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Key points:
- The safety of the Li|LLZO|NMC811 cell has been assessed numerically.

- Athermal runaway model has been developed from material scale analysis.
- This model is in line with cell-scale experiments and is therefore validated.

- The safety of the anode less Li|LLZO|NMCB811 cell has been predicted.

Abstract:
It is widely believed that all-solid-state batteries would be safer than traditional

Li-ion ones. This study develops a thermal runaway model for lithium-metal all-solid-
state cells. First, material-scale analysis were carried out to determine model
parameters. Then, they were used to simulate the thermal runaway in a closed
calorimeter. The initiation temperature, the energy released by the thermal runaway
and its duration are consistent with the experimental data. Additionally, the model
simulates the overpressure produced by this thermally abused cell in an open system
and showing strong correlation with experimental data. After validation, the model was

used to predict the thermal runaway of an anode-less lithium-metal all-solid-state
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battery. Even with the minimum quantity of lithium, the thermal runaway, while reduced,
remained significant. Moreover, this work highlights the impact of the oxygen released,
its strong reaction with the lithium during TR and the subsequent blast wave

overpressure caused by the generated gases.
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Introduction:

Wind and photovoltaic energies are by nature intermittent and contribute only
up to 10% of global electricity production. The development of these renewable
energies requires efficient and cost-effective energy storage solutions. Lithium-ion
batteries (LiBs) can contribute significantly to renewable energy storage, furthermore
the integration of LiBs in electronic devices and electric vehicles is an attractive solution
due to their high mass and volumetric energy density. However, safety issues raised
by the thermal runaway (TR) of current LiBs hinder their wide adoption.

LiB are made up of two electrodes. A negative electrode usually made of
graphite with a current collector made of copper. In addition, LiB have a positive
electrode, which is a metallic mixed oxide such as Li, NiygMn,,Co, 10, (NMC811) with
a current collector made of aluminium [1]. LiB are also composed of a polymer
separator and a liquid electrolyte (organic solvents + salt) [1]. Finally, LiB have an
interphase between the negative electrode and the liquid electrolyte called the solid
electrolyte interphase (SEI). The polymer separator, the liquid electrolyte and the SEI
are considered the most dangerous components during thermal runaway (TR) [2].
There is also an exothermic reaction between the lithiated graphite and the liquid
electrolyte.

TR can been defined as an exothermic reaction, which goes out of control [3].
The temperature increases and causes a reaction rate which leads to a further
temperature increase until no oxidizer (0,) or combustible (Li and/or organic products)
remains. When TR occurs, smoke, fire and sometimes explosions can be observed
[4].

All-solid-state battery (ASSB) technology could increase battery safety because
the polymer separator and the liquid electrolyte are replaced by a solid electrolyte (SE)

[5]. The SE can be made of ceramic such as Li;LasZr,0,, (LLZO) or glass such as
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LigPSsCl (LPSCI) [6]. Another point in favour of ASSB is to increase the energy density
by replacing the lithiated graphite negative electrode with a lithium-metal foil [7,8]. In
the same way, to increase battery energy density, nickel-rich metallic oxides are used
as a positive electrode in the ASSB [9]. However, this technology is under
development. The main reason is that every SE has at least one major defect which
prevents it from being viable [7]. At present, ASSBs at several ampere hours are not
commercialized. Therefore, their safety cannot be assessed on real-scale cells (over
1 Ah).

Nevertheless, several authors have assessed ASSB safety based on studies at
the material scale. Differential Scanning calorimetry (DSC) analyses have been
performed on LiB and ASSB microcells. When the positive electrode has a spinel
structure, the reaction enthalpy is about 450 kJ.mol™! for LiB and 150 k].mol™? for
ASSB [10]. This paper presents a method for achieving greater safety thanks to the
use of an SE. However, it simultaneously modifies two parameters: the electrolyte
(liquid or solid) and the cathode material (NCA/NMC or LCO). It is difficult to determine
which change has the greatest influence on enthalpy decrease. Furthermore, ultimate
safety has not yet been achieved. In two other papers, accelerating rate calorimetry
(ARC) was used to assess the safety of stacking Li|SE|Li [11,12]. Severe TR occurs
when stacking with polymer electrolytes: Li;sAlysGe,s(P0O,)s (LAGP),
Li1.4-Al0.4Ti1.6(P04)3 (LATP)’ Li3PS41 Li7P35111 Li45n541Li9.4Si1.74P1.44-511.7ClO.B
(LiSIPSCI) and LPSCI. For the stacking with Liz La,,;;_,TiO5 (LLTO) a slight reaction
occurs. Finally, no reaction is observed when stacking with Ta-doped LLZO [11,12].
The solid electrolyte chosen can influence the thermal stability of the ASSB. In a recent
paper, a bulk-type cell was composed of Li|LPSCIINMC811 gently ground using a

mortar and a pestle. When the cell was charged to 4.4 and 4.5 V (vs Li*/Li), it burned
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violently at 150 °C with flames [13]. These studies call into question the ultimate safety
of ASSB. However, the main limitation of these experimental studies is their small scale
so the extrapolation of these results to a real ASSB cell is uncertain.

Another way to assess ASSB safety is by modelling. A thermodynamic model
has been built to determine the heat released by an ASSB under different failure
scenarios. Under short circuit abuse, ASSB and LiB released the same amount of heat:
14 J.mAh™! [14]. In the case of a catastrophic SE failure, ASSB released 8].mAh~1!
[14]. This thermodynamic model showed that TR could occur for an ASSB in both
scenarios. Furthermore, the specific heat capacity (c,) was lower for an ASSB than for
a LiB one. By decreasing the cell specific heat capacity, the adiabatic temperature rose
during TR [15]. Therefore, ASSB should have a higher adiabatic temperature than LiB.
A 2D TR model was built with a Li| Na-doped LLZO |Liy4,C00, (LCO) cell. The
reactions taken into account by the model were lithium fusion, the destabilization of the
positive electrode (LCO) which led to the release of 0, and the formation of Li,0. TR
occured for this cell with SE. The initiation temperature (T;,;) and maximum
temperature (T,,,,) Were about 320 and 1,000 °C [15]. For a LiB with graphite and LCO
as electrodes, T;,,; and T,,,, are respectively 226 °C and 639 °C [16]. As expected, the
rise in ASSB adiabatic temperature was higher than that of the LiB. The ultimate safety
of ASSB can be questioned by these modelling studies. The main limitations of these
models are the lack of experimental validation at the cell level, and the input data
mainly taken from the literature. To overcome these limitations, in this study a specific
approach has been developed (Figure 1). At the material scale, DSC is carried on
NMCB811 powder alone or in contact with a lithium-metal foil. NMC811 was previously
loaded to a state of charge (SOC) of 100 %. Kinetics parameters: pre-exponential

factor (4), energy activation (E,) and enthalpy of reaction (AH) were deduced from
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these analyses. A and E, were determined using Kissinger's method [17,18] and AH
was assessed by integrating the area of the reaction peak and the interpolated
baseline. A thermogravimetric analysis (TGA) was carried out to determine the quantity
of 0, released by the positive electrode on the NMC811 material charged at
SOC 100 %. Then a OD TR model was developed based on reaction rates equations
[19,20]. The main reactions were the destabilization of the positive electrode which
released 0, and the formation of Li,0. The goals of this model are to predict the TR
behaviour of a Li|LLZO|NMCS811 cell and to identify the key TR parameters. The key
TR parameters are T;,;, Tnax, the maximal pressure (B,,,.), the amount of gas released

after condensation (n,,), the energy released (E) and the duration of TR (drg). At the

battery level, this model is compared with the TR behaviour of a Li|LLZO|NMC811 cell
published previously [21]. This previous paper has shown that a 3 Ah Li|LLZO|NMC811
cell abuse by external heating lead to TR. It has be shown experimentally that T;,,; =
152 + 15 °C, Tyngyx > 1,400 °C, Ppgy = 56 + 13 bar, E ~ 82 kJ and drz = 4 + 2 ms [21].
Once the model has been validated, it can be used predictively in other configurations.
For example, the quantity of lithium can be adjusted to quantify its impact on key TR

parameters.
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Figure 1: Experimental approach to assess the safety of the ASSB from DSC to a OD TR model
with an experimental validation.

Furthermore, this model is supplemented with an aerial model used to take into
account the gases and their effect especially on shock wave formation. A shock wave
is a sudden upsurge in temperature or in pressure due to an explosion or an object
whose movement is faster than the speed of sound [22]. In our previous paper, it has
be shown thata 3 Ah Li|LLZO|NMC811 cell abuse by external heating lead to TR which
lead to the generation of a shock wave. The overpressure of 188 mbar was measured
at a distance of 0.9 m for this cell and an equivalent mass of trinitrotoluene of 2.7 g
(mry1eq) Was calculated [21].

To our knowledge, this study represents the first instance in which a model
utilizing input data derived from the characterization of 5 to 10 milligrams of material
(DSC) has successfully simulated the shock wave produced by the thermal runaway

of a solid-state lithium battery with a capacity of several ampere-hours.
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Methods:
1. Experimental methods

i) Powder preparation

Before the experiment, a commercial LG-HG2 cell at SOC 100 % was
disassembled as presented in our previous article [23]. The amounts of oxygen and
water of the glove box were lower than 0.1 mg. L™1. The powder of the positive electrode
was recovered. This powder was washed 5 times with N-Methyl-2-pyrrolidone (NMP —
Sigma — 328634) and 2 times with dimethyl carbonate (DMC — Sigma — 517127) to
remove the remaining salt and binders such as polyvinylidene fluoride (pvdf). For the
lithium, a 50 um foil was used.

i) TGA analysis

TGA analysis was performed in a NETZSCH STA 449F1 with a crucible made
of Al,0; (NETZSCH — GB445215). The temperature range was from 25 to 1,400 °C for
each experiment. The heating rate was chosen as 10 K.min~!. TGA analysis was
performed on NMC811 powder delithiated at SOC 100 %.

iii) DSC analysis

DSC analyses were carried out to characterize exothermic reactions and
dissociate their contribution to the total heat released by the battery during TR.

Dynamic scanning experiments were conducted on a DSC 404 F1 Pegassus
(NETZSCH) coupled with a type P sensor (DSC404F1A75.000-00). The temperature
range was from 25 to 500 °C for each experiment. The heating rates (a) were chosen
as 5, 10, 15 and 20 K. min~1. The crucibles used were made of CrNi steel with a gold-
plated surface (6.239.2-92.8.00) which can withstand about 100 bar. “NETZSCH-
Proteus-80” software was used to acquire, store and process the thermal curves. DSC
analyses were performed on NMC811 powder delithiated at SOC 100 % and
Li+NMC811 powders. These DSC analyses at different temperatures can be used to

8
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determined E, and A. E, and A are the parameters used to characterize the reaction
kinetics of thermal runaway.

2. Model framework:

Two models have been developed a OD TR model and a blast wave model.
COMSOL Multiphysics 6.0 is the software used for both models. The heat source has
been provided by a system of ODEs based on reaction (1) to (7). COMSOL's free,
generalized alpha time-step method is used with a relative tolerance of 1078,

i) OD TR model

A 0D thermal runaway model has been developed for the Li|LLZO|NMCS811 cell.
This model considers two chemical reactions (Eg.(1) and Eq.(2)) which are
respectively the destabilisation of the positive electrode M0, (s) (where M represents
Liy,gNiggCoo1Mng ) and the formation of Li,0(g) [14,15]. As explained previously, a
high-temperature TGA has been carried out an NMC811 powder between 25 and
1,400 °C. The quantity of oxygen released is 74 %. This value may appear high and it
is worth noting that, to the best of our knowledge, this is the first publication of a
thermogravimetric analysis (TGA) conducted on NMC811 at such a high temperature.
This measurement is significant as the amount of oxygen released plays a crucial role
as the primary determinant in the runaway reactions of a lithium-ion cell. This model
also considers five phase changes: lithium fusion/solidification (Eq.(3)),
condensation/vaporisation and the fusion/solidification of Li,0 (Eqg.(4) and Eq.(5)),
aluminium fusion/solidification (Eg.(6)) and iron melting/freezing (Eq.(7)). The casing
used is made with SPCE steel and a nickel coating. As the iron content of the casing
is over 99 % wt, it was assumed to be composed of iron only. LLZO in contact with
lithium is thermally stable up to 350 °C [11]. Therefore LLZO is considered inert.

MO, (s) » MOgs,(s) + 0.74 0,(g), AH, (1)
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Li(D) +702(g) > 5 Liz0(g), AH, (2)

Li(s) © Li(l), AH, (3)
Li,0(g) < Li,0(1),AH, (4)
Li,0(l) & Li,0(s),AHs (5)

Al(s) & Al(D),AH, (6)

Fe(s) & Fe(l),AH, (7)

The reaction rate r; involves the reaction i, the mass of component j m; (g), the
partial order e;, the cell temperature T(K), the ideal gas constant R (J.K™1.mol™!) and
the two Arrhenius parameters: the activation energy E, (J.mol™!) and the pre-
exponential factor A4 (s1) (Table S2 and S3). The destabilisation of the positive
electrode, M0, (s) follows the reaction rate r; (Eq.(8)). The formation of Li,0(g) follows
the reaction rate r, (EqQ.(9)). The fusion/solidification of Li follows the reaction rate ry
(Eq.(20)). It has been assumed that the other phase changes rates are proportional to
the temperature differential. Eq.(11) and Eq.(12) are the reaction rates for the Li,0
condensation/vaporization and fusion/solidification. Equation (13) and(14) are the
reaction rates for Al and Fe fusion/solidification, respectively. a,; and ap, represent
respectively the liquid aluminium mass fraction relative to the total mass of Al (my;)

and the liquid iron mass fraction relative to the total mass of Fe (mg,), respectively.

E

r = A exp (— RL;) mylo, (8)
E

r, = A, exp (— R;‘;> mfﬁ(l) ©)

E
r3 = Az exp (— R;‘;f) mif(s) (10)

Ty = ﬁ4(TLiZO(l<—>g) - T)mLiZO(g) (11)

10



s = PBs (TLi20(S<—>l) - T)mLiZO(l) (12)

16 = Be(Tason — T)Mara; (13)

r7 = By (TFe(s<—>l) — T)Mpettpe (14)
The species mass balances for MO,, MO, s, Li(s), Li(l), 0,, Li,0(g), Li,0(),
Li,0(s), Al(l), Fe(l) are given by equations Eq.(15), Eq.(16), Eq.(17), Eq.(18), Eq.(19),

Eq.(20), Eq.(21), Eq.(22), Eq.(23) and EQq.(24) respectively.

s 41, = 0 (15)
dmi\i,,to(l52 =0 (16)
d";L;@ i1 =0 (17)
dn;Lti(l) +r,—1r3 =0 (18)
d;ntOZ — 0741 + %rz =0 (19)
ddeij:O(g) =0 (20)
00 =0 21
dm;i;o(s) =0 (22)
T =0 (23)

dZtFe +r,=0 (24)

The cell is heated from the outside with a temperature ramp of 6 °C. min™?!
following the standard DO311 (Eq.(25)) [24]. The thermal flux Q; of the two chemical
reactions and the five phase changes are calculated from AH; (J.g~1) and r; (Eq.(26)).

The cell temperature is calculated from the thermal balance equation Eq.(27) with

11
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mg (g) being the mass of the solid and liquid product, ¢, (J. K~1.kg™1): the isobaric heat
capacity of the cell, my,:(g) the mass of the gaseous product, cvgas(].K"l.kg"l): the
isochoric heat capacity of the gases, and T,,;(K) the temperature of the gases, S, (m?)

the cell lateral surface, h, (W.m™2.K™1) the heat transfert coefficient between the cell
and the air, e, the emissivity of the cell and ¢(W.m™2.K™*) the Stefan—Boltzmann

constant (Table S4 and S5).

dT
detxt — Ramp =0 (25)
Qi = T'l'AHL' (26)
d dmygT dmg,.C,T,
. m
Z Qi + Cp d;l + gacsltv = +Sc(hc(T - Text) + €EcO (T4 - T:xt)) =0 (27)
i=1

The results of the TR model were used to estimate the pressure generated in
the case where the cell is inserted in a closed vessel of volume Vg (m3) and
thermally abused to generate a TR [21,23]. The pressure in the vessel P(Pa) is
calculated from the ideal gas law with M, (g.mol™!) the molar mass (Eq.(28)) (Table
S1).

_ mgazRTcell

= (28)
Mgas Vcalo

i) Blast wave model

To describe the overpressure generated by the sudden gas release during the
TR of the ASSB, a simple aerial explosive blast wave was developed. As presented by
Esparza and Baker, the energy released E,,s in an assumed constant volume
(confined explosion) is determined from the internal energy of the gases [25]. Due to
the very fast reaction kinetics, adiabatic conditions were assumed. The internal energy
of gases could be determined from Eq.(29) where T4, c(K) is the maximum

combustion temperature, T; the initial ambient temperature [22,25]. The equivalent

12
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TNT mass meqryr (kg) is deducted from Eq.(30) with Eyy,7yr(J) being the energy

released by 1 kg of TNT (my,).

On the basis of m,, ryr Kinney, G., and Graham, K. establish a scaling law for

explosive reactions in air [26]. Z is calculated from the actual distance from the centre

of the explosion d and the equivalent TNT mass (Eq.(31)). The peak overpressure P°

is linked to the scaled distance Z and the atmospheric pressure P, by Eq(32)) [26].

Results:

Egas = MygasCryqas (Tmax,C— —-T) (29)

E
Megrnr = p—"" Mg (30)

d
Z="7 (31)

3
M, TNT
712

PO 808[1 + (7¢) | -

1. TGA and DSC analysis

TGA analysis was performed on NMC811 powder delithiated at SOC 100 %.

Between 25 and 1,400 °C, the mass loss of NMC811 was 27 % (Figure 2). By assuming

that the mass loss of NMC811 powder was due only to the release of 0, (Eq.(1)) then

the mass loss of 0, was about 74 % (Figure 2).

13



10

11

12

13

14

15

16

17

18

100% NMC811
L 0,

80%

60%

Relative mass

40%

0
20 A’O 300 600 900 1200 1500

Temperature (°C)

Figure 2. Relative mass of NMC811 powder delithiated at SOC 100 % as a function of

temperature ranging from 25 to 1,400 °C

DSC analyses were performed on NMC811 powder delithiated at SOC 100 %.
The NMC811 showed two exothermic peaks at 230 °C and at 390 °C (Figure 3 — a).
The DSC analyses on Li-metal and NMC811 powder at SOC 100 % showed an
endothermic peak at 187 °C, which corresponded to lithium fusion. They also showed
two exothermic peaks at 230 °C and 385 °C (Figure 3 — b).

The kinetics parameters can be deducted by fitting DSC profiles at variable
heating rates. Kissinger's method [18] was applied to assess the pre-exponential factor
(4) and the activation energy (E,) without taking into account the mechanism function.
Kissinger's equation (Eq.(33)) [17,18] is based on the variation of the peak
temperature: T}, ; (K) as function of the heating rate: a; (K. min~!) with u is the number
of variable heating rates. The pre-exponential factor (4) can be deduced from the
ordinate straight line and the activation energy (E,) can be deduced from the straight
line fitting (Figure 3 — c and d). The kinetics parameters are listed

Table 1. For the melting of Li, the Kissinger parameters used are those deduced

from the Li+NMC left peak (Eq.(10)). The Kissinger parameters used for the two

14



chemical reactions (Eq.(1) and Eq.(2)) are those from the peak at 400 °C because they
were obtained with the highest temperature. Therefore, the NMC right peak was used
for the destabilisation of the NMC811 (Eq.(8)) and Li+NMC right peak was used for the

formation of Li,0(g) (Eq.(9)).

a; AR Ea
In <—]> =1In (—) — with j € [1,u] (33)
2 )
Tp,j Ea RT, ;
1 ra) NMC | NMC + Li b)
! —_— ]
—~ Ot ~ Q. \
| I
o I \
2 4] ‘exo . v
= i 0
o I
L -2
m I ¢
£ | — R=5Cmin’! y
=31 — R=10°Cmin~?
; R=15°Cmin~!
-4 i . . i i . . .
0 100 200 300 400 0 100 200 300 400 500
Temperature (°C)
-8 ) NMC | NMC + Li d)
_9.:
R A
L - 2
s ~107 & ¢
E i ©
£ i X %
11
I @0
-12+ . . . . . . .
1.4 1.6 1.8 2.0 1.5 1.7 1.9 2.1 2.3

10007 1(K™Y)
Figure 3 : DSC at different ramp temperatures 5, 10 and 15 K.min~! a) NMC811 and b) Li +

NMC811. Kissinger regression ¢) NMC811 and d) Li + NMC811.

Table 1: Kinetics parameters of NMC811 and Li + NMC811 delithiated at SOC 100 %.

E,(J.mol™) | A(s™)
NMC left peak 1.06 10° 4.29 1010
NMC right peak 9.7910* | 1.47 107
Li+NMC left peak 3.4510° | 2.29103%°
Li+NMC middle peak | 1.3810° | 1.12 10

15
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Li+NMC right peak 9.66 10* | 1.26 107

2. Thermal runaway model results

The first goal of this model was to characterise the TR of the Li|LLZO|NMC811
cell. This model predicted the degradation reactions, phase change, gas generation
and internal temperature evolutions of the cell studied. Three stages govern TR. At the
start, the cell was heated with a temperature ramp of 6 °C.min~?! (Figure 4 — heating)
[24]. Therefore, the temperature increased linearly until T;,;, here 180 °C. When this
temperature was reached, TR took place (Figure 4 — TR). The temperature increases
sharply to T,,., here 2,470 °C. At this moment, two gases were released: Li,0(g) and
0,. A temperature plateau was observed until the condensation of Li,0. After TR, the
cell was cooled by radiation and natural convection and the temperature decreased
until it reached the ambient temperature (T,,,,;) (Figure 4 — cooling). Two temperature
plateaux were observed at 1,570 and 1,536 °C, corresponding to the solidification of

Li,0 and then Fe.

16
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Figure 4: Evolutions of masses of M0O,, MO, s,, O, Li and Li,0 coupled with the internal cell

temperature evolution of the Li|LLZO|NMC811 cell at SOC 100 %.

In this model, the energy released during TR was 77 k] and the duration of TR
was 6 ms. Taking into account a closed 0.538 L. vessel, the pressure released by the
cell was 46 bar.

3. Blast wave model results

Based on the energy released by the gas mixture composed of 73 mmol of 0,
and 96 mmol of Li,0(g), the maximal energy released by the gases was 12.9 K],
corresponding to an equivalent TNT mass of 3.0 g. At a physical distance of 0.9 m from
the cell, the scaled distance was 6.18 m.kg~'/3 and the peak overpressure is 199 mbar.

4. Comparison of the TR model and blast wave model results with experiments

The results of the model are compared with the values of two different
experiments described in detail in our previous article [21]. The first experiment
consisted of initiating the thermal runaway of a cell reassembled in a closed
calorimeter. This first experiment provided all the values in Table 2 except the peak
overpressure Pgo, and the equivalent TNT mass myyreq. In order to measure the

17
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overpressure and deduce the TNT mass equivalent, a second experiment was carried
out in the open-air area.

The initiation temperature obtained experimentally was lower than that obtained
by the model. This is reasonable because experimentally the temperature measured
was the surface temperature while the temperature deduced from TR model was the
internal temperature. It is well-known that there is a temperature gradient between the
centre and the periphery [23,27]. Unfortunately, the maximal temperature of this cell
could not be recorded. However, as the casing made of iron melted, we can conclude
that the maximal temperature was at least 1,400 °C; this is consistent with the
calculated temperature of 2,470 °C (Table 2). The P,,., E and d;x obtained with this
model were in the confidence interval determined experimentally (Table 2).

The relative errors between the experimental and model values were about
10 % and 6 % for mryr ., and Pyg,, respectively (Table 2). These differences can be
explained by the fact that not all the gases were used to generate a shock wave. The
kinetic energy transferred to the solids and support device was not taken into account,
nor was the energy required to deform and break the casing and support device. The
0D TR model was congruent with the experiments performed on the Li|LLZO|NMC811
cell.

5. Prediction for an anode less ASSB.

Lithium reacts violently with oxygen. One solution for improving the safety of the
lithium-metal ASSB is to reduce the amount of lithium so only the quantity required to
cycle the cell is available. This technology is named anode-less.

Our TR model and blast wave model were applied to simulate an anode-less
ASSB. Numerically, T;,; is similar and T,,,,, is lower for the anode-less technology than

for the cell with excess Li (Table 2). This means that the thermal runaway of anode-
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less technology starts at the same temperature, however the maximum temperature

reached is lower. The energy released is lower for the anode-less technology than for

the cell with Li excess. The lower temperature and lower energy released means that

the risk of TR propagation could be reduced with the anode-less technology. B, .,

Mryr,eq @Nd Pgon, are lower for the anode-less technology than in the cell with excess

Li. This could mean that structural damage on the casing and pack could be lower. d;x

is comparable for both technologies.

Table 2: TR parameters: Ty, Tmax, E, drr, Prax @nd ngqs for TR of a Li|LLZO|NMC811 cell

obtained numerically and experimentally [21].

Tini Tmax Pmax E dTR MTNT,eq P(?.‘)m
9 &) (bar) | (k]) | (ms) €3] (mbar)
Quantity of Liin
experiment same | 152+ 15 | > 1,400 | 56 + 13 82 4+ 2 2.7 188
as state of art
Quantity of Liin
model same as 180 2,470 45 77 6 3.0 199
state of art
Anode less model 180 2,039 36 52 6 2.0 161

6. Reaction path for Li|LLZO|NMC811

The TR of Li|LLZO|NMCS8L11 is divided in three stages. First, 0, is released from

NMC811 and the lithium-metal is melted from 180 °C (Figure 5 — 1). 18 k] where

released during this stage. Then, 0, and the lithium-metal react together by forming

Li,0(g) (Figure 5 — Il) followed immediately by its condensation (Figure 5 — III).

Respectively, 19 k] and 34 K] are released during these stages. In the cooling phase,

6 k] are additionally released link to the solidification of Li,0 (Eq. (5)).
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Figure 5 : Reaction path for Li|LLZO|NMCB811 cell during TR.

Discussion:

The first step was to determine the input parameters required for this TR model.
DSC analyses were carried out on NMC811 and Li+NMC811 materials in order to
obtain kinetic parameters. TGA analysis was performed on the NMC811 material to
obtain the quantity of oxygen released by the positive electrode. The reassembled
Li|LLZO|NMC811 cell used the LG model HG2 (LG-HG2) positive electrode. Ante-
mortem analysis were performed on the LG-HG2 positive electrode to know the
amount of NMC811 and aluminium in the Li|LLZO|NMC811 cell. The coating of LLZO
was home-made so its amount was known. The amount of lithium and iron were known
because they were weighed beforehand. The other parameters defined from the
literature were more fundamental parameters such as the specific heat of the materials
and the melting temperatures.

The second step consisted in developing a 0D TR model. It was mainly based
on two chemical reactions: the destabilisation of the NMC811 positive electrode

(Eq.(2)) and the reaction between Li(l) and 0,(g) which formed Li,0(g) (Eq.(2)). This
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model was essentially established on two balances: the species mass balance (Eq.(15)
to Eq.(24)) and the thermal balance (EqQ.(27)). The end of this stage involved the
comparison of TR parameters: Tinis Tmaxr» Pnax» Mmax: E and dpg obtained
experimentally and numerically. The TR model was congruent with the experiments.
The maximum reaction temperature could not be measured because thermocouple
measurements are relevant only up to 1,400°C. However, the two concordant
predictions and measurements (P,,, and E) suggest that the model's prediction of
Tmax (2,470 °C) was reasonable.

The third stage consisted in developing an aerial blast wave model. The goal
was to determine the energy released by the gases: 0,(g) and Li,0(g) during TR
(Eq.(29)). Knowing that 1 g of TNT is equivalent to 4.184 k], the mass of equivalent
TNT was determined for the Li|LLZO|NMCB811 cell. Then, using the Kinney and
Graham law (Eq.(32)), the aerial overpressure at 0.9 m was deducted. To validate this
model, the mryr., and Pd,,, parameters were compared to those obtained
experimentally. The aerial overpressure model was congruent with the experiments.
Furthermore, the corresponding m,, ryr predictions and measurements suggests also
that the model's prediction of T,,,, (2,470 °C) was very close to reality, because from
equation (29) the energy of the gas was calculated directly from the maximum
temperature of the reaction. To our knowledge, this is the first model which, based on
the intrinsic characterisation of active cell materials, predicts very rapid reaction
kinetics (a few milliseconds). As this reaction is very rapid, a shock wave was formed.
Our blast wave model enabled us to quantify the overpressure. This was well suited to
experiments on a cell of several Ah.

For the cell tested experimentally and numerically, the amount of lithium was

representative of current cells, although in excess. One way of optimising it was to
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have only the amount of lithium needed for the cell cycle. This was the prediction step.
Reducing the amount of lithium helped to increase the safety of the cell. In the anode-
less case, the temperature T;,; was the same. T,,,, and E decreased which have
limited the TR propagation risk. Byqy, Mryreq @and Pgo,, decreased which could have
limited the structural damage on the casing and pack. Thus, the results of the anode-
less cells showed that developing this technological solution will also improve safety.
Nevertheless, this will not be enough to ensure that these cells are safe.

More generally, the maximum temperatures reached by all-solid state cells are
much higher than those reached by cells with a graphite anode and liquid electrolyte.
The high temperatures reached by all-solid state cells during thermal runaway can be
explained by the reduction in cell mass due in part to the removal of graphite, but it can
also be explained by the higher mass enthalpy of the formation of Li,0.
Unlike carbon combustion, where €0, remains in the form of a gas. As Figure 5 shows,
the latent heat of vaporization and condensation of Li,O acts as an attractor and a
threshold at the phase change temperature. As presented by M. Shiemann and al, the
temperature of lithium fire is limited by the effects of decomposition, melting and boiling
[28]. In the case of our model, it was mostly the boiling of Li, 0 that limited the maximum
temperature of thermal runaway. It is interesting to note that the flame temperature of
lithium in oxygen is close to the maximum temperature proposed by the model in Table
2. This is easily explained, as the reactions are the same: lithium and oxygen released
by the cathode gives Li,0. Furthermore, the phenomenon limiting the maximum
temperature was also the vaporisation of Li, 0 in both cases. In a slightly different
case, sulphide electrolyte also exhibit thermal runaway reactions that can reach

temperatures of around 2,500 °C [12].
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The high temperatures induced by the lithium fire accelerate the reaction rate
and increase the internal energy of the gases, which plays a crucial role in the creation
of a shock wave when an all-solid cell is subject to runaway. In the future, the challenge
will undoubtedly to limit this maximum temperature, to ensure the safety of all-solid

state batteries.

Conclusion
In this study, a thermal runaway model for an all-solid cell was proposed. The

construction of this model (input data) was mainly based on experiments (DSC, TGA).
In order to improve the accuracy of the amount of oxygen released by the cathode, a
TGA up to 1,400 °C had to be carried out, which to our knowledge had never been
published before for an NMC811.

Only the fundamental data, such as specific capacity and reaction enthalpies,
were taken from the literature.

This materials-scale characterisation approach enabled us to propose a robust
model that predicts the runaway of Li|LLZO|NMC811 cells in a closed calorimeter with
good accuracy. The calculated key parameters such as the initiation temperature T;,,;,
maximum pressure B,.x, the energy released by the thermal runaway E and its
duration d;z were in good agreement with the experimental data. In addition, this
model calculated the blast wave over pressure produced by the thermal runaway of
this cell in an open area condition.

For the first time, the thermal runaway of an all-solid-state Li|LLZO|NMC811 cell
and the blast wave overpressure have been modelled in good agreement. This shows
that the mechanisms leading to the thermal runaway of ASSB and their possible

consequences out of the cell are progressively better understood. In addition, the

23



10

11

12

13

14
15

16

17

18

19

20

21

22

23

24

25

simulation of a cell using anode-less technology showed that even with the minimum
guantity of lithium, the thermal runaway, while reduced, remained significant.

In addition, this work highlighted the impact of the oxygen released by the
cathode, its strong reaction with the lithium during TR, and the subsequent blast wave
overpressure caused by the gases generated. The safety of solid-state batteries, often
seen as the holy grail of batteries, is still an open question and further research,

strongly coupled with technological developments is needed.
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