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HIGHLIGHTS

Pressure rise in Li-ion battery partially
caused by solvent & gas composition.
Optimisation potential in safety margin
for gas volume in Li-ion batteries.

Inert gases used during solvent storage
and assembly should have low solubil-
ity.

Linear carbonates advance safety due to
high solubility CO,.

Influence of conductive salt on pressure
evolution is negligible.

GRAPHICAL ABSTRACT

CO, releasing reaction

D
o ‘ \
co,
%Lt[ 1| Without
" o reaction
&
¥a) i
5 co,
~ o
I,
O-
e}
— 1 1
25 Teen / °C 250

ARTICLE INFO

Dataset link: https://doi.org/10.35097/6j6r99
kgrvjp09hs

Keywords:

SAFT-y Mie

Linear/cyclic carbonates
Gas solubility

co,

Ar

LiPF

Vapour-liquid equilibrium

ABSTRACT

Understanding and controlling the evolution of pressure during thermal events of Li-ion batteries is a key aspect
when assessing the safety of Li-ion batteries. In this study we evaluate the impact of solvent composition, gas
solubility, and conductive salts on the pressure build-up during the exposure of the Li-ion battery electrolytes
to high temperatures.

We employ a vapour-liquid equilibrium model based on the statistical associating fluid theory (SAFT)-y
Mie equation of state, extended to include an ion-pairing model to account for low degrees of salt dissociation
in solvents with a low dielectric constant, such as linear carbonates. The effect of the degradation gases is
accounted for by implementing a gas source mimicking a CO, evolving reaction.

We find that argon or nitrogen are good choices as inert gases during solvent storage and cell assembly,
as they only gas out slightly during heating, i.e., they cause a negligible increase in pressure. Moreover, linear
carbonates are found to be preferable over their cyclic counterparts regarding battery safety, as the higher
solubility of degradation gases such as CO, in the electrolytes will mitigate pressure evolution during a thermal
event. The presence of the conductive salt is found not to have a substantial effect on the pressure evolution.

The insights into the sensitivities of the pressure evolution presented here will allow to precisely tailor the
composition of an electrolyte mixture to mitigate safety-critical gas evolution during a thermal event in Li-ion
batteries.
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F. Baakes et al.
1. Introduction

The mass deployment of Li-ion batteries in electric vehicles, mobile
applications, and stationary energy storage has led to an associated
increase in the number of reported safety incidents [1,2]. Thermal
runaway, a cascade of degradation exothermic reactions, drives these
events. Most of these degradation reactions produce gases which lead
to a build-up of pressure in the Li-ion cell [3,4]. This can result in the
venting of the battery, ejecting toxic reaction gases, such as hydrogen
fluoride, and flammable solvent molecules, and, in the worst case, an
explosion of the battery [2]. Two key aspects are required to predict
the evolution of pressure during the thermal abuse of Li-ion batteries:
First, a reaction model that can be used to describe the amount of gases
released from degradation reactions is paramount; Second, knowledge
of the solubility of the evolving reaction gases in the liquid electrolyte
must be known to calculate the pressure. In the current work we
address the second challenge, having addressed the first in our previous
studies [3,5].

We first give a brief literature review of existing studies on the
impact of battery materials on pressure evolution. Golubkov et al. [6]
measured the pressure during thermal runaway within an accelerating
rate calorimetry (ARC) testing chamber using the ideal-gas law to calcu-
late the total amount of ejected gases from a measure of pressure with
increasing temperature. In their study, 18650 cells with three different
cathode active materials, namely LiFePO, (LFP), LiNi( 45Mn 45C0¢ 1002
(NMC), and a blend of LiCoO, and LiNig 5Mng 55C0q 550, (LCO/NMCQ),
were investigated. They found that the LiCoO,/LiNij 50Mng 25C0g 5505-
blend released the highest amount of gases: 265 mmol after increasing
the temperature from 25 °C to 850 °C. The pure NMC-type came second,
releasing 149 mmol for the same temperature increase, and the LFP cell
produced the least amount of gases releasing only 50 mmol. They also
found that for the batteries investigated, the amount of gases released,
with a corresponding increase in pressure, and the highest temperature
reached during the ARC test were directly correlated. Lei et al. [7]
used a similar technique to investigate Li-ion cells using LiMnO, as
active material instead, and found that the amount of released gas, and
thus the pressure increase, was 76.5 mmol, i.e., substantially lower
than the reported values for NMC and LCO/NMC blends from [6].
Jhu et al. [8] studied four commercially available LCO cells at differ-
ent states of charge, using a vent sizing package 2 (VSP2) adiabatic
calorimeter, in which the overpressure in the cell is compensated by
the testing chamber so that the Li-ion battery remains intact. They
found that charged batteries are thermally more hazardous, with a
pressure maximum which is up to 5.5 times higher than that of an
uncharged cell. Significant differences in the pressure increase between
the various LCO-type commercial cells was reported, indicating that
other components, apart from the active material, also play a major
role in the pressure evolution during thermal abuse of Li-ion batteries.

Even though the pressure of the testing chamber gives an insight
into of the reactivity of active materials, no direct correlation to the
internal pressure evolution before the venting of the cell can be drawn.
Some authors have therefore incorporated a pressure sensor directly
into the Li-ion cell [7,9]. However, as pointed out by Vendra et al. [10],
such sensors are challenging to construct, and no two identical experi-
ments are reported to yield comparable pressure curves.

Owing to the challenge of obtaining a pressure evolution from inside
a Li-ion cell during thermal abuse, mathematical models are employed
to aid in this matter. Coman et al. [9] used a combination of a repre-
sentative gassing reaction and the vapour-pressure curve of dimethyl
carbonate (DMC) as solvent to simulate the venting behaviour of a
cylindrical 18650 cell to successfully reproduce the measured venting
behaviour. Kim et al. [4] used a three-dimensional CFD simulation to
investigate the venting behaviour of 18650 cells, with the calculations
suggesting that most of the gases are produced during the rapid heating
phase of the thermal runaway. Vendra et al. [10] measured the pressure
in the ARC testing chamber and used the corresponding values of the
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pressure with an analytical equation to set initial conditions for their
CFD simulation of fire dynamics. This review highlights that while
significant progress has been made, existing research remains limited
by the availability of experimental data, the constraints of current
models, and the lack of investigations into pressure changes under
varying working conditions, such as different charge/discharge rates
and ambient temperatures.

The focus of the aforementioned studies is on the total pressure and
gases produced (i.e., the venting behaviour) and on the cathode active
material. It is known, however, that the so-called solid-electrolyte
interphase (SEI), a protective surface layer that is formed in the ini-
tial formation cycles of a Li-ion battery, degrades at around 100 °C
also releasing gases in the process [3,5,11]. Given the complexity of
the reaction network governing the formation and degradation of the
SEI [12,13] and the challenges in experimentally assessing its proper-
ties [14,15], there is a clear need for future development of a combined
reaction and vapour-liquid equilibrium model. However, the current
study focuses specifically on developing the vapour-liquid equilibrium
model as a foundational step towards addressing this need.

To the best of our knowledge, a systematic analysis of the impact of
the choice of solvent components, atmospheric and degradation gases,
and the conductive salt, on the vapour-liquid equilibrium in Li-ion
batteries has not been performed. One reason for this research gap is
that liquid electrolytes are highly non-ideal systems. Conventional Li-
ion battery electrolytes consist of a mixture of linear carbonates such
as dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), diethyl
carbonate (DEC), and cyclic carbonates such as ethylene carbonate
(EC) or propylene carbonate (PC), and conductive salt, most commonly
LiPF¢ [16-18]. The number of mixtures of these components used in
academia and industry is vast. Even though all consist of more or less
the same molecules, their precise composition varies widely. Perform-
ing a systematic experimental analysis of their impact on thermal safety
behaviour would therefore be a very time-consuming task. Addition-
ally, the lack of reliable data of vapour-liquid equilibria of electrolyte
solutions hinders the development of models. Quantitative models for
the phase equilibria are nevertheless a prerequisite to predict the
evolution of pressure. For classical cubic equations of state (EoS),
experimental data for the precise system investigated is needed. Group
contribution mixing rule extensions, such as the widely employed
EoS/Gg, could, in theory, yield a predictive description [19]. However,
polar substances, such as water or EC, are not well represented by
classical EoS alone [20].

Advanced molecular-based methods such as the statistical associat-
ing fluid theory (SAFT) EoS developed in the late 1980s by Chapman
et al. [21,22] can successfully aid in this matter. Stemming from the
first-order thermodynamic perturbation theory of Wertheim [23-26],
the SAFT approach can account for hydrogen-bonding interactions
(association) and molecular non-sphericity. The approach has been
shown to be accurate in the description of broad classes of fluids and
mixtures with an accuracy surpassing classical cubic EoS [27,28]. The
underlying approach has been adapted and developed further such that
now a variety of SAFT theories exists, including the perturbed chain-
SAFT [29,30], soft-SAFT [31], and SAFT-variable range [32]. The SAFT
EoS has been further extended to incorporate a group contribution
approach [33,34], based on the a Mie (generalised Lennard-Jones)
potential [35], to describe the group interactions [36,37] as well as
electrolyte solutions [38,39]. The resulting equation is known as the
SAFT-y Mie EoS [40].

In the original work extending the SAFT-y Mie approach to elec-
trolyte solutions [38] fully dissociated electrolyte systems were consid-
ered. This assumption is not appropriate for solvents with low dielectric
constants [41]. A good example is DMC which has a dielectric constant
of 3.13 at 25°C [42], compared to 78.3 for water [43]. Even though the
dielectric constants of EC and PC are 80 and 60 (at 25 °C), respectively,
given the low dielectric constant of DMC, complete dissociation of
LiPF¢ in electrolyte mixtures of DMC and EC or PC is not, therefore,
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expected [41,44]. In the case of PC, the degree of dissociation of LiPFg
is of the order of 70%-50% for concentrations from 0.5-2M, respec-
tively [45]. From a modelling perspective, the undissociated salt also
corresponds to a neutral ion pair [46] in solution; i.e., some dissolved
ions form pairs bonded by non-directional electrostatic forces [46]. Ion-
pair formation affects the amount of free ions and their interaction
with the solvent molecules [47] and, as a consequence, the phase
behaviour of the system. To account for this effect, in the current work
we treat the salt dissociation by combining the SAFT-y Mie model
with an external calculation of the salts’ dissociation formulated by
Krienke et al. [48].

We employ the SAFT-y Mie EoS to analyse the pressure evolution
of conventional Li-ion battery electrolytes subjected to thermal abuse
conditions. The necessary EoS parameters are estimated first and the
resulting description is compared to suitable experimental data. An
analysis of pressure evolution during heating to 250°C is then ad-
dressed by investigating the influence of different solvent compositions.
The effects of argon and CO, as storage gases for the electrolyte and
the influence of the LiPF¢ concentration are also examined. A CO,
source is then introduced to mimic the influence of gas evolution
due to degradation reactions during thermal abuse, and its impact
is investigated. We thus provide an in-depth understanding of the
contribution of electrolyte solutions to the pressure evolution in Li-
ion batteries before cell venting, which aids in exploring mitigation
strategies.

2. Methods

In this section, an overview of the model and approximations under-
lying the SAFT-y Mie approach are presented. The key considerations
for the incorporation of ion pairing are also presented. This is fol-
lowed by a brief description of the molecular models. Details of the
assumptions required to model a Li-ion battery and the procedure for
verification are then provided.

2.1. SAFT-y Mie

In the SAFT-y Mie approach [36,37] a heteronuclear model of fused
spherical segments, which interact via Mie potentials of variable range,
is employed. Short-range attractive sites are embedded in the spherical
segments to mediate association interactions (e.g., hydrogen bonds).
Molecules are modelled in terms of their constituent chemical groups:
each group k is represented by a number v; of identical spherical
segments, and a molecule i contains v;, groups of each type k € G, the
set of all groups in the mixtures. For example, DMC is modelled with
one OCOO (linear carbonate group), and two CH3 (methyl) groups (see
Fig. 1). Additionally, each segment is characterised by a corresponding
shape factor S, which describes the extent to which a given segment
contributes to the total free energy. The interaction between segments
k and / is modelled as a Mie potential:

Mie Okl A Okl &
D ) =Cregg | | — - — , (€]
T T

where A3, and A, describe the variable attractive and repulsive ex-
ponents, £, is the depth of the potential well, r,, represents the
centre—centre distance between segments, and o, is a size parameter

which, for a like-like interaction, i.e. k = [ (oy), is the segment
diameter. Furthermore,
C,, = /121 /121 Alkl_AZ/ (2)
Kkl — FIyT F 4
ki~ Mkl ki

is a prefactor that ensures that the minimum of the potential well is
always —¢,, independently of the chosen 43, and 4.
To account for association-type interactions present in polar and

hydrogen bonding substances a number n,, of short-range association
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sites of type a can be added to a given group. Typical site types
include electron donor and electron acceptor. A short-range square-well
potential interaction is implemented such that an association site of
type a on segment k interacts with another site of type b on segment /
as

_gHB
HB _ kl,ab
ék/,ab(rkl,ab) = .
0 it ryga>r

C
lccl,ab (3)
kl,ab’

it rgya S

where ry, , is the distance between the centres of sites a and b, !B i

is
the association energy, and ry, , is the cut-off range of the interglc"tlfon
between the two sites, which can be equivalently described via a
bonding volume K}C{Iib. To account for the contribution of interactions
of ions with the uncharged (solvent) species, a Born term is considered.
Here, the diameter of the Born cavity a}fkom is introduced, which in the
current work is also treated as an adjustable parameter.

The SAFT-y Mie EoS is typically expressed in terms of the Helmholtz

free energy A, obtained from the individual contributions as
A= Aideal + Amonomer +Achain +Aassociation +AB0rn +Aion (4)

where Al denotes the free energy of an ideal gas of non interacting
molecules, A™O"™er represents the interaction of monomeric segments
via Mie potentials, Ah?" is the free energy contribution resulting from
the formation of molecular chains from the combined Mie segments,
and A2ssociation g the free energy arising from short-range directional
interactions. These first four terms account for the non-ionic contribu-
tions [36,37,49]. The influence of charged species is considered in the
last two terms [38,39,50], which are formulated within a primitive-
model framework in which the electrostatic character of the solvent
is depicted as a uniform dielectric medium. The AB™ term accounts
for the ion-solvent electrostatic interactions in accordance with the
Born model [51], while The A" term accounts for the Coulombic
ion-ion interactions, derived using the unrestricted mean spherical
approximation (MSA) [52,53].

2.2. Ion-pairing

Ion-pairing is a phenomenon that has intrigued scientists for more
than a century [46]. Its effect on transport properties, such as the ion
diffusivity in Li-ion electrolyte mixtures, has been discussed widely [41,
54-57]. Some experimental evidence suggests that a high level of ion-
pairing results in the rapid deterioration of the conductive salt when
exposed to water [58]. Several models have accounted for it [50,59—
61], and all of these approaches lead to an acceptable representation of
the specific system under study. Yet, only Olsen et al. [61] investigated
non-aqueous systems. In our current work, an ion-pairing model is
implemented to model solutions with EC, PC, DMC, EMC, and DEC
as solvents within the SAFT-y Mie framework with the mean spherical
approximation of the primitive model for asymmetric ion sizes [38,39].
Given the case of monovalent ions M™ and X~ the formation of an
ion-pair MX can be described as

M* + X —==MX 5)

The degree of dissociation a can be calculated as a function of the
association constant K, (m3 mol~1) characteristic of the salt (and sol-
vent), the concentration of the salt in solution C (molm™3), the mean
ionic activity coefficient y,’, and the activity coefficient of the ion-pair
(neutral salt) y,’ (the ' refers to the solvent free particles in solution)
as

l—a _ CKA(r.)?
2 v’ ' ©

The model has been adapted from Krienke et al. [48] and is imple-
mented in MATLAB [62]. A detailed description of the model is found
in the ESL
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Fig. 1. SAFT-y Mie representation of the molecules of interest in the current work. Linear carbonates, dimethyl carbonate (DMC), diethyl carbonate (DEC), dipropyl carbonate
(DPC), and ethyl methyl carbonate (EMC); cyclic carbonates, ethylene carbonate (EC), propylene carbonate (PC), and butylene carbonate (BC); Li* and PF¢~, and the ion pair
LiPF4; argon (Ar) and carbon dioxide (CO,). Each coloured sphere or set of fused spheres of the same colour represent a different group in the model. The red and black circles
marked with e and H refer to the electron donor and acceptor sites, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
2.3. Molecular models

Each of the molecules considered in the current work is represented
in Fig. 1 together with its corresponding SAFT-y Mie model.

The linear carbonates, namely DMC, EMC, DEC, and dipropyl car-
bonate (DPC), incorporate the CH; group and a newly introduced
linear carbonate OCOO group; additional CH, groups are introduced
depending on length of the alkyl side-chains of each compound. The
cyclic carbonates, EC, PC, and butylene carbonate (BC), include cCH,
(where “c” denotes the CH, group appearing in a cycle), and a new
cyclic carbonate group cOCOO. For PC and BC, which also contain a
side-chain, the groups cCH, CH, and CH; need to be considered. Since
LiPF¢ is the most commonly used conductive salt for state-of-the-art
Li-ion batteries, the ions Li™, PF¢~, and the neutral ion-pair LiPFg are
considered in the current work. In terms of gases, carbon dioxide (CO,),
one of the major degradation gases associated with thermal abuse of Li-
ion batteries [6,63,64], and argon (Ar), the most frequently used inert
gas in glove boxes of academia, are assessed.

In order to obtain the thermodynamic properties of the mixtures
of interest, the like (e.g. OCOO-OCOO) and unlike (e.g. OCOO-CHjz)
SAFT-y Mie group parameters are determined by minimisation of a
suitable objective function that quantifies the error between model pre-
dictions and experimental data. In terms of the determination of unlike
group parameters, the scarcity of data often poses a challenge. When
insufficient data are available, initial values of the unlike parameters
can be obtained from the respective like interaction parameters using
combining rules [35-37,65]. The experimental data used in the current
work include single-phase liquid density [66-68], vapour pressure [69—

741, enthalpy of vaporisation [69,73,74], and binary and multicompo-
nent mixture data [75-83]. The estimation procedure, thermodynamic
property, and phase equilibrium calculations are performed using the
numerical solvers and the SAFT implementation of the commercial
software package gPROMS® [84] as well as MATLAB [62]. Alternative
open-source software packages which are available to reproduce our
calculations are available from SGTPy [85] and Claperoyn.jl [86]. For
brevity, an exhaustive description of the procedure used to obtain the
parameters, the parameter values obtained, and a discussion of the
results are given in the ESI.

In our current study, 26 like and unlike new group interactions are
characterised using 623 experimental points. The percentage average
absolute deviation (AAD%) over all points is found to be 5.10%. Based
on prior experience, such a deviation is small enough to deliver a
reliable model for the study of the phase equilibria and the resulting
pressure for given temperature, volume, and electrolyte compositions
in Li-ion batteries due to the heating of the electrolyte.

2.4. Cell model assumptions, initial value calculations, and testing proce-
dure

Before analysing the thermodynamic behaviour of the electrolyte
system during thermal abuse, the procedure to model the system at
common conditions of Li-ion battery operation is described. The fol-
lowing assumptions are made:

+ The system is closed.
+ The cell casing is rigid, as in prismatic and round cells [87].



F. Baakes et al.

» Vapour-liquid equilibrium is always maintained, which emulates
very slow heating of the cell.

To ensure comparable results with a real cell, we will use the volume
of a commercial cell from our previous work, subtracting the volumes
of the electrodes, separator, and current collector, as these components
are not investigated in the current study. The total volume considered is
therefore set as V,; = 1.55 mL, see [3,5]. Unlike in our previous work,
in which the pore space in the electrodes and separator were assumed
to be fully liquid, a gas phase is introduced here. As a result, a given
&) of V. is taken by a liquid-electrolyte
VGas+VLiquid cell

phase, and the rest is a (pad) gas phase that mimics the atmospheric
conditions during cell assembly and storage. The exact proportion of
liquid phase in commercial batteries is uncertain. We therefore analyse
the impact of this liquid volume percentage in a sensitivity analysis as
part of the current work.

In order to evaluate the phase equilibria a full set of initial condi-
tions must be known. We define the initial point of each study at a
temperature of T = 25°C, ambient pressure p = 1.01 bar, and the cell
volume defined above as V,;; = 1.55 mL. The only unknown is n, which
is the vector describing the amount of moles of each component in the
system. In order to obtain these, we first start with a guess of the initial
moles n,, calculated as

Veel€ig€1iq00tiq  Veenl (1 — €1ig)€yap 0Ovap

M M ’
with €, o and e, referring to initial guesses for the volume fraction
of each component in the liquid and vapour phases, respectively. It is
important to note that for mixtures with more than one solvent, €,
includes the liquid volume fractions that are used to describe these
mixtures, such as, e.g., DMC/EC 50/50vol-%. Liquid compounds are
set to 0 in the vapour volume fraction guesses. The volatile compounds
(Ar and CO,) are set to 0 in the liquid and to 1 in the vapour volume
fraction guesses, respectively. 0ii(T. p) and 0yp(T, p) are the liquid and
vapour densities of each pure component, and M refers to the vector
of molar masses of each component. Since this initial guess does not
account for dissolved gases at equilibrium, the volume at equilibrium
Vo(T, p, ny) will be smaller than the cell volume. To correct this more
molecules are added:

percentage (e;q =

(7)

ny =

n =ngy+ An, 8)
where 4n is given as

n= (Vcell - VO(T7 b, nO))evap,Ogvap
M

This corresponds to adding more volatile compounds to fill up the
missing volume. The reader is referred to the ESI for details of the
corresponding procedure. After the moles at initial conditions of T =
25°C, ambient pressure p = 1.01 bar, and the cell volume V_;; = 1.55 mL
are determined, the phase equilibrium calculations are performed for
a range of temperatures between 25°C and 250 °C. Depending on the
system this might be constant volume calculations (V,,; = 1.55 mL),
referring to closed cells, or constant pressure calculations (p.; =
1.01 bar) referring to open cells. To ensure robust convergence and in
order to check for phase stability Tp and TV -flash algorithms included
in the gPROMS® software packages are employed to solve the phase
equilibria.

©)]

2.4.1. Constant volume vs. constant pressure

In a previous publication [3], we investigated the effect of the
evolving gases on the vapour-liquid equilibrium in Li-ion cells during
thermal abuse. Gas evolution resulted in an increase in the pressure
of the system, which in turn suppressed the evaporation of the liquid
phase as the temperature increased. The SAFT-y Mie model developed
here is used to study the differences in calculations at constant pressure
and constant volume to gain a more thorough understanding of the
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safety implications of Li-ion battery electrolytes at elevated temper-
atures. A model with constant volume corresponds to an electrolyte
in battery cells with closed rigid cell casings. The constant pressure
case corresponds to cell set-up where the volume of the vapour phase
is allowed to expand and adjust to the external pressure such as in
in-operando gas analysis setups [88]. An intermediate case is also inves-
tigated, where first a constant pressure calculation is performed until
the 10-fold of the initial cell volume is reached. Thereafter, a constant
volume calculation is considered; this corresponds to expandable pouch
cell with flexible cell walls. The systems are studied considering phase
change and the effect of possible (endothermic) heat of vaporisation.
The latter is especially interesting as it may have a cooling effect during
the self-heating of the battery.

The following description can help to get a qualitative understand-
ing of the effect of the heat of vaporisation on the self-heating of a
Li-ion battery. Assuming a constant heating rate, and a heat capacity
of the cell, Gy, =943 J °C~1, corresponding to a cylindrical 550 mAh
cell [89], from our previous works [3,5], the heat introduced into the
system to cause a temperature rise AT can be estimated as

QHeaLing = Cpbat AT. 10)

The heat of vaporisation is calculated using the molar enthalpy of

vaporisation, 4H, (T, p.n), as
|Qs01v]
QVﬂP = z Antlf/AEVap, U(T,p, n, (€N)
o
where 4n/ is calculated as the differences of »/, which is the number

of moles of any given solvent ¢ in the vapour phase, of two equilibrium
calculations. |Qg,,,| is the set of all solvents in the mixture investigated.
Since the enthalpy of vaporisation is evaluated at a given temperature 7’
this comparison is only valid for very small increments in temperature,
for which we choose AT = 0.01°C.

The ratio of heats —— is used as a characteristic to rate the

potential cooling effects thflll;](g)ugh the vaporisation of solvent species.
Given a constant heating rate this ratio allows one to assess how
much additional heat would have to be introduced into the system to
maintain the same heating rate, counteracting the endothermic effect
of vaporisation.

2.4.2. Influence of gas evolving reactions

One key aspect of the pressure evolution during thermal abuse of Li-
ion batteries is the influence of produced gases that arise from thermal
degradation reactions. A complete reaction model, comprising of the
degradation of the conductive salt, the solid electrolyte interface, its
reformation and eventually the decomposition of the cathode active
material as well as the combustion of the solvent molecules such as
employed in our previous works [3,5] will blur the understanding of
pressure evolution effects from the electrolyte itself. Further, it needs
additional effort to be implemented within the SAFT-y Mie framework
due to the lack of interaction parameters for common degradation gases
(e.g., CO, Hy, POF3, PF5). Consequently, as a starting point, we consider
only a single, CO,-evolving reaction to evaluate the basic impact which
CO,, the most produced gas during thermal decomposition, will have
on the gas-liquid equilibrium and the pressure evolution. Here we
choose a pseudo-reaction that represents the conversion of the reac-
tive cyclic carbonate EC into a pseudo-solid product (which does not
influence pressure) and CO,: EC—— Solid + CO,. This aims to mimic
the reformation of the SEI after its primary decomposition. The actual
reactions occurring in the cell are more complex, involving several
evolving degradation gases [5], so that, the calculations should be seen
as a first estimate of how reactions may impact the pressure in a Li-ion
battery during thermal abuse.

For simplicity, the extent of reaction An is modelled via a Gaus-
sian distribution function as a function of T because this emulates a
chemical reaction to achieve the desired change in molar amounts of
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EC and CO,. In this way, the composition used as an input for the
phase equilibrium calculations is altered over the range of temperatures
of interest. The changes in total number of moles of EC and CO, are
calculated as follows:

nge(T) = nge(T = 25°C) — An(T), 12)
and
nco,(T) = nco, (T =25°C) + An(T), 13)
with

e T -0
An(T)—(5><l+erf<w—\/§>>. (¢))

In Eq. (14), « represents the total quantity of EC converted to CO,, 0
is the mean value of the distribution, which in this case refers to the
temperature where the reaction rate exhibits its peak (set to 140°C),
such that the reaction is assumed to occur in the early phases of self-
heating. This also ensures that the majority of the reaction is completed
at T = 200°C, until which point most of the EC is still in liquid form,
rendering this effectively a liquid-phase reaction. @ corresponds to the
standard deviation of the distribution shaping the pseudo-reaction and
has been set to 0.16.

3. Results and discussion

For understanding the gas-liquid phase behaviour in the electrolyte
during thermal abuse, we consider two scenarios: one where the reac-
tions due to electrolyte degradation are neglected, and another where
a gas source simulating the conversion of EC into a solid and CO, is
included.

3.1. Scenario omitting gas-evolving reaction

In the following, we analyse the impact of cell properties such as
the liquid-to-void volume ratio, solvent composition, choice of pad-
gas, constant pressure vs. constant volume, and the presence of the
conductive salt LiPFg, but neglect the impact of degradation reactions.
By excluding reactions from the model, we can focus solely on the
importance of the thermodynamic properties of the system for cell
safety. This gives an appropriate baseline for later adding reactivity.

3.1.1. Impact of liquid volume percentage

Given that one of the primary design goals for Li-ion batteries is
to maximise volumetric energy density, one may anticipate that the
amount of gas phase within these batteries should be minimised to
reduce the total cell volume and boost the energy density. However,
Kupper et al. [90] and Coman et al. [9] estimated the liquid volume
percentage as 70 and 50vol-% from imaging data. Commercial Li-
ion cells therefore have such a considerably large safety buffer that
there might still be room for optimisation. Therefore, we first begin
investigating the effect of different values of vol-% on the pressure
evolution in Li-ion cells.

In Fig. 2 (a), the dependence of pressure on cell temperature for cells
with a DMC/EC 50/50 vol-% mixture, with argon as pad gas, at initial
liquid vol-% of 98, 95, 90, and 85 (at 25°C) is presented. If not stated
otherwise, argon is used as the pad gas, and the initial mixture compo-
sition is always given in volume percentages. Safety measures typically
included in commercial batteries are the current-interruption device
(CID) and a safety valve. The first, typically activating at 10 bar [91],
is the CID. When activated, it disrupts the connection between the
pole and the current collector, halting further current flow, thus reduc-
ing electrochemical reactions. The second, typically activating around
20bar [91], is a safety valve that opens to release gases so that the
pressure is reduced to safe levels.

In our model, a cell that is optimised for maximum volumetric
energy density, with 98 vol-% of liquid phase would activate the safety
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valve at just 87 °C, even without including any side reactions. This phe-
nomenon can be traced back to the effect of temperature on the liquid
volume in the cell. At lower temperatures, where ¢, < 1, the liquid
volume expands into the gas phase. This leads to a very small increase
in the pressure. At the point where V., = Vj;, (subsequently referred to
as volume parity), all of the light components are in the liquid phase.
Any further increase in temperature would require the liquid to expand
further but it is hindered by the cell wall, thus, the pressure increases.
Since liquids are known to be largely incompressible, this results in the
build-up of extreme pressures. The pressure massively increases from
just under 2 bar to around 100 bar within a 5°C change.

The lower the initial liquid vol-% the higher the temperature at
which the sharp increase in pressure is observed, as the additional
(gas) volume in the cell allows for expansion of the liquid over a
larger temperature range. For the case with 85vol-% initial liquid
volume, volume parity is reached at 235°C, and the sharp pressure
increase with temperature is virtually not apparent from Fig. 2(a).
These findings confirm that batteries should maintain a minimum free
volume as a safety buffer to avoid explosion or venting at temperatures
below 100°C, which could be reached, e.g., due to fast charging.
However, compared to the 70 vol-% [90] and 50 vol-% [9] initial liquid
volume obtained from imaging data of commercial cells, the findings
presented here suggest that the liquid volume percentage could be
increased to 85 vol-% without risk of early venting below 200 °C due to
liquid volume expansion, albeit under the assumption of slow heating.
In Section 3.2, these calculations are revisited and extended to account
for gases evolving from degradation reactions. To exclude the effect of
sharp pressure increases due to volume parity at higher temperatures
from further analysis, the initial liquid vol-% is set to 70 vol-% for all
further cases. This corresponds to the void volume reported by Kupper
et al. [90].

3.1.2. Impact of solvent composition

In Fig. 2 (b), a comparison between commonly applied solvent
compositions is performed. The cases investigated include DMC/EC
with 70/30 and 50/50 vol-%, and EMC/EC 70/30 vol-%. Additionally,
a ternary mixture of DMC/EMC/EC 33/33/33 vol-% is investigated.
We find that the solvent composition has no significant impact on
pressure evolution at temperatures below 50 °C. Above this tempera-
ture, the curves are seen to deviate: the DMC/EC 70/30 vol-% mixture
experiences the most significant pressure increase, and the EMC/EC
70/30 vol-% mixture the least. The other compositions lie in between
these two. The DMC/EC 70/30 vol-% mixture reaches the activation
pressure of the CID (10 bar) at 190 °C, while the higher boiling EMC/EC
70/30 vol-% mixture reaches it at 210°C. The DMC/EC 70/30 vol-%
mixture is the only one that reaches the safety valve opening pres-
sure of 20 bar within the investigated temperature range, at 240°C.
DMC/EC mixtures with a higher EC content, e.g. DMC/EC 50/50
vol-%, exhibit a lower pressure over the whole temperature range.
The DMC/EMC/EC 33/33/33 vol-% mixture presents an almost iden-
tical pressure evolution as the DMC/EC 50/50 vol-% mixture. This
behaviour can be explained by the different boiling points of DMC
(108°C), EMC (115°C), and EC (240 °C). For the investigated solvent
compositions, the solvent choice can make a difference of up to 40% in
pressure evolution. The deviations between the pressure evolution for
all of the cases presented in our work are provided in the ESI.

Based on this analysis of Li-ion battery electrolyte under high-
temperature abuse, we conclude that it is advisable to minimise linear
carbonates in the electrolyte mixture. Higher boiling solvent alterna-
tives, e.g., EMC rather than DMC, seem to be advisable when battery
performance and costs permit. However, as will be discussed in Sec-
tion 3.2, this is not generally true when considering gassing degradation
reactions.
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Fig. 2. Pressure evolution for a cell with different initial gas and electrolyte composition heated from T = 25°C to 250°C with a sufficiently slow heating rate to establish
equilibrium: (a) The initial liquid-volume percentage is studied for DMC/EC 50/50 vol-% with argon as pad gas; (b) various global solvent compositions with argon as pad gas;
(c) type of pad gas is studied for DMC/EC 50/50 vol-%. For the calculations in (b) and (c), the initial liquid vol-% is set to 70vol-% to avoid reaching volume parity at lower
temperatures. Safety measures are indicated as horizontal lines, CID by dashed, and safety vent by continuous black. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

3.1.3. Impact of pad gas

We now compare two pad gases, CO, and Ar, using a DMC/EC
50/50 vol-% mixture. Ar is chosen as a pad gas because it is a common
gas used to obtain an inert atmosphere for cell assembly in academic
settings. CO, is chosen because it is reported, together with CO and
H,, as being present in the highest concentrations after a thermal
runaway [6,63,64]. It is also useful to mention that argon has a 96%
lower solubility in the given mixture at 25°C and 1.01 bar than CO,
(as calculated using the SAFT-y Mie model developed here). The choice
of these two gases thus provides a relevant comparison of how using
different inert gases during assembly and storage impacts the pressure
evolution, and thus safety, in Li-ion cells.

The mixture containing CO, as pad gas (see Fig. 2(c)) leads to up to
20% higher pressure compared to Ar. This may seem surprising as CO,
has a higher solubility, which should lead to fewer molecules in the gas
phase and, thus, a lower pressure. The higher pressure found for CO,
is due to the storage and assembly conditions. In these procedures, gas
is added to a given volume of solvent mixture until the cell volume
is reached. This means that in the case of a compound with higher
solubility, more gas molecules are present in the mixture at 25 °C, when
the cell is assembled. As the temperature is increased, the CO, solubility
in the liquid decreases, and more molecules are found in the gas phase,
with a corresponding increase in pressure.

The calculations serve to identify two key properties for improved
pad gases: the first is a low solubility of the pad gas in the liquid phase
to reduce the number of light component molecules in the system;
the second is endothermic dissolution such that the solubility of the
gas rises with increasing temperature. Argon is found to exhibit both
properties, with a enthalpy of dissolution in DMC of AH ;. /DMC =
7.6kJmol~" [79] compared to AH ;o pyve = —~16.85kJmol™" [77].
However, as it is a noble gas that must be produced with a significant
effort, it might not be economically feasible as an inert gas during

solvent storage or cell assembly, especially on an industrial scale.
Nitrogen is 38% less soluble in linear carbonates [92] than argon at
room temperature, and may hence be a better choice for use on an
industrial scale, as e.g., shown by [93]. Yet, it is known to react with Li
metal [14]; whether it also reacts at high temperatures with a lithiated
carbon electrode is an open question. This adds complexity to the safety
assessment in this context and could be addressed in future studies.

3.1.4. Constant volume vs. constant pressure

We now explore the difference of considering constant volume
vs. constant pressure systems in terms of changes in vapour volume
fraction and resulting heat of vaporisation. Our previous study [3]
suggested that due to evolving gases and, thus, increased pressure in
a closed battery (expandable) cell, solvent boiling is suppressed until
thermal runaway is reached. With the advanced phase equilibrium
model of our current work, we are able to examine the pressure and
volume dependencies in more detail.

A mixture of DMC/EC, 70/30 vol-% with argon as pad gas is investi-
gated under constant volume (constant V,,; = 1.55mL), i.e., resembling
a closed battery cell, and compared with constant pressure calculations
(constant p,,; = 1.01bar), which resembles the behaviour of an open
battery cell. A system that can expand to a maximum of 10 times the
initial electrolyte volume (constant p . = 1.01 bar until V. = 10V,
then constant V,,;; = 15.5mL) is also investigated. The latter case
resembles a pouch cell that does not have rigid cell walls in contrast to
prismatic and round cells.

In Fig. 3(a) the ratio of moles in the gas phase with respect to
the total number of moles in the cell as a function of temperature
is shown, expressed as a percentage in the three systems. For the
case of constant volume calculations, only a small amount of matter
transfer from the liquid to the vapour phase is observed; the percentage
of the vapour phase does not exceed 1%. It can be concluded that
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Fig. 3. Difference between the behaviour of constant volume cells (constant V., = 1.55mL), expandable (constant p.; = 1.01 bar until V,,; = 10V, then constant V,, = 15.5mL),

o

and constant pressure (constant p., = 1.01bar) electrolyte systems in a cell heated slowly to 250°C for a DMC/EC 70/30 vol-% mixture with argon as a pad gas. Effect on (a)
vapour-phase percentage on a molar basis, (b) ratio of heat of vaporisation to heat needed for heating the cell at a constant rate, and (c) the pressure evolution for the closed
and expandable cells. The initial liquid vol-% is set to 70vol-%. Safety pressures are indicated as horizontal lines.

almost no solvent evaporation occurs over the investigated temperature
range for a closed battery cell. It also follows that the cooling effect
due to vaporisation in a closed cell will be almost negligible, which
confirms the findings of our previous studies. The ratio of the energy
of vaporisation to the energy introduced into the system to obtain a
desired temperature in this cell is shown in Fig. 3(b). As can be seen
the ratio is close to 0 over the whole temperature range, i.e., no cooling
effect due to solvent boiling occurs. In contrast to the results from our
previous study [3], the current analysis leads to the suggestion that no
degradation reactions are needed to suppress solvent boiling, as none
are considered in this case.

In the case of the constant pressure cell (constant p.,; = 1.01bar)
a first steep increase in vapour percentage from 80-100°C is seen,
followed by a second less steep increase from 150-200°C. A 100%
vapour fraction is reached at around 210 °C. These changes in slopes
are related to the boiling temperatures of the linear carbonate (around
100°C) and cyclic carbonate (around 200°C), respectively. As ex-
pected, in a constant pressure cell, solvent boiling occurs close to the
boiling point of the lower boiling linear carbonate and continues until
all of the solvents have changed phase. The ratio between the energy of
vaporisation and energy needed to heat the system (Fig. 3(b)) is seen to
sharply increase around 90 °C and reaches a maximum of 4 at 100 °C,
corresponding mostly to the evaporation of the linear carbonate. This
ratio then decreases to reach a (local) minimum of 0.2 at 150°C, as
most of the linear carbonate is in the vapour phase. Thereafter, it rises
again to reach a ratio of 1.1 at 210 °C, corresponding to the increased
phase change of the cyclic carbonates. At higher temperatures, the
ratio drops to 0 since 100% vapour phase fraction is reached and no
further boiling can occur. It follows from these calculations that solvent
boiling would severely influence the temperature progression in an
open cell. Especially since the ratio first peaks around 100-120°C,

where the cooling effect is opposed by a relatively small amount of
heat produced from exothermic reactions, as can been seen from our
previous work [3,5].

The intermediate, expandable case exhibits the same behaviour as
the constant pressure cell up to 97 °C when the maximum cell volume
is reached. At this point, a vapour phase fraction of around 4% is
obtained, which steadily increases to around 40% at 250 °C. The ratio
between the energy of vaporisation and the energy needed to heat the
system drops from 0.2 to almost 0 after reaching the maximum volume.
However, with a further increase in temperature, it increases to 0.1
again. Based on these insights, it can be expected that contrary to cells
with rigid walls, a liquid—vapour phase transition might occur in pouch
cells during the thermal abuse of Li-ion batteries. This could benefi-
cially influence the temperature gradient due to the associated cooling
effect of the phase transition. Another important aspect to consider is
that pouch cells will rupture at lower pressures than those used for
the safety measures of cells with rigid cell walls, i.e., 3 bar [94], see
Fig. 3(c). This speaks against improved safety of pouch cells as, even
considering the more rapid temperature gradient in cells with rigid
casings, this pressure is reached at lower temperatures than pressure
of safety measures in the rigid casings, 10 bar and 20 bar for CID and
safety vent, respectively.

3.1.5. Impact of conductive salt

We investigate the influence of the conductive salt LiPFg on the
pressure evolution during heating for a closed cell. The chosen solvent
system is a DMC/EC 50/50 vol-% mixture with CO, as pad gas.’

! In this case, CO, is used as a pad gas instead of argon since, due to
numerical problems, the systems could not be solved using argon. We do not,
however, expect significant differences in the impact of LiPF; when using Ar.
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Fig. 4. Effect of LiPFy concentration on the behaviour of a cell heated to 195°C with a DMC/EC 50/50 ol-% mixture with CO, as pad gas and 70vol-% initial liquid volume.
Impact on (a) pressure; (b) difference in pressure between the case with no salt and cases with added salt; (c) degree of dissociation.

In Fig. 4(a), the evolution of the pressure over the temperature
range studied is shown for salt concentrations ranging from 0 to
1moldm™3. As can be seen, the overall effect of the presence of salt
is relatively small, with a maximum relative pressure deviation of
5% between 0moldm~> and 1moldm™3. The influence of LiPF, as
the conductive salt is significantly smaller than that of other factors
studied (e.g., solvent composition or pad gases). For a clearer picture
of pressure progressions we show the pressure difference between the
Omoldm—3 case and the cases including salt in Fig. 4(b). We should
note that the graph here is only shown to 195 °C, since after this point
liquid-liquid phase separation occurs, which we deem an artefact of
the model as to the best of our knowledge this behaviour has not
been observed experimentally. The same behaviour occurs for salt
concentrations of 1.5moldm—3 already at 25°C. However, as this has
also not been reported for experimentally studied mixtures [95,96], it
also appears to be an artefact. Therefore, these calculations are omitted
from the presentation.

The reason for the pressure increase due to introducing salt into the
system warrants further exploration. An inspection of literature data
suggests that introducing LiPFg into pure DMC increases its vapour
pressure [80], which indicates weak unlike interactions between LiPFg
and DMC. Even though this contradicts the generally recognised trend
that introducing salt into a liquid mixture will result in a lowering of
vapour pressure (and elevation of boiling temperature) the experiments
serve to confirm the validity of our thermodynamic model.

A further intriguing effect that can be investigated with our model
is the degree of salt dissociation during thermal abuse. In Fig. 4(c) the
degree of dissociation of the salt is shown. As can be seen, it decreases
with increasing temperature and salt concentration. Both effects are
similar in magnitude (+10% change) over the investigated range of
concentrations and temperatures. This can be explained by the fact
that apart from the salt concentration, the degree of dissociation is
mainly influenced by the dielectric constant of the solvent. As shown

in the ESI, the dielectric constant of high dielectric solvents such as EC
decreases rapidly with increasing temperature, from 96 at 25°C to 40
at 200 °C. This explains the lower degree of dissociation observed at
higher temperatures. In operational environments of the battery, the
conductive salt would start to degrade around 80°C [5], such that,
the total salt concentration in the electrolyte would be lower at higher
temperatures.

In conclusion, the salt concentration seems to have no substantial
effect on the pressure evolution within the boundaries of conventional
concentrations around 1 M. This suggests that, based on our current
knowledge, there is no trade-off between safety and performance when
it comes to the conductive salt concentration, which allows for possible
performance maximisation.

3.2. Scenario with a gas-evolving reaction

CO, producing reactions occur in the temperature range up to
250°C [5]. We now consider the principle effect which gases orig-
inating from degradation reactions might have on the evolution of
pressure and vapour-liquid equilibria in Li-ion battery electrolytes
during a thermal event. The example gas used is CO,. Alongside with
H, and CO, CO, is the most measured degradation gas produced in
a thermal event of a Li-ion battery [6,63,64]. We assume CO, to be
released following a Gaussian curve shape, i.e., with an increase and
then a decrease with temperature (see Section 2.4). The total amount
of CO, released is chosen to reflect a conversion of 10, 15, and 20
mol-% of EC in the mixture, respectively. According to results of our
previous publication [5], the conversions of different percentages of EC
correspond to anodes with different thicknesses of the solid-electrolyte
interphase (SEI). For a thick SEI, 10 mol-% EC were reported to react
during the thermal event up to 250 °C. Anodes with a thin SEI, which
were more reactive, showed a decomposition of 20 mol-% EC. Please
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Fig. 5. Influence of a CO,-evolving reaction during cell heating as a function of temperature (a) pressure evolution for varying extents of CO, released in mol-% of EC for a
DMC/EC 50/50vol-% mixture using argon as pad gas; (b) pressure evolution with varying initial solvent compositions with a fixed extent of released CO, corresponding to 15
mol-% EC in a 50/50 vol-% DMC/EC mixture); (c) CO, mole percentage in the gas and liquid phases for varying electrolyte composition. The initial liquid vol-% is set to 70 vol-%
for all cases in (a)-(c); (d) pressure evolution with varying levels of initial liquid volume fraction for an extent of conversion of 15-mol-% of EC to CO, in a DMC/EC 50/50 vol-%

mixture with 70vol-% liquid volume system.

note that the analysis in the current work should only be considered
as a first step in assessing reaction impacts on the pressure evolution.
To gain a more accurate insight into the complex interdependency of
gassing reactions, phase equilibria, and pressure evolution, a detailed
analysis including a complete set of degradation reactions and a wider
variety of evolving gases with their respective solubilities, needs to be
considered in the future.

In Fig. 5(a), the results for a scenario with CO,-evolving reaction
with three different CO, amounts are shown for a closed cell (constant
Ve = 1.55mL) with a DMC/EC 50/50 vol-% mixture using argon
as pad gas. These calculations are compared with those for the sys-
tem without CO,-evolving reaction. As can be seen in the figure, the
evolving gas tremendously amplifies the evolution of pressure with
increasing temperature. The maximum deviation compared to the case
with no CO,-evolving reaction is 200% for the 10 mol-% EC conversion
and further increases to 500% in the 20 mol-% EC conversion case. For
all CO, amounts released, the cell reaches the CID activation in the
range from 105°C to 125 °C. Furthermore, the safety valve will open
in all cases over the temperature range from 142 °C to 175 °C. This is in
the reported temperature range of venting in ARC experiments [7,97].

In Fig. 5(b) we analyse the impact of solvent compositions in
combination with a gas source mimicking a gas-releasing reaction.
This is achieved by fixing the amount of EC converting to CO, to an
absolute value of 15mol-% of EC in a DMC/EC 50/50 vol-% mixture,
independent of solvent composition. This analysis aims to provide a
qualitative understanding of the impacts of different compositions on
pressure evolution based on the change in gas solubility.

The highest pressure can be observed for the DMC/EC 30/70 vol-
% mixture. The system reaches the safety valve pressure at 140°C.
The DMC/EC 50/50vol-% mixture exhibits a slightly lower pressure
evolution, with a maximum deviation for the DMC/EC 30/70 vol-%

10

case of up to 10%. The lowest pressure in the investigated temperature
range is observed for the DMC/EC 70/30 vol-% mixture. Interestingly,
higher amounts of low-boiling linear carbonate DMC do not lead to
higher pressures. This contrasts with our findings for non-reactive
systems, where increasing amounts of low-boiling linear carbonates led
to an increased pressure (see Section 3.1.2). This result suggests that a
deeper look into the underlying processes is needed.

In Fig. 5(c), the corresponding CO, fractions in the vapour phase
and liquid phase are shown. The vapour mole fraction of CO, exhibits
a steep increase around 50 °C for all cases. It peaks between 140 °C and
150°C depending on the studied cases to then decline again. The first
steep increase corresponds to the start of the pseudo-reaction modelled.
By contrast, the later decline can be explained by a reduction in CO,
released and an increased amount of the solvent components in the gas
phase. Generally, the CO, vapour mole fraction aligns with the pres-
sure increase, exhibiting the highest value for DMC/EC 30/70 vol-%,
followed by DMC/EC 50/50 vol-% and the lowest for DMC/EC 70/30
vol-%.

The liquid phase CO,, on the other hand, does not follow this
pattern. The highest liquid mole fraction for CO, is observed for
DMC/EC 70/30 vol-%, followed by the DMC/EC 50/50 vol-% reference
and eventually the DMC/EC 30/70 vol-%. The reason is the higher
solubility of CO, in DMC over EC. The more linear carbonates present
in the mixture, the more CO, can dissolve in the liquid phase, thus
mitigating the pressure increase. This indicates that the amount of
reaction gases and their solubility in the solvent mixture define the
pressure progression during a thermal event in Li-ion batteries.

Consequently, considering a gas source mimicking gas-releasing
reactions suggests a re-evaluation of our previous understanding; the
safety of cyclic carbonates and the perceived risk of linear carbonates
are reversed. From these findings, a general rule regarding the choice of
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solvents can be deduced: if gas-releasing reactions cannot be avoided,
the solvents should be chosen or designed so that the evolving gases
have high solubility in them. In our case, we considered CO, as degra-
dation gas, which has a higher solubility in linear carbonates than cyclic
carbonates. Therefore, from a safety perspective, linear carbonates are
favoured. However, this may change if gases with higher solubility in
cyclic carbonates are added to the analysis.

CO, and the further typical measured degradation gases H,, CO,
and C,H, make up above 90% of measured gases [6,63,64]. For all
gases mentioned the solubility is higher in linear than in cyclic carbon-
ates [79,98-101]. Gases like PF5 and POF;, from the decomposition
of LiPF¢, are also found to evolve in the early stages of a thermal
event [88,102]. For these, no solubility data is currently available.
Thus, their influence on the pressure increase during a thermal event
cannot be addressed here. However, since most gases from degrada-
tion reactions are shown to be more soluble in linear carbonates and
due to the higher reactivity of cyclic carbonates with the negative
electrode [103], it is doubtful that a higher concentration of cyclic
carbonates will lead to lower pressures and, therefore, safer batteries.

Furthermore, we re-evaluate the liquid-to-void volume percentage
during manufacturing at room temperature and how a including a gas
source impacts it. In Fig. 5(d), a variation in liquid vol-% (of 70, 80 and
90 vol-%) is shown for a DMC/EC 50/50vol-% mixture. We assume
composition-independent reaction, based on 15mol-% conversion of
EC in a DMC/EC 50/50 vol-% mixture with 70vol-% liquid volume
Compared to previous cases, the assumption of constant vol-% has to
be added since an increased liquid volume also increases the molar
amount of EC in the system. Below 100 °C, the pressure evolution is
almost identical, showing a maximum deviation of below 2%; see ESIL
At this point, all cases reach the CID activation pressure of 10 bar.
Above 100 °C, the cases with a higher electrolyte filling show a slightly
higher pressure than the 70 vol-% reference. However, the difference is
less than 5% even for the 90 vol-% case. Due to the minimal differences
in pressure increase, all cases reach the venting pressure of 20 bar
in a temperature window of 142°C-144°C. This additional analysis
reinforces our prior conclusions regarding the liquid-to-gas volume
ratio. It indicates that the ratio can be safely raised from the previously
reported figures of 50 vol-% [9] and 70vol-% [90], to at least 85 vol-
% without significantly increasing safety risks, such as venting of the
battery at lower temperatures.

3.3. Discussion on transferability of the results

Pressure evolution during the thermal abuse of Li-ion batteries
depends on the evolving gases and their vapour-liquid equilibria with
the solvents, i.e., the solubility of corresponding gases. In our current
study, we provide important insights into the underlying principles and
proposed mitigation strategies. However, since the system studied does
not include a full reaction model, here presented mitigation strategies
focus on the electrolyte impact. In a real system, additional processes
and additives are present, whose quantitative effect needs to be studied
in future.

For example, state-of-the-art electrolyte formulations for Li-ion bat-
teries contain several functional additives [104]. These will impact the
vapour-liquid equilibria, i.e., the boiling point and gas solubility, in
several ways. We consider the boiling points of some pure compounds
for a first assessment of the expected impact of such additives. Boiling
points higher than the low-boiling linear carbonates, i.e., above 108 °C
for DMC or 115°C for EMC, will potentially lower the pressure of the
mixture. The film forming additives vinylene carbonate (VC), T, yc =
162°C [105], fluoro ethylene carbonate (FEC), T, ggc = 212°C [106],
and the flame-retardant additive dimethyl phosphate (DMP), T, pyp =
171 °C [107], all have higher boiling points than the solvents. Thus,
they should decrease the pressure.

In the previous section, we showed that gas solubility has a higher
influence on the vapour-liquid equilibrium than the boiling points
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of the solvents. Future studies that consider evaluating the impact
of additives on vapour-liquid equilibria and pressure evolution in Li-
ion electrolytes will, thus, require identifying solubility parameters for
these additives.

Moreover, the largest uncertainty stems from the unknown impact
of the myriad of gas-evolving degradation reactions. Since in our
current study we focus on the vapour-liquid equilibrium, we cannot
say with certainty how changing the electrolyte composition or the
addition of additives will alter the pressure evolution due to altering the
reaction pathways of the system. However, it provides evidence of the
dramatic influence that degradation reactions can have on cell safety.
Our study also serves as a starting point to provide important insights
for electrolyte design and to open doors for future research endeavours.

4. Conclusions

Pressure evolution in Li-ion batteries is an essential factor when
assessing battery safety at elevated temperatures. In the current work
we have introduced a model-based assessment of the thermodynamic
effects of electrolyte composition on pressure evolution using a vapour—
liquid equilibrium model based on the SAFT-y Mie group-contribution
framework. This has allowed us to investigate the influence of varying
the solvent composition, the gas solubility, the conductive salt LiPFg
concentration, and CO,-evolving reaction on the pressure at phase
equilibrium during heating of the cell to 250 °C.

We reveal that a battery optimised for volumetric energy density
with low or no gas volume left would suffer severe safety issues. The
expanding liquid phase will lead to a dramatic pressure rise even
below 100°C. However, in commercially available cells, there is still
room for optimisation. In the absence of degradation reactions, the
presently employed liquid volume percentage of 70 to 50 vol-% could
possibly be increased to 85vol-% without elevated safety risk below
200°C, according to our calculations. This is also shown for systems
considering a simplified gassing reaction.

Further, we find that the choice of low-boiling linear carbonates,
such as DMC and EMC, is crucial in non-reactive systems. The choice
of the higher-boiling EMC over the lower-boiling DMC can decrease the
pressure up to 39%, see Fig. 6. When considering different pad gases,
a gas with high solubility increases the pressure, up to 20%, see Fig.
6. From this observation, the general rule is that an optimal pad gas
should have a low solubility in the solvent mixture and further increase
its solubility with increasing temperature. Argon or other noble gases
are good examples exhibiting both characteristics. However, as they
must be produced with significant effort, nitrogen, which is already
used in industrial settings, is an equally good alternative due to its
lower solubility than argon.

A comparison of different cell casings leads to the conclusion that
almost no solvent boiling would occur in a closed cell. On the other
hand, when considering expandable systems, such as pouch cells, evap-
oration was found to occur to a noticeable extent. This may act as a
considerable heat sink in the early phase of self-heating. Comparing an
expandable pouch-cell with a rigid cell casing, such as a prismatic cell,
showed a 50% higher pressure in the rigid cell casing, see Fig. 6.

Adding LiPFg as the conductive salt is found to give rise to only a
slight 5% deviation, see Fig. 6, in the system pressure compared to the
solvent system without added salt, indicating that it is not a significant
factor. Based on our current understanding, the LiPF4 concentration can
be optimised to maximise performance without compromising safety, as
no negative effect on safety has been identified.

Finally, we find that even mild gas-releasing reactions can trigger
safety valve opening over the analysed temperature range from 25 to
250 °C. The higher solubility of CO, in linear carbonates has a higher
and indeed dampening impact on pressure evolution, leading to a up
to 20% lower pressure for systems with higher concentrations of linear
carbonates (see Fig. 6). This is even despite their low boiling points,
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Fig. 6. Comparative figure illustrating the impact of solvent composition, conductive salt, pad gas, casings and solvent composition under gassing conditions on pressure evolution

by showing the maximum deviation in each study.

which, in contrast, accelerates the pressure evolution. The solvent sys-
tem should thus always be chosen so that the solubility of possible gases
stemming from degradation reactions is as high as possible. Comparing
the solubilities of other common degradation gases in linear and cyclic
carbonates showed that most reaction gases are more soluble in linear
than in cyclic carbonates.

Future studies may address the open challenge of incorporating a
more thorough reaction network to study the interwoven effects of
evolving reaction gases caused by elevated temperatures, the resulting
pressure increase, and its subsequent effect on the underlying reactions.
The current assumption of maintained phase equilibria at all times is
only valid for slow heating rates. Future works could address this by
moving to a model that incorporates mass and heat transfer limitations.
Eventually, this will allow one to obtain a holistic picture of a different
batteries based on their electrode and electrolyte chemistries.
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