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Summary

All-solid-state batteries have been developed to increase energy density by
replacing the lithiated graphite negative electrode by a lithium metal foil and to
increase safety by removing the organic compounds. However, the safety issues of
these batteries have received little attention up to now.

The behaviour of a reassembled all-solid-state battery under thermal stress was
recorded by X-ray radiography and a high-speed camera. The thermal runaway
lasted about 5 ms, thus extremely fast reaction kinetics. In comparison, the thermal
runaway of a lithium-ion battery is about 500 ms. Furthermore, a 188-mbar aerial
overpressure was measured using a piezoelectric sensor. Although this cell is not an
explosive, 2.7 g TNT equivalent was calculated for it.

This atypical behaviour could have an impact on the casing or the battery pack.

Therefore, it must be studied in greater detalil.
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Introduction

Energy sobriety is one of the major challenges that society must overcome in
the near future. Reducing our dependency on fossil fuels is crucial to preserve the
environment. One way of decarbonising global power systems and the transportation
sector is to develop lithium—ion batteries (LiB). LiBs are used to mitigate the
intermittent production of renewable energies such as wind and photovoltaic power.*
LiBs are also the batteries most widely used in electric vehicles. The main
advantages of LiB’s are their high energy density and their low self-discharge.?

A LiB classically consists of a stack of different materials: a positive and a
negative electrode, each in contact with its respective current collector, a polymer
separator, a liquid electrolyte (organic solvents and salts) and the solid-electrolyte
interphase (SEI).®> From the standpoint of risk, the polymer separator, liquid
electrolyte and SEI are considered as the most hazardous components of the LiB
due to the presence of organic chemical compounds that can lead to thermal
runaway (TR).* TR can be defined as the moment when the exothermic reaction can
no longer be reversible and the increase in temperature is uncontrollable.® TR is
characterized by the emission of toxic smoke, fire, and in some case can lead to an
explosion.® According to Borger and all, TR starts when the following three conditions
are satisfied: “the generation of heat is higher than the loss of heat”, the “heat
generated cannot be removed by the cooling system, causing a further increase in
temperature” and the “heat increase cannot be stopped anymore by outside
interference since internal heat generation releases more heat than can be
removed”.” TR ends when the ambient temperature is reached and the smoke and

fire have stopped.



In all-solid-state batteries (ASSB), the polymer separator and liquid electrolyte
are replaced by a ceramic or glass separator.® ASSB is a promising technology since
it could both increase capacity and improve safety. First, in ASSB technology, the
graphite negative electrode is substituted by a lithium metal foil. This enables
drastically increasing the specific energy from 250 to 500 Wh-kg™.%° Secondly, the
melted lithium in contact with the ceramic separator, Li;La;Zr,0,, (LLZO), is
thermally stable up to 350 °C whereas a standard polymer separator for LiB like
polyethylene (PE) reacts at 140 °C.**™*3 Therefore, ceramic and glass separators
drastically increase the thermic stability of ASSB. Furthermore, the compressive
Young’s modulus of LLZO is about 150 GPa.* By comparison, the compressive
Young’s modulus of PE, a standard separator for LiB, is about 1 GPa.*® Theoretically,
a ceramic separator with a Young’s modulus higher than 6 GPa like LLZO could
eliminate the growth of lithium dendrites and thus prevent the perforation of the
separator.'® Lithium dendrites have been observed at the interphase between lithium
metal foil and the LLZO separator.!’ Hence, lithium dendrites can be a safety risk for
the ASSB if the porosity of the ceramic layer is not fully controlled. In addition,
organic compounds are considered as another risk factor that could lead to TR.*
Therefore, the absence of organic compounds in ASSB should minimize the risk of

TR. Nonetheless, Feng et al. used a pouch cell with LiNi;;3Mn,,;Co,/50, and

LiMn,0, (1:1)-based positive electrodes and MAG-10 graphite-based negative
electrodes. The cell was charged with a state of charge (SOC) of 100%. The liquid
electrolyte and/or the polymer separator were removed from this cell. Despite this
absence, TR was recorded by the ARC test.'® Another study demonstrated that even
without liquid electrolyte, polymer separator and SEI TR takes place.™ It seems that

the absence of organic compounds does not completely prevent the triggering of TR.



Currently, ASSB is not a mature technology. The problems encountered are
the unsuitability of the material and control over the interface. All common solid
electrolytes have at least one major drawback limiting the development of viable
ASSB and must be improved in the future to outperform LiB.° Lastly, production costs
must be reduced to ensure industrial viability.?° ASSB safety has been studied only
marginally, with most scientific communications on ASSB focusing mainly on material
synthesis/properties, the positive electrode interface, the lithium electrode interface
and theory/modelling.® In their studies Johnson and Bates modelled an 18650 cell
and a large format cell TR, respectively, and showed that TR occurs in both
cases.’?? ASSB seems to be safer under external overheating. However, in the
case of short-circuit or catastrophic solid electrolyte failure, ASSB could lead to TR
with dramatic consequences.?* Another TR model has been developed for a
LilLLZO|LiyCoO. cell. This simulation showed an onset temperature of about 300 °C
and a maximum temperature of about 1030 °C.?! Furthermore, characterisations of
materials have been performed to estimate the safety of ASSB.'*? Differential
scanning calorimetry (DSC) analyses of the materials making up ASSB show a
maximal molar enthalpy of 200 kJ-mol™.?% Therefore, TR may occur. Finally, an
18650 graphite (Gr)/silicon (SiO,)|LLZO|LiNiygMny,Co, 10, (NMC811) cell was
reassembled in all-solid-state. The initiation temperature (T};,;) and maximum
temperature (T,,4,) Were found to be close to those of LiB. The energy released was
only 11% lower.*

For the purpose of this study, a bespoke cell was designed to assess the
safety issues of a Li|LLZO|NMC811 cell at SOC 100. This cell has an open circuit
voltage (OCV) of 4.2 V between the electrodes (3 Ah). A SOC 100 was chosen to

assess worst-case safety. The negative electrode was a 50-um lithium metal foil,



which is representative of the lithium usually introduced into ASSB.**?* The
interfaces between both the electrodes and LLZO were not optimised. Therefore, the
electrochemical characterisations could not be performed because of the high
internal resistance. As this paper focuses on materials and their thermal behaviour
and not on their electrochemical characteristics, the non-optimization of interfaces is
not dealt with here.

Two techniques were used to characterise the TR of the Li|LLZO|NMC811
cell. High-speed X-ray radiography was used to visualise the very rapid evolution of
the cell’s internal structures during TR. Then open-air overpressure measurements
were performed to qualify the effect of this rapid kinetic by air shock wave
characterisation.

Firstly, high-speed X-ray radiography is used to observe the internal behaviour
of the cell during TR.?® It allows observing jelly roll collapse the formation of gas
pockets and ejections of particles by wave.'® It helps to understand the damage
suffered by the casing.?’” The most at-risk areas leading to powerful TR were also
identified.?® The set up used to contain the TR during the X-ray analysis was
described more precisely in our previous study.*® The beamline ID19 was used at the
European Synchrotron Radiation Facility (ESRF) to record the internal behaviour of
the Li|LLZO|NMCS811 cell. The same set-up was used to measure the energy
released, the pressure and the duration of TR. It is used to simultaneously record
external measurements (temperatures and pressure) and the internal behaviour of
the Li|LLZO|NMC811 cell during TR.

Secondly, specific pressure sensors commonly used for blast wave
observation were used since an extremely short rising time is needed to precisely

depict the pressure discontinuity encountered at the shock front. It is crucial to



characterize the shock wave and their effects on both structures and persons
because it could be devastating.?®*° The comparison between the TR of a LiB cell
and TNT has already been proposed by Shan and all.**~**® This comparison was
mainly based on the energy released during the event with a ratio of 1 g of TNT
equivalent to 4.184 kJ. Furthermore, Kinney & Graham suggested calculating the
TNT equivalent for explosives by measuring the suppression peak to qualify the
formation of a shock wave and its mechanical impact.>* Open-air overpressure
measurements were performed at the shooting range operated by CEA (Figure 1).
These techniques were used to compare the TR behaviour of LGHG2 and

Li|LLZO|NMC811 cells.



Results

Thermal runaway characteristics

The set-up described in a previous article was used to characterise the
thermal runaway (TR) of Li|LLZO|NMC811 and LGHG2 cells.* This set-up was used
to measure the surface temperature of the cell and the pressure induced by the
gases released during TR (Figure 2a). The thermal abuse takes place in three steps.
The first represents the heating of the cell with a temperature ramp of 6 °C per
minute® (Figure 2a — phase A). During phase A, the pressure remains constant and
the temperature increases linearly up to the initiation temperature (T;,;). The second
step corresponds to TR (Figure 2 a — phase B). At this stage, the temperature and
the pressure increase sharply up to T,,,. andB,,.. The last step, phase C is
assimilated with the cooling of the cell. The pressure drops to the balancing pressure
(P,) and the ambient temperature (T,,,;). In addition, Figure 2 b and ¢ show the
visual aspect of the two batteries after thermal runaway.

It is noteworthy that the maximal temperature for the Li|[LLZO|NMCS811 cell
could not be recorded. Indeed, the maximal temperature reached by the
Li|LLZO|NMCB811 cell must be higher than 1,370 °C, the maximal temperature that
TC can record. Furthermore, the casing of Li|LLZO|NMC811 cell was made of nickel-
plated steel. It can melt if the temperature reaches at least 1,400 °C. Therefore,
considering the appearance of the ASSB cell after TR (Figure 2b), the maximal
temperature reached by the Li|LLZO|NMC811 cell can be estimated at around
1,400 °C. The pressure and temperature curves for the LGLH2 cell are similar to
those of the Li|lLLZO|NMC811 cell. The LGHG2 cell reached the same pressure as
the Li|LLZO|NMCS811 cell. However, its maximal temperature was at least about two

times lower, reaching about 880 °C.



The behaviour of the LGHG2 cell was similar to that of our previous study,
demonstrating good data repeatability across the experimental setup. Therefore, the
experiments could be replicated with a good reliability. Furthermore, from the
macroscopic standpoint the behaviour of the two cells was comparable. It is by
studying more precisely the specific parameters of TR such as the maximum
temperature, the volume of gas released and the reaction kinetics that the striking

differences can be highlighted.

Cell observation by X-ray radiography

When TR is triggered (Figure 2 a, phase B), the pressure and the temperature
reach their maximum values. To characterise the cell's internal reaction during TR,
high-speed X-ray radiography was used. As shown in the previous paper, only an
element of volume of the cell is observed.'® To our knowledge, this is the first time
that a TR of ASSB made of a lithium metal negative electrode (Li|LLZO|NMC811)
has been observed. Figure 3 shows the X-ray radiographies and the illustrations of
Li|LLZO|NMCB811 cell at 100% of SOC during TR. The X-ray radiographies were
extracted from the Video Video S1, which is the whole record of the
Li|LLZO|NMC811 cell during TR.

On X-ray radiography, TR starts when cell materials start to react and TR ends
when all cell materials are ejected from the cell. At the start of TR, the
electrochemical assembly layers (Li + LLZO + NMC811) move and swell at tini+1oms
(Figure 3 b and f). At tinis13ms, the positive pole turns off. It should be noted that the
electrochemical assembly layers are still in the casing when the positive pole turns
off (Figure 3 ¢ and g). The electrochemical assembly layers are ejected from the cell

only one millisecond later (Figure 3 h). Finally, at ti,+20ms, traces of solidified product
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on the inside of the setup are observable. These traces come from a large part of the
product melted by the TR (Figure 3 d).

As previously reported, during TR, the LGHG2 cell reacted from the centre to
the outer layers over a period of approximatively 400 ms.*® Contrary to expectation,
the reaction did not occur from the centre to the outer layers for the Li|LLZO|NMC811
cell. All the layers seemed to react simultaneously and abruptly. Furthermore, the
evacuation of the first particle and the delamination of the electrodes were not
observed for this cell. Finally, referring to the literature, the reaction kinetics of the

Li|LLZO|NMCB811 cell appeared to be one of the fastest among LiBs.

Quantitative analyses

TR parameters were recorded such as skin temperature and pressure using
the set-up sensors. During TR, the instantaneous volume of gas released V (m®) was
calculated from the instantaneous internal pressure P (Pa) measurements (eql).
P,m (Pa) and V., (m® are respectively the atmospheric pressure and the

calorimeter volume.

P
V= P_ ’ Vcal#(l)
atm

Then, the volumetric flow rate V (m*s™) was determined from instantaneous
volume variation AV (m®) divided by the time variation At (s).

V= AV#(Z)
At

By plotting the volumetric flow rate against time from the moment T,,; is
reached (Figure 4), the behaviour of the LGHG2 cell shows a progressive increase of
internal reaction rate, contrary to the Li|lLLZO|NMC811 cell which had an abrupt
behaviour. For the Li|LLZO|NMCS811 cell, the X-ray radiographies show a dazzling

TR (Figure 3) and the volumetric flow rate increases swiftly in a few milliseconds
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(Figure 4). In addition, the TR time was about 4 ms for the Li|LLZO|NMC811 cell. It
was 80 times faster than that of the LGHG2 cell (around 329 ms). The maximal
volumetric flow rate of Li|LLZO|NMC811 was about 10,000 L-s™, i.e. 60 times higher
than that of the LGHG2 cell.

Another way to study the behavioural differences between the LGHG2 cell and
the Li|LLZO|NMCB811 cell is to observe their casing after TR. For the LGHG2 cell, the
casing was undamaged (Figure 2 c). Only the vent opened during TR. In contrast,
little was left of the LI|LLZO|NMCB811 casing (Figure 2 b). The nickel-plated steel
casing melted during TR. The reaction between the melted lithium and the oxygen
released by the positive electrode produced Li,0.*® This reaction could release
enough energy to melt the casing.

One way to compare the thermal runaway behaviour of different technologies
is to plot the maximum temperature against the initiation temperature. Figure 5 a
shows this comparison based on results from the literature and our studies. The LiB
with  NCA as positive electrode®™°, the LGHG2 cell® and the
Gr/SiO|LLZO|NMC811 cell*® have similar maximal and initiation temperatures. The
LFP cell has a higher initiation temperature and a lower maximal temperature.*>~*?
The Li|LLZO|NMC811 cell has the same initiation temperature as the NCA, LGHG2
and Gr/SiO4|LLZO|NMC811 cells. However, their maximal temperature is at least
twice as high. On calorimetry tests, TR starts when 5 % of B, is reached and TR
ends when 95 % of B,,,, is reached. Based on the same principle, the amounts of
gas produced (mmol) were plotted against the TR duration (ms) for the same
different LiB technologies (Figure 5 b). The duration of TR was about 4 ms for the
Li|lLLZO|NMCB811 cell, i.e. 40 times faster than the Gr/Si0,|LLZO|NMC811 cell and

90 times faster than the LGHG2 cell. The amount of gas released for
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Li|lLLZO|NMCB811 cell during TR was about 35 mmol, i.e. 5times lower than the
Gr/Si0,|LLZO|NMC811 cell and 7 times lower than the LGHG2 cell. The presence of
a greater quantity of combustible product in the cell (graphite, separator, solvent)
seemed to reduce the reaction kinetics and increase the quantity of gas. The
increase in the quantity of gas could be explained by thermal degradation and partial
combustion of the combustible products. Likewise, it can be considered that the
partial combustion caused by a greater quantity of combustible than oxidant
decreased the reaction kinetics. Finally, an energy released of 82 kJ by the
Li|LLZO|NMCB811 cell was measured by the calorimeter developed for high-speed X-
ray radiography.*®

Overpressure measurements

The very fast reaction kinetics and the characteristics of the TR seen in the
Video Video si1, allowed considering the formation of a shock wave during the
Li|LLZO|NMCB811 cell explosion. In order to further analyse the behaviour of the all-
solid state cell, overpressure measurements were performed. One striking similarity
between the overpressure/time curves of both explosives and the Li|LLZO|NMC811
cell undergoing TR was the clear pressure discontinuity that appeared with the shock
front (Figure 6 a). This sharp pressure variation demonstrates that an extremely fast-
paced reaction took place in the Li|LLZO|NMC811 cell with the potential to produce a
shock wave in the air. The overpressure wave generated was slightly supersonic,

close to 370 m-s™t.

For explosive reactions in air, Kinney & Graham established a well-known
scaling law and tabulated peak overpressure, pressure impulse and other pressure

wave parameters.® This scaling law is based on the use of the reduced distance (2)
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equal to real distance, d (m) from the center of the explosion divided by the cubic

root of the explosive mass, m (kg) (TNT equivalent) (eg3).

d
Z=—#(3)
m3

Using the measured distance between pressure sensors and the TNT
equivalent mass used for the three trials with explosive, the results were compared
with values computed from the scaling law (Figure 6 b). The peak overpressures
measured were in good agreement with the computed values. Small differences can
be explained in part by the specificity of our setup. Tabulated values should be
predictive for freely propagating shock waves from spherical charges.

In order to obtain a TNT equivalent mass for Li|LLZO|NMC811 cells, a random
mass was initially given to each cell which gave the first value of Z and the
corresponding tabulated pressure. The mass was then optimized to minimize the
error between the tabulated and measured overpressures across the four sensors.
This value was about 2.7 g for the Li|LLZO|NMC811 cell.

The shock wave was also observable on the high-speed camera recording
Videos Video S2 due to the modification of the air refractive index generated by the
blast with both explosive and Li|LLZO|NMCS811 cell samples. The duration of the
event was less than 0.2 ms with the explosive and 0.8 ms with the Li|LLZO|NMC811
cell while TR usually takes place in hundreds of milliseconds with LiBs (Video Video
S3).

Attempts were made to measure the overpressure produced by the LGHG2
battery but ended up being inconclusive, as they did not produce shock waves in air.
The gas production rate of LiB was much too slow to be noticeable in an open-air

measurement setup.
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Finally, we can also notice in the additional videos 2 and 3 that the device for
holding the Li|LLZO|NMCS811 cell is severed then projected in the air during the

explosion while it remains perfectly in place for the LGHG2 cell.

Discussion

Three specific methods were implemented. Firstly, ASSB were reconstituted
with a lithium metal foil negative electrode, an LLZO solid separator and a NMC811-
based positive electrode removed from LGHG2 cell. Secondly, the TR of
LilLLZO|NMC811 was recorded by X-ray radiographies at the ESRF. Thirdly, a
specific assembly was developed to measure the shock wave.

The TR of the Li|LLZO|NMC811 cell, which was recorded at the ESRF,
demonstrated an atypical behaviour in comparison with a traditional LiB. Its reaction
kinetics was 100 times faster than LiB. Contrary to the LiB TR, which presented a
fast continuous runaway like a wick from the centre to the outer layers, the
Li|LLZO|NMCB811 cell presented a brutal reaction of all the layers simultaneously.

As a result of these tests, one question remained unanswered: could the
Li|LLZO|NMCB811 cell detonate and generate an overpressure wave?

The specific assembly developed to measure shock waves showed that the
LilLLZO|NMCB811 cell generated a shock wave, contrary to the LGHG2 cell. A
rigorous methodology was implemented to measure blast waves and to determine a
TNT equivalent.

Previous attempts to correlate the LiB explosion observed during TR to a TNT
equivalent mass have been published.®™3* According to our study, during TR the
LGHG2 and Li|[LLZO|NMC811 cells both released about 80 kJ of energy. As, by
definition, 1 g of TNT is equivalent to 4.184 kJ then both cells should have a TNT

equivalent of about 19 g and the same behaviour. However, in our study, an aerial
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shock front was observed for the Li|LLZO|NMCS811 cell, contrary to the LGHG2 cell.
Therefore, their behaviours were considerably different. Furthermore, the TNT
equivalent of the Li|LLZO|NMC811 cell was experimentally estimated at about 2.7 g,
i.e. seven times lower than with the energy method. This difference is an important
point because it shows that although the Li|LLZO|NMC811 cell produced a shock
wave during its TR only a small part of the chemical energy was converted into a
shock wave. Thus, for 80 kJ of thermal reaction, a LiBs cell did not convert the
energy into a shock wave, whereas the Li|JLLZO|NMC811 cell converted the
equivalent of 2.7 g of TNT, i.e. 11.4KJ. Although Li|LLZO|NMC811 cells are not
explosive, it is important to accurately assess the impact of the shock wave formed
on the surrounding mechanical structures. Therefore, it would be better to estimate a
TNT equivalent from an aerial shock front rather than the energy released during TR.

Contrary to LiB, the Li|LLZO|NMCB811 cells generated a shock wave; however,
they produced much less gas than LiB. Therefore, the effect on the battery pack
casing was not easy to demonstrate. However, in supplementary Videos Video S2
and Video S3, it can be noted that the difference in runaway regime between the two
cell types leads to a drastically different impact on the cell support. In the case of
LilLLZO|NMCB811 cell the support is severed, then ejected, whereas it remains
perfectly in place for the LGHG2 cell.

Moreover, the X-ray radiography tests and the measure of blast wave were
two different tests, providing redundant information. The very fast reaction kinetics
measured for the Li|LLZO|NMCB811 cell in the closed X-ray set-up allowed concluding

that a shock wave forms without a significant supply of oxygen from the ambient air.
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Although it was not easy to demonstrate the impact of the Li|LLZO|NMC811
cell TR on the casing of the battery pack, it will be important to study it in the future

as these first results show that it can be very different from that of LIB cells.
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Conclusion

In this study, we showed that in the presence of lithium as negative electrode
and despite the absence of organic materials (liquid electrolyte, polymer separator or
SEIl), the TR kinetics of a reassembled ASSB is much faster than that of a LiB.

For the first time, with two different methods, open-air overpressure and high
speed X-ray measurements, the formation of a shock wave was demonstrated during
the TR of representative reassembled ASSB cells. The TR of a 3 Ah reassembled
ASSB cell was able to induce an aerial shock wave of about 188 mBar one meter
away from the cell. Based solely on the peak overpressure produced and taking in
consideration the specificity of our testing conditions, this 3 Ah cell could generate an
effect similar to 2.7 g of TNT.

The air overpressure method was a more reliable method than the energy
method for determining the TNT equivalent in this particular case, as measuring the
energy released did not take into account the kinetics of the reaction. Although the
suppression value gives an indication, it is not easy to directly quantify on the
destructive capabilities of the cells, e.g., on the battery pack casing. Nevertheless,
this new TR regime could generate additional difficulties for the management of
thermal runaway propagation and the dimensioning of the battery pack casing.
Further tests need to be carried out to better assess the safety of these cells and
more broadly of lithium metal and unstable cathode cells such as NMC811.

In order to reach high energy densities, ASSB have to use lithium-metal foil as
a negative electrode. In order to achieve fast charges without the risk of short circuits
induced by dendrites, lithium metal foils should preferably be used with a ceramic or
a glass separator. For this type of technology, the technical development of

electrochemically efficient solutions is a major issue. However, the supplementary
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constraints regarding safety linked to the use of lithium-metal foil should not be
neglected.

ASSBs seem to be a promising technology from the standpoint of
electrochemical energy storage, but the safety aspect must be addressed and taken
into account in future studies. In particular, the reaction pathways and their kinetics,

which lead to TR of LiB and more specifically of ASSB, should be studied.

Limitations of the study

Currently, it is hard to obtain several ampere-hour all-solid-state batteries.
Therefore, it is complicated to verify their safety. To assess the safety of all-solid-
state batteries, reassembled all-solid-state cells were manufactured from commercial
cells. One limitation is the representativeness of this reassembled cell because it is
not electrically active and the interfaces are not optimized. However, all the
components are in the same conditions than an ASSB charged at SOC 100 (the

positive electrode is delithiated).
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Main figure titles and legends:

Figure 1: Set-up for blast wave measurement.

Figure 2: Li|LLZO|NMCB811 cell and LGHG2 cell at SOC 100. a) Time course of the pressure (solid line
with circle marker) and the battery surface temperature (dash line) in the set-up. b) Li|LLZO|NMC811

casing after TR and c) LGHG2 casing after TR.

Figure 3: Li|LLZO|NMC811 cell at SOC 100 during TR (Figure 1, phase B). X-ray radiographies at a)
tini» D) tinis10ms Moveing and swelling of electrochemical assembly layers, €) ti,i+13ms POSitive pole turns
off, and d) t;,i+20ms traces come from the large part of the product melted. lllustrations of the internal
behaviour: e) the cell before TR, f) electrodes moving and swelling, g) positive pole turns off, and h)
particle wave ejection. The bar gives the 2£0.1 mm scale. The grey rectangles represent the

electrochemical assembly layer (Li + LLZO + NMC811). Video S1.

Figure 4: Time course of the volume of gas (red dash line) and the volumetric flow rate (green solid

line) during TR of LGHG2 cell and Li[LLZO|NMC811 cell, here t, = tr, ..

Figure 5: Plot for LiB with a positive electrode in NCA* and LFP**™*, for the LGHG2 cell*®, for the
Gr/SiO4|LLZO/PEO|NMC811 cell*® and the Li[LLZO|NMCB811 cell. a) The maximal temperature (Ty,qx)

versus the initial temperature (T;,;), and b) the amount of gas (n,,) versus the duration of TR (drg).

Figure 6: Comparison of aerial overpressure measurements between commercial explosive and
Li[LLZOINMCB811 cell @) tops = tr,,, for the LIILLZOINMCB811 cell and ¢ 4ms = texpiosion trigger 9 €d-
TNT of commercial explosive. Distances shown in the upper right corner are from the cell/explosive
charge to the sensing element of the pressure sensor. b) Peak overpressure as a function of scaled
distance. The purple circles, the green diamond and the yellow stars represent the 10 g eq. TNT, the 5

g eg. TNT and the Li|LLZO|NMC811 cell respectively.

STAR methods

e Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins
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Dimethyl carbonate Sigma-Aldrich CAS: 615-38-6

LLZO: LizLazZr2012 Nanomyte from NEI corporation NANOMYTE®
SOX-25

PEO: Poly(ethylene oxide) Sigma-Aldrich CAS: 25322-
68-3

Acetonitrile Sigma-Aldrich CAS: 75-05-8

Hexomax H#NA HNA

Deposited Data

Inition temperatures of LiB with ajhttps://doi.org/10.1039/C5RA05897J #NA

positive electrode in NCA

https://doi.org/10.1016/j.firesaf.2022.103560

https://doi.org/10.1016/j.est.2020.101232

Maximal temperatures of LiB with a

positive electrode in NCA

https://doi.org/10.1039/C5RA05897J
https://doi.org/10.1016/j.firesaf.2022.103560

https://doi.org/10.1016/j.est.2020.101232

H#NA

Inition temperatures of LiB with alhttps://doi.org/10.1016/j.psep.2020.07.028 |#NA

positive electrode in LFP https://doi.org/10.1016/j.est.2020.101580
https://doi.org/10.1039/C3RA45748F

Maximal temperatures of LiB with alhttps://doi.org/10.1016/j.psep.2020.07.028 |#NA

positive electrode in LFP https://doi.org/10.1016/j.est.2020.101580
https://doi.org/10.1039/C3RA45748F

Inition  temperatures, duration of|https://doi.org/10.1021/acsaem.2c01514 #NA

thermal runaway and quantity of gas

released of a Gr/SiOy|LLZO|NMC811

cell

Maximal temperatures, duration of|https://doi.org/10.1021/acsaem.2c01514 #NA

thermal runaway and quantity of gas
released of a Gr/SiOy|LLZO|NMC811

cell




22

Software and Algorithms

ImageJ 1.53 HNA H#NA
Other
HG2 cell LG HNA

e Resource availability

Lead contact:
Further information and requests for resources should be directed to and will

be dealt with by the lead contact, Rémi Vincent (remi.vincent@cea.fr).

Material availability:
This study did not generate new material.
Data and code availability:
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

e Method details

Li|LLZO|NMCB811 cell preparation

A commercial 18650-type cell (LGHG2) was discharged at 0% of SOC. The
next steps happened in a glove box whose oxygen and water rates were lower than
0.1 mg-L™%. The negative pole was drilled with a 0.6 mm drill. The drilled cell was
charged up to 100 % of SOC, i.e. 4.2V and 1.5 A with a 50 mA end-current. Then,
the drilled and charged cell was placed in an oven at 70 °C 48 h. This stage
evaporated the liquid organic electrolyte and prevented the deterioration of the
component. The internal resistance was measured constantly to monitor the
evaporation. The positive electrode was removed from the casing and separated

from the polymer separator and the negative electrode. The positive electrode as


mailto:remi.vincent@cea.fr
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washed twice for 3 minutes with dimethyl carbonate (DMC) to remove LiPFg salt and
the SEIL*®

The LLZO ink was composed of 21% LLZO (Nanomyte from NEI corporation),
4% PEO (300,000 g'mol™ from Sigma-Aldrich) and 75% acetonitrile (99.8%
anhydrous from Sigma-Aldrich). This ink was manufactured in anhydrous room at
room temperature (dew point at =40 °C). LLZO and PEO are dried in an oven at
55 °C for 48 h. A dispersing device (Dispermat LC) was used to grind-mix efficiently
the ink components for at least 10 minutes.

The positive electrode was coated in an anhydrous room. A film applicator
(Elcometer 4340) was used to apply the LLZO ink with a 40 um gap size. The coated
electrode (NMC811 positive electrode removed from LGHG2 cell) was placed under
an extractor fan for 12 h.

The coated positive electrode (NMC811|LLZO/PEQO) was wrapped with a self-
supporting lithium foil in anhydrous room at room temperature. The jelly roll was
placed inside a nickel steel casing. The cell was crimped with a vent, a joint and a

positive pole. The Li|LLZO|NMC811 cell is obtained with a 3 Ah capacity.

Beamline description
The synchrotron beam was produced by a 150 wiggler magnet with a large
band spectrum. A mean x-ray energy of 81 keV was reached by removing low
energies with 2.8 mm aluminium and 1.4 mm copper filters. An optical system
including two similar top-down Hasselblad lenses was used to achieve a
magnification of 1. The native pixel size of the Photron FAST-CAM SA4 camera of 20
um gave an effective resolution of 20 um. X-rays were transformed into visible light

through a 1 mm thick LuAg scintillator.



24

Closed set-up

A thermally insulated and airtight closed system was used as the set-up. This
calorimeter can be split into two parts. One with a 25.4 mm diameter stainless-steel
tube large enough to contain an 18650-type cell and at the same time allows X-rays
to pass through the 2.1 mm thick wall of tube. The other with a 50.8 mm diameter
stainless-steel tube to prevent TR overpressure from increasing the volume.
Moreover, a 100 bar safety valve was added to manage an overpressure event if
necessary.

A 0.32 mm diameter heating wire was wound around the cell tested. This wire
was connected to a 300 V and 9 A power supply. Overheating was induced by a
constant heating power at 6 °C-min"*. Polytetrafluoroethylene (PTFE) adhesive tape
was used to electrically isolate the cell, the heating wire and the stainless-steel set-
up. Temperature was recorded each 500 ms with thermocouples (TC). Nine of them
were located on the set-up and two were located on the middle of the cell. Pressure

was recorded each 1 ms with a 100 Bar pressure sensor.

Blast wave measurement:

The setup consisted of a lightweight support made with extruded aluminium
beams 1 m high. Explosive samples were made of an empty casing similar to ASSB
filled with a commercial explosive: Hexomax. The explosive was cut and weighed
beforehand and shaped to fill the inside of the casing. Three explosive samples were
tested with a TNT equivalent mass of 0.84g, 6 g and 12 g, respectively. A
commercial detonator was used to trigger the explosive.

ASSB samples consisted of bespoke cells on which a 0.35 um NiCr heating

wire was wrapped tightly. Overheating was induced by a 1.5 A constant current.
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The cylindrical casing was placed on top of the support, its axis parallel to the
ground. Three pen-style pressure sensors from Piezotronics were placed at the same
height as the charge or cell close to its axis (with a slight offset to prevent
disturbance from one sensor to another) at various distances from the samples
(between 90 and 220 cm). One of the pressure sensors was equipped with two
sensing elements placed 10 cm apart, thus totalling four measures.

The high-speed camera (Photron FAST-CAM SA4 model 500K-C2) was
placed perpendicularly to the positive terminal in order to observe the gases and
ejecta. A speed of 5000 fps was chosen as a trade-off between speed and image
resolution with an acquisition time of 70 ms for a total of 351 images for the
Li|LLZO|NMCB811 cell and with an acquisition time of 321.8 ms for a total of 1610

images for the LGHG2 cell.

e Quantification and Statistical Analysis

Radiography data processing:

ImageJ 1.53 was used to process the X-ray radiographies. The “Image
calculator divide” function was adopted to remove all the imperfections linked to the
high-speed camera and the stainless-steel calorimeter. Two functions, “Enhance
Contrast” and “Enhance Local Contrast”, were used to adjust radiography contrast
and brightness. A text tool was used to add the timer indicator. For the movies, an
arrow tool was used to show the phenomena of interest. The “avi” file extension was

run to compile images in the movie.
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Supplemental video

Video S1: High-speed radiography video showing the thermal runaway of a
LilLLZO|NMCB811 cell. This shows the different steps leading to thermal runaway
related to Figure 3.

Video S2: thermal runaway of a Li|LLZO|NMC811 cell recorded by a high-speed
camera related to Figure 1.

Video S3: thermal runaway of a LGHG2 cell recorded by a high-speed camera

related to Figure 1.
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