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General introduction

1.1 Context

Lithium-ion battery (LIB) is one of the most important energy storage technologies available today,
thanks to their high specific energy densities and stable cycling performance [1, 2]. The challenging
requirements for LIB technology are (i) the targeting of lower cost systems, (ii) achieving higher
performance with a longer lifetime (>10 years for automotive applications), (iii) allowing fast-
charging (<20 min for 80% state of charge (SOC)), and (iv) providing low temperature cycling. At
the same time, these expected improvements should not compromise safety performance, which
must remain excellent in all situations (i.e., over the whole lifetime, including in all weather and

abuse conditions) [3].

However, LIBs contain flammable electrolytes, and thus not only do they store electrical energy in
the form of chemical potential energy, they also store chemical energy (especially compared to
cells with water-based electrolytes) in the form of combustible materials [4]. Therefore, when LIBs
are operated improperly, either outside of the specifications of its manufacturer or due to cell
defects, electrical and chemical energies inside the cells can be unintentionally released and lead
to gassing, fires, or even explosions. During these incidents, the most energetic catastrophic
failure of a LIB system is a cascading thermal runaway event. This is characterized by a deficit of
energy evacuation versus energy accumulation in the cells, leading to uncontrollable overheating
of the battery system. In general, this energetic failure occurs when an exothermic reaction gets
out of control. As the temperature of the battery rises to a certain threshold, the exothermic
chemical reaction rate inside the battery increases and further heats up the cell. The continuously
rising temperatures may trigger cascading chain reactions [3, 5] and result in uncontrolled
flammable and toxic gassing, fires, and explosions, which are especially critical for large battery
packs. This complex event involves multi-scale phenomena ranging from internal physico-chemical
to battery components reactions (electrodes, electrolytes and separator) and further to the
thermal propagation of cell core and safety features (CID, PTC disk, Pressure disk, Button vent,
steel can). This is considered the key to battery safety concerns. Therefore, understanding the
causes and processes of thermal runaway is especially important to guide the design of functional

materials and improve the safety and reliability of LIBs.
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Since the commercialization of LIBs by Sony Inc. in 1991 until today, recurrent incidents involving
LIBs undergoing thermal runaway have been reported worldwide in electronics devices such as
cell phones, laptops, and electric vehicles, and even auxiliary power units powering commercial
aircrafts [6, 7]. Although these incidents are highly unlikely, they are reminders that safety is a
prerequisite for batteries, whatever the level of innovation, and that understanding the causes
and processes of thermal runaway of high-energy LIBs before their applications is essential to

guiding the design of functional materials and improving the safety and reliability of LIBs.

Battery safety is becoming even more critical with the emergence of highly reactive Ni-rich LIBs in
the market. These batteries are commercialized to meet novel energy- or power-demanding
applications and are expected to dominate the market in the coming years, likely until the
occurrence of a new technological breakthrough. This novel battery generation of such high
energy density and more intrinsically reactive materials could possibly lead to more catastrophic
events involving thermal runaway. Future safe and sustainable use of such innovative chemistry
batteries requires at an early stage a comprehensive characterization of the properties impacting

their safety profile.

According to recent literature [8—13], aging of LIBs has a notable impact on the abusive behaviour
of thermal runaway. Aging is an inevitable degradation process which leads to capacity loss and
internal impedance increase, thereby, loss of rate capability and cell performance during the
whole lifetime of Li-ion batteries. It links closely to the inherent safety issues inside Li-ion
batteries. Several studies confirmed that SEI Growth aging seems to play a critical role in thermal
runaway. In the context of emerging higher capacity Li-ion batteries including Ni-rich high energy
technologies, Li Plating also seems to have a notable impact on the behaviour of Li-ion cells in
thermal abuse conditions through increased risk of short circuit, and hence higher sensitivity to
thermal runaway [9-11, 14, 15]. Therefore, two main safety-focused aging mechanisms in LIBs are

SEl growth and Li deposition/plating.

In this context, there is a clear need to better understand the underlying specific electrochemical

and thermal behaviours of these cells in both normal and abuse conditions across their lifetime.

Former IFPEN/INERIS/LISE thesis of Sara ABADA [16, 17] on the thermal runaway of Li-ion batteries

has focused on the previous generation of Li-ion batteries (essentially LFP/Graphite) [16] which



has shown that thermal runaway is triggered through a series of exothermic reactions which occur
in cascade at higher or lower temperatures. The work led to the development of a methodology to
model the thermal runaway at cell scale and subsequently to the prediction of the battery state of
health. They confirmed that SEI Growth driven calendar aging seems to play a critical role in
thermal runaway. However, the impact of SEl driven cycling aging was not covered and some
initial choices (such as the study of low-reactive Li-ion technologies) and constraints have limited

the scope of this work.

Accordingly, and inspired by the works of Abada et al. [13, 16, 17], and other researchers [18, 19],
this thesis, within the framework of IFPEN/INERIS/LRCS collaboration, aims to go deeper into the
understanding and modelling of this complex multi-physics phenomenon, featuring the thermal
runway process at cell scale, taking into account the intertwined impact of the novel highly
reactive Ni-rich technologies (NMC811 or NCA positive electrodes in combination with graphite-
SiOx composite negative electrodes) and the influence of aging with 2 target degradation
mechanisms: SEl evolution and Li Plating, in order to understand what are the keys to inherently
safer highly reactive Li-ion batteries during usage. It is a matter of establishing the link between
the materials used (electrodes, separator, electrolytes) in high energy density and intrinsically
reactive Li-ion battery technologies, the degradation products during cell aging (mainly SEI
evolution during cell lifetime and Li deposition during cold recharges) and thermal runaway
kinetics. The role of aging on thermal runaway is extendedly studied by adding the impact of SEI-
focused cycling aging and Li deposition/plating phenomenon occurring during cold recharges. In
addition, the cells are analysed at all stages (new, after aging and after runaway). This is a
prerequisite for adapting experimental, analytical, and modelling tools, as developed in previously
performed studies, which are essentially validated for more mature and less reactive positive and
negative chemistry combinations [20-22] in order to expand their applicability to innovative

energetic chemistries.

The model developed can be implemented to understand the electrical or thermal initiation of the
phenomenon of thermal runaway. This is critical step for future projects on avoiding this
undesirable phenomenon and its propagation within battery cell and further battery pack

regarding its design.



1.2 Research strategy and scientific approach

The methodology for investigating the thermal runaway through combined experimental and

modelling studies is presented within 3 main work packages (WP) in the thesis:

= The first WP deals with the study of the effect of high energy density technologies on
safety: Ni-rich positive electrode materials with a novel negative electrode technology:
SiOx-Graphite Composites;

= The second WP aims at understanding underpinning mechanisms and relationship
between calendar and cycling aging and safety focusing on 2 target degradation
mechanisms: SEl evolution as a function of temperature and Li Plating (under low
temperature conditions);

= The final WP deals with the development of a consolidated thermal runaway 3D model and

the implementation of test protocols for model calibration and validation.

This three step research strategy relies on the achievements of several previous works [13, 16, 17]
[18, 19] and on the combination and synergisms offered by combined experimental and modelling

studies (Figure 1).
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Figure 1: Project strategy: Combined experimental (left) and modelling (right) studies.

The modelling study is included in the final WP of the project which leads to the development of a
3D extended thermal runaway model to predict the behaviours of different Li-ion batteries nearby
and during thermal runaway. The main goals of the experimental study were to perform the

thermal runaway on LIBs at different state of charge (SOC) and different aging states to provide



sufficient databases for predictive model calibration and validation considering different factors

impacting the battery safety at cell level.

The thesis works will be presented in this manuscript which consists of 4 chapters:

The first chapter presents the bibliography study carried out during the thesis which consists of
the state-of-the-art literatures on the development of Li-ion batteries, their aging and safety
aspects. Especially, the thermal runaway process of Li-ion batteries, its activation and
consequences, will be discussed. At the end, the state-of-the-art developments of thermal

runaway modelling will be exposed.

The second chapter is devoted to the results of the experimental works associated with the
requirements of the calibration and validation of the extended thermal runaway model. The
experimental results of cell analysis as well as their aging campaign will be firstly presented. Then
the results of thermal abuse tests dedicated to the calibration and validation of the thermal

runaway model will be discussed.

The third chapter is dedicated to the development, calibration and validation of the extended
multi-physics thermal runaway 3D model at cell scale on COMSOL Multi-physics software. This
model is obtained via the coupling of 5 sub-models as illustrated in Figure 1. The imperfections

and limitations as well as the advantages of the model were also highlighted in this chapter.

Using the developed model, the fourth chapter carried out the parametric simulation study which
investigates the influence of different impact parameters on the phenomenon of thermal

runaway.

Finally, the conclusions extracted from the key points of this thesis work are presented at the end

of this manuscript, with the emphasis on the perspectives for future research.



Chapter 1. Literature review on LIB general

safety and aging-driven safety aspects

“Life can only be understood backwards, but it must be lived forwards.”

- Soren Kierkegaard
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1.1 Li-ion batteries

1.1.1 Working principle
The cell consists of 4 major components [4]:

1. The negative electrode or anode -the reducing electrode- that gives up electrons to the
external circuit during discharging and is oxidized during the electrochemical reaction.
Negative electrodes of LIBs are commonly made from carbon/graphite-containing

polymer slurry coated onto a Cu current collector.

2. The positive electrode or cathode -the oxidizing electrode- that accepts electrons from
the external circuit during discharge and is therefore reduced during the redox process.
Positive electrodes of LIBs are mainly made of metal oxide active materials coated onto

an Al current collector.

3. The electrolyte -the ionic conductor- that provides the medium for transfer of charge, as
ions, inside the cell between the negative and positive electrodes. The electrolyte is
typically a liquid solvent, with dissolved salts, to impart ionic conductivity. Some batteries
use solid electrolytes, which are ionic conductors at the operating temperature of the

cell.

4. The polymeric separator acts as a barrier between the two electrodes. It prevents
physical contact between the positive and negative electrode, while facilitating ion

transport in the cell.

Li ion batteries are able to be charged and discharged many cycles; which are referred to as
secondary or rechargeable batteries. The functioning of a Li-ion electrochemical cell can be

briefly summarized in Figure 2.
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Figure 2: Schematic representation of the rocking chair model of a Li-ion cell [4].

The Li* ions will be transported between the positive and the negative electrodes during
cycling. While the Li* ions travel through the electrolyte (green arrow), the electrons shuttle
between the electrodes through an external circuit (red arrow), connected to the cell via
their respective current collectors, in the presence of a load, in the same direction as the
ions. During charge, at the positive electrode, the insertion compounds ionize giving out Li*
ions and electrons that move to the negative electrode through the electrolyte and current
collector, respectively, where they recombine at their respective insertion compound. The

vice versa occurs during discharge. This is illustrated in the equations below:

At positive electrodes:
discharge

Li;_yA,B, +xLi* +xe~ LiA,B,

charge

At negative electrode:
discharge
LixM,N, xLi* +xe™ + M,N,
charge

Li* ions intercalate (or insert) and de-intercalate (or de-insert) into/from the complex

compounds of electrodes. The Li atoms diffuse through the material to either occupy the



vacant space present in the structures or proceed to the outer surface of the material to

oxidize.

1.1.2 Cell technology

While the term battery is often used, the basic battery unit is referred to a battery cell. The
battery cells are classified mainly based on their technology of cell negative and positive
electrode active materials because they directly correspond to the amount of energy stored
in the cell and also indicate the cell performance. Since the commercialization of LIBs in 1991
by Sony Inc., the technology of LIBs has been growing diversely and expected to further

growing in the future. The most common cell technologies are illustrated in Figure 3.

'
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Figure 3: Li ion technology overview (inspired by [23]).

1.1.3 Cell type

Batteries can also be grouped based on their specific energy (power) or energy (power)
density. Specific energy (power) is defined as the energy (power) per unit mass and is given
by Wh/kg (W/kg). In addition to this, energy (power) density is defined as the energy
(power) per unit volume and is given by Wh/L (W/L). In the context of Li-ion batteries, there
are generally 3 cell types: High energy cells for high energy applications, High power cells for

high power applications and Balanced cells for balanced energy and power applications.
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High energy cells would require thicker electrodes in order to have the capability to store
more active material. The rate of supply of Li* ions, that directly corresponds to the power
capability of a cell, could be achieved by the use of thinner electrodes (because thinner
electrodes correspond to lower resistance to the transport of Li* ions) which is contrary to
obtaining high energy. This is a trade-off one must deal with, when designing batteries but

the choice is primarily driven by the type of application.

1.1.4 Cell and module assembly

When battery cells are connected in series or parallel, or both, they can give the desired
output voltage and capacity. Therefore, module assembly strongly depends on the required

energy/power of the application.

The important design factors considered are the form and the nature of cell case. There are

3 cell formats available today which are Cylindrical, Pouch and Prismatic cells (Figure 4):

Single cell Battery module

B / Vattery pack
- A cylindrical

\ﬁ_g/

prismatic

Figure 4: Battery module and battery pack assembly [24].

Cylindrical cells

Name code for this cell designation usually is “abcde”: the first two digits ab define cell
diameter in millimetres and the next three digits cde define cell length in tenths of
millimetres. Therefore, the 18650 indicates a cylindrical cell with a diameter of 18 mm, and a
length of 65.0 mm. Nowadays, the 18650 is one of the most common cylindrical cell size. Ex:

The Tesla Roadster battery pack is composed of approximately 6800 18650 cells [4].
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This cell format is constructed by winding long strips of electrodes into a “jelly roll”
configuration. Electrode rolls can be inserted into hard case which is usually a “deep drawn”
can that only require formation of a seal at one end cap to minimize the possibility of cell
leakage [4]. The end cap closure is accomplished with gaskets (typical of 18650 cells) (Figure
5).

Figure 5: Cap assembly cross section of an 18650 cell with sealing gasket indicated [4]

The gasket acts as an enclosure of the hard case which is composed of metal: usually nickel-
coated steel. Since the hard case and enclosure are negative, they are at least partially

covered with shrink-wrap to provide electrical isolation [4].

Prismatic cells

This cell format is constructed often by winding and flattening electrodes into a pseudo-
prismatic jelly roll (typical for high-rate capability prismatic cells). Electrode stacks can be

inserted into hard cases that are usually laser-welded [4].

Pouch cells

Soft-pouch cells (also known as Li-ion polymer, soft-pack polymer, Li polymer, or Li-Po cells)
have an enclosure of polymer-coated aluminium foil. This enclosure allows production of
light and slender cell designs that are not possible to make in a hard case format. A soft-
pouch cell may be embedded in a device and the device case itself may provide mechanical

protection to prevent the incident of thermal runaway [4, 25].

1.1.5 Cell components

This section focuses on the major components of Li-ion cells.

11



1.1.5.1 Negative electrode
Negative electrode includes active materials which are responsible for energy (Li*) storage

and inactive components that are required for the operation of active materials.

Active materials

The oxidation of Li to Li* ion has the lowest electrochemical potential, thus, Li metal foil
would be an ideal choice for a negative electrode in a Li-ion cell. However, they are known to
exhibit severe safety issues, arising from growth of Li metal dendrites causing short circuits
when it comes in contact with the positive electrode. Dendrites are formed due to Li Plating
on the Li foil electrode when the negative electrode potential reaches the Li°/Li+ couple

potential (Figure 6):

surface layer surface layer
Li metal ‘ electrolyte cathode Li metal l electrolyte cathode
= Li*
/Li' i
e,
= \
Lr Li*

Ny
=
"
—

Figure 6: Safety problems with Li metal negative electrode. Li deposition during charge (left)

and Li dissolution during discharge (right) [26]

This led to the searching and discovery of alternate electrodes which are Li insertion-based

compounds with a similar operating potential range as that of the Li metal.

The most widely used commercially viable negative electrode is graphite because of its
abundance on the earth and low cost, good electrochemical properties and also good
theoretical capacity of 372 mAh/g. The electrolyte has a stable potential domain, however,
unfortunately the potential of the lithiated graphite is outside of this domain. Therefore,
mixtures of lithiated graphite (or Li metal) and organic electrolyte are not
thermodynamically stable. As a consequence, the reactions between them will occur and
produce a passivation layer on the negative electrode which is commonly referred to as the
solid electrolyte interphase (SEIl). SEl is essential for the cycling ability of this technology and

will be explained in the forthcoming paragraph.
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Li titanium oxide (Li,Tis0,, (LTO)) is an interesting alternate electrode thanks to its good
power density and cycling stability. However, the combustion of large scale LTO battery is
still concerned, especially at high SOC level [27]. Moreover, its energy density and its
nominal reduction potential are far off when compared to Li. There are also newer negative

electrode materials such as alloying materials (such as silicon (Si) [28], tin (Sn) [29]).
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Figure 7: Crystal structures of (a) lithiated graphite, (b) Li titanate (LTO), and (c) silicon
during lithiation and (d) charge—discharge profiles against Li metal foil at low

charge/discharge rates, showing specific capacity and voltage hysteresis [30]

Crystal structures, performance and properties of these positive electrode active materials

are illustrated on Figure 7 and Table 1.

Table 1: Properties of some commonly used negative electrode active materials [30, 31]

Material Lithiation potential (V) Delithiation potential (V) D (em?s™") Volume change
Graphite 0.07, 0.10, 0.19 0.1,0.14, 0.23 107 ""-1077 10%

LTO 1.55 1.58 107 "2-107" 0.20%

si 0.05, 0.21 0.31, 0.47 107 "3-107" 270%

Ge 0.2,03,05 0.5, 0.62 107'2-107"° 240%

Sn 0.4, 0.57, 0.69 0.58, 0.7, 0.78 107'%-107 "3 255%

Li,0 (amorphous) N/A N/A 5x 10725 x 107'° N/A

Among all alloying materials, Si has received the most attention due to its relatively low
average delithiation potential, extremely high gravimetric and volumetric capacity,
abundance, lost cost, chemical stability and especially non-toxicity [30]. Therefore, with the
main objective of combining the cycling stability of graphite with the high capacity of Si, the
blending of Si or SiOx with graphite got the market interests. This novel negative electrode

technology will be further studied in this scoping thesis.
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Inactive components

There are inactive components in the negative electrode side such as: binder, conductive
additives and current collector. Binder is responsible for holding the particles of the active
material particles together. Some commonly used binders are PVdF (Polyvinylidene fluoride),
CMC (Carboxymethyl cellulosis) [32], SBR (styrene butadiene rubber) [33], PAA (polyacrylate)
[34]. Conductive additives provide a path of good percolation for electrons in the solid
matrix. The most well-known conductive additive is carbon blacks with specialties such as
VGCFs (vapour-grown carbon fibres), CNTs (carbon nanotubes) [35]. Cu current collector at
the negative electrode can include some reagents (carbon coatings for example) to improve

adhesion / electrical contact with electrode material [35].

1.1.5.2 Positive electrode

Active materials

There are 4 types of insertion-based positive electrodes: 2D layered, 3D spinel, olivine and

tavorite. Tavorite cells are not yet commercialized.

3D spinel of LiMn,0, (LMO) technology enjoyed great success and was the major topic of
research for several years, however, this technology has constraints of low specific capacity

and low stability with electrolyte.

Olivine type crystal structure of the form LiMPO,, such as LFP (LiFePO,) has been
investigated in the recent years because of its low cost, high-rate capability, high specific
capacity and also low toxicity. LiFePO, cells are widely manufactured across the world for

portable electronics, power tools and automotive applications.

2D layered oxide of the general form LiMO, (M is a transition metal such as Ni, Co or Mn)
has a structure of two-dimensional layered sheets. The first known battery used for

electronic devices is LiCoO; (LCO).
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Figure 8: Crystal structure of (a) layered (LiCoO;), (b) spinel (LiMn;04), (c) olivine (LiFePQa),
and (d) tavorite (LiFeSO4F) and (e) typical discharge profiles of some positive electrode

materials [30].

However since Co is expensive and due to safety issues, it was partially substituted by other
elements such as Ni, Al and Mn. As a result, there are other technologies with layered
structure namely NCA (LiNiggCoq15Alg050,) and the NMCs family (LiNizMn,Co,0,).
Crystal structures, performance and properties of these technologies are summarized and

illustrated on Figure 8 and Table 2.

Table 1: Characteristics of representative intercalation positive electrode compounds;
crystal structure, theoretical/experimental/commercial gravimetric and volumetric

capacities, and level of development [30].

Crystal Compound Specific capacity (mAh g™ ") Volumetric capacity Level of
structure (theoretical/experimental/typical (mAh cm 3) (theoretical/ development
in commercial cells) typical in commercial cells)

Layered LiTiS, 225/210 697 Commercialized
LiCoO, 274/148 /145 1363/550 Commercialized
LiNiO, 275/150 1280 Research
LiMnO, 285/140 1148 Research
LiNio.33Mng33C00.330, 280/160 /170 1333/600 Commercialized
LiNiggC00.15Alp.0505 279/199 /200 1284/700 Commercialized
Li;MnO; 458/180 1708 Research

Spinel LiMn;04 148/120 596 Commercialized
LiCo,04 142/84 704 Research

Olivine LiFePO, 170/165 589 Commercialized
LiMnPQO, 171/168 567 Research
LiCoPO, 167/125 510 Research

Tavorite LiFeSO,4F 151/120 487 Research
LiVPO4F 156/129 484 Research
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Among all the commercialized technologies mentioned above, 2D layered structure namely
NCA and the NMCs family can reach the capacities of 200 mAh/g or more, depending on the
Ni content. NMC111 shows the highest thermal stability while Ni-rich NMCs shows low
thermal stability. Focus shifted towards Ni-rich high energy layered oxides recently due to
the needs of increasing energy density applications. These novel positive electrode

technologies will be further studied in this scoping thesis.

Recently, an interesting hybrid technology, namely NCMA, was presented in the works of
Kim et al. [36, 37]. The concept is to combine the NCA and NMC technologies within a single
particle resulting in microstructural attributes that improved its cycling stability and also
thermal stability. Their first hybrid positive electrode NCMAS89
(Li[NigggeC 09 0a9MngosAlyo15]0,), consisting of a core of NCA89 (89% of Ni content)
encapsulated by NMC90 (90% of Ni content), provides an exceptionally high discharge
capacity of 225 mAh/g at 4.3 V and 236 mAh/g at 4.5 V. As seen in Figure 9, it is capable of
outperforming both NCA89 and NCM90 with similar Ni contents in terms of cycling and

thermal stabilities.
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Figure 9: (Left) Comparison of the performance of NMCA89 vs NCA89 and NM(C90 positive
electrodes; (Right) DSC profiles for the NCA89, NCM90, and NCMA89 measured in their
second charged state (Liy ;M 0,) in the presence of 1.2 M LiPFs EC:EMC = 3:7 [37].

By in situ XRD analysis, they explained that thanks to the slight volume contraction/
expansion during the phase transition of this hybrid technology and together with the

enhanced intrinsic mechanical strength of its active single-particles, this is sufficient to
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suppress micro-crack which was the key to ensure its long-term cycling stability and also

higher thermal stability [36, 37]

Inactive components

Inactive components in the positive electrode side also compose binders, conductive
additives and current collector. Some well-known binders nowadays are PVDF, SBR [38]. The

current collector metal is aluminium.

1.1.5.3 Electrolytes

Electrolyte provides the medium for transfer of charge, Li ions, inside the cell between the
electrodes. The use of a solid electrolyte has been the focus of the battery narrative lately,
but it is still at the material selection phase of development. In the scope of this research, we
focus only on the liquid electrolytes of LIBs. Liquid electrolytes for LIBs should have high
ionic conductivity and be insulator for electrons, low viscosity, aprotic, liquid over a broad
temperature range, high stability, nontoxicity, low flammability, and most importantly good

solid electrolyte interphase (SEI) forming properties (SEl will be explained in section 1.1.6).

The organic liquid electrolyte inside commercialized LIBs is critical to the safety because they
compose the intrinsically flammable organic solvents [39, 40], therefore, researchers keep
seeking a more stable electrolyte system to improve the intrinsic safety of Li ion batteries
[41]. They are also developing innovative and optimized electrolyte systems based on room-
temperature molten salts (i.e., ionic-liquids), polymers, a combination of solid and liquid
electrolyte, or ceramics. The improvement of the thermal stability must consider the trade-
off of safety, longevity, and specific capacity. Many trials were inapplicable in commercial

use because of their poor performances in the longevity or the specific capacity [3].

Commonly used electrolytes (commercialized)

The most commonly used electrolyte solutions contain solvated Li-ions, which are provided
by Li hexafluorophosphate (LiPF¢), dissolved in Alkyl Carbonate solvents such as: Ethylene
Carbonate (EC), Dimethyl Carbonate (DMC), Diethyl Carbonate (DEC), Ethyl methyl
carbonate (EMC) and propylene carbonate (PC) [42]. The mixture ratios vary depending

upon the desired cell properties.
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Table 2 shows the measured flash points, auto-ignition temperatures, and heats of

combustion of some typical Li-ion cell organic electrolyte components:

Table 2: Measured flash points, auto-ignition temperatures, and heats of combustion
of some typical Li-ion cell organic electrolyte components [4]

Electrolyte Molecular Melting  Boiling :éasga:e Flash Auto-Ignition Heat of
Component Formula Point Point p(torr) Point Temperature Combustion
Propylene -20.1 kJ/mi
Carbonate CsHgO3 -49°C 242°C (.13 at20°Cc 135°C 455°C ' m
-4.8 kcal/ml
(PC)
Ethylene -17.2 kd/mi
Carbonate C3H403 36°C 248°C 0.02at36°C 145°C 465°C ’
-4.1 kcal/ml
(EC)
Di-Methyl -15.9 kJ/ml
Carbonate C3HgO3 2°C 91°C 18 at 21°C 18°C 458°C ’ m
(DMC) -3.8 kcal/ml
Diethyl -20.9 kJ/ml
Carbonate CsHigOs  -43°C  126°C  10at24°C  25°C 445°C ol
-5.0 kcal/ml
(DEC)
Ethyl methyl None
(cémg?ate CeHgOs  -14°C 107°C  27at25°C  25°C 440°C available

In case of graphite negative electrode, EC is commonly used. However, pure EC solvent has a
relatively high melting point with high viscosity at ambient temperature. Thus, linear
aliphatic carbonates, mainly dimethyl and/or diethyl carbonate (DMC and/or DEC), are
mixed with EC to obtain suitable electrolyte-solvent systems, forming good conducting
media for Li-ion [3]. However, for high voltage operation (beyond about 4.3-4.4 V), it
becomes critical for the stability of carbonates and therefore leads to a big challenge for high
potential positive technologies: finding an electrolyte that holds at higher potentials.
Furthermore, these organic solvents also have high volatility and are intrinsically highly
flammable. The safety improvements in these carbonate electrolytes rely on the additives or

salt substitution [43].

Additives can improve the performance characteristics of Li-ion cell by enhancing the
electrolyte bulk properties such as: conductivity, temperature range, film formation,
chemical stability, cycle stability, overcharge protector, wettability, and most importantly
non-flammability. They are the secret sauces of the battery world. However, commercialized
additives are often developed without understanding the true electrochemical

characteristics of the battery. Cell manufacturers typically include low concentrations of a
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variety of additives to maintain the electrochemical performance of the cell, this amount

should not exceed 10 %, either by weight or by volume, of the total electrolyte [3].

The alternative salts for safer electrolytes were reported. However, the practical application
of the substitute salts was still rare. The studies on solvents for a safer battery also show

interesting results but are still mainly under development [43, 44].

Safety additives

In the scope of this research, we are only focusing on the common electrolyte additives that

mainly use for a safer carbonate electrolyte including:

o the solvent substitute additives (the partial substitution of the flammable and volatile

solvent):

Fluorinated carbonates are promising to provide enhanced safety features considering
their reduced flammability and increased thermal stability due to the presence of the

strong carbon-fluorine bond [45, 46]. Ex: the fluorinated ethylene carbonate (FEC).

o the SEl supporting additives:

Its main objective is to improve the thermal stability of the SEl in order to mitigate
and/or tackle the SEI decomposition and consequent thermal hazard. Several SEI
supporting additives have been developed such as vinylene carbonate (VC) or vinyl

ethylene carbonate (VEC) [47].

o the flame-retardant additives:

Its main objective is to reduce/suppress the fire potential during Thermal runaway. The

working principle is:

= The catalytic removal of highly reactive, free radical species released during thermal
runaway reactions (H- or -OH);

= Forming a condensed state as a thermal insulating barrier to block the self-
propagating fire.

The phosphorous and/or halogen containing materials are the most commonly used

flame-retardant additives. Ex: Phosphates and alkyl phosphonates: trimethyl phosphate

(TMP), triphenyl phosphate (TPP), dimethyl methyl phosphonate (DMMP) [48].
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o the thermal shutdown additives:

It can prompt the solidification of liquid electrolyte at high temperature which effectively
blocks the ion transport between electrodes, thereby shuts down the battery at high

temperature [3].

Xia et al. [49] reported a thermally polymerizable monomer bismaleimide (BMI) that

could cause a solidification of electrolyte at ~110 °C.

o the overcharge protection additives:

The overcharge protection additives can be classified as redox shuttle additives and
shutdown additives. The former protects the cell from overcharge reversibly, while the

latter terminates cell operation permanently.

The shutdown overcharge additives can electrochemically polymerize at high potentials
or release gas at high potentials to activate a current interrupter device. The working
potentials of these additives depend on their specific chemical structure. Typical
shutdown overcharge additives for high voltage range are biphenyl, xylene,

cyclohexylbenzene [3].

During long term operation of the cell, the irreversible oxidation of the additive compounds

can have negative impacts on cell performance.

1.1.5.4 Separator

The polymeric separator acts as a barrier between the two electrodes avoiding direct
contact between them. It also plays an important role in determining the occurrence of
internal short circuit during Thermal runaway [4]. More details can be found in section

1.3.2.5.

Therefore, one of the challenging goals for the development of separators are reducing the
thermal shrinkage and postponing the collapse to a higher temperature. There are 3 well-

known milestones in developing separator technologies:

o Traditional separators include single layer of PE or PP [50];
o In order to form a time gap between the electrical shutdown and the thermal

shrinkage, trilayer PP/PE/PP separator was developed by Celgard LLC. However, the
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collapse temperature of the trilayer PP/PE/PP separator is similar to that of the single
layer PP separator;

o Coating with ceramics is an effective way to reduce the thermal shrinkage and
increase the collapse temperature of separator [51]. For these technologies, binder is
essential to bind the ceramic onto the PE or PP base [52]. The most commonly used
binder is PVDF. It can be substituted by curable copolyester or polydopamine, which
contribute to lower thermal shrinkage [3]. Nowadays, the separator with ceramic

coating has been accepted by the market.

Separator thickness, porosity, permeability, toughness, and resistance to penetration can
considerably vary depending on desired cell properties. For example, one way to increase
the capacity and rate capability of a cell design, is to select a thinner separator thus including
more electrode material in a given, fixed, cell case. However, this strategy can also lead to
cell failures, as thinner separators can be more susceptible to damage. For commercial cells,
separators are typically around 20 um thick, although thinner (approximately 10 um) and

thicker separators can also be found (even > 40 um) [4].

1.1.6 Cell formation — SEl formation

At typical cell voltages, mixtures of lithiated graphite (or Li metal) and organic electrolyte are
not thermodynamically stable. The reactions between them will occur at their interphase
and produce a passivation layer on the negative electrode which is commonly referred to as
the solid electrolyte interphase (SEI) and some gases that result from breakdown of the

electrolyte (short chain hydrocarbons,...) [53].

Therefore, during cell manufacturing after cell assembly, the cell is slowly charged (and
possibly repeatedly cycled and aged) at particular conditions of temperature. This process is
called “cell formation” [54]. This formation process is designed to produce a uniform and

stable effective SEl layer on the cell negative electrode [4].

The SEI layer covers the graphite surfaces and shields Li* from the electrolyte solution, which
prevents further electrolyte decomposition. During charging, the solvated Li* ions arrive at
the negative electrode. At the solid electrolyte interphase (SEl) they strip off their solvation

shell, travel through the SEl, and intercalate into graphite or they deposit on the surface.
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This shielding property of SEI enables reversible capacity during extended charge / discharge

cycling. SEl formation mainly depends on:

- Electrolyte mixture (salt, solvent, additives) and electrode technologies (surface

chemistry, structure, morphology);

- Conditions of cell formation process.

SEl compositions and morphologies are complicated and differ depending on graphite

surface properties, electrolyte, and formation conditions [55, 56]. According to the

importance of the SEl, the identification of the compounds of SEI formed on the surface of

carbon/graphite were the topic of numerous dedicated studies and reviews: a compilation of

known compounds to date, adapted from [56—60] is presented in Table 3.

Table 3: Known chemical compounds formed on the carbon/graphite SEl layers surface

[56-60] .

Component

Present

Not
present

Notes

(CH20CO,Li)2
ROCO,Li

LizCO3

ROLi

LiF

Li;0
Polycarbonate
LiOH

Li>C204

HF

Being a two electron reduction product of EC; it is found mostly in the SEI formed in EC based electrolytes.

They are present in the outer layer of the SEL They occur in most PC containing electrolytes, especially when the concentration of
PC in the electrolyte is high.

It may also appear as a reaction product of semicarbonates with HF, water, or CO;.

Most commonly found in the SEI formed in ether electrolytes like tetrahydrofuran (THF), but may also appear as DMC or ethyl
methyl carbonate (EMC) reduction product . It is soluble and may undergo further reactions

Mostly found in electrolytes comprising of fluorinated salts like LiAsFg, LiPFg, LiBFy. It is a major salt reduction product. HF
contaminant also reacts with semicarbonates to give LiF byproduct. Amount of LiF increases during storage

It may be a degradation product of Li;CO5 during Ar+ sputtering in the XPS experiment.

Present in the outermost layer of the SEI, close to the electrolyte phase. This part imparts flexibility to the SEL

It is mainly formed due to water contamination . It may also result from reaction of Li20 with water or with aging

It is found to be present in 18,650 cells assembled in Argonne National Laboratory containing 1.2 M LiPFg in EC:EMC (3:7)
electrolyte. Li carboxylate and Li methoxide were also found in their SEI

It is formed from decomposition LiPFg and the water in the solvents. It is highly toxic and can attack components of the cell.

As a consequence, cell capacity is reduced with SEI layer formation [53, 61] because SEl

formation is an exothermic process that consumes Li atoms. This results in first-cycle

irreversible capacity and Li inventory losses. An effective SEl is formed when graphite can be

cycled in a stable manner by preventing solvent reduction during cycling, solvent co-

intercalation and graphite exfoliation. Therefore, effective SEI layer is required to be:

- Electronically insulating,

- Conducting (permeable) for Li*,

- Impermeable for solvated Li*.
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1.1.7 Novel generation of Li-ion battery with a focus on Ni-rich Li-ion technologies

Predictive
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Figure 10: Lithium-ion batteries’ world market value from 1992 to 2020. [62]

With the development and promotion of clean, renewable, and distributed energy
technologies, the worldwide market value of the lithium-ion battery is growing rapidly every

year [62], with statistics from 1992 to 2020 demonstrated in Figure 10.

To meet the rapidly increased demand of LIBs for wide range of applications, the market is
focusing on Ni-rich technologies. In this section, we are talking about Ni-rich chemistries for
large scale applications such as in automotive industry, in stationary energy storage systems.
It should be noted that even though a battery chemistry may work in electronic devices (cell
phones, laptops), it does not mean they can always be scaled up for use in larger

applications as proven in the Figure 11.
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Figure 11: Short and long term R&D strategies. The roadmap of the LIBs for pure electric

vehicle: the demand of longer range and the potential of less thermal stable materials [3]
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1.1.7.1 Selected technologies of positive electrodes: Ni-rich high energy technologies

For decades, NMC111 was the most widely used positive electrode material for large scale
applications [13]. However, NMC111 shows a capacity of 160-170 mAh/g (depending on the
cell voltage) which cannot fulfil the requirements for future applications that require higher
energy density and correspondingly higher capacity. Moreover, researchers also make
efforts in engineering less Co in the active materials. To achieve this, the so-called Ni-rich
high energy Li-ion battery technologies, with higher proportion of Ni in the active materials
of positive electrodes, e.g., NCA, Ni-rich NMC family (LiNi,Co,Mn,0,), are regarded as the
solution [13]. However, as Ni content increases, safety and longevity decreases in case of Ni-

rich NMCs family and also NCA.

Ni-rich NMCs family

Mixing Ni (higher capacity), Co (better rate capability) and Mn (good thermal stability) is
beneficial [63]. Ni ions contribute to the majority of capacity through the Ni?*/Ni3* and
Ni3*/Ni* redox couples, Co ions suppress Ni/Li cationic mixing in the synthesis and cycling
while increasing rate capability, and Mn ions stabilize the structure and enhance thermal

stability by remaining at Mn** valence to act as a structural stabilizer [64, 65].

However, the optimal mix is still debatable and scientists need to overcome some major
technological problems to optimize the combined characteristics that make these
technologies attractive while mitigating the negative properties. As illustrated in the Figure
12, the magnitude of these combined problems is difficult to overcome, making the scale-up

process from NMC532->NMC811 risky.
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Figure 12: Comparison of electrochemical properties, operation constraints (top) and
thermal stability vs Capacity retention of different layered delithiated NMCs [13, 66],
adapted by [63].

Apart from inferior cycling stability [64] and gas generation [67] (more details in 2.2.2.3), as
we can see that Ni-rich NMCs also shows very low thermal stability [13, 66],
NMC811 (LiNiygMny,Co0y10;) was surprisingly absent from many of the discussions and
presentations and there was a scientific consensus that NMC 532/622 may be possibly the
limit for this technology. However, NMC811 technologies were recently commercialized on
the market which is sooner than we expected. With very high content of Ni, safety is

critically the major technological problems of NMC811.
NCA

Among the various Ni-based layered oxide systems in the form of Li[NixCoyAl;]O,, the

compositions with x > 0.8, y = 0.1 — 0.15, and z = 0.05 are the most successful and
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commercialized positive electrodes used in EVs, e.g., the battery cell in Tesla Model S [3].
Adding Al makes this technology much more stable for fast charging but does not stop the
phase change that occurs in Ni-rich chemistries because the phase change issue is managed
or eliminated by Mn and the amount of O, gas generation is still a problem in NCA

chemistry.

However, Al-doping (~5 %) is also responsible for the increased capacity retention because it
stabilizes the crystal structure meaning that vehicle range is increased. Al also improves
cyclability by decreasing the Co dissolution at high voltage enabling the use of a
supercharger if the depth of discharge is controlled around 10 — 70 % (in reality, that range
may be tighter) as micro-cracks form and the phase change to the NiO-type rock salt is

accelerated if the battery pack was fully charged/discharged.

1.1.7.2 Selected technologies of negative electrodes: Graphite-SiOx composites (+
amorphous carbon)

This novel technology was found in the commercialized studied cells by our analysis for both

NCA and Ni-rich NMCs positive electrode technologies. The main advantages of graphite-

SiOx composites are:

o To combine the cycling stability of graphite with the high capacity of Si [30];

o To increase the average potential of the negative electrode = The electrode
potential characteristics are a superposition of the Si and graphite materials [68];

o Higher capacity than graphite;

o Better cycling stability than pure Si.

Of course these composites also have constraints and limitations:

o The addition of silicon also introduces a large potential hysteresis between the
charge and discharge cycles. It leads to a large difference in measured impedance at
a given voltage between charge and discharge. However, it is also important to note
that the impedance rise on cycling mainly arises at the positive electrode. The
contribution of the C or SiOx-C negative electrode to the impedance rise is small [68];

o Usually leads to higher irreversible capacity loss than graphite.

26



In conclusion, this technology makes it possible for 18650 Ni-rich cells to reach > 3 Ah
capacity. Some first composites with few % of Si (or SiOx) are commercialized: Samsung SDI

INR18650-35E (3.5 Ah), Panasonic NCR18650GA (3.45 Ah), LG Chem INR18650MJ1 (3.5Ah).

1.2 Aging of Li-ion batteries
Aging and their impact on Thermal runaway will be explored in this section. This is

considered as the inherent safety issues inside Li-ion cell.

1.2.1 Definitions and overview of mechanisms

All secondary batteries degrade inevitably over time and with usage. This degradation is
manifested as a loss of available capacity, energy and an increase in impedance, thereby,
reduction of power (rate capability) and efficiency. These symptoms are intertwined in a

reciprocal relationship.

Due to their comparably high cost, the degradation of Li-ion batteries has been extensively

studied over the past two decades.

Many physical and chemical processes contribute to battery degradation. Although the aging
mechanisms undoubtedly are complex and with rates strongly related to operating

conditions [3, 6, 15], they can be divided into a few categories:

e Loss of active and accessible electrode material (LAM),
e Loss of Li inventory (LLI),
e Loss of conductivity (CL) in electrodes or electrolyte,

An example of the overview of the most commonly studied aging mechanisms on cell level

shown on Figure 13.
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Figure 13: The most commonly studied aging mechanisms on cell level [69].

Depending on the combinations of operating conditions one or a few aging mechanisms may

dominate the overall degradation (Figure 14). In the scope of this research, SEI evolution and

Li plating are 2 main mechanisms studied.
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1.2.2 SEl growth

During cell aging, capacity is further reduced with SEI layer growth [61] because SEI
formation is an exothermic process that consumes Li stored within active materials. While
the presence of the effective SEl is vital, as seen in previous section, it is difficult to control
its growth, as it depends on several factors during usage. An ineffective SEI usually forms
during cell aging, especially cycling, with poor conductivity or being rapidly growing. The
ineffective SEI growth increases impedance of electrode and limits rate capability, thereby

has a strong negative effect on cell and can accelerate aging.

Following Arrhenius behaviour, as temperature increases, the reaction rates between the
electrolyte and lithiated carbon exponentially increase. It is also important to note that the
gases produced of SEl evolution are usually flammable. Gas generation from these reactions
are similar to those responsible for SEl-formation [4]. Therefore, with increased ambient
temperatures, cell capacity fading and internal impedance growth accelerates due to the

growth of SEl layer.

1.2.2.1 Calendar aging

Calendar aging is an important factor in many applications of Li-ion batteries where the
operation periods are substantially shorter than the idle intervals, such as in electric vehicles
[70]. Including all aging processes that lead to a degradation of a battery cell independent of
charge-discharge cycling, it is found to decrease cell capacity linearly with time and shows a
faster decrease at higher storage temperatures [71]. The predominant mechanism of
calendar aging is the growth of passivation layers which all consume cyclable Li as a result of
electrolyte decomposition, i.e., reduction at the negative electrode interphase (SEI growth)

and oxidation at the positive electrode interface.

For Li-ion cells with graphite negative electrodes and transition-metal-layered positive
electrodes, the growth of SEI at the negative electrode interphase can be additionally
catalysed by dissolved transition-metal ions from the positive electrode, such as Mn,, in
case of LMO, which can reduce to metals at the negative electrode [70]. As these are the
main drivers of calendar aging, SElI growth is generally responsible for the Li loss and

impedance rising is associated to the passivation layer at the positive electrode [72]. The
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reconstruction of the differential voltage spectra of aged cells with the half-cell profiles of
negative electrode and positive electrode has indicated that there is very minor positive
electrode degradation. Thus, the loss of cyclable Li due to SEI growth can be confirmed as
the major cause of capacity fade due to calendar aging [70]. SEl growth in this case depends
solely on the graphite potential and not on the thickness of the graphite electrode [70].
Thus, the accelerated capacity fade above the central graphite peak is attributed to the
lower negative electrode potential, which aggravates electrolyte reduction and, thus,

promotes SEl growth [70] [53] [73].

Researchers commonly assumed that continuously accelerated calendar aging is correlated
with an increase of the storage SOC and temperature. Keil et al. [70] has investigated more

deeply about this correlation as shown in Figure 15 for NMC and NCA technologies:
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Figure 15: Calendar aging after 9—10 months of storage at various SOCs and different

temperatures: (a-b) capacity fade; (d-e) rise of internal resistances [70]

All the tested cells exhibit an increased calendar aging with higher storage temperature. For

the NCA and NMC cells, resistances generally increase with higher storage SOC. For the NCA
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cells, the capacity fade increases notably and the resistance increase accelerates
substantially above 90 % SOC, where the capacity fade only slightly increases. Overall, the

rate of capacity decrease is significantly higher for cells stored at 100 % SOC [70][71].

The degradation owing to calendar aging can also be predominant in cycle aging studies,

especially when cycle depths and current rates are low [70].

1.2.2.2 Cycling aging

Graphite exhibits volume expansion /contraction during lithiation / delithiation of 5 % — 10
%. Several researchers have suggested that SEl cracks and SEl reformation due to these
volume changes of the graphite negative electrode during cycling operations are the major
cause of Li consumption. Graphite negative electrodes exhibit a largely linear expansion
from 0 % to 25 % lithiation SOC, only minor volume changes between 25 % and 50 %
lithiation SOC, and another linear expansion above 50 % lithiation SOC, where the LiCs phase

formation begins.

To avoid cracking of SEl layers due to stress from the volume changes mentioned above, the
SEl layer should be physically strong or flexible enough to accommodate the volume change
of the negative electrode during the cycling process [56]. Osswald et al. found that higher
temperatures and higher currents lead to stronger SOC inhomogeneities inside the cell [10]

and also higher self-heating, especially during charging.

Most Li-ion cells are not designed to be cycled or stored above approximately 60 °C. It is also
important to note that at the same C-rate, the heat release during the charging process is

always greater than that during discharging process. [74]

Cycling aging of Ni-rich NMC / Graphite-SiOx technologies

As mentioned in 1.1.5.2, Ni-rich NMCs such as NMC622 and NMC811 show higher capacity
yet with the trade-off of decreasing cycling stability (capacity fade and impedance increase)
[75, 76]. As the concentration of Ni increases, more Ni ions at higher oxidation states (Ni3*
and Ni*) are unstable and tend to react with the electrolyte, leading to oxygen release and
phase transition [75]. In the thermodynamic view, the oxygen evolution caused by the

oxidation of lattice oxygen can be understood by these chemical equilibriums [64]:
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MO, (layered) = M30, (spinel) + [O]
M50, (spinel) = MO (rocksalt) + [0]
Note that M represents Ni, Mn, Co and [O] represents active oxygen intermediates.

The [O] may combine into the oxygen molecules (0, formation) or simultaneously reacts
with the electrolyte solvents, resulting in gas generation (0,, CO,, CO, ...) and an increase in
cell’s impedance [64]. Furthermore, due to the similarity in ionic radius between the
Ni?*(0.69 A) and Li*(0.76 A), the Ni?* have the strongest tendency to migrate into the
Li*layer and occupy the position of Li*, thereby, reduce the capacity and the mobility of
Li*. This Ni/Li mixing occurs over the whole life of the battery, however, its degree increases
with the Ni content, SOC and temperature, especially during the Thermal runaway. As a
consequence, this loss of O and Li leads to the irreversible layered-spinel-rocksalt phase
transition [77], lowers the average valence of transition metal ions and NMC active particles
cracking, resulting in a decrease of operating voltage and specific capacity of Ni-rich NMC

positive electrodes. It is noteworthy that this might occur similarly for NCA technology.

To understand the cell capacity fading and electrodes aging behaviour during cycling
conditions, Li et al. [75] have investigated the cycling aging of LG MJ1 18650 battery
(NMC811/ Graphite-SiOx) by using the dV/dQ analysis (as shown in Figure 16). The dV/dQ
curve of the full cell exhibits 3 peaks, the authors claimed that the first 2 peaks reveal the
signatures from the Ni-rich NMC positive electrode while the last peak is contributed from
the Graphite-SiOx negative electrode. Therefore, the distance between the first two peaks
(Qae) can be used to quantify the change of positive electrode capacity, while the change of
negative electrode capacity can be estimated from the evolution of the width of the third
peak (Qcp). The loss of Li* inventory in the cell can be generally represented by the voltage

offset between the 2 electrode potential curves.

For example, as observed in Figure 16, Qas and Qcp both degraded as the cell aged,
indicating that the loss of active material happened to both electrodes. After 250 cycles, the
positive electrode showed 7.5% capacity loss, as Qas decreased to 92.5% of its original value,

while the capacity retention of the negative electrode was 86.0%. Qgc decreased to 88.1%,
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demonstrating 11.9% Li* inventory loss. Therefore, the capacity loss contributed from the

positive active material loss is slightly smaller than that of the negative active material and

Li* loss. [75]
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Figure 16: Degradation analysis of the cell based on dV/dQ analysis. (a) dV/dQ analysis of
discharge voltage curves for the fresh cell; (b) evolution of the dV/dQ of discharge voltage

curves during the aging process. [75]

After cycling, using Post-Mortem analysis (PM), the authors found that the morphology of

both electrodes changed:

On the negative electrode, cracks appeared across the whole electrode. They confirmed that
this is mainly caused by the Si volume fluctuation during repeated lithiation/ delithiation
cycles. Cracks started from and extended to where Si particles aggregate [75]. This
eventually led to the thickening of SEI and reduces contact among active material particles,
the current collector, and the electrolyte. Moreover, the average fluorine ratio, indicator of
SEI destruction/growth and loss of Li* inventory, was more than doubled after cycling. [69,
75] This increase cell impedance and decrease cell capacity. The impact of Si is well observed
here. Even a small amount of Si (~5% by mass) in the graphite can accelerate capacity fading

because the huge volume fluctuation of Si particles. [75]

On the positive electrode, micro-cracks appeared on cycled positive electrode which would
result in higher porosity, higher active surface area and leading to more side reactions on the
positive electrode [75, 78], resulting in the increase of voltage hysteresis after cycling,

suggesting that the electrode impedance increased. However, they observed no new
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plateaus in the voltage profiles of half-cell positive electrode occurred after cycling.
Interestingly, they found that the positive electrode resistance growth dominates that of the

negative electrode [75].

1.2.3 Lideposition/plating

This topic was investigated by literature research on different Li-ion technologies, including
commercial state-of-the-art cells. It is a complex topic which is connected to many factors

like cycle stability, safety, fast charging capability, and in-homogeneities inside Li-ion cells.

1.2.3.1 Mechanisms during charging

During charging of Li-ion cells, Li* ions are de-intercalated from the positive electrode and
transferred through the electrolyte to the negative electrode. On the negative electrode
side, intercalation of Li* ions into the graphite particles is the preferred reaction path.
However, charging can also lead to an additional reaction of Li deposition on the negative

electrode side.

On the atomic scale:

The kinetic cause for Li deposition is diffusion over-potential. This can be explained by the
balance of negative electrode kinetics (barriers for charge transfer and solid diffusion) and

the arriving amount of Li* ions (charging current) on the negative electrode surface (Figure

17).
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Figure 17: a) Atomic model for Li intercalation and deposition, b) involved energy barriers

[10]
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The liquid diffusion is usually low in the liquid phase. However, the charge transfer barrier Ea
between liquid and solid phase for de-solvation and moving Li into the graphite lattice is
usually much higher and in the range of 0.3—0.7eV for the edge plane and ~10eV for basal

plane (transport through the SEl and electron transfer included) [10].

The solid diffusion of inserted Li between the graphene planes of graphite is limited by
energy barriers in the range of 0.22-0.36eV [10]. Persson et al. [79] found that the
intercalation kinetics are slowed down with higher SOC because this solid diffusion barrier is
increased by x in LixCs. This is consistent with macroscopic measurements that show lower

negative electrode potentials vs Li/Li* for higher SOC levels [10].
- The negative electrode potential is decreased during charging with increasing SOC.

Even though the energy barrier itself is not changed by the temperature, the probability to
overcome the barrier gets lower with decreasing temperature according to the Arrhenius
law. Therefore, lower temperatures slow down the charge transfer probability and the solid
diffusion of Li on graphite. In this case, Li deposition on the negative electrode surface is
more favoured compared with intercalation of Li into the graphite. It is important to note
that lower temperatures also slow down the reaction of deposited Li with electrolyte. The
experiments on macroscopic scale and simulations on the microscopic scale also showed

that the negative electrode potential gets lower with decreasing temperature [10].
- The negative electrode potential gets lower with decreasing temperature.

The diffusion of intercalated Li from the surface of a graphite particle to its inside is driven by
concentration gradients. Therefore, in the cases of higher charging C-rates (higher charging
current densities) on the macroscopic scale, the ion flux of Li per negative electrode area on
the atomic scale is eventually higher. This can lead to Li deposition, especially when the

diffusion is slow (at low temperatures, high SOC, or in materials with high energy barriers).

- The negative electrode potential decreases with higher charging C-rate and consequently
leads to Li deposition above a certain threshold value [10]. Higher charging rates were found
to lead to the formation of small Li dendrites. In contrast, smaller charging rates provoke the

forming of less dendritic but larger deposited Li [80].
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On the microscopic scale:

This aging mechanism concerns the transport of Li* ions in the pores of the negative
electrode and the transport of electrons from the particles involved in an intercalation to the
current collector. Therefore, Li deposition is affected by the porosity and tortuosity

properties of the negative electrode active material [10].

On the macroscopic scale:

The insertion potential of Li into graphite is in the range of 200 to 65 mV vs Li/Li* while the
potential for Li deposition on the graphite negative electrodes is below 0 V vs Li/Li*,
therefore, thermodynamically, Li deposition is not a competitive reaction to Li insertion.
However, it is difficult to separate these over-potentials experimentally. In simulations, it is
usually assumed that the kinetic condition for Li deposition is when the sum of the

equilibrium potential and the over-potential get negative vs Li/Li* [10].

In conclusion, Li deposition is more likely with decreasing temperature, increasing SOC and
increasing charging C-rate. The interplay of these main operating parameters decides if Li

deposition happens or not. For example:

e Low temperatures do not lead to Li deposition in all cases, however, if certain limits of
SOC and/or charging C-rate are exceeded. At low temperatures, the Li deposition might

be suppressed/minimized by low charging currents or by self-heating of batteries;
e A cell might be charged by high currents at low SOC and later by lower currents without

Li deposition.

1.2.3.2 Mechanisms during discharging

Discharging leads to de-intercalation and stripping of deposited Li [10].

Stripping process of Li: during the stripping process a part of the deposited Li can lose
electrical contact to the negative electrode, which is then called ‘dead Li’ as illustrated in

Figure 18:
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Figure 18: Li striping and formation of “dead Li” under different C-rates [80]

Formation of dead Li strongly depends on the C-rate discharge. Dead Li in combination with
Li that has reacted with electrolyte are often the main sources for capacity loss when Li

deposition is involved in the aging mechanism [10].

1.2.3.3 Morphologies of Li deposition and gradients in Li-ion cells

The term ‘Li plating’ stands for a homogeneous film covering a surface and is often used in
literature on Li-ion cells for Li deposition without knowing if the deposited Li film is
homogeneous or not. However, recent studies have revealed that Li metal can be deposited

in different macroscopic morphologies (Figure 19):

a) homogeneous b) local C) marginal Li
deposition

Li deposition

Li plating

Figure 19: Electrode surface morphologies of Li deposition often observed in Li-ion cells.

[10]

Since Li deposition depends on temperature, SOC, and the charging current, it will get
inhomogeneous if gradients of these parameters develop in a cell during each charging and
during aging. Lower local temperatures, higher local SOC levels, and higher local current
densities are likely to lead to local Li deposition [10]. This explains why on the cell scale, it is
experimentally observed that Li deposition can happen as a reaction in parallel to
intercalation. Such effects can lead to a variety of macroscopic morphologies for Li

deposition, including:
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+ Homogeneous Li deposition (Li plating)

The majority of Li plating is located on the negative electrode surface, i.e. between negative
electrode and separator. However, Li deposition can partly spreads (~10 um) into the bulk

of negative electrodes and therefore partly adds up to thickness of the negative electrodes.

For all cell types, the more homogeneous utilization of a cell during charging at low

temperatures contributes to the more homogeneous appearance of Li plating [10, 81].

+ Local Li deposition

The Li is located at different random positions on the negative electrode and in the
separator (near the current collector). This type of aging usually leads to the formation of a

thick SEl layer by electrolyte decomposition, drying of the cell, and possibly to gas formation.

Furthermore, local Li deposition leads to a local thickness increase of the negative electrode
and thus increases the inhomogeneity in Li-ion cells. Local inhomogeneities are likely to lead
to further Li deposition effects due to locally negative electrode potentials. This type of
morphology was observed by different groups [82—85] and with different cell types after
cycling at high temperatures (> 45 °C) and high charging C-rates due to local formation of gas

bubbles or SEI growth and clogging of pores at high temperatures.

For 18650 cells, Bach et al. [86] found that local Li deposition starts in unevenly compressed

areas of the “jelly roll”.

+ Marginal Li deposition

The Li deposits around the edge area of the negative electrode because the current density
at the edge of electrodes can be significantly increased. This effect can be reduced by
extending the area of the negative electrode compared to the positive electrode (‘negative
electrode overhang’). Additional reasons could be lower temperatures at the edges of the

cell or a different coating thickness at the edge of the negative electrode.

Temperature inhomogeneity is well-known in case of cylindrical cells: The temperature
inside the core is typically higher than on the cell housing during charging and discharging.
The main reason is most likely the low heat conductivity in the radial direction of cylindrical

cells since the heat has to be conducted through many layers of negative electrodes, positive
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electrodes, and separators. In contrast, the temperature gradients on the cell surface of
cylindrical cells are much weaker, due to the high thermal conductivity of the electrode
collectors housing materials (steel, Al). The different temperatures in the core of the jelly roll
and on the cell housing most likely result in differences in the negative electrode potential in
maximum temperature during long-term cycling and lead to the observed difference in Li

plating thickness [10].

Osswald et al. [87] reported that lower ambient temperatures lead to a stronger radial
temperature gradient. This effect is counteracting the effect of SOC and favours stronger
inhomogeneities and thicker Li plating on the outer windings of the jelly roll in cylindrical
cells [10]. Other inhomogeneities in the Li-ion cells can also lead to similar localized Li

deposition [10].

1.2.3.4 Degradation effects caused by Li deposition
On the cell scale, Li deposition leads to capacity fade (Q), Coulombic efficiency decrease,
energy fade (E), energy efficiency fade (n), and resistance increase (Ri) by 3 main

mechanisms shown in Figure 20.
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Figure 20: Aging mechanisms related to Li deposition in Li-ion cells. The arrows next to R;,

Q, E, CE, and n indicate if these values are decreased or increased [10]

1) Li metal can react with electrolyte (R) forming SEl (R-Li). This can lead to pore
clogging, which lowers the negative electrode kinetics and therefore increases the

probability of Li deposition.
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2) Chemical intercalation of Li into graphite and Li stripping can promote the formation
of electrically disconnected ‘dead Li’ which directly leads to the macroscopic
degradation effects listed above.

3) Additionally, SEI can also form on the surface of dead Li, leading to the same results.

Even though chemical intercalation can lead to a partial recovery of the capacity during a
rest time, it is clear that actions have to be taken to suppress or even avoid the occurrence
of Li deposition on negative electrodes of Li-ion cells. This is possible by choosing the right
combination of operating conditions, as well as further development of optimized cell

designs and new negative electrode material with improved kinetics [10].

1.2.4 Methods of detection and analysis of aging

Several techniques are commonly applied and reported within the literature to identify and
analyse the effects of aging. These are often classified into in-situ and ex-situ
electrochemical techniques. Examples of in-situ methods are Incremental Capacity (IC) and
Differential Voltage (DV), electrochemical Impedance Spectroscopy (EIS) and Differential

Thermal Voltammetry (DTV).

Ex-situ methods consist of applying physicochemical and electrochemical invasive
techniques to study the cells internally, mostly by post-mortem analysis such as Scanning
Electron Microscopy (SEM), Energy Dispersive Spectrometry (EDS) or X-Ray Diffractometry
(XRD). It is beyond the scope of this thesis to discuss deeply about these techniques.
Therefore, in the following, we are only focusing on the most commonly used techniques for

both the 2 target aging mechanisms studied.

1.2.4.1 SEl growth

Beside post-mortem analysis, in-situ methods such as Incremental Capacity (IC) - Differential
Voltage (DV) and electrochemical Impedance Spectroscopy (EIS) are considered the most

convenient and effective techniques.
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Figure 21: Identification of degradation mode using IC-DV analysis [88]

The use of these methods helps to identify the different aging mechanisms, including
Conductivity Loss (CL), Loss of Lithium Inventory (LLI) and Loss of Active Materials (LAM)
(Figure 21).

However, this can be misleading to some inaccuracy. Therefore, it is recommended to
quantify such inaccuracy and validate the results obtained by the combination of in-situ

diagnosis techniques and ex-situ post-mortem analysis such as SEM, EDS or XRD.

1.2.4.2 Li Plating
As shown in Table 4, there are many methods which give hints on Li deposition but only few

to prove it indirectly or even directly.

Direct evidence of Li deposition can be proven by 7Li NMR, XPS, semi-quantitative GD-OES

depth profiling after Post-Mortem analysis of cells.
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Indirect evidence of Li deposition can be proven by in-operando measurements on Li
deposition carried out by Neutron scattering (by measurement of LiCg and LiC;, signals)
and measurements of negative electrode potentials in full cells with a Li reference electrode,

additionally to negative electrode and positive electrode.

Table 4: Methods which give hints on Li deposition. [10]

Method/principle

Limitation

Scale

Low CE

Analysis of capacity fade/change of slope in
Arrhenius plot

Capacity recovery

Voltage plateau during discharge

Voltage curve shape during rest after charging

Dilation, measurement of cell thickness

Early exothermic reactions in ARC tests
Fire during reaction with H,0

Melting point of Li, DSC

Dendritic structure

Neutron diffraction, LiCs and LiC,, intensities
7Li-NMR

GD-OES

High precision devices needed
Massive Li deposition

Only if Li deposition partly reversible
Low T, area of Li deposition must be large enough
Low T, area of Li deposition must be large enough

Limited to pouch cells, low T, superposition with gassing possible,

massive Li deposition

Massive Li deposition

Reactivity of Li depends on its microscopic morphology and
passivation

Melting point might be influenced by alloying

Microscopic morphology of Li depends on pressure in cell
Indirect evidence

Direct evidence

Semi-quantitative evidence

Macroscopic, cell level
Macroscopic, cell level

Macroscopic, cell level
Macroscopic, cell level
Macroscopic, cell level
Macroscopic, cell level

Macroscopic, cell level
Macroscopic, electrode
level

Macroscopic, electrode
level

Microscopic, electrode level
Macroscopic, cell level
Microscopic, electrode level
Macroscopic, electrode

level

XPS Direct evidence, limited to surface particles Microscopic, electrode level

It is clearly advised to use a reasonable combination of methods (e.g. an evidence and a hint
together) to be sure about the presence or absence of Li deposition. In the scope of this
research, we do not have access to the methods above. Therefore, we can only focus on the
evidences from Post-Mortem analysis and the various non-destructive and destructive
existing methods which are based on aging behaviour, analysis of electrochemical data, cells,
electrodes. Even though most of these methods only provide hints of Li deposition, their

reasonable combination can be useful for the interpretation of our results.

Non-destructive detection methods of Li deposition

The detection methods discussed below are non-destructive and give hints on Li deposition.

Hints from aging behaviour

Li deposition often leads to a comparably fast capacity, energy, and energy efficiency fade.
This is generally hard to quantify in absolute numbers, however, regarding the specific cell
types, the clear trend can be found that the aging rate is usually higher if Li deposition is

involved. In contrast, slower aging can also be a hint for the absence of Li deposition [10].

42



+ Hints from Capacity fade curves:

The main mechanism of capacity loss originates from Li which cannot be extracted from the
negative electrode, Li which is bound in the SEl, and Li which has been deposited on the
negative electrode. For long-term cycling at different temperatures capacity fade curves can
be analyzed via an Arrhenius-plot. In this type of plot, the change of the aging mechanism
becomes visible because Li deposition results in faster aging with decreasing temperatures.

In contrast, without Li plating aging becomes usually faster with increasing temperatures.

Under defined cycling aging conditions at low temperatures, there are 3 typical curve shapes

of capacity fade (Figure 22).
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Figure 22: Typical curve shapes for the capacity fade of commercial Li-ion cells when Li

deposition is involved. a) linear, b) decelerated, c) accelerated decrease [10]

e Linear capacity fade means that in each cycle, the same amount of Li is irreversibly

consumed. However, it cannot indicate if Li deposition is involved or not;

e Decelerated capacity fade means that capacity fade curves getting more flat with cycling,
usually at low temperature. In these cases, the main source for capacity loss is the loss of
cyclable Li and that the last intercalation stage is not reached anymore. This means that

less (or even no) Li is deposited in later cycles and therefore the capacity fade is

decelerated;

e Accelerated capacity fade starts after a certain number of cycles, often when the
capacity has reached <80% of its initial value. The sudden capacity drop may be

observed for different operating conditions. It was suggested that the drop is linked to
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the occurrence of Li deposition when Li deposition starts to get irreversible and that the
reasons for the mechanism change might be reduced kinetics of the graphite negative
electrode as a result of SEl growth and loss of graphite active material. In this case, local
Li deposition starts at unevenly compressed areas and then spreads over the whole
negative electrode of the cell. Li deposition is also induced by reduced negative electrode

porosity which is induced by SEI growth during aging.

The latter two cases are coupled to a change of the aging mechanism. While decelerated
capacity fade with cycles indicates a change from Li deposition to no or less Li deposition,
accelerated capacity fade indicates the propagation of Li deposition from small areas into

the whole cell.

Under calendar aging, the Arrhenius plot usually does not show a change of the aging

mechanism because no charging is involved [10].

+ Hints from the Coulombic efficiency (CE)

If more capacity is charged into than discharged from a cell, the charge difference is involved
in reactions apart from Li intercalation and de-intercalation [10]. High precision CE analysis is
practical for the identification of side reactions in early stages of a cell, Downie et al.
reported that CE-values in the range of 0.997-0.999 for conditions without Li deposition [89]
and significantly lower CE values (0.97-0.98) were found in case of Li deposition [89].
However, one has to consider that low CE-values can of course originate also from other side

reactions such as SEI growth, loss of electrical contact of active material and pore clogging.

+ Hints from the observation of capacity recovery

After cycling aging cells under Li plating conditions at low temperature, some authors
observed a partly recovery of capacity during cycling [90] or rest time [9] at room
temperature. This reversible effect is in the range of 8-10% and is also an indication for

previous Li deposition [10].

Hints from analysis of voltage curves

+ Hints from the high discharge voltage plateau during discharge
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Figure 23: Evolution of C/25 discharges voltage vs. capacity curves with cycling Li plating
aging. The inset panel shows a magnification of peak 0 [91].

There is a correlation between Li deposition and the plateau at high level of voltage in the
discharge voltage curve after charging at low temperature, as shown in Figure 23 [91]. This
plateau is caused by Li stripping and is wider for increased amounts of stripped Li.
Furthermore, the amount of stripped Li can be estimated from dQ/dU and dU/dQ plots,
while the latter turned out to be more practical [80]. This correlation is proven by glow

discharge optical emission spectroscopy (GD-OES) depth profiling [10].

+ Hints from the curve shape of voltage relaxation after charging

Uhlmann and al. [81] studied the voltage relaxation after charging in half cells. They found
that Li deposition influences the shape of the voltage curve during relaxation due to the
mixed potential of LixCs in contact with Li. Recently, this method was transferred to full cells
[92] and Von Luders et al. [93] correlated the voltage relaxation to Li deposition by operando
neutron diffraction experiments. Recently, by GD-OES depth profiling Waldmann and al.
have proven that the voltage relaxation behaviour is directly correlated to Li plating [94]

[10].

These analyses are usually applied in literature at low temperatures only because the low
temperatures slow down the relaxation processes so the reversibility of partly deposited Li

can be observed. In contrast, at higher temperatures (> 25 °C) the reversibility of Li
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deposition would be too fast to be observed [10]. Therefore, the features in the voltage

curves indicate Li deposition and:

e In case of cells aged at low temperature, their absence might be a hint on the absence of

Li deposition;

e For the cells aged at > 25 °C, their absence might not be a hint on the absence of Li

deposition.

These electrochemical methods discussed can give hints on Li deposition. However, localized
deposition effects are hard to detect in electrochemical tests due to averaging effects. When
localized Li deposition or very thin homogeneous Li films represents only small fractions of
the negative electrode, it is likely that such effects are below the limit of detection for

methods based on voltage curve analysis [10].

Hints from physical analysis of cells

In-operando measurements of pouch cell thickness have been carried out by several groups
[10]. The cell thickness is superimposed with the thickness change of the electrodes due to
intercalation and/or Li deposition and SElI growth. At high temperatures, gassing may
additionally increase the cell thickness and disturb the measurement by superposition with
the thickness rise by Li deposition. Therefore, thickness measurements may give useful hints
on Li deposition at low temperature, however, its conclusions about Li deposition are limited

[10].

Destructive methods

Hints from tests in pseudo-adiabatic condition of accelerating rate calorimetry (ARC)

In these tests, several recent researches [22, 51, 95-97] showed an early onset-of-self-
heating (usually defined by a self-heating rate > 0.02 °C/min) if Li deposition was present
[10]. In these tests, the cells were cycled at low temperatures (-10 °C and at 0 °C) and
showed an onset-of-self-heating already in the range of 30-53 °C which is in contrast with

cells without Li deposition (> 80 °C).
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In case of exothermic reactions of Li metal with electrolyte during Thermal runaway,
dendritic growth plays a role due to its high surface area but not due to internal short

circuits.

It has to be considered that a rest after cycling can lead to chemical intercalation of plated Li
and this can shift the onset-of-self-heating to higher temperatures, although Li metal is still
present in the cell [9]. Therefore, low onset temperatures in ARC tests are a further indicator

for massive Li deposition if the cells are tested directly after cycling [10].

Evidences from Post-Mortem analysis

+ Dismantling cell:

Cells are often opened in the discharged state (end of discharge voltage, SOC = 0 %) due to
safety concerns. However, cells should not be deep discharged to 0 V since this lowers the
probability for Li deposition to be observed. Moreover, since Li metal can chemically
intercalate into neighbouring graphite particles, the rest time between the end of cycling

and the disassembly should be as short as possible [10].

+ Hints from physico-chemical analysis of electrodes

Li deposition on negative electrode has been investigated with differential scanning
calorimetry (DSC) and a temperature drop at around 180.5°C which corresponds to the
melting point of Li [98]. Negative electrodes with Li deposition can react with H,O forming H,
gas. When the Li deposition is mossy, it provides enough surface area that results the
reaction in fire. However, this is only an indicator and may not work with more compact Li

due to its lower surface area.

Most importantly, negative electrodes with Li deposition from disassembled cells often show
dendritic or mossy structures as observed by SEM [99-101] and laser microscopy [102]. Due
to the dendritic growth of Li, dendritic structures on graphite negative electrodes are an

indicator for Li deposition.

However, as mentioned before, the appearance of deposited Li on graphite negative

electrodes of Li-ion cells is sometimes not dendritic due to mechanical compression of Li in
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cell types with higher internal pressure. Therefore, the absence of dendritic structures does

not indicate the absence of Li deposition [10].
1.3 Thermal runaway of Li-ion batteries
1.3.1 Overview and definitions

1.3.1.1 Cell failures
The failures of Li-ion cell can be non-energetic or energetic and depends on whether these

failures involve releasing energy from the battery or not.

Non-energetic failures associating with cell mechanical designs

Some non-energetic failures may happen under abuse conditions depending strongly on the

mechanical designs of the Li-ion cell:

e Electrolyte leakage with subsequent cell dry-out
e Cell swelling

e Activation of a disabling mechanism such as current interrupting device (CID), shutdown

separator, fuse.

The first two failures rarely happen on 18650 Li-ion cells [4]. The activation of a disabling

mechanism will be explored in section 1.3.5.

Energetic failures: Thermal runaway phenomenon

Thermal runaway is the most catastrophic energetic failures of Li-ion battery. It refers to a
rapid self-heating process of a Li-ion cell derived from the exothermic chemical reactions
that rapidly release the stored energy inside Li-ion cell. Therefore, the more energy a cell has
stored, the more energetic the thermal runaway reaction will be. The thermal runaway
reactions of Li-ion batteries can be very energetic because these batteries have high energy
densities compared to other batteries. The other reason that Li-ion cell thermal runaway
reactions can be very energetic is because these cells contain flammable electrolyte, and
thus, not only do they store electrical energy in the form of chemical potential energy, they

store appreciable chemical energy in the form of combustible materials [4].
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The thermal runaway is characterized by a process of energy evacuation leading to an
uncontrollable overheating of the system. The severity of a cell thermal runaway will depend
on the SOC of the cell (how much electrical energy is stored in the form of chemical potential
energy). For any given cell, the most severe thermal runaway reaction will be achieved when
that cell is at 100 % SOC, or is overcharged, because the cell will contain maximum electrical
energy. They also showed that self-heating onset temperature can be strongly impacted by
SOC. Through testing of multiple cell models, Sandia researchers found that thermal

runaway onset temperature is reduced for cells at increased SOC [4].

The severity of thermal runaway also depend upon a number of different factors including
the ambient environmental temperature, the electrochemical design of the cell (cell
chemistry), and the mechanical design of the cell (type (cylindrical, prismatic, pouch), cell
size, electrolyte volume, etc.) [4]. More details about the effects of these factors will be

discussed in section 1.3.5.

1.3.1.2 Reported incidents involving Thermal runaway of Li-ion Batteries

Usage of Li-ion cell outside of the specification of its manufacturer or defects inside the cells
can lead to Thermal runaway. Since January 23, 2006 until January 22, 2020, 268 air/airport
incidents involving lithium batteries carried as cargo or baggage that have been recorded [7].
Note that these are recent cargo and baggage incidents that the FAA is aware of. This should
not be considered as a complete listing of all such incidents. These events have led to costly
product recalls and stricter rules in the past [10]. Some recorded incidents are shown in

Figure 24,

It is noteworthy that these catastrophic events are highly unlikely. Lithium-ion batteries have
a failure rate that is less than one in a million. The failure rate of a quality Li-ion cell is better
than 1 in 10 million [103]. However, the safety risk concerns the entire life cycle of the
battery (from manufacturing to recycling) and all battery applications have experienced
accidents (including consumer equipment, electric vehicles, stationary storage, etc.). It
demonstrates the high importance of safety consideration when integrating the battery into

the equipment or application.
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Figure 24 : a) Oct 2013 - A Tesla Model S electric car on fire after a piece of debris hit the

battery pack while the car was on the highway causing cells to short circuit and go into
thermal runaway; b) Jan 2016 — A Tesla Model S burns to the ground while fast-charging at
the Sundebru supercharger in Gjerstad, Norway; c) Remains of the UPS Boeing 747 cargo
plane that crashed in 2010 [Photo credit: EPA]

1.3.1.3 Abuse conditions, triggering events and thermal runaway detecting methods

Learning from typical incidents, there are a number of abuse conditions that exceed the
thermal stability limits of a Li-ion cell and even trigger cell thermal runaway. It may be
induced by external forces such as exposure to high temperature originated from fire or
internal heating sources as well as exothermic reactions in combination with poor heat
transfer to the surroundings or severe mechanical damage, or it may be the result of
problems involving cycling/storage during usage such as overcharging, internal or external
short circuits, and/or battery protection circuitry design and implementation, or they may be
caused by internal cell faults that result from rare and/or subtle manufacturing problems
(poor cell electrochemical design, defects,...) [21]. Generally, the abuse conditions during
usage of the cell can be classified into mechanical abuse, electrical abuse and thermal abuse

[4][3][10][13, 16]. They are linked together as illustrated on Figure 25.
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Figure 25: Incidents related with Li ion battery failure, and correlated abuse conditions. [3]

Having their advantages and disadvantages, many feasible solutions for detecting a thermal
runaway initiation are based on monitoring certain characteristic fault signals, commonly

including the terminal voltage, the surface/ inner temperature and the vented gas as

presented in Table 5. [62]

Table 5: Advantages and disadvantages of different methods for monitoring and detecting
thermal runaway. [62]

Method Advantages

Disadvantages

Terminal voltage and surface temperature
monitoring method

v Monitor the voltage and surface temperature in real-
time;

v Capable of locating faulty battery;

v Predict the state of health, state of charge, etc. of the
battery in real-time.

Embedded optical fiber sensors method v Monitor the internal core temperature of the battery
directly;
v High accuracy of thermal runaway prediction.
Electrochemical impedance spectroscopy v Predict the internal core temperature of the battery

analysis method without complex hardware;
/ High accuracy of thermal runaway prediction;
/ Predict the state of the battery on-line and seamlessly
couple with the BMS.
Gas sensor monitoring method v High accuracy and rapid of thermal runaway
detection;
v Simple, feasible, easy to implement and low cost;
v Easy to connect with the BMS interface.

@ Low accuracy of thermal runaway prediction;
& Complex topology of voltage sensors and high cost.

& Higher cost of embedded optical fibers;
4 Higher requirements for battery packaging.

4 Fail to monitor large-scale batteries quickly and effectively;
4 Complex calibration process as different lithium-ion battery systems
have different parameters of impedance.

@ Fail to predict the state of the battery;
@ Potential sensor-related faults, including gas cross-interference and gas
sensor poisoning.

For the terminal voltage and surface temperature monitoring method, the precision of
voltage and temperature sensors needs to be improved in order to enhance the thermal
runaway detection accuracy. Similarly, for the internal state prediction method, it is
necessary to improve the detection resolution and the high temperature resistance of

sensors embedded in the battery. These methods can be coupled with battery management
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system (BMS) to establish a more accurate risk assessment model for detecting the thermal
runaway of LIBs.

Last but not least, gas sensor monitoring method has been shown as a most feasible and
effective method. However, there are still many sensor-related problems such as the low

detection accuracy, the complex gas cross-interference, and the gas sensor poisoning. [62]

1.3.2 Thermal runaway mechanisms

The thermal runaway follows a process of chain reactions, during which the decomposition

reactions of the battery component materials occurs usually one after another [3].

1.3.2.1 Overview of the chain reactions during Thermal runaway

Based on our experimental work and inspired by the studies on the abuse behaviour of
different 18650 cells [3, 10, 12, 13, 16, 17, 55, 104, 104, 105], the thermal runaway chain
exothermic reactions of Ni-rich LIBs based on negative graphite electrodes can be

summarized in Figure 26.
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Figure 26: Thermal runaway chain exothermic reactions of Ni-rich lithium-ion batteries

[106].
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It should be noted that these reactions do not strictly happen one after another in the given
order. They are rather complex and systematic issues. The reactions relating to the

deposited Li are for the case of Li deposition (Li plating) occurring in the cell.

More details about these chain reactions are presented in the following.

1.3.2.2 Exothermic decomposition reactions related to Negative electrode
This section focuses on the reaction kinetics for the lithiated graphite/carbon based negative

electrode.

First stage: The initial decomposition of SEI

The initial decomposition of SEI occurs around 60 —130 °C [3], with a peak located at
approximately 100 °C which is considered as an indicator of the SEI decomposition, exact
temperature depends upon cell chemistry and SOC. This is regarded as the first side reaction
that occurs during the full thermal runaway process. The SEl decomposition might start from
a temperature as low as 57°C. Heat generation rate strongly depends on the surface area of

the graphitized samples.

Second stage: The balanced reaction of the SEIl decomposition and regeneration.

Once the SEI decomposes, the intercalated Li in the graphite negative electrode has the
chance to contact the electrolyte again and the reaction between them eventually occurs,

thereby, regenerates SEI. So it would be called the reaction of SEl regeneration.

Within the temperature range of 120 °C-250 °C, the SEI decomposition and regeneration
occur simultaneously, with the average thickness of SEI maintaining at a stabilized level. The
SElI decomposition will not cease when there is sufficient regenerated SEl, meanwhile the
reaction between the intercalated Li and the electrolyte will not boost because the surface
of the negative electrode is still covered by certain thickness of SEl layer. This wide and mild
exothermic process represents the balanced reaction of SEI decomposition and

regeneration.
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Third stage: The decomposition of graphite with electrolyte

When the temperature rises to 250 °C or higher, the balanced reaction of SEI decomposition
and regeneration will be broken. The reaction between the intercalated Li in the graphite
negative electrode and the electrolyte eventually accelerates and dominates. Therefore, the
reaction at the negative electrode at the third stage is less complex than the balanced
reaction at the second stage. Chen et al. [107] confirmed that the reaction peak of the third
stage stands for the reaction at the negative electrode, by testing several types of graphite

negative electrode.

1.3.2.3 Exothermic decomposition reactions related to Positive electrode
This section reviews the decomposition mechanisms of the selected positive electrode active

materials.

Based on thermal stability measurements of the positive electrode materials with electrolyte
at full-charge voltage conditions, a number of studies [3, 4, 13, 108] show that positive
electrode materials begin to react exothermically with electrolyte at a range of temperatures
from approximately 130 to 250 °C and the order of thermal stability of different positive
electrode materials for Li ion battery can be LFP > LMO > NCM111 > NCA > LCO, with the LFP
as the most stable positive electrode material during thermal runaway process [13]. Some

comparisons on the impact of cell technology on the thermal runaway are shown in Figure
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Figure 27: Normalized rate temperature of different technologies (left) and the peak

temperatures of the first exothermic reaction and temperature of gas formation [13]

(right).
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Furthermore, these positive electrode decomposition reactions produce oxygen. This may be

a factor that increase the possibility of self-heating due to local faults [4].

The decomposition of selected positive electrode active materials (NCA and Ni-rich NMCs)

with electrolyte

The decomposition of NCA (LiNiygCog 154l 050,) with electrolyte

The decomposition of the NCA positive electrode is intensive. It may conform to this main

equation [3]:
Liy36NipgCog154ly.050, = 0.18Li,0 + 0.8NiO + 0.05C050, + 0.025A1,05 + 0.3720,

Several studies summarized that the decomposition characteristics of NCA (charged to 4.2 V

with 1 M LiPF6 EC:DEC electrolyte) has an onset temperature of 160 °C - 170 °C. [3]

The decomposition of NMCs (LiNi,Mn,Co,0,) with electrolyte

The thermal decomposition of the NMC positive electrode is less intensive than that of the

LCO and NCA. It may conform to this main equation:
Liy (NiggMno1C00,1)0; = % Li50 + 0.8Ni0 + 0.1Mn0 + % Co30, + (- 0.967) 0,

The reduction from Ni** to Ni?* is the main reaction during the NMC decomposition,

4* is more active than Co** and Mn**. Therefore, in the Ni-rich NMCs family,

because Ni
the phase degradation is shifted to lower temperatures due to the destabilizing effect of Ni.
The temperature range of oxygen formation and phase transition depends on the Ni content

as in the Figure 28.
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Figure 28: Oxygen formation (top) and phase transition (bottom) of different NMCs [13].

Clearly, higher Ni content in the Ni-rich NMC leads to increased sensitivity to elevated
temperatures, releases of more oxygen than their counterparts and larger structural
changes. Some studies suggested that the active oxygen intermediates can be dissolved into
the liquid electrolyte, diffused into the negative electrode and react with the lithiated
graphite [64, 109, 110]. They also proposed that these strong exothermic reactions might
trigger the accelerated thermal runaway of Ni-rich technologies without the need of hard

internal shorting.

Moreover, according to section 1.1.7 and study from Noh et al. [66], Ni-rich NMC releases

more heat during decomposition as in Table 6.

Table 6: The enthalpies (AH) of the exothermic reactions of different NMCs [3]

Material AH,Jg™!
Lio.37[Ni;/3C04/3Mn;,3]02 512.5
Lig.34[Nig 5C09.2Mng 310> 605.7
Lig.30[Nig.6C00.2Mng 210> 721.4
Lip.26[Nig.7C0¢.15Mng, 15102 826.3
Lip.23[Nig.8C0o.1Mng 110> 904.8
Lig.21[Ni¢.85C00.075MnNg.075]02 971.5
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Several studies about the thermal stability of the NMC positive electrode observed three
exothermic peaks at 325 °C, 362°C and 458°C. The first two peaks can be ascribed to the
NMC decomposition and the last exothermic peak as the decomposition of the fluorine-

based binder [3].

1.3.2.4 Exothermic decomposition and combustion of electrolytes

There are comprehensive reviews of the state-of-art of the contribution of the electrolyte to
the safety of the Li ion battery [41, 111-113]. Both the negative electrode and positive
electrode materials in the battery react with the electrolyte and the electrolyte itself can
also decompose during thermal runaway. The equilibrium equation for the decomposition
reaction of the LiPF salt is LiPFg < LiF + PFs. Depending on the thermal stability of the
electrolyte with different mixtures, the decomposition product PFs will further react with
the EC/DMC solvent [3]. These reactions also release heat and therefore accelerate the
decomposition of the electrolyte. The measured heat of the 1 M LiPF, was 375 J/g in 1:1
PC:DMC (or EC:DMC) and 515 J/g in 1:1 PC:DEC (or EC:DEC), respectively. The exothermic
peaks located at 230 °C and 280 °C [3].

The mixture ratio and the amount of electrolyte can influence the total heat generation of
the full cell during thermal runaway [3]. Furthermore, when thermal runaway occurs, the cell
might vents due to the internal pressure rise caused by the vaporization and the gases
generated by the electrolyte decomposition with other component materials. Part of the
carbonate electrolyte decomposes inside the cell and releases small molecule gases during
thermal runaway, whereas the other part of the carbonate electrolyte evaporates and bursts
out of the cell. The vent-out substances include aerosol droplets of evaporating electrolyte
with partially reacted gases such as H,,CO,CO,, C,H,,... This vent-out mixtures can be
ignited into disastrous combustions [39, 114]. These ignitions usually require temperatures

well above gas auto-ignition temperatures (Table 3).

The complete combustion energy of any carbonate solvent was much higher than the heat
generation of the electrolyte decomposition [3]. Therefore, the electrolyte decomposition

and combustion can significantly contribute to the full cell thermal runaway.
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1.3.2.5 Melting of separator
As mentioned in the section 1.1.5.4, the commonly used commercial separators are PE
(polyethylene) and PP (polypropylene) based separators. These separators will shrink when

the temperature reaches their melting points.

The melting points of the PE and PP separators are approximately 130 °C and 170 °C [3],
respectively. We found also the multilayer separators mostly designed with a shutdown
feature, by which two of the layers have different phase transition temperatures. As the
temperature of the cell increases, the lower-melting component melts and fills the pores of
the other solid layer and stops ion transport and current flow in the cell. For example, in case
of PP/PE/PP three layer separator, it can provide a shutdown behaviour at 130 °C (PE melt)
with little shrinkage until 170 °C (PP melt). The gap between 130 °C—170 °C can enhance the
safety of the cell to some extent. The shutdown leads to a sharp increase in the cell
resistance [115] and help to block the abuse condition that accompanies with high current
flow, such as short circuit [116], or overcharge. The separator melting is an endothermic
process, and the temperature increase rate will thus slow down. The enthalpy of the PE and

PP separator during melting are -90 J/g and -190 J/g, respectively [3][117].

When temperature continues increasing, the shrinkage follows the shutdown and diminishes
the separation of the positive electrode and negative electrode. The internal short circuit
(ISC) will occur once the positive electrode and negative electrode contact together. The ISC
caused by shrinkage can produce massive heat generation that the separator collapses
quickly, whereas the ISC can also be mild and the separator may collapse much later. The
collapse temperature of the three layer PP/PE/PP separator is similar with that of the PP
separator (170 °C). PE-based or PP-based separator with ceramic coating enhance the

collapse temperature which can be as high as 200-260 °C [3].

Therefore, the moment of ISC is critical for revealing the thermal runaway mechanisms. If
the collapse temperature of the separator is higher than the decomposition temperature of
the positive electrode/negative electrode materials, the ISC may not occur during thermal

runaway, leading to significantly reduced total heat generation.
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1.3.2.6 Additional reactions relating to Li Plating
The microscopic processes involving Li deposition leading to macroscopic safety failures on

the cell level has been studied by Waldmann et al. [10] (Figure 29).
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Figure 29: Mechanisms related to Li deposition and thermal runaway of Li-ion cells [10]

Two main safety mechanisms were identified, including:

1) Exothermic reactions of Li with electrolyte

Following is the process of the exothermic reactions of Li metal with electrolyte in an

extreme case - the quasi-adiabatic conditions (very high thermal isolation):

e As mentioned above, the onset-of-self-heating of fresh cells is usually link to the initial
decomposition of SEI at ~100 °C, however, if cell has Li deposition, the exothermic
reactions of Li with electrolyte can already start around 30 °C. This low onset-of-self-
heating due to these exothermic reactions increases cell temperature and leads to
gaseous reactions products (R(g)). The produced gas mixture leads to an increase of the

pressure inside cells with rigid cell housing and to inflation in case of pouch cells;

e When the cell is irreversibly damaged, both, cylindrical and pouch cells are then vented if
the pressure inside the cell is further increased by ongoing reactions. The jelly roll is

likely to be ejected from the cell housing;

e When mass of the cells is lost by evaporation of electrolyte after venting, water and
oxygen might diffuse into the cell and thus, they are likely to react with the cell
components including the deposited Li. Deposited Li react with H, O with the occurrence

of fire;
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e Metallic Li will melt at a temperature of ~180.5°C. In case of alloying of Li with other

elements, the melting point might shift to ~200 °C.

From the reported study [10], the destruction level of the 18650 cells are higher in the case

of Li deposition.

2) Internal shorts caused by the dendritic growth of Li

Internal short circuits in Li-ion cells caused by Li deposition can be divided into soft and hard

shorts:

e Soft shorts often disappear during discharge and thus cells do not fail catastrophically.
Soft shorts are usually caused by thin dendrites. A soft short can lead to considerable
currents and therefore to a drop in cell voltage and a local temperature rise. The local
heating can lead to: exothermic reactions with the electrolyte, melting of Li, and melting

of the separator;

e Hard shorts are characterized by a comparably low resistance and therefore by
significantly higher short circuit currents between negative electrode and positive
electrode. Therefore, hard shorts are more likely to lead to thermal runaway due to
stronger local temperature rise [10]. However, there is very low probability of hard
shorts due to Li dendrites in Li-ion cells (ppm range) because in most cases, Li deposition
was found to be not dendritic or not dendritic enough due to the high pressure inside Li-

ion cells.

1.3.2.7 Other reactions

Other reactions do exist but may not have significant influences on the thermal runaway of
Li-ion cell. For example, the decomposition of the PVDF binder has been studied by several
groups [3, 38], however, the chemical kinetics of the decomposition of the PVDF binder with

electrolyte seems to have little influence on the thermal runaway [3].

1.3.3 The risk of fire and explosion from vent gas and particles

The severity of the thermal runaway is highly connected to the explosion hazards of the
phenomenon. While several studies mainly focus on SOC and cell chemistries, other

important variables such as component compositions [118-120], electrode design [118,
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121], form factor, manufacturer, failure mode, cell capacity and experimental setup should
also be considered. As far we know, the explosion hazards depend strongly on the
flammability of the vented matters, hence, the composition of the vent gas and vent

particles [122].
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Figure 30: Battery vent gas species compositions from literature [123].

This dedicated to present the literature on the composition of vent gas and particles
released from the cells. Several studies have experimentally characterized battery vent gas

composition released during thermal runaway. These studies are summarized in Figure 30
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[123] (THC is Total Hydrocarbon Content). Therefore, H,, CO, CO, and TCH are the common

vent gases detected during the thermal runaway of LIBs. It is also noteworthy that the LIB

from different manufacturers with the same cell chemistry might produce different vent gas

composition. This is related to the variation in cell manufacturing or the electrolyte species.

There are fewer studies about the composition of the vent particles. Wang et al. have

analysed the vent particles of different NMCs battery samples after the abuse tests in EV-

ARC as shown in Figure 31. [110]

NCMI111 NCMS523

NCM622

Figure 31: Vent particles (5kx) from the thermal runaway of 3 different NMCs technologies

[110]

Using EDS analysis, the compositions of these vent particles are presented below:

Table 7: EDS results of vent particles for cells with different NCM cathodes after TR. [110]

Element NCM111(wt%) NCM523(wt%) NCM622(wt%)
C 30.55 20.94 46.54
(0] 13.12 16.45 14.80
F 2.85 2.7 6.95
Al 4.5 27.5 2.23
P 0.29 2.74 0.84
S / 0.81 /

Cl 0.31 0.38 0.85
Mn 15.48 8.42 8.47
Co 16.98 4.44 4.19
Ni 15.90 15.62 15.14
The total 100.00 100.00 100

However, there is no study to confirm these compositions. There should be further studies

to investigate deeper the composition of the vented matters, along with the study of the
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exothermic reactions during the thermal runaway, in order to mitigate the hazards and more

especially to guide the future battery material designs.

1.3.4 The impact of SOC on the Thermal runaway

The chain exothermic reactions of thermal runaway happen under near adiabatic conditions,
where the exact reaction temperature highly depends on the cell chemistry and also SOC
level. The thermal runaway at different SOCs has been studied by several research groups
[74, 95, 124-129]. They usually used Heat-Wait-Search test in standard ARC as a powerful
technique to analyse and compare the thermal runaway phenomenon of different batteries

at different SOCs. This technique will be described in chapter 2.

The works of [126, 128] confirmed that the safety of the NCA and LFP technologies

decreases with increasing SOCs, as shown in Figure 32.
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Figure 32: The temperature versus time of the thermal runaway of the same capacity (3Ah)

of 18650 NCA/Gr and 26650 LFP/Gr batteries at different SOCs (0, 50 and 100%). [126]

As a common conclusion, LFP-Graphite was found to be the most thermally stable, mainly,
due to the high thermal stability of LiFePO, compared to relatively thermally unstable NCA
layered oxide which generates oxygen upon heating. However, this battery configuration still

does not remove all risk of thermal runaway.

The SOC-dependency is observed to be very strong in case of Ni-rich technologies [124, 127].
Figure 33 shows that multiple exothermic peaks are distinguished on the heating rate curves

of 0% SOC cells. This is different from the curves of 50%—100% SOC cells which reach very
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high temperature rate during the thermal runaway. Mao et al. [127] believes that the

exothermic chemical reactions are not intense enough for 0% SOC batteries, thereby, they

do not overlap each other as in case of increased SOC batteries.
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Figure 33: (Top) The heating rate as a function of temperature based on ARC results from
18650 Panasonic NCA/Graphite cells at 0%, 50%, 75% and 100% SOC. [124]; (Bottom)

Thermal runaway temperature and heating rate curves of 18650 NMC523/Graphite cells at

Besides the heat released by exothermic chemical reactions, the hard shorting after the
collapse of separator also releases a large amount of stored electric energy, which relatively
corresponds to the SOC level of the batteries. Therefore, battery with increased SOC can

trigger the thermal runaway instantly once the separator collapses, and the exothermic
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different SOC. R i means the i ! repetition. [127]

chemical reactions can occur simultaneously and overlap each other. [127]
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The combustion characteristics and fire behaviours during the thermal runaway are also
affected by SOC. Peng et al. [130] have shown in Figure 34 the measured O,, CO and CO;
concentrations as functions of time during the thermal runaway for batteries at different
SOCs. O, concentration is very low which indicates that the thermal abuse tests were
conducted under well-ventilated condition. Higher SOCs lead to higher production of CO and
CO;. The CO and CO; generation rates present a significant increase when the thermal
runaway reactions start and then decrease rapidly as the flame weakens. Compared to 0%
and 50% SOC, it is understandable that the 100% SOC has the highest peak of CO
concentration caused by the incomplete combustion during the violent fire [130] which is in

accordance with the observations of burning behaviours.
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Figure 34: Measured O,, CO and CO; concentrations as functions of time during the

thermal runaway for batteries at different SOCs. [130]
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Table 8: Summary of gases released by the thermally abused Sanyo UR18650ZL2
NMC111/Graphite LIBs identified using GC-MS chromatograms. [125]

Gases S0C
5% 50% 90% 100%

co
CH,
CoHg
O,
CoH,
CoH,
CsHg
CaHg
1-CeH °
1,3-C3H,4

1,3-C4Hg [ ]
(E)-2-C4Hg [ ]

g-C4Hg [ ]
CsHiz

1-C,H,

1-CsHyo [ ]
2-CsHyp

g-CsHio

r-1 3 3-C st,

cis-1 ,3-CsHg

1-CgHi2

CsHg [ ]
CH;0CHO ®
1-C7Hy,

CH,OCHs ° ° .

Accordingly, at increased SOC, more types of gas will be released due to the presence of
more violent electrochemical side reactions as seen in Table 8 [125]. Similarly for the
residuals of the battery after the thermal runaway: Liao et al. [125] found that the higher

the battery SOC, the more severe damage to the battery.

1.3.5 The role of Safety features in cylindrical cells

In commercial Li-ion cells, several safety features are used to lower the risk of thermal
runaway [10]. In this thesis, we focus only on the safety features of cylindrical commercial

cells which are shown in the Figure 35.

Scored Disk Vent %100 Cowes

PTC

Crimped
Can ——,

+ Tagmounting Disk

Figure 35: Some common safety features in the cap assemblies of cylindrical cells [4].
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The venting mechanisms in these cells can be activated when internal temperature and

pressure are high. It functions thanks to the implementation of:

- Positive temperature coefficient resistor (PTC),
- Current Interrupting device (CID),
- Vents,

- Stiff centre tubes.

Their operating mechanisms are described in the following.

Polymeric positive temperature coefficient (PTC) device

These devices include a conductive polymer layer that becomes very resistive above some
threshold temperature. They remain conductive within specified current and temperature
conditions. When discharge/charge current become excessive, the polymer will heat and
become highly resistive, greatly reducing current from/to the cell. When PTC device cools, it
again becomes conductive. Therefore, the current is reversibly limited for higher
temperatures [4]. Due to this characteristic, PTC devices may not be applicable to high

power cells.

Current interrupting device (CID)

In cylindrical cells with a rigid housing the pressure will rise but the volume will stay constant
(isochoric conditions). Therefore, cell internal pressure will develop prior to venting. When
the pressure inside this cell increases too strongly, the CID will physically break and leads to
irreversible interruption of current. At the same time, the cell is often vented and air
components such as oxygen and moisture can get into the cell. For reliable operation of
CIDs, it must appropriately match to cell chemistry so that overcharge conditions result in

sufficient gas generation prior to the