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General introduction

The lithium-ion (Li-ion) worldwide battery market is exponentially growing

since the advent of this battery technology in the 90s. This tremendous growth is
partly attributable to the international proliferation of electronic devices such as
cameras, smartphones, laptops, tablets, hoverboards and electronic cigarettes.
Moreover, since the last decades, due to the technological advances, the use of Li-
ion batteries has been exported to applications requiring higher power and energy.
Their electric energy density has made them favorable candidates for electric and
hybrid vehicles, whose global market is also tremendously growing.
The strong penetration of renewable energies, mainly photovoltaic and wind energy,
in the energy mix requires adequate storage solutions, in order to overcome, for
example, intermittency matters. Li-ion technology is also evaluated in these
applications for the smoothing or forecasting of electricity production, for the provision
of electricity at the peak of consumption, or for the support of grid frequency or
voltage problems. Besides, the interest in Li-ion batteries now allows them to be
integrated into stationary standalone applications, to replace lead-acid batteries.

In all these applications mentioned above, the use of Li-ion batteries requires
the consideration of their endurance and safety issues. It is therefore essential to
identify, understand and quantify mechanisms that may reduce their performance.
This methodology is necessary in particular to implement management strategies to
overcome these lifetime problems or even for the redesign of more efficient cells.
These optimal management laws derived from predictions obtained from the aging
models of these batteries, which in turn must be developed on the basis of the
understanding of degradation phenomena.

Some recent works - and in particular some experiments carried out by the
laboratory that hosts this thesis - highlighted the very significant negative impact of
the use of Li-ion batteries under low and high temperature conditions. More specially,
it is rather cycling at low temperatures as well as storage at high temperatures that
have been identified as the most critical conditions prone to accelerate aging.

The research works presented in this thesis explore issues related to the use
of Li-ion battery technology under these two operating conditions. The aim is to
provide a coherent understanding of the onset of the main aging mechanisms under
these usage conditions, enriched by ante- and post-mortem investigations. Then, a
semi-empirical aging model will be proposed, taking into account aging mechanisms
identified.
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In addition, a new approach for aging mechanisms identification through incremental
capacity measurements will be undertaken. This tool makes it possible to obtain
signatures specific to a given aging mechanism, not only on the basis of the cell
voltage but also relatively to the potentials of each electrode.

This thesis was conducted within the Laboratory of Electrochemical Storage
(LSEC) of the French Atomic Energy and Alternative Energies Commission (CEA) on
the site of the National Institute of Solar Energy (INES), focused on understanding
and aging modeling of electrochemical accumulators. The post-mortem analyzes
were performed in the Laboratory of Post-Mortem Analyzes (LAP); in the Laboratory
of Nanocharacterization and Nanosafety (L2N) and in the Laboratory of Magnetic
Resonance (LRM).

This thesis manuscript is structured in five chapters corresponding to the
different lines of research developed during this work.

The operating principle of the Li-ion battery and the different chemistries of
both electrodes and electrolyte are described in the first chapter. A particular focus is
given to overcharge protection agents, used as additives in the electrolytes of
commercial Li-ion batteries. A bibliographic study on the main aging mechanisms
which can reduce the performance this battery and methods for their identification are
presented.

The second chapter is devoted to the experimental setup. Specifications of the
commercial Li-ion cell studied in this thesis is given in the first part of this chapter.
The steps leading to the insertion of Li metal used as reference electrode into this
commercial cell as well as electrochemical tests performed are then described. This
experiment has been set up in order to follow up the evolution of both electrodes
potentials during aging. The protocols of checkups used in the aging campaign are
presented. In addition, the various post-mortem investigations methods required for
this thesis are meticulously detailed in the last section.

The study of aging mechanisms under cycling conditions at low temperature is
addressed in the third chapter. Ante-mortem analyses consisting in the exploitation of
cycling measurements obtained from the instrumented commercial cell are depicted.
Results and interpretations emerged from post-mortem techniques are presented in a
pedagogical way. The state of health of cells and of electrodes, and also the
influence of the electrolyte are deeply examined. A schematic model explaining the
onset of the aging mechanisms involved is proposed at the end of the chapter.
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Unpredictable aging mechanisms observed during storage life of commercial
Li-ion cells under high temperatures and states of charge conditions are detailed in
the fourth chapter. The significant influence of an additive of the electrolyte used as
an overcharge protection agent is noticed and investigated with required post-mortem
methods. A graphic model, showing the onset of aging mechanisms identified, is
scheduled in the last section.

The fifth chapter focus on the aging modeling. A semi-empirical aging model
based on capacity evolution, is developed, taking into account aging mechanisms
identified in this study. This predictive model has been evaluated and validated by
comparison with experimental measurements. A prognostic aging model based on
electrodes shifts, using incremental capacity peaks signatures, has been proposed in
order to identify degradation modes.
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|. State of art and objectives of the study

This work addresses the study of the aging of Li-ion batteries, and more particularly
of Graphite/Nickel-Manganese-Cobalt (C/NMC) Li-ion. The uses of this battery
technology are multiple and among which stand out, because of their great potential,
both electrical mobility and stationary storage, including support for intermittent
energies such as photovoltaic energy.

The first part of this chapter presents the evolution of the market of Li-ion batteries
over the 25 years since the beginning of their marketing. The operating principle of
the Li-ion battery and the different chemistries of positive electrode as well as
negative electrode and electrolyte are described in detail thereafter. The end of this
first section is dedicated to overcharge protection agents, used as additives in the
electrolytes of commercial Li-ion batteries.

The second part proposes a bibliographic study on the main aging mechanisms
studied in the framework of the thesis, through the description of the two main aging
modes which can alter the performances of the batteries. Upstream, the impact of the
aging of the Li-ion batteries from an economic point of view and from the point of
view of autonomy is presented.

Then, the third part deals with the methods of identification of these aging
mechanisms, through the various post-mortem analyzes required in the context of
this research work and through ante-mortem tools such as the introduction of a
reference electrode into a commercial cell and incremental capacity measurements.

The objectives of the study are presented in the fourth and last part.



I. State of art and objectives of the study

1.1. Li-ion batteries
1.1.1. Evolution of the market of Li-ion batteries

The year 2017 corresponds to the 25" anniversary of the introduction of the lithium-
ion (Li-ion) rechargeable battery into the battery industry. Sony Corporation marketed
the first commercial Li-ion battery, manufactured based on research works conducted
by the J. Goodenough’s group [ and R. Yazami’s 2.

Since this discovery, the global market for Li-ion batteries became the fast growing
one compared to that of other batteries technologies. Figures showing the evolution
of the market of Li-ion batteries were presented by the Avicenne’s group during the
last Batteries event in 2016 [,

80000
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60 000

50 000 M Others (Flow battery, NAS, ...)
=
2 20000 W Li-ion
=
NiMH
30000
NiCD

20000

10 000 .
—_—

1990 1995 2000 2005 2010 2015

Source: AVICENNE ENERGY, 2016 2015 Estimations

Figure I-1 : The worldwide battery market between 1990 and 2015 (3l

The global market for Li-ion batteries as illustrated in Figure I-1, represents the
highest growth and the major part of industry investments since about ten years. We
have nevertheless to add that the lead-acid technology, not represented in this figure,
is very far behind (a little more than 350 000 MWh in 2015) and still hence the
batteries technology the most used.

Li-ion batteries are mostly used in applications such as consumer electronic devices
like mobile phones and computers, as seen in Figure I-2. Between 2000 and 2015,
sales of Li-ion batteries went from less than 2 GWh to about 60 GWh. In 2000, cell
phones represented 17 % of the total market (with in addition 17 % for portable
electronics and 66 % for portable computers). Fifteen years later, the part
corresponding to electronic devices became 50 % (with in addition 15 % for electric
vehicles excluding China, 16 % for electric vehicles including China, 8 % for energy
storage systems and 11 % attributed to other applications). Medical devices, power
and gardening tools or e-bikes can be considered in the other applications category.
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Li-ion Battery sales,

MWh, Worldwide, 2000-2015
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Figure 1-2 : Li-ion technology main applications — M Wh [,

The Li-ion technology challenges with established energy storage technologies such
as lead acid in applications such as automotive products and storage systems where
global efforts are undertaken to embrace smart grids. However, the market of Li-ion
batteries for energy system storage (ESS) is at its beginning to take off.

In summary, the past 25 years have shown fairly rapid growth in sales and benefits of
Li-ion batteries compared to all other rechargeable battery systems.

Recent works on new materials show that the Li-ion battery will be a formidable
competitor for some years to come. However, despite its undeniable advantages, the
Li-ion battery is still the subject of intensive research to improve its performance and
its autonomy for applications requiring high energy densities, and especially in order
to reduce its cost.

1.1.2. Operating principles

The Li-ion battery offers the best performance because of its high energy density. Its
operation is based on the reversible exchange of Li cations between two materials of
insertion. The negative electrode is generally made of graphite while the positive
electrode is mostly composed of lithiated transition metal oxide.

The electrodes are composed of a current collector, usually aluminum for the positive
electrode and copper for the negative electrode. A polymeric binder ensures the
cohesion of the active particles and gives them a mechanical strength by adhering to
the collector.

A porous polymeric membrane, allowing both electrical insulation and ionic
conduction between the two electrodes, acts as a separator. The latter material is
imbibed with an electrolyte containing a lithium salt dissolved in a mixture of organic
solvents, chosen so as not to be degraded at the electrodes at the operating
potentials.
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During charging, the Li cations coming from the positive electrode (then anode) are
inserted into the negative electrode (then cathode) under the effect of a current
applied from a generator. During the discharge, these Li ions migrate from the
negative electrode (then anode) to the positive electrode (then cathode) at the same
time as electrons are supplied to the external circuit. This makes it possible to
recover the chemical energy stored in the form of electric energy.
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Figure 1-3 : Schematic illustration of a typical Li-ion battery [4.

1.1.3. The different types of materials chemistries

1.1.3.1. Positive electrodes

1.1.3.1.1. Lithiated transition metal oxide

Lithiated transition lamellar oxides LiaxMO2 are mostly used as material for the
positive electrode of Li-ion batteries. Note that M may represent one or even more
types of metals (Cobalt (Co), Nickel (Ni), Iron (Fe), Manganese (Mn)).

These materials have a crystallized host structure offering mono as well as bi and
three-dimensional diffusion paths to facilitate the intercalation of the Li cations. The
electrochemical insertion potential domains of most of these materials vary between
3 and 5 V relative to Li potential.
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However, Co is very expensive and otherwise toxic. Once the rate of Li disinserted
from that material becomes greater than or equal to 50 %, this material becomes
unstable at high temperature and it releases oxygen. The release of oxygen can
cause explosion if it reacts with electrolytic organic solvents.

The substitution of the Co in LiCoO2 by Ni, Mn, Al made it possible to obtain
materials such as Li(NixMnyCoz)Oz2, called Lithium-Nickel-Manganese-Cobalt-Oxide
(NMC) or Li(NixCoyAlz)O2, called Lithium-Nickel-Cobalt-Aluminium-Oxide (NCA).
These new compounds are developed at a relatively lower cost, resulting in high
mass capacity and good thermal tolerance. In the framework of this thesis, the
commercial Li-ion cell used is based on Li(Nio.4aMno.4C02)O2 as positive electrode.

1.1.3.1.2. Manganese oxides

Manganese oxide spinels Lia-xMn20s4 have also been developed to allow the
intercalation of Li cations in the range of 3 and 4.2 V vs. Li*/Li. The spinel Liz-xMn204
(Lithium-Manganese-Oxide as LMO) offers the advantages of low cost and non-
toxicity. However, because of the risk of the Mn dissolving, this oxide is not suitable
for temperature conditions above 55 °C.

1.1.3.1.3. Lithiated iron oxyphosphate

There is also another type of positive electrodes rather composed of phosphates of
transition metals and more particularly of lithium-iron phosphate. The crystal structure
of the LiuxFePOa4 (Lithium Ferro-Phosphate as LFP) is similar to that of olivine
LiMgFeSIiOa.

Although they are less dangerous in the case of abusive operation, these materials
have the disadvantage of having a lower nominal voltage, about 3.2 V vs Li*/ Li.

The name olivine was originally given to a mineral group of silicates of olive green
color. However, this designation has been extended to the isomorphic crystal
structures of LiMgFeSiOa.

1.1.3.1.4. Crystalline structures

The three types of crystalline structures corresponding to the different families of
positive electrodes materials are illustrated in the figure below.

Lithiated transition lamellar oxides Liw-xMO2 have a crystalline structure of lamellar
type (A). Manganese oxide spinels such as LiMn204 present a crystalline structure of
spinel type (B), while materials such as lithium-ion phosphate belongs to the category
of crystalline structure of olivine type (C).
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Figure 1-4 : Crystalline structures for each type of positive electrode insertion material
(5]

1.1.3.2. Negative electrodes

1.1.3.2.1. Graphite

Graphite is one of the most common negative electrodes used in commercial Li-ion
batteries. This carbonaceous material is attractive because of its low cost and its very
low electrochemical insertion potential leading to a very high cell voltage. It has an
intercalation / deintercalation plateau between 0.05 and 0.1 V vs Li*/Li [6: 7 8 9 |ts
mass capacity of 372 mAh/g and its high reversibility are additional factors that
increase its attractiveness.

This high reversibility of the Li cation insertion within the graphite is related to the
small spacing of the graphene planes (spaced at 0.335 nm) which constitute this
material and which deviate during the intercalation of the Li (up to 0.370 nm for
complete lithiation) (101,
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Figure 1-5 : Plans of graphene between which the Li is inserted 101,

This small gap allows the conservation of the planar structure of the graphite. There
is therefore no covalent bond but only electrostatic forces between the carbon
planes, as showed in Figure I-5, in which the Li comes to be inserted.

It should be noted that many efforts are being made by researchers in the
development of new high-capacity carbonaceous materials with a low rate of
irreversible capacities.
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Porous carbonaceous materials such as carbon xerogels prove to be promising
candidates 1. Nevertheless, these materials tend to irreversibly trap the Li ions in
their porous structure during the first insertion / disinsertion cycle [*2].

That is what limits their use at the present time. Consequently, current research is
directed towards modifying the porous texture of these materials.

1.1.3.2.2. Lithium titanium oxide

Graphite has an insertion potential very close to the Li reduction one and is therefore
exposed to the formation of lithium metal (22431 which can pose a hazard to the
safety of the battery. It is for this reason that the Lithium Titanate Oxide (LTO)
appears as an interesting alternative electrode material to graphite, because it allows
the Li to be inserted into electrochemical potentials greater than the electrochemical
potential of lithium reduction. The Li insertion / disinsertion reaction in the LTO takes
place in the same two-phase process as seen with the LFP. However, this material
has a lower mass capacity, about 175 mAh/g in theory.

1.1.3.3. Electrolytes

1.1.3.3.1. Composition

The electrolyte used in Li-ion batteries consists of a mixture of aprotic organic
solvents due to the instability of the graphite electrode in the presence of compounds
with labile * hydrogen.

In this mixture of solvents, most often composed of alkyl carbonates (ethylene,
dimethyl, propylene carbonates), one or more lithium salts are solubilized in order to
make possible the transfer of the Li cations. The most commonly used salts are
lithium hexafluorophosphate (LiPFs) and lithium bis (trifluoromethanesulfonyl) imide
(LITESI).

Many additives are added to the electrolyte of commercial Li-ion batteries in order to
improve their cycling ability. The use of certain additives such as vinylene carbonate
(VC) optimizes the irreversible consumption of Li during the first charge of the
battery. Its decomposition at high potential, before the solvents of the electrolyte,
leads to the formation of a thin and homogeneous film on the surface of the graphite
particles. As a result, the rate of consumed Li-ions is thus low, which reduces the
irreversible capacity loss 13,

For safety reasons, the use of other types of additives (so-called "protectors") in the
electrolyte of commercial Li-ion batteries is becoming more and more frequent 14,
Indeed, these molecules have the role of preventing overcharge. It should be noted
that the overcharge incident in a Li-ion battery may induce a risk of thermal runaway.

1 The more an atom (or group of atoms) detaches easily from a molecule, the more it is said to be labile.
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These molecules must have an oxidation potential slightly higher than that of the limit
potential corresponding to the cut-off of the charge at the positive electrode,
considering that the overcharge takes place at the positive electrode.

More specially, aromatic compounds are the first molecules reported to act as a
redox mediator during overcharge 5. In the context of this thesis work, a crucial
interest will be devoted on the stability of an aromatic compound, the biphenyl, used
as a safety electrolyte additive for overcharge protection. Aging mechanisms, caused
with the use of this molecule in the electrolyte of the commercial cell studied in this
thesis, will be discussed.

1.1.3.3.2. Overcharge protection agents

Overcharge protection agents are additives used in the electrolyte of Li-ion batteries
for preventing the overcharge reactions of both electrodes by sacrificial reactions as

seen in Figure I-6.
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Figure 1-6 : Principle of overcharge agents based on the representation made by J.
Garche et al. [16],

According to J. Garche et al. [1¢l, two types of compounds need to be distinguished:
redox shuttle type and shutdown type.

On one hand, the concept of redox shuttle type agents such as 2,4 — Difluoroanisole
(DFA) consists in the oxidation of a compound R, having a reversible redox potential
(0.1 — 0.2 V higher than the cathode potential at end-of-charge), to compound O on
the cathode, and then O migrates to the anode in order to be reduced to original form
R. The principal of operation is described in the Figure I-7 (A).

These types of agents are used in the electrolyte of Li-ion batteries rather conceived
for low current applications since the diffusion coefficient of a cation radical produced
by oxidation controls current density.
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On the other hand, aromatic compounds such as biphenyl (BP — Ci2H10), having no
reversible electrochemical characteristic, polymerize on the cathode during
overcharge and the liberated protons migrate to the anode generating hydrogen gas
(see in Figure I-7 (B)). Note that, biphenyl is the most overprotection agent used as
an additive in commercial Li-ion cells.
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Figure 1-7 : Overcharge agents: mechanism of redox shuttle type (A) and mechanism
of shutdown type (B) based on the representation made by J. Garche et al. [,

In the case of cylindrical cells, the hydrogen reaction leads to the rise of the internal
pressure which activates pressure-activated intermitted devices, called Current
Interrupt Device (CID). In the case of prismatic cells, the current shutdown is
activated by the increase of the internal resistance which depends on the
polymerized film and the meltdown of polyethylene separators. The activation of
pressure-sensitive internal electrical disconnect devices makes the cell inoperative
and protects it from any overcharge abuse [17: 18: 19; 20],

Since these compounds become active from a specific potential, their oxidation
potential are thus related to the cathode potential. J. Garche et al. [*®] mentioned the
appropriate oxidation potential of these additives in the range of 4.5 — 4.6 V vs. Li*/Li
in the case of lithium cobalt oxide (LiCoO2) cathodes (4.3 V vs. Li*/Li at 100 % of
SOC). This value of potential is consistent with the one (4.5 V vs. Li*/Li) reported by
C.-H. Doh et al. 211,
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K. Abe et al. [?2 used cyclic voltammetry measurements to determine the cathodic
limits of biphenyl (4.45 V vs. Li*/Li) with LiCoO2 and LiMnO4 used as cathodes. The
base electrolyte was 1 M LiPFe-EC:EMC (3:7 by volume). Y. Zhang et al. [2% rather
performed overcharge tests at 20 + 5°C and their results showed that biphenyl can
electrochemically polymerize at the overcharge potential of 4.5 — 5.5 V vs. Li*/Li to
form a layer on the cathode surface. They used different amounts of biphenyl (from
0.5 to 4 % wt) in an electrolyte based on 1 mol L™ LiPFs in EC:DMC:EMC (1:1:1, by
volume). The electrochemical behavior of biphenyl was also examined using
microelectrode cyclic voltammetry by L. Xiao et al. [?4. Their results revealed that the
monomer must be able to polymerize at a potential just above 4.3 V vs. Li*/Li and
quite below 5.0 V vs. Li*/Li. In addition, it was also found that the use of biphenyl as
an electrolyte additive did not significantly influence the normal performances of the
cell. These findings are consistent with N-S. Choi et al. [?°l suggestions.

In summary, based on all the reports above, the polymerization potential of biphenyl
is determined at room temperature in the range of 4.3 — 5.5 V vs. Li*/Li. However, few
experimenters have worked on the thermal behavior of these gassing agents used as
electrolyte additives in Li-ion cells subjected to high temperatures storage. In this
thesis, the stability of overcharge agents under high temperature conditions will be
discussed as well as its impact on the aging of the cell.
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1.2. Aging of Li-ion batteries

1.2.1. Economical point of view

It is worth mentioning the inevitable degradation of battery performance that implies
the need to reduce the impact of aging for a given application.

For the electric vehicle, for example, it should be remembered that the cost of the
lithium battery pack is about 800 € / kWh [?6l. As a result, an all-electric vehicle
package, of the order of 22 kWh to obtain 150 km of autonomy approximately,
currently costs about half of the total price of the vehicle.

Recently, a team of British researchers published an article [?”1 concerning a techno-
economic study of a United Kingdom (UK) residential property photovoltaic (PV)
storage system. The detailed cost-benefit analysis and the battery model showed that
the use of Li-ion batteries for a PV-residential storage system connected to the grid is
economically not yet viable, by considering the degradations of the battery and its
replacement. This even with attractive subsidies and feed-in tariffs.

Given this high cost, manufacturers must ensure the durability of the battery and that
its replacement is the least frequent possible. In other words, the anticipation of the
aging mechanisms that may occur in the battery is necessary in order to promote the
commercialization of electric vehicles or PV applications, and in order to forecast
possible warranty costs [28],

1.2.2. Impact of aging on the battery

The aging mechanisms of Li-ion batteries are highly dependent on the materials
used. A better understanding of these phenomena allows an optimal management of
the battery while avoiding its use in abuse conditions. The complexity of the
physicochemical reactions occurring within the cell, responsible for degradation,
makes it difficult to understand the aging process. These physicochemical processes
operate in an interdependent way: the degradation of a component influences the
properties of the other constituents.

It is essential to differentiate self-discharge from the aging of a battery. Self-discharge
refers to the reversible loss of energy stored in the cell when not in use. A simple
recharge of the battery is sufficient to return it at its original level. This phenomenon
manifests itself differently depending on the storage conditions and remains low for
Li-ion cells, ie around 2 % per month, although this value may be greater according
to storage conditions (291,

Aging is rather equivalent to irreversible deterioration of performance. In fact, it
results in a decrease in capacity and / or an increase in the internal resistance of the
cell 3% which is directly related to the available power. As a general rule, this
phenomena reduces the battery lifetime.
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Usually, the end of the life of a battery is generally defined by a loss of 20 % of
capacity and / or when its internal resistance increases by 30 % [34,

The state of health (SOH) of a battery translates losses of performance of a battery
due to aging, and is expressed by the next relation:

Qoo =x100 (1.1)

tot,to

SOH(%) =

where Quwtt (Ah) is the current total capacity and Quwtto (Ah) the total capacity
measured at the beginning of life (BOL).

The state of charge (SOC) is an indicator of the available capacity in the battery.
SOC(%) = R 4100 1.2)

tot,t

where Qrt (Ah) is the remaining capacity and Quwtt (Ah) the current total capacity.

It should be remembered that the use of the battery combines both the phases of
rest, discharging and recharging. Thus, two types of aging need to be distinguished:
calendar aging (at rest) and cycling aging (in operation). Furthermore, we can
underline that the aging mechanism observed in calendar mode, mainly the SEI
growth, is not inhibited in cycling. This is the reason why some researchers
distinguish “pure calendar” (at rest) from “calendar in cycling”, referring in fact not to
the battery usage mode but to its aging mechanism.

1.2.3. Types of aging

1.2.3.1. Calendar aging

The degradation of the performance of a battery over time when it is not electrically
stressed corresponds to the so-called "calendar" aging mode. It results in an
irreversible loss of capacity observed in the difference between its capacity after a full
recharge and its capacity before storage. In this case, the storage temperature and
the charge level (relative to the cell voltage) are the two factors affecting the life of
the battery.

1.2.3.2. Cycling aging

A cycle of a battery corresponds to a discharge / charge, usually partial but
sometimes complete in the case of battery test (between 0 and 100 % of SOC),
followed by a recharge over an equivalent state of charge. In the case of cycling, the
SOC parameter can range in a SOC window (ASOC) since the electrical stresses
due to the cycling conditions lead to a dynamic interval of the SOC.

In addition to the range of SOC, cycling aging may be influenced by other factors
such as the temperature and the charging / discharging current rates (C-rate). This
mode of aging is also of course a function of the number of repeated cycles
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undergone by the battery, and therefore of the quantity of charge exchanged. Finally,
the self-heating of the battery due to the passage of current may induce an increase
of the battery temperature during cycling and can thus accelerate the degradation
processes.

1.2.4. Mechanisms of aging

The aging of Li-ion batteries is largely studied and can be related to complex inter-
dependencies from intrinsic cell components on one hand (electrodes materials,
electrolyte composition [32 33; 34; 35 36, 37 38, 39; 40]) gand from extrinsic criteria on the
other hand (temperature, applied charge / discharge current-rate, charge/discharge
cut-off voltages, depth of charge/discharge, cell design [4% 42 43; 44]),

1.2.4.1. SEI growth

At the level of graphite electrode, the Li is inserted devoid of its sphere of solvation
which is constituted by the organic molecules of the electrolyte. This phenomenon of
desolvation is carried out during the diffusion of the Li in an interfacial passivation
layer present on the surface of graphite particles. This layer is called passivation film
or Solid Electrolyte Interphase (SEI) in analogy to the passivation layer formed on the
surface of lithium metal in lithium batteries.

However, unlike the latter, formed chemically by contact between Li metal and the
electrolyte, the passivation layer on the carbon has rather an electrochemical origin.
Indeed, it is formed during the first charge called "activation charge”, performed at the
batteries factory well before marketing. This layer permeable to Li has a very
important role for the stability of the electrode itself. Without the desolvating power of
the SEI, the Li ion would be inserted with its sphere of solvation, which would result in
a complete destruction of the structure of graphite, called exfoliation (see in Figure
1-8).
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Figure 1-8 : Development of the SEI at the graphite electrode 43I,

Nevertheless, the formation of this layer consumes Li ions on the surface of graphite
at low potential. Thus, that growth of the SEI over the lifetime of the battery leads to
capacity loss and an increase in resistance at the cell level.
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Repeated cycling can induce rupture of this layer because of volume expansion of
graphite during cycling. This phenomena thus reactivates the reduction of the
electrolyte by its contact with the free graphite surfaces formed. The lithium
consumption leads to a Loss of Lithium Inventory (LLI).

1.2.4.2. Pore clogging

J.C. Burns et al. 6] showed that the SEI growth within graphite would be responsible
for the sharp change in the slope of the capacity loss curve observed at the end of
life (EOL). This rapid rollover capacity failure is caused by the development of a
kinetic hindrance in the negative electrode, as the number of cycles increases. The
authors have performed cycling tests at 30 °C and at a rate of 1 C with 18650-sized 2
Ah cells based on graphite and Li[Ni1sMn1/3C013]O2 (NMC) electrodes.

In fact, they suggested that electrolyte degradation products created at the positive
electrode can migrate to the negative electrode where they are reduced as a solid
layer of unwanted material on the front surface of the negative electrode.

With the increase of the number of cycles, this layer becomes thicker enough to
considerably reduce Li ions transport into the bulk of the negative electrode since
electrode pores are filled with reduced oxidation products (see in Figure 1-9).
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Figure 1-9 : Example of gradual capacity loss (A) and fast rollover capacity loss (B)
due to the reduction of porosity on graphite electrode [46],
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Moreover, the authors showed that cells cycled at 23 °C led to rollover failure after
only 700 cycles, while the cells at 60 °C did not (over 1600 cycles were performed).
This effect was attributed to the Li-ions transport through that film due to improved
kinetics observed at 60 °C.

At the level of the graphite electrode, the reduction of the porosity can finally lead to
metallic lithium depositions on the surface due to the high polarization that will be
created at the surface of the negative electrode.

1.2.4.3. Metallic lithium deposition

Batteries can be used sometimes at low temperature, typically below 10 °C. In such
conditions, it is well known that the performance of Li-ion batteries is reduced in most
of the cases. The kinetics of Li intercalation-deintercalation is affected due to the
limited mobility of Li cations in the electrolyte [*”l. Moreover, C.-K. Huang et al. 1“8l
suggested that the poor low-temperature performance of Li-ion cells is exclusively
related to the reduced Li diffusivity in carbon electrodes and not in organic
electrolytes neither SEI.

As mentioned above, the graphite domain of intercalation / deintercalation of Li is
very close to the Li reduction potential. The increase of the graphite electrode
resistance under the effect of low temperature and / or by applying a high charge
current rate (C-rate) could drive its potential to fall below 0 V vs Li*/Li. Consequently,
graphite is therefore exposed to the formation of Li metal.

Li deposition on the carbon anode is due to low Li cation diffusion in the anode [#. In
the literature, Li plating is reported to be the main cause of Li-ion batteries aging at
low temperature and/or at high charge rate [50: 51 52; 53; 54; 55, 56; 57; 58; 59]

Li carbonate compounds can be formed in case of contact between the metallic Li
and the electrolyte on the surface of the SEI. On the whole, the loss of the
exchangeable Li leads to an irreversible loss of the capacity of the Li-ion battery only
in the case the dendrite formed is disconnected from the electrode. It is thus called
“‘dead Li” and in that case, this Li can visually be observed although the cell is
opened at discharged state.

1.2.4.4. Degradation of active material

The degradation of active material involves all physico-chemical mechanisms through
which some of the active intercalation sites become inactive at either the negative
electrode or the positive electrode.

In the literature, D. Aurbach 6% particularly described a failure mechanism of graphite
electrodes characterized by the deactivation of graphite particles, covered by
insulating surface films. In fact, the author suggested that the reduction of propylene
carbonate (PC) within crevices in the edge planes of graphite particles, leads to the
formation of species of type R(OCO¢:Li)2 and the release of propylene gas.
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This phenomenon results in the cracking of particles, exposing the new reactive
surface capable of reacting further with solution species. Therefore, the graphite
particles are deactivated since they are electrically insulated by the formation of an
insulating film. This deactivation of the particles due to their electrical disconnection
from the bulk of the electrode is a notable capacity-fading mechanism of graphite
electrodes, especially at elevated temperatures.

This type of failure mechanism is considered as a loss of active material (LAM). LAM
from the positive electrode may also be caused by particle isolation or Li ions
trapping in the oxide constituting the positive electrode material.

1.2.4.5. Other aging mechanisms

The electrolyte can oxidize at low voltages at the negative electrode to form a
passivation layer and / or a gas production such as methane, and at high voltages at
the level of the positive electrode to create a deposit capable of covering its active
surface. This phenomenon leads to a non-homogeneous distribution of the current
and reduce the conductivity of Li ions 61,

Experimental works have demonstrated that the degradation of the positive electrode
materials is caused by the phase changes activated during the intercalation and
deintercalation of the Li ions. This can distort the crystalline structure and strongly
influence the lifetime of active materials of the positive electrode under cycling
conditions [62% 631,

Mechanisms of dissolution and chemical decomposition are also observed in the
presence of certain materials such as those based on Manganese. J. Vetter et al. [4°]
have shown that this phenomenon is a function of the SOC of the cell.

The mechanical integrity of the current collectors can also be affected by high
potentials and thus reduce the mobility of the electrons towards the external circuit
due to the non-uniform distribution of current density. Besides, during the insertion /
disinsertion of the Li as the number of cycles increases, the active material can
detach from the collector on some of its zones.
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1.3. Methods for the identification of aging mechanisms
1.3.1. Post-mortem investigations

It is possible to detect depositions on the electrode surface in the um size range
using optical microscopy methods. S.J. Harris et al. 64 described in situ
measurements of Li transport in an operating cell using an Olympus SZX12 optical
microscope in order to study the graphite lithiation, Li plating and Li dendrite growth.
C. Uhlmann et al. [%° observed the growth and relaxation of macroscopically plated Li
using an optical confocal microscopy whilst applying current. J. Steiger et al. 156 used
a light microscope to observe the modification of the SEI at crystalline defects and
the dissolution of electrodeposited Li filaments. In situ optical investigations to
analyze Li metal plating have also been performed by other authors such as O.
Crowther et al. 61 and H. Wu et al. 168, However, the detection of particle cracks is
limited by the resolution of optical microscopes which corresponds to a range of 0.2
um 9 The SEI growth or the morphology of Li deposition (dendritic, granular or
foamy) on the surface of graphite particles can also be observed with electron
microscopy images.

The visual inspection may be sufficient to attest of the LAM at the surface of the
electrodes. Besides, the use of coin half-cells based on harvested materials can be
necessary to measure the capacity loss in the case of active host material loss on a
given electrode.

The different post-mortem methods used in this thesis for the identification of aging
mechanisms are very well discussed in the second chapter.

1.3.2. Introduction of reference electrodes into commercial Li-ion cells

In addition to required post-mortem techniques, the detection of metallic Li deposition
may also be achieved by measuring the potential of the negative electrode using a
reference electrode. Such measurements are possible using a reconstruction of both
negative and positive electrodes recovered from a commercial cell into a three-
electrodes full cell with an additional reference electrode 7% 7% 72 73],

However, measurements obtained from a reconstructed Li-ion cell may be influenced
by several factors such as the necessity of removing one of the two coating faces of
each electrode (in the case of bifacial coated electrodes) recovered from the
commercial cell, the protocol of washing electrodes, the nature of the electrolyte
which may be different from the original one used in the commercial cell and the
pressure between the different layers (electrodes and separators).

Besides, the assembly of reconstructed 3-electrodes full cells is performed in an
anhydrous room. The exposure of electrodes, especially graphite, to the atmosphere
of the anhydrous room has a negative impact on electrochemical impedance
spectroscopy curves (see in Figure 1-10).
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Figure 1-10: Impact of the exposure of electrodes to the atmosphere of the
anhydrous room before assembling into reconstructed 3-electrodes system.

Some authors studied the introduction of reference electrodes into commercial
cylindrical 18650 cells. In 2000, G. Nagasubramanian ["* worked on the contribution
of the impedance of each electrode in the total cell impedance increase of
commercial 18650 cells at different temperatures ranging from 35 °C to -40 °C.
Another electrolyte based on {ethylene carbonate (EC), propylene carbonate (PC)
and diethyl carbonate (DEC) (1:1:2 v/v) containing 1 M LiPFs} was added to the cell
with the reference electrode for impedance studies.

In 2014, Jeffrey R. Belt et al. [ investigated the voltage characteristics of the
individual electrodes throughout calendar aging and duty cycle aging regimes with a
reference electrode introduced into commercial cylindrical 18650 cells with a capacity
of 1.2 Ah. The researchers added an electrolyte similar to the electrolyte found in the
cell. As mentioned above, we believe that exposing the cell to an electrolyte which is
different from the original used in the cell may influence the results and then the
interpretation.

However, one case of an insertion of reference electrodes into commercial Li-ion
pouch-cells is reported in the literature. E. McTurk et al. [’8l compared two procedures
of insertion of reference electrodes into manufactured 740 mAh Li-ion pouch cells
(Kokam SLPB 533459H4). The authors investigated the effects of the two procedures
of insertion onto the measurements of the potential of both electrodes and the cell
voltage in operando over 20 cycles performed at 40 °C at a rate of C / 10. However,
the suitability of this method for longer-term cycling tests and the effects of thermal
conditions were not assessed. Moreover, the relation between electrodes behavior
with aging and any aging mechanism is not dealt at all.

1.3.3. Incremental capacity measurements

It is also possible to identify aging mechanisms with Incremental Capacity Analysis
(ICA) (AQ/AU vs U). This method has been used by several authors as a powerful
tool, sometimes as an alternative to post-mortem investigations. Several works on
this subject have been conducted by Dubarry’s group. In some cases, it is possible to
obtain meaningful trends with differential voltage (DV) "7\,
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In this thesis, we have observed more noteworthy signatures with IC than with DV so
that we focus only on the use of IC curves

M. Dubarry et al. [78 studied the evolution of peaks of incremental capacity (IC) of
commercial Li-ion cells curves under loss of active material (LAM), under discharge
and under charge. In another paper [’°l, the authors proposed a prognostic aging
model able to simulate scenarios of major degradation modes, including loss of
lithium inventory (LLI) as well as ohmic resistance increase (ORI) and their
corresponding IC signatures. Impacts on the IC curves, characteristic to each aging
mode were more pointed out in a further research work 8%, Other authors have also
used IC measurements to provide qualitative analysis for aging mechanism
identification [81: 82; 83; 84; 85; 86]

On one hand, it has been shown [" that LLI results in a non-proportional and
successive decrease of the peaks from the highest potentials to their disappearance,
whereas a LAM rather results in the reduction of all peaks proportionally to their initial
value.

On the other hand, a shift of all the peaks indicates an increase in resistance, as in
the case of the SEI growth. However, the same shift of peaks has been pointed out in
the case of LAM only on the negative electrode (NE). It should be noted that LAM on
the NE and LLI show similar IC signatures because they share a common theme that
the graphite cannot be lithiated to the same level as it was initially.

In the case of a Graphite / LFP Li-ion cell, each peak identified on the IC curves may
be attributed to the intercalation / deintercalation of the Li-ions into the graphite
electrode, convoluted with a large plateau corresponding to the phase transformation
at the LFP electrode. Thus, a peak can be easily assimilated to a graphite insertion
plate (see in Figure 1-11).
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Figure I-11 : Incremental capacity of a Graphite / LFP Li-ion cell obtained at the rate
of C/ 10. (This Figure originates from an internal project of the Laboratory).
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For other Li-ion chemistries such as Graphite / NMC studied in this thesis, it is not
obvious to distinguish, based on the IC curves obtained from the cell voltage, the
peaks corresponding to one or the other electrode, since the evolution of the
potential of the NMC does not have any plateau (see in Figure 1-12).
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Figure 1-12 : Incremental capacity of a Graphite / NMC Li-ion cell obtained at the rate
of C / 25. (This Figure originates from this thesis work).

However, in this case, it is possible to correspond a given peak to a given electrode
by analyzing the IC curves obtained on the potentials of the electrodes. This
measurement is only possible by having the cell voltage measurements and the
potential measurements of each electrode at the same time. The presence of a
reference electrode into a commercial cell will make it possible to obtain such
measurements.
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1.4. Objectives of the study

The performance of Li-ion batteries is highly dependent on the physicochemical and
thermal properties of the materials of the various components, among which
electrodes and electrolyte play a leading role. A better understanding of the reaction
mechanisms and limiting factors associated with the use of these materials under the
various usage conditions of the battery remains essential.

Moreover, this research theme represents a significant economic interest regarding
the growth of the Li-ion battery market for more applications. Despite intensive
research undertaken over the last 25 years, the subject is far from being fully
understood. Understanding fundamental problems such as the influence of the
electrolyte or the structure of the electrodes is a decisive factor in extending the life of
the batteries currently marketed.

The overview of current bibliographic research shows that some areas have already
been the subject of fruitful research. For example, many researchers have been
interested in the mechanism of lithium metal deposition on the graphite electrode.
Nevertheless, some clues were only very rarely explored. This is the case in
particular with the use of reference electrodes into commercial cells in order to
monitor the evolution of electrode potentials. This technique will be studied in this
work, in addition to the multiple post-mortem techniques used.

Indeed, the losses of performance observed at low temperatures are often, by
misuse of language, quite easily attributed to the mechanism of reduction of lithium.
In the same way, irreversible capacity losses measured after storage at high
temperatures are often explained by the SEI growth.

However, in these various conditions of use, the composition of the materials of the
electrochemical system is very little considered.

In this way, the objective of this thesis is to consolidate new knowledge on the aging

mechanisms of Li-ion accumulators, on the one hand, under the conditions of cycling
at low temperature and, on the other, in the high temperature storage conditions.
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This second chapter is structured into four sections.

The characteristics of the commercial Li-ion cell studied in this thesis is presented in
the first section. Common specifications mentioned in the datasheet as well as
geometrical dimensions are detailed. The different applications addressed by this
commercial cell are quoted.

The second section is devoted to the protocol corresponding to the introduction of Li
metal used as reference electrode into the commercial cell. The step of the
preparation as well as of the insertion of reference electrodes are detailed. This
section ends with the presentation of preliminary electrochemical tests (protocols and
results) performed with the instrumented cell.

The protocols of check-up tests used in this thesis, for measuring the evolution of the
performance of cells, after cycling tests or calendar storage phase, are described in
the third section.

This Chapter ends with the description of the different post-mortem investigations
techniques required in the framework of this research work. The protocol of cells
dismantling as well as the required precautions and the operating principle specific to
each method are detailed. In addition, a brief state of the art about the interest of
each of the methods in Li-ion batteries field is presented.
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2.1. Li-ion cells reference studied: C/NMC KOKAM 16 Ah

KOKAM is one of pioneers in supplying small to large format Super Lithium Polymer
Battery (SLPB) cells ranging from 2 Ah to 240 Ah. Commercial high power Li-ion
polymer pouch cells (Kokam SLPB 78205130H) have been chosen by the laboratory
to be used in this work. With a nominal capacity of 16 Ah, an energy density of 146
Wh/kg and a weight of 406 g, this Li-ion cell has the following geometrical
dimensions: width = 207 mm, length = 137 mm and thickness = 7.8 mm. The
Alternating Current — Internal Resistance (AC-IR) measured at 1 kHz is indicated at
1.1 mQ in the datasheet. A voltage range of 2.7 — 4.2 V is allowed with a nominal
voltage at 3.7 V. Additional specifications are presented in Table II-1.

Items Specification Remarks
Charge Continuous 48 A (3C) @ 23+3°C
Current Continuous 128 A (8 C) @ 23+3°C
(maximum) Discharge <10 sec,
Peak 240 A (15C) > SOC 50 %
Cycles @ 80 % DOD
1C/1C, to 80 Up to 4000 or34~4.1V
% of capacity (@23+£3°C)
Charain 0~ 10°C <0.3C
Tem ergtu?e(a) 10~ 35°C <3¢
P 35 ~ 45°C <icC
Discharging o
Temperature® 10~55°C
-20 ~ 25°C 1 year @ 60+25%
Tersntog’r‘gsjre 25 ~ 40°C 3 months R.H.
P 40 ~ 60°C <1 week SOC 50 +5 %

Table 11-1 : Common specifications of 16 Ah commercial Li-ion pouch cells (Kokam
SLPB 78205130H).

(@): 0°C | or45°C 1 :charge protection temperature (shut down required)

(b) : -10 °C | or 55 °C 1 : discharge protection temperature (shut down required)

On one hand, the datasheet mentions that this commercial Li-ion cell addresses
applications as diverse as transportation (fully / plug-in electric vehicles), military,
aviation, industrial machinery, marine, grid storage or telecom.

On the other hand, it recommends to do not charge the cell over 0.3 C in a
temperature range of 0 ~ 10 °C. Besides, the storage time in a temperature range of
40 ~ 60 °C must be less than one week.

In applications such as defense, space and other systems under severe conditions,
batteries may be used at low temperature, typically below 10 °C 87,

So it is necessary to study further the impact of current rates on aging mechanisms
limiting the performance under such conditions.
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Besides, the use of Li-ion cells in electric vehicles, for example, requires long rest
time (calendar aging) and regular charge / discharge phases (cycling aging). Similar
operating conditions can also be encountered in photovoltaic applications.

It is therefore imperative to perform protocols including long-time storage at high
temperature in the aim to test the battery in ‘real life’ conditions.

Concerning materials of this commercial Li-ion cell, graphite is the negative electrode
and Nickel Manganese Cobalt (NMC) oxide is the positive electrode while the
separator is constituted by microporous polyethylene film. Figure II-1 illustrates a
photograph of a 16 Ah Kokam cell.

o

Figure II-1 : 16 Ah commercial Li-ion cell (Kokam SLPB 205130H).

The internal order of electrodes in this cell is shown in Figure 1I-2. The cell stack
consists in total of 25 positive electrodes and 24 negative electrodes.

Besides, 23 positive electrodes are coated on both sides and the two ones at the
ends of the stack are coated only on one side, while all negative electrodes are
coated on both sides by active material. The separator exhibits z-folding. The
electrodes in the middle of the stack (#10-17) will be used to take samples for further
analysis.

> 24 Anodes

7> 25 Cathodes

mid stack
sampling

Range
Anodes/

Cathodes
#10-17

Figure 1I-2 : Internal order of electrodes inside the 16 Ah commercial Li-ion cell
(Kokam SLPB 78205130H).
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The surface of a single positive and negative electrode is respectively 199.97 cm?
and 206.01 cm? as pointed out in Figure 1I-3. The current collector at the negative
electrode is based on copper with a tab made of nickel-plated copper, while the
current collector and the tab at the positive electrode is made of aluminum.

48 55
Negative H 30 25 +_" Positive

Electrode Electrode

102

A =199.97 cm?

LCorner rounding =2 mm

| 202 ‘ ‘ 200

Figure 11-3 : Dimensions of positive and negative electrodes in the 16 Ah commercial
Li-ion cell (Kokam SLPB 78205130H).
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2.2. Insertion of reference electrodes into 16 Ah commercial Li-
ion pouch cells

2.2.1. Types of reference electrodes

The electrochemical couple constituting the reference electrode must present a
plateau of potential on a wide range of SOC and be stable in the electrolyte. The
major difficulty is to have a stable potential over time in order to perform reliable long-
term characterizations during electrochemical tests.

In Li-ion cells, different redox couples are used as a reference electrodes: biphasic
insertion materials 88 like LiFePOa4/LiFePOs (LFP) (Uplateau = 3.32 V vs. Li*/Li),
LisTisO12/Li7TisO12 (LTO) (Uplateau = 1.55 V vs. Li*/Li) as well as alloys 8% %l such as
LixBi/Bi (Uplateau = 0.80 V vs. Li*/Li), LixAl/Al (Uplateau = 0.36 V vs. Li*/Li).

LTO was previously validated by M. Dollé and al. Y as the reference electrode
optimum material for performing three electrodes impedance measurements. The
LixAl alloy is less reactive than lithium and then less reactive to the electrolyte and it
should therefore have a more stable potential over time than Li*/Li [92],

The most commonly material used as reference electrode is metallic lithium Li*/Li
(Uplateau = 0 V vs. Li*/Li) even though its stability may be insufficient over long time [°%
94,95, 961 The SEI which will be spontaneously developed on the surface of reference
electrode could shift its measured potential and impedance, over a longer period of
time. Nevertheless, for short time characterizations, it is still efficient.

2.2.2. Insertion protocol of reference electrodes

2.2.2.1. Preparation of the reference electrode

The insertion of reference electrodes is performed inside a glove box under Argon
atmosphere. A lithium metal foil having a surface of 16 mm? (4 mm x 4 mm) and a
thickness of 50 um is used as reference electrode.

Before being inserted into the cell, the lithium metal is folded in half and protected by
a Celgard 2400 separator film for security reasons. The material thus covered by the
separator is then drenched into the electrolyte in order to ensure that lithium is
perfectly glued to the separator. This electrolyte, commonly called LPX, is based on
1:1:1 wt ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl
carbonate (EMC) + 1 LiPFs. The amount of electrolyte (LPX) soaked on the separator
which envelops the reference electrode remains very negligible compared to the total
amount of the original electrolyte present inside the commercial cell. An influence of
the LPX electrolyte on the results is therefore unlikely.

The reference electrode is then attached on a copper grid having a thickness of 38
pum. The gluing is reinforced with an Epoxy resin. The copper grid is then in turn stuck
to a nickel tab as illustrated in Figure 1l1-4. A Kapton tape (in orange) is positioned to
hold the separator in place.
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— Separator

g—v Lithium

Copper

Nickel

Figure 11-4 : lllustration of the reference electrode which will be inserted inside the 16
Ah commercial Li-ion cells (Kokam SLPB 78205130H).

Based on the lithium metal density (0.534 g/cm?), on its standard atomic weight
(6.941 g/mol) and considering the Faraday’s law (F = 96485 C/mol), it is possible to
estimate the amount of lithium in the electrode compared to commercial cell capacity.
Then, normalized to the nominal capacity of the commercial cell (16 Ah), this value is
0.033 Ah and represents only 0.21 % of the capacity of the commercial cell.

The presence of the copper grid prevents the formation of loops in electrochemical
impedance spectroscopy (EIS) measurements, which may be caused by the
corrosion of Nickel if the tab was inside the cell [°7; 98; 99; 100; 101],

2.2.2.2. Insertion of the reference electrodes

First of all, for safety reasons, cells are discharged at room temperature until the
minimum voltage of 2.7 V is reached. Using a ceramic knife, a cutting of about 1 cm
is performed on the side of the cell casing by which it is possible to access to the
electrodes.

A ceramic clamp is used to spread the components so as to insert the reference
electrode in the middle of the stack between opposite electrodes. This operation is
done very quickly and very delicately.

Figure II-5 presents the required steps to respect in order to insert reference
electrodes into commercial cells. Once the reference electrode is introduced into the
battery, external incisions are isolated.

A mold is then prepared in order to encapsulate the cell, always for safety reasons
and/or prevent any leakage. The solution for successful encapsulation is composed
of a mixture of 104 g of epoxy resin and 42 g of epoxy hardener. The cell is then
placed in the mold and the solution is then poured over it until the entire cell is
completely submerged. Thereafter, the cell is allowed to stand in this configuration for
24 hours. The cell is fully resined at the end of the instrumentation and it can be
taken out of the glove box for electrochemical measurements. The second reference
electrode is used as backup.
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Insertion of the reference Isolation of incisions
electrode

Cell pIaCed in the mold Resining Operation Cellule Completely encapsulated

Figure 1I-5 : Steps of insertion of reference electrodes into the 16 Ah commercial Li-
ion cell (Kokam SLPB 78205130H).

As seen in Figure 1I-6, EIS measurements were performed before and after the
introduction of the reference electrode into the commercial, in order to evaluate the
impact of the instrumentation. These EIS measurements were carried out, while the
cell was inside the glove box, using a Solartron equipment (30 kHz — 10 mHz with AV

=10 mV).
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Figure 11-6 : Impedance curves before and after the insertion of the reference
electrodes into the first commercial 16 Ah pouch-cell.

A small difference between the two impedance measurements can be noticed. It
should be noted that after the first measurement, the cell was disconnected from the
Solartron in order to introduce the reference electrode.

43



I1. Experimental setup

Then, after the instrumentation, the cell was again reconnected to perform the other
impedance measurement. This difference in behavior can therefore be attributed to
the operations of disconnecting and reconnecting of the cell between the two
measurements. However, this did not disrupt the measurements obtained with
cycling tests.

In this work, three fresh 16 Ah commercial Li-ion cells have been instrumented with
reference electrodes at different periods from one another. The first one has been
subjected to electrochemical tests performed respectively at 25 °C, 45 °C and 5 °C at
different C-rates in order to ensure proper functioning of the inserted reference
electrodes. Data obtained from these measurements at the beginning of life (BOL)
have been used in order to develop an aging prognostic model based on electrodes
behaviors. After the preliminary electrochemical tests, the same instrumented cell
was used for cycling tests at low temperature in order to follow up the evolution of
both electrodes in such conditions.

The other two instrumented cells have been subjected to calendar aging at high
temperature for complementing the understanding of aging mechanisms involved in
such conditions.

2.2.3. Electrochemical tests with the instrumented commercial cell

Electrochemical tests are performed respectively at 25 °C, 45 °C and 5 °C at different
charge C-rates (respectively 1 C,C/25,C/10,C/5,C/2,2C,25Cand1C)as
presented in Figure II-7.

For all the C-rates except C / 25, the charge ends with a constant voltage (CV) phase
which starts when the cut-off voltage of 4.2 V is reached and stops when the current
drops to C / 20. Unfortunately, the test bench used for these measurements does not
allow to charge over 40 A. The discharge rate is set in all cases at 1 C.

The protocol is established such that the electrical test begins and ends with a
charge at 1 C, the discharge being always at 1 C, so as to limit the impact of the
discharge rate and especially to compare the evolution of both electrodes potentials
and the capacity between the beginning and the end of the test. This will make it
possible to check the stability of the reference electrode for each temperature.

As a result, no derivation of the reference electrode is then observed during these
preliminary tests. There is a good correspondence between the cell voltage
measured at the cell terminals and the voltage calculated by the difference of the
potential between both electrodes which is obtained with the reference electrode.

The protocol also includes pulses with a duration of 30 s implemented in charge as
well as in discharge at a rate of 1 C at every 10 % of SOC in order to measure the
internal resistance. Note that as capacity, energy or self-discharge, internal
resistance is also an important criteria for the determination of the performance of Li-
ion batteries.
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Figure 11-7 : Electrochemical characterizations performed at 25 °C, 45 °C and 5 °C at
different C-rates with the 16 Ah commercial Li-ion cell instrumented with Li metal as
reference electrode.
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2.2.3.1. Evolution of the potential of electrodes

Figure 11-8 illustrates, for the three temperatures, the evolution of the potential of both
electrodes (compared to the Li potential) in function of C-rates in charge.

A resistive effect is remarked on the behavior of the potential curves corresponding to
the positive electrode when C-rates become higher. This trend is less distinct on the
behavior of the negative potential curves.

As it can been perceived, the potential curves of the positive electrode are higher at 5
°C than at the other two temperatures. It is worth mentioning that the potential of the
graphite, contrary to what was expected, does not go below the 0 V / Li even when
the current is equal to 40 A (2.5 C). Note that the small hook, ascent on the negative
potential and descent on the positive potential curves, represents the CV phase. It is
well observed at 25 °C and at 45 °C, although the difference of behavior between the
first C-rate (in dark blue) at 1 C and the last C-rate (in claret red).

At 5 °C, the ascent hook on the negative electrodes is less pronounced for high C-
rates and besides, less outstanding difference of behavior between the first and the
last C-rate at 1 C is distinguished.
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Figure 11-8 : Evolution of the potential of each electrode compared to the lithium
potential in function of the charge current and the temperature.

Figure 11-9 shows the evolution of the potential of both electrodes (compared to the Li
potential) in discharge. This figure demonstrates that the Li electrode does not drift at
all in discharge. Note that the discharge rate has been maintained at 1 C. This
observation permits to confirm that the difference of the potential behavior observed
between the first and the last charge at 1 C is not due to a derivation of the reference
electrode. There may be another effect to elucidate. The correct operation of the
reference electrode could be therefore validated.
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Figure 11-9 : Evolution of the potential of each electrode compared to the Li potential
in function of the discharge current (1 C) and the temperature.

2.2.3.2. Internal resistance measurements

The internal resistance of a cell can be determined by alternating current (AC)
methods, electrochemical impedance spectroscopy methods, thermal loss methods
and direct current pulse methods as reported by H.-G. Schweiger et al. [192],

In this work, the internal resistance is calculated by pulses measurements.

B. V. Ratnakumar et al. [1°3] demonstrated that the direct current resistance is easy to
implement in the pulse conditions. This measurement is influenced by the duration
and the current of the pulse and the SOC of the cell. In addition, reduction of pulse
current and pulse duration was determined to reduce the influence of discharge and
charge on creating a feigned 2 resistance [102,

H.-G. Schweiger et al. [192 performed charge pulses with a duration between 0.1 s
and 18 s and a C-rate in the range of 1 C to 20 C. B.V. Ratnakumar et al. [10d]
employed a current pulse with of a magnitude at 0.4 C and with a duration of 60 s.
Besides, the authors observed similar trends with pulses programmed for 60 s as
with shorter pulses of 30 ms duration.

In our case, as illustrated in Figure 1I-10, the internal resistance at different SOC is
determined by direct current methods by applying a constant current charge /
discharge pulse with duration of 30 seconds and a current rate of 1 C. A rest period
of 30 minutes is set up after the pulse in order to reach the open circuit voltage
(OCV) for a specified SOC.

2 A feigned resistance refers to the resistance calculated with the increase of the pulse length. This feigned
increase of internal resistance is mainly caused by the voltage change due to the discharge or charge of the
measuring pulse.
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Figure 11-10 : Measurement of internal resistance

procedure.
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Figure II-11 compares internal resistance measurements obtained directly from the
cell and those calculated by the addition of the resistance of each electrode which is
determined through the reference electrode, respectively at 25 °C, 45 °C and 5 °C.
Internal resistance (measured at 10 s) is expressed in function of the SOC and the

duration of the pulse.
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Figure 11-11 : Comparison of the DC resistance obtained directly from cell and those
calculated by addition of the DC resistance of each electrodes for different

temperatures.
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Note that values of the SOC are estimated in function of the total charged or
discharged capacity at the end of the charge or discharge pulses, respectively. Thus,
at 5 °C, as the resistance increases faster than at 25 °C or 45 °C, the voltage limits
are more rapidly reached. As a result, the corresponding capacity is lower than at the
other temperatures and consequently the range of SOC is reduced.

There is a good correspondence between values of resistance directly measured
from the cell and those calculated based on the resistance of each electrode. It
should be pointed out that the data are well superimposed.

These results are consistent with the literature, about the influence of the
temperature behavior on the internal resistance [194 105 106] ' As expected, the value of
DC internal resistance increases when pulse duration increases

Figure 11-12 and Figure 11-13 respectively show resistance measurements
corresponding to the positive and to the negative electrode at the beginning of life in
function of the SOC and for different temperatures. It is noticeable that at 5 °C the
resistance is higher than at other temperatures, in charge as in discharge.
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Figure 11-12 : DC resistance corresponding to the positive electrode in function of the
SOC and for the different pulses duration (5s, 10s and 30s).
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Figure 11-13 : DC resistance corresponding to the negative electrode in function of the
SOC and for the different pulses duration (5 s, 10 s and 30 s).

It is possible to construct a DC resistance mapping as a function of the temperature
and the SOC. For that, we considered that the resistance varies linearly as a function
of the SOC to interpolate the measurements of resistances over the whole range of

[105]

SOC

For the temperature variations, we applied an exponential type

interpolation between 5 °C to 45 °C. Figure 1l-14 shows the mapping, obtained with
interpolations in function of the temperature and the SOC, of DC resistances
measured during pulses in charge at 10 s, corresponding to the complete cell and to

each electrode.
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Figure 11-14 : Mapping of DC resistances measured during pulses in charge at 10 s
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2.3. Protocols of check-ups for aging tests

A considerable part of the aging data of lithium-ion batteries used in this thesis
originates from the European Mat4Bat project [1°7], In this project, one of the objective
of Europe was to increase battery lifetime by 20 to 30 % for electric vehicles. For this
reason, Li-ion batteries were tested according to protocols used in automotive firms.
In the field of automotive, there are standard tests to control the aging of batteries.
The majority of them are defined by scientific communities, such as the FreedomCar
consortium, to facilitate comparison of the results of major United States
manufacturers.

Within the framework of the Mat4Bat Project, two purely electrical tests, namely
check-up tests at 25 °C, have been defined for controlling the evolution of the state of
health of cells after each aging phase. They are based on standard models but have
also some specificities.

2.3.1. Extended Check-Up test (ECU)

As illustrated in Figure 1I-15, Extended Check-Up (ECU) test, which lasts nearly 6
days, is programmed at the beginning of the life (BOL) of the cell, in the middle of life
(defined here by a state of health of 90 %) and then at the end of life (EOL) (defined
by a state of health of 80 %). This protocol includes different sequences that are
described in the following paragraphs.

50 5

Current(A)
Voltage(V)

100 | | | | | 2
0 1 2 3 4

Duration(Days)

o
o
~

Figure 11-15 : Protocol of Extended Check-Up (ECU) test performed at 25 °C at the
beginning of life, at the middle of life and at the end of life of the commercial cell.
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2.3.2. Short Check-Up (SCU)

With a shorter duration than the ECU, the Short Check-Up (SCU) only incorporates a
part of sequences included in the ECU. Capacity tests at different C-rates other than
at 1 C have been removed. Pulses are only performed in discharge. This regular test
is necessary to evaluate the state of health of the Li-ion cells during aging. It is
scheduled every 200 cycles.
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Figure 11-16 : Protocol of Short Check-Up (SCU) test performed at 25 °C after every
200 cycles

The description of each sequence of the checkups can be found in the Appendix of
the Chapter 2.
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2.4. Post-mortem analyses

Post-mortem analyses are required in order to elucidate the functioning of
electrochemical systems. To go further in the investigations of aging mechanisms
affecting the performance of Li-ion batteries, post-mortem electrochemical and
physico-chemical analyses with a diversity of complementary techniques have been
used for this research work. Particular attention is focused on each stage: from the
disassembly of cells to the post-mortem characterizations and then resulted
interpretations, through various methods of sampling specific to each technique. An
overview of the individual steps in post-mortem analysis is illustrated in Figure II-17.
Fresh and aged battery materials as well as positive electrodes, negative electrodes,
separators and electrolyte are meticulously inspected.

I Fresh / aged cell I
-

| Discharge to end-of-voltage I

| Transfer to the Argon glove box |

E 2

I Cell dismantling I

.

| Separation of components |

| Positive electrode |

| Negative electrode | Washing

| Separator |

|  Electrolyte | l

| Post-mortem analysis |

4 4

Electrochemical Physico-chemical
analysis analysis

Figure 1I-17 : Flow chart for the disassembly of Li-ion cells and analysis of
components.

To pursue these investigations on aging mechanisms of Li-ion cells, two main
complementary groups of post-mortem analyses can be considered as follows:
electrochemical analyses of reassembled electrodes and physico-chemical analyses
of harvested components. For pedagogical reasons, different physico-chemical
methods required for this work have been featured to form additional categories as
following:

s Electrolyte analysis
¢ Microscopy analysis
» Chemical methods sensitive to electrode surface
% Chemical methods sensitive to electrode bulk.

oo o

e
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2.4.1. Protocol of dismantling

The opening of Li-ion batteries must be carried out at a full discharged state for
safety reasons and under controlled atmosphere in order to avoid unexpected
material changes not caused by aging. Hence, most experimenters discharge the
cells until the end-of-voltage is reached (SOC = 0 %) prior to disassembly in an
Argon-filled glove box [108: 109 110; 111 112] ' The dismantling at lower potential energy
state minimizes the amount of charge in the event of an accidental short circuit as
reported by N. Williard et al. 113, Note that battery dissections may cause abuse
unfortunate events such as thermal runaway leading to an explosion 114, So that, in
some cases, a deep discharge consisting in discharging the cell until 0 V might be
useful always for safety reasons [119],

In our case, cell sizes are measured in order to follow any size variation and hint for
gas generation. Prior dismantling, cells are discharged at a rate of C/10 until 2.7 V is
reached. The same discharge procedure is repeated after a rest of 5 minutes. This
discharge procedure is to be performed 3 hours before the cell opening. Commercial
Li-ion pouch cells are opened using a ceramic knife in an Argon-filled glove box for
safety reasons. Careful cuts are realized avoiding shortcuts between electrodes to
obtain reliable results. The electrode pairs in the middle of the pouch cells are
considered for analysis as shown in the Figure I11-2.

After disassembling the cell, both electrodes and separator are washed in pure high
concentrated (99.999 %) dimethyl carbonate (DMC) as mentioned in different papers
[108; 109; 110].

The washing procedure is useful to remove residual crystallized Li salts or non-
volatile solvents in the aim of avoiding increasing the percentage of certain elements
(Li, F, P) with some physico-chemical characterizations such X-Ray Photoelectron
Spectroscopy (XPS) and thus biasing the interpretation.

Indeed, as reported by N. Williard et al. 113, if the electrodes are not cleaned, a given
amount of electrolyte residue, mostly composed of a Li salt, will be left on the surface
of the electrodes after evaporation of the organic solvents.

Moreover, as reported by T. Waldmann et al. 18] this washing procedure may
reduce corrosion risks of the samples since LiPFs reacts with H20 and Oo. It will thus
protect sensitive analytical equipment in the case samples would be exposed to air.

The nature of solvents and/or washing duration may influence results and then
interpretations.

In 2007, D. P. Abraham et al. [1¥7] supported that electronically insulating surface
films formed on the surface of the anode can pore-clog or isolate graphite particles
and therefore could lead to the capacity loss. The authors experimented that the
capacity of aged negative electrodes could be restored by DMC rinsing.

In 2011, N. Williard et al. [113! evoked the fact that soaking disassembled electrodes in
DMC or similar solvent may lead to an absence of particular SEI components.
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More recently, L. Somerville et al. [118 demonstrated that DMC washing for 1 minute
removes lithium fluoride (LiF) and lithium phosphofluorides (LixPFy) functionalities
from deeper strata of the SEI. Otherwise, when only visual inspections is required, it
IS not necessary to perform electrodes washing process.

2.4.2. Electrochemical characterizations of reassembled electrodes

Electrochemical measurements using reconstruction methods for electrodes built into
half and full cells with reference electrode are powerful to determine the reversible
capacity of each electrode, the lithium content in each one and obviously the SOC in
the operation range. Electrochemical measurements with coin cells are suitable to
investigate the influence of the electrolyte (solvents and/or additives) on the
performance of the Li-ion cell.

First of all, N-Methyl-2-pyrrolidone (NMP) is used to remove the coating of one side
from electrodes extracted from commercial cells so as to have only one active face.
Some experimenters rather use laser blanking for removing coating 29,

Single components are then assembled in different types of laboratory coin cells
under argon atmosphere for electrochemical characterizations as illustrated in the
Figure 11-18. It is very important to duplicate laboratory coin cells for each condition

that is planned to be studied in order to verify the reproducibly of results.

1 2 3 4
Dismantling Washing & 16 mm Coin cells
scrapping cut out ~
g—» Li metal Li metal /
7~ NMC
Positive EIectrode g <
—> Celgard® 2400 Graphite
—* Electrolyte > NFl)Vlc /
—
-
g—» Li metal
Li metal /
Graphite
. -
Negative Electrode

Figure 11-18 : Scheme of the cell disassembly and coin cells types for post-mortem
electrochemical analyses.

Coin half cells consist of graphite-based electrode (16 mm) or NMC-based electrode
(16 mm) from the commercial cell and Celgard® 2400 separator (18 mm) with a
metal lithium electrode used as counter electrode. For investigating the capacity of
each electrode, we used the standard LPX electrolyte based on 1:1:1 wt
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EC:DMC:EMC + 1 M LiPFs. Note that the capacity of lithium De/Re-Intercalation into
both graphite and NMC electrodes recovered from aged cells can be investigated
with coin half-cells. For graphite/Li metal coin half cells, the first electrochemical test
generally starts with a charge step in order to extract lithium from graphite
(delithiation) whereas for the NMCI/Li cells, the first test starts with a discharge to
insert Li to the positive electrode (lithiation). The corresponding capacities are then
the residual capacities of the electrodes.

Coin full cells consist of graphite-based electrode (16 mm), NMC-based electrode
(14 mm) both from the commercial cell and Celgard® 2400 separator (18 mm).
Different types of electrolyte based on solvents and additives can be used to study
the influence of the electrolyte composition.

2.4.3. Physico-chemical characterizations of harvested electrodes

In this research work, physico-chemical methods have been selected in function of
the aging mechanisms involved and available technical resources. Figure 11-19
presents the process of sampling and the scan ability specific to each post-mortem
technique that has been used in this thesis.

GC-MS
Separator ; 1
CHeN  k L
"7

—

Positive Electrode

FIB/ToF-SIMS

Negative Electrode —

Figure 11-19 : Overview of components inside the commercial 16 Ah Li-ion pouch cell
and various methods of sampling specific to each physico-chemical method for post-
mortem analyses. (1) Electrolyte analysis; (2) Electron microscopy methods; (3)
chemical methods sensitive to electrode surface; (4) chemical methods sensitive to
electrode bulk.

Original electrolyte from commercial Li-ion cells has been analyzed with Gas
Chromatography — Mass Spectrometry (GC-MS).

Electron microscopy methods such as Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) are suitable for revealing the structure of
smaller objects with a higher resolving power than light microscopes.
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Energy Dispersive X-ray spectroscopy (EDX) and X-ray Photoelectron Spectroscopy
(XPS) are used in order to determine the chemical composition of the analyzed area.
These latest two techniques can be grouped and considered as chemical methods
sensitive to electrode surface.
Lithium Nuclear Magnetic Resonance (‘Li NMR) has been used for detecting
occurrence of metallic lithium deposition on graphite electrodes. X-Ray Diffraction
(XRD) is usually applied for determining the state of lithiation of electrodes. In situ
XRD analysis is also performed on the fresh electrode to create a “calibration” curve
that links lattice parameters value with SOC values.
In addition, coupling Focused lon Beam (FIB) to Time-of-Flight Secondary lon Mass
Spectrometry (ToF-SIMS) is used to inspect cavities / pores / inter-particles of
graphite electrodes. ‘Li NMR, XRD and ToF-SIMS constitute the category of
chemical methods sensitive to electrode bulk. Schematics of principle of each
analysis method is given in the Figure 11-20 as reported by T. Waldmann et al. [116],
(A)
GC-MS

sample
0900 0——

O O Adsorption/

COQO O  desorption

(B)

(C)

e- SEM o TEM
el
e e’
sample / sample
(D) (E)
EDX XPS
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(F) (G) (H)
Li NMR XRD SIMS
ho ho At B* D
sample sample / @&/

Figure 11-20 : Schematics of principle of each analysis method.
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2.4.4. Electrolyte analysis with GC-MS

The purpose here is to detect the components of the original electrolyte harvested
from the commercial Li-ion cell and/or the gas generated in order to identify a
possible correlation between the evolution of these components with aging and the
aging mechanism involved. Many studies have implemented chromatography
techniques to analyze electrolytes and gases generated during batteries aging.

In chromatography, the sample containing one or more species is carried by a mobile
phase current (liquid, gas or supercritical fluid) in contact with a stationary phase
(paper, gelatin, silica, polymer, grafted silica, etc.). The various constituents of the
mixture travel at different speeds, causing them to separate. The separation is based
on differential partitioning between the mobile and stationary phases (see in Figure
11-20 - A) [116],

G. Gachot et al. [*?0 ysed Gas Chromatography — Mass Spectrometry (GC-MS)
technique as a tool to explore highly volatile compounds originated from the
electrolyte. In another paper [*21, these same authors implemented the coupling of
GC-MS and Fourier transform infrared (FTIR) analytical tools to detect gaseous and
volatile soluble species recovered from a swollen commercial battery.

It is of course possible to couple gas chromatography to other methods such as
Flame lonization Detector (FID) for the quantification of detected elements 122 or
Thermal Conductive Detector 123 (TCD) to identify inorganic gas in the generated
gases.

In this paper, GC-MS was performed on samples harvested from the electrolyte.
During the cell opening, a piece of separator was rapidly immersed in CHsCN as a
carrier solvent for at least 2 hours. Note that commercial cells usually do not have
electrolyte excess so that during dismantling of the cell, the electrolyte could rapidly
evaporate in the glove box. The solution is then transported to the GC-MS split /
splitless injector without air exposure.

We note that the probability of some components of the electrolyte being quickly
volatilized during the opening of the cell under Argon atmosphere is not negligible.
The list of components identified from the original electrolyte is consequently not
exhaustive. For this experiment, an Agilent GC-MS with a 30 cm column, an internal
diameter of 0.25 mm and a film of 0.25 um is used. The injector temperature is 280
°C. The furnace of the column passes from 40 °C to 200 °C at 10 °C/min. The result
is given in total ion count (TIC) of the mass detector (model 5975C / electronic
impact).
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2.4.5. Microscopy analysis

2.4.5.1. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) still a suitable tool for providing high resolution
images however that resolution may be limited by spherical aberration of the electron
senses 124, The operating principle of a SEM equipment requires the exclusive using
of electrons (see in Figure 11-20 - B). The detector has a considerable influence on
the image contrast since it collects either backscattered or secondary electrons.

SEM is used to observe the morphology of materials at their surface. The SEI growth
on graphite electrode has been observed by T. Waldmann et al. [1% with SEM.
Moreover, the morphology of Li depositions (dendritic, granular or foamy) has been
distinguished by H. Honbo et al. [1251 with images obtained from SEM. This method is
often completed with Focused lon Beam (FIB) technique for 3D visualizations.

In this paper, a SEM equipment with a transfer chamber is used to avoid exposure to
the air, for surface analysis. SEM analyses are performed on samples of fresh and
aged electrodes recovered from commercial Li-ion cells.

2.4.5.2. Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM) technique, a beam of electrons is
transmitted through the analyzed material to form an image (see in Figure 11-20 — C).
Higher acceleration voltages for the electrons are commonly used with this technique
contrary to SEM. It is suggested that reducing the accelerating voltage and
increasing acquisition speed are necessary to avoid the beam damage as
demonstrated on NMC materials by F. Lin et al [126],

Unlike optical microscopes, the resolution is not limited by the wavelength of the
electrons, but by the aberrations due to the magnetic lenses. Furthermore, TEM
method requires a scrupulous samples preparation since the piece of the material to
be analyzed needs to be as clean as possible and the thinner it is, the better it is for
investigations.

In Li-ion batteries, TEM technique can be used to detect the phase of distribution in
the electrode which provides insights to heterogeneous phase transformation
mechanisms. In this context, Y. Shao-Horn [*?] studied the phase transformations of
Os and Oz layered LixCoO2, O3 LixNiO2, Os LixMnOz2 and spinel LixMn]204 underwent
during electrochemical cycling with TEM. Moreover, high-resolution TEM imaging can
permit direct visualization of atomic arrangements and modifications associated with
structural defects and modifications 1?8, Some experimenters rather performed In
situ TEM in order to get real-time live images for understanding the structural and
chemical evolution during lithium reaction process [129 1301,

In this research, it is not planned to examine the lithiation process in Li-ion battery
electrodes. We required to TEM technique to investigate the state of structural and
chemical bonding especially in graphite electrode after aging of commercial Li-ion
cells as complementary tool to SEM analyses.
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2.4.6. Chemical methods sensitive to electrode surface

2.4.6.1. Energy Dispersive X-ray Spectroscopy

In general, as in our case, a scanning / transmission electron microscope is
combined with an Energy Dispersive X-ray spectroscopy equipment for providing in
the same time the chemical composition of the surface of the sample which is
inspected with SEM / TEM, sometimes in the form of map superposed with SEM /
TEM images.

In the literature, Z. Zeng et al. [ performed in situ TEM combined with EDX
mapping to visualize electrochemical lithiation and delithiation of Au anodes in a
commercial LIPFe/EC/DEC electrolyte for Li ion batteries. The presence of numerous
internal pores in LiCoO2 and graphite active particles has been observed with
SEM/EDX equipment by S. J. Harris et al. [131],

Furthermore, EDX mappings allowed the localization of lithium deposition or
dendrites [13% 1331 |n recent past, M. Klett et al. ['3*] showed experimental evidence of
uneven surface film formation across the depth of a porous graphite electrode from
EDX mappings.

Note that the main principle in spectroscopy is that each element has a unique
atomic structure allowing a unique set of peaks on its electromagnetic emission
spectrum. With EDX, the sample being studied is irradiated with electrons and this
incident beam leads to the emission of X-ray photons (see in Figure 11-20 — D). The
energy of released X-rays are characteristic of the atomic structure of the emitting
element.

EDX is also useful for example to detect if any electrode has been contaminated
during an electrochemical process by any element originating from the opposite
electrode 199, However, due to its low atomic mass and its low energy of
characteristic radiation, Li is not detectable with EDX. ThermoFisher Scientific group
[135] estimated that detecting lithium would require to build an EDX equipment with
spectral performance of which the zero width should be lower than 30 eV and could
discriminate a 52 eV energy event. Nonetheless, the minimum accelerating voltage in
EDX is estimated between 3 kV and 5 kV.

2.4.6.2. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is based on the principle of irradiating the
sample with a beam of X-rays while measuring at the same time the number of
electrons ejected from the material and the kinetic energy as shown in Figure 11-20 —
E. Only Hydrogen and Helium cannot be detected with XPS.

In post-mortem analyses for battery materials, XPS can be combined with ion
sputtering to access the depth of the material. Unfortunately, XPS is limited in the
range of nanometers of the surface. Thence, for battery electrodes, XPS cannot
detect the material of the current collector.
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Most of experimenters use XPS for investigating the chemical composition through
the solid electrolyte interphase (SEI) which are developed on the surface of graphite
electrode [136; 137; 138; 139; 140; 141]_

Extensive chemical investigation are conducted with XPS in this study with the same
objective than papers mentioned above. The aim is to analyze the chemical
composition of the SEI formed on graphite electrodes after aging process and to
compare with findings resulted from other post-mortem methods.

To do this, XPS spectroscopic analyses of the surface of graphite electrodes are
carried out on a PHI Versaprobe Il spectrometer. Spectroscopic and profilometric
analyses of the SEI layer are performed with the following parameters: take-off angle
= 45°, pass energy = 23.5 eV.

2.4.7. Chemical methods sensitive to electrode bulk

2.4.7.1. Lithium Nuclear Magnetic Resonance

Characteristics of Li inserted into carbon or deposited on its surface can be
determined from Nuclear Magnetic Resonance (NMR). This method is able to
characterize material in solid state as well as in liquid state. The sample is placed in a
magnetic field. When subjected to electromagnetic radiation (radiofrequency), most
often applied in the form of pulses, some atomic nuclei can absorb the energy of the
radiation and then release it during relaxation (see in Figure 11-20 - F).

In the literature, using a calibration of NMR spectra, R. Castaing et al. [12 were able
to detect the presence of lithium fluoride (LiF), explaining 15 % of the electrode
slippage, on both electrodes after cycling of LisTisO12|LiFePO4 Swagelok (commercial
name of a 3-electrode cell device) cells.

W.-C. Oh 143l ysed 7Li NMR to analyze Li inserted into artificial carbon material.

From the electrolyte point of view, the thermal decomposition of Li battery electrolytes
composed of LiPFs in organic carbonates was studied by W. Li and Brett L. Lucht’s
group [144; 1451,

In this thesis, Solid-state Magic Angle Spinning (MAS) NMR measurements were
performed on a Brucker AVANCE DSX 200 MHz spectrometer (4.7 T, ‘Li Larmor
frequency v0O = 77.78 MHz) equipped with a 1.3 mm Bruker CPMAS probe head. The
‘Li MAS NMR spectra were recorded at different MAS spinning frequencies in the
range 36 — 60 kHz with direct “Li excitation.

Different repetition delays for transient accumulation were tested in the range of 1 to
30 s in order to obtain quantitative data. A ’Li 90°-pulse width of 2.2 ps was used,
corresponding to the nucleus magnetization turn angle of about 75-80°. High power
proton decoupling was also used but did not improve the quality of the spectra since
proton and lithium are not directly linked neither through bond nor through space
interactions. All spectra were acquired with room temperature bearing air,
corresponding to a sample temperature in the range of 50 — 70 °C.
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Aqueous LiCl solution was used as a chemical shift reference set to 0 ppm. A sample
of Li metal was recorded in order to measure its chemical shift (265 ppm). For
illustration of ionic Lithium, a sample of LisPO4 was also recorded.

2.4.7.2. X-Ray Diffraction

X-Ray Diffraction (XRD) is an analysis technique based on X-ray diffraction by the
material, especially when it is crystalline. XRD is an elastic diffusion that means
without loss of photon energy as seen in Figure 11-20 - G.

In Post-Mortem analysis, XRD technique is usually used for investigating structural
changes of electrodes materials after aging.

XRD measurements are performed in order to verify the structure and the state of
lithiation of both negative and positive electrodes before and after aging. Samples of
both electrodes are analyzed.

Not washed samples (© = 14 mm) are recovered from electrodes and protected by a
well dried Kapton film. X-ray diffractograms are recorded with a BRUKER D8
Advance apparatus using Cu Ka radiation.

In situ XRD analysis is also performed on the fresh NMC to create a “calibration”
curve that links lattice parameters value with SOC values [146: 147 148, 149]  Gq  the
lithium rate of the aged cathodes can be estimated using the lattice parameters of the
structure after aging.

For this experiment, powder of NMC is recovered by scratching the fresh electrode,
washed five times with NMP and rinsed two times with DMC and then mixed with 30
% wt of super P (carbon black). It is cycled against lithium in conventional liquid
electrolyte in situ XRD cell connected to a VSP Bio-Logic EC Lab cycler unit.

The cycling protocol consists in an alternation of 2 steps: a 2 hours step of cycling at
C/20 and 4 hours of relaxation. An X-Ray diffractogram is acquired during the last 3
hours of each relaxation step. This is repeated until the end of charge at 4.3 V vs. Li
and the end of discharge at 2.6 V vs. Li.

2.4.7.3. Focused lon Beam / Time-of-Flight Secondary lon Mass Spectrometry

Basically, the Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) is a
ionization method that allows molecular surface analysis. The surface of the sample
is bombarded by a pulsed source of mono or multi-atomic primary ions (Ga*, Au®,
C60* ...) having an energy of a few keV. As a result, secondary ions are emitted from
the first surface monolayer of that material (see in Figure 11-20 — H).

The latter ions are focused and accelerated with the same kinetic energy in the
analysis tube. It is the physical principle of the ToF analyzer that analyzes in parallel
all the secondary ions emitted. The mass spectra obtained represent the intensity of
the secondary ions as a function of their masses. The use of a ToF analyzer makes it
possible to obtain a very good mass resolution. By means of a device for scanning
the primary ion beam, it is possible to obtain a mapping of the various molecular
elements and species present on the surface, with sub-micron resolution.
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Though being a surface sensitive technique, ToF-SIMS is thoroughly used for the
study of the surface of bulk materials. In this context, by performing an in situ focused
ion beam (FIB) cut to access to the depth of the sample, it is then possible to explore
chemical composition of the bulk of the material. That is an original way to carry out
an in situ FIB cut in the analysis chamber of a ToF secondary ion mass spectrometer.

Note that ToF-SIMS is a sophisticated technique that allows a better understanding
of the SEI chemical structure. C. G. Marxer et al. 15 reported that ToF-SIMS
analysis is more sensitive than the XPS, particularly for the detection of fluorine, for
which the yield is very high.

E. Peled’s group are pioneers in the use of ToF-SIMS measurements applied for Li-
ion materials. In 2000, they demonstrated, by using ToF-SIMS measurements, direct
evidence for the existence of polymers (or long oligomers) in the SEI formed on
Highly Oriented Pyrolytic Graphite (HOPG) in LiPFs - EC, DEC solutions; a (CH2)n
sequence was proved %1, Heavy organic fragments (up to 900 g/mol) were found
mainly at the surface of the basal SEI. The thickness of the SEI on the basal plane
was found to be 3 — 5 times smaller than that on the cross section. In another paper
[152]  they showed that the SEI on the cross-section is dominated by lithium and
fluorine while the passivation film on the basal plane is more composed of organic
materials.

In this study, chemical investigation in the understanding of mechanisms involved
have been performed with ToF-SIMS combined with in situ FIB, as successfully used
in a previous work 153, Samples were transferred directly from the glovebox to the
IONTOF ToF-SIMS preparation chamber by using a sealed transfer vessel to avoid
exposure to air. Here, the aim was to analyze in depth electrodes samples recovered
from aged commercial cells. Analyzes were essentially performed in negative polarity
mode because most of elements (Carbon, Phosphorus, Fluorine, Oxygen) are more
sensitive to "negative" ionization except for the lithium which is however relatively
well detected.

In order to extract maximum information from FIB-SIMS analysis, a data processing
protocol for images is proposed. The raw image corresponding to the substrate
(addition of signals C/C2/C3 and so on) is retained. The carbon may come from the
SEI layer but especially from graphite particles, in particular the fragments C2/C3 and
so on. For elements in smaller quantities (Li, F, P, O), in connection with SEI, the
corresponding images are normalized with respect to the "graphite” image. This
minimizes contrast related to topology.
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Ill.  Study of aging mechanisms at low temperature
This third chapter is divided into five main sections.

General cycling conditions and results obtained in the framework of the Mat4Bat
project, from which a considerable part of the aging data used in thesis originate
from, are described and commented in the first section of this chapter.

The second subdivision is focused on the cycling aging performed at low
temperature. The protocol of the test as well as the evolution of the capacity during
cycling and the evolution of the internal resistance after cycling are reported.

Ante-mortem analyses based on cycling measurements obtained from the
commercial cell instrumented with Li metal as reference electrode are detailed in the
third section of this chapter.

Results obtained from different post-mortem techniques required in the investigation
of the aging mechanism studied in this chapter and the corresponding interpretations
are presented in the fourth part. The state of health of cells as well as that of
electrode, and also the influence of the electrolyte as well as that of films formed on
graphite electrode are minutely investigated.

This Chapter ends with a schematic model representing the aging mechanism
involved. This representation has been proposed based on results obtained in this
study.



I11. Study of aging mechanisms at low temperature

3.1. Cycling aging
3.1.1. Cycling aging conditions

Within the framework of the Mat4Bat project, several research institutes have carried
out an aging campaign of Li-ion batteries under different conditions, both in cycling
and in calendar. The objective of Europe is to increase battery lifetime by 20 to 30 %
for electric vehicles, with a target of 4000 cycles of 80 % depth of discharge (DoD).
It is with this perspective that experimenters decided to develop appropriate aging
test protocols and conditions which are therefore adapted to the actual use profiles of
electric vehicles. In line with this, for studying cycling aging, the following conditions
were studied:

e 3 conditions for temperatures : 5 °C, 25 °C and 45 °C

e 4 SOC windows : {0 —80 %; 0 — 100 %; 10 — 90 %; 20 — 100 %}

e 3 charge currentrates: 1 C (16 A), 2 C (32 A) and 3 C (48 A).

The discharge current rate remains set at 1 C. The consortium decided to manage
cycling SOC windows in function of the corresponding voltage thresholds, in order
from one part to simplify the tests protocol and avoid then experimental errors from
one experimenter to the other, but also from the other part because this is exactly the
way that current BMS (Battery Management System) deal with the end-of-charge /
end-of-discharge thresholds.

The correspondence between voltage thresholds and the SOC limits were measured
in the beginning of life (BOL) at 25 °C, and so these voltage ranges do not
correspond rigorously to specified SOC ranges for other temperatures, C-rates, or
after aging. Once again, the aim was to simplify the protocol while being
representative of the current BMS.

SOC windows (%) Voltage thresholds (V)
0-100 2.70 - 4.20
0-80 2.70-3.98
10-90 3.42-4.08

20 - 100 3.49-4.20

Table llI-1 :Correspondence between SOC windows and voltage thresholds at 25 °C
as defined for cycling aging by the consortium in the Mat4Bat project.

In total, 42 Li-ion cells with a capacity of 16 Ah were distributed accordingly to
different research institutes such as Vlaamse Instelling voor Technologisch
Onderzoek (VITO), Zentrum fur Sonnenenergie—und Wasserstoff-forschung (ZSW),
Karlsruhe Institute of Technology (KIT), Ecole d'ingénieurs généraliste La Rochelle
(EIGSI), CIDETEC and CEA (Commissariat & I'Energie Atomique et aux Energies
Alternatives). Experimental conditions for cycling aging are illustrated in Table III-2.
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Charge / discharge current rates

T (oc) Total
1C=16A 2C=32A 3C=48A
5 1C/1C {10-090%} x2 | CIDETEC | 1C/1C {10-090%} x2 | CIDETEC | 1C/1C {10-090%} x2 | CIDETEC 6
25 1C/1C {10-090%} x2 | CEA 2C/1C {10-090%} x2 | ZSW 3C/1C {10-090%} x2 | ZSW 12
1C/1C {00-100%} x2 | KIT 2C/1C {00-100%} x2 | KIT 3C/1C {00-100%} x2 | KIT

1¢/1C {00-080%} x2 | VITO 2C/1C {00-080%} x2 | VITO 3C/1C {00-080%} x2 | VITO
1¢/1C {20-100%} x2 | VITO 2C/1C {20-100%} x2 | VITO 3C/1C {20-100%} x2 | VITO

45 | 1C/1C{10-090%} x2 | CEA 2C/2C {10-090%} x2 | CEA 3C/1C {10-090%} x2 | CEA 24
1C/1C {00-100%} x2 | EIGSI 3C/3C {10-090%} x2 | CEA
3C/1C {00-100%} x2 | EIGSI
Total 14 12 16 42

Table 1lI-2 : Illustration of experimental conditions for cycling aging of commercial Li-
ion cells in the framework of the Mat4Bat project.

3.1.2. Results of cycling aging tests

3.1.2.1. Evolution of the capacity over aging

Figure IlI-1 presents the evolution of the state of health (SOH) of commercial 16 Ah
Li-ion cells in cycling aging in function of the full equivalent cycles (FEC) in the
framework of the Mat4Bat project. Note that FEC are calculated by dividing the total
discharged capacity throughput measured at the end of the cycling test per the
nominal capacity which is 16 Ah. This method allow to make reliable comparisons
between different conditions of cycling.

At 45 °C, cycling between [3.49 V — 4.20 V] (20 % - 100 %) and [2.70 V — 4.20 V] (O
% - 100 %) leads to a more accentuated aging state while cycling between [3.42 V —
4.08 V] (10 % - 90 %) and [2.70 V — 3.98 V] (0 % - 80 %) presents a similar trend in
aging.

The end-of-voltage of 4.2 V appears here to have a negative influence on the
performance of cells. Contrary to what it was expected, it seems that cycling between
[2.70 V —4.20 V] (0 % - 100 %) is less degrading than cycling between [3.49 V — 4.20
V] (20 % -100 %) even though in the first case the DoD is more important.

It may be assumed that the proportion of calendar aging in the second case would be
more important considering the fact that the cycling duration is shorter and therefore
faster than in the case of complete cycling. The cell would therefore spend more time
at higher SOC, knowing that the calendar aging is accelerated with high SOC.

It is clear that the choice of the minimum and maximum limits of the SOC windows
has a strong impact on the loss of performance. For all SOC windows conditions, a
low influence of the charge C-rates emerges. It has been possible to perform up to
5000 FEC with the condition [3.42 V — 4.08 V]. Finally, above 80 % of the SOH, aging
curves show rather a linear trend while beyond 80 %, a sudden break in slope is
observed whatever the operating conditions.

67



I11. Study of aging mechanisms at low temperature

At 25°C, as expected, fully cycling leads to a pronounced aging state than cycling
between [3.42 V — 4.08 V] (10 % - 90 %). There is a less evident influence of the
charge C-rate for both cycling strategies. It has been able to perform cycling over
4000 FEC without observing the SOH going below 70 %.

At 5 °C, there is a clear influence of the charge C-rate between 1 C and 2 C, but
much less between 2 C and 3 C. The loss of capacity is abrupt at the beginning of
aging and then seems to stabilize whatever the C-rate conditions.
Since this behavior is quite specific and interesting to investigate, we decided to go
further in the understanding of the aging mechanisms observed during cycling aging
test at low temperature (5 °C).
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Figure IlI-1 : Evolution of the SOH of commercial 16 Ah Li-ion cells in cycling aging in
the framework of the Mat4Bat project.
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3.1.2.2. Evolution of the internal resistance over aging

Another indicator of the SOH of the cell could be the internal resistance. For our
approach, information about internal resistance is considered only as an instrument
for a SOH evaluation but is not really used for measuring the state of aging.

Note that as discussed in the previous chapter, the internal resistance at different
SOC is determined by direct current methods by applying a constant current charge /
discharge pulse with duration of 30 seconds and a current rate of 1 C.

We choose here in the Figure IlI-2 to represent the evolution of the increase of DC
resistance over aging as function of the capacity decrease and the FEC.

DC resistances were measured with pulses performed in discharge at a rate of 1 C,
at 10 seconds and at 40 % of SOC.

___ Temperature 25°C 45°C

270V-398V - 342V-408V

35 30
< 25 20
1000 15

Full Equivalent Cycles A 1C = 16 A
@ 2c=32A
¥ 3C=48A

777777"7'———,,
S * <
L ¥ 30 25 5 T D X A ; . - 2000
g > 1000

0 5 0 5o
_ Full Equivalent Cycles Full Equivalent Cycles
Capacity Decrease [%] Capacity Decrease [%]

Figure 111-2 : Evolution of the increase of DC resistance over aging as function of the
capacity decrease and the equivalent cycles.

The first remark is that the DC resistance increases strongly at 45 °C whatever the
cycling voltage thresholds. However, when the cycling end-of-voltage is 4.2 V, it
seems to be higher with a less number of equivalent cycles.

For example, the DC resistance increases up to 350 % after 2700 FEC with the
condition of cycling at the rate of 1 C/ 1 C between 2.7 V and 4.2 V, while the loss of
capacity is about 35 %. In contrary, this DC resistance has increased up to 150 %
after more than 4000 FEC with the condition of cycling at rate of 1 C / 1 C between
3.42 'V and 4.08 V leading to a loss of capacity of 25 %.

The same observation is found for cycling at 25 °C. Indeed, the DC resistance
increases strongly when the end-of-voltage is more than 4.08 V. It has increased
over 550 % at a rate of 1 C for the condition [2.70 V — 4.20 V] with a loss of capacity
of higher than 35 % after 4000 FEC, while for the condition [3.42V — 4.08 V] the
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increase is estimated at only 17 % (with 14 % of capacity loss) after the same
number of FEC which is 4000. The loss of capacity is then mainly related to the
internal resistance increase.

For the cycling at 5 °C between 3.42 V and 4.08 V, the abrupt loss of capacity
observed between the two first consecutive check-ups (performed at 25° C) is not
accompanied by a DC resistance increase whatever the C-rates. The increase in DC
resistance begins very late compared to the loss of capacity. There is even a
decrease in the DC resistance (passage below 0 %) at the beginning of aging even
though a capacity loss is observed. In this case, the loss of capacity is hence not
correlated with the increase of the DC resistance.

In the literature, it is reported that the elevated temperatures accelerate the
degradation of the positive electrode and the formation of passivation films on the
negative one. The SEI was found to be the main contributor to the increase in the cell
internal resistance 134, A Li-ion cell experienced a significant power loss due to
impedance rise. But, J. Vetter et al. [*°] reviewed and evaluated Li-ion batteries aging
mechanisms. They reported that impedance rise can be caused by the following
mechanisms:

% Electrolyte decomposition (=» formation of the SEI on the negative electrode)

leading to capacity fade and power fade, reduced by stable SEI (additives)

and enhanced by high temperatures and high SOC,;

% Decrease of accessible surface area due to continuous SEI growth leading to
power fade, reduced by stable SEI (additives) and enhanced by high
temperatures and high SOC,;

% Changes in electrodes porosity leading to power fade, reduced by external
pressure or even stable SEI (additives) and enhanced by high cycling rate and
high SOC,;

% Current collector corrosion leading to power fade, maybe reduced by current
collector pretreatment and enhanced by overdischarge and low SOC.

It may then be assumed that the DC resistance increase, observed above at 25 °C
and at 45 °C could be related to the formation of SEI on graphite electrodes. The part
of calendar aging should be important in these conditions than at 5 °C (cycling
between 3.42 V and 4.08 V), since calendar aging is favored by high SOC and high
temperatures storage conditions [155; 156; 157; 158; 159]

Nonetheless, based on checkups measurements, the condition of cycling at 5 °C
between 3.42 V — 4.08 V did not show a notable increase of the DC resistance
accompanying a capacity decrease. In order to go further in the investigations, we
performed an additional cycling tests at 5 °C between 2.70 V — 4.20 V.

Results obtained with this latest condition constitute the main theme discussed in this
chapter and developed in details in the following sections. All the other results will be
discussed again in the chapter 5 devoted to aging modeling.
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3.2. Cycling aging at low temperature

3.2.1. Evolution of the capacity during cycling

Four cells are considered for cycling tests performed at 5 °C between 2.7 V and 4.2
V (0 % - 100 %) at a rate of 1 C in charge as in discharge. A CTS Binder was used
as a thermal chamber.

One commercial cell is instrumented with a reference electrode based on Li metal as
described in the previous chapter. Figure 1lI-3 presents the evolution of the charged
and the discharged capacities (A), Faraday Efficiency (B) and Energy Efficiency (C)
measured at each cycle during cycling at 5 °C for the all four cells. For the cell #2,
cell #3 and cell #4, the charge ends with a CV phase which starts when the cut-off
voltage is reached and stops when the current drops to C/20.
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Figure I11-3 : Evolution of the charged capacity (A), Faraday Efficiency (B) and Energy
Efficiency (C) measured at each cycle during cycling test at 5 °C between 2.7 V and

42V (A).
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A considerable and fast loss of performance is observed even before reaching the
first 50 cycles for the all 4 cells. This unexpected capacity fade is also observed with
the commercial Li-ion cell instrumented with a reference electrode. These results
reflect a good reproducibility. There is no real influence of the CV phase in charge.

In addition, the charged capacity is slightly higher than the discharged one at each
cycle (see in Figure 111-3 — A) until the capacity goes below around 4 Ah, except for
the cell instrumented with the reference electrode (in red color).

This behavior has an incident on the Faraday efficiency curves (see in Figure IlI-3 -
B). Indeed, all the non-instrumented cells present a particular signature which is
characterized by a sudden drop in Faraday efficiency from the beginning of cycling
until a minimal value is reached (localized between the 24" and 29" cycle).
Thereatfter, this parameter increases up to the initial value of 100 %

From that moment when the values of both capacities become equivalent, the
performance and the Faraday efficiency curves stabilize. This trend is not observed
with the instrumented cell because from the beginning to the end of cycling, the
charged and discharged capacities seems to be much more superimposed.

However, the fact that the Faraday efficiency drops indicates that some of the
electrons no longer participate in the main reaction inside the Li-ion cell, which is the
Li intercalation / de-intercalation mechanisms into electrodes. It indicates the
presence of irreversible parasitic(s) reaction(s) during cycling.

Moreover, in this phase where the Faraday efficiency is dropping down, observing
that, from one cycle to another, the discharged capacity remains lower than the
charged capacity, demonstrates that it is more the mechanism of delithiation of the
negative electrode which is particularly implicated.

Indeed, at each cycle, the amount of Li ions restituted by the graphite electrode
(delithiation) remains lower than the amount of Li ions that was been intercalated
(lithiation). Thus, from the moment when the quantity of available Li strongly
decreases, the loss of the retained capacity, between two successive charge /
discharge cycles, becomes almost derisory. This could explain the rise of the
Faraday efficiency curves which seems to tend towards 1 after the sudden fall.

When the Energy efficiency is considered (see in Figure 11I-3 - C), the same behavior
can be noticed for all the non-instrumented cell. Furthermore, for the instrumented
cell (in red), the energy efficiency continues to decrease. This behavior could indicate
an increase of the internal resistance of the cell knowing that the energy depends on
the cell voltage.
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It is then clear that there is another reaction than Li de/intercalation, which is involved
in the fast loss of performance observed with this cycling condition. This mechanism
will be investigated in details in the following sections.

It should be pointed out that no definitive explanation has been given for the different
behavior of the instrumented cell in terms of Faraday and Energy efficiencies.
However, the loss of capacity is otherwise reproducible with the other non-
instrumented cells.

3.2.2. Evolution of the internal resistance after cycling

This irreversible loss of capacity measured at 25 °C is about 75 % for all the cells and
it is accompanied with a considerable internal resistance increase higher than 400 %.
Note that the DC resistance measurements were unfortunately performed only for the
cell #1 and the cell #4.

For the cell # 1, the DC resistance has risen from 3.54 mQ (15t CU) to 19.69 mQ (2
CU - after cycling), representing an increase of 456 %. For cell # 4, it has risen from
3.54 mQ (15t CU) to 19.37 mQ (2" CU - after cycling), representing an increase of
447 %. These DC resistance were measured at 40 % of SOC and at 10 s.

In contrast to the condition of cycling between 3.42 V and 4.08 V where the loss of
capacity was not necessarily accompanied by a DC resistance rise, we rather
observe here that cycling between 2.7 V and 4.2 V not only leads to an impressive
loss of capacity after at least 50 cycles, but also leads to a considerable increase of
the internal resistance over 400 %.

This behavior was rather observed with cycling tests performed at high temperature
where a SEI formation is suggested to be the main aging cause.

Be that as it may, charging at low temperatures increases DC resistance which can
lowered the potential of graphite below 0 V vs. Li*/Li, leading to a likely Li metal
deposition on the anode surface, known as Li plating 6%, However, metallic Li and
subsequent electrolyte decomposition by metallic Li is not reported to be a
mechanism that increases the impedance of Li-ion cells. It appears therefore very
interesting to investigate on the mechanisms responsible of the fast loss of
performance observed when fully cycling is performed at 5 °C.
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3.3. Ante-mortem analyses

Table IlI-3 shows that the irreversible loss of capacity measured at 25 °C is on
average of about 75 % for all the first four cells. These results reflect a good
reproducibility. There is no real influence of the CV phase in charge. Profiles of
current, voltage and capacity of the all four cells are presented in the Appendix of the
Chapter 3.

Charge Capacity @25°C
Cells I?/r:ilttsa%\(/a) with FEC (Ah) S(;I; Status
CVv BOL EOL

1 No 38 17.30 3.49 20.2 Backup

2 Yes 100 | 16.96 4.01 23.6 Swollen
3 2.70-4.20 Yes 73 17.24 4.84 28.0 | Post-mortem
4 Yes | 50 | 17.18 | 424 | 247 |Ante-mortem
Instrumented
5 3.42-4.08 Yes 1509 | 17.27 15.20 88.0 | Post-mortem

Table IlI-3: Protocol of cycling at 5 °C according to the following voltage limits
strategies.

The condition of cycling between 3.42 V and 4.08 V (cell #5 — CIDETEC) involves a
capacity loss limited to 4 % after 100 FEC (see in Figure IlI-1). Furthermore, this
capacity fade stabilized quickly, and as a result, it has been possible to extend the
number of cycles up to 1509 FEC without any important additional capacity loss
defect, about 12 % before dismantling. So, for the same conditions of temperature,
there is a considerable difference in loss of performance due to the end-of-voltage
limits.

After cycling, the cell #1 has been stored as backup in a climate chamber at 12 °C
while the cell #2 has swollen itself few days after be placed inside the same climate
chamber.

Post-mortem investigations were then investigated with the cell #3 and the cell #5
while ante-mortem analyses were performed with the commercial Li-ion battery

instrumented with a reference electrode (cell #4).

In this part, we will exploit the measurements of each electrode obtained from the
instrumented cell #4.
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Figure 1lI-4 and Figure IlI-5 illustrate the separate evolution of the potential of both
positive and negative electrodes during cycling test performed at 5 °C between 2.7 V
and 4.2 V in function of the discharged capacity and the charged capacity,
respectively. Those measurements are obtained from the instrumented cell with Li
metal as counter electrode.

In Figure llI-4, it is shown that the end-of-discharge potential of both positive and
negative electrodes are more and more high as the number of cycles increases. This
observation could not be made without the contribution of the reference electrode.

DISCHARGE

4{ POSITIVE ELECTRODE }7

44

{ CELL VOLTAGE

50t cycle < == mm m= = -—-— 15t cycle

1 2 3 4 5 6 7 8 9 1011 12 13
Discharged capacity [Ah]

4{ NEGATIVE ELECTRODE }7

01 2 3 4 5 6 7 8 9 1011 12 13
Discharged capacity [Ah]

01 2 3 4 5 6 7 8 91011 12 13
Discharged capacity [Ah]

Figure l11l-4 : Evolution of the potential of both positive and negative electrodes
corresponding to discharge during cycling aging test at 5 °C.

Figure IlI-5 shows that the potential of the negative electrode only goes slightly
below 0 V vs. Li*/Li for the last cycles, and consequently after the observation of the
sudden loss of capacity. Furthermore, as the number of cycles increases, the cell is
practically charged only in CV mode. This means that the cell maximum voltage of
4.2 V is very quickly reached at each cycle because of the internal resistance
increase during cycling at 5 °C.
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Figure 11I-5: Evolution of the potential of both positive and negative electrodes
corresponding to charge during cycling aging test at 5 °C.

Very important information can be obtained by exploiting with more interest the end-
of-charge / discharge potentials of each of the two electrodes in order to understand
the mechanism that occurs during cycling.

Figure IlI-6 shows the evolution of the end-of-charge / discharge potential in function
of number of cycles of both positive and negative electrodes during cycling aging test
at 5 °C.

The figure at the bottom left shows that the potential of the negative electrode only
goes below 0 V vs. Li*/Li over the last 6 cycles.

On one hand, the end-of-charge potential of the negative electrode decreases from
110.04 mV vs. Li*/Li (1% cycle) to -6.14 mV vs. Li*/Li (50" cycle) as a decrease of
about 116.18 mV as shown in Figure 1ll-6. As a result, the end-of-charge potential of
the positive electrode drops from 4.305 V vs. Li*/Li (1% cycle) to 4.185 V vs. Li*/Li
(50" cycle) too. This latter phenomena could be interpreted by the fact that graphite
is more and more lithiated at the end of the charge, during cycling.
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On the other hand, the end-of-discharge potential of the positive electrode is
increasingly high as the number of cycles increases as shown in Figure IlI-6.

It rises from 3.557 V vs. Li*/Li (1%t cycle) to 3.872 V vs. Li*/Li (50" cycle). It seems
that NMC is less and less lithiated at the end of the discharge, during cycling.
Consequently, the end-of-discharge potential of the negative electrode increases
from 0.8583 V vs. Li*/Li (1% cycle) to 1.177 V vs. Li*/Li (50" cycle), representing an
increase of 0.319 V.

It is then assumed that it is more and more difficult to extract more Li ions from
graphite particles to intercalate to the positive electrode. This means that less and
less Li ions are exchanged during the cycling. In addition, the potential of graphite
electrode goes slightly below 0 V vs. Li*/Li, especially over the last 6 cycles, however
an irreversible capacity fading is observed since the beginning of cycling. Regarding
this latter results, the risk of Li plating seems to be unlikely in such conditions.

This mechanism will be thoroughly investigated with post-mortem analyses.
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Figure 111-6 : Evolution of the end-of-charge / discharge potential in function of
number of cycles of both positive and negative electrodes during cycling aging test at
5 °C.
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3.4. Post-mortem analyses

3.4.1. State of health of commercial cells

3.4.1.1. Visual inspections

A fresh 16 Ah Li-ion cell, cell #3 (cycled between 2.7 V - 4.2 V) and cell #5 (cycled
between 3.42 V - 4.08 V) (as described in Table 1lI-3) were disassembled in
discharged state for investigations of aging mechanisms involved. Visual inspections
of both negative and positive electrodes and separators are presented in Figure IlI-7.
No notable degradation is observed on both NMC electrodes. Separators from both
cells are still white. Contrary to expectations, no Li plating is visually observed on the
surface of the graphite electrodes.
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Figure III-7 : Visual inspections of both negative and positive electrodes and
separators of 16 Ah C/NMC commercial Li-ion pouch cells after cycling at 5 °C.

In the literature, some authors reported that metallic Li deposited on the surface of
the graphite electrode can diffuse into the active material during the relaxation time
by chemical reaction to form graphite intercalation compounds resulting in a capacity
recovery.

J. Fan et al. 61 suggested that the Li deposited on the negative surface during the
low-temperature charging of a commercial graphite/LiCoO:2 Li-ion cell can rapidly
diffuse into graphite during the room temperature rest, while it cannot diffuse during 4
hours rest at -20 °C.
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V. Zinth et al. [162 observed, after few cycles performed at -20 °C and at a rate of
C/30 and C/5, the plated Li diffusion into graphite in commercial
graphite/LiNiysMn13C01/302 cells during a 20 hours rest period at -20 °C by in situ
neutron diffraction investigations. The authors evoked the diffusion of metallic Li
leading to an ongoing transformation to LiCi2 and LiCs with a capacity recovery
estimated to 17 %.

Recently, T. Waldmann et al. 163 discussed the chemical intercalation of Li plating
into adjacent graphite particles during a rest period at 25 °C resulting also in a partly
capacity recovery.

By contrast, in our case, after the last check-up, cells that have been stored at 12 °C
during two weeks before dismantling did not show any capacity recovery. So, a
potential diffusion of plated Li into graphite particles during rest time resulting in a
capacity recovery cannot be evoked in our case.

To go further, the graphite electrode recovered from the cell #5 presents a black color
with no visible defect detected on the surface while, the graphite electrode taken from
the cell #3 seems rather presenting a lithiated state due to the brown color [164 165; 166;
1671 on the surface although the cell has been dismantled in a discharged state.

This observation is reproducible on all the 24 bifacial negative electrodes. Additional
post-mortem analyses have been performed for investigating this unexpected
mechanism.

3.4.1.2. Surface morphology and chemical analysis with SEM / EDS

Figure IlI-8 shows SEM images of graphite electrodes recovered from a fresh
commercial Li-ion cell and from the cell #3.

The unaged graphite sample presents a normal graphite material appearance, with a
crushing aspect on its surface, certainly due to the calendering effect during industrial
manufacturing.

The graphite sample of the aged cell presents visually an unexpected brown color
attributed to a lithiathed state and particles on the surface looking like “sticks”. The
appearance of these “filaments” is quite similar to Li deposition in dendritic
morphologies observed by H. Honbo et al. [*¢8l. The detection of the occurrence of
metallic Li depositions with “Li NMR is well discussed in the section [3-441],

Table IlI-4 presents the percentage of each element detected with Energy-dispersive
X-ray spectroscopy (EDS) that confirms that there is no contamination by elements
originating from the positive electrode. Li element could not be detected by EDS as it
is a light element.
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Figure 111-8 : SEM analysis performed on a sample of graphite electrode recovered
from the fresh commercial cell and on a sample graphite electrode from the cell #3
(after cycling between 2.7 V and 4.2 V).

Element C (@) F P S Cu
% Fresh cell 82.78 7.69 9.17 0.23 0.12 0
at. Cell #3 73.53 16.48 8.87 0.55 0.57 0

Table llI-4 : Percentage of each element detected with SEM / EDS on samples of
graphite electrodes respectively recovered from a fresh cell and from the cell #3.
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3.4.1.3. Surface morphology analysis with TEM/EDS

We required to TEM technique to investigate the state of structural and chemical
bonding especially in graphite electrode after aging of commercial Li-ion cells as a
complementary tool to SEM analysis.

Figure I11-9 presents TEM images obtained from a sample of graphite electrode
respectively recovered from the cell #5 (cycled between 3.42 V and 4.08 V) and from
the cell #3 (2.7 V and 4.2 V).

The surface film on top of graphite particles from the cell #5 has a size of about 1500
nm with a higher concentration of carbon, fluorine and oxygen, as confirmed in
Figure III-10, suggesting a standard SEI more likely to contain species such as
Li2COg, Li alkyl carbonates or LiF as supported by M. Nie et al. 169,

A similar film is observed on top of graphite particles recovered from the cell #3.
Besides, additional particles with dendritic morphology high concentrated with
carbon, oxygen and fluorine, as seen in Figure llI-11, are also found on the surface
of this electrode. This observation is consistent with SEM images suggesting
dendrites Li formation and will be discussed in the following sections.

Graphite electrode
from cell #5

Graphite electrode
from cell #3

Figure 11I-9 : TEM images obtained from a sample of graphite electrode respectively
recovered from the cell #5 (cycling between 3.42 V and 4.08 V) and from the cell #3
(2.7Vand 4.2V).
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Figure 111-10 : TEM / EDS analysis of a sample of graphite electrode recovered from
the cell #5.
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Figure 1lI-11 : TEM / EDS analysis of a sample of graphite electrode recovered from
the cell #3.
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3.4.2. State of health of electrodes

3.4.2.1. Electrochemical measurements of single components with coin half
cells

We aim to determine the residual capacity remained in each electrode after the cell
#3 dismantling. As it seems difficult to extract Li ions from the graphite electrode to
intercalate to the positive electrode, this investigation conducted with coin half-cells is
also performed to determine whether the Li de/intercalation mechanisms into each of
harvested electrodes remains possible after aging.

Three CR2032 Graphite/Li metal coin half-cells (A, B and C) are assembled in 1:1:1
wt EC:DMC:EMC + 1 M LiPFs electrolyte as presented in Table IlI-5.

The nominal capacity of each coin half-cell is 3.3 mAh with Vmin = 0.02 V and Vmax =
1.5 V. The first Graphite/Li metal coin half-cell (A) is based on a fresh graphite
electrode while the two others (B and C) contain graphite samples recovered from
the aged cell (cell #3).

In parallel, two CR2032 NMC/Li metal coin half-cells (D and E), based on a fresh (D)
and an aged (E) NMC electrode respectively, are assembled (see in Table 1lI-5). The
nominal capacity of each NMC/Li metal coin half-cell is 2.88 mAh with Vmin = 2.6 V
and Vmax = 4.1 V.

Graphite / Li metal

Capacity (mAh)
measured at 0.1 C

15t charge 1stdischarge
Graphite from the fresh cell | coin half-cell A 0 2.602
Graphite from the aged cell | coin half-cell B 0.153 1.360
(cell #3) coin half-cell C 0.202 1.475
NMC / Li metal

Capacity measured (mAh)

1stdischarge 15t charge
NMC from the fresh cell coin half-cell D 0 2.411
NMC from the aged cell coin half-cell E 2.289 2.478
(cell #3)

Table 1lI-5: Post-mortem electrochemical measurements (performed at 25 °C) of
single components (from the cell #3) with coin half cells.

Electrochemical characterizations are performed at 25 °C, at different C-rates
according to the following order: 0.1 C,0.2C,05C,1C,2C,5C,8C,0.2Cand 0.1
C at least. Charges at 0.1 C are performed with a CV phase until the current reaches
C / 50. Between charge and discharge, a rest of 30 minutes is programmed.
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Each C-rate is repeated 5 times except the first C-rate at 0.1 C which is repeated

only 3 times.

It should be noted that the charge process of the Graphite / Li metal coin half-cells
corresponds to delithiation process in graphite electrode since graphite functions as

the cathode in this configuration.

The protocol of NMC / Li metal coin half cells starts with a discharge step while that
of the Graphite/Li metal coin half cells starts with a charge step performed at a rate of
0.1 C which is a low C-rate. The aim is to delithiate those electrodes so that the
residual capacity of each of the respective electrodes, after dismantling of the cell,
can be determined. Thereafter, the capacity of these coin half cells is also measured

at other C-rates.
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Figure 11I-12 : Electrochemical characterizations at 25 °C with Graphite / Li metal and

NMC / Li metal coin half-cells.

85



I11. Study of aging mechanisms at low temperature

The first discharged and charged capacities are respectively 0 mAh and 2.411 mAh
for NMC/Li metal coin half-cell based on fresh electrode (D) (as presented in Figure
[11-12 and mentioned in Table 11I-5). This result confirms that the fresh NMC electrode
was fully lithiated before dismantling.

For the NMC / Li metal coin half-cell based on aged electrode (E), the first discharged
and charged capacities are respectively 2.289 mAh and 2.478 mAh. This electrode
was therefore not fully lithiated during the last discharge before dismantling. Li
remained thus into graphite electrode. In any case, this aged positive electrode
exhibits good cycling when further cycled vs. Li metal. No loss of capacity of Li
intercalation with this electrode is observed.

On one hand, the first charged and discharged capacities are respectively 0 mAh and
2.602 mAh for the Graphite / Li metal coin half-cell based on fresh electrode (A). It is
a confirmation that the fresh graphite was fully delithiated. It then is not possible at all
to more delithiate.

On the other hand, the first charged and discharged capacities are respectively 0.153
mAh and 1.3602 mAh for the Graphite / Li metal coin half-cell based on aged
electrode (B). Similarly, the first charged and discharged capacities are respectively
0.202 mAh and 1.4752 mAh for the other one sample (C). In fact, even by applying a
low charge C-rate, it appears very difficult to delithiate this aged electrode, which
nevertheless remains lithiated as described above. Moreover, by applying a low
discharge C-rate thereatfter, it is difficult to insert more Li into the graphite, which is
certainly fully lithiated.

It should be noted that Li de/re-intercalation mechanisms into aged graphite particles
are not totally obstructed since a part of Li, about 0.9 mAh, is recovered at a very low
rate (0.1 C) as seen in Figure IlI-12 with Graphite/Li metal half coin cells based on
harvested graphite materials. Indeed, this capacity of about 0.9 mAh measured at 0.1
C represents about 1/3 of the capacity of the fresh graphite at the same C-rate which
is about 2.8 mAh. It then may be assumed that the other 2/3 of Li can be accessed
and then delithiated from graphite at C-rates lower than 0.1 C (e.g. 0.01 C).

Finally, it appears clearly here that only the negative electrode is involved in the loss
of capacity.
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3.4.2.2. Determination of the state of lithiation of electrodes with XRD
measurements

3.4.2.2.1. XRD Studies of the cathode material

Samples of positive electrodes respectively recovered from the fresh 16 Ah Li-ion
cell, from the cell #3 (dismantled after full cycling at 5°C) and from the cell #5
(dismantled after cycling at 5 °C between 3.42 V — 4.08 V) are analyzed with XRD
measurements. All samples possess a layered structure described in the R-3m space
group for which lattice parameters a and c are calculated.

In situ XRD measurements are performed on a sample of the fresh NMC electrode.
This technique is used to obtain lattice parameters of the R-3m rhombohedral phase
as a function of the SOC and the Li content x in NMC.

In the literature, as reported by I. Buchberger [179 et al, various methods have been
used to demonstrate that the lattice parameters are correlated to the Li content of the
NMC electrode such as chemical or electrochemical delithiation combined with
Inductively Coupled Plasma, XRD, Neutron Diffraction, or combinations of these
methods. But to quantify the Li-loss, an in situ XRD calibration curve is suitable to
correlate the transferred electrochemical charge to the Li content of NMC and its
lattice parameters. This can be obtained using in situ XRD during charging and
discharging of NMC electrode.

Figure 111-13 illustrates XRD measurements performed on positive electrodes (left
figure) and the calibration curve obtained from in situ measurements with a fresh
NMC sample (right figure).
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Figure 111-13 : XRD studies of the cathode Lix(Mno.4aCo00.2Nio.4)O2 material. In situ XRD
measurements are performed on a sample of a fresh cathode electrode in order to
obtain a calibration curve of lattice parameters in function of Li rate.
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The left figure presents the contribution of Kai of the reflections 018, 110 and 113 for
the fresh and cycled samples. The Aluminum collector peaks are visible.

Lattice parameters obtained from the NMC recovered from the cell #5 are equal to
those determined from the fresh cathode while those obtained with the NMC
electrode recovered from the cell #3 have significantly evolved.

The NMC samples respectively recovered from the fresh cell and the cell #5 present
the expected lithiated state, while the cathode from the most degraded cell is highly
delithiated. We hypothesize that the rate of Li x = 1 for the fresh material failing to
dispose of a sample of pristines commercial cathode material.

Note that the value of the a parameter has decreased from 2.862 A (fresh - lithiated)
to 2.823 A (aged - delithiated) and the value of the ¢ parameter has increased from
14.274 A (fresh - lithiated) to 14.524 A (aged - delithiated). This reflects a less
lithiated state in the structure of the cathode material recovered from the cell #3.

The decrease of a and the increase of ¢ with delithiation are in good agreement with
the observations of S.-C. Yin et al. using Neutron Diffraction studies on Lii-
xNi13sMn13C01/302 samples 174,

J. Choi et al. 72 further investigated the variations of the lattice parameters with Li
content (1-x) in Li1xNisMn13C01302 using XRD measurements. They reported that
the ¢ parameter increases with decreasing Li content due to an increasing
electrostatic repulsion across the Van der Waals gap between the (NiwsMn13Cou/3)
O:2 sheets.

As suggested by several authors [173 174 175 it js also possible to calculate the Li
content into a NMC sample by reporting the corresponding values of lattice
parameters on the calibration curves determined with the fresh NMC in situ XRD
measurements.

This technique confirms that the NMC electrode recovered from the aged cell is less
lithiated although the cell was disassembled in discharged state. The estimated rate
of Li in that NMC electrode is about 0.5. It should be noted that if the amount of
disinserted Li becomes greater than 0.5, that is to say in the event of overdischarge,
an irreversible structural modification of the material would occur.
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3.4.2.2.2. XRD Studies of the anode material

XRD measurements have also been conducted on graphite samples respectively
recovered from the fresh cell, the cell #3 (cycling between 2.70 V and 4.20 V) and the
cell #5 (cycling between 3.42 V and 4.08 V) as presented in Figure 1lI-14.
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Figure 111-14 : XRD studies of the anode material.

Signals corresponding respectively to the graphite electrode recovered from the cell
#5 and from the fresh cell have the same signature.

The relative intensity of the hexagonal graphite peaks have decreased for the most
aged material (cell #3) compared to the fresh material. Nevertheless, what is
astounding is the concurrent presence of intercalation compounds (LiCs, LiC12 and
LiC24) found into the aged graphite.

This result reveals that a considerable part of exchangeable Li is trapped as graphite
intercalation compounds. It is consistent with the brown color on the surface of
graphite electrode as shown in Figure 1ll-7, and with results obtained with coin half-
cells electrochemical measurements in Figure 111-12.

3.4.3. Influence of the electrolyte

3.4.3.1. Electrolyte analysis with GC-MS

In order to follow the evolution of each component with aging, GCMS analyzes are
performed on a sample of the electrolyte recovered from a fresh commercial Li-ion
cell and on a sample recovered from the cell #3.

Original electrolyte components of the commercial pouch cell can be identified from
the fresh electrolyte analysis as following: solvents (Ethyl Methyl Carbonate (EMC)
and Ethylene Carbonate (EC)) and many additives (Vinylene carbonate (2 % wt VC),
Fluoroethylene Carbonate (5 % wt FEC), Biphenyl (7 % wt BP) and 1,3-Propane
Sultone (0.1 % PS)).

M. Nie et al. [1%9 suggested that incorporation of VC (3 % wt) inhibits the reduction of
EC to generate Li Ethylene Dicarbonate (LEDC) and LiPFs to generate LiF while
incorporation of FEC (3 % wt) results in the generation of a thinner SEI.
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The use of PS and VC improves retention capacity for cycling at high temperature
and lower impedance. These additives modify the reduction reactions at the negative
electrode by inhibiting the production of ethylene and modifying the structure of the
SEI. They reduce by more than 60 % the evolution of gas during the formation of
ethylene as reported by B. Zhang et al. 176, Biphenyl is rather used as a fire-
retardant in Li-ion batteries. Aging mechanisms associated to the use of this additive
will be discussed in the next chapter.

Table IlI-6 illustrates the content of each detected element.

Content (%) of each component
Fresh | cyc@5°C
Solvents EMC 53.52 23.65
EC 32.53 24.05
VC 0.10 0
" FEC 0.88 0.15
Additives Biphenyl 1057 | 1057
1,3-PS 2.40 0.52
DMC 0 3.34
DEC 0 17.04
Decomposition EGMC 0 0.79
products 2-ethoxycarbonyloxyethyl methyl
0 2.30
carbonate
DEDOHC 0 1.77
TOTAL 100 84.18
Gas and/or not detected material 0 15.82

Table I1I-6 : Content (%) of each component of the electrolyte detected with GC-MS
analysis performed on samples recovered from a fresh cell and from cell #3.

The analysis of the electrolyte retrieved from the cell #3 reveals the presence of
additional components identified as electrolyte decomposition products. Dimethyl
Carbonate (DMC), Diethyl Carbonate (DEC), Ethyleneglycol bis-(methyl carbonate)
(EGMC), 2-ethoxycarbonyloxyethyl methyl carbonate and Diethyl 2,5-dioxhane
dicarboxylate (DEDOHC).

The content of solvents has decreased significantly at 5 °C and VC additive is totally
consumed with aging. FEC and 1,3-PS show lower concentrations. In any case, the
degradation of solvents content and the apparition of many electrolyte degradation
products during cycling is clearly identified.

According to the literature, DMC and DEC are generated by the reduction of EMC
solvent on lithiated graphite surface (177 1781, The presence of EGMC is caused by the
reaction between lithium alkoxides and EC [*7°. The origin of the apparition of the
carbonates has not been identified.
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The organic electrolytes used in Li-ion batteries have oxidation potentials around 4.7
V vs. Li*/Li and reduction potentials close to 1.0 V vs. Li*/Li [18%, But, the intercalation
potential of Li into graphite is between 0.05 V and 0.1 V vs. Li*/Li, which is below the
reduction potential of the electrolyte. Charging at low temperatures increases internal
resistance which can lowered the potential of graphite below the stability window of
the electrolyte, leading to the decomposition of the electrolyte at the graphite surface.

3.4.3.2. Influence of the composition of the electrolyte

The investigation consists in testing electrolytes of different chemical composition
with coin full cells based on electrodes recovered from a fresh 16 Ah commercial Li-
ion cell. Electrolytes are synthetized based on components detected from a fresh
electrolyte with GCMS as shown in Table 1lI-6. The aim is to identify the impact of
each element of the electrolyte on the fast loss of performance observed in cycling at
5°C.

The electrolyte #1 corresponds to the original composition of the fresh commercial
electrolyte. For the others compositions, an additive is removed successively in order
to study the influence on cycling performance. The electrolyte #6 does not retain any
additives. Only DMC is added as solvent in order to obtain a standard electrolyte.

Twelve CR2032 Graphite/NMC coin full cells are assembled: two coin full cells per
type of electrolyte as described in Table IlI-7 in order to verify the reproducibility. The
nominal capacity of each coin full cell is 2.88 mAh with Vmin = 2.7 V and Vmax = 4.2 V.
Cycling are performed between 2.7 - 4.2 V at a rate of 1 C in charge (with a CV
phase) as in discharge.

Electrolyte Solvents Additives
El BP + PS + FEC + VC
E2 BP + PS + FEC
E3 1:1:1 EMC:EC + LiPFs 1 M BP + PS
E4 BP
ES PS
E6 1:1:1 EMC:EC:DMC + LiPFs 1 M

Table 1lI-7 : Composition of different electrolytes based on elements detected from
the fresh electrolyte with GC-MS [3:4:3-1],
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As with 16 Ah commercial pouch-cells, the reference capacity of each coin full cell is
measured at 25 °C at the beginning of life (BOL) and after the cycling period. After
cycling, all the coin full cells are dismantled at a discharged state as it was the case
for 16 Ah commercial pouch-cells.

Figure I1I-15 presents the evolution of the charged capacity measured at each cycle
during cycling test at 5 °C between 2.7 V and 4.2 V with coin full cells based on six
different types of electrolyte composition.

2.5 ‘

Capacity [mAh]

0 L 1 1 1 1 1
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Figure I1I-15 : Evolution of the charged capacity measured at each cycle during
cycling test at 5 °C between 2.7 V and 4.2 V with coin full cells based on six different
types of electrolyte composition.

Unfortunately, for the electrolytes E3 and E6, one of the two coin full cells did not
work. Nevertheless, the same signature of a fast decrease of performance in only 50
cycles, already observed with commercial cells as seen in Figure 11I-3, is also put
into evidence here with the all coin full cells. As seen in Table 11I-8, fast performance
fade is observed whatever the nature of the electrolyte.

Loss of Electrolyte
capacity
(%) 1 2 3 4 5 6
0.1C 57 52 a7 31 | 38 | 49
0.2C 54 a7 40 29 | 38 | 48
05C 54 46 43 22 | 38 | 47
1C 50 43 38 20 | 34 | 45

Table 1lI-8 : The average of capacity loss of coin full cells per type of electrolyte.
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Figure 111-16 illustrates visual inspections of components of those coin full cells
based on different composition of electrolyte after cycling at 5 °C. Coin full cells are
disassembled at a discharged state after a discharge applied at a rate of 0.1 C as it
was the case for the 16 Ah commercial cells.

NMC Separator Graphite

Electrolytes
Coin cell #1 Coin cell #2 Coin cell #1 Coin cell #2 Coin cell #1 Coin cell #2

EC+EMC+

LiPF, 1M BP+PS+FEC+VC

EC+EMC+

LiPF, 1M BP+PS+FEC

EC+EMC+

LiPFy 1M BP+PS

EC+EMC+

LiPFg 1M BP

EC+EMC+

LiPFg 1M PS

E6
EC+EMC+DMC+
LiPFg 1M

Figure 111-16 : Visual inspections of both negative and positive electrodes and
separators of coin full cells after cycling at 5 °C and at a rate of 1 C between 2.7 V
and 4.2 V.

Failed i Failed Failed

It is remarkable to observe that there is no interesting defect on the positive electrode
and on the separator which remained white.

In addition, the graphite remained lithiated regardless the composition of the
electrolyte for the all coin full cells. This mechanism is therefore reproducible for 16
Ah commercial Li-ion cells as with coin full cells. Areas that have not been in contact
with the opposite electrode remained in black color. No metallic Li is visually
observed. This result demonstrates that there is no notable influence of the nature of
the electrolyte in this aging mechanism. It is therefore the graphite electrode that
would only be involved.
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In the literature, J. C Burns and J. R. Dahn [46: 181l explained that electrolyte oxidation
products might migrate to the negative electrode where they are reduced and
eventually shut it down. They showed that near end of life, pores of a highly
compacted graphite might become filled by reduced products originating from
oxidized electrolyte resulting in a catastrophic performance fade of the cell.
Consequently, as the access of Li into pores is blocked, Li plating occurs on surface
of the anode and Li inventory is reduced at each cycle and cell fails quickly. This
mechanism was rather reported for temperature higher than 20 °C [1-24.2],

Based on this assumption, it appears necessary to perform further investigations,
especially on the surface and in the bulk of the graphite electrode.

3.4.4. Influence of the films on graphite electrodes

3.4.4.1. Detection of metallic Li with ‘Li NMR

‘Li NMR under fast magic angle spinning appears to be useful for ex situ and post-
mortem analyses of battery electrodes. Figure 1lI-17 illustrates ‘Li NMR
measurements performed on graphite electrodes retrieved respectively from the cell
#3 and the cell #5.

’Li NMR rot = 50 000 Hz
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--------------- Intercalated Li between graphite planes
————— Oxydized Li on the surface of graphite electrode

Figure 11I-17 : ’Li NMR analysis on graphite electrodes.
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The presence of metallic Li is detected with a lower intensity only on the most
degraded graphite with a specific signal centered at 260 ppm.

The high signal at O ppm is assigned to Li in diamagnetic compound complexes with
graphite derivatives for instance or diamagnetic inorganic salts indicating the
presence of the SEI 491,

There is an additional high intensity peak at 50 ppm, corresponding to intercalated Li
between graphite planes. W.-C. Oh 1182 reported that a Knight shift of 44.32 ppm
corresponding to the LiCe compound indicates an electrical field gradient at the Li
nucleus site with a quasi-axial symmetry.

‘Li NMR is a chemical method sensitive to bulk electrode as described by T.
Waldman et al. 16, These results demonstrated that metallic Li deposition (“dead
Li”) is not the main aging mechanism involved. In addition, these observations are
consistent with coin half cells results 3421 which showed that Li ions were trapped in
graphite electrode.

Moreover, the peak corresponding to Li trapped into graphite planes and that one
attributed to oxidized Li on the surface of the electrode are higher than that one
corresponding to metallic Li. This result is in agreement with measurements obtained
with reference electrode [331 which showed that graphite potential went below 0 V vs.
Li*/Li only over the last 6 cycles, well after the capacity of the cell failed.

The fact that metallic Li (not visually observed) is detected in small amounts on the
surface of the graphite electrode may be congruent with of dendrites observed on
SEM and TEM images (see in Figure 1lI-8 and Figure I11-9).

Whatever, it appears here that Li remains in large amounts trapped in the form of
graphite intercalation compounds (as confirmed by XRD in Figure Ill-14) and the
negative electrode may be hindered by a film composed of electrolyte degradation
products (as shown with GC-MS in Table IlI-6).

3.4.4.2. Chemical Investigation into the volume of graphite electrodes with
FIB/ToF-SIMS

Figure 111-18 presents normalized elemental mappings of graphite electrodes
recovered from the cell #3 and from the cell #5.

For the cell #5 (cycled between 3.42 V and 4.08 V), Li signal is weak and presents
almost no contrast, confirming the near absence of Li. Fluorine is mainly detected at
the surface of the electrode (left part of the image — outlined in red) which indicates
the presence of SEI, and also slightly around graphite grains.

For the cell #3 (cycled between 2.7 V and 4.2 V), fluorine mapping is different: the
observed contrast is representative of a higher concentration in the regions
corresponding to the cavities between or within particles.
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This is an indication that in that case, the inter-particles cavities are filled with
electrolyte degradation products. Moreover, Li mapping presents a signal contrast

fitting the graphite particles mapping (see carbon mapping), confirming Li trapping
into the graphite particles.
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Figure I1I-18 : ToF-SIMS images: Standardization of the rate of each characteristic
element in function of the graphite "carbon” rate.
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3.4.4.3. Chemical Investigation of the SEI on graphite electrodes with XPS

We aim to further investigate graphite electrodes recovered from the cell #3 and cell
#5 which were subjected to FIB-SIMS analyzes suggesting electrolyte degradation
compounds in significant quantities into the electrode porosity.

In the literature, it is reported that the elevated temperatures accelerate the formation
of passivation films on anode. The SEI growth was found to be rather favored by high
SOC and high temperature storage conditions.

In the case of this study, it would be unlikely to suggest a growth of the regular SEI
favored at 5 °C. In contrast to the typical nanometer SEI film reported in the literature,
the formation of an untypical layer composed of electrolyte decomposition products
obstructing the graphite electrode pores and then de/re-lithiation mechanisms seems
to be more appropriate.

The objective of XPS is to compare the chemical composition of the films at the
surface of both graphite electrodes, respectively retrieved from the cell #3 and the
cell #5.

3.4.4.3.1. Spectroscopic analysis

Figure 1lI-19 presents the XPS spectroscopic analysis results for both graphite
electrodes.
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Figure 111-19 : Spectroscopic analysis of graphite electrodes with XPS technique
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C 1s analysis -

The C 1s spectrum of graphite from the cell #5 presents one asymmetric peak,
whose maximum is at 284.6 eV. This peak can be related to the presence of the
active material (graphite particles) probably mixed with carbon black [83 184 |ts
relative high intensity confirms that the passivation layer is thin (regular SEI),
probably no more than 2 or 3 nm.

In contrast, the C 1s XPS spectrum of graphite from the cell #3 presents one main
peak at 286.7 eV associated to C-O groups, and a tiny shoulder of lower intensity at
284.6 eV. This is a clear indication of the presence of a thicker layer screening the
photoelectrons originated from the graphite particles. It can be assumed that this
thick layer is composed of the expected SEI and the accumulation of electrolyte
degradation products impeding carbon pores.

F 1s analysis —
The F 1s spectra of both electrodes show 2 peaks located at different binding

energies. The sample from the cell #5 presents one intense peak at 684.5 eV which
can be explained by the presence of LiF [184 185 compounds while the surface of the
electrode #3 is characterized by a peak of lower intensity at the same binding energy.
This could indicate the absence of the LiF compounds in the composition of the
regular SEI formed on the graphite surface. Nevertheless, this hypothesis remains
unlikely. The most likely explanation is that the presence of a layer formed over the
LiF compounds, suspected to hinder graphite electrode pores, is shielding the
photoelectrons originated from these Li fluoride compounds as it has been observed
with carbon particles.

Besides, this graphite electrode shows one intense peak at 686.8 eV, which may be

associated to PVDF, LiPFes and its degradation products such as Li phosphofluorides
[184]

O 1s analysis -

The O 1s XPS spectra are quite different between both electrodes.

Graphite electrode from the cell #5 presents a wide shoulder centered at a higher
binding energy (531.4 eV): this is typical of SEI with a wide range of oxidized species
and C-OH and/or C-O-C bonds [184: 186; 187],

Graphite electrode from the cell #3 presents two well separated peaks. The lower
binding energy peak (530.1 eV) is associated with Li2O [184 18] while the other one
(532.4 eV) corresponds to C-O bonding groups in the carbonyl group or Li carbonate
molecule 5],

S 2p analysis —
The peak associated to the sample retrieved from the cell #5 is located at a higher

binding energy of 168.2 eV, which is typical of S reduced from 1,3 propane sultone
[186] Surprisingly, the S 2p of the graphite electrode from the cell #3 presents a lower
binding energy peak (161.8 eV), which is assigned to S [186],
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The respective passivation films compositions are given in Table I11-9.

Element C @] F P S Li
o | Cell#3 24.7 19.3 1.8 0 0.5 53.7
at. ™ Cell #5 241 10.5 32.7 2 0.5 30.3

Table 111-9 : Percentage of each element detected with XPS on the surface of
samples of graphite electrodes respectively recovered from the cell #3 (cycled
between 2.70 V and 4.20 V) and from the cell #5 (cycled between 3.42 V and 4.08
V).

Graphite electrode recovered from the cell #5 presents a Li/F ratio close to 1, relative
to the high presence of amounts of LiF (confirmed by F 1s spectra). Other elements
(C, O, and P) are probably related to the presence of (poly(ethylene oxide)) PEO-
type oligomers, ROCO¢:Li and LixPOyFz compounds.

On the contrary, the composition of the electrode of the cell #3 presents high
amounts of Li and a very high Li/F ratio. R. Castaing et al. [14? reported that LiF may
be dissolved in the electrolyte instead of being deposited at the surface of active
material grains. Recently, L. Somerville et al. [118 demonstrated that DMC washing
for 1 minute can remove LiF and LixPFy functionalities from deeper strata of the SEI.

LiF may be here probably screened by another layer based on accumulation of
electrolyte degradation products constituting an additional layer over it (LiF) or
modified by reacting with these compounds as confirmed by XPS F 1s spectrum
which validates the presence of LixPFy species instead.

Note that ToF-SIMS analysis showed that inter-particles cavities were filled with
fluorine. C. Marxer et al. 5% reported that ToF-SIMS analysis is more sensitive than
the XPS, particularly for the detection of fluorine, for which the yield is very high.
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3.4.4.3.2. Profilometric analysis

Figure 1lI-20 presents XPS profilometric analyses of the surface of both graphite

electrodes.

Cell #3 : cycling between 2.7V and 4.2 V at 5°C
SOH =28 % /50 FEC / 3 days

Cell #5 : Cycling between 3.42 V and 4.08 V at 5°C
SOH =88 % / 1509 FEC / 328 days
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C 1s analysis -

The concentration profile for the graphite electrode of the cell #5 shows that the peak
corresponding to the graphite contribution increases with the number of sputter
cycles.

For the graphite electrode of the cell #3, C 1s profile concentration shows the
extinction of the peak at higher binding energy (286.7 eV) after the first sputtering
step, confirming the thinness of the film formed by C-O species on the surface of the
remained lithiated graphite electrode (cell #3).

After the first sputtering step, the intensity of the carbon peak becomes constant.
More sputtering steps would be required to remove completely the thick layer above
and then to see the increase of the peak corresponding to graphite.

F 1s analysis —
F 1s profiling concentrations show that LiF is not present even in the internal part of

the SEI, in the case of electrode of the cell #3: it has probably been degraded with
cycling or it may be assumed that it had reacted with other degradation products.
Otherwise for the other electrode (cell #5), LiF remains present throughout the SEI.

O 1s analysis —

On one hand, the O 1s XPS profiling concentrations show a decrease of the peak
corresponding to species identified as C-O bonding groups at 532.4 eV for the aged
graphite (cell #3).

On the other hand, a decrease of the wide shoulder centered at 531.4 eV is also
observed for the non-degraded graphite (cell #5).

S 2p analysis —
For the non-degraded graphite (cell #5), the peak observed at ~168.2 eV disappears

after the first sputtering step: this suggests that this contribution is linked to some
traces of the electrolyte deposition at the surface which are quickly removed with
sputtering. On the contrary, for the aged graphite, the numerous sputtering steps do
not remove the peak observed at 161.8 eV which remains until the end of the profile.
This strongly suggests that this peak is due to the presence of a degraded (reduced)
product of PS in the whole depth of the SEI.

The thickness abraded by step of abrasion cannot be known with certainty and
precision. For this, it would be necessary to "calibrate” the abrasion with a layer of
SEl of similar composition and of known thickness for the chosen abrasion
conditions.

This technique remains a "relative" semi-quantitative tool, that is, from one analysis
to another, for similar abrasion conditions, it is possible to compare the thicknesses
between them (to say that a layer is thicker in one case than the other).
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3.5. Representation of the mechanism leading to the hindrance
of Li diffusion into graphite electrodes

We found in this chapter a new explanation, different from the usual metallic Li
deposition expected in cycling at low temperature, to explain the very fast capacity
fade observed on Kokam 16 Ah cells in such conditions (i.e. 75 % over only 50
cycles). Figure 1lI-21 presents a scheme that explains the formation of an untypical
layer constituted by electrolyte degradation products occurring during cycling of 16
Ah commercial Li-ion cells at 5 °C between 2.7 V and 4.2 V.

The evolution of the state of the graphite electrode is represented here at the end of
discharges as the number of cycles increases. During cycling at 5 °C, the regular SEI
layer as reported in the literature does not grow since its growth is rather favored by
high temperatures and high SOCs.

1st approach

2"d approach

- Typical SEI layer

|:| Untypical thick layer composed of electrolyte degradation produtcs hindering anode pores
Il pelithiated graphite

&S Lithiated graphite

Metallic lithium depositions

Figure 111-21 : Representation of the mechanism leading to the hindrance of Li
diffusion into graphite electrodes, observed during cycling at 5 °C between 2.7 V and
4.2 V.
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Charging at low temperatures increases internal resistance which can lower the
potential of graphite below 0 V vs. Li*/Li. As a result, the potential of the graphite
electrodes falls below the stability window of the electrolyte during charging.

On one hand, it leads to the decomposition of the solvents of the electrolyte forming
a specific layer on top of and within the graphite electrode. Note that the analysis of
the electrolyte with GC-MS shows a strong degradation of solvents and the apparition
of many degradation products.

On the other hand, local metallic Li depositions are facilitated under such conditions.

As the number of cycles increases, this untypical layer grows and hinders more and
more the pores of the graphite electrode. As a result, de/re-intercalation mechanisms
are then significantly reduced into the negative electrodes. Consequently, some
areas of the graphite electrode remain lithiated. Due to the presence of this growing
layer clogging anode pores, it is then more and more difficult to extract more Li
cations from graphite particles in order to intercalate into the positive electrode, as
seen with the evolution of the end-of-charge / discharge potentials of both electrodes
pointed out in Figure 111-6.

On one hand, this mechanism leads to an irreversible and catastrophic capacity loss
of about 75 % in only 50 cycles, as illustrated in Figure 111-3 and in Table I11-3.

On the other hand, it causes a strong increase of the internal resistance by 400 %, as
shown in section 322, Moreover, visual inspections in Figure Il1-7 show that graphite
electrodes remain unexpectedly lithiated although the cell was dismantled after a
discharge performed twice at rate of 0.1 C. The positive electrode was therefore not
fully lithiated during the last discharge before dismantling.

In the case of metallic Li depositions, two approaches needs to be considered. Li
depositions could be formed either all along cycling or at the very end.

The first approach would be that a part of metallic Li (deposed inside the volume of
the electrode) formed all along cycling have been reversible. With this hypothesis, the
measured anode potential (as seen in Figure 1lI-5 and Figure 1lI-6) during cycling
may not reflect the occurrence of localized Li plating, since it remains the average
electrode potential. This supposition is in agreement with Li plating model developed
by X.-G. Yang et al. [189],

The researchers demonstrated that the clogging of anode porosity induces localized
Li plating formation all along cycling. By the end of cycling, serious Li plating leads to
localized pore clogging resulting in a sharp resistance rise which would dramatically
deteriorate the power capability of the cell. The growth of the layer clogging anode
pores was found to be the dominant aging mechanism in this linear aging stage. Both
numerical and experimental results were obtained for 3500 cycles performed at room
temperature between 2.8 V and 4.2 V (charge at a rate of 1 C and discharge at a rate
of 2 C) using graphite/NMC622 Li-ion cell with a nominal capacity of 12.4 Ah.
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The second approach rather stipulates that as the entrance of Li ions into pores of
graphite electrodes is obstructed by the growing of the layer made of electrolyte
degradation products, Li plating occurs on surface of the anode due to the high
polarization, as explained by J. Dahn 46 1811 and Li inventory is reduced at each
cycle and cell fails rapidly.

This assumption is consistent with measurements obtained with the cell instrumented
with reference electrodes which show that during cycling the potential of the negative
electrode only goes below 0 V vs. Li*/Li over the last 6 cycles (see in Figure IlI-5 and
Figure 1lI-6). This theory validates that the measurements with the reference
electrode are potentially sufficient to reflect the occurrence of Li plating. This
approach is also supported by ’Li NMR results where metallic Li is detected with a
lower peak (Figure 111-17).

Whatever the approach, the chemical composition of the layer hindering graphite
electrodes given by XPS suggests the presence of C-O bonding species; Li2O; Li
carbonates; PVDF, LiPFs and its degradation products (LixPOyFz compounds).

In recent past, M. Klett et al. 341 showed experimental evidence of uneven surface
film formation across the depth of a porous graphite electrode obtained from a
commercial 26650 LiFePOa/graphite cell cycled with 3.75 C and 100 % depth of
discharge (DoD) at 22 °C. After cycling, the capacity loss was 34 %, nevertheless the
authors did not precise the number of cycles performed.

From their EDX mapping, it was found that the film was enriched, on one hand, in
carbonates species clogging the pores in the electrode closest to the separator and
on the other hand, in fluorine which appears evenly distributed throughout the
electrode depth. The authors performed ToF-SIMS analysis which showed that this
uneven film has similar decomposition species than the standard SEI, though with
higher amounts of PO and POz fragments. The film formation led to the reduction of
the current distribution in the porous electrode and then it caused an inefficient
material utilization.

In this chapter, we have discussed a similar mechanism but rather observed during
cycling at 1 C and at 5 °C. Besides, the chemical composition of this untypical layer
as described above seems to be identical in both studies.

This might mean that even at room temperatures, for certain types of graphite
electrodes and by applying strong charge rates, the same mechanism of degradation
could be observed. However, all the papers mentioned above do not discuss about
the fact that most of Li ions are lost in the form of graphite intercalated compounds.
We have shown that graphite remained lithiated and thus it becomes difficult to
delithiate it because of the hindrance of pores on the surface.
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3.6. Conclusions

A fast loss of performance around 75 % was observed during fully cycling at 5 °C (in
only 50 cycles). Graphite electrodes of 16 Ah commercial Li-ion cells remained
unexpectedly lithiated after dismantling at a discharged state. Electrochemical
measurements with full coin cells demonstrated that there is no influence of the
nature of the electrolyte in the aging mechanism. The evolution of the end-of-charge /
discharge potentials of both electrodes during cycling showed difficulties to extract
more Li cations from graphite to intercalate to the positive electrode.

The analysis of the electrolyte with GC-MS showed a strong solvents decomposition
and the apparition of many degradation products which have accumulated on
graphite electrodes during cycling to form an untypical layer hindering the pores of
the anode. As a result, Li de/re-intercalation mechanisms are then obstructed into the
negative electrode presenting lower porosity.

Based on XPS results, it can be assumed that this thick layer impeding the electrode
porosity is mainly formed by C-O bonding species; Li20; Li carbonates; PVDF, LiPFs
and its degradation products (LixPOyFz compounds).

Metallic Li is detected in very negligible amounts as seen with Li NMR analysis
suggesting that it is not really the main aging mechanism involved. Some dendrites
are well distinguished on the surface of the remained lithiated graphite with SEM and
TEM images.

The fact that graphite remained lithiated may be explained by the hindering of the
electrode porosity, preventing diffusion of the remaining cyclable Li into the electrode
depth. Moreover, the higher reduction level imposed by the cycling conditions may
induce a drastic degradation of the electrolyte. These results are consistent with the
interpretation in FIB-SIMS which suggests the obstructing of the porosity of the
graphite electrode. It can be concluded that the length of this diffusion pathway
(which directly depends on the electrode engineering) is one of the key parameters
affecting the formation of the untypical layer found in this study to be the main aging
mechanism in cycling at low temperature.
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V. Study of aging mechanisms at high temperature

In this chapter, we discuss unexpected aging mechanisms observed during calendar
life of commercial Li-ion cells suggested to high temperatures and high states of
charge conditions.

Performance of cells in calendar aging are presented in the first branch of this fourth
Chapter. The evolution of the state of health as well as that of the increase of the
resistance of cells are discussed with details.

The second part of this Chapter is dedicated to post-mortem analyses required in
order to investigate aging mechanisms involved. The effects of overcharge protection
agents such as Biphenyl used as an electrolyte additive are figured out.

By the end of this Chapter, a schematic model, illustrating the development process
of aging mechanisms observed, is scheduled in accordance with the understanding
provided by the results of the various analyzes.
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4.1. Performance of cells in calendar aging

Twenty nine 16 Ah commercial C/NMC Li-ion cells are aged in calendar mode using
3 different states of charge (SOC), namely SOC=50 %, 90 % and 100 % and 4
different temperatures, namely 5 °C, 25 °C, 45 °C and 60 °C, as illustrated in Table
IV-1.

SOC (%)
T(°C) Total
50 90 100
5 x2 | CIDETEC x3 | CIDETEC 5
25 | x2 | EIGSI x3 | EIGSI x3 | EIGSI 8
45 | x2 | CEA x3 | CEA x3 | CEA 8
x3 | VITO 7
60 |x2|VITO x2 | VITO
x1 | CEA** 1
Total 8 8 13 29

Table IV-1 : Calendar aging conditions (~ condition without any periodic check-up test
but only two check-ups, at BOL and EOL respectively).

Therefore, as for cycling tests, the same electrical checkup tests performed at 25 °C
are also used here in order to measure the capacity of the cell after each calendar
phase.

Thus, periodic check-ups are performed at 25 °C every 8 weeks for cells stored at 5
°C and 25 °C, every 6 weeks for cells stored at 45 °C and every 4 weeks for cells
stored at 60 °C. It is indeed well known that the calendar aging of Li-ion batteries is
favored by high SOC and high temperatures during storage time 190 1911 That is why
we decided to manage the periodicity of the experimental control tests, which
consists in reducing the time between two checkups for more severe aging conditions
in order to limit the decrease in capacity between the two tests (and conversely for
less severe aging conditions).

An additional cell ** was stored at 60 °C and 100 % of SOC without any periodic
electric check-up tests during 4 months.

The duration corresponds to time of storage of other cells aged at 60 °C. In this case,
a test of capacity is performed at low charge rate at 25 °C after the 4 months of
storage according to the following protocol: residual discharge performed at a rate of
C / 25 until 2.7 V. After a rest of 30 minutes, a charge is performed at rate of C / 25
until 4.2 V followed by a last discharge at C / 25 until 2.7 V.

™ condition without any periodic check-up test but only two check-ups, at BOL and
EOL respectively
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The aim of this additional test being to measure the influence of intermediate
checkups on the aging. This is the reason why we decided to limit the charge C-rate
to C /2 5 instead of 1 C during the classical ECU and SCU.
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Figure IV-1: Evolution of the state of health and the resistance increase of 16Ah
commercial Li-ion cells in calendar aging.

The evolution of the SOH and the resistance increase of the 16 Ah calendar aged
commercial batteries is presented in Figure IV-1.

For the SOH, the reference capacity is the discharged capacity measured during
periodic checkup tests at a rate of 1 C. The resistance is determined based on pulses
measurements, more especially at 40 % of SOC and at 10 s.
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For the cell stored 4 months without periodic standard checkups, the capacity at 1 C
at the second check-up (after storage time) is estimated as a function of the capacity
measured at C / 25 multiplied by a ratio since for this specific cell, the maximum C-
rate used during its second check-up is C / 25 as mentioned above.

This ratio is thus determined by dividing the value of the capacity measured at 1 C on
that measured at C / 25 obtained at the first check-up (before storage time) and it is
equal to 1.002. In addition, since no pulses measurements were performed on that
particular cell, no resistance values can be obtained.

Nevertheless, it can be observed that the degradation of Graphite/NMC Li-ion
batteries in calendar aging mode is favored by high SOC and high temperatures

storage conditions. These results are consistent with previously reported results 192
193; 194; 195]

For high temperatures, the strong difference observed between SOC = 90 % and
SOC = 100 % in calendar aging of Graphite/NMC Li-ion cells has already been
observed in the literature. The influence of the SOC on the aging is not linear with the
SOC. The main hypothesis is the influence of the corresponding voltages.

Regarding the curves corresponding to resistance increase, the influence of the
temperature and the SOC is also ascertained.

Cells stored at 5 °C showed a resistance increase less than 10 % (with a capacity
loss limited to 2 % in 19 months for cells aged at 100 % of SOC).

These results confirm that aging at low temperature does not lead to the increase of
the resistance of the cell. Furthermore, they corroborate the fact that the considerable
rise of the resistance observed after full cycling at 5 °C, as discussed in the previous
Chapter, was definitely not related to the growth of the regular SEI but rather to the
accumulation of important electrolyte degradation products into anode porosity.

The cells aged at SOC = 100% and at 5 °C, 25 °C, 45 °C and 60 °C have been
selected for further post-mortem analyses.
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4.2. Post-mortem analyses

4.2.1. Visual inspections

Visual inspections of aged components have raised several interesting features as
shown in Figure 1V-2. The electrodes and the separator are still wetted by the
electrolyte at the moment of dismantling, at any aging conditions.

Calendar ageing Components
Ao, - Comments
S0C=100% Graphite Separator NMC
[ appe -
T=5°C No Lithium
SOH (1C)=100% deposition
Duration = 9 months
» T=25°C No Lithium
S B|  SOH(1)-100% deposition
2 | Duration = 9 months
g3
=<
-‘C: 3 T=45°C Lithium
= S|  SsoH(10-93% deposition
Duration = 10 months
sa;?fg’cny Lithium
= 0 oge
SOH (C/25)=75% deposition
Duration = 4 months
2
"
23
E’_ ey T=60°C No Lithium
s 3 SOH (€/25)=82% deposition
© & | Duration = 4 months
£
; [5]

Figure IV-2 : Visual inspections of negative and positive electrodes and separators of
commercial 16 Ah Graphite/NMC pouch cells (at discharged state) aged in calendar
mode (SOC=100%).

Electrodes and separators aged in the calendar condition at low temperature (T =5
°C) present no visible change. This is in accordance with the low capacity loss
observed at 5 °C (see Figure 1V-1).

For the cells stored at 25 °C, the separator presents only a light brown color on the

side in contact with positive electrodes whereas there is no notable visible change
detected on the electrodes.
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Harvested positive electrodes of cells stored at 45 °C present a black color with
circular grey stains. The separator presents a brown color with white circular areas.
Graphite electrodes present concentric lithiated deposits which are symmetric to the
circumference of white zones found on the brown separators and grey stains found
on NMC electrodes. This symmetrical correlation between separator white zones,
stains on NMC electrodes on one side and circular lithiated deposits on graphite on
the other side is exposed in Figure IV-3. Those lithiated deposits, insoluble with DMC
or acetonitrile, can be removed with friction and are very reactive with water.

Inside of some of these concentric lithiated deposits, the graphite appears to have a
high lithiated state compared to the rest of the surface. This indicates that lithium is
no more exchangeable in those areas where graphite particles remained lithiated
despite the discharge before dismantling.

Similar observations are done on the cells aged in calendar mode at higher
temperature, more pronounced for cells stored at 60 °C with periodic checkup tests.
In this cell, the graphite electrode reveals an important concentration of Li metal
deposition around the symmetrical areas.

Additionally to the cells aged with periodic check-ups, a cell was aged at 60 °C and
100 % of SOC without checkups as detailed above.

The post mortem study reveals that the brown separator shows the same white
symmetrical areas and the corresponding grey stains observed on both positive and
negative electrodes. However, there are no presence of metallic lithium on graphite
electrodes. We can hence conclude that the metallic lithium deposition occurred only
during the checkup.

Both cells aged with or without periodic check-up tests have been stored in the same
condition (at 60 °C and at 100 % of SOC; during 4 months and until a SOH of 75 %
and 82 % respectively). This small difference of SOH between the two cells can most
likely be attributed to the lithium loss caused by the intermediate checkup tests which
are leading to the metallic lithium deposits.

Contrary to visual inspections of graphite electrodes originating from 16 Ah Li-ion
cells cycled at 5 °C between 2.7 V and 4.2 V at rate of 1 C where no Li depositions
were visually found (graphite remained lithiated - see in the previous Chapter), we
rather observe here the presence of localized metallic lithium deposition in large
amounts, although cells were opened at discharged state.

In the literature, Jalkanen et al. [*°¢ suggested the presence of lithium deposition after
cycling at high temperature. As far as we know, there is no published works reporting
this aging mechanism at high temperature operating conditions during calendar

aging.
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Figure IV-3 : Calendar aging at 45 °C and at 100 % of SOC.

According to the literature, at least two explanations can be proposed regarding the
brown coloration found on the separator. It could be due to either remaining lithiated
graphite and/or linked to the thermal and electrochemical degradation of LiPFe [1°7:
198]

Nagasubramanian %71 observed discoloration of the electrolyte containing LiPFs and
based on solvents such as ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) at 60 °C while electrolyte containing LIN(SO2C2Fs)2 showed very little
discoloration even at 120 °C.

Zhang et al. [*°8] reported that 1.2 M LiPFe 3:3:4 PC/EC/EMC electrolyte had changed
its color to brown after 2 weeks of storage at 60 °C.

Similarly, a piece of a fresh separator has been immersed in an electrolyte composed
by 1 M LiPFs EC/EMC at 45 °C for one month. In this experiment, we observed that
the electrolyte became brown but the separator stayed white. So, it can be concluded
that the thermal decomposition of LiPFs is not sufficient to modify the color of the
separator. Brown color appears only when the separator is in contact with electrodes
as confirmed by visual inspections. Namely, the upper surface of separator not in
contact with electrodes is still white.

To go further in the understanding of the emergence of the distinct brown coloration
of the separator, a piece of polyethylene in contact with lithiated graphite electrode
and another piece in contact with delithiated NMC electrode were stored in an
electrolyte composed by 1 M LiPFs EC/EMC during one month at 45 °C.

It was observed that only polyethylene in contact with delithiated NMC has changed
its color to brown. This latest observation is consistent with results published by D.J.
Xiong et al. [*°°l, Moreover, during storage at 60 °C, the experimenters observed that
pouch bags containing only a lithiated graphite electrode and electrolyte produced no
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gas while pouch bags containing only a delithiated NMC111 electrode (initial voltage
of 4.2 V) and electrolyte produced a significant amount of gas. They suggested that
predominant gas produced in the positive electrode was CO:2 (determined by GC-MS)
which is thereafter consumed at the negative electrode.

It is thus reasonable to assume that white areas found in large amounts on brown
separators retrieved from cells aged at 45 °C and 60 °C have thus not been in close
contact with the delithiated NMC surface.

This contact disconnection is probably due to the progressive formation of gas
bubbles caused by the degradation of the electrolyte inside the cell. Gas formation
may be due to the electrolyte components oxidation at the NMC electrode maintained
at high potential (calendar storage at SOC = 100 %) and high temperature as
reported in the literature (199,

4.2.2. Deposits analysis with ’Li NMR

Figure IV-4 illustrates ‘Li NMR measurements performed on graphite electrode
retrieved from the cell aged in calendar mode at 60 °C and 100 % of SOC.
Samples were chosen as followed:
1) In the region of lithiated deposits (area A), only at the extreme surface of the
electrode.
2) In the region of lithiated deposits (area A), all the thickness of the electrode.
3) At the electrode surface in any region without lithiated deposits (area B).

Area B - Surface

Area A — Entire thickness [

A Kbl it A o e g — ”
|

Area A - Surface I

| |
I [

| \\ .

T j N TP
300 200 100 0 -100 -2

00 ppm
Figure IV-4 : Li NMR analysis on graphite electrode after calendar aging at 60°C and
100 % of SOC with periodic checkups.
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With a specific signal centered at 260 ppm, the “Li NMR spectra demonstrated the
presence of metallic lithium only where lithiated deposits could be picked out. This
signal is visible both when the material was collected by scraping the surface (area
A) of the electrode or by taking the thickness (area A) of the electrode. In the latter
case the intensity of the signal was lower because of dilution effects.

According to the literature, the observed signal corresponds to a clear signature of Li
metal with this technique [200: 201},

For the other spectrum, a signal at O ppm can be observed. This signal is narrow
when it corresponds to a sample scraped at the surface of lithiated deposits (area A).
However, if the sample is taken in the thickness (area A) of lithiated deposits, a broad
shoulder appears at higher field in the range 0 to -100 ppm.

Very interestingly, if the sample is taken at the surface (area B) outside lithiated
deposits, only the broad signal is observed.

On one hand, taking into account the NMR data reported in literature for ‘Li, the
signal at O ppm can easily be assigned to Li in diamagnetic compound complexes
with graphite derivatives for instance or diamagnetic inorganic salts.

On the other hand, the broad signal ranging from 0 to 100 ppm could be assigned to
paramagnetic inorganic compounds including Ni, Mn Cr or Co.

In summary, there is a low intensity peak corresponding to metallic lithium (260 ppm)
when the entire thickness of the area A is considered. In addition, the peak
corresponding to lithium in oxidized form (at O ppm) seems to be the sum between
the one observed with area A (scrapping surface) and the one observed with area B
(entire thickness).

4.2.3. Effect of the biphenyl additive in the electrolyte

4.2.3.1. Electrolyte analysis with GC-MS

Additionally to analysis of electrode materials, the evolution of electrolyte
components during aging was followed by GC-MS. A quantitative analyses of the
electrolyte composition recovered from a fresh cell and from cells respectively aged
in calendar mode (100 % of SOC) at 25 °C and 45 °C with intermediate electric
check-up tests during storage and at 60 °C without any periodic capacity test is
presented in the Appendix of the Chapter 4.

Unfortunately, no GCMS has been performed for the aging condition related to cell
aged at 60 °C and 100 % of SOC with periodical checkups.

The content of each carbonate in %, normalized regarding the quantity of EC and in
Figure IV-5 accordance with time of storage (divided by the storage time), is
presented in. Note that, as illustrated in Table A (in the Appendix of the Chapter 4),
GC-MS analysis showed no decomposition of EC with aging except at 60 °C.

115



IV. Study of aging mechanisms at high temperature

180

8 c 35
Mo g) 160 3.0
© 5T 25
= o 140 :
’6 @) 4(7) 2.0
c 5 120 1.5
a) e

o 1.0
© <. © 100
c 2€E 0.5
O s 'S 80 00 = — pumnn | S
o C )
— @© <= DMC DEC EGMC Carbonate
(U -+
czE 60 L
“ 0 o mfresh mcal@25°C wcal@45°C mcal@60°C
(@)
~S2 %
So8

c
R — -
C
8 'c% 8 0 — .y -—
C o % EC EMC DMC DEC EGMC Carbonate
S8 1

mfresh mcal@25°C cal@45°C mcal@60°C

Figure IV-5 : Content of each carbonate in % normalized regarding the quantity of EC
and in accordance with time of storage.

In the previous Chapter, we observed a considerable decrease of solvents content in
the electrolyte, after cycling at low temperature, leading to the apparition of many
electrolyte degradation products.

In the present Chapter, the decomposition of solvents seems to be less important.
Electrolyte degradation products (DMC, DEC, EGMC, Carbonate 1[3l) are detected,
in a negligible amount, for cells aged at 45 °C and at 60 °C.

The content of each additive in %, per time of storage presented in Figure V-6, was
calculated based on the sum of all detected carbonates including those detected as
degradation products at high temperature.

VC additive is totally consumed with aging, FEC and 1,3-PS show lower
concentrations. Biphenyl concentration has decreased significantly at 45 °C and at
60 °C. The decrease seems to be more at 45 °C than at 60 °C. This could be due to
a shorter aging time and no periodic check up in the case of the cell aged at 60 °C. It
should be noted that metallic lithium is known to react with the electrolyte. The
decrease of other additives can also be correlated to temperature.

3 Carbonate 1 : 2-ethoxycarbonyloxyethyl methyl carbonate
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Figure IV-6 : Content (%) of additive per time of storage in function of the sum of all
detected carbonates.

We have explained in the first Chapter that biphenyl is an aromatic compound that
shows no reversible electrochemical behavior but give overcharge protection effects.
This shutdown compound polymerizes on the cathode during overcharge and the
liberated protons (H*) migrate to the anode, generating hydrogen gas (Hz2). Biphenyl
is suitable for use as an overcharge protective additive and its polymerization
generates gas increasing the internal cell pressure. This phenomenon enables to
disconnect the cell in case of overcharge. For example, the excessive gas pressure
would open the safety cap for certain cell designs [2%2.

However, up to our knowledge, the literature does not mention polymerization of
biphenyl at high temperature in a Graphite/NMC lithium-ion system. The decreasing
in the biphenyl concentration results from its polymerization process. This leads to
drying-out areas of the separator visible in form of white stains which will be
symmetrically impregnated on the surface of both electrodes (see in Figure 1V-3).
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4.2.3.2. Post-mortem analysis with coin full cells: with and without biphenyl as
an additive

Coin full cells are used to investigate the effect of the biphenyl additive in the
electrolyte. Two types of CR2032 coin full cells with pristine NMC-based electrode
(cathode), pristine graphite-based electrode (anode) and Celgard® 2400 separator
are assembled.

The first coin cell is based on 1:1:1: wt EC.DMC:EMC + 1 M LiPFs electrolyte (LPX).
The second coin full cell contains the same electrolyte (LPX) with additional 2 wt % of
biphenyl.

Before aging, a formation cycle was performed at 25 °C under galvanostatic charge-
discharge cycle (voltage range: 2.7 - 4.2 V) then C/2 in CC-CV charge. The CV mode
starts when the cell voltage reaches the maximum of 4.2 V and stops when the
current drops to C/50. Thereafter, coin cells were stored at 45 °C and 100 % of SOC
for 24 days. The calendar phase includes a periodic electric check-up test performed
at 25 °C every 4 days.

Figure IV-7 shows the visual inspections of coin cell components after the storage at
45 °C and at 100 % of SOC during 24 days with a periodic checkup test every 4
days. Similar white zones are observed in the case of coin cells containing biphenyl
as an additive in the electrolyte. Depositions of metallic lithium are found on the
graphite electrode originating from this coin cell.

These circular depositions are similar to those observed with the commercial 16 Ah
pouch cells aged at 45 °C and 60 °C (see in Figure IV-2). Therefore, this result
confirms that the reaction of the biphenyl additive is the origin of the local lithium
depositions observed on the graphite electrodes of the commercial 16 Ah C/NMC Li-
ion cells in calendar aging at 45 °C and 60 °C at 100 % of SOC.

Components

Electrolyte composition - Comments
Pristine Graphite Celgard” 2400 Separator Pristine NMC
1:1:1: wt EC:DMC:EMC No Lithium
+ 1M LiPF, deposition
1:1:1: wt EC:DMC:EMC Lithium
+ 1M LiPF, deposition

+ 2%wt of Biphenyl

Figure IV-7 : Visual inspection of Graphite/NMC coin cells components after 24 days
of calendar aging at 45 °C and 100 % of SOC.
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4.2.3.3. Post-Mortem analyses of coin cells: cyclic voltammetry

Cyclic voltammetry measurements have been performed in order to measure the
voltage of the biphenyl polymerization at elevated temperatures.

Three coin half-cells with pristine NMC-based electrode (cathode), metal lithium
based electrode (anode), Celgard® 2400 separator and 1:1:1 wt EC.DMC:EMC + 1 M
LiPFe electrolyte with 2 wit% of biphenyl are assembled. A fourth coin half-cell does
not contain biphenyl.

Cyclic measurements are performed with a Biologic system between 3 and 5.2 V with
a rate of 1 mV/s respectively at 25 °C, 35 °C and 45 °C. At the end, coin half-cells
were disassembled in an Argon-filled glove box for a visual inspection in a
discharged state. Cyclic voltammetry measurements have been performed in order to
measure the polymerization potential of this aromatic component at elevated
temperatures.

First cycles
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Figure 1V-8 : First cycles of CV measurements. Effects of the temperature increasing
on biphenyl polymerization potentials.

Figure IV-8 highlights that the polymerization of biphenyl occurs around 4.47 V vs
Li/Li* at 25 °C, 4.4 V vs. Li/Li* at 35 °C and 4.27 V vs Li/Li* at 45 °C.

It should be mentioned that the voltage range related to the electrochemical activity
of the positive electrode is the same as that of the biphenyl polymerization. For
example, for the coin half-cell without biphenyl, the electrochemical activity of the
NMC electrode starts at around 3.8 V to reach a maximum at 4.381 V.

The second peak at higher potential (with higher intensity) corresponds to the
decomposition of electrolyte solvents.
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For the biphenyl-free coin half-cell, since the electrode is not covered with polymer,
the NMC is still in contact with the electrolyte, so that solvents continue to degrade.
Therefore, the peak corresponding to the oxidation of the solvents is very high.

For biphenyl-containing coin half-cells, the intensity of this second peak is less
important as the temperature increases.

Indeed, the positive electrode is all the more protected since the quantity of
electrodeposited biphenyl is important, in this case, in the decreasing way at 45 °C,
35 °C and then at 25 °C. Consequently, this protection of the electrode, by the
polymer deposited on its surface, has the effect of reducing the probability of
decomposition of solvents. This explains the low intensity of the peak related to the
oxidation of solvents observed with the coin half-cell containing biphenyl tested at 45
°C.

Indeed, a greater amount of biphenyl (7 % wt as in KOKAM) would certainly have led
to a complete passivation of the electrode after polymerization, so that the peak
associated with the decomposition of the solvents would not have been seen. In that
case, the potential for decomposition of solvents would either be shifted to very high
potentials or downright unobserved.

In this thesis, we used a smaller amount of biphenyl (2 % wt) for economic reasons.
Moreover, it was sufficient to demonstrate the mechanism studied in this chapter.

Figure IV-9 show that the solvents decomposition of the electrolyte of the coin half-
cell without biphenyl continues during second cycles. In contrary, the peak
corresponding to solvent decomposition is very weak and flattened for biphenyl-
containing coin half-cells. In that case, the electrolyte oxidation must be hindered by
the polymer on the NMC surface.
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Figure IV-9: Second cycles of CV measurements. Effects of the temperature
increasing on biphenyl polymerization potentials.
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At the third cycles, as illustrated in Figure 1V-10, the intensity of the corresponding
peak has seriously decreased.
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Figure IV-10: Third cycles of CV measurements. Effects of the temperature
increasing on biphenyl polymerization potentials.

It should be noted that the cell voltage is equal to 4.2 V when the cell is stored at 100
% of SOC. This means that the potential of NMC electrode can reach 4.3 V vs. Li/Li*,
triggering the polymerization of biphenyl at high temperature. In the case of
commercial cells stored at 45 °C and 60 °C and at 100 % of SOC, biphenyl has
certainly polymerized at potentials much lower than in the range of 4.3 — 5.5 V vs.
Li*/Li, as reported in the literature, leading to local lithium depositions on graphite
electrodes.

The two coin half-cells (with and without biphenyl as an additive in the electrolyte)
used for CV measurements at 25 °C, were disassembled for a visual inspection as
illustrated in Figure IV-11.

The NMC electrode and the separator of the coin half-cell without biphenyl does not
show significant defects.

The coin cell containing biphenyl presents white areas on the NMC electrode surface
and its separator turned brown. It is noteworthy that the brown coloration of the
separator appears stronger in presence of biphenyl. The same morphology was
found on commercial cells after calendar aging at high temperature (see in Figure
IV-2 and Figure IV-3). We suggest that at high temperature, biphenyl could
polymerize at lower voltages (without overcharge), leading to gas formation, which
generates local electrolyte depletion in the separator that creates white zones / dry
areas.
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Components

Electrolyte composition
Pristine NMC Celgard"® 2400 Separator

N

1:1:1: wt EC:DMC:EMC
+ 1M LiPF,

1:1:1: wt EC:DMC:EMC
+ 1M LiPFg
+ 2%wt of Biphenyl

Figure 1V-11: Visual inspection of Li metal/NMC coin cells components after two
cycles of cyclic voltammetry at 25°C
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4.3. Model of local Li deposition at high temperature

Figure IV-12 presents a scheme that explains the formation of local lithium metal
deposition in calendar aging at high temperatures and high states of charge.

Seen from above Front view Visual inspection

A

Separator

dried area

dried area

- S Graphite

Figure 1V-12 : Local Lithium metal deposition development process during storage at
high temperature and high state of charge interrupted by regular charges, with
biphenyl-containing electrolyte in Graphite/NMC Li-ion cell.

During the storage period at elevated temperature (above ~45 °C) and at high state
of charge (at around 100 % of SOC), the potential of the positive electrode vs. Li/Li*
is at its highest level. At this temperature, biphenyl additive can polymerize and
generate gas inside the cell. The progressive formation of gas bubbles causes a
contact disconnection between the electrodes and the separator, especially in the
areas where those bubbles are formed. This creates insulated zones separating the
two electrodes. Due to the “stacked” geometry of cells, these white dry zones on the
separator symmetrically impregnate both electrodes surfaces (Step A).

These dry zones are very resistive and then the current will be forced to pass through
the border of these latter regions. In fact, in the anode, the lithium depleted region
presents a little voltage gradient to drive Li migration due the high resistance of this
region. This assumption is consistent with A.H. Zimmerman et al. works 2% about
mechanisms leading to lithium deposition due to depleted regions on anodes. As a
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result, during the periodic check-up test performed at 25 °C, metallic lithium is then
deposited on the border of these dry zones due to the local high current density and
the resulting local more negative potential vs. Li/Li* (Step B).

If the storage period at high temperature and high state of charge is prolonged, then
biphenyl polymerization may evolve over time, forming larger dry zones (Step C) that
will create additional metallic lithium depositions at each check-up test (Step D).

This explains the presence of several concentric lithium depositions nearby as well
as the lower capacity of the cell with check-ups at 60 °C compared to the cell without
check-ups. The difference is therefore probably due to the loss related to "dead metal
Li".

In the calendar aging test without check-ups, although the same white dry areas were

observed on the separator and on the surface of the NMC electrode, absolutely no
lithium deposition was found on graphite electrode.
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4.4. Conclusions

Unexpected localized metallic lithium depositions were found on top of graphite
electrodes of commercial 16 Ah Li-ion pouch cells, dismantled at discharged state,
after calendar aging at high temperature and high state of charge.

We determined that the presence of the biphenyl additive contained in the electrolyte
in combination with periodic capacity tests are at the origin of this degradation
mechanism.

Polymerization of biphenyl results in the formation of a gas that can occur at 45 °C
when the voltage of the positive electrode reaches 4.27 V vs Li/Li*, corresponding to
the calendar aging conditions used in our work (45 and 60 °C; 100 % of SOC).

The polymerization reaction is irreversible and results in electrolyte-free zones (or dry
areas) which are highly resistive to Li-ions transport.

During periodic capacity tests, high current densities are generated at the
circumference of these zones leading to lithium metal depositions. This aging
protocol can be compared to the use of Li-ion cells in applications such as electric
vehicles with long rest time (calendar aging) and regular cycling phases (periodic
capacity tests). It is therefore imperative for the EV industry to perform similar
protocols to test the battery in “real life” operating conditions.
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V. Aging modeling

A semi-empirical approach of aging modeling based on the evolution of capacity,
resulting from the experimental aging campaign of commercial cells, is proposed in
the first section of this chapter. The SEI growth as well as the loss of capacity caused
by biphenyl polymerization are both considered in the calendar aging model. In
addition to the calendar effect, the cycling aging model also includes an equation
expressing the loss induced by capacity throughput. Thereafter, the model is
evaluated by comparison with experimental measurements.

The second part addresses the development of a diagnostic and prognostic aging
model based on electrodes shifts. Incremental capacity (IC) depicts a capacity
change associated with a voltage step (AQ/AV). Each peak in the incremental
capacity curve has a unique shape, intensity, and position, and it exhibits an
electrochemical process taking place in the cell. In this section, degradation modes
affecting the performance of Li-ion cells are represented and identified as resulting
from either a “shifting” or a “decreasing” of peak. This aging mechanism identification
methodology is developed by exploiting the signatures of incremental capacity
curves.



V. Aging modeling

5.1 Synthesis of aging mechanisms studied

For pedagogical reasons, the different aging mechanisms of Li-ion batteries, studied
in the two preceding chapters of this thesis are summarized in the Table V-1 below.
LLI refers to loss of lithium inventory while LAM means loss of active material
(surface / sites). NE and PE respectively relate to the negative electrode and the
positive electrode.

Mai [ -
ain aglng Category Conditions
mechanisms
Lithium caused by LAM | Low temperatures
depositions on the NE 2% | High cycling rates
. SEI growth LLI [45] High temperatures and SOC
Literature —
Exfoliation, Overcharge
[45]
contact_ loss of LAM High cycling rate and DOD
particles
Anode perosny LAM on the NE Low temperatures
clogging Full cyclingat1 C
h _
Chapter 3 Lithium caused by LAM L(.)W temperateres
. High polarization due to anode
depositions on the NE )
pore clogging
Apparition of dry | LAM onthe NE | Storage at high temperatures
areas LAM on the PE | and SOC
h 4 - [
Chapter Local lithium caused by LAM Storage at high temperatures
depositions on the NE and SOC
P Checkups at 1 C and at 25 °C

Table V-1: Lithium-ion anode aging mechanisms - category, conditions and
modeling in behalf of this thesis.

The loss of porosity at the negative electrode and the resulting metallic Li depositions
on its surface will not be taken into account in the semi-empirical aging model, since
the corresponding condition of cycling leads to a particular fast loss of capacity. All
these two mechanisms will only be studied with incremental capacity curves.

Similarly, local metallic Li depositions observed after calendar aging will also not be
considered in the calendar aging model since this mechanism occurred by applying a
charge current. It is thus not inherent to pure calendar aging.

Subsequently, in the semi-empirical aging model, the loss of active material (LAM) is
considered to be related to the apparition of dry areas on both electrodes.
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5.2. Semi-empirical aging modeling
5.2.1. Introduction

The degradation phenomena of Li-ion batteries are so complex and interdependent
that the development of a comprehensive aging model remains a challenge. Even
when an aging mechanism is well understood, it is still necessary to achieve a
satisfactory corresponding equation. Consequently, in order to predict the lifetime of
the Li-ion cells, the most useful approach consists in developing an empirical aging
model.

In the literature, some authors have worked on the development of empirical Li-ion
cells aging models. However, the equations that have been used do not always have
any physical significance. J. Wang et al. %% established a life model for graphite-
LiFePOs cells by adopting a power law equation in which the capacity loss followed a
power law relation with time or charge throughput while an Arrhenius correlation
accounted for the temperature effect. Recently, M. Petit et al. 2% have also used the
same approach by coupling this type of empirical capacity loss model to an empirical
electrothermal model. I. Baghdadi et al. [2°7] proposed an empirical model of capacity
fade and resistance increase based on the square root of time. The approach
consisting in considering an empirical equation based on the square root of time has
thus been used by different researchers.

In this chapter, we propose an aging model for the commercial 16 Ah Li-ion cell by
considering main aging mechanisms discussed in the previous chapters (see in
Table V-1). This aging model is developed to be used as a model for predicting the
lifetime of the cell for different types of solicitations.

5.2.2. Model equations

5.2.2.1. Calendar aging

5.2.2.1.1. The SEI growth

The SEI growth is the phenomenon of degradation which has been the subject of the
greatest number of modeling works. This mechanism is favored by high temperature
and high SOC conditions, especially in calendar aging mode. G. Kaneko et al. [208]
developed a degradation prediction model of calendar capacity loss following the
reaction rate of SEI films. Their results show that the capacity loss progressed
linearly with the square root of time. More specially, M. Broussely et al. [2°°! presented
a physical approach expressing the loss of capacity linked to the SEI growth. We
present here the path which has led them to the determination of the equation.
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The kinetics rate is considered to be limited by electronic mobility of Li* in the SEI
layer, thus proportional to the SEI electronic conductance X:

dx cS
—:kx:k— .
dt e (5.1)

In the expression above, x represents the number of moles of Li being reacting to
form the SEI, k is the proportional term, o is the specific conductivity, s is the
interface area and e stands for the thickness of the layer.

The parasitic reaction of SEI leads to the apparition of different products. Some of
them are soluble (Ps) and create reversible self-discharge, which is compensated by
equivalent charging current during constant voltage phases. Whereas, insoluble
products (Pi) trap lithium and lead to irreversible capacity loss. The insoluble
products are then proportional to the number of Li moles x that have reacted:

P, = nx (5.2)
Where n is the proportional term

The layer conductance will decrease with time as the amount of insoluble products
will increase. As a result, the average layer thickness should be expressed as
follows:

e=e,+CP, (5.3)

Note that eo represents the initial thickness after the formation and c is a constant
coefficient related to the average molar volume of the layer. By incorporating
equations (5.2) and (5.3) into the (5.1), the kinetics rate can be expressed as follows:

CuS 5.4
dt e, +cnx ©-4)
The expression above can be simplified as follows:
dx J
— =S (5.5)
dt  1+AgX
With:
cS
Jse1 = kg
5.6
on (5.6)
Agg = e_

(o]
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Since the variable x expresses the number of Li moles irreversibly lost, it can be
replaced by Qioss and thus, the expression of capacity loss related to the SEI growth
can be expressed as follows:

dQIoss — ‘]SEI
dt 1+ASE|Q|OSS

(5.7)

The Broussely’s equation describes capacity loss of lithium-ion cells in calendar
aging caused by the SEI growth with a parabolic relation between aging time and
loss of lithium. In the literature, the equation of calendar aging model developed by S.
Grolleau et al. [219 js quite similar to the equation proposed by Broussely.

5.2.2.1.2. The apparition of dry areas

As seen in the Chapter 4, the expansion of dry areas during calendar life constitute
an additional loss of capacity of the cell called “loss of active material (surface)”. It is
then indispensable to integrate it as an additional degradation mode into the calendar
aging model.

As reported by C. Delacourt et al. [2%1 the LAM has been the subject of far fewer
modeling studies than the parasitic reactions leading to the LLI. Its origin is often
poorly known and, in fact, it is a big challenge to put the problem into equations. A
simple physical model of this degradation is a challenge, and in general an empirical
correlation of the current density, the temperature, and the lithium content in the
active material is used [212],

However, in our specific case, we can obtain an equation of loss of capacity caused
by the expansion of gas bubbles by analogy with the same approach undertaken by
Broussely. The expansion of this gas leads to the active surface loss on both
electrodes by insulating the concerned areas during calendar life. It may be assumed
that Li moles being not accessible are proportional to the expansion of these dry
areas.

So that, the kinetic of rate of this reaction can be expressed as a function of number
of Li being unavailable. For simplicity reasons, we consider here a linear
proportionality:

% =k(ax +b)" (5.8)

The expression above can be simplified as follows:

% _ Jiam
dt  (1+A X)) "

(5.9)
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With:
1
Jiam = kF
a (5.10)
A =—
LamM = b
Oy =P

Since the variable x expresses the number of Li moles irreversibly lost, it can be
replaced by Qioss and thus, the expression of capacity loss related to the loss of
active material (surface) can be expressed as follows:

dQIoss — ‘JLAM
dt (1+ ALAMQIOSS)QLAM

(5.11)

5.2.2.1.3. Calendar loss

Finally, the expression of the loss of capacity in calendar aging for the 16 Ah
commercial Li-ion cells is the sum of the SEI and LAM contribution:

CAL SEI LAM
Qloss = Qloss + Qloss (5-12)

For respecting the principle of cumulative damage (the Palmgren-Miner rule) (see in
the Appendix of the Chapter 5), as reported by M. T. Todinov 233 Asgi, ALam and
aLam respectively in equations (5.7) and (5.11) must thus be constant. For reasons of
optimization of computation time, we decided that Asei = ALam = A.

The parameters Jsei and Jiam depend on the temperature and the SOC. All the
parameters are identified by global optimization methods (see in the following
section).

5.2.2.2. Cycling aging

For cycling aging modeling, a similar approach based on the equation (5.7) is
considered with Acyc = A. In this case, the capacity loss due to cycling is influenced
by the temperature, the current and the state of charge. The formulation encountered
is then:

dQIoss — ‘]CYC
thh 1+ AQIoss

(5.13)

In this expression, Qi represents the capacity throughput, Jcyc refers to the kinetics
of the reaction, which depends on the temperature, the current and the state of
charge. Note that the parameter Jcvc is identified on cycling conditions after
subtracting the part of capacity loss due to calendar aging from cycling aging.
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5.2.2.3. Total capacity loss

Finally, the total loss of capacity can be expressed as the sum of the calendar and
cycling capacity loss:

dQIoss — aQloss dt+ anoss thh
ot 0Qu, (5.14)

TOT CAL CycC
Qloss = Qloss + Qloss

5.2.3. Identification of model parameters

5.2.3.1. Calendar aging identification results

As described in the previous chapter, 29 commercial C/NMC Li-ion cells (16 Ah) were
aged in calendar mode using 3 different SOC, namely 50 %, 90 % and 100 % and 4
different temperatures, namely 5 °C, 25 °C, 45 °C and 60 °C.

In order to identify the model parameters, the first step is to generate profiles of SOC
and temperature corresponding to each calendar condition.

In the previous chapter, we have shown that biphenyl polymerization leading to LAM
occurred only at temperature higher than or equal to 45 °C and at 100 % of SOC.
Based on this information, the parameter Jsgl related to the SEI growth needs to be
determined only with calendar conditions for which no polymerization of biphenyl
occurred. In fact, in these selected conditions (highlighted in green in Table V-2), the
SEI growth is the only aging mechanism involved in the loss of capacity.

So that, the value of the parameter Jsel corresponding to the following conditions (45
°C and 60 °C for SOC = 100 %) will be determined by extrapolations methods.

SOC (%)
T (°C)
50 90 100
5 | x2 | CIDETEC x3 | CIDETEC
25 |x2 | EIGSI x3 | EIGSI x3 | EIGSI
45 |x2 | CEA x3 | CEA x3 | CEA
x3 | VITO
60 |x2 | VITO x2 | VITO
x1 | CEA**

[ SH

1 SElI+LAM

1 SEl+LAM + Li Plating

[1 SEl + potentially LAM + Li Plating

Table V-2 : Calendar aging conditions (** condition without periodic checkup test).
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Note that unfortunately only Li-ion cells stored at 100 % of SOC were dismantled for
post-mortem investigations. Using Li metal/NMC coin half-cells, we also
demonstrated that the polymerization of biphenyl occurs at a potential of 4.47 V, 4.4
V and 4.27 V vs Li/Li* at 25 °C, 35 °C and 45 °C, respectively.

It thus may be assumed that the polymerization of biphenyl did not occur inside cells
stored at 45 °C and 90 % of SOC, given the fact that at this the value of SOC, the
potential of the positive electrode is lower than 4.27 V vs Li/Li*.

Besides, the corresponding cell voltage at 90 % of SOC is measured to be equal to
4.054 V. The positive electrode potential is thus certainly not sufficient to activate gas
bubbles formation inside cells stored at 45 °C and at 90 % of SOC.

In contrary, it is not sure that biphenyl polymerization has occurred inside cells stored
at 60 °C and 90 % of SOC since no cyclic voltammetry measurements have been
performed with this condition (neither post-mortem analyses). Nevertheless, two
arguments can be advanced to consider that the polymerization mechanism can take
place with this storage condition:

e The first argument is that by extrapolating the polymerization potential of
biphenyl at 60 °C and for 90 % of SOC, we find a value of the positive
electrode potential closed to 4.075 V vs Li/Li*. Yet at this potential value of the
positive electrode, the corresponding cell voltage is less than 4.2 V, and
therefore the corresponding SOC of the cell is rather less than 100 %, and
even less than 90 %.

e The second argument is that with the aging model based on electrodes shift, it
is able to identify the LAM as a part of capacity loss in this condition of storage
(60 °C and 90 % of SOC) based on incremental capacity measurements

exploitations. We will discuss this type of model in the following sections
[5.3.3.3]

Based on the two arguments, we consider the LAM (due to dry areas) as a part of
capacity loss in this storage condition (60 °C and 90 % of SOC as illustrated in Table
V-2.

5.2.3.1.1. Identification of the model parameter related to the SEI growth
Since the identification of the model parameters is based on a global optimization
method including all the aging conditions at the same time, we have considered the
following input conditions:

o TREF=45°C

e SOCREF =100 %
o JseREF =9(1)
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AFse” =[6(2) 8(3) 1 6(4)]
e T =[5 25 45 60]

AFseiSPC = [9(5) 6(6) 1 ]
SOC =[50 90 100]

TREF and SOCREF represent the reference temperature and SOC, respectively while
JseiREFis the value of the parameter Jsei at reference conditions.

AFsgSOC is the vector containing values of acceleration factors (AF) in function of
each temperature / SOC breakpoint of vectors T / SOC.

Since 45 °C as well 100 % of SOC are the reference conditions, we consider that the
acceleration factors at these temperature and SOC are equal to 1.

The parameter 0 is thus determined using the powerful function Isqcurvefit of
MATLAB software. This nonlinear least-squares solver is used to determine model
parameters to get the best fitting ever between the equation (5.7) related to the SEI
growth and experimental data.

Once, the parameter 0 is obtained, it is then possible to determine vectors AFse™ and
AFseSCC, We chose to use a linear interpolation method to obtain AFsgS°C values
between SOC breakpoints. Based on the Arrhenius equation, it was possible to fit
and to obtain AFsel" values between T breakpoints. We have made the assumption
that the AFsei™ follows Arrhenius’s law in function of the temperature. As a result, the
activation energy (Ea) determined for this reaction (by optimization) is equal to 58625
J.molL. This value is consistent with that of found by B. Y. Liaw et al. (214 which is 55
kJ.mol 2.

Finally,
S0C soc
Jga ) :JEEF *AFéTE)I *AFéEI : (5.15)

Figure V-1 presents the cartography of the parameter Jsel obtained from calendar
conditions for which the SEI growth is determined to be the main aging mechanism.
The value of the parameter A identified is equal to 0.1043.

These parameters will thus be used to extract the part of capacity loss due to the SEI
growth from calendar conditions where both SEI growth and LAM (activated by
biphenyl polymerization) are the aging mechanisms determined. It is then feasible
identifying parameters inherent to the LAM by subtracting the contribution of the SEI
growth.
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Figure V-1 : Cartography of the parameter Jse:.

5.2.3.1.2. Identification of the model parameter related to the loss of active
material

In this section, the aim is to identify the parameters JLam and aLawm related to the LAM
activated by biphenyl polymerization. Unfortunately, there is only one condition (60
°C, 100 % of SOC **without periodic checkups, highlighted in blue in Table V-2)
where the loss of capacity is caused by the SEI growth and the LAM (see also visual
inspections in Figure 1V-2). It will be thus not possible to interpolate the parameters
JiLam and acam with only one calendar condition.

That being said, we decided to add also the condition at 45 °C and 100 % of SOC,
although local metallic lithium was found on graphite electrodes. In fact, we make the
assumption that the part of capacity loss due the apparition of metallic lithium
depositions is negligible compared to the loss of active surface. This assumption is
supported by visual inspections in Figure IV-2 where it can be observed that metallic
lithium are deposited only in the border of dry areas of graphite electrodes of this cell.

Indeed, metallic lithium is less pronounced compared to cells stored at 60 °C with
periodic check-up tests for which metallic deposits are completely covering the
surface of graphite electrodes.

On the contrary, it will not be reasonable to consider the storage condition at 60 °C
and 90 % of SOC for the determination of model parameters inherent to pure LAM.
Although we may consider the LAM as a part of capacity loss in this condition, the
part due to local metallic lithium cannot be underestimated.

So, the model parameter related to the LAM at 60 °C and 90 % of SOC will be
determined by extrapolations methods.
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Anyway, it is necessary to extract the part of capacity loss due the SEI growth from
these conditions (T =45 °C /T =60 °C at SOC = 100 %) using the cartography
presented in Figure V-1 and the equation (5.7).
The capacity loss related to LAM can then be extracted by using the equation (5.12).
As a result, the parameters Jiam and aLawm related to the LAM can be identified. We
have considered the following input conditions:

e« TREF=45°C

e SOCREF =100 %

o JamREF =9(1)

e SOC =[50 89.9 90 100]
o T =[5 25 44.9 45 60]
* OLAM =0(4)

Since the LAM is activated at 45 °C at 100 % of SOC and at 60 °C at 90 % of SOC,
we have defined an interaction factor (IFLam™S9€) between the temperature and the
SOC considering that:
e For temperatures lower than 45 °C, there is no interaction
e At 45 °C, the interaction factor is equal to 1 for 100 % of SOC (reference
condition) and equal to O for other SOC.
e At 60 °C, the interaction factors are parameters 8(2) and 6(3) for 90 % and 100
% of SOC, respectively. IF is equal to 0 for SOC lower than 90 %. 0 is
determined by optimization by fitting with experimental data.

At 60 °C, the interaction factor at 90 % of SOC is determined by assuming a linear
evolution of the cell voltage between 90 % (U = 4.054 V) and 100 % of SOC (U = 4.2
V). It is then possible to determine parameters values between SOC and T
breakpoints by interpolation for 2-D gridded data using the function interp2 of
MATLAB software.

Finally, the parameter JLawm is expressed as follows:

(T,.SOC) _ 1REF (T<SOC)
‘JLAM - ‘]LAM ¥ II:LAM (516)

This cartography obtained (see in Figure V-2) is consistent with post-mortem results
as well as with assumptions we have made showing that the LAM occurs at 100 % of
SOC for temperatures higher or equal to 45 °C, and at 90 % of SOC for temperatures
higher or equal to 60 °C. The value of the parameter aLam determined by global
optimization methods is equal to -2.1568.
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Figure V-2 : Cartography of the parameter Jiawm.

5.2.3.2. Cycling aging identification results

In order to study cycling aging, as discussed in the Chapter 3, 42 commercial Li-ion
cells with a capacity of 16 Ah were studied in 21 different cycling conditions. The
following conditions were studied:

. 3 conditions for temperatures: 5 °C, 25 °C and 45 °C
. 4 state of charge windows: {0 - 80 %; 0 — 100 %; 10 — 90 %, 20 — 100 %}
. 3 charge currentrates: 1 C, 2 C and 3 C.

The first step consists in the generation of cycling profiles for each condition. In the
framework of the Mat4Bat project, it has been decided to manage cycling SOC
windows in function of the corresponding voltage thresholds.

For this reason, the profile generation tool implemented with Matlab software has
been parameterized for each cycling condition on the basis of the measured values
(temperature measured at the skin of the cell and SOC windows based on measured
capacities) instead of theoretical values in order to better reflect the reality.

This method makes it possible to obtain a dependence of the parameter Jcyc as a
function of the SOC points rather than the SOC ranges, since these latter are
entangled in the experimental setup. As a result, the aging model could then be used
to simulate the aging for any SOC range.

The sinequanone condition is that the simulated capacity loss and capacity
throughput (for example in discharge), obtained from the generated profile must be
equal to those that have been measured from the cell (see in the Appendix of the
Chapter 5).
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For each condition, the SOC corresponding to the end-of-charge with constant
current as well as the SOC corresponding to end-of-charge with constant voltage are
also included in the cycling profile. In addition, the mean temperature measured
during checkups is also considered as well as the SOC at the end of checkups.

We did not really considered the evolution of SOC windows with aging. However, we
did not notice a significant variation in SOC range values between the 15t and the last
CU. The measured values used for generating cycling profiles can be found in the
Appendix of the Chapter 5.

The same algorithm used for the identification of calendar model parameters is also
used for cycling model. The parameter Jcyc is identified on cycling conditions after
subtracting the part due to calendar aging.

Note that cycling conditions at 45 °C from 2.7 to 3.98 V (0 to 80 % of SOC,
theoretically) and from 3.49 to 4.2 V (20 to 100 % of SOC, theoretically) are not
considered for the identification of Jcyc. These latter conditions will rather be used for
the model validation [525],

The identification of model parameters is based on a global optimization method
including all the considered aging conditions at the same time. This method is
suitable to manage issues with entangled SOC ranges. We have thus considered the
following input conditions:

o TREF=45°C
e SOCREF=20%
e JcvcREF =6(1)

e AFcyc’ =[06(2) 6(3) 1 6(4)]
« T =[5 25 45 53]

o AFcycSOC =[8(5) 6(6) 1 ©(7) 8(8) 6(9)]
e SOC =[0 10 20 80 90 100]

e AFcyct™@e =[0 1 6(10) 6(11)]
e C-rate =[01 2 3 ]

AFcyc' is the acceleration factor vector following the corresponding temperature
breakpoints T while AFcycS©C is that of following SOC breakpoints. Besides, the
vector AFcvct @€ includes values of acceleration factors in function C-rates.

Note that we have found that during cycling at 3 C / 1 C and at 45 °C, the skin

temperature of cells has reached the temperature of 53 °C. For this reason, we have
implemented in the model the maximum temperature at 53 °C.
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In addition, we have observed the influence of C-rate is barely different between 2 C
and 3 C except at 5 °C (see in Figure llI-1). For this reason, we have added a
supplementary parameter expressing the interaction factor (IFcycT¢'a€) between
temperature and C-rate.

The Figure V-3 shows the cartography of the parameter Jcyc. Linear interpolations
methods are used to estimate the values of parameters for SOC (between 50 % and
100 %) and C-rate (between 1 C and 3 C), respectively and an exponential law for
intermediate temperature (between 5 °C and 53 °C). The interaction factor values for
other temperature and C-rates are obtained by 2-D interpolations.

(T,SOC,C-rate) __ qREF % (M * (SOC) % (C-rate) % - (T<C-rate)
‘]CYC _'JCYC AFCYC AFCYC AFCYC II:CY(: (5-17)

[l cC-Rate =1
s [l C-Rate =1.1
T BlC-Rate =1.2
S lc-Rate =1.3
g Pc-Rate =1.4
- - Bc-Rate =1.5
i g i o T~ [Hc-Rate=16
) ey [Ic-Rate =1.7
[lc-Rate =1.8
[Ilc-Rate =1.9

_|C-Rate =2
_|c-Rate =2.1
_|C-Rate =2.2
_|c-Rate =2.3
[ |C-Rate =2.4
_C-Rate =2.5
[lc-Rate =2.6
Pc-Rate =2.7
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Bc-Rate =2.9
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Figure V-3 : Cartography of the parameter Jcyc.

The cartography of the parameter Jcyc shows a high intensity, especially at 5 °C.
This observation is very pronounced at high SOC (between 90 and 100 %) and low
SOC (between 0 and 20 % - rather with less intensity) than for medium SOC
(between 20 and 80 %).

This behavior has also been observed by J. Jiang et al. [2%9]. Indeed, the authors
have conducted cycling aging tests at 25 °C in four different SOC ranges, which are
0 to 25 %, 25 to 50 %, 50 to 75 % and 75 to 100 % with 20 Ah LiFePOa4/Graphite
cells. Their results showed that cycling in the mid-SOC ranges, such as 25 % to 50 %
and 50 to 75 %, leads to slowest capacity fade. In contrary, cycling performed in the
range of 75 to 100 % as well as 0 to 25 % exhibits the fastest capacity degradation.
This difference can be attributed to the significant side reactions that occur between
electrodes and electrolytes and the significant structural change of electrodes
materials at the ends of the SOC range. It thus may be assumed that the cartography
of the parameter Jcyc following the SOC is consistent with the literature.
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Accordingly to the temperature, the intensity of Jcvc is particularly elevated at
temperatures lower than 20 °C (see also Figure V-3). This illustration is consistent
with the sudden capacity drop observed in the beginning of aging of cells cycled at 5
°C (see in Figure llI-1). Finally, following the C-rate we can see that the intensity of
Jcvyce naturally increases with C-rate.

5.2.4. Model evaluation

5.2.4.1. Calendar aging validation results

Figure V-4 presents the comparison between the calendar aging model taking into
account only on the SEI growth versus experimental data for the 4 temperatures.

At 5 °C and 25 °C, there is a very good correspondence between the model and the
experimental data whatever the SOC indicated. At both temperatures, the error
estimated is less than 2 %.

At 45 °C, the model does not fit well with experimental data only for 100 % of SOC,
the estimated error is reaching 25 % with aging evolution while for the other SOC (50
and 90 %), the error is lower than 5 %. Moreover, we can see that experimental SOH
does not follow a square root dependency in function of time.

Nevertheless, when the equation expressing the LAM is also considered in the
model, as illustrated in Figure V-5, a better agreement with experimental data is
finally obtained. The estimated error becomes then less than 6 %.

Besides, it can be observed that coupling the two equations (5.7) and (5.12) allows to
follow the slope rupture, observed with the condition at 45 °C and 100 % of SOC.

Furthermore at 60 °C, there is a good correspondence between experimental data
and the model only at 50 % of SOC (with an estimated error less than 5%). We can
see that the Broussely’s law is not enough to obtain a good agreement at 60 °C for
SOC higher or equal to 90 % (the error reaching 10 % at 90 % of SOC and almost 20
% at 100 % of SOC).

In contrary, as shown in Figure V-5, by adding the contribution of the LAM, a better
fitting is obtained. As a result, there is a good correspondence between the model
and the condition of storage without periodic checkups where no metallic Li
depositions were found on graphite electrodes. However, in conditions where local
metallic lithium was found covering all the graphite electrodes surface (60 °C, 100 %
of SOC see in Figure 1V-2), there is a certain gap between the model and
experimental measurements. This gap can be attributed to the part of capacity loss
due to local metallic Li depositions that the calendar model does not account for.
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Figure V-4 : Comparison between calendar model based only on SEI growth

(Broussely’s law) versus experimental data.
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Model (SEI + LAM) vs Experimental Error estimation
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Figure V-5: Comparison between calendar model based on both SEI growth and
LAM versus experimental data.

Finally, Figure V-6 presents the simulated contribution of each aging mechanism
during calendar aging for each calendar condition. Under the severe conditions (T =
45 °C and SOC = 100 %, T =60 °C and SOC =90 %, T =60 °C and SOC = 100 %),
the contribution of the LAM (due to dry areas) appears.
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Figure V-6 : Contribution of each aging mechanism into the capacity loss during

calendar aging.
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5.2.4.2. Cycling aging validation results

5.2.4.2.1. Results obtained for cycling tests performed at 5 °C

Note that, for cycling tests performed at 5 °C between 3.42 V and 4.08 V (theoretical
SOC window from 10 to 90 %), the corresponding SOC range measured was rather
determined between 8 and 44 % of SOC at 1 C and slightly constricted at 2 C and 3
C (see in Appendix of the Chapter 5). It is hence very far from the expected SOC, but
this result is not surprising since it is due to the fact that the limiting voltage
thresholds are quickly reached because of the high cell resistance at low
temperature. Therefore, the amount of capacity throughput is less important.

It can be observed in Figure V-7 that the model can predict the sudden drop at the
beginning of aging. However, it does not follow the curved shape of experimental
data especially at 2 C and 3 C between 0 and 2 months. This behavior results in an
estimated error of almost 10 % in the first two months and less than 2 % in the last

twelve months.
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Figure V-7 : Model versus experimental data for cycling tests performed at 5 °C.
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Figure V-8 : Contribution of each aging mechanism into the capacity loss during
cycling aging at 5 °C.
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The contribution of each aging mechanism illustrated in bar plots of Figure V-8
shows that the total capacity loss is mainly due to cycling and a negligible part is
attributed to the SEI growth.

5.2.4.2.2. Results obtained for cycling tests performed at 25 °C

The model allows to obtain a better fitting at 25 °C, especially for the condition of
cycling between 3.42 V and 4.08 V (from 10 to 90 % of SOC, theoretically) as
illustrated in Figure V-9. The estimated error between the model prediction and
experimental data is less than 2 %. For this condition, the measured SOC range
(used in the generation of cycling profile) rather varies between 10 and 74 %,
practically. Besides, the temperature measured at the skin of the cell is higher than
25 °C in charge as in discharge, reaching 35 °C during charging phase at rate of 3 C
(see in Appendix of the Chapter 5).

For the condition of cycling at 25 °C between 2.7 V and 4.2 V (from 0 to 100 % of
SOC), a good agreement is observed between the model and experimental data,
especially at the rates of 1 C and 2 C where the estimated error is less than 2 %.

At the rate of 3 C, the model struggles to follow the dynamic of experimental data at
the beginning of aging, between 0 and 4 months. Nevertheless, it eventually catch
the gap towards the end of aging reducing the estimated error from 6 % to almost 0
%.
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In addition, Figure V-10 shows that cycling between 3.42 V and 4.08 V (from 10 to
90 % of SOC, theoretically) leads to less capacity fade than cycling between 2.7 V
and 4.2 V (from 0 to 100 % of SOC).

In both cases, as excepted, the total capacity loss is mainly due to the cycling with a
few contribution of the SEI growth. For the same duration of aging, calendar losses
are quite equivalent between the two strategies of SOC range whatever the C-rate.
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Figure V-10 : Contribution of each aging mechanism into the capacity loss during
cycling aging at 25 °C.

5.2.4.2.3. Results obtained for cycling tests performed at 45 °C

Figure V-11 shows the good correspondence between the model and experimental
data for cycling performed between 3.42 V and 4.08 V (from 10 to 90 % of SOC,
theoretically), especially for the C-rates of 1 C and 2 C. The estimated errors are less
than 4 %. In the absence of good reproducibility at a rate of 3 C, the model fits well
only with the experimental data corresponding to one cell. The error is then less than
2 % with this cell while it reaches 8 % with the cell presenting the shortest aging
duration. Note that at rate of 3 C, the skin temperature of the cell reaches 50 °C in
charge and 47 °C in discharge (see in Appendix of the Chapter 5). Those
measurements were implemented in the generation of usage profile.
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When the full cycling condition is considered (from 0 to 100 % of SOC), there is also
a good agreement between the model and experimental data at the rate of 1 C,
although the model does not fit the slope failure observed around the 10" month of
aging. In the literature, as reported by X.-G. Yang et al. [2%6] this slope failure was
attributed to the clogging of anode porosity by the end of cycling resulting in a sharp
resistance rise. No cycling test was performed at a rate of 2 C with this SOC range
condition.

For the rate of 3 C, it can be seen that capacity fails much faster. On one hand, it has
been reported that some cells have exhibited unexpected thermal behavior leading to
a rise in temperature above 60 °C. On the other hand, the test was ended due to
some cells overcharge. It may thus be assumed that full cycling at 45 °C and a rate
of 3 C could have led to additional aging mechanisms according to unexpected
behaviors mentioned above. This could be for these reasons that the model does not
present a good fitting with experimental data with this condition where the estimated

error reaches 8 %.
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Figure V-11 : Model versus experimental data for tests performed at 45 °C.

Figure V-12 shows the contribution of aging mechanisms into the total loss of
capacity over aging duration.

For both SOC ranges strategies, given the fact that the measured temperature
exceeded 45 °C (see in Appendix of the Chapter 5) and the maximum SOC threshold
is above 90 %, it is thus normal to observe a contribution of the LAM in such
conditions. However, the part due to this aging mechanism remains negligible
compared to the impact of the SEI.
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Indeed, the duration spent in critical SOC is actually less important because of SOC
fluctuations during cycling. This observation is much more obvious by considering
cycling tests performed at a rate of 3 C where the charging phase time is estimated
at 20 minutes and the total aging time was only 2 months. Anyway, the major
contributor in total capacity loss remains the cycling effect whatever the cycling
conditions.
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Figure V-12 : Contribution of each aging mechanism into the capacity loss during
cycling aging at 45 °C.

5.2.5. Model validation

The model validation is obtained on cycling conditions that were not been taken into
account in the identification of the parameter Jcyc. These are cycling tests performed
at 45 °C from 2.7 to 3.98 V (0 to 80 % of SOC, theoretically) and from 3.49 to 4.2 V
(20 to 100 % of SOC, theoretically).

Figure V-13 highlights the good agreement between experimental data and the
model for the cycling condition at 45 °C from 2.7 to 3.98 V (0 to 80 % of SOC,
theoretically). The estimated error remains less than 6 % for both rates of 1 C and 2
C and less than 2 % for 3 C. This result allows to validate the model in such
condition.
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By considering the cycling SOC range between 20 and 100 %, it is ascertained that
model presents a tolerable agreement only at the rate of 1 C. The model moderately
fits with experimental data until the apparition of the slope failure around the 8t
month. In that period, the estimated error reaches 4 %.

Besides, this slope failure appears earlier at high C-rates, so that the model cannot fit
well at both rates of 2 C and 3 C. This slope break indicates an additional aging
mechanism, graphite pore clogging as reported by J. Dahn [46: 181l gand X.-G. Yang et
al. [218l that model does not simulate. The apparition of this slope failure was also
observed in the conditions of cycling at 45 °C between 0 and 100 % of SOC (from 2.7
to 4.2 V), with more accentuation (see in Figure V-11). It thus be concluded that
prolonged cycling using a maximum voltage threshold maintained at 4.2 V induces an
additional aging mechanism, not integrated in the present model.
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Figure V-13 : Model validation at 45 °C.

As expected, there is no contribution of dry zones in the capacity loss for the SOC
range between 0 and 80 % (see in Figure V-14). In contrary, a few contribution of
LAM can be pointed out in the SOC range between 0 and 100 % since the maximum
SOC threshold is higher than 90 % and the measured temperature is higher than 47
°C (see in Appendix of the Chapter 5). However, the loss due to cycling remains the
most important contributor.
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Cycling at 45°C between 2.7 V and 3.98 V (from 0 to 80% of SOC, theoretically)
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Figure V-14 : Contribution of each aging mechanism into the capacity loss during
cycling aging at 45 °C.
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V. Aging modeling
5.3. Prognostic aging model based on electrodes shifts

5.3.1. Principles and model descriptions

In most of the works about the use of incremental capacity analysis (ICA) (AQ/AU vs
U), the authors distinguish four types of loss of active material (LAM) effects: (1) loss
of lithiated negative electrode (LAMing), (2) loss of delithiated negative electrode
(LAMudene), (3) loss of lithiated positive electrode (LAMiire), and (4) loss of delithiated
positive electrode (LAMdere) materials. However, in this thesis, we only consider the
LAM as an entity for each electrode. The loss of lithium inventory (LLI) mainly
suggests the loss of lithium in the SEI growth.

The principle underlying the aging degradation modes and their effects on the OCV
of cells and electrodes is well detailed in the papers mentioned in the Chapter 1 [1-33],
However, since authors have worked with half-cells based on harvested electrodes
materials, they have been forced to perform some operations in order to reconstruct
the cell voltage based on individual electrodes potentials. In fact, it was necessary to
adjust some parameters such as the ratio of the capacity in the negative electrode
(NE) versus the positive electrode (PE) and initial offset (OFS). The initial OFS can
be defined as the SOC gap of the NE compared to the PE.

The theory in question relies essentially on the electrode slippage specific to each
aging mechanism and its effect on the voltage and IC curves. In order to ensure that
the cell operates under an approximate equilibrium state, IC must be calculated from
voltage measurements obtained at very small current such as at a rate of C / 25.

In the Chapter 2, we have discussed about the integration of reference electrodes
inside a fresh commercial 16 Ah Li-ion cell. We have performed electrochemical
measurements at different C-rates such as C / 25 and under different temperatures.
These data will thus be used as reference measurements for the prognostic aging
model based on electrodes shifts. Furthermore, it will be able to correlate electrodes
shifts characteristic to each aging mode and their impacts even on electrodes
potentials and IC curves.

Moreover, insertion of reference electrodes into the commercial cell presents many
advantages. Indeed, for each value of the cell voltage, there is already the
corresponding value of the potential of each electrode and the corresponding value
of charged or discharged capacity. Therefore, there is no need to calculate the ratio
of the capacity in both electrodes neither the initial offset.

In the following sections, the representation of different aging mechanism modes is

inspired by schematics proposed by M. Dubarry et al. [, A. Marongiu et al. 17 and
C. R. Birkl et al. [218],
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The voltage curves of the reference (REF) case are depicted as broken lines while
those corresponding to the aging (AG) case are characterized by full lines.

QLoss represents the capacity loss in the cell. Qo and Qend represent respectively the
initial and the last breakpoint of relative capacity before aging while Qo and Q’end are
those corresponding to relative capacity after aging.

In the framework of this thesis, we have observed the LAM symmetrically on both
electrodes (dry areas phenomenon). However, in order to understand the effect of
the LAM on each of the two electrodes taken individually, it is appropriate to
represent each effect of LAM on the PE and on the NE separately, before
representing the overall effect.

5.3.1.1. Loss of Lithium Inventory

LLI is caused by the consumption of reversible Li cations by parasitic reactions of
which the major remains the SEI growth on the negative electrode (NE). This reaction
is reported to be the main aging mechanism of Li-ion cells in calendar life. However,
in some cases, a passivation layer consuming Li can also grow on the positive
electrode (PE). The scenario involving LLI and its effects on C / 25 voltage curves is
pointed out in Figure V-15. The LLI is represented by a left shift of the NE in respect
to the PE curve. As a result, the initial capacity interval (from Qo to Qend) is reduced
due to the decrease of capacity into a new capacity interval (from Q’o to Q’end).

Loss of Lithium Inventory (LLI)
4.5 : 2.5

PE / Cell Voltage [V]
NE Voltage [V]
1Y)

M
>
®

O
Qo Q, Relative Capacity (Ah) Qend
Q,enci

Figure V-15 : Simulation of the LLI degradation mode at C / 25.

During storage at high SOC, the NE voltage is low enough and thus it leads to more
consumption of Li ions at the NE / electrolyte interface resulting in an accelerated
formation of SEI. As a consequence, at the OCV, the NE potential at the end-of-
charge (EOC) will be affected. Due to lithium consumption, the NE voltage at the
EOC (100 % of SOC) of the cell becomes higher than in a fresh cell. On the opposite,
the NE potential at 0 % of SOC normally remains unchanged.
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Thereupon, the PE voltage at the end-of-discharge (EOD) (0 % of SOC) of the cell
becomes higher than in a fresh cell. Indeed, after consumption of Li by LLI, the
amount of Li present in the NE is now reduced. Thus, by discharging the cell, the PE
is no longer completely filled with Li compared to the state before. As a result, its
voltage at EOD is higher than it would be in a fresh cell.

Therefore, the minimum cell voltage of 2.7 V is reached by polarization effect which
will force more lithium extraction from the NE to be inserted into the PE by an abrupt
increase of the NE voltage at the EOD of the cell. Correspondingly, during charging,
the maximum cell voltage of 4.2 V will be reach only by the same polarization effect
by imposing the PE to reach higher voltages. However, we do not consider the
voltage sharp rise in the NE at EOD neither in the PE at the EOC to ensure
respectively reaching 2.7 V or 4.2 V at the cell level.

Figure V-16 illustrates the simulation of 5 %, 10 %, 15 % and 20 % of capacity loss
for LLI degradation mode at a rate of C / 25 and the effects on the voltage and IC
curves.
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Figure V-16 : Simulation of the LLI degradation mode at C / 25 and effects on IC
curves.
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According to the protocol, this charge at rate of C / 25 was preceded by a discharge
operated at a rate of 1 C followed by a rest of 30 min. The voltage relaxing effect
during the rest explains the fact that at the beginning of the charge the cell voltage
starts at 3.2 V instead of 2.7 V.

It is pointed out that the NE voltage at the EOC is more and more high due to Li
consumption. The presence of 5 characteristic peaks (P1, P2, P3, P4 and Ps) can be
distinguished on the IC curves corresponding to the complete cell.

The peaks P2 and P4 are less evident on the IC curves related to the PE (due to
numerous fluctuations), while the peaks Ps and Ps are less conspicuous on the IC
curves associated to the NE.

Based on the cell IC curves, LLI is characterized by the reduction of P1 which in
addition tends to go in the direction of higher voltages, and the shifts of P2 and P4
towards higher voltages (without any decrease), while P3 and Ps seem to go near
lower potentials.

In fact, it can be noticed that the shift of P1 is more influenced by the graphite
electrode while its decrease is rather controlled by both electrodes. Additionally, the
shifts of P2 and P4 are guided by the NE while Ps and Ps are rather handled by the
PE.

5.3.1.2. Loss of Active Material on the Positive Electrode

The LAM whether in the PE or in the NE can be represented as the shrinkage of the
designed electrode voltage curve compared to its original extent due to, for example,
the loss of electronic contact in some electrode areas.

In the case of the LAM on the PE electrode only, as illustrated in Figure V-17, since
Li becomes not available in the lost areas, the amount of the remained Li in the PE
thus becomes insufficient for filling the NE compared to the initial state.
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Figure V-17 : Simulation of the LAM degradation mode on the PE at C / 25.
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At the EOC, less lithium will thus be inserted into the NE so that its potential will stay
at a higher values at OCV as illustrated in Figure V-18.
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Figure V-18 : Simulation of the LAM degradation mode on the PE at C / 25 and
effects on the IC curves.

Based on the cell IC curves, LAM on the PE is identified by the reduction of P1with a
negligible shift to the right while P2 and P4 remain unchanged. Moreover, P3 and Ps
are slipped to lower potentials with a small diminution.

It can be perceived that the decrease of P1is influenced by the PE and the small shift
related to the NE. In fact, on IC curves of the PE, P1 is decreasing while pointing
towards lower potentials. Equivalently, IC curves of the NE exhibit only a small shift
of P1 towards higher potentials. Furthermore, the invariance of P2 and P4 are
managed by the NE while the shifts Pz and Ps are rather directed by the PE.
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5.3.1.3. Loss of Active Material on the Negative Electrode

The same analogy can be done in the event of the LAM on the NE only. The voltage
of the NE remains the same but actually for a reduced capacity because of the
inaccessibility to Li ions into disconnected zones for example. As a consequence, by
discharging the cell, the amount of the remained Li in the NE becomes deficient to
fulfill the PE leaving it at higher potential at the EOD (see in Figure V-19).

By the same token, since the cell is constrained to its lower voltage threshold of 2.7
V, the PE may be driven to lower potentials at the EOD by current polarization effects
in order to reach the cell minimum voltage.

LAM NE
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Figure V-19 : Simulation of the LAM degradation mode on the NE at C / 25.

Figure V-20 shows that the PE voltage at 0 % of SOC is more and more high due to
the contraction of the NE curve voltage caused by the LAM.

Based on cell IC curves, LAM on the NE is determined by the diminution of P1with a
small deviation approaching higher voltages. The intensity of P2 and P4 also
decreases but rather with significant deflection to the right. Moreover, P3 and Ps are
shifted to the lower voltages. It is ascertained that the shift of P1is more driven by the
NE. Besides, the move of P2 and P4 also depends on the NE while that of P3 and Ps
are rather conditioned by the PE.
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Figure V-20 : Simulation of the LAM degradation mode on the NE at C / 25 and
effects on the IC curves.

5.3.1.4. Loss of Active Material on both electrodes

We also consider the LAM on both electrodes at the same time, which is one of the
aging case studied in this thesis (Chapter 4). We have observed the LAM exactly in
the same areas on both electrodes after calendar aging at high temperature and
SOC.

This degradation mode then consists in the shrinkage of voltage curves of both
electrodes for an equal loss of capacity. Indeed, since the areas lost are symmetrical
for both electrodes, it may be considered that the amount of unreachable Li ions into
those dry zones are equivalent.

Figure V-21 illustrates the LAM on both electrodes. It can be seen that the voltage
curves of both electrodes are the same but are actualized for a shortened capacity.
The effects of electrodes shrinkage on voltage and IC curves are exhibited in Figure
V-22. The LAM on both electrodes is characterized by the lessening of the intensity
of all the peaks.
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Figure V-21 : Simulation of the LAM degradation mode on both electrodes at C / 25
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Figure V-22 : Simulation of the LAM degradation mode on both electrodes at C / 25

and effects on the IC curves.
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5.3.1.5. Synthesis of the impact of different aging mechanisms on peaks
displacement

The impact of different aging mechanisms on peaks displacement are synthetized in
the Table V-3.

LI LAM LAM LAM on both
on the PE on the NE electrodes

p v v v v
o higher voltages =>»small shift » higher voltages

No decrease v v
P2 » higher voltages = Unchanged » higher voltages

P No decrease v No decrease v
*| < lower voltages | <« lower voltages | <« lower voltages

P No decrease — Unchanged v v

» higher voltages » higher voltages

No decrease v Low decrease v
<« |lower voltages | <« lower voltages | <« lower voltages
Table V-3: Synthesis of the impact of different aging mechanisms on peaks
displacement

Ps

The intensity of P1 decreases whatever the aging mechanism. However, its shift
towards higher voltages is observed with all the aging mechanisms except with the
LAM on both electrodes.

The decrease of Pz is only observed with the LAM on the NE and on both electrodes.
Its slippage towards higher voltages is only noticed in the case of LLI and LAM on the
NE. However, this peak remains unchanged in the case of the LAM on the PE.

The displacement of P4is similar to that of the P2. As mentioned above, P2 and P4 are
managed by the NE.

The intensity of P3 is reduced in the cases of LAM on the PE and LAM on both
electrodes. The shift of this latest peak toward lower voltages is determined in all the
aging mechanisms except in the case of LAM on both electrodes.

The displacement of Ps is equivalent to that of the Ps, although a low decrease is
observed with LAM on the NE. In addition, the displacement of the peaks P3 and Ps
are handled by the PE.
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5.3.2. ldentification of aging mechanisms during cycling at low temperatures

In the Chapter 3, we have discussed aging mechanisms that occurred during cycling
at low temperatures. According to post-mortem and ante-mortem investigations
results, it was found that the fast irreversible capacity fade (around 75 % in less than
100 cycles) observed during fully cycling at 5 °C and at a rate of 1 C was mainly
attributed to the loss of porosity in the graphite electrode. As a result, lithium was
found trapped into graphite cavities. In addition, metallic depositions were determined
on its surface (due to the high polarization), caused by the hindrance of graphite
pores due to the accumulation of electrolyte degradation products.

On the contrary, the condition of cycling in a constricted SOC has led to a limited
capacity loss (around 12 % in 1509 cycles) without significant visual degradation of
the components.

On one hand, the analysis of incremental capacity curves in Figure V-23 - A shows
the disappearance of all the Li insertion peaks after full cycling at 5 ° C. A strong
decrease in the intensity of the main peak P1 and peaks P2 and P4 (depending on the
graphite electrode) is observed with a high shift towards higher voltages. The position
of the peaks Ps and Ps (controlled by the NMC electrode) are no longer visible at all
on the IC curve after aging. The total disappearance of all the peaks on IC curves
makes it impossible to determine the associated mode of degradation

On the other hand, Figure V-23 - B shows the decrease of P1 while shifting to the
right. In addition, the shift of P2 and P4 towards higher voltages with no decreasing of
their intensities is pointed out. Nevertheless, the displacement with aging of the
peaks P3 and Ps towards higher voltages does not correspond to the description of
any aging mode synthesized in Table V-3. Two assertions can be proposed to
explain this behavior:

e It may be assumed that there is an additional aging mechanism for the positive
electrode which is unknown therefore not taken into account in the synthesis
of aging modes.

e The polarization effect to force the cell voltage to reach its reference voltage
thresholds is not considered in the prognostic model. Consequently, an
influence on the displacements of peaks Ps and Ps on IC curves after
electrodes shifts may not be underestimated.

Be that as it may, the displacement of the peaks P1, P2 and P4 is consistent with the
LLI mode. However, it should be noted that the LLI, in this case, does not relate only
to the SEI growth which, moreover, is not favored at low temperatures. The loss of
lithium by cycling effect is also involved.
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5.3.3. Ildentification of aging mechanisms during storage at high temperatures

We still would like to mention that in order to follow the evolution of individual
electrodes potentials with aging, two additional commercial 16 Ah Li-ion cells (KOK56
and KOK57) were instrumented with Li metal used as reference electrode, according
to the protocol described in Chapter 2.

Unfortunately, after the first phase of calendar aging, we observed a derivation of the
potential of reference electrodes in the two additional instrumented cells. As a result,
it was not possible to obtain the evolution of individual electrode potentials with

aging.

Nevertheless, both additional cells (KOK56 and KOK57) were submitted to calendar
aging at 60 °C and at 100 % of SOC with particular CUs performed at 25 °C every
ten days. It has been possible to exploit charge / discharge measurements in order to
well evaluate the impact of checkups C-rates on IC curves.

Residual Rest CHA/DCH Rest | CHA | Rest | DCH | Rest | CHA
DCH Cycles
KOK56 30 30 30 30 | C/15
KOK57 Ci2 min | 10at1C | min C/25 min C/25 min | 1C

Table V-4 : Protocol of CU for additional commercial KOK56 and KOK57.

The CU of KOK56 consisted in a residual discharge performed at C / 2 followed by
one charge / discharge cycle performed at C / 25. At the end, the setting to 100 % of
SOC is carried out at C / 15. A rest of 30 min is included between each phase.

The use of the charge low C-rates of C /25 and C / 15 is necessary to avoid metallic
Li depositions that could be formed in the border of dry zones on graphite electrode
after biphenyl polymerization.

For the CU of KOK57, 10 charge / discharge cycles at 1 C were added between the
residual discharge at C / 2 and the charge / discharge cycle at C / 25. Besides, the
protocol ends with a charge set a rate of 1 C with a constant voltage phase until the
current drops to C / 20. The purpose here was to evaluate the incidence of 1 C on
metallic Li deposition.
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Figure V-24 : Comparison between the evolution of IC curves with aging between

KOK56 and KOK57.

It worth mentioning on Figure V-24 that the evolution of IC curves obtained from
KOKS56 (with C / 25 as maximum C-rate) present a signature that corresponds to the
LAM on both electrodes degradation mode (here due to the formation of dry areas),
showing a vertical decrease of all the peaks until the disappearance of Pz and Ps.

The effects of the SEI growth (LLI mode) seems to appear at 86 % of SOH showing a

small “shifting” effect to

the right. Note that here, the SOH is calculated based on

charged capacities obtained at a rate of C / 25.
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In contrary, the evolution of IC curves of KOK57 presents a quite different signature.
A vertical decrease of all the peaks is noticeable from 100 % to 80 % of SOH (LAM
on both electrodes: dry areas). In this range, a small shift of peaks related to the SEI
growth (LLI mode) starts at 87 % of SOH.

However, at lower SOH (i.e. SOH < 76 %), a considerable shift of all the peaks
towards higher voltages, in particular that of the P1, P2 and P4 is observed. Moreover,
the disappearance of all the peaks except for P2 is clearly pointed out with the
acceleration of aging. In fact, for a SOH lower than 76 %, an additional mechanism to
dry areas is involved and then the SOH drops very quickly compared to KOK56.

Based on results discussed in the Chapter 4, it may be assumed that the use of the
C-rate of 1 C during CUs at 25 °C has led to local metallic Li depositions in KOK57
around the high resistive areas formed on graphite electrodes.

The scenario of electrodes shifts corresponding to metallic Li depositions is few
described in the literature. However, in recent paper of Dubarry’s group [2%4, the
authors demonstrated that lithium plating was induced by a loss of delithiated
negative electrode active material (LAMdene) in @ graphite / LFP cell. Indeed, the
shrinkage of the NE will lead it to be fully lithiated well before the PE becomes
delithiated. As a result, the remaining Li cations in the PE, which could not be
inserted in the NE, will be deposited at the NE surface. Besides, irreversible lithium
plating might cause additional degradation such as progressive SEI growth (LLI
mode) which accelerate aging.

On the basis of this remark, we therefore consider metallic Li depositions, in the case
of the “dead Li”, as a mechanism caused by a LAM on the NE. In addition, as
illustrated in Figure V-24 for KOK57, below 76 % of SOH, the significant decrease
and shift of P1, P2 and P4 towards higher voltages (attributed to local metallic Li
depositions) is characteristic of LAM on the NE degradation mode (see in Table V-3).

In the following sections, we present the comparison between the evolution of
experimental measurements (U vs Q and AQ/AU vs U) with aging to simulated ones
Starting from measurements of potentials of each electrode obtained at the BOL (at
25 °C and at C / 25) from the cell successfully instrumented with reference electrode
(cell #4 see in Table 111-3 in Chapter 3), we apply an electrode shift according to the
corresponding degradation mode(s). Note that only charge measurements were
performed with that cell at the rate of C / 25. Therefore, for each condition, electrodes
shifts are performed considering the capacity loss that is experimentally measured.
Since there is no notable loss of capacity (less than 5 %) in calendar aging at 5 °C
and 25 °C, we will only present results for temperatures ranging from 45 °C to 60 °C
for different SOCs.
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5.3.3.1. Aqing mechanism: SEI growth

We consider in this section all the conditions under which only the SEI is determined
to be the aging mechanism responsible for the loss of capacity.
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Figure V-25 : Comparison between experimental and simulations measurements
corresponding to the case of the SEI growth at 45 °C.
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Figure V-26 : Comparison between experimental and simulations measurements
corresponding to the case of the growth of the SEI at 60 °C.

At 45 °C (Figure V-25) as well as at 60 °C (Figure V-26), there is a fairly good
correspondence between experimental and simulated measurements of cell voltage
and IC curves. However, the evolution with aging of P3 and Ps from simulation seems
to present a different trend compared to that of experimental data. Two assumptions
were proposed above to explain this behavior [532, A supplementary explanation can
be added here by considering the shoulder between 3.75 V and 3.88 V only on
simulated cell voltage curves (after capacity loss). Consequently, when these voltage
curves are derived, the peaks Ps and Ps corresponding to these variations clearly
appear.
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5.3.3.2. Aqing mechanisms: SEI| growth and dry areas

We aim to simulate an aging situation where the LLI by the SEI growth and the LAM
(here caused by dry areas) are both aging mechanisms involved. For this purpose, it
is essential to quantify the contribution of each aging mechanism in the total

measured capacity loss in order to apply the offset attributed to the corresponding
degradation mode.

It may be proposed to estimate the contribution of the LLI as the capacity loss
necessary to obtain a shift of P2 until its abscissa fit the experimental one. The
remaining contribution is therefore allocated to the LAM.

The choice of fixing first P2 is supported by the fact that it is the only peak (P3 and Ps
cannot be considered based on reasons mentioned above) correctly shifting without
any reduction of its intensity in the LLI mode.

This methodology can also be done in the opposite direction, that means firstly by
determining the contribution of the LAM which corresponds to the capacity loss
necessary to obtain a vertically diminution of P2 to fit experimental data.

The condition of storage at 60 °C and at 100 % of SOC during 4 months without
checkups allows to observe both SEI growth and the LAM on both electrodes as the
aging mechanisms involved. Figure V-27 shows that both methodologies (LLI then
LAM or LAM then LLI) lead to the same result.
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The simulation still struggles to follow the evolution of the peaks P3and Ps because of
the shoulder visible on voltages curves. Nevertheless, there is a good agreement

between the simulations and experimental data.

5.3.3.3. Aging mechanisms: SEI growth, dry areas and local Li depositions

Metallic Li depositions were found on graphite electrodes in the border of dry zones
created by biphenyl polymerization during storage at 45 °C (100 % of SOC) and at 60
°C (100 % of SOC). As explained above, we have considered metallic Li depositions
as a mechanism caused by the LAM on the NE.
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Figure V-28: Comparison between experimental and simulations measurements
corresponding to the case of the growth of the SEI, the LAM and Li plating at 45 °C.

Figure V-28 shows a shift of P2 and P4 towards higher voltages without any decrease
of its intensity between 100 % and 87 % of SOH. In that same range of SOH, P1
decreases while tending to the right. This signature is characteristic of the LLI
degradation mode where the move of P2 and P4 are handled by the NE. This means
that during the first 11 months of storage at 45 °C at 100 % of SOC, the SEI growth
has been the main aging mechanism

The decrease of P2 and P4 with a significant shift towards higher voltages starts 9
months later at 73 % of SOH. This suggests the combined effects of the SEI growth,
the LAM on both electrodes due to biphenyl polymerization and local metallic Li
depositions.

However, the evolution of Ps and Ps are rather different from the experimental ones.
In summary, this result shows that the biphenyl polymerization effects are activated
beyond 11 months of storage at 45 °C and at 100 % of SOC.
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Figure V-29: Comparison between experimental and simulations measurements
corresponding to the case of SEI growth, the LAM and local metallic Li depositions at
60 °C and for 100 % of SOC.

At 60 °C and for 100 % of SOC (see in Figure V-30), there is a good match between
the simulation and the experimental measurements. All the three mechanisms are
involved in the capacity fade as illustrated by visual inspections (see in Figure IV-2).
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Figure V-30: Comparison between experimental and simulations measurements
corresponding to the case of SEI growth, the LAM and local metallic Li depositions at
60 °C and for 90 % of SOC.
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Note that no cell stored at 60 °C and at 90 % of SOC was opened for post-mortem
investigations. However, the evolution of IC curves (see in Figure V-30), showing a
decrease of all the peaks and a shift of P> and P4 towards higher voltages, indicates
that the LAM on both electrodes (dry areas) is also involved in the capacity fade in
addition to the SEI growth. Moreover, as CUs included the rates of 1 C, local metallic
Li depositions was also considered in the simulation as an additional LAM on the NE.

Indeed, by considering only the SEI growth as the only aging mechanism with this

condition (60 °C / 100 % of SOC), there would be no decrease of P2 and Pa.
Therefore, it would not have been possible to fit well with the experimental IC curve.
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5.4. Conclusions

This chapter addressed aging modeling of commercial 16 Ah C/NMC Li-ion cells,
studied in this thesis. On one hand, a semi-empirical aging model based on the
evolution of capacity has been implemented taking into account aging mechanisms
discussed in the previous chapter. On the other hand, a diagnostic aging model on
the basis of electrodes potentials shifts has been developed in order to identify
degradation mode using the signature of incremental capacity curves.

The semi-empirical model is a combination of calendar and pure cycling models.

The calendar aging model is itself based on differential equations expressing both
SEI growth and dry areas mechanisms. The SEI growth has been identified as the
main aging mechanism in calendar life according to the literature. The equation
expressing the capacity loss caused by this parasite reaction has been determined
using the approach proposed by Broussely.

In addition, the physical law associated to the apparition of dry areas on both
electrodes, driven by biphenyl polymerization, has been established by analogy with
Broussely’s method.

Otherwise, the pure cycling aging model only relates to the capacity throughput
induced by repeated charge / discharge cycles. In this case, simulated cycling
profiles has been conceived considering parameters experimentally measured (cell
skin temperature in charge as in discharge, SOC thresholds at the end-of-charge with
constant current as well as at end-of-charge with constant voltage).

In general, the model has shown a satisfactory agreement compared to calendar as
well as cycling experimental measurements. In addition, this model allow to estimate
the contribution of each aging mechanism involved.

In calendar aging, it appeared that the SEI growth was the main aging mechanism
compared to the loss of active surface, according to the model estimations. In
cycling, it resulted rather that the loss caused purely by the effect of repeated cycles
was dominant. It should be noted that this aging model can be used for the prediction
of the Li-ion cell lifetime. It just requires input temperature, SOC and current profiles
to estimate the capacity loss for a given duration.

The prognostic aging model based on electrodes potentials shifts supports the
principle that the evolution of incremental capacity curves presents a signature
specific to a given degradation mode. Four main types of degradation modes have
been distinguished according to the literature and mechanisms discussed in this
work: LLI, LAM on the NE, LAM on the PE and LAM on both electrodes.

This diagnostic tool was developed based on electrode potentials measurements
obtained in charge at a rate of C / 25 with the commercial cell successfully
instrumented with a Li metal as reference electrode.
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V. Aging modeling

The incremental capacity curves are characterized by distinctive peaks of graphite
convoluted with NMC electrode. Consequently, the displacement of two peaks (P2
and P4) was attributed to the NE while that of P3 and Ps was rather associated with
the PE. However, it was not simple to relate those peaks with the corresponding
plateaus of graphite neither the NMC phase transformation.

On the basis of the signature of incremental capacity curves, it was not able to
identify the degradation mode in the condition of fully cycling at 5 °C. On the contrary,
the LLI was identified as the degradation mode in the condition of cycling at 5 ° C
with a constricted SOC range.

According to the simulations, the apparition of dry areas observed in calendar aging
at high temperature and at high SOC matched with the LAM on both electrodes,
showing a vertical decrease of all the peaks. In addition, local metallic Li depositions
found in the border of these high resistive zones rather matched with a LAM on the
NE leading to capacity loss. This consideration was supported by a recent research
work.

It can been concluded that incremental capacity curves can really be used as a
diagnostic tool to identify the aging mechanisms that cause capacity losses. It is
therefore a qualitative approach to be used in complementary to the aging model in
order to distinguish aging conditions leading to LLI and / or LAM.
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The main objectives of this PhD thesis work was to consolidate new
knowledge on aging mechanisms prone to reduce the performance of commercial Li-
ion batteries under normal conditions, to develop aging models taking into account
these mechanisms and to propose a diagnostic tool for their identification, which may
be complementary to post-mortem investigations.

Predominant aging mechanisms, namely SEI growth, metallic lithium
depositions on graphite electrode as well as pore clogging and degradation of active
material, have been detailed in the first chapter, on the basis of a bibliographic study.
In the battery field, post-mortem techniques, the use of reference electrodes and the
incremental capacity analysis, have been identified as the most required methods for
investigating these mechanisms.

The second chapter was devoted to the description of all the experimental

protocols. The chosen battery technology was the commercial high power
Graphite/NMC Li-ion polymer pouch cell with a nominal capacity of 16 Ah. The
introduction of the reference electrodes into a commercial Li-ion cell has been
successfully undertaken. It was then possible to perform electrochemical tests at
different temperatures and different C-rates in order to validate the correct functioning
of the instrumented cells. Data obtained at the beginning of life at 25 °C were used in
the calibration of the two-electrode prognostic aging model. Moreover, this latest
experiment also allowed to follow up the evolution of the potentials of each electrode
during cycling at 5 °C, as discussed in the third Chapter.
The protocol for the disassembly of cells as well as electrochemical characterizations
of reassembled electrodes with coin cells was then described. The different physico-
chemical methods required for this work have been featured into categories as
following: electrolyte analysis (GC-MS), microscopy analysis (SEM and MET),
chemical methods sensitive to electrode surface (EDX and XPS) and chemical
methods sensitive to the bulk (‘Li NMR, XRD and FIB/ToF-SIMS).

Results obtained from cycling aging have been exploited in the third chapter.
The cycling condition at 5 °C between 0 and 100 % of SOC presented more
interesting features to investigate given that a rapid capacity fade, around 75 %, was
observed in less than 100 cycles. This behavior was also reproducible with the
commercial instrumented cells. In addition, the internal resistance of the cell,
measured at 25 °C and at 40 % of SOC with pulses measurements, has increased of
about 400 %. Visual inspections, after cells were dismantled at a discharged state,
showed that all the 24 bifacial graphite electrodes remained unexpectedly lithiated,
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exhibiting a brown color. The analysis of the electrolyte with GC-MS leads to the
detection of many electrolyte degradation products caused by a considerable
solvents decomposition.

Measurements obtained from the instrumented cells showed that during cycling, the
potential of graphite electrode went only below 0 V vs. Li*/Li over the last 6 cycles.
Moreover, they demonstrated that it was difficult to extract more lithium cations from
graphite in order to be inserted to the NMC electrode. Furthermore, electrochemical
measurements with coin half-cells based on harvested electrodes showed that Li was
trapped into graphite electrode while the harvested NMC electrode did not loss at all
its capacity of insertion. This result was then confirmed by XRD measurements
where the concurrent presence of intercalation compounds (LiCs, LiC12 and LiC24)
was astoundingly found into the aged graphite.

It appeared clearly that only the negative electrode was involved in the loss of
capacity, and Li de/re-intercalation mechanisms were then obstructed into the
graphite electrode due to the accumulation of electrolyte degradation products into its
porosity. These results were consistent with the interpretation from FIB/ToF-SIMS
suggesting that Li was trapped in the regions corresponding to the cavities between
or within graphite particles. Species such as C-O bonding groups; Li2O; Li
carbonates; PVDF, LiPFs and its degradation products were identified by XPS as the
elements constituting the thick layer impeding the graphite electrode porosity.
Consequently, as the entrance of Li ions into pores of graphite electrodes were
hindered by the growing of the layer made of electrolyte degradation products,
metallic Li depositions occurred on the surface of the anode due to the high
polarization. This approach was also supported by ’Li NMR results where metallic Li
was detected with a lower peak compared to Li in graphite planes and Li in oxidized
forms.

Contrary to the general conclusions commonly encountered in the literature about
charging at low temperature, metallic Li depositions do not appear here as the main
mechanism, but rather as a parasitic surface reaction resulting from the loss of Li
ions pathways in the graphite electrode.

Perspectives regarding this first section:

Based on the results from this study, it may be considered that the porosity as well as
the thickness and the particles sizes of graphite, are the three parameters to
investigate in order to improve Li cations transport through this electrode at low
temperatures.

According to the literature, the hindrance of Li ions transport in the electrode pores
may also be induced by Li ions depletion in these pores at high current rates, caused
by the limitation of Li ions diffusion in these pores.
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Furthermore, it is presumed that the diffusion pathways for Li ions are shorter for
thinner electrodes and smaller graphite particles. When a more porous negative
electrode is considered, pores should normally remain open to Li cations transport
since electrolyte reduced products cannot accumulate into these pores.

In this study, the thickness of one sheet of both electrodes was estimated at 110 pum.
The influence of the thickness was not an objective of this work, so that thickness as
well as measurements of particles size or porosity were not performed. It should be
pointed out that the thickness of the electrodes defines the typology of the cells.

For example, typically power-typed batteries present electrodes less thick than
energy-typed cells. The influence of these parameters (thickness, particles sizes and
porosity) on aging mechanisms at low temperature remains unknown, so that it may
be the subject of future research works.

Still in order to generate new knowledge about the aging mechanisms of Li-ion
batteries, investigations were performed on cells aged in calendar life. Unexpected
localized metallic Li depositions were found on the surface of graphite electrodes of
cells stored at high temperature and SOC, although these cells were disassembled in
discharged state. Contrary to the cycling at low temperature, in this case, it was
determined by GC-MS that the polymerization of biphenyl used at 7 % wt in the
electrolyte in combination with periodic checkups, were at the origin of the apparition
of these deposits. Indeed, biphenyl is a shutdown aromatic compound used as an
overcharge protection agent. It was determined that the polymerization of biphenyl
occurred at lower potentials when the temperature increased. For example, at 45 °C,
its polymerization occurred when the potential of the positive electrode reaches 4.27
V vs Li/Li* (without overcharge). This latest polymerization potential corresponds to a
SOC of 100 % at the cell level. The progressive formation of gas bubbles caused by
biphenyl polymerization results in contacts disconnection between the electrodes and
the separator. The dry areas created are then very resistive to Li ions transport.
Consequently, during checkups performed at 25 °C, metallic Li is then deposited on
the border of these dry areas due to the local high current densities and the resulting
local more negative potential vs. Li/Li*.

According to the literature, the capacity loss in calendar life is attributed to the SEI
growth. However, this study demonstrated that the contribution of the loss of active
surface, caused by biphenyl polymerization, needs also to be integrated in the
capacity fade during storage. Moreover, although it remains a mechanism not
inherent to calendar aging, metallic Li also has its part, especially at 60 ° C where it is
seen covering all the graphite surface.

This protocol is quite similar to the use of Li-ion cells in electric vehicles, combining
long rest time and regular charge / discharge phases. This is an alarm for the electric
vehicle field: batteries need to be tested using similar protocols in order to reflect real
operating conditions.
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Perspectives regarding this second section:

It was found that protective agents used in the electrolyte might induce unexpected
aging mechanisms prone to accelerate capacity fading. Research could be directed
towards the development of electrolyte protective additives whose decomposition at
high voltage (necessary to avoid overcharge) would be accompanied by another
system to make the cell inoperative, rather than by gas production. In addition, these
materials should exhibit tolerable sensitivity at elevated temperatures. This remains a
big challenge to deal with.

It was able to propose satisfactory equations expressing capacity losses
caused by the aging mechanisms discussed in this work and to develop an
associated semi-empirical aging model. The calendar aging model was based on the
SEI growth and the dry areas mechanisms while that of cycling only related to
capacity throughput. The combination of both calendar and cycling models
constituted the complete aging model for the 16 Ah commercial Li-ion cell. Suitable
agreement was obtained between the model and experimental data. However, it was
shown that cycling conditions including charging until 4.2 V induced an additional
aging mechanism which was not considered in the model.

In parallel, a diagnostic aging model based on electrodes potentials shifts has been
developed in order to determine the associated degradation mode(s) using the
signature of incremental capacity curves. This prognostic model was developed by
shifting electrodes potentials obtained in charge at a rate of C / 25 from one
commercial instrumented cell.

The LLI was identified as the degradation mode in the condition of cycling at 5 ° C
between 3.42 V and 4.08 V while in the condition of fully cycling, it was not able to
attribute a degradation mode because of the total disappearance of all the peaks.
The apparition of dry areas observed in storage at high temperature and SOC was
attributed to the LAM on both electrodes, leading to a vertical decrease of all the
peaks.

This diagnostic tool appeared useful for the identification of degradation mode in Li-
ion batteries, to be used in complementary to post-mortem analyses and to the aging
model. However, it is not yet finalized to make quantitative measurements of each
aging mode contribution.

Perspectives regarding this last section:

It would be interesting to develop a physics-based Li-ion battery aging model
accounting for the SEI growth, the evolution dry areas and also the pore clogging
observed in the graphite electrode. In this study, this latter mechanism was observed
at low temperature leading to a rapid and considerable capacity fade. In the
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literature, it is often reported to be observed after prolonged cycles at high
temperatures, by the end-of life. Nevertheless, it remains a challenge to propose a
suitable and satisfying equation to express this mechanism.

It would still be very useful to automate the incremental capacity tool, so that it is
directly integrated into the aging model loop. This would make it possible to build a
more robust aging model.
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Appendix of the Chapter 2

Thermal behavior of the instrumented cell between the first and the last charge
at therateof 1 C

The thermal behavior of the cell during the first and the last phase of the
electrochemical test performed respectively at 25 °C, 45 °C and 5 °C is presented in
the Figure below.
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Figure A: Comparison of thermal behavior during the first and the last phase (at 1 C/
1C) for all different temperatures.

Note that this is the temperature measured at the level of the skin of the cell using
temperature sensors, so that the temperature inside should normally be higher.

The thermal behavior during the first and the last charge at 1 C are quite similar at 5
°C. This ascertainment could explain the similar behavior of electrodes potential
curves between the first and the last charge performed at 1 C and at 5 °C as seen in
Figure 11-8.

By contrast, the thermal behavior presents a different signature when the first and the
last charge (at 1 C) are considered, for both conditions of 25 °C and 45 °C.
Nevertheless, the temperature increases remains quite small and lower than 1 °C.
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Checkups sequences description

% A residual discharge at 1 C followed by two capability tests at 1 C (CC-
CV and then C/ 20)

The cell is completely discharged from its residual charge with a constant current
(CC) applied at 16 A (1 C). Then, it is first recharged at constant current (CC) at a
rate of 1 C until to the maximum voltage of 4.2 V is reached and then at constant
voltage (CV) until the current drops to 0.8 A (C / 20). This recharge is followed by a
total discharge at constant current performed at 1 C until minimum voltage of 2.7 V,
and then with at constant voltage until the current reaches the value of 0.8 A (C / 20).
This capacity test carried out at CC-CV mode and then C / 20 is repeated once
before the last recharge under the same conditions. These cycles are used to
determine the actual capacity of the cell after recharge. The capacity value measured
at the end of the second discharge is considered to be the "reference capacity” in
order to measure the loss of relative capacity due to aging.
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Figure B: lllustration of the sequence corresponding to the residual discharge and
two tests of capacities performed at 1C.
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% Dynamic Stress Test (DST)

Dynamic Stress Test (DST) is a discharge power test profile as presented in Figure
C. It is an American standard cycles test modeled on the functioning of the Renault
ZOE electric vehicle in order to simulate driving conditions and serve as a basis for
comparison. The discharge profile is repeated until the battery is fully discharged.
The DST can be used, for example, to evaluate the performance of model-based
algorithms for the estimation of the SOC of Li-ion batteries in electric vehicles [219: 220],
Other types of cycles tests such as New European Driving Cycle (NEDC), ARTEMIS
(corresponding to the European Artemis project), FTP (Federal Test Procedure) can
also be used to evaluate driving conditions, but only the DST has been implemented
here.
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Figure C: lllustration of the sequence of Dynamic Stress Test (DST)

% Capacity tests at different C-rates

This sequence starts with a discharge performed at 0.64 A (C/25) followed by a
charge/discharge cycle performed at the same rate. Then, the cell is subjected at
different discharge current rates respectively performed at 3.2 A (C/5), 8 A (C/25), 32
A(2C),48A(3C)and 16 A(1 C).

Between each discharge phase, the cells is recharged at a rate of 1 C which is the
maximum current charge rate used in this protocol.
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Figure D: lllustration of the sequence of capacity tests performed at different
discharge current rates
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+ Charge and discharge pulses sequence

The pulses sequence is used to simulate the acceleration or braking phases in the
case of the electric vehicle and make it possible to calculate the direct current (DC)
internal resistance (referring to the previous section 22321 in which internal resistance
of batteries by pulses measurements was shown) which is correlated to the available
power.

Pulses with a duration of 30 s are implemented in charge as in discharge at rate of 1
C and performed respectively at 100 %, 95 %, 90 %, 80 %, 60 %, 40 %, 20 %, 10 %,
5 % of state of charge.

At the end of the protocol, the cell is fully recharged in to be subjected to the cycling
aging or calendar aging protocol.
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Figure E: lllustration of the sequence of pulses performed in charge as in discharge.
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Appendix of the Chapter 3

Profiles of current, voltage and capacity evolution during cycling of
commercial 16 Ah commercial Li-ion cells at 5 °C between 2.7 V and 4.2 V

The charge has been performed without a CV phase. For safety reasons, we have
stopped the cycling test at the 38" cycle because the capacity was decreasing
rapidly. The SOH based on measurements at 25 °C is 20.2 %. After the 2" check-up
at 25 °C, the cell #1 was stored in a climate chamber at 12 °C as backup.
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Figure F: Profiles of current, voltage and capacity evolution during cycling of the cell
#1 at 5 °C between 2.7 V and 4.2 V.
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Cell #2
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Figure G: Profiles of current, voltage and capacity evolution during cycling of the cell
#2 at 5 °C between 2.7 V and 4.2 V.

The charge has been performed with a CV phase. In fact, based on the fast capacity
fade observed with the previous cell (cell #1), it was believed that the absence of CV
phase could be responsible of the fast capacity loss. 100 cycles were then
programmed. We can see that as the number of cycles increases, the end-of-charge
voltage is reached more rapidly. The cell is essentially being charged in CV mode.
However, the same fast capacity fade was again observed with cell #2 although the
charge was done with a CV phase. The SOH based on measurements at 25°C is
23.6 %. After the 2" check-up at 25°C, the cell #2 has swollen in the climate
chamber at 12°C. For safety reasons, it was thrown away.
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Figure H: Profiles of current, voltage and capacity evolution during cycling of the cell
#3 at 5°C between 2.7 Vand 4.2 V.

The charge has been performed with a CV phase. For safety reasons, we have
stopped the cycling test at the 73™ cycle. The SOH based on measurements at 25°C
is 28.3 %. After the 2"d check-up at 25°C, the cell #3 was dismantled for post-mortem
analyses.
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Figure |: Profiles of current, voltage and capacity evolution during cycling of the cell
#4 at 5°C between 2.7 Vand 4.2 V.
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Appendix

Quantitative analyses of the electrolyte composition recovered from cells aged

in calendar at 100 % of SOC

Content (%) of additive per time of storage in function of the sum of all detected
carbonates
Without
Materials With periodic checkups periodic
checkup
Fresh Cal Cal Cal
@25°C @45°C @60°C
EMC + EC + other detected carbonates | 100.00 | 100.00 100.00 100.00
VC 0.12 0.00 0.00 0.00
FEC 1.02 0.08 0.04 0.07
Biphenyl 12.28 1.34 0.64 2.55
1,3-PS 2.79 0.26 0.10 0.13
Content (%) of each component
Without
Type Component With periodic check-ups periodic
checkup
Fresh Cal Cal Cal
@25°C @45°C @60°C
Solvents EMC 53.52 49.20 46.45 53.52
EC 32.53 32.53 32.53 21.66
VC 0.10 0.00 0.00 0.00
Additives FEC 0.88 0.62 0.34 0.21
Biphenyl 10.57 9.98 5.23 7.84
1,3-PS 2.40 1.95 0.84 0.40
DMC 0.00 0.00 0.28 0.29
DEC 0.00 0.00 1.14 0.88
2-
Decomposition | methoxycarbonyloxyethyl | 0.00 0.00 0.06 0.00
products methyl carbonate
2-
ethoxycarbonyloxyethyl 0.00 0.00 0.00 0.46
methyl carbonate
Gas and/or non detected material 0.00 5.73 13.13 14.74

Table A: Content (%) of each component of the electrolyte determined by GC-MS.
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Post-mortem electrochemical measurements with Li metal/NMC coin half-cells

Post-mortem electrochemical measurements of harvested graphite and NMC
electrodes recovered from commercial 16 Ah Li-ion cells aged at 25 °C, 45 °C and 60
°C respectively, were conducted with coin half cells. Four CR2032 NMC/Li metal coin
half-cells are assembled in 1:1:1 wt EC:DMC:EMC + 1 M LiPFs electrolyte. Each of
them contain harvested NMC electrodes from a fresh cell and cells aged at 100 % of
SOC and at 25 °C, 45 °C and 60 °C, respectively. The protocol of NMC/Li metal coin
half cells starts with a discharge step performed at a rate of 0.1 C which is a low C-
rate. The aim is to delithiate those electrodes so that the residual capacity of each of
the respective electrodes, after dismantling of the cell, can be determined.
Thereatfter, the capacity of these coin half cells is also measured at other different C-
rates (0.1 C, 0.2 C, 0.5 C, 1 C and 2 C). No notable loss of capacity is observed for
all these harvested NMC electrodes. The trend of initial state of lithiation is consistent

with aging duration and temperature.
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Figure J: Post-mortem electrochemical measurements with Li metal/NMC coin half
cells based on harvested NMC electrodes recovered from a fresh commercial 16 Ah
Li-ion and cells aged at 25 °C, 45 °C and 60 °C, respectively.
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Post-mortem electrochemical measurements with Li metal/Graphite coin half-
cells

Three CR2032 Graphite/Li metal coin half-cells are assembled in 1:1:1 wt
EC:DMC:EMC + 1 M LiPFs electrolyte. Each of them is based on graphite electrodes
from a fresh cell and cells aged at 100 % of SOC and at 45 °C and 60 °C,
respectively. The protocol of Graphite/Li metal coin half cells starts with a charge step
performed at a rate of 0.1 C which is a low C-rate. The aim is to delithiate those
electrodes so that the residual capacity of each of the respective electrodes, after
dismantling of the cell, can be determined. Thereafter, the capacity of these coin half
cells is also measured at other different C-rates.
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Figure K: Post-mortem electrochemical measurements with Li metal/graphite coin
half cells based on harvested graphite electrodes recovered from a fresh commercial
16 Ah Li-ion cells and cells aged at 45°C and 60°C, respectively.
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No loss of capacity is observed for the fresh electrode and even for the coin half-cell
based on graphite electrode from the Li-ion cell aged at 45°C. Dramatic loss of
capacity is observed on coin half-cell based on harvested graphite from the Li-ion cell
aged at 60°C. The loss of capacity is higher where white deposits are found on the
surface of electrode.
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Appendix of the Chapter 5

Runge-Kutta Method

The Runge-Kutta methods (so called RK4) are algorithms used for numerically
solving differential equations. They are based on iterative methods. In this work, the
most popular algorithm of the Runge-Kutta methods, referred as the Fourth Order
Runge-Kutta method (RK4), has been implemented in order to have finer
approximate solutions of the semi-empirical model differential equations.

Let consider the following equations:

y=Hty) (5.21)
Y(to) =Y,

In the equation above, y is the function of time t that needs to be approximate.

The function y’ depends of both y and t, it can be considered as the rate at which y

varies.

The function f (considered as the model equation) and the data to and yo are well

known.

The RK4 method is given by the equation below:

Y =Yn +2(k1 +2K, +2k; +K,) (5.22)

Where

k, = f(t,,y,)

Kz = 1(t, + 0y, + 0k)

h h (5.23)
k, =f(t, +—, —k
3 ( n + 2 yn + 2 2)

k, =f(t, +hy, +hk,)

With

e ki represents the slope at the beginning of the interval.

e k2 is the increment based on the slope at the midpoint of the interval using ki1
to calculate y.

e ks is the increment based on the slope at the midpoint of the interval using k2
to calculate y.

e ks stands for the slope at the end of the interval.
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Palmgren-Miner Rule

In the general case of analysis of a fatigue structure, the Palmgren-Miner rule can be
used. This law stipulates that the corresponding damage is additive, speaking of
linear accumulation. Breakage therefore occurs when the sum of the damage related
to each amplitude reaches the unity.

M n

> —+=1 (5.24)

izt N
The term in the denominator is the number of cycles needed to attain the specified
amount of damage at a constant stress amplitude. The term in the numerator
denotes the number of stress cycles with a constant amplitude.

The Palmgren-Miner rule can be used for fatigue life predictions, if and only if, the
damage development rate (de(n)/dn) at a constant parameter p can be presented as
a product of a function @i(g) of the current amount of damage and a function ¢2(p) of
the parameter (amplitude) p:

de(n)

dn = ¢,(g)p,(P) (525)

Finally, equations (5.7) and (5.12) can be expressed as following:

dQIoss(t) =
T = (Pl(Qloss)(PZ(p) (526)

With:
e 1(Quoss) expressing function of the current amount of damage
e @2(p) expressing function of parameters.

In order to respect the Palmgren-Miner rule, the parameters Asei, ALam and Acyc must
be constant.
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Measured values for generating cycling life profile

SOC windows strategies (%) SOC windows strategies (%) SOC windows strategies (%)
Theorical | Min 0 10 0 20 Theorical | Min 0 10 0 20 Theorical | Min 0 10 0 20
Kol soc soc
windows | Max 100 90 80 100 windows | Max 100 90 80 100 windows | Max 100 90 80 100
e q o B 2 .
n n n
® soc ® soc ® soc
g indows S | windows S | windows
S| win Max CC-CV < <
= R @
= Temperature (°C) = =
Ey Min Fy H
:>; Charge S Charge 3 Charge
Discharge Discharge Discharge
SOC windows strategies (%) SOC windows strategies (%) SOC windows strategies (%)
Theorical | Min 0 10 0 20 Theorical | Min 0 10 0 20 Theorical | Min 0 10 0 20
Kol soc socC
windows | Max 100 90 80 | 100 windows | Max 100 90 80 | 100 windows | Max 100 90 80 | 100
& : & : bt "
0 4 | Min 0 10 0 4 | Min 0 10 in ;| Min 0 10
® socC Max CC 91 65 s soc Max CC 91 65 s soc Max CC 91 65
& | windows [V cecv | 100 | 74 & | windows [y cecv | 100 | 74 & | windows [y cecv | 100 | 74
o o 153
g Temperature (°C) ‘;, Temperature (°C) ‘:‘1 Temperature (°C)
'éﬂ Min 25 25 ‘éﬂ Min 28 28 'é“ Min 34 34
S| chage |Max 27 27 S| charge |Max 34 34 S| chage |Max 36 36
Mean 26 26 Mean 31 31 Mean 35 35
Min 25 25 Min 25 25 Min 25 25
Discharge | Max 27 27 Discharge | Max 27 27 Discharge | Max 27 27
Mean 26 26 Mean 26 26 Mean 26 26
SOC windows strategies (%) SOC windows strategies (%) SOC windows strategies (%)
Theorical | Min 0 10 0 20 Theorical | Min 0 10 0 20 Theorical | Min 0 10 0 20
socC soc socC
windows | Max 100 90 80 | 100 windows | Max 100 90 80 | 100 windows | Max 100 90 80 | 100
bt & bt
0 Min 0 10 0 20 oy 4 | Min 9.9 0 19 S Min 0 9.9 0 19
® socC Max CC 96 88 77 95 s soc Max CC 81 72 92 £ socC Max CC 89 81 72 91
& | windows [yaxcccv | 100 | 92 83 | 100 || & | Windows [y ey 91 84 | 100 || & | Windows [nioxcecy | 100 | o1 84 | 100
o o o
g Temperature (°C) ‘;, Temperature (°C) 2 Temperature (°C)
2 Min 45 45 46 47 ¥ Min 47 47 46 ® Min 47 47 47 46
:; Charge | Max 48 46 48 48 :; Charge | Max 51 48 56 :; Charge | Max 51 51 48 56
Mean 46 46 47 a7 Mean 50 47 51 Mean 50 50 a7 51
Min 45 45 46 46 Min 46 46 46 Min 46 46 46 46
Discharge | Max 48 46 47 47 Discharge | Max 48 48 52 Discharge | Max 48 48 48 52
Mean 46 45 46 46 Mean 47 46 48 Mean 47 47 46 48

Table B: Measured values for generating cycling life profile.

Figure L shows an example of a profile illustrating cycling aging performed at 45 °C
between 3.42 V and 4.08 V (corresponding to a SOC window of 10 to 90 %) and a
rate of 3 C in charge and 1 C in discharge. This profile has been generated based on
measured values presented in the Appendix. The Figure M presents a comparison of
capacity loss and capacity throughput obtained in these conditions.
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Figure M: Comparison of capacity loss and capacity throughput obtained from the
use profile corresponding to cycling at 3 C/ 1 C at 45 °C (between 10 and 90 % of
SOC, theoretically) with values obtained from measurements.

Characteristic values of peaks determined on incremental capacity curves at

100 % of SOH

The Table below present the characteristic values of all the peaks determined on
incremental capacity curves (based on charge measurements obtained at a rate of C
/ 25) at 100 % of SOH.

Peaks | Cell voltage | PE voltage | NE voltage SOC Electrodes
(V) (V vs. Li) (V vs. Li) (%)
P1 3.65 3.92 0.26 35 Both
P2 3.49 3.87 0.38 8 NE
Ps 3.85 4.04 0.18 68 PE
P4 3.54 3.88 0.34 14 NE
Ps 3.80 4.00 0.19 63 PE

Table C: Characteristic values of peaks determined on IC curves at 100 % of SOH.
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Evolution of incremental capacity curves with other cycling conditions

We present here incremental capacity measurements obtained from commercial cells
aged in cycling at CEA.

At 25 °C (Erreur ! Source du renvoi introuvable.) as well as at 45 °C (from Erreur!
Source du renvoi introuvable. to Erreur ! Source du renvoi introuvable.), the signature
of the displacement incremental capacity peaks are characteristic of a combination
between LLI and LAM on the NE modes. Indeed, the decrease of P1 and its shift
towards higher voltages are typical of LLI while the shifts of both P2 and P4 are
specific to LAM on the NE.

Concerning the aging mechanisms, the SEI growth as the effects of repeated cycles
can be considered in the LLI in cycling, more pronounced at 45 °C.

On one hand, at 25 °C, the apparition of dry areas cannot occurred at this
temperature. In this case, the LAM on the NE is certainly caused by another physical
mechanism leading to loss of active surface on graphite electrodes.

On the other hand, at 45 °C, biphenyl polymerization should be negligible when
cycling is performed between 3.42 V and 4.08 V (from 10 to 90 % of SOC,
theoretically). Although, the cell temperature can reach 50 °C during charging
(especially at 3 C), the little time spent in the maximum SOC threshold (due SOC
variations during cycling) is not sufficient to lead to a significant biphenyl
polymerization. Consequently, the LAM on the NE here might be also caused by an
additional aging mechanism.
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Cycling at 25 °C between 3.42V and 4.08V (1 C/1C)
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Figure N: Evolution of IC curves during cycling aging at 25 °C between 3.42 V and
4.08 V and at a rate of 1 C in charge as in discharge.
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Cycling at 45 °C between 3.42V and 4.08V (1 C/1C)
P

% SOH=100% 0 month KOK32 :
40 SOH= 90% 12 months 2645 cycles
S 20
e
<
> 0~ —mm
K
e}
© 20 -
40 - |
_60 | | | | | | |
2.6 2.8 3 3.2 3.4 3.8 4 4.2
60 - _ .
SOH 5 100 EA) 0 month KOK42 -
4o SOH= 90% 12 months 4125 cycles
SOH= 80 % 18 months
S 207SOH = 78 % 21 months |
e
< _
> 0 r
LY
e}
© 20
-40 -
60 L L L
2. 2.8 3 3.2 3.4 3.6 3.8 4 4.2

Cell Voltage (V)

Figure O: Evolution of IC curves during cycling aging at 45 °C between 3.42 V and
4.08 V and at a rate of 1 C in charge as in discharge.
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Cycling at 45 °C between 3.42V andD4.08 V(2C/1C)
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Figure P: Evolution of IC curves during cycling aging at 45 °C between 3.42 V and
4.08 V and at a rate of 2 C in charge as in discharge.
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Cycling at 45 °C between 3.42V and 4.08V (3C/1C)
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Abstract

In order to deepen the understanding of the aging mechanisms of Li-ion batteries, post-
mortem investigations were performed on C/NMC Li-ion commercial cells. These autopsies
revealed unexpected degradations that question current knowledge about the aging
mechanisms of these cells. Thus, it appears that the parasitic reaction of Li metal depositions
on the graphite electrode, nowadays associated in the literature with charging at low
temperature and / or high C-rates, would have various origins depending on the chemistry
and conditions of use of the battery. In this thesis work, local Li deposits were observed on
cells aged in calendar at high temperatures, due to the apparition of dry areas. Paradoxically,
under low temperature cycling conditions, this Li resulted from anode porosity hindrance.
Besides, a semi-empirical aging model, taking into account cycling losses as well as those
caused by the SEI growth and the biphenyl polymerization, is proposed. Finally, a method of
identifying degradation modes using incremental capacity measurements has been
undertaken, based on the potential shifts of each of the electrodes.

Keywords
Li deposition; Pore clogging; Reference electrode into commercial cell; Biphenyl; Aging
modeling; Incremental capacity; Loss of Li inventory; Loss of active material.

Résumé

Afin d'approfondir la compréhension des mécanismes de vieillissement des batteries Li-ion,
des analyses post-mortem ont été effectuées sur des cellules commerciales Li-ion C/NMC.
Ces autopsies ont révélé des dégradations inattendues qui remettent en question les
connaissances actuelles sur les mécanismes de vieillissement de ces cellules. Ainsi, il semble
gue la réaction parasite des dép6ts de Li métallique sur I'électrode en graphite, actuellement
associée dans la littérature a des charges a basses températures et / ou a courants élevés,
aurait diverses origines selon la chimie et les conditions d'utilisation de la batterie. Dans ce
travail de these, des dépdts locaux de Li métallique ont été observés sur des cellules vieillies
en calendaire a haute température. Paradoxalement, dans des conditions de cyclage a basse
température, ce dépot de Li métallique a résulté de la perte de porosité au niveau de
I’électrode négative. Par ailleurs, un modele de vieillissement semi-empirique, prenant
compte les pertes en cyclage ainsi que celles causées par la croissance de la SEl et la
polymérisation du biphényl, est proposé. Pour finir, une méthode d'identification des modes
de dégradation grace a des mesures de capacité incrémentale a été entreprise, sur la base
du décalage des potentiels de chacune des électrodes.

Mots clés

Dépots de Li ; Blocage des pores ; Electrode de référence dans une cellule commerciale ;
Biphényl ; Modélisation de vieillissement ; Capacité incrémentale ; Perte de Li cyclable ;
Perte de matiere active.
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