 381 +10 -
#08 1.5 400 -
#09-#11 50 1.34+0.15 404 +14 -
#12 1.7 416 -
#13-#15 0 2.6 0.9 515 +3 -
#16 8 2.7 509 -
#17-#19 100 « 32+05 520 +9 -
#20 25 497 -
Series 2
#21 3.9 1057 Test #07
#22 100 ¢ 2.7 853 Test #09
#23 4.86 920 Test #08
#24 1.83 1080 Test #10
#25 100 ¥ 1.92 1232 Test #12
#26 7.28 1240 Test #11
#27 7.25 930 Test #13
#28 1002 6.55 780 Test #14
#29 7.5 826 Test #15
Series 3
#30 100 « - 750 -
#31 100 « - 978 -

@, 2.5 Ah single cells; f, 10 Ah single cells; ¥, 10 Ah double cells; ?, 32 Ah single cells.

The T,.q. measured at thermal runaway (can be correlated to the sum of the thermal
contribution from the decomposition of the SEI layer (Qs), electrolyte (Q.), anode (Q.), and
cathode (Qc) in the cell. The initial heat generated from the decomposition of the SEI layer
(Qs), which occurs between 363 K and 403 K, leads to the subsequent reaction between the
intercalated anode and electrolyte in the temperature range of 373 473 K with the release
of energy (Qu) [13]. Subsequently, the NMC cathode decomposes (~483 K), followed by
an exothermic reaction between the NMC cathode and electrolyte (~503 K). Then, the elec-
trolyte combusts (523-573 K), releasing additional heat energy inside the cell. [28,29]. The
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total heat generated (Qger) from the reactions during the abuse test, as mentioned above,
can be written as:

Qgen = Qs + Qage +Q + Q. + Q 1)

According to the thermal conservation equation, the behavior of the cell during ther-
mal abuse is expressed as [30]:

arT
pepor = V.kVT + Qgen 2)

where p (kg /md) is the cell density, c, (J/kgK) is the specific heat capacity of the cell,
T (K) is the temperature, ¢ (s) is time, and k (W /m-K) is the thermal conductivity of the cell.

The total generated heat increases the rate of reaction in the cell, inducing thermal
runaway. The occurrence of a series of thermal decompositions showing an SOC depend-
ency is evident in Table 4, as indicated by the presented T,.,. values. In this sense, it can
be concluded that the characteristic thermal behavior of the Li cells at an SOC level < 50%
is mainly limited to the decomposition of the SEI layer and the reaction between the in-
tercalated anode and electrolyte. The thermal runaway mechanism results in a higher tem-
perature at SOC levels > 50% due to the thermal decomposition involving the cathode and
electrolyte.

For cells at 0% (test #01-#03), the T,.,. was measured in a range of 374—402 K. Wang
et al. (2006) showed that such cell temperatures could result from the occurrence of a de-
composition reaction involving the SEI layer, causing the intercalated lithium anode with
electrolyte solvent to release heat [31]. Similarly, the observed T4, at 50% SOC could
largely be attributed to a successive degradation of the separator materials within the cells
[32]. According to Feng et al., the separator material melts during the degradation process.
During the phase transition (melting) process, the heat present in the cell is absorbed. This
could lead to a small variation in temperature and pressure measurements in #01-#08
(SOC level <30%) compared to tests #09-#12 (SOC level =50%). It is worth mentioning that
the pouch cells tested at SOC level < 50% showed no sign of thermal explosion. However,
cell swelling was observed.

At SOC values of approximately 80%, higher T,.,, values were measured. The ef-
fects of the high T,..,. and associated B,,, values lead to a thermal expansion and there-
fore rapture of the cells. However, thermal-runaway-induced explosion of the cells was
evident at 100% SOC. It could be reasoned that the level of lithiation at the cathode has an
inverse relationship with the thermal stability of the cells. A decrease in the lithiation level
at the cathode of the cells as a result of extraction of lithium-ion reduces its thermal sta-
bility [33].

The maximum pressure peaks obtained from test series 2 showed distinctive behav-
ior. The p,q, measured from tests #22, #24, and #25 ranged from 1.83 bar to 2.7 bar. The
measured Pp,g, is comparable to measured values obtained from test series 1. In tests #21,
#22, #25, #26, and #27-#29, the pp,q, range was approximately 4 bar to 7 bar. These high
pressure measurements were a resultant of a possible subsequent gas explosion of the gas
mixture released into the reaction chamber. Here, the temperatures measured on the cell
surface reached the minimum ignition temperature of the ejected gas mixture and there-
fore caused ignition. For instance, the concentration of CO, CHs, and C2Hs gases measured
from tests #27-#29 were within their corresponding explosible range. The gases could
have ignited because measured cell surface temperatures exceeded their respective mini-
mum ignition temperatures (CO = 878 K; CHa = 868 K; C2Ha = 713 K) [34,35].

In test #30 (test series 3), there was no observed ignition of the gas mixture injected
into the test chamber. The ignition of the succeeding project from the Li cell was evident
in test #31 (Figure 4). Some of the flammable gas emissions were within their explosible
range, and the ambient temperature inside the test chamber exceeded the minimum igni-
tion temperature of the emerging gas mixture.
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Ignition of ejected
flammable gas mixture

Figure 4. Video screenshot of the thermal runaway event with ignition of the ejected explosible gas
mixture.

The high T.q, value measured in test #30 =750 K, and that measure in test #31 = 978
K, indicating that the gas emission from the cell probably underwent an ignition with a
higher T,.q.. Based on tests #21-#29, a T, > 750 K could provide the necessary condi-
tion for the ignition of the ejected gas mixture.

It could be deduced from the test series that the ignition source seems to have an
influence on the thermal runaway behavior.

On the one hand, the measured T,,,. values from test series 3 (test #30: Tyoq. = 750
K at C-rate =2 and test #31: T,.q. =978 K at C-rate = 4) are higher than those measured in
test series 1 (tests #17-#20: Tyeq < 529 K). One explanation is that the overcharge proce-
dure (test series 3) introduced additional electrical energy into the cell before the thermal
runaway was triggered. SOC values of 194% (test #30) and 180% (test #31) were measured
prior to thermal runaway (Figure 5). At this point, the amounts of electrical energy inside
the cells were 4.85 Ah (test #30) and 4.5 Ah (test #31), resulting in the release of higher
energy at a high temperature compared to test series 1 (test #17-#20).
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Figure 5. SOC versus voltage from test #30 and test #31.

On the other hand, higher values of Tj..q. (780-1240 K) were measured in test series
2 compared to both test series 1 and test series 3. The reported correlation between T4
and the stored electrical energy of the cell confirms that assumption. In test series 2, the
electrical energies stored in the tested cells were 10 Ah (test #21-#23), 20 Ahi.e., 2 x 10 Ah
(test #24-#26), and 32 Ah (test #27-#29); therefore, thermal runaway from the test would
definitely lead to the measurement of a comparably high Tyeqc.

In test series 3, the thermal runaway occurred in tests #30 and #31 in about 1640 s and
720 s, respectively. This indicates that the onset of thermal runaway is dependent on the
overcharge rate (C rate). At a high C rate, a greater amount of energy is introduced into
the cell per unit time. The onset of thermal runaway in test #30 (at C rate = 2) was approx-
imately 2 times that of test #31 (at C rate = 4). The results indicate that the onset of thermal
runaway has an inverse relationship with the overcharge rate.

Upon overcharge, lithium that has not moved to occupy the intercalation site in the
anode is deposited on the surface of the anode [36]. This formation is termed lithium plat-
ing. According to Lin et. al, lithium plating forms lithium dendrite, which penetrates the
separator and causes an internal short circuit [37]. In a study by Juarez-Robles et al., lith-
ium plating and electrolyte decomposition were observed when the voltage in a cell ex-
ceeded 4.5 V [38]. As shown in Figure 5, 4.5 V was exceeded earlier in test #31 (C rate = 4)
than in test #30 (C-rate = 2). The probable early occurrence of lithium plating during over-
charge at a high C rate could have contributed to the earlier onset time of thermal runa-
way.

It is established that lithium-ion battery degradation is enhanced at a higher C rate.
According to the literature, the formation of some combustible gases, namely H2, CHs,
CO, C2He, and CzHy, attributed to the decomposition of the electrolyte was significant at a
high C rate [39,40]. The presence of combustible gases in significant amounts (thus, at a
high C rate) at an elevated temperature could result in early occurrence of thermal runa-
way. This was evident in test series 3, for which runaway occurred at a higher SOC (194%)
in test #30 compared to test #31 (SOC = 180%).
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3.2. Released Gases

The total volume of released gas was calculated by considering the change in pres-
sure in each test and the ideal gas law. Under the assumption that the gas inside the reac-
tion vessel has cooled down to ambient temperature after sufficient time, the change in
the number of moles in the gas phase can be calculated according to Equation (3).

1%
= — 3
An RTAp 3)

where V is the free inner volume of the reactor, R is the universal gas constant, T is the
initial (and final) gas temperature, and Ap is the difference between the final pressure (py)
and initial pressure (p;), as illustrated in Figure 6.
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Figure 6. Pressure evolution over time in a 100 L vessel with gas release and subsequent ignition
during thermal runaway in a 10 Ah lithium pouch cell [26].

In some experiments, the gas release was followed by an immediate ignition of the
gases. Then, the maximum pressure inside the reaction vessel reached a level comparable
to that of closed-vessel gas explosions [41,42]. Such a case is depicted in Figure 6.

In test series 1, an insignificant amount of gas emission (£1 L) was released at SOC
levels < 30%, while the highest amount of gas (6.5 + 0.4 L) was measured at 100% SOC.
The gas release at 100% SOC is in agreement with the findings of Golubkov et al. (2014).
At SOC levels > 80%, a comparably significant amount of gas (4.8 + 0.6 L) was released at
thermal runaway. The volume of gas produced at 100% SOC was more than three times
larger than the release at 50% SOC (i.e., 1.9 L).

The normalized volumes of gas emission at 30% SOC and 50% SOC were 1.2 + 0.2
L/Ah and 1.2 £ 0.3 L/Ah, respectively. The values obtained (at an SOC level < 50%)
demonstrated that the gas release occurs with less influence of the SOC.

The normalized volumes of gas released at 80% and 100% SOC were 2.4 + 0.3 L/Ah
and 2.6 +0.2 L/Ah, respectively. This provides a clear indication that the maximum gas
release is likely to occur at SOC levels = 80%. In addition, the literature shows that the
normalized volume of gas relative to the capacity proportion of NMC cells is in the range
of 1.2-2.5 L/Ah [13,43]. The measured values fit into the data reported in literature.

In test series 2, the highest level of gas release (102 + 4 L) was generated from tests
#27-#29 (32 Ah NMC cells), with a normalized gas volume of 3.2+ 0.1 L/Ah. In three tests
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(#21, #22, and #23) with 10 Ah single cells, the amount of gas released from tests #21 and
#22 was 16.5 £ 1.5 L (1.65 £ 0.15 L/Ah), while a higher volume of up to 42 L (4.2 L/Ah) was
produced in test #23. Likewise, tests #24 and #25 (double cells) produced 42 + 1 L of gas,
corresponding to a normalized value of 2.15 + 0.05 L/Ah. The characteristic emission of the
abovementioned double cells was smaller than that obtain in test #26 (71 L; 3.6 L/Ah). The
divergence of the observation cannot be explained by the increase in the number of moles
added to the gas phase due to gas emission.

Figure 7 shows that the thermal runaway in test #26 generated a p;,,, of 2.96 bar,
followed by a succeeding high-pressure peak (ppq, = 7.28 bar) within 35 ms. Although
the minimum ignition temperatures and lower explosion limits of the gas mixtures re-
leased during thermal runaway are the subject of a succeeding project, it can be stated that
the composition of the gas mixture inside the RV could have reached the explosible range
and that the surface temperatures of the cells during runaway exceeded the minimum
ignition temperature of the emerging gas mixtures in these tests.

8 ——r—— 1
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Figure 7. Successive pressure peak in test #26 after thermal runaway [26].

3.3. Composition of Released Gases

The average concentrations of the most relevant analyzed gas components are pre-
sented in Table 5. In test series 1, the prevailing gas components, i.e., CO2 (=48 + 1 vol%),
C2Ha (8.1 £ 2.3 vol%), CO (=6.8 £ 0.9 vol%), and CHa (#4.3 £ 0.9 vol%), were measured at
100% SOC. No CO:z was detected at SOC levels of 0% (tests #01-#04) and 30% (#05-#08),
which means that the reaction is less complete during thermal abuse. The production of
COz, CO, CHy, C2Hs, and C2Hs was promoted at high SOC levels, indicating that the con-
version of the organic content of the cells into the gas phase is highly dependent on the
SOC. Notably, a large fraction of the organic compounds was converted to CO2 at a higher
SOC. Additionally, the high measured volume of CO is evidence that the gases are re-
leased as a result of incomplete combustion.
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Table 5. Concentration of released gas from LIBs.

Test pS:iltly,C:h Cur,pPm  Cco,, pPM  Cco, ppm  Ccy,, ppm ZI;’CIATIII Cc,ng PPM Ceypy,, ppm Ref. [26]
Test series 1
#01-#03 11£25 0 8700 + 450 48 +4 37+3 3000 £428 9750 + 594 -
#04 0 854 17 14 285 180 -
10,570 +
#05-#07 8§+2.5 0 8489 + 715 41+5 38+4 3164 + 162 2403
#08 4 0 392 28 11 364 200 -
#09-#11 15+£2 10,000 12’731020 * 585 +230 84 +17 2970 £ 190 171'288 *
#12 23 14 0 9050 550 5 1720 5390 -
286,400 + 56,400 + 33,060 + 49,340 +
#13-#15 17 +1.7 55,400 9140 6270 170 +23 3680 =590 12,386
#16 14 100 25,650 13,600 60 3590 24,970 -
480,570 + 67,700 = 43,100 = 81,200 £
#17-4#19 18+4 11,420 9300 8800 165+35 3730 + 666 23,200
#20 10 200 24,650 41,700 36 3450 16,010 -
Test series 2
#21 - - 30,980 8040 110 3095 9630 Test #07
#22 10 - - 29,220 8620 100 2105 6570 Test #09
#23 - 10,000 41,700 10,420 230 9440 11,200 Test #08
#24 - - 67,500 18,380 150 4900 35,100 Test #10
#25 20 - - 68,500 19,710 180 6100 37,700 Test #12
#26 - - 168,500 33,850 80 6050 19,700 Test #11
#27 - - 136,160 60,810 281 10,090 71,120 Test #13
#28 32 - - 124,100 45,570 200 7000 63,400 Test #14
#29 - - 148,100 76,050 380 13,000 78,600 Test #15

The measured concentration of HF from the untreated gas emission is ranges from
8.5 ppm to 22 ppm. A clear trend for HF production could not be established. However,
the highest HF (22 ppm) was produced at 100% SOC. The range of HF values is consistent
with that reported by Larsson et al. (2016) [44]. In test series 2, none of the measured gas
mixtures contained HF gas in a substantial concentration. A possible reason could be the
test setup (difference in the volume of the reactor vessel). In test series 1, the HF was in-
jected into a 10-L reactor, whereas the gas component was injected a 100-L reactor in test
series 2. Therefore, it can be concluded that the ambient air in the void volume of the
reactor and further dilution have influence HF detection.

Furthermore, if the HF had been released in low concentrations, the dilution factor
of 1:100 might have led to HF concentrations below the limit of detection (LOD, 1 ppm).

The concentration of HCN from the untreated gas mixture was identified to be be-
tween 34 ppm and 200 ppm and was clearly higher at high SOC levels. The laminated
aluminum film used in the case of pouch cells contains polyamide [45]. In the event of
thermal decomposition of the polyamide, ammonia (NHs) could be produced [46]. The
resulting reaction of NHs could possibly be promoted by the presence of CHs and CO to
produce HCN:

CO + NHs — HCN + H20 (4)
CH:+ NHs — HCN + 3 H2 @)
CHs+ NH; + 1.5 02— HCN + 3 H.0 (6)

Generally, test series 2 shows that the relative concentration of CO increased with
higher cell capacity. Higher concentrations of CO release were observed in tests #26 and
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#27-#29. The measured concentration of CO emission in test #26 (168,500 ppm; 16.85 vol %)
was the highest, with lowest emission (29,220 ppm; 2.92 vol%) measured in test #22. The
CO emission in test #26 was about 2.5 times higher than that of tests #24—#25 (10 Ah dou-
ble-cells). Additionally, test #26 produced approximately 4-6 times more CO compared to
test #21-#23.

The amount of CHasreleased was between 8040 ppm and 76,050 ppm. The concentra-
tion of CHs increased with increasing cell capacity. Using test #21 (in which the least
amount of CHs was measured among the series) as a basis, the generated concentration of
CHa increased by a factor of 9.5 with respect to test #29.

Among the ejected gases, HCN was released in the lowest concentrations. HCN emis-
sion was measured to be between 80 ppm and 380 ppm. Unlike tests #23 and #27-#29, the
concentration of HCN emission in test #26 (80 ppm) did not differ considerably compared
to tests #21-#22 (105 £ 5 ppm). The autoignition temperature is known to be 811 K [47].
Such high temperatures were recorded in LIBs with high SOC values and capacities,
meaning that HCN could have also autoignited to form other products at temperatures
above this set value.

Compared to the other hydrocarbons considered in both test series, the concentration
of generated C2Hs was low. The concentrations of C2Hs released from the cells was the
lowest compared to the other analyzed hydrocarbons (CHs and Cz2Ha).

Similarly to CHy, the release of C2Hs showed an increase with regards to cell capacity.
A low amount of C2Hs was measured in test #26 compared to the other double cells (tests
#24-#25). The reason for this observation might be the decomposition of C2Hs to form
other components, as the autoignition temperature of 723 K was exceeded.

3.4. Explosibility of Released Gases

Five combustible gases, namely CO, HCN, CH4, C2Hs, and C2Hs, were studied using
their respective explosible ranges [48-50]. The measured ranges of the gas components of
the untreated gas mixture from test series 1 and 2 (tests #17-#29) at 100% SOC are pre-
sented in Table 6.

Table 6. Ranges of explosible gaseous components.

Gas Component Measured Range, vol% Flammability Range, vol%
CO 2.92-16.85 12.50-74.00
CH4 0.8-7.60 5.30-15.00
C2He 0.21-1.30 3.00-12.50
C:Hs 0.70-7.86 3.10-32.00
HCN 0.01-0.04 5.60-40.00

Table 6 shows that the concentrations of gases released during the aforementioned
tests reached the explosible range. Applying Le Chatelier’s law based on the lowest values
measured for the individual components (see Table 6) yields a lower explosion limit (LEL)
of 7% in the volume fraction for the gas mixture and an upper explosion limit (UEL) of
31% in volume.

H:20 and CO: are known to be effective inhibitors of fires and explosions; however,
the free volume of the reactor vessel contains sufficient oxygen to support a secondary
explosion.

As presented in Tables 5 and 6, two (HCN, Cz2Hs) out of the five analyzed flammable
gases had concentrations below that of the explosible range. CO, CH4, and Cz2Hs were de-
tected at levels within their corresponding limits. Therefore, the risk of further combustion
could be supported by these explosible compounds in the presence of an ignition source
and substantial amount of air. The 32 Ah lithium-ion cells (test #27-#29) released CO,
CHs, and CoHs in concentrations of approximately 13.61 + 1.2 vol%, 6.08 + 1.5 vol%, and
7.10 * 0.8 vol%, respectively, all of which are above the LEL. Similar observations were
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made in test #26, in which the concentration of released CO was 16.85 vol%; tests #17—#19
(8.12 £ 2.32 vol%); test #24 (3.51 vol%); and test #25 (3.77 vol%), in which the measured
C2H4 exceeded the LEL.

3.5. Gas Treatment with a Pyrobubble Filter

A filter comprising hollow sphere glass granulate (so-called pyrobubble) was used
for the removal of the studied gas components released during the thermal abuse. The
values obtained from the test with the filter were used to calculate the removal efficiency
based on the gas component emission from the triplicate tests conducted in test series 1
according to eq. 2.

Here, the removal of gas component i (r;) was:

= L % 100% @)

L

i

11(%) =

where C; is the average concentration of gas component i without the pyrobubble filter,
while Cr is the concentration of gas component i in a test with the pyrobubble filter.

Figure 8 shows gas component removal at various SOC states. According to the gas
emission data presented in Table 5, up to 48 vol% of CO2 was detected (see tests #17-#19).
The total amount of COz released at the respective SOC levels was reduced to an insignif-
icant level (99.96-100% removal), irrespective of the high concentrations detected. The re-
moval of CO ranged between 26 and 95%. A clear relation was not established for CO
removal. However, at high SOC values, the removal of CO was less effective.
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Figure 8. Removal of gas components released in test series 1 versus SOC.
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A similar observation was made for C2Hs, with a lower percentage of removal at high
SOC states. The removal of C2Hs was observed to be lower at high SOC value, although a
linear trend could not be established. Additionally, 86%-92% removal was achieved for
C2Hsat SOC levels < 30%. The ineffectiveness of the pyrobubbles at high SOC value may
be related to the amount of CO: released, as elaborated in the following paragraph.

The retention of HF and HCN by the pyrobubble bed did not follow a particular pat-
tern. However, the respective removal ranges of 7-54% and 62-94% cannot be neglected.
The removal efficiency of the pyrobubble filter may be influenced by the available active
sites. In the case of the gas components such as CHs, C2Hs, and C2Hs, the removal rate was
generally lower at a high-SOC states. After the near-complete removal of highly concen-
trated CO, there were likely fewer active sites available for component removal, resulting
in the observed outcome.

Although the diffusion of the gas component through the pores of the pyrobubbles
was not studied, we can deduce that retention of high-concentration gas components such
as COz resulted in the saturation of the pyrobubbles. At this point, gas component reduc-
tion cannot be controlled by diffusion, and it is possible for some gas components to pass
through the pyrobubble bed without being adsorbed.

4. Conclusions

This study revealed that the concentrations of gaseous emissions consisting of CO,
CHs, C2Hs, C2Hs, and HCN are likely to exceed the LEL of the gas mixture. Among the
analyzed gases, CO and CHjy together with C2Hs, were detected in levels within their cor-
responding individual flammability ranges. The inhibiting effect of inert gases such as
CO: and water vapor does not reliably prevent ignition of the gas mixture ejected from
batteries. In the presented test series, a secondary explosion occurred in one test, leading
to a maximum pressure of about 7 bars in the 100 L-reactor. Presumable ignition sources
were either the hot gases themselves or hot metal parts of the battery. A test performed in
an enclosed vessel showed an ignition of the hot gas ejected into the environment. This
observation confirmed that hazards associated with the occurrence of secondary explo-
sion cannot be neglected.

It could be deduced from the test series that the ignition source seems to have an
influence on the thermal runaway behavior. For cells triggered by the overcharge proce-
dure, the addition electrical energy introduced into the cell resulted in the release of
higher energy at a higher temperature compared to cells triggered by overheating. The
results indicate that the onset of thermal runaway has an inverse relationship with the
overcharge rate. Therefore, lithium-ion battery degradation is enhanced at higher C rates.

Overall, the test series revealed that treatment with hollow-sphere glass granulate
can be used to lower the concentration of the gas components released during thermal
runaway. The drop in the concentration of the gas components minimizes the risk of oc-
currence of a secondary explosion.
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