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Broader Context

Gradually the understanding of the basic conflict of economic growth and threat of the earth
is focused by the society more and more One of the main challenges is the hunger for energy,
typically electricity or heat conversed from fossil fuels is needed In order to protect the earth,
these fossil fuels have to be replaced by renewable energies, e.g. solar, wind or water power,
which directly opens the question for proper storage technologies. The lithium-ion battery is
one of the answers; it has a high power and energy density and is thus the technology of

choice to store energy ranging from someWh to several kWh.

However, the lithium -ion batteries have to be optimized regarding the use of resources and
time of usage to move on in the decarbonisation of the energy supply. At this point, the
present thesis enters the game; the proper understandingof the battery degradation will
enhance the lifetime, performance and safety of existingand future lithium -ion batteries. The
optimized design and operation of the battery will lead to a reduced failure ratio und thus,
resources can be preserved. Moreover, less degraded batteries ammore valuable for the

potential 2" life, again saving the resources

Furthermore, besides the improvements in technolog/, the economic and political constraints
have to be aligned, just to mention a few keywords, raw materials supply, charging

infrastructure, sustainable energy supply, andbureaucracy:.
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1. Introduction

The lithium -ion battery (LIB) technology is one of the key technologiesto help human society
with the transition from fossil energy to renewable energy in the 21* century. The success of
LIB technology was pointed out and appreciated by awarding John B. Goodenough, M.
Stanley Whittingham and Akira Yoshino with the Nobel prize in chemistry 2019 for their

research on the development of the lithium-ion battery [6] .

Public discussion in the last five to ten years started to focus more and more on the challenge
of global warming which is mainly causedby the emission of greenhouse gases. In order to
reduce these gases, alternatives tocoal, gas and to the main energy supply for personal
transport, that is oil, have to be established. While nuclear power plants raise concerns
regarding public safety during operation and final deposition, wind and solar energy are
promising candidates. However, they are not always accessibleas their availability depends
on the time of day, season and the geographical location. A variety of energy storage
technologies are available for application or under research, see Figure 1. The traditional
Lead-Acid, Ni-Cd and Ni-MH technologies are applied for years, but camot achieve the
required power and energy density. The sodiumion battery is a promising candidate for
stationary storage, as they are low cost andthe materials are abundant. However, for personal
transportation, lithium -ion batteries with their high power and energy densities are the most
suitable for r mb _app¥tgtion. Even higher energy density can be achieved with solid state,
lithium -sulfur and lithi um-air batteries, however these technologies still lack in applicability
and durability.
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Figure 1: Volumetric versus gravimetric energy density on cell levefor commercially available batteries.(Own,
complemented drawings adapted from literature [7i 9]).
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The answer of the automobile industry to the challenge of global warming and local pollution
md r mb _w%q e p himutle |l madifieatipn gf dtg) engrgy eagtfolio to partly or fully

electrified vehicles models replacing the conventional combustion engines[10]. However, the
application of LIBs to meet large-scale power requirements, of 1620 kWh for plug-in hybrid
electric vehicle (PHEV) and up to 120 kWh for pure electric vehicle (EV) is challenging. The
battery has to fulfill several requirements such as hgh energy and power density, high safety,
long lifetime as well aslow costs. These requirements are in conflict with one another. For
example, the energy density of the battery can be improved by using Nirich transition metal
oxide cathodes, but in parallel the lifetime of the battery will suffer if no f urther constraints

are applied [11] .

For the design of a battery, typically, more than 300,000 km of total driven distance and more
than 10 years of life are supposed aslifetime requirements for most conventional powered
cars. The lifetime of the battery can be controlled by the composition of the used cell, the
operation conditions and additional internal protecting components, e.g. battery
cooling/heater. It is therefore necessary for abattery and car manufacturer to gain knowledge
of the expected performance of the battery over its entire lifetime in an early development
phase Typically, the degradation of lithium -ion cells is analyzed in long-term temperature-
accelerated calendar tests and cycldife tests with condensed operation conditions, such as
intensified power, or short rest phases[12-16]. However, to be able to avoid the degradation
in an early state the corresponding processesnside the cells have to be known[17] . Henceit
is necessary to analyze thecell components on material level in a postmortem analysis after
the aging test. With the knowledge of the degradation mechanism the quality of the cells and
influences of for example new chemistrieson the degradation, can be identified in an early

state, which shortens development time and cost.

In this work, the aging and the predominant degradation mechanisms in large-format
automotive lithium -ion cells are analyzed. The first part of the study focuses on calendar
aging which is evaluated on a 50.8 Ah pouch-bag type lithium -ion cell composed of a graphite
anode and a NMC111 (Li(Nig33Mng33C0p33)O,) cathode. The degradation mechanisms are
examined by using scanning electron microscopy (SEM), inductively coupled plasma optical
emission spectroscopy (ICFOES), Xray photoelectron spectroscopy (XPS) and Raman
spectroxopy. For the second part of the studyit is switched to a lithium-ion cell of higher
energy density with a 39 Ah pouch-bag type lithium-ion cell composed of a graphite anode
and a NMC622:NMC111 (Li(NiggMng2C0y2)O,:Li(Nig33Mng33C0033)0,) blend cathode. In the
beginning, the designed cycle aging test matrix is discussed in detail, followed by the results

of the post-mortem analysis comprising SEM, ICPOES, X-ray diffraction ( XRD), XPS,focused
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ion beam scanning electron microscopy €IB-SEM), transmission electron microscopy (TEM)
and three-electrode test cell measurements with materials harvested from the aged large
format cells. The last section addressesthe challenge of inhomogeneous degradationarising

from intensive operation or as side effectsof the gas evolution.
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2. Fundamentals

This section provides the fundamental information required to understand and follow the
performed analysis, the results gathered and the discussionin this work. For further basic
knowledge the reader is referred to common literature [7,18-20]. The theory of the lithium -
ion battery comprising the electrochemical principle, the componentsand the cell formats are
briefly discussed followed by the potential degradation mechanism emerging during
operation. The fundamentals section is completed with a detailed description of the available
non-destructive and destructive physical/chemical analysis methods used for the evaluation of

the LIB degradation mechanisms.

2.1. Lithium Hon Battery

The research in the field of LIBs intensified in the 2™ half of the 20" century [21-24] and
finally led to the ~ _ r r diptgcomypiércialization by Sony in 1991 [20] . Due to their high
power and high energy density, the LIBs are widely used in mobile electronic applications in
the majority of offices and households all over the world . An estimated ~50 - 60 GWh of LIBs
were produced for this field of application per year in 2018-2020 [25] . Nevertheless, during
the first years of applications several problemswere recognized. Initially a strong capacity
fade in a relatively short time of one to two years of application was observed forconsumer
electronic batteries in the 1990s and 2000s. In the following years more and more companies
as Sanyo/Panasonic Corporation 1994[26] , SamsungSDI 1999[27] , LG Chem Ltd 1999[28]

and A123 Systems 2001[29] started to manufacture LIBs in series resulting in a knowledge
boost on the LIB properties. As shown in Figure 2 a strong increase in production capacity

(blue) and drop in production cost per Wh (black) was the result.
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Figure 2: Lithium4on battery market evolution: annual demand for LIBsin GWh (blue) and price per kWh
(black), data until 2022 and forecast to 2026 [30,31].(Own drawing)
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These developmentspaved the way for the first L IB-powered highway-capable vehicle,such as
the Tesla Roadster in 2008 and the Tesla Model S in the following yearq32] . In parallel, the
Daimler AG developed and produced the Smart fortwo asan electric version and the BMW AG
introduced the fully electric i3 [33,34] . However, not only electric vehicles, but also hybrid
electric vehicles and plugin hybrid electric vehicles were successfulin catchine ncmnj ¢ %g d
in the following years. The success of electric vehicles was boosted bgolitical measures of
financial promotion [35] and the increasing awarenessof global warming and emission of

harmful gases in big cities.

The smallest unit of a lithium -ion battery is an electrochemical cell consisting oftwo lithium -
ion storage-materials as negative and positive electrodes, separated by asystem composed of
an electrical-insulating and ion-conductive medium. LIBs are separatedinto two classes, the
primary lithium -ion batteries for single-use and the secondary lithium -ion batteries for
multi ple-use (rechargeable. Primary lithium -ion batteries are mostly used in the form of coin
cells in small household appliances, such as balance, timer and radio control. Secondary
lithium -ion batteries are used in cell phones, notebooks andas discussed in this work for
electric transportation and grid storage. While primary lithium -ion batteries owe their
supreme energy density to the use of metallic lithium as anode, the recharging is impead by
bcl bpgrc dmpk _r gml I'b p_ngb d_gjspc ufgaf a
secondary lithium-ion batteries employ intercalation compounds as both electrodeswhich are
designedfor repeated charge and discharge forseveral hundred to thousandsof cycles In this
work, secondary LIBsconsisting of graphite and a lithium transition metal oxide electrode are

used for all investigations.

The working principle of a LIB is the converdon of electric energy into chemical energy
(charging) and vice versa (discharging). During charging, the current applied on the external
circuit forces lithium ion s to move from the transition metal oxide electrode through the
electrolyte to the graphite electrode; the respective electrons move through the outer cicuit
to the same electrode (seeFigure 3 green arrows). When the external circuit is opened, the
lithium ion s will keep their residence and consequently the chemical energy is stored. A
consumer load can be inserted into theexternal circuit and the lithium ions move through the
electrolyte back to the initial electrode. The corresponding electrons power the consumer load

and are transported to the same electrode(seeFigure 3 red arrows).
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Figure 3: Schematic ofa lithium-ion electrochemical cellin charging (green) and discharging modes (red). The
illustrated electrodes are a state-of-the-art graphite anode and a lithium transition metal oxide cathode , each ina
fully lithiated state. (Own drawing)

The reaction mechanism of a LIB is a redox reaction at both electrodes, in charge direction it
is an oxidation reaction of the transition metal oxide host structure and a reduction reaction
of the graphite host structure [19] . In discharge direction, the oxidation reaction takes place
at the graphite and the reduction reaction is at the transition metal oxide. In this example of

graphite and transition metal oxide, the following chemical reactions are valid for a discharge:

Oxidation (anode): 0@ o ad ¢£0
Reduction (cathode): 0 Q00 ™ o © 0 Qb
Total reaction (anode+cathode): 0@ 000 °07Ab €0

The naming convention in electrochemistry is that the anode is defined by the oxidation
reaction, whereas the cathode is the place of reduction, thus the naming would change with
operation mode. To simplify, in the field of LIBs only the discharge direction is considered for
denotation, where the anode (graphite) is the oxidative and the cathode (transition metal
oxide) is the reductive electrode [7] . Besides the chemical reactions, e electric potential of
the cell in equilibrium is described by the Nernstequation (equation 1) and is dependent on

the lithiation degrees of the electrodes and the temperature
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&
0 0 YvYai (1)

E = cell potential

E’ = standard potential

R = gas constant

T = temperature

a, = activity of the reactant

The cell voltage in equilibrium is called the open circuit voltage (U°, OC\j. A positive load
leads to an increase in cell voltageand a negative load leads to decreasing cell voltagedue to
charge transfer between the electrodes and therefore, a change in the electrode potentials
Additionally, three types of polarization modes occur, the ohmic(' o), the activation (' o)
and the concentration (' ,n) polarization (see equation2). The ohmic polarization stemsfrom
the electrical conductivity of the cell%eg amknml cl rg _ I b gkkaadisr cj w
applied. It is used for the determination of the ohmic resistance The activation polarization
results from ion transfer through th e double layer at the electrode/electrolyte interface where
the Li* ions picking up/strip ping their solvation shell. The concentration polarization results
from a concentration gradient of Li* ions in the electrolyte and the electrode depending on

the ion diffusion .

YOy - - - ( 2 )

The higher the applied load, the stronger is the effect of these polarizations. Therefore, the

OCVis used to characterizelithium -ion batteries without the influence of polarization effects.

The OCV depeds solely on the electrode potentials which again depend on the degree of
lithiation. The minimum OCV and the maximum OCV of a lithium -ion cell are typical defined

to protect the cell from overdischarge and overcharge which may result in cell failure. The
amount of charge transferred between the minimum OCV and the maximum OCYV is used for
the calculation of the state of charge (SOC), which is the actual amount of charge divided by
the maximum possible charge stored in between the OCV limits.The OCV variesas shown in
the OC\-SOC graphof a commercial graphite/NMC111 LIB in Figure 4. In general, the OCV-

SOC curve is measured by stepwiseharging or discharging of the cell with a sufficient rest

period (~2 h) for relaxation of the cell voltage after each load step The influence of the

electrode material and the respective potential on the appearance of the OCV¥SOC curve is
discussed insection 2.4.1. Additionally , the OC\W-SOC is characteristicof a cell at beginning of

life (BOL) and changes due to degradation effects

Fundamentals 7
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Figure 4: Open circuit voltage versus state of charge graphof a graphite/NMC111 lithium -ion cell.

2.2. Components and Materials of Lithium -lon Batteries

First, the typical anode materials and their properties and advantagestisadvantages are
discussed Subsequenty, the sections on the typical cathode materials and electrolytesused in

LIBs follow. For more detailed and basicdescription it is referred to literature [36-40].

Fmp kmqgr md rfc amknmlclrq gl rfc g | LiBs thg mp md
materials offer a quite balanced mix of properties rather than possessing outstanding

properties in one direction. The reason for this is that one outstanding property often brings

along large drawbacksin terms of deterioration of the overall perform ance. Nevertheless,a lot

of effort is made on the optimiz ation of the cell properties and to develop tailored lithium -ion

cells for special applications, for example extremely long life and safety features for

aerospae, high power density for high-power consumer electronics and highenergy density

for automotive application s. These requirementsnecessitatea careful selection of materials. A

general overview of available and practical state-of-the-art materials is given in Figure 5.

An appropriate anode material should combine a highly reversible lithiation and delithiation
process with a high specific capacity, a potential close to the potential of Li/Li*, a high
electrical conductivity and good ionic conductivity . Additionally, it should be inert to chemical
reaction with the remaining components, it should have small volume changes during

lithiation/delithiation and for commercial reasons it should be low -cost and highly abundant.

Despite offering a perfect potential and great specific capacity (3800 mAh-g* [7]) metallic
lithium is not a proper anode material for secondary lithium-ion batteries using liquid

electrolytes. The main disadvantages are the formation of dendrites on the surface of the
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lithium electrode and the high volume change when the cell is being charged [41] . These

dendrites are a safety problem aspenetration of the separator can lead to short circuit and

fatal battery failure [7] . A solution for the replacement of lithium as negative electrode and

lithium source was presented by Auborn and Barberio[42] in 1987, applying LiCoO, (LCO) as

positive electrode, with a metal oxide negative electrode (MoO,,WQO,). In parallel the
intercalation of lithium into carbons, namely petroleum coke and graphite was investigated

[43-45]j ¢ _bgle rm rfc _nnjga_rgml md Qml vobogell dgpaqgr
[20].
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Figure 5: Electrode potential versus Li/Li of the most prominent materials. The materials are sorted according to
their specific capacity. The electrolyte stalility window and the oxidation and reduction potential region s of
state-of -the-art carbonate-based LiPF electrolytes are marked. (Own drawing according to [7,40,46])

Since then, graphite has been established as the most common anode material in LIBthat are
commercially available. Graphite has the adwantage of combining good electrochemical
properties without any outstanding drawbacks. Graphite belongs to the class of lithium-
intercalation compounds where lithium ions intercalate in between the graphene sheets (see
Figure 3). The maximum amount of lithium intercalating into the graphite is reached at a
stoichiometry of LiCs which equals a theoretical specific capacity of 372mAh-g*. Depending
on the degree of lithiation, several phases can form (seeFigure 6) which are named by the
number of graphene layers between the occupied interspacesFor example in stage Il three

graphene layers, and thustwo empty interspaces are in between the occupied ones.These

Fundamentals 9



different stages can be observed visually dueto the different colors of the lithiated graphite;
i.e. empty graphite appears grey and changes to blue, to reddish and, in a fully lithiathed

state, to gold.
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Figure 6: Graphite potential versus degree of lithiation, including the staging process and the corresponding
schematic occupation of the graphite lattice. (Own drawing complemented and adapted from [7,47])

Advantageous properties of graphite are its highly reversible lithiation and delithiation

process, the good electrical conductivity and a relatively flat potential curve close to the
potential of Li/Li *, which accomplishes good energy density. However, the potential of
lithiated graphite is outside the electrolyte% stability window and thus, the electrolyte solvents
decompose at the interface graphite/electrolyte to form the solid electrolyte interphase (SEI).
The SEI is necessary for the operation due to its passivating effect for the eledrolyte
decomposition and stripping of the solvation shell from the Li* ions during intercalation. At
the same time the growth of the SEI is a degradation mechanism of the LIB, which is
discussed insection 2.3.2. As a result, the cycle efficiency of graphite electrodes is very high,

which again enables LIBs to last for several thousands of cycles.

For the usecaseof graphite in a lithium -ion cell, two additional features are of interest. The
low volumetric change from empty to fully lithiated state of only ~10% and the low voltage
hysteresis in charge and discharge direction keep the controlby and the integration into the

battery management system (BMS) quite simple. On top of its superior electrochemical
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performance, graphite is a highly abundant and low-cost material, which strengthens its

position for commercial use.

A promising, but still not widely used material for the negative electrode in high energy LIBs
is silicon. In contrast to graphite, lithium does not intercalate into silicon, but forms an alloy

which results in a high theoretical specific capacity of ~4200 mAh-g* [7]. The alloying
potential versus Li/Li* of ~0.16 V [7] is in the range of graphite, but it has a strong hysteresis
between charge and discharge thus complicating the BMS function. Similar to graphite, the
electrolyte decomposes under formation of the SEI on the silicon surface However, the high
volumetric changes during cycling of 200-400% [7] restrict its use in large-scale commercial
LIBs for long-life applications. The high volume change results in particle grinding which

leads to exposure of fresh silicon surface to the electrolyte andsevere decomposition of
electrolyte and surface deposits[48] . A lot of studies focus on overcoming these problems,
one possible solution can be thenanosizing of silicon to enable reversible cycling without

cracking [48] . However, up to now only a few producers are known to use this method and

overall only a small amount of silicon is usedin the cells [49] .

The third state- of-the-art anode material, lithium titanate (LT O), is the most stable negative
electrode material. The reason for its high stability is also its drawback for high-power and
high-energy applications. The comparatively high potential of ~1. 55V vs. Li/Li * lowers its
full cell potential compared to graphite. But due to this higher potential, the common
electrolytes are stable and do not form an SEI, which drastically reduces the degradation.
While LTO is not used for high energy and power application as in the automotive sector, it is
a commonly used mateiial where extreme lifetime and safety requirements have to be met,

for example in space application [20]

Similar to the anode material, a material suitable for use as cathode in LIB should be
lithiathed and delithiated reve rsibly. It should have a high electronic and ionic conductivity,
the volume change during cycling should be smalland the crystal structure should be stable in
each state of delithiation. Additionally, it should be low -cost and environmentally friendly. In
contrast to the anode, the cathode should have a potential quite different from Li/Li* (+4 V)
in order to increase the energy and power density. However, the potential is limited by the

type of electrolyte usedand its stability window (cf. Figure 5).

Fundamentals 11



Figure 7: Crystal structures of the three mostprominent types of cathode materials for lithium -ion batteries. a)
The layeredtype, b) the spineltype and c) the olivinei type structures. Modified graphic (reproduced with
permissionfrom [50] Copyright 2014, Royal Society of Chemistry

The date-of-the-art cathode materials for LIBs are divided into three typ es according to their
structure; the layered-type LCO, LiNi;.,,C0,0,, Li(NixMn,Co,)O, with x+y+z=1 (NMC) and
Li(NipgC0p.15Alp05) O, (NCA) the spinel-type LioMn,0O4 (LMO), and the olivine-type LiFePQ
(LFB(cf. Figure 7). Since its market introduction in the 1990s the layered-type transition
metal oxide is the material of choice for high-power and high-energy applications. LCO was
developed by Goodenoughet al. [51] in 1980. Its outstanding properties are the high nominal
voltage of 3.8 to 4.3 Vvs. Li/Li * in the lithiation range of 1 to 0.5, fast delithiation/ lithiation
and low self-discharge However, LCO has some disadvantagesthe long-term stability of
LCObased cells is poor the thermal stability is low, the costs of cobalt are high and t is a
toxic element. To improve the properties of the layered oxides with one transition metal
several transition metals are added, he two most prominent representatives are NMC and
NCA. In NCA, cobalt improves structural stability because nickel tends b mix with the lithium
ions, which is known as cation mixing. Aluminum improves the thermal stability and the
electrochemical performance. In NMC cobalt again acts asa structure stabilizer while the two
main advantages of the manganese are lowcost and non-toxicity. However, the manganese
ions tend to undergo disproportionation and dissolve in the electrolyte; and as a result the
Mn ions reach the anode surface and act as catalyzers for the SEI growth, which will be
discussed in detail in section 2.3.2. In 2001, the most frequently used NMC composition
NMC111 was first synthesized by Ohzuku and Makimura [52] . Since then studies on the
transition metal compositions NMC111, NMC442 (40% nickel, 40% manganes, 20% cobalt),
NMC532 (50%, 30%, 20%), NMC622 (60%, 20%, 20%) and NMC811 (80%, 10%, 10%) were
published [53-61]. The nickel content in these materials hasbeen found to be the limiting

factor for the degree of lithiation until the structure is still stable . Therefore, the more nickel
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is used, the higher can be the degree of delithiation, which enhances theusable capacity and

energy density.

Apart from the layered-type transition metal oxide materials, the olivine-type structured
materials with their most prominent representative LFP are often used. LFP is known for its
outstanding thermal and cycle stability resulting in highly safe LIBs. Since no cobalt and
nickel are needed for LFP, it is a lowcost and non-toxic cathode material. However, its
potential of ~3.4 Vvs. Li/lLi* and the ionic conductivity are comparably low, thus limiting

energy and power density. Moreover, its potential versus degree of lithiation is extremely flat
on a wide range of lithiation and a strong charge/discharge hysteresis complicats the state of
charge estimation in applications [39] . The last type of cathode material mentioned here, is
the spinel-type LMO, the advantage is similar to LFP, the low-cost and non-toxicity. However,

the challenges are themanganesedissolution (cf. section 2.3.4), a high self-discharge rate and

bad high current capability, which omit its use for automotive batteries [39,40] .

The important feature of a suitable electrolyte for lith ium-ion batteries is its high lithium ion
conductivity which is provided by low viscosity (s) solvents. The properties should remain
reasonably constantin the range of -20 °C to 60°C and a good thermal as well as chemical
stability in the range of typical operation conditions of LIBs in automotive application is
required. The solvents haveto dissolve the salts properly; also, a high dielectric constant of
the solvents is required and no toxic/hazardous substances should be used. The statef-the-

art electrolyte in commercial lithium -ion batteries fulfilling these requirements is based on

organic carbonateswith 1 Mol Mi* LiPF; dissolved as conducting salt. The use of an aqueous
electrolyte is inhibited by the high cell voltage of ~3.7 V (cf. Figure 5) as it exceeds the
electrolysis voltage of water at 1.23V. Thus, in the past 40 years different mixtures of cyclic
carbonates (ethylene carbonate EC, propylene carbonate PC) and linear carbonates (di methyl
carbonate DMC, ethyl methyl carbonate EMC, di ethyl carbonate DE, as shown in Figure 8a,
have proven their applicability . The cyclic carbonates with their high dielectric constant
enable the solvation of the salt while the linear carbonates improve the ion conductivity due
to their low viscosity. A mixture of these carbonates enables low tempeature usage of the
electrolyte since ECin pure form is not liquid at or below room temperature with its melting
temperature of 36.4 °C[20] .

The commonly used conducting salt is LiPk. Even though LiPF; is not outstanding in any of
the important properties of a conducting salt in carbonate solution becauseit has lower ion
conductivity than LiAsFg, a low thermal stability at <80 °C compared to >100 °C for most of

the other available salts and it suffers from hydrolysis when H,O contamination is present
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(see Figure 8b). However, LiPR has no eliminating feature that impedes commercial use
rather it has a quite balanced mixture of properties. Some candidates besides the LiP§are
often used. However, each of them has at least one eliminationcriterion. LiCIO, and LiAsK
were used in the early years d LIB research due to their high ionic conductivity and
thermal/chemical stability . Nevertheless, LiCIQ is a potential explosive and LiAsk is highly
toxic and these propertiesimpede their commercial use. LiBF, has proven its potential in cycle
stability, due to its stronger B-F bond compared to P-F. It is less subject to hydrolysis and
thermal degradation. Additionally, the formed SEI is less ion-resistive than the SEI formed
with LiPFs. However, the ionic conductivity of LiBF, is significantly lower than that of LiPF;,

thus impeding its commercial use in high-power applications [38] .

In addition to the solvents and the conducting salt, a variety of chemicals is used & additives
to improve certain properties. Vinylene carbonate (VC) is the most prominent additive
forming a thermally more stable SEI [62]. With 1,3-propane sultone the formation of gas
during operation at high temperatures ~55 °C is significantly reduced[63] . Different types of
sulfites have been reported to improve the Li* diffusion of the SEI [64] . Additionally,
additives can be used asfire-retardants, salt stabilizers, cathode protection agents, Al

corrosion inhibitors and many more functions as reported in literature [64] .

a) EC PC DMC EMC DEC
O, O, o o (o]
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o]
EO/_ e \O)ko/ /\o)ko/ /\O)ko/\
Viscosity (cP) 89.78 64.92 3.107 2.958 2.805
Dielectric 4 55 (40 °c) 253 0.59 (20 °C) 0.65 0.75
constant
Trnetting (°C) 36.4 -48.8 4.6 -53 -74.3
Thoiing (°C) 248 242 91 110 126
b) LiPF, Liclo, LiAsF, LiBF,
F O o F ] Lt -
F\|/;| c'|—| Li FLF| Flui
FPRNF oyo F7VSF g5 ~
F F F
Tdecompose (Dc) ~80 >100 >100 >100
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Figure 8: Characteristic information on common solvents ard conducting salts of carbonate-based electrolytes in

lithium -on batteries, adapted from [37].
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The production of LIBs starts with the electrode production. Therefore, state-of-the-art
graphite electrodes are produced by mixing graphite with a binder (Na -carboxy methyl
cellulose, CMC or polyvinylidene difluoride, PVDF) dissolved in an appropriate solvent
(slurry). This slurry is then coated on both sides of a thin copper foil (thickness ~10 pm).
During drying, a porous system emerges which enables electrolyte to penetrate the entire
depth of the electrode and thus enableslithium ions to access he graphite particles. Cahode
electrodes using NMC are manufactured by the same procedure. PVDF is used as binder
material and the aluminum current collector thickness is thicker (~15 -20 um). Depending on
the desired type of format and the type of electrode configuration, the electrodes can be cut
and stacked separated bysingle separator sheets or z-folded using a continuous separator
band. Another method is the production of a so-called jelly-roll, in which continuous bands of
the electrodes and two separators are wound.As shown in Figure 9, three types of cell
housings are common, the pouch-bag type (Figure 9a), the prismatic hard case type Figure

9b) and the cylindrical hard case type Figure 9c¢).

mm HQOUSING == CATHODE
== ANODE SEPARATOR
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b) 9]

Figure 9: The three types of lithium-ion cell formats: a) expand of a pouch cell, the electrodes are stacked, b)
prismatic hard case lithiumion cell, cut open to see the wound electrodes, c) cylindrical cell, cut open and the
wound jelly-roll can be seen.(Own drawing)

The differences between the typeslie in their material of casing, pouch foil and metal
hardcase container. In the pouch-bag type typically a stacked or zfolded electrode stack is
applied, while hard case cells have a jellyroll implemented. Typically, t he anode electrode is
larger than the cathode by at least 1 mm in all dimensions, in order to prevent th e cell from
lithium plating at the edge (cf. section 2.3.5). The electrode current collectors are joined to a
single tab by laser welding. Nickel is used as anode tab and aluminum is used as cathode tab.

Before sealing the housig, the air-sensitive electrolyte is added by a dosing needle. The last
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step of cell production is the formation. A specified cycling procedure at varying temperatures
is applied to the cell in order to form a good quality SEI. Gas evolving during this step is
removed from the cell before the final sealing. A more comprehensive description of the cell

production process is presented in literature[65] .

2.3. Lithium Jon Battery Degradation Mechanism

In the following section, the degradation mechanism of state-of-the-art LIBs will be discussed.
The focus is the mechanisms, which are investigated in this study, lithium plating, the
formation and growth of the solid electrolyte interphase, gas evolution, as well as the
degradation mechanisms of the cathode. The section will be ompleted with a short discussion

of inhomogeneous degradation and the interplay of different mechanisms.

GRAPHITE ELECTROLYTE + SEPARATOR NMC

GAS FORMATION .. CATION MIXING

ELECTROLYTE DRYOUT [EEEUE TRANSITION METAL DISSOLUTION

i
A

g\

SEl GROWTH &8

LITHIUM PLATING = CEI FORMATION + GROWTH

Figure 10: Overview of the main aging mechanisirsin automotive lithium-ion cells (Own drawing)

Many studies [66-71] dealing with degradation mechanisms in lithium -ion cells have been
published in the past few years and more than 20 mechanisms have been observedo date
[70] . Numerous studies have been conductedusing all possible typesand combinations of
materials, cell designs, quality grades of materials and operation conditions. Furthermore
some mechanismsare observed on lab-scale cells andare monitored for a few formation
cycles only [67,68,72] . Additionally, the majority of tests on the degradation of large-format

lithium -ion cells are accelerated byintense conditions, which may not regularly occur in later
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applications. Cycle tests at T~0 °C or T~40 °C, combined with high currents
[12,14,15,73,74] , and calendar aging tests at highstorage SOC andat temperatures ranging
between 40 °C and 60 °C [75-78] are typically performed. As a result differing degradation
mechanisms _pc npcbmkgl _1Ir, R mb majo¥ degradationunpechbnésims iam | rf

illustrated i n Figure 10 and the following subsections.
2.3.1.Dendritic Lithium Growth i Lithium Plating

The most prominent degradation mechanism of LIBs is the formation of metallic lithium on
the anode surface. According to Legrand et al.[79] the deposition of metallic lithium is
thermodynamically favored when the anode potential drops below the equilibrium potential

of the reaction 3 during the charging process.

b Q00O (3)

Which means that the anode potential becomes lower than0 V vs. Li/Li *. Lithium plating can
typically be observed when the lithium metal (OVvs.Li/Li*) or graphite
(stagel ~0.08 Vvs. Li/lLi *) are used as anode. In principk the deposition of metallic lithium
is a reversible reaction with the deposition during the charging process and the secalled
stripping during the discharge process. However, the potential of the metallic lithium deposits
is outside the stability window of the electrolyte. Hence, irreversible reactions of the metallic

lithium with the electrolyte occur and the active lithium inventory is reduced.

For the graphite electrode, lithium plating is either charge transfer limited, lithium ions reach
the electrode surface faster than they are transferred into the electrode or solid diffusion
limited, the lithium ions enter the graphite particle w ithout sufficient diffusion into the bulk
particle as presented inFigure 11 [79] . The operation parameter leading to lithium plating
due to charge transfer limitation is a high charge current [12,80, 81] astoo many lithium ions
are transported to the graphite surface The potential becomes low and metallic lithium
deposits on the surface [82,83] . The operation parameters leading to lithium plating due to
solid diffusion limitation are either a high SOC or low temperature, both slowing down the

diffusion of lithium ions in the graphite particles [12,81,84-86].

When lithium is plated on the electrode, the surface of the lithium reacts with the electrolyte
forming a SEI. Therefore, a part of the lithium is irreversibly lost from the active lithium
inventory to the inactive SEI. Fortunately, lithium plating is partly reversible , as long as the
metallic lith ium is electrical connected, lithium ions can dissolve in the following discharge

and further contribute to the cell function. In the worst case the plated lithium cannot be
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stripped off and reacts with the electrolyte under the formation of electrical insulated
islands [67] . This irreversible loss of lithium diminishes the amount of active lithium , which is

available for the charge/discharge process resulting in a decrease of capacity.

Besides the loss of cell performance, lithium plating is a safetycritical degradation
mechanism. The metallic lithium tends to exhibit dendritic growth, which may result in
electrical short circuiting by puncture of the separators, potentially followed by a thermal
runaway [67]. Thus, the operation conditions have to be limited in order to avoid lithium

plating.

Many studies evaluated the suitability of various fast charging protocols avoiding lithium
plating [12,74,79,84,87] . One method of preventing lithium plating is the multi -step constant
current charging procedure by Liu and Luo [88] reducing the constant current stepwise with
increasing SOC. The method by Sieg et al.[89] prevents lithium plating and, at the same time
optimizes the charging time. The maximum possible charge current without violation of the
plating limit is determined on three-electrode test cell level byregulating the current in a way
that the anode potential is kept closely aboveO V vs. Li/Li * until the maximum cell voltage is
reached. Then a constant voltage stepis performed until the cell is completely charged. After
repeating this measurement at different temperatures, the resulting charge current map can
be easily transferred to the largeformat pouch/hardcase cell, which enables shorter charging

time without degradation by lithium plating [89] .

a) 1) Charge transfer limitation

Li* Graphite

2) Solid diffusion limitation

Figure 11: a) Schematic of a graphite particle and the two cases of limitations leading to lithium plating

(reproduced from [79] Copyright 2014, with permission from Elsevief). b) SEM image of a dense plated lithium
metal layer and c) dendritic grown lithium metal each on a graphite anode ( reproduced from [90] Copyright 2016,
with permission from Elsevief).
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However, on the level of commercial LIBs most methods for preventing the cells from lithium

plating do not explicitly consider the effect of inhomogeneous conditions, i.e. a current
density gradient, a temperature gradient and a pressure gradient[77,90-93]. Thus, section
3.3 is dedicated to inhomogeneous cell conditions leading to inhomogeneousdistribution o f

lithium plating and the degradation which may not occur in the homogenous case.
2.3.2.The Solid Hectrolyte Interphase

The SElis a lithium ion permeable and electrical-insulating surface film on the negative
electrode (e.g. metallic lithium, graphite) and a decomposition product of the electrolyte,
arising at the electrode/electrolyte interface [94] . It is a passivating layer protecting the
electrode surface from contact with the electrolyte and further decomposition. By peeling of
the solvation shell of the Li ions before entering the active material it protects graphite from

solvent co-intercalation and exfoliation.

The SEI forms when the electrode potential is located outside the electrolytes stability
window, which can be the case for pristine material C lithium metal 0V vs.Li/Li* C or when
the electrode is lithiated. The onset point of the SEI formation is at around ~0.7-
0.8 Vvs.Li/lLi* [45,95,96] , whereas the potential of pristine graphite is higher, in typical
usage the graphite potential ranges between ~0.8 V and ~0.08 V (cf. Figure 6) when it is
once charged and used in cell voltages of 2.5/ to 4.2V [95]. This implies that during
operation graphite constantly has the potential to form additional SEI. Therefore, the SEI is
also a crucial constituent of a stable longlife lithium -ion battery, as it prevents the direct
contact of electrolyte and the anode interface. Thus, slowing down further electrolyte
decomposition to a minimum and preventing the graphite from solvent co-intercalation [97] .
But on the other hand, the SEI formation irreversibly consumes electrolyte and active lithium
and, therefore, restricts the cell lifetime due to deterioration of the resistance and capacity
[98-101]. Thus, ideally, a thin and stable passivating SEIl should form in the initial cell

formation procedure and only minor SEI growth, during the operation.
Typical SEI formation reactions include the carbonates from the electrolyte, and intercalated

lithium and electrons [96,102,103] :
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The main constituents of the SEI using LPFR/carbonate-based electrolytes have been
identified t o be lithium alkyl carbonates (ROCGQLI), especially lithium ethylene dicarbonate
((CH,OCGQsLi)) and lithium carbonate (Li ,CO;) and additionally lithium fluoride (LiF) [104-
108]. LiF forms according to equations 6-8 due to the decomposition of the conducting salt
[109] :

0 "Wz b 'QF0 ( 6 )
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However, impurities, i.e. water or hydrofluoric a cid can further react with the constituents of
the SEI:

CYG B 0 QOGO CYSOD Al 60 (9)

The thickness of the SEI is assumed to be in the range of severahanometers to several
hundreds of nanometers[106,110-116]. Moreover, it depends on the electrolyte components
and the formation procedure, which is the first cycles of a cell subsequent to the production
processand are crucial to control the initial SEI formation. Furthermore, the structure of the
SElis identified as a compact inorganic inner layer in the vicinity of the graph ite particles of
up to 10 nm and a porous organic outer layer on the electrolyte side (cf. Figure 12a) with

thickness of up to several hundred nanometers[109,112,117-120]. Tang and Newman [119]

assume that solely the outer porous system grows in thickness and theinner layer forms

immediately, staying constant during aging.

However, three different general growth theories (cf. Figure 12 b-d) explaining the increase in

SEI thickness during operationare commonly discussed in literature:

1 e tunneling through the SEI to reach and react with the electrolyte molecules
[94,121]

91 solvent diffusion through the SEI reaching the anode surface and forming
new SEI at the interface electrode/SEI[122]

9 SEl crack formation due to reversible graphite expansion (~10%) followed by
SEI growth on excavated surface[109,123 - 125]

Li et al. [121] describe the SEI growth as an electron tunneling from the graphite through the

inner compact layer to the outer porous layer where the SEI building reaction of the solvent
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molecules and the electrons take plae (cf. Figure 12b). This formation route can only be valid
in case of a very thin inner compact layer in order to allow electron tunneling (a few
nanometers). Ploehn et al. [122] adapted the model of Peled [94] so that the solvent
molecules diffuse through the SEI and are reduced at the interface graphite/SEI(cf. Figure
12c¢). The passivating effect is explained by a slowdown of the solvent diffusion tirough the
SEI. Aurbach [109] explained the SEI growth as an dissolution and precipitation process of
the initial formed SEI. The initial SEI undergoes a breakdown process and bare electrode
surface is expose to the electrolyte solution. Deshpande et al. [123] complements these SEI
growth mechanism by a mechanical part, the volume expansion of graphite during the lithium
intercalation causes mechanical stress on the SEI, which leads to crack formation (cfFigure
12d). Bare graphite surface is exposed to the eletrolyte solution and forms new SEI. This
mechanism is repeated for each charge and discharge cycle and thus, the ideal passivating
effect of the SEI is weakened during operation. In the real system most probably none of these
SEI growth models will appear solely, but rather a combination of electron tunneling, solvent

diffusion and crack formation will lead to the growth of the SEI.
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Figure 12: Schematic of the SEI structure and constituents aseported in the literature, own drawings adapted
from [109,119,126{ 129].
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Independent from the growth mechanism of the SEI, the increase in thickness and amount
comes along with degradation of the LIB. On one hand side the SEI formatbn consumes
lithium from the active lithium inventory resulting in capacity degradation . On the other side,
it consumes solvent and salt of the electrolyte which results in performance degradation
Additionally, the growing SEI possibly clogs the porous ndwork of the graphite electrode,
again resulting in an increase of the resistance. This poreclogging in turn can provoke lithium
plating due to the reduced active graphite surface and thus, locally increasel current
densities. Another factor for the quali ty and the growth of the SEI is the presence of impurities
from the cell components, e.g. traces of water stemming from the electrolyte or impurities
resulting from degradation of the cell components, e.g. manganese incorporation into the SEI
and catalytic acceleration of the SEI growth(section 2.3.4). In terms of the operation
conditions, two parameters influence the growth of the SEI mostly, the SOC of the cells,
which correlates with the graphite potential/graphite stage and the temperature, which is

assumed to accelerate the SEI growth in an Arrheniudike behavior [130,131] .

On the level of large-scale lithium-ion cells, only a few studies have beenconducted to date,
evaluating SEI formation [100] and growth [118] as a result of calendar aging for six months
at 60% SOCand 100% SOC with and without subsequent cycling. They observed the main
components of the inner and outer SEI [100] and a thickening effect at high SOC aging and
additional cycling [118] . Therefore, analyzing the SEI resuling from long-term aging tests

with a wide range of operation conditions is performed in this study.
2.3.3.Electrolyte Decomposition T Gas Evolution

The mechanism of gas formation cannot completely be separated fromthe above mentioned
growth of the SEI. According to the equations 4 and 5, ethylene gas can form as
decomposition product from ethylene carbonateat the anode [96,102,132] . Similarly, the rest
of the electrolyte solvents and additives, i.e. DMC, VC can decompose under formation of
gases[133] . This decomposition is driven by the anode electrode potential being outside the
electrolyte stability window (cf. Figure 5). Therefore, the solvent reduction on the anode
happensto a great extent during the formation of the cell, but also during normal operation,

as the SEI may breakdownor gets damaged(cf. section 2.3.2). With increasing SOC, that is,

decreasing anode potential, this process is enhanced andconsequently the amount of gas
formed at high SOC increasesas well. Besides the reductive decomposition of the electrolyte
on the anode, the electrolyte can react with oxygen released from the cathode in an oxidation
reaction under formation of CO,, CO, H,O and H, or by an electrochemical reaction at high
cell voltages[134 - 139].
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Additionally , many studies have observed an increase in the amount of gas formed during
operation at high temperatures above 40 °C [103,140- 143]. LiPFs is stable for temperatures
beyond 60°C [144] . However, according to equation 6, it is in equilibrium with LiF and

PR [145] . PF; further reacts according to equation 7 and 8, therefore it is removed from the
equilibrium [103,145-147]. The thermal enhanced decomposition of the electrolyte is one of

the reasors for the typical operation temperature limit of 60 °C.

Besides the importance of the operation conditions for gas evolution, the production quality is
crucial. Already, low amounts of impurities, i.e. H,O, HF can dramatically influence the

electrolyte decomposition concomitant with the formation of gas [132,148] .

However, independent of the origin of the gas formed inside the cell, the challenge is that
typically lithium -ion cells are sealed tight in order to protect the cell interior from the outside.
In the same time gas from the inside cannot be release from the cell. To a certain amount the
evolution of gas is already included in the cell design, e.g. gas pockets on the edges of poueh
bag cells or free volume in hardcase cells (cf.Figure 9). Another challenge is that the gas can
be trapped inside the porous network of the electrodes or inside the electrode sack/jelly roll,
henceforth, the dried out areas are electrochemically inactive. Nevertheless, the volume which
a cell can withstand is limited and in case of too much overpressure, the cell case will open,

release the gas and ambient air can penetrate thecell.
2.3.4.Cathode Degradation Mechanism

Besides the degradation reactions on the anode and thedecomposition of the electrolyte,
different types of cathode degradation mechanisms can occur. The cathode active material
can crack, transtion metal ions can dissolve into the electrolyte, cation mixing in the crystal
structure of the transition metal oxides can occur and similar to the SEl on the anode, a

cathode electrolyte interphase (CEI) can form.

The state-of-the-art transition metal oxide cathodes, i.e. NMC532, NMC622, and NMC 811 are
produced as large secondary particles (-5 pmi 10 um) formed out of many primary particles
(< 0.2 ymi 1 um) [149,150] . Electrochemical cycling of these materials results in volume
expansion of 11 4% [39, 151,152] depending on the composition of the transition metal oxide.
This is the reason for the formation of cracks in the secondary particles so called
intergranular cracking [56,153]. Sun et al. [150] identified lattice expansion due to the
diffusion of Li* ions as one of the critical processes. Thus, Liu et al[149] propose to reduce
the sizes of the pimary and secondary particles adjusting the voltage range during operation,

or apply a coating on the secondary particles to mitigate the mechanical stress.Another

Fundamentals 23



option to avoid the cathode particle cracking was recently discussed by Harlow et al.[60] ,
they studied the degradation of single crystal NMC532/graphite cells. Even after ~5000
cycles no significant cracking of the single crystal cathode and excellent capacity retention of
the cell. They concluded that these new single crysth NMC532 containing cells enable far
more lifetime, e.g. an electric car can be powered for more than 1.6 million kilometers or
more than 20 years of usage in grid storage.Liu et al. [61] extended this study to more nickel

containing NMC622 and NMC811, again no cracking of the single crystals was observed.

As presented in Figure 7a, the typically used NMC materials have a layered structure
containing a layer of lithium and a layer of the transition metal oxide. When the lithium ions
leave the material, empty sites remain in the crystal structure. Nickel ions, which are similar
in ionic radius, i.e. Li*=0.76 A and Ni?**=0.69 A [154], may occupy these empty sites or
interchange with the lithium ions. As a consequence, the diffusion of the lithium ions and the
lithium sites for intercalation du ring the discharge process are blocked. This effect has been
found to depend on the chemical composition of the active material, for example, NMC
containing less nickel is less prone to cation mixing[59] . Additionally, cation mixing depends
on the degree of delithiation and thus amplifies at high cathode potentials during

electrochemical cycling[155] .

Similar to the SEI on the anode side, the CEI forms on the surface of the cathodeside. The
major difference is the lower thickness of the CEIl with ~1 nmi'’5 nm compared to that of the
SEI counting up to hundreds of nanometer which complicates its detection and degradation
analysis However, the main constituents are similar, that is, LiF, Li,CO;, and R,CO;, resulting
from the decomposition of the conducting salt and the electrolyte solvents [156] . Qian et al.
[156] highlighted the major impact of the selection of additive on the constituents and the
structure of the CEI. Besides the appearances, many questions on the properties of the CEl still
remain open [156 - 158]. The investigations on the CEIl are complicated since its composition

and properties change with the electrode potential [159] .

Transition metal dissolution is another degradation mechanism regarding the cathode active
material. The disproportionation reaction of Mn(lll) , the phase transformation mechanism
and a chemical lithiation and protonation mechanism can lead to dissolution of manganese
ions into the electrolyte [160] . However, in the currently used NMC cathodes transition metal

dissolution occurs and not only manganese ions but also nickel and cobalt can dissolve and
incorporate into the SEI on the graphite surface[161,162] . The manganese ions incorporated

into the SEI catalyze the decomposition of the electrolyte Thus, the capacity fading of the LIB
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accelerates[163,164] . Asthe driving force for the transition metal dissolution , the increase in

temperature and upper cut-off voltage has been identified [160] .
2.3.5.Inhomogeneity and Reversible Effects

In order to perform realistic lifetime tests, the operating conditions have to be chosen
carefully. The material characteristics, the mechanical constraints and temperature control

have to be managed properly as described in the following. Otherwise, degradation effeds,

which would not occur in the application, may distort the test results. Some examples from
literature are lithium plating caused byinhomogeneous pressure[91,93], or temperature
[165-168] and current density [90,169]. Also, electrolyte dry-out and gas accumulation
inside the electrode stack orjelly-roll [74,77] can provoke lithium plating. Therefore, a more
profound understanding of the rise and the effects of these gradientsand defectsis necessary

to decide on an ideal test setup and operating conditions.

Reversible effects may also occur in a test setup leading ta misinterpretation of the test
results. One of them is called the overhang effect and it was observed first by Gyenes et al.
[170] when measuring the Coulombic Efficiency (CE). They observedthe dependency ofthe
CEon the storage SOCof the cell, prior to the cycle phase. A storage at SOC 100% results in
CE larger than unity even ~100 h after storage. In commercially available LIBs the anode
dimensions aretypically designed larger than those of the cathode to avoid lithium plating at
the edges of the anode. In stacked, pouckbag type LIBs the anode overhang amountsto 1-
2 mm in lateral direction and two complete layers on top and bottom of the cell. This anode
overhang area equals ~5% of total capacity. Together with the observation of incremental
coloring of the anode edge area, which represents different graphite stages (cf.Figure 6),
Gyenes et al.[170] concluded that the anode overhang acts as a reservoir for lithium ions.
When held at high SOC lithium is stored in the overhang and the overhang empties when
held at low SOC. Later, Wilhelm et al. [171] confirmed the CE measurements and
complemented the findings through a post-mortem study and storage SOCdependent
evolution of the cell capacity. Thus, the anode overhang effect has to be considered when
interpreting capacity retention of long -term aging tests. Hufner et al. [172] studied the
overhang effect for four different lithium ion cells with different lengths of th e anode
overhang, showing the correlation of time to get the lithium out of the overhang with the size
of the overhang. The short overhang area (~3 mm) can be emptied in ~13 h, while the long
overhang area is partly filled even after hundreds of hours. To avoid misinterpretation of the
aging test results, modeling of the effect and correction of the capacity retention or the

preconditioning of the batteries prior to the aging test can improve the validity of aging tests.
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CHARGE TO 100% SOC FOLLOWED BY STORAGE

a) b)
I INITIAL SHORT STORAGE LONG STORAGE

CONTINUE WITH DISCHARGE TO 0% SOC AND STORAGE
. ANODE INITIAL SHORT STORAGE ~ LONG STORAGE

- CATHODE
OVERHANG

Figure 13: a) Shematic of the anode overhang area resulting from oversized anode dimensions the green

rectangle cuts through the cathode and b) illustration of the procedure of lithium transport from active anode area
to the overhang area from charging the cell to 100% SOC,followed by short/long storage. Below : the overhang
emptying due to subsequent discharge to 0% SOC and short/long storage. Coloring of the graphite represents the
intercalation stages, according to Figure 6. (Own drawing)

2.4. Non-Destructive Cell Analysis

In this section, the non-destructive methods to analyze the degradation of lithium-ion cells are
explained. The electrical testing results, namely capacity retention, resistanceand differential
voltage (DV) analysisare addressedin detail. The second part of the section contains the non-
destructive methods to determine the volume and geometrical dataprior to the aging test and

afterwards.
2.4.1.Electrical Testing of Lithium-on Cells

In regular intervals, the condition of the tested cell is monitored in a check-up test. The check
up can take upto several daysdepending on the stepsincluded and the depth of information
to be gathered. Therefore,a decision on including detailed steps depends on thequestion of
resources testing time and budget as well as the deterioration of the aging test by the check
up, itself. In total, the check-up, shown in Figure 14, lasts ~67 hours, which is extremely long
for regular aging tests. However, this strongly improves the database for the analyss of the
degradation mechanism Typically, a checkup contains at least one cycle, with constant
current applied, between the upper and the lower voltage limit to measure the capacity, and a

pulse test at a mnstant SOCto measure the resistance.
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Figure 14: Exemplary current(blue) and voltage (black) profile of one checkup test used in this study.

However, the capacity measurement can be performed in various mode®y applying different
voltage limits and different charge and discharge rates depending on the required
information. The capacity is determined by counting the amount of charge inserted into or
drawn from the cell. This can be realized by integrating the current over time. Typically, the
capacity is given in Ah and can be scaled to the nominal and/or begin of test capacity to
determine the capacity retention. The quality of the collected data can be improved by
applying low current rates at the cost of test time. Increasng the current rate raises the
influence of the resistance effect and the resultingoverpotential. Thus, the degradation effects
distort the measured capacity. An exemplary current and voltage profile for one checkup
used in this study is depicted in Figure 14. This checkup starts with an initial discharge to the
lower voltage limit of 2.5 V, followed by three cycles in constant current-constant voltage (CG
CV) mode applying a current of 18.5 A (~0.5C) . The C\tphase is separatedinto three steps
each having a smaller cutoff current (C/10, C/20, C/50) separated by breaks of 15 minutes.
These three cycles result in three capacity valuespf which the last one is used for capacity
determination. Afterwards, the cell is charged up to 3.75V to set the state of charge for the
following electrochemical impedance spectroscopy (EIS) measurementAt the end of a seven
hour rest step, after the cell is completely relaxed, the EIS measurement is performed. Then
the cell is charged to the upper cut-off voltage, which is 4.2 V to prepare the C/10 discharge
and charge cycle. This cycle enablesa further analysis of the differential voltage and the
change in the quastopen circuit voltage. The last part of the checkup is a pulse test in
discharge and charge direction in steps of 25% SOCin order to determine the internal

resistance of the test object. A short current pulse of 50 A for 30 s is applied. The internal
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resistance can be calculated from the voltage signalusing a method established in literature
[7,173] , clearing the voltage signal from SOC drift and measurement impact(see Figure 15).
With the determined initial voltage drop and the pulse current, the ohmic resistance is
calculated™ w Mf k %guatipn_1@ The higher the applied current, the higher is the voltage
drop and the better is the determination of the resistance. However, the current limit of the
cell listed in the operation window as provided by the cell supplier, should not be exceeded.
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Figure 15: Exemplary voltage signal for a 30 s discharge pulse at SOC 100%vith I gischarge=50A and resistance
evaluation adapted from literature [7,173]. A linear fit determines the initial voltage drop when the pulse starts.
Using this voltage drop and the pulse current, the ohmic resistance igalculatedb y  Odlam.0

Using the low current cycling data collected during the checkup, the DV analysis can be
performed. Therefore, the voltage vs. chargethroughput data set (seeFigure 16) with a small
current rate applied is required. In the ideal case, a highly resolved OCV curve is used for the
DV analysis, this enables the high resolution of the DV curve and aging dependent differences
can be identified more reliable. However, to record a highly resolved OCV is very time
consuming. Thus, in the scientific community it is accepted to record a quasiOCV curve
applying a current rate < C/10 [174-176]. At a current rate of C/10 still the resistance effect
on the cell voltage is noticeable, the smaller the current rate, the better is the resolution of the
data. Basically, DV analysis is the derivation of the potential/voltage to charge (dVv/dQ),
depending on the cell configuration either the characteristic curve of one electrode (half-cell
potential, electrode vs. lithium reference) or the superposition of two electrodes (full cell

voltage, electrode A vs. electrode B, seeequation 11 [174] ) is investigated.
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In the differential vol tage the peaks describe phase transition§174] . They can be accessed
divided into anode and cathode affiliations, even though the data originate from full cell
measurements[177] . The graphite transitions Glll and Gll (seeFigure 6 and Figure 16) show
up as peaks in DV. By the distance of tie graphite peaks, information on the change in anode
active material can be obtained; and by the distance from the second peakGll to the end of
the graph (E), the amount of active lithium can be evaluated. Furthermore, the height and the
shape of the peaks offer infamation on the degree of homogeneity of the lithium distribution
of the cell [169,178-181]. The degradation of the cathode can be identified by the areas
between the graphite peaks[177] .
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Fgure 16: C/10 cell potential and dV/dQ vs. charge. The C/10 graph is derived to obtain the dV/dQ. The
resulting peaks represent the points of one phase graphite, either stage Il (Glll) or stage Il (GlI}47]. The end of
the graph represents the fully charged state (E). The change in charge difference between Glll and GlII allows
determination of the anode active material loss and the change in charge difference between GlI and E allows

determination of the change in active lithium.

2.4.2.Lithium -lon Cell Volume Determination

In the following the method for the analysis of the cell volume of large-format LIBs is
described It is derived from the setup for small-scale cellsto determine their in -situ volume as
presentedby Aiken et al. [182] . A schematic of the measurement setup is shown irFigure 17.
The underlying principle is known as Archimedes principle for a body in liquid . In the specific,

present case the body is represented byhe cell and the liquid, that is water, is de-ionized to
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prevent an electrical short-circuit of the cell. Two forces are acting on the cell: the weight
(equation 12) and the buoyancy force (equation 13). With a force gauge the resulting force
(equation 14) is measured Inserting equations 12 and 13 into equation 14 followed by
rearrangement to the volume, results in equation 15. The volume can be calculated with the
mass of the cellme measured prior to the experiment, the known density of the liquid Miquid

and the measured resulting force R

For degradation analysis the volume change of a cell can be calculated bysubtraction of the
volume prior to the aging experiment and afterwards. The volume change resultsmainly from

gas built up inside the gastight cell.

0 4 20 ( 12 )
0" 2070 ( 13 )
"0 "0 O ( 14 )
0 “O"Q—d ( 15 )

"0 = buoyant force

" = density of the liquid
w= displaced volume

"= gravity

"O = weight

a =cell mass

"O = resulting force

T FORCE GAUGE

RESULTING FORCE (Fg)

/\ MOUNTING
I BUOYANT FORCE (Fg)
WEIGHT (Fyy)

CELL

- WATER-FILLED BASIN

Figure 17: Schematic of the measurement setup for cell volume determination. The acting forces are marked with
green and yellow arrows. The force measured with the force gauge is used for the calculation of the volume.(Own

drawing)
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2.5. Post-Mortem Analysis

In this section, the materials preparation during post-mortem analysis and the following
destructive methods to analyze the degradation of lithium-ion batteries are explained. Post-
mortem analysis is illustrated, followed by the imaging methods SEMcombined with energy-
dispersive X-ray spectroscopy (EDX) aml FIB preparation for TEM. Then the elemental
composition analysis via ICROES and surface sensitive XPS in combnation with argon -ion
etching for depth-profiling are explain ed. Structure analysis is performed by using XRD and

Raman spectroscopy

The segmentation of a lithium -ion cell is known as postmortem analysis. It is called post
mortem since it is a destructive method. In the following the working routine, partly adapted
from literature [183] and applied in this thesis, is explained and illustrated in the schematic
seen in Figure 18. For safety reasons postmortem analysis is commonly performed on
discharged cells and in inert atmosphere. Also the handling under inert atmosphere allows for
proper analysis of the materials gathered from the cdl. The discharged cellis transferred into
an argon-filled glovebox with water and oxygen contents < 0.1 ppm. Pouch bag @lls can
easily be cutopen by electrical insulating ceramic scissors or a knife During the opening
process, t is important to preve nt the cells from shorting through contact of the electrodes,
contact of the current collectors or any bypass through additional noninsulating, metallic
tools or particles.
Il OPEN CELL CASE

| DISCHARGE V EXTRACT SAMPLES
+ CUT CURRENT COLLECTOR

______

[T |
> ¥ *n'"p
_J / l\\ : -

______

Il TRANSFER TO INERT ATMOSPHERE IV SEPARATELY WASH ELECTRODES IN DMC

Figure 18: Schematic of the typical postmortem analysis routine. The lithium-ion cell is discharged and transferred
into an argon atmosphere, followed by the cell opening with a ceramic knife. The electrodes from the stack orjelly
roll are separated and washed in dmethyl carbonate, to remove residual conducting salt. The electrodes are cut

and extracted for further physicochemical analysis(Own drawing)

The extracted electrodes were placed in a bath of dimethyl carbonate, one of the electrolyte
solvents, to remove any electrolyte leftovers, especially to prevent residues of conducting salt.
Two separate baths, one for the anode and one for the cathode need to be prepared to
prevent crosscontamination. After a dryin g process the electrodes are prepared for further

analysis or packed for storage.Due to personal and environmental protection, all remaining
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materials need to be disposed separately o prevent short-circuits) and professionally as they

contain heavy metal (Cobalt, Nickel) and likely traces of hydrogen fluoride [184] ).
2.5.1. Selection of Physicochemical Method s

The electrode material gathered from the postmortem analysis has to be analyzed
physicochemical in order to evaluate the presence of the degradation mechanisms and to
evaluate their characteristics. A comprehensive overview of possible methods, their
advantages and disadvantages is given by Waldman et al. [183] and Birkl et al. [71]. In

Figure 19 several methods aredepicted and assigned to the suitable degradation mechanism.

However, the plurality of the methods requires a careful selection and combination.
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Figure 19: Summary of the degradation mechanismand the corresponding suitable physicochemical method.
Methods in brackets have limited access to the mechanism and the methods can be usefbr the mechanisms
occurring on anode and cathode side.Reproduced from Waldmann et al. [183], Copyright 2016, with permission
of The Electrochemical Society.

In this study, SEM is used for the optical inspection of the electrode surfaces. It enables first
qualitative identification of the degradation mechanisms like particle cracking, surface film
formation, pore clogging, loss of electrode cohesion and exfoliation. For the evaluation of the
composition of surface deposits SEMEDX is used, even though it cannot measure lithium (low
energy of characteristic radiation) the corresponding fluor, phosphorous, carbon and sulfur
containing reaction products can be identified. Complementary ICROES is used to determine
the elemental composition of the electrode volume comprising the active material, the binder
phase and all possible surface deposits like SEI and lithium plating.FIB-SEM and scanning
transmission electron microscopy (STEM) are used for crosssection imaging of the electrode

surface. Here, the advantage is that the samples can be prepared in inert atmosphere and with
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low energy impact by applying cryo-FIB. STEM then erables imaging the sample in nanometer
scale and by the addition of an electron energy loss spectrometer (EELS) an elemental
mapping of the imaging area is possible. The degradation of the cathode active material is
analyzed using XRD, the crystal structureand defects as a result of repeated cyclingcan be
evaluated. In order to get three-dimensional information on the composition of the electrode
and the surface films XPS depthprofiling is applied. The XPS spectra are recorded with
stepwise sputtering of the sample with argon ions which results in depth profiles of the
investigated elements. Additionally, the XPS spectra can be evaluated in terms of the atomic
binding of each species, e.g. the identification of the moreorganic and more-inorganic layer
of the SEI is possible.A detailed discussion of XPS depthprofiling follows in section 2.5.2.
Nevertheless, a single method of the mentioned ones calls for the further complementary
methods in order to get a holistic view on the process and degradation arising during the

operation of LIBs.
2.5.2. X—ray Photoelectron Spectroscopy

In the following section, the basic working principle of a photoelectron spectroscopy,
including the setup as well as advantages and disadvantages, are discussedn general,
electron spectroscopy comprises two methods distinguished by photon energy, namely
ultraviolet photoelectron spectroscopy (UPS) using low photon energy from ultraviolet
radiation (<100 eV) and Xray photoelectron spectroscopy (XPS) using Xays (Al-
KU-1486 eV or Mg-KU-1254 eV). The latter is discussed in detail. The photons, upon
reaching the surface atoms, transfer their energy to the core level electrons that leave the
atom as photoelectrons. The kinetic energy of the electrons offers information alout the

chemical element and the chemical state.

XPS uses photoelectric effect, which was discovered by H. Hertz and his eworker P. Lenard
in 1902 [185,186] and explained by A. Einstein in 1905[186,187] . In the following years, H.
Robinson established a device for electron spectroscopy, but the resolution of its signals was
low and the method was hardly used. It took around 50 years until Kai Siegbahn made several
modifications to the known setup, which resulted in the first high -resolution, double-focusing
spectrometer and the problems of low resolution were overcome [188] . In the following
years, the group around Siegbahn improved the setup further and measured binding energies
of several dements, setting up a still used database[188] . Due to the great importance of

these studies, Kai Siegbahn was honored with a Nobel prize in physics in 1981188] .
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or Mg-KU, a sample holder for sample mounting and an electron energy filter and detector to
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bcrcpkglc rfc cjcarpml g% iglcrga <clcpew,
chamber (see Figure 20a) that operates in ultra-high vacuum. A computer accumulates,

processes, and visualizes the data as shown ifiigure 20c.
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Figure 20: a) Schematic setup of a typical X-ray photoelectron spectroscope, b) schematic of the photoelectric
effect with spectroscopicnotation left and chemist notation right. a) and b) are own drawings adapted from van
der Heide [186]. c) Example of an intensity versus hnding energy graph measured with used anode of a lithium-ion
battery. A certain region of binding energy belongs to each chemical element and depending on the chemical
state, the peak shifts to lower or higher binding energy. d) Example of peak deconvolution to identify the chemical
state of one element, in this case carbon.(Own drawing)

The physics behind the method is based on the photoelectric effect, which isenergy transfer
from a photon to an electron of an atom with the result of electron release leaving a valence
hole (see Figure 20b). Using equation 16 and the measured kinetic energy of the electronEg,,
the Planck constanth, the frequency of the photon #and the work function of the spectrometer

W, the binding energy£sinaing can be calculated.
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Ein= kinetic energy of the electron

Evinding= binding energy

W= work function of the spectrometer

Depending on the binding of the atom, a shift to lower or higher energy can be observedand
the oxidation state of the atom is identified . An additional effect is the release of an Auger
electron, which results from a series of processe®occurring in the excited atom. An electron
from a higher energy level fallsinto the valence holeand releases energy, which is transferred
to an additional electron. This electron of higher energy is emitted and can be measured in

the Auger electron spectroscopy (AES).

The high surface sensitivity (3-10 nm [186] ) of the XPS is the base for depthprofiling. Depth -
profiling can be achieved by recording a surface survey spectrum of the material. In a second
step, the surface can be etchedby using an ion sputter gun, for example, with argon ions,
removing the top surface atoms. Then the next survey spectrum is recordegdagain followed by
etching. Step by step, the element concentration is determined by this alternation of spectra
recording and etching (see Figure 21). Some aspects of the XPS deptprofiling via argon ion
etching need to be discussed, especially fst the influence of energy impact of the ions on the
chemical state of the present atoms. In the first XPS spectrum, the originaloxidation states
can be evaluated; but when the etching process takes place,organic materials can be
modified. The second isthe etching rate on flat surfaces, which is usually the case for samples
analyzed in XPS. The sputter depth canbe measured after the XPS via atomic force
microscopy. Then the total sputter depth is divided by the total sputter time and an etching
rate results. More complex will be the measurement and calculation when several layers of
materials are etched. Each layer may have a different etching rate. Therefore, in literature,
often the etching parameter and the etching time are given or for depth calculation they are
referred to a calibration material, for example SiO,. Another aspect is the possible

redepositing of atoms on the sample surface after etching.

The analysis of electrode materials of stateof-the-art large-format lithium -ion batteries is not
as straightforward as, for example, the analysis of artificially grown thin layers on a flat
substrate. The typical electrodes are produced from powders pressed on metal foils and thus
the surface is very rough. Nevertheless, literature and own measuremets have shown that an
analysis of the electrodes surface is still possible and reasonable results can be obtained
[113,115,118] .
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Figure 21: Schematic ofthe XPS depthprofiling process by argon ion etching on an idealized flat surface. (Own
drawing)
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3. Cumulative Part of the Thesis

The cumulative part of this thesis comprises the scientific work and findings reported in the
publications [1-5]. The degradation mechanism of automotive, large-format lithium -ion cells
are discussed in the context ofthe underlying operation conditions. The discussion starts with
section 3.1 picking up the results of calendar degradation through storage of the cells at
elevated temperature and state of charge published in[1,4] . Section 3.2 continues with the
degradation mechanism during cycle operation. The operation parameters temperature, upper
cut-off voltage, depth of discharge and discharge current are evaluated separately and the
major degradation mechanisms are assigned.The content of this section is published in[2,5] .
Section 3.3 completes the thesis with consideration of the effect of inhomogeneity caused by
the large format of the present lithium -ion cells. The formation of current density gradient
arising from temperature gradient and inhomogeneous distributed gas inside the electrode

stack are examined in[1,3] .

3.1. Calendar Aging i Storage Test and Post-Mortem Analysis

The content of this section is published in the following publications:

[1] Storch M, Hahn SL, Stadler J, Swaminathan R, Vrankovic D, Krupp C, Riedel R (2019):
Postmortem analysis of calendar aged largeformat lithium -ion cells: Investigation of the
solid electrolyte interphase.

In: Journal of Power Sourced43, S.227-243

[4] Hahn SL, Storch M, Swaminathan R, Obry B, Bandlow J, Birke KP(2018):
Quantitative validation of calendar aging models for lithium -ion batteries.
In: Journal of Power Sourced00, S402-414

In this section, the battery degradation occurring in calendar aging mode is presented,
starting with an extensive, temperature-accelerated test matrix on large-format automotive
lithium -ion cells. The present lithium-ion cell has a nominal capacity of 50.8 Ah and a
graphite/NMC111 chemistry. As operation parameter, during calendar aging mode the
storage conditions state of charge and temperature are varied. Since the capacity fading and
resistance increase show that the degradatioraccelerates withincrease in state of charge the
underlying mechanisms are addressed in an extensive post-mortem study. The major
innovation in this study is the application of XPS depth-profiling for the determination of the

growth of the SEIto a large set of degraded graphite electrodes. In combination with SEM
and elemental analysis via ICROES, a useful set of methods to quantify the growth of the SEI

and to identify additional degradation phenomenais established.
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3.1.1.Discussion

A major challenge regarding the lifetime of lithium -ion batteries is the calendar degradation
Due to chemical instability of the electrolyte, several processes lead to a decrease in
performance throughout storage. The parameters affecting the degradation in rest mode are
known to be the cell temperature and the state of charge. However, theprogress ratestrongly
depends on the composition of the electrolyte and the active materials of both electrodes.
Therefore an extended lifetime test using 50.8 Ah pouch-bag type lithium-ion cells consisting
of a graphite/PVDF/conductive agent composite anode material coated on a copper foil and a
NMC111/PVDF/conductive agent composite cathode on an aluminum foil were performed
prior to the experimental work of this thesis. The aging test had a duration of 280 storage
days, interrupted regularly by check-up tests to monitor the capacity retention, the resistance

and characteristic cell voltage recordingfor DV analysis

For one set of cells the SOC was varied between @ and 100% and the temperature was
controlled at 50 °C, for the second set of cells the temperature was varied in steps of 2.K
between 40 °C and 60°C and the SOC was set to 85%The capacity fade and resistance trend
validate the common picture of temperature and SOC as accelerating factors of ciendar
degradation. In order to analyze the underlying degradation mechanism, all aged cells are
characterized by volume and finally one cell for each set point is selected for postmortem
analysis. For this purpose the cells are dischargel to 3V in CG-CV mode to ensure the same
condition for all cells, eliminating the influence of actual SOC at beginning of post-mortem
analysis. The capacity retention of the cells tested at varying temperature show a typical
Arrhenius-like behavior up to temperatures of 52.5°C. Higher temperature results in
increasing cell volume pointing towards accelerated gas formation due to thermal
decomposition of the electrolyte. The capacity fade and resistance trend of the storage SOC
series in contrast exhibits a more conspiauous development. The cell volume measurements
show a strong gas formation starting at SOC 85% and higher. The capacity retention is
showing a plateau ranging from 22.5% to 85% followed by a steep decrease at higher storage
SOC. Hence, the electrodes harvesd from the storage SOC seriesvere further evaluated to

identify the underlying degradation mechanisms, as presented in publication[1] .
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Figure 22: Schematic showingthe principal of XPS depthprofiling, the depth profiles of C, O, F and Li and the
resulting trend in the SEI thicknessThe trends are shown for the beginning of life material and after aging at 50 °C
and SOC 85% to 100%. Storage of the cells at the gén conditions results in an increase of theestimated SEI
thickness from a few nanometers to more than 100 nm. No sharp limit of the SEI can be given due to the rough
surface profile featuri ng tTheestudy canfprhed the twop layers af thé 8Eb with
partial more organic outer SEI and more inorganic inner SEI close to the graphite particleReproduced from [1],
Copyright 2019, with permission from Elsevier?

Figure 22 shows the summary of the obtained results on the evolution of the SEI thickness
published in [1] . On the base of XPSdepth-profiling the thickness evolution of the SEldue to
aging at different storage SOC in combination with a storage temperature of 50 °C is
estimated. The sample materials are transferred to the XPS chamber without contact to
ambient air, which as the experimental results showed, is crucial for gathering high quality
data representing the degradation phenomena. Aready a short exposure to air of ~10 min
can distort the sensitive SEI. First,a surface spectrum is recorded, followed by argonion
sputtering and a succeeding XPS spectrum. Tis is repeated for in total seven sputter steps
and eight surface spectra. From thespectra the atomic concentration of each present element
is evaluated, the depth profiles of the four major elements of the SEI for each sanple are
shown in Figure 23. Taking the sputter rate into account the elemental concentration in
dependence of the sample depth is estimated. SEM imaging, ICROES and Raman
spectroscopy results further support the findings of XPS depth-profiling. The estimated SEI
thickness match well with the capacity retention of the respective cellsin the calendar aging
test, seeTable 1, which proves the growth of the SEI as the major degradation mechanism of
the calendar aging. With a higher storage SOC the SEI growth is fortified and again, the

amount of irreversible lost active lithium increases. Hence, both capacity and resistance of the
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cell deteriorate. However, the growth of the SEI is not the only degradation mechanism
observed in this study. With higher storage temperature and storage SOC more gas is formed,
which leads to drying out of the electrodes. Thereupon, continuing the calendar aging with

check-up tests results in storage atypical degradation via lithium plating, as it is discussed in
3.3.

Table 1: Capacity retertion and estimated SEI thickness

Storage SOC S22.5 S85 S90 S95 S100
Capacity retention 91.48% 91.35% 86.86% 78.70% 73.65%
Estimated SEI thickss(nm) 9 22 30 52 107
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Figure 23: Depth profiles of the carbon, oxygen, fluorine and lithium concentrations versus sputtering time for
anodes at beginning of life and SOC 0fS22.5, S85, S90, S95 and S100. Sputter depth caa balculated from sputter

time and an etching rate of 1 nm min™ on SiO,. The depth profiles indicate a SOC dependent growth of the SEI
during calendar aging to thicknesses of up to 107 nm (dotted line Reproduced from [1], Copyright 2019, with

permission from ElsevieP

Besides the SEI thickness estimation, the XPS analysis reveals information on the nature and
molecular constitution of the SEI As a result of the combination of the depth profiles, the core

level spectra of Cls, Ols and F1s for 3 steps of sputter timand the depth profile of the Li/C
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ratio depicted in Figure 24, two layers of the SEI are identified. LiF and other mainly
gl mpe Il ga amlgrgrsclrqgq bmkgl rc rfc |j _wcp
the SEI changes to mainly organic constituents far from the particles surface.These findings
confirm the SEI characterization presented in literature and provide extensive data on a

consistent setof calendar agedlithium -ion cells.
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Figure 24: Lithium/carbon ratio depth profiles of the anode samples BOL, S22.5, S85, S90, S95 and S100. Afi
the low Li/C ratio in the beginning shows the organic SEI part, a more inorganic SEI follows represented by the
ratio of ~1. Reproduced from [1], Copyright 2019, with permission from Elsevier

At this point, a critical review of XPS depth-profiling as SEI probing method is required.
Several commentsof experts in the field of XPSresearch criticized the applicability of the
analysis method due to its surface geometry dependence Typically, XPS is used for the
analysis of smooth flat surfaces, for example in thin film materials grown with chemical vapor
or pulsed laser deposition [189]. Since the used electrodes are composeddf spherical
particles, the surface is not flat and the angle between surface and detector varies. However,
this can be conpared with angle-resolved XPS, which is applied for ultrathin films or

sensitive samples, e.g. polymerg190] . The surface of the graphite electrode is rough, hence

throughout the XPS analysis several angles between the sample and the XPS provide means.

Additionally, concerns on the tempering effectas a result of the sputter process which may
limits the validity d ue to energy input into the SEI, appeared This limits the expressivenesf

the constitution, but not the elemental composition.

Nevertheless, n the past twenty years, many studies have proven that reasonable information
compared to other analysis methods,on the surface constitution of graphite-powder based

electrodes for lithium-ion cells can be obtained from XPS depthprofiling
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[106,112,113,117,191,192] . Yoshida et al.[115] set acriterion for the estimation of the SEI

thickness from XPS depth profilesof a few different aged electrodes. The mentioned studies

from the early 2020s have two challenges, the cells and electrodes were produe in a lab and

only a small variety of aged states was available. To the best ofthe _ s r f mp %q ,ind muj cbec
comparable extensive study estimating the SEI thickness from measurement results and in

dependence of the complete range of SOC is publishedso far. Nevertheless, XPSdepth-

profiling as an alone standing analysis method of the degradation of lithium-ion cells is

insufficient without complementary an alysis methods, i.e. SEM, Ramanspectroscopy, ICP

OES.

In this extensive calendar aging study of automotive lithium -ion cells, the SEI growth and
electrolyte decomposition are identified as the two major degradation mechanisms. Both
mechanisms intensify with increase in the storage SOC(| decrease in anode potential). A
correlation between the anode potential and the resulting SEI thickness is found, the lower
the anode potential, the more SEI is grown; the effect of the anode potential plateaus can be
seen in the SEI thickness evolutionfrom SOC22.5 to SOC85 and higher. The maximum
estimated SEI thicknessresulting from the XPS depth-profiling, namely ~ 100 nm confirms the
thickness resulting from SEI modelling reported in literature. The elemental compositions of
the two layers of the SEI are evaluated and match well with the findings reported in

literature. In addition, gasassisted lithium plating in series with the gas enclosure in the

electrode stackarisesduring the check-up tests. The study points the attention to the required

test setup and test procedure for future aging tests with minimized external effects, e.g.

mechanical constraints and temperature distribution.
3.1.2. Statement of Personal Contribution

[1] Storch M, Hahn SL, Stadler J, Swaminathan R, Vrankovic D, Krupp C, Riedel R2019):
Postmortem analysis of calendar aged largeformat lithium -ion cells: Investigation of the
solid electrolyte interphase.

In: Journal of Power Sourced43, S.227-243

The data and results presented in section 3.1 are based on an extensive calendar aging test
performed by Batterielngenieure GmbH (Aachen, Germany) and designed and supervised by
R. Swaminathan (MercedesBenz AG). Subsequent to the compttion of the aging test, the
cells were transferred to my responsibility. According to the electrical data, | planned the

further handling and selection of analysis methods.
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The postmortem analysis, the evaluation and selection of characterization methods was
initiated and most of the experimental work was done by myself. M.Sc. Nageeb Tahasildar
(co-supervision - laboratory part) and M.Sc. Jochen Stadler assisted the experimental workas
part of their master thesis and intern studies under my supervision.The operation of materials
characterization via SEMwas performed by Mr. Samtleben and Dr. Nagel (Matworks GmbH,
Aalen, Germany), ICP-OES was performed by SGS Fresenius Institut (Dresden, Germanygnd
XPSwas carried out by Dr. Diemant and Dr. Bansmannfrom Ulm University (Ulm, Germany).
Raman measurements were performed by myself in the laboratories oDisperse Solids group
of Professor Ralf Riedel. Data evaluation, interpretationand presentation as well as literature
research was performed by myself. The manuscript was written by myself, the co-authors
revised and approved the manuscript. The financial funding of the work was provided by

Deutsche Accumotive GmbH (Kamenz, Germany).

[4] Hahn SL, Storch M, Swaminathan R, Obry B, Bandlow J, Birke KP(2018): Quantitative
validation of calendar aging models for lithium -ion batteries.
In: Journal of Power Sourced00, S402-414

Pouch cell characterization comprising a final checkup, cell volume measurements, cell
opening in the glove box system and sample preparation for various naterials
characterization was performed by myself. The operation of materials characterization via
ICP-OES was performedby SGS Fresenius Institut (Dreden, Germany). Further personal
contribution to this publication was the preparation of three -electrode cells from gathered
electrodes of the pouch cells and subsequent data treatment. Besides experimental work, my
personal contribution is limited to scientific discussions and proof reading, the manuscript
was mainly written by Severin Hahn. The financial funding of the work was provided by

Deutsche Accumotive GmbH (Kamenz, Germany).
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3.2. Cycle Aging i Correlation of O peration Parameters and Degradation Mechanism

The content of this section is published in the following publications:

[2] Storch M, Fath JP, Sieg J, Vrankovic D, Mullaliu A, Krupp C, Spier B, Passerirs, Riedel
R (2021): Cycle parameter dependent degradation analysis in automotive lithium-ion cells.
In: Journal of Power SourceS06 S. 230227

[5] Fath JP, Alsheimer L,Storch M, Stadler J, Bandlow J, Hahn SL, Riedel R, Wetzel T
(2020): The influence of the anode overhang effect on the capacity of lithium-ion cells - a
0D-modeling approach.

In: Journal of Energy Storage9, S. 101344

In this section, the battery degradation occurring in cycle aging mode is presented A test
matrix evaluating the degradation of large-format automotive lithium -ion cells is performed
followed by extensive post-mortem analysis of the degraded cells. The study has been
performed on a lithium -ion cell with a capacity of 39 Ah and a graphite/NMC622:NMC111
(9:1) chemistry. One unique feature of the study is the variation of four operation parameters,
however only one parameter is varied ata-time. One-factor-at-a-time enables the
identification of the predominant degradation mechanism with respect to the operation
parameter temperature, upper cut-off voltage, depth of discharge and discharge current. The
capacity retention and the resistance trends give a first glance on the degradation, the
degradation is more pronounced when the temperature is high, the upper cut-off voltage is
high and the depth of discharge is large. Surprisingly, no correlation between discharge

current and the degradation is found in this study.
3.2.1.Discussion

In contrast to the calendar degradation, the cycle degradation mode occurs during intended
usage of the lithium-ion battery. Hence, it is crucial to know how the cycle degradation
mechanisms are related to the operation conditions. Amongst others, the most prominent
operation parameters to be controlled are the cycle temperature, the cutoff voltages
(correlating with the SOC), the depth of discharge and the applied charge and discharge
currents. These parameters later determine the performanceand the lifetime of the battery in
the application. Therefore, the subject of the present publications [2,5] is a cycle parameter
study planned and performed in order to evaluate the effect of these parameters separated
from each other. The major degradation mechanisms resulting from each operation parameter

should be identified. For this reason, a specially designed test setup for pressure control was
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manufactured. In order to prevent the cells from excessive lithium plating the maximum

possible charge current was evaluated by the method of Sieg et al[89] prior to the test.
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Figure 25: Overview of the results from cyding under varying temperature . A) C/10 discharge capacity retention
versus equivalent full cycle,showing a lower capacity retention with increase in cycle temperature. B) 50 A
discharge pulse resistance at 50%@C versus equivalent full cgle, where we see a stromy increase for the cell cycled
at 60 °C starting at around cycle 600 and around cycle 1200 for the cell cycled at 4%C. C) differential voltage

graphs versus chargeof the beginning of life cell (black) and the aged cells minor change in the peak positions
( 1 G@Gll), but a broadening of the peaks is found. D) Photographs of a representative anode electrode extracted
from the pouch-bag type cell. The anode of the cell cycled at 60°C is magnified and a SEM image shows the

deposited material on top of the graphite particles. Reproduced from [2], Copyright 2021, with permission from
Elsevier®

Figure 25 summarizes the findings from electrical testing and postmortem analysis of the
cells cycled at different temperature , namely: 15 °C, 30°C, 45°C and 60°C. The capacity

degradation and resistance increasewith increase of the cycle temperature. The strongest
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degradation is observed for the cell cycled at 60°C. The underlying mechanisms of the
increased degradation are the intensified growth of the solid electrolyte interphase, cathode
degradation, the formation of gas and gasassisted lithium plating following from enclosed gas
in between the electrode stack seedata in Table 2. The huge increase in the resistance of the
cell cycled at 60 °C correlates well with the amount of gas formed, a cell volume increase of
12.8% is determined and accompanied with gasassisted plating asdiscussed in section3.3 in
detail. The anode active material degradation is rather low as the difference in the peak
positions of the graphite stages @GllI-Gll) demonstratesin DV analysis The SEI thicknessis
measured with XPS depthprofiing and estimated from the sputter time and the
concentrations of the SEI congituents Li, F, O and C. With an increase in cycle temperature
the SEI grows in thickness between 14nm for the cell cycled at 15 °C and up to 51 nm for the
cell cycled at 60 °C. The cathode degradation has been analyzed with threeelectrode cell test
followed by ICP-OES of the delithiated cathodes to determine Licamhode deiithiaes- Here, the
increase of ~11% for the cathodes aged at 60°C indicates partially insulated particles and

trapped lithium inside.

Table 2: Overview of the data from cycling under various temperatures in comparison to BOL.

sample | capacity resistance aell volume  SEIl estimation capacity .,y  a&GllI-Gll Licathode,
(%BoL (%og0L) (%) (nm) hode (Y080L) (Ah) deiithiated (Y0B0L)
BOL 100.0 100 0 7 100.0 16.91 100
15°C 94.7 114 0.7 14 99.1 17.03 98.02
30°C 93.7 118 15 24 93.4 16.72
45°C 91.4 157 2.7 22 92.7 16.42
60°C 85.7 439 12.8 51 86.8 16.30 110.93

- not measured

Another varied operation parameter is the upper cut -off voltage , which is correlated to the
mean/maximum SOC of the cell. The electrical data and post-mortem results of the cells
cycled up to an upper cut-off voltage of 3.55V, 3.7V, 3.85V and 4.2V are presented in
Figure 26 and Table 3. The capacity retention of the sample cycled at 3.55V showsthe lowest
decrease, while the two medium upper cut-off voltages result in stronger and similar decrease.
The lowest capacity retention is observed for the highest cut-off voltage of 4.2 V. The
resistance changes accordingly. The estimated SEI thickness @milar for the low and medium

cut-off voltages and drastically increases for the cell cycled up to 4.2V. The photographs of
the anode electrodes show minor differences between the low and medium cutoff voltages,
but a strong blue coloring of the anode gathered from the cell cycled with the highest cut-off

voltage of 4.2 V is found (cf. Figure 26d). This blue coloring of the anode has been observed
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in previous studies, and was wrongly assigned to the lithiation stage of the graphite (cf.
Figure 6) [90,193]. XPS depthprofiing and STEM/EELS mapping indicate manganese
incorporated into the topmost SEI (cf. Figure 26e) resulting in the blue color. The elemental
mapping by EELS illustrates the Li, F andO containing SEI on the graphite surface facing the
electrolyte and inside the porous network. Additionally, the enrichment of manganese in the
top-most SEI proves the dissolution from the cathode and incorporation at the anode side.
Concerning the cathode, the lowest degradation is found for the cell cycled up to 3.55 V, the

medium and high cut-off voltages lead to slightly stronger but inconspicuous cathode
degradation.
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Figure 26: Overview of the results from cycling under varying upper cut-off voltages. A) C/10 discharge capacity
retention versus equivalent full cycle the lowest cut-off voltage re sults in the highest capacity retention, while an
increase leads to less capacity retention. B50 A discharge pulse resistance at 50% SOC versus equivalent full cyc
the degradation of the cells cannot be distinquished regarding the resistance evolution. ¢ differential voltage
graphs versus chargeof the beginning of life cell (black) and the aged cells showing minor changes in the graphite
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stage peak positions but a broadening of the peaks is found D) photograph s of a representative anode electrode
extracted from each pouch-bag type cell, a strong blue coloring of the cell cycled up to 4.2V is found. E)
STEM/EELS elemental mapping of the surface of the anode extractedrom the cell cycled up to 4.2V indicating the
deposition of manganese into the SEI.Reproduced from [2], Copyright 2021, with permission from Elsevier?

Table 3: Overview of the data from cycling with various upper cut-off voltages in comparison to BOL.

sample | capacity resistance SEIl estimation Mn znode capacity .,  a&GllI-Gll Licathode,
(%801 (%801 (nm) (mg/cm?) hode (%0801 (Ah) deiithiated (Y0B0L)
BOL 100.0 100 7 0.003 100.0 16.91 100
3.55V 98.4 113 20 0.012 98.8 16.15 99.53
3.7V 93.7 118 24 0.017 93.4 16.72 -
385V 93.7 111 24 0.024 95.5 16.82 -
42V 92.8 121 45 0.027 94.1 16.64 100.69

- not measured

The third varied operation parameter is the depth of discharge , the electrical data and the
main findings of the post-mortem analysis of the cells cycled with DOD 20% and DOD80% are
shown in Figure 27 and Table 4. The capacity degradation of the cell cycled with DOD 80% is
stronger than that of the cell cycled with DOD 20%. An interesting feature is found in the first
100 equivalent full cycles of the capacity retention graph of the cell cycled with DOD 80%,
instead of a typical decrease the capacity is increasing which can be attributed to the anode
overhang effect and is discussed below. Similar to the capacity retenibn the resistance
increase is worse for the cell cycled with DOD 80%. The anode degradation is slightly stronger
for the large DOD compared to the smaller one, but still relatively low as seen in the
differences of qGlII-Gll. The estimated SEI thickness with ~6nm is in the range of the
beginning of life SEI. However, the predominant degradation mechanism in the DOD 80%
cycled cell is the mechanical degradation of the cathode material, namely, inter-granular
cracking as shown in the FIBSEM image in Figure 27 and the three-electrode cell data listed
in Table 4.

Table 4: Overview of the data from cycling at DOD 20%and DOD 80%in comparison to BOL.

sample capacity  resistance  SEIl estimation MnN znode capacity .,y  agGllI-Gll Licathode,
(%oB0L) (YoBoL (nm) (mg/cm2) hode (%0801 (Ah) deiithiated (Y080L)
BOL 100.0 100 7 0.003 100.0 16.91 100
DOD 20% 93.7 118 24 0.017 93.4 16.72 -
DOD 80% 87.6 129 6 0.015 78.8 15.95 113.84

- not measured
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In contrast to our expectations and literature, varying the DOD reveds no significant impact
on the growth of the SEI. Instead, the major degradation mechanism in the high DOD cycled
cell is the instability of the cathode. Particle cracking of the cathode results in the loss of
electrical contact and therefore loss of actve material in terms of inactivation of particles or
particle fractions. The variation of the discharge current has no significant effect on the
degradation of the present cell combined with the present boundary conditions, i.e. low DOD,

good thermal link of the test setup and a low and constant pressure.
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In addition to the observed degradation mechanism the study shows the anode overhang
effect (cf. section 2.3.5). Due to the oversizing of the anode, a part of the anode is not taking
part in the electrochemical cycling in the same extent & the rest of the anode In fact, the
anode overhang influences the available capacity including the cell history, i.e. the storage
SOC and the mean SOC during electrochemical cycling. The resulting reversible cadty
changes were observed in the DODB0% and the 3.55 V samples as strong capacity recovery
effect. The capacity retention graphs of 3.55 V (Figure 26a) and DOD 80% (Figure 27a) show
an increase in capaciy of around 1-2% from check-up test number 1 to check-up test number
2. This is due to an interruption of the cycle test for approximately 60 days in which the cells
rest at the conditions of the end of the cycle phase. Thecells 3.55 V and DOD 80% were kept
at low SOC ~0-10% while the rest of the cells were kept in the SOC range of 3080% during
this period. The low SOC promotes the positive overhang effect, the diffusion of lithium from
the anode overhang area to the active anode area. The subsequently nasured capacity of the
cells thus increases. In contrast, at high SOC the overhang effect is reversed and the lithium
ions can diffuse into the anode overhang area, resulting in a decrease of thecell%oq a _n _agr w,
This explains why the mentioned graphs of 3.55 V and DOD 80% show the overshoot in the

capacity retention in the beginning of the cycle test matrix.

In order to avoid misinterpretation of the measured capacity, the anode overhang effect was
further investigated. In our publication [5] we established a OBDmodeling approach for the
description of the capacity change due to lithium transport into and out of the anode
overhang area and depending on the lateral dimensions of the overhang. Threeelectrode cell
tests were performed in order to investigate the overhang extent and the corresponding
lithium transport. It has been found that filling the anode o verhang with lithium ions is much

slower than emptying it, which is most likely potential driven. The graphite potential is steep

at low SOC and flat at high SOC resulting in large and small potential differences for the same

delta SOC, respectively (cf.Figure 6).

Another factor is the size of the overhang ranging from 1 mm due to oversized anode to
several centimeters on the top and bottom electrode layer of the electrode stack in the large-
format pouch-bag type cell. Charging from low SOC to high SOC (filling the overhang with
lithium ions, see Figure 28 day 1 to day 20) results in a capacity decrease and the discharging
from high SOC to low SOC (emptying the overhang, seeFigure 28 day 20 to day 40) increases
the capacity. In the aging test of the largeformat LIBs the overshot in capacity is clearly
visible (cf. Figure 26 and Figure 27). Instead, the reversible capacity decrease da to the
overhang effect cannot be separated from the irreversible aging effects. Therefore, the 0B

model was developed; the correction of the capacity retention graphs is possible and enhances
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the quality of the data used for the lifetime prediction of th e LIB. More detailed information
on this modeling approach and the correction of the data is given elsewhere[194] . Another
option is the correction of the test procedure in order to avoid the overhang effect to influence

the capacity evaluation. Experiments on this test procedure moduldion are currently under

progress.
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Figure 28: Overhang measurement and simulation data.1C capacities of cells with0.5 mm anode overhang initial
state is SOC 0%, charged to SOT0% and stored for 20 days, then the cell is disharged to SOC 5% andstored for
another 20 days. Below the graphite the degree of lithiation of the anode active area and the overhang area is
visualized according to the typical colors of lithiated graphite. Reproduced from [5], Copyright 2020, with

permission from Elsevie®

The present study proves that the design of the aging test is an important part of the
separated evaluation of the lithium-ion cell degradation mechanisms. The medium operation

conditions (e.g. upper cut-off voltage of 3.7 V, charge current of 18.5A and discharge current
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of 37 A), apart from the one parameter of interest, enable the evaluation of the correlation
between the operation parameter and the resulting degradation mechanism. Additionally, no
superposed degradation mechanism hinders the identification of the less pronounced ones,
e.g. excesg/e lithium plating as a follow of too high charge current, superposes the formed
SEI. Nevertheless, the aging test showed that the design of the test setugan be optimized
further, the temperature sensors which should contact the cell surface through thealuminum
plates had a thermal coupling with the plates and thus, not the cell temperature but rather the
aluminum temperature was recorded. The temperature sensors have to be thermally
decoupled from the aluminum plates by some low thermal conductive material, e.g. heat
shrink tubes. Additionally, the check-up tests are designed to gatheras much information as
possible, however, the evaluation of the eight pulse tests for resistance at different SOCshas

shown , that, one pulse test is sufficient for the evaluation of the cell degradation.

In summary, the experiments performed in this section reveal the most prominent
degradation mechanisms of the present large-format automotive lithium -ion cells based on a
graphite/Ni -rich NMC chemistry combined with a carbonate based LiPEk electrolyte. The
evaluation of the electrical data requires a profound knowledge and many years of experience
in the field of lithium -ion batteries in order to avoid misinterpretation, e.g. by the anode
overhang effect. Although a huge data set can be gathered during the cycle test, the
evaluation of the degradation mechanism can be hardly done without further post-mortem
analysis. In this cycle study, the major degradation mechanismsof lithium ion cells are

successfully identified and the following correlations are found :
Growth of the SEI - intensifies with increase in temperature and upper cut-off voltage

Formation of gas - results as product of the SEI growth and high temperature electrolyte

decomposition
Mechanical degradation of t he cathode material - predominant at large depth of discharge
Transition metal dissolution - intensifies with increasein mean SOC/upper cut-off voltage

These major degradation mechanisms are valid for a wide range of operation conditions as
shown by the design of experiment. However, all these mechanisms have in common, that
active lithium is irreversibly inactivated, i.e. bound in the SEI, deposited on the anode as
plated lithium or lost to insulated active material. Additionally, the overhang effect reve rsibly

superposes these effects and further complicates the evaluation of thelegradation of the cell.
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3.2.2.Statement of Personal Contribution

[2] Storch M, Fath JR, Sieg J, Vrankovic D, Mullaliu A, Krupp C, Spier B,Passerini S Riedel R
(2021): Cycle parameter dependent degradation analysis in automotive lithium-ion cells.
In: Journal of Power Sources 506 S. 230227

The cycle aging test was initiated by myself. The detailed development of the test setup, the
selection of the cell type and the choice of operation parameter was a collaboration of
M.Sc.Johannes Fath and myself.Together, we set up and supervised the cycle test, which was
performed at Batterielngenieure GmbH (Aachen, Germany) The end-of-test characterization
and the disassembly of the cells from the test equipment was again our responsibility. The

gathered data was evaluated and illustrated by myself.

The postmortem analysis was performed by myself wth assistance from my college
M.Sc.Johannes Fath and the students B.Sc. Florian Dominik Klein and M.Sc. Iris Dienwiebel,
who spent a research period at Daimler AG under my supervision.The postmortem analysis,
the evaluation and selection of characterizaion methods was initiated and most of the
experimental work was done by myself. Further personal contribution to this publication was
the execution of the volume measurements, the threeelectrode test cell measurements and
the SEM imaging. External institutes performed several analysis, however, sample gathering
and preparation was done by myself. The operation of materials characterization via ICROES
was performed by SGS Fresenius Institut (Dregen, Germany). XPS was carried out by Dr.
Diemant and Dr. Bansmann from Ulm University (UIm, Germany). FIB-SEM and (S)TEM
measurements were performed by Tarek Lutz and ceworkers from NMI
Naturwissenschaftliches und Medizinisches Institut an der Universitat Tibingen (Reutlingen,
Germany). Data evaluation, interpretation and presentation as well as literature research was

performed by myself.

XRD was performed by Dr. Dragoljub Vrankovic in the laboratories of materials science
department of technical university of Darmstadt and evaluated by Rietveldrefinement from
Dr. Angelo Mullaliu from Helmholtz Institute (Ulm, Germany) and Karlsruhe Institute of
Technology (Karlsruhe, Germany). The manuscript was mainly written by myself, Dr. Angelo
Mullaliu wrote the section on XRD evaluation. The co-authors revised and approved the
manuscript. The financial funding of the work was provided by Deutsche Accumotive GmbH

(Kamenz, Germany) and Daimler AG (Stuttgart, Germany).
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[5] Fath JP, Alsheimer L,Storch M, Stadler J, Bandlow J, Hahn SL, Riedel R, Wetzel T
(2020): The influence of the anode overhang effect on the capacity of lithium-ion cells - a OD-
modeling approach.

In: Journal of Energy Storage9, S. 101344

The idea for this publication was a collaboration of M.Sc. Johannes Fath and myself. Further |
contribut ed to the scientific pre-work and the cycle aging test discussed in2] , which focused
our attention to the challenge of the overhang effect. The electrical testing, postmortem
analysis and the preparation of materials for three-electrode testing were performed by myself
and M.Sc. Lennart Alsheimer. The manuscript data evaluation, modelling and preparation of
the manuscript was performed by M.Sc. Johannes Fath. | further contributed with proof
reading and revising the manuscript. Financial funding of the work was provided by Deutsche

Accumotive GmbH (Kamenz, Germany) and Daimler AG (Stuttgart, Germany).
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3.3. Cycle Aging i Inhomogeneous Lithium Plating

The content of this section is published in the following publications:

[1] Storch M, Hahn SL, Stadler J, Swaminathan R, Vrankovic D, Krupp C, Riedel K2019):
Postmortem analysis of calendar aged largeformat lithium -ion cells: Investigation of the
solid elecrolyte interphase.

In: Journal of Power Sourced43, S.227-243

[3] Storch M, Fath JP, Sieg J, Vrankovic D, Krupp C, Spier B, Riedel R2021):
Temperature and Lithium Concentration Gradient Caused Inhomogeneous Plating in Large
format Lithium -ion Cells.

In: Journal of Energy Storagell, S.102887

In this section, inhomogeneous lithium plating occurring as unwanted degradation
mechanism in calendar and cycle aging mode is presented Even, when a charge currentis
applied, for which the C rate is harmless on material level, lithium plating appears due to
inhomogeneous distribution of the current density, thermal gradients, pressure gradients and
gradients in the lithium distribution. In this study, inhomogeneous degradation has been
observed in the calendar aged LIBs as well as in the cycle aged LIBs. However, the capacity
degrading step of lithium plating occurs in cycle mode in both cases. In the following, the
processes causing the observed degradation will be discussedBoth examples show that
testing of large-format LIBs is not straightforward. A lot of parameters have to be controlled
and their influence has to be kept low, e.g. the mechanical constraints the ambient

temperature and the degree of parameter acceleration.
3.3.1.Discussion

The calendar and cycle aging tests presented in the sections3.1 and 3.2 result in
representative and expected degradation for both aging modes. hough, in some cases

unexpected degradation marks could be found.
Lithium plating in calendar aged cells

We start with the discussion of the calendaraging [1] , the first fact to mention is that lithium
plating is a degradation mechanism resulting from charge currents (cf. section2.3.1) and is
thus not expected in calendar aging mode. However, in most calendar aging tests regular
checkup tests are performed, applying charge and discharge currents. As we identified, the
inhomogeneous degradation of the calendar aged largeformat 50.8 Ah LIBs (cf. section 3.1)

results from several parameters, the high ambient temperature, the high storage SOC and the
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cell mechanical constraints The observed locations of the surface deposits, later identified as

plated lithium, are randomly distributed (see Figure 29a).

a) anode layers extracted from cells aged at 50°C for ~280 days

S95

graphite
particle

1pum
—

Figure 29: Optical investigation of the aged electrodes, a) optical micrographs of surface deposits emerging on
anode sheets of the samples S85, S90, S95 and S M) magnified optical micrograph of S100 surface deposit, c)
FIBSEM crossection of surface deposits on graphite particleswith 7500x magnification and the corresponding
SEM top view micrograph. The surface deposits are several microns thick on top of the graphite particles anthe
surface deposits occur in increasing amount as storage SOC is increas&#produced from [1], Copyright 2019, with

permission from ElsevieP

Due to the increasal temperature of 50 °C, two degradation mechanisms were intensified, the
growth of the SEI accompanied with the formation of gas and the decomposition of the
electrolyte into gaseous products(cf. 2.3.3). We found that the cell volume increase measured
prior to the post-mortem analysis correlates well with the area covered with surface deposits,
which was identified by image analysis of the electrodes (seeFigure 30). The surface deposits
were identified as lithium plating by a combination of FIB -SEM (seeFigure 29 c), SEM-EDX
(see Table 5) and comparable findings in literature [77]. Even though lithium cannot be
measured using SEMEDX, the available results show a strong increase in oxygen, phosphor
and sulfur concentration. When metallic lithium is deposited, its potential is out of the
electrolytes stability window and therefore it im mediately reacts with the electrolyte. This
explains the strong increase in the three elements stemming from electrolyte solvent and

additives.
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Figure 30: Cell volume increase determined according to Archimedes principleand anode coverage determined via
image analysis versus the storage SOC dug aging experiment. The cell volume increase data has been previously
published in [4]. Inset a) shows a binary image from image analysis separating the inconspicuous and the covere:
electrode area. A cormrelation between cell volume increase and fraction of anode surface covered with lithium
plating deposits is shown. Reproduced from [1], Copyright 2019, with permission from Elsevier?

Table 5: Element concentrations in the S100 anode and corresponding depositsletermined via SEMEDX analysis.
The deposits possesstrong increase of oxygen, phosphor and sulfur and decrease of carbon. It lsould be noted

that lithium is not measureable in EDX due toits low atomic mass.

sample carbon at% oxygen at% fluorine at% phosphor at% sulfur at%
S100 87.4% 7.6% 4.0% 0.6% 0.4%
S1006deposit | 30.5% 57.5% 3.4% 6.3% 2.3%

The reason for the observedlithi um plating is that gas formed at high SOC and temperature
and gets trapped in the electrode stack. e low pressure on the cellsis not high enough to
push the gas bubbles outof the electrode stack into the gas pockets.The gas bubbles partially
inactivated the electrode, which diminishes the effective active area of the cell. The remaining
active area is reduced and therefore, the effective currents on the area near to the gas bubbles
increases.Rf ¢ ac | j onstrainegquc g8a "~ cruccl r m nsurirg kegntadt k
between the cell and both plates when maximum thickness is reached at SOC 100% and no
constraints when the cell shrinks during discharge or at lower SOC. The test setup was based
on the assumption that the pressure on the cell does not havean influence on calendar aging,

which is proven wrong by this study.
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Since solely during the checkup test charge currents sufficiently high to allow lithium plating

were applied, the monitoring part of the calendar aging test turned into one additional factor
for the overall observed degradation. As a reference,a fresh cell without gas was cycled the
same amount of checkup tests in a row without the calendar aging phase, here, no surface

deposits, i.e.lithium plating , could be observed.

As a lessonséarned, for further testing a spring loaded test setupis adopted in the cycle aging
test, i.e. the exclusively designedmechanical seup (see Figure 31). A combination of 30 mm
aluminum platessix cylinder screws M6x110 - assembed with springs 0D12370 [3] was
developed to ensure a pressure during one cycle and for the whole aging test 029 kPa This
pressure should press theeventually evolving gas out of the stack and therefore preventsgas

assisted lithium plating.

Figure 31: Schematic of the mechanical setup designed for the cycle aging matrix. The setup comprises two
30 mm thick aluminum plates kept together by six cylinder screws assembled with springs. The orange cable ant
screws represent two screv-in temperature sensors for evaluation of the cell surface temperature. Reproduced

from [3], Copyright 2021, with permission from Elsevier:

As presented in section 3.2 and Figure 26b for the test point T60 with an ambient
temperature of 60 °C during electrochemical cycling a large amount of gas evolved, so that
not the complete amount of gas could be pushed into the gas pockets. Beginning from the
edge of the electrode stack and several centimeters inlateral direction, gas-assisted lithium
plating is observed. However, the mention cells at 60°C are the only cells with gasassisted

plating and the 60 °C are the edge of the allowed operation conditions for this cell.
Stress test at low temperature

Besides the gasassisted lithium plating a second type of inhomogeneous degradation is
observed in the cycle aged cells.The cycle testincludes one test point in addition to the
presented once (cf. section3.2), the parameter combination for the evaluation of the effect of

high discharge current at low ambient temperature. Therefore, two cells were cycled at 0°C
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with a discharge current of 111 A. The same measurement was performed at 8 °C (sample C3
of [2]) with all other cycle parameter being identical. Prior to the test, the maximum charge
current allowed on material level has been identified by a method of Sieg et al. [89].
Therefore, even at the low ambient temperature no lithium plating was expected with the
applied charge current of 18.5 A. However, The capacity retention of the cells cycled at0 °C is

significantly lower than the capacity retention of the cells cycled at 30 °C [3].

The visual inspection of the cells cycled at 0°C showed an elliptical-like bump in the cell
center amounting to around 0.7 mm in height. The postmortem analysis of the cells revealed
the deposition of a thick lithium -rich layer in the center of the anodes and alittle increa se of

the cathode thickness(see Figure 27).

0.8

Cycle Test
~ 1200 Cycle

16cells@0°C
g o6 @
1

2 o4
02 \I
0 T-Gradient

(; 5 10 15 20 25
ASOC (%) it
Li-Concentration
T-Gradient Test Gradient

i)
2 o4
o
=02
0 3cells @AT

0 5 10 15 20 25
ASOC (%)

=
Q
S

o
o0

o
=

Capacity retention (%)
O O
NS

Post-Mortem #

Lithium Plating

© W
% O

0 200 400 600 800 1000 1200 1400
Equivalent Full Cycle (a.u.)

Low Charge Current
High Discharge Current
30°Cvs. 0°C

Figure 32: Overview of the main findings of inhomogeneous degradation in low temperature and high discharge
current cycling of largeformat LIBs. Apart from the temperature, two identical long -term aging tests have been
performed. The capacity fading is stronger for the low temperature cells. Post-mortem analysis eveals a strong
lithium plating pattern in the lateral electrode center. Further ana lysis of the temperature gradient using a parallel
connection of three-electrode test cells revealed that a temperature gradient up to 15K cannot lead to lithium
plating without superposition of an additional effect. We identified the lithium concentratio n increase in the cell
center as effect leading to lithium plating. Reproduced from [3], Copyright 2021, with permission from Elsevier:

The first assumption was that a thermal gradient caused by the high discharge currentleads
to these two regions of different degradation. Therefore, we set up a testing method using in
total 19 three-electrode cells and two temperature chambers. The threeelectrode cells were
connected in parallel with 16 cells in one temperature chamber and 3 cells in the other one.
These cells then represent the area ratio of the conspicuous center area versus the outer are of
the anode in the original tested pouch-bag cell. If the 3 cells reach an anode potential below

0 Vvs.Li/Li * the assumption could be proven right.

However, neither the anode potentials of the three-electrode cells cycled at 0°C nor the anode

potentials of the cells cycled at 5°C, 10°C and 15°C drop below 0V vs.Li/Li *. The anode
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potentials of the warmer cells are even higher due to the faster diffusion of the lithium ions
inside the graphite particles at elevated temperatures. Instead, the current distribution is
affected by the temperature. The effective current on the 3 cells in the warmer chamber
increases with an increase intemperature, which is concomitant with the increased g50C
shown in Figure 32. The gSOCis present in the pouch cell between the inner warmer area

(green) and the outer colder area (red), as shown in the developed schematics inFigure 33:

a) A delta in state of charge between the outer and the center areain the end of the high

current discharge results from thermal gradient.

b) During the rest period, the lithium -ion flow from outer to center area of the anode takes
place due to potential gradient (gB50Q. The flow of lithium in the cathode in opposite
direction is weaker due to the lower potential gradient.

¢) The shift in the center anode potential to lower values (higher degree of lithiation) results
in violation of the lithium plating limit in the following charging process This step is
irreversibly forming plated lithium, which acts as an amplification of the process, since it takes

lithium from the center area.

a End of discharge b Break - Li-ion flow c Charging - Li plating

cathode (au)
T T IAN M
Vanode (@.u)

Vel (au)& V
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State of Charge (a.u.) State of Charge (a.u.) State of Charge (a.u.)

Figure 33: Schematic evolution of the potentials of the cell during the aging test. The solid lines represent the
electrode potentials and the cell voltage (black=cell voltage, blue=anode potential, and yellow=cathode potential).

The dotted lines represent the expected potentials caused by operation, while the potentials caused by
inhomogeneity effects are dashed lines. Electrode center area and corresponding potential changes are colorec
green and electrode outer area and corresponding potential changes are colored red. Reproduced from [3],

Copyright 2021, with permission from Elsevief

Both, the calendar and the cycle aging study demonstrated that the operation of lithium-ion

cells is prone to inhomogeneous degradation. Even with optimized testing equipment and
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procedure, temperature-, current density- and lithium concentration -gradients can induce
local degradation, i.e. lithium plating. In order to optimize the lifetime of LIBs, effort has to be
spend on the optimization of the constraints of the later application. Additional ly, to avoid
inhomogeneous degradation, the operation parameter of the cells should become milder with
ongoing usage. Cell internal possibilities to overcome the problem of inhomogeneous
degradation could be the optimization of the cell components, e.g. the electrolyte amount and

additives as well as the dimensions of the cell.
3.3.2.Statement of Personal Contribution

[1] Storch M, Hahn SL, Stadler J, Swaminathan R, Vrankovic D, Krupp C, Riedel R (2019):
Postmortem analysis of calendar aged largeformat lithium -ion cells: Investigation of the
solid electrolyte interphase.

In: Journal of Power Sourced43, S.227-243

The postmortem analysis, the evaluation and selection of characterization methods was
initiated and most of the experimental work was done by myself. M.Sc. Nageeb Tahasildar
(co-supervision - laboratory part) and M.Sc. Jochen Stadler assisted the experimental work
during their master thesis and intern studies under my supervision. The operaton of materials
characterization via SEM was performed by Mr. Samtleben and Dr. Nagel (Matworks GmbH,
Aalen, Germany), ICROES was performed by SGS Fresenius Institut (Dresden, Germany) and
XPS was carried out by Dr. Diemant and Dr. Bansmann from UlmUniversity (Ulm, Germany).
Raman measurements were performed by myself in the laboratories of disperse solids group
of Professor Ralf Riedel. Data evaluation, interpretation and presentation as well as literature
research was performed by myself. The manuscrip was written by myself, the co-authors
revised and approved the manuscript. The financial funding of the work was provided by

Deutsche Accumotive GmbH (Kamenz, Germany).

[3] Storch M, Fath JP, Sieg J, Vrankovic D, Krupp C, Spier B, Riedel R (2021): Temperatw
and Lithium Concentration Gradient Caused Inhomogeneous Plating in Largeformat Lithium -
ion Cells.

In: Journal of Energy Storagdl, S.102887

The cycle aging test was initiated by myself. The detailed development of the test setup, the
selection of the cell type and the choice of operation parameter was a collaboration of
M.Sc. Johannes Fath and myself. We together set up and supervised the cycle test, which was

performed at Batterielngenieure GmbH (Aachen, Germany) The end of test characterization
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and the disassembly of the cells from the test equipment was again our task. The gathered

data was evaluated and illustrated by myself.

The postmortem analysis, the evaluation and selection of characterization methods was
initiated and most of the experimental work was done by myself. Further personal
contribution to this publication was the execution of the three-electrode test cell
measurements and the SEM imaging. M.Sc. Johannes Sieg set up the thresdectrode cell test
equipment and helped me with test procedure and data evaluation. The operation of
materials characterization via ICR-OES was performedby SGS Freseniudnstitut (Dresden,
Germany). Data evaluation, interpretation and presentation as well as literature research was
performed by myself under assistance of the ceauthors. The manuscript was written by
myself, the co-authors revised and approved the publication. The financial funding of the
work was provided by Deutsche Accumotive GmbH (Kamenz, Germany) and Daimler AG

(Stuttgart, Germany).
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4. Summary and Outlook

This PhD thesis represents a ifst milestone in the evaluation of the calendar and cycle
degradation mechanismsin long-term application of automotive lithium -ion cells. Within this
work the detailed analysis of the degradation mechanisms h function of battery operating
conditions has been performed for the first time. It has been shown thatthe temperature, the
state of charge and the depth of discharge are the most crucial parametersFurthermore a
unigque approach consistingin a statistical analysis of longterm aged cells by means of XPS
depth-profiling has been applied to determine the composition and growth of the solid
electrolyte interphase for a large number of different long-term aged cell materials. The
evolution of gas is identified as the second major degradation mechanism at high state of
charge and especially at high temperature storage/operation. Furthermore, the profound
analysis of cells at high state of chargeoperation using STEMEELS revealed the intensified
dissolution of transition metal from the cathode material. Contrary to literature reports, the
major degradation during battery operation under a high depth of discharge is attributed to
the cathode particle cracking instead of the accelerated growth of the SEI. In addtion,
inhomogeneous degradation resulting from enclosed gas, temperature and lithiunt
concentration gradients is identified as major cause for accelerated loss of cell performance
The identified correlations between operation of the lithium -ion cells, the corresponding
electrical data and the data gathered from postmortem analysis enablea lifetime optimized
design of the operation strategy in the application, conceivable enhancement oflifetime >15
years and >300.000 km.

A calendar aging test of 54 cellsfor ~280 days and a cycle aging test of 31 cells for ~1500
cyclesprovide a base for the profound analysis of the calendar and operational degradation of
the automotive battery cells. The main findings on the degradation mechanisns revealed by

post-mortem analysisare illustrated in Figure 34.

In the calendar aging study the storage conditions state of charge and temperature fortify the
degradation of the lithium -ion cells. The two major degradation mechanisms, the growth of
the sdlid electrolyte interphase and the decomposition of the electrolyte are identified. The
SEI growth is found to accelerate with the increase of the storage SOC, which correlates with
the graphite stage/potential. Furthermore, the solid electrolyte interphase is confirmed to
consist of an inner mainly inorganic and an outer mainly organic system with a maximum
estimated SEI thickness of ~100 nm. In addition, the performance of the lithium -ion cells
suffer from the gas evolution in a direct manner, namely resistance increase, and an indirect

manner, the found gas-assisted lithium plating. During the checkup tests of the calendar
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aging test lithium plating occurred due to elevated current density on the edges of the

enclosed gas bubbles.

CALENDAR & CYCLE AGING: MAJOR DEGRADATION MECHANISM OF LITHIUM-ION CELLS
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Figure 34: Overview of the major degradation mechanisms found in long -term aged automotive lithium -on cells.
Besides the typical degradation, inhomogeneous degradation resulting from enclosed gas, temperature and

lithium -concentration gradients is identified.

The cycle aging study revealed the temperature, the upper cuioff voltage/state of charge and
the depth of discharge resulting in accelerated degradation of the automotive lithium-ion cells
under operation. The major degradation mechanisms forified by the operation temperature
are the growth of the solid electrolyte interphase, the formation of gas and cation mixing in
the cathode active material. Under variation of the state of charge, the predominant
degradation mechanisms are found to be thegrowth of the solid electrolyte interphase, the
dissolution of manganese andincorporation in the SEI as well as the cation mixing in the
cathode active material. The operation with different depth of discharge disclosed the
mechanical degradation of the cathode active material together with the partial electrical
insulation of the fragmented particles as the major degradation mechanism. In addition, the
cycle aging study revealed a disturbing factor, namely, the anode overhang effect. This effect
is analyzed in detail and a OD-model on the lithium diffusion in and out of the anode

overhang is established.
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Further, both studies on the calendar and cycle aging point the attention to the test setup and
test procedure. The external effects, e.g. mechanical costraints and temperature distribution
and testing procedure have to be known and controlled in order to avoid inhomogeneous
degradation which might not occur under operation in the application. In the calendar aging
study gasassisted lithium plating is found as causality of the formed gas during storage and
the current applied during the check-up. In the cycle study atemperature gradient and a local
lithium -concentration gradient resulting from intense operation cause heavy lithium plating
even though the applied current on the cell is inconspicuous on material level. However, most
of the presented degradation mechanisms have in common, that active lithium is irreversibly
inactivated, i.e. bound in the SEI, deposited on the anode as plated lithium or lostto insulated

active material and thus result in performance degradation.

This PhD work has provided a fundament for a holistic model on the degradation of lithium -
ion cells. It enables the optimization of lithium -ion cell testing procedures in terms of time
and extent. The correlation of the findings from post-mortem analysis and electrical data
allows for prediction of degradation mechanism already in the early state of testing new
generations of lithium-ion cells. Nevertheless, many questions and challengs regarding the
degradation of large-format lithium -ion cells remain open, i.e. changing of or additional
degradation due to new chemistry and material morphology changes the effect of the cell
installation in the application and homogeneity-optimized usage of the cells. These open
questions are currently addressed in several following PhD studies. Those works focus on the
extension and quantification of the degradation mechanism and parameterization of the

lifetime models using the methodology developedin the present work.
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ABSTRACT

Keywords: Although the growth of the solid electrolyte interphase is considered one of the most important degradation
Lithium-ion battery phenomena of lithium-ion cells, the mechanism is not yet fully understood. In this work, we present a detailed
Calendar aging

Post-mortem analysis
X-ray photoelectron spectroscopy
Solid electrolyte interphase

post-mortem analysis of calendar aged large-format graphite/Li(Ni; 3Mn; ;3C0; /3)O2-based lithium-ion cells. X-
ray photoelectron spectroscopy depth profiling reveals a distinct coherence of the growth of the solid electrolyte
interphase with the phases of the lithiated graphite. Since the graphite phases are in direct correlation with the
state of charge and the anode potential, the thickness of the SEI resulting from calendar aging is determined by
the storage state of charge. The composition of the SEI has been analyzed as mainly organic near to the elec-
trolyte and more inorganic towards the carbon active material. The same dependency as of the state of charge on
the SEI thickness is found for the capacity retention and for the amount of irreversibly lost lithium. Additionally,
gas is formed during the aging period and trapped in between the electrodes, leading to associated inhomoge-
neous lithium plating.

1. Introduction

Lithium-ion batteries are being used in portable electronics for more
than 25 years, due to their benefit of high power and high energy

densities. These advantages and the continuously decreasing price make
Li-ion batteries viable for the application in individual transportation.
For automotive applications, a long lifetime and indispensable safety
have to be ensured. It is thus imperative to identify critical operation
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conditions and to understand how they degrade the cell. Therefore,
lifetime tests have to be performed and investigation of the cells by post-
mortem analysis is required. Degradation of battery cells is commonly
divided into cyclic and calendar modes, in which the capacity of the cell
decreases and its resistance increases. The cyclic aging appears during
the operation of the cell (charging or discharging) and the calendar
aging during the resting periods, when the cell is stored without electric
load. Especially calendar aging, which occurs over a period of years, has
to be accelerated for testing and model development. Since it is known
that calendar aging intensifies by applying high storage voltages and/or
high temperatures, both parameters are most prominently varied [1-3].

There are many studies [4-8] dealing with degradation mechanisms
in lithium-ion batteries. In calendar aging, the most important is the
growth of the solid electrolyte interphase (SEI) in combination with
electrolyte decomposition. However, the numerous studies are mainly
performed on lab scale cells and most often for a few formation cycles
only [5,6,9]. The main reason for SEI formation and growth is the
electrochemical instability of typically used carbonate solvents in the
operating potential window of a lithium-ion battery. When anode po-
tentials reach below 0.8 V vs. Li/Li ", the carbonate solvents decompose
into several gaseous and solid components, which form the SEI [10].
However, not only the electrolyte solvents are important, also the ad-
ditives, intended to improve lifetime and safety, influence the compo-
sition and stability of the SEL In an ideal system the formation of SEl is a
self-passivating process. Nevertheless, complete passivation is inhibited
by tunneling electrons [11] through the SEI leading to formation of new
SEI on top of the existing SEI and the electrolyte might diffuse through
the existing SEI, forming new SEI at the graphite surface [12]. Addi-
tionally, the SEI may break open due to graphite volume changes and
excavates the graphite surface [13-15]. These processes enable further
SEI growth which leads to continuous losses of electrolyte and lithium
[16]. Thereby the cell performance in terms of resistance and capacity
deteriorates [17-20].

Understanding how the composition and thickness of the SEI evolves
during aging requires detailed physical-chemical analysis of the elec-
trodes and deposited material, commonly known as post-mortem anal-
ysis [21]. Waldmann et al. [21] demonstrated the variety of possible,
destructive and non-destructive methods. However, literature suggests
surface sensitive X-ray photoelectron spectroscopy (XPS) with its oper-
ation depth of 3-10nm as most suitable method to analyze the SEI
which is a few nanometer thick [22-28]. Most often, the composition of
the initial SEI was examined after formation in small-sized, lab/-
hand-built cells without any long-term aging.

Studies using carbonate based electrolytes with LiPFg as electrolyte,
revealed that the main SEI components are lithium ethylene dicarbonate
((CH30CO,Li)5), lithium alkyl carbonates (ROCO;Li), lithium alkoxide
(ROLi), lithium carbonate (LiCO3) and lithium fluoride (LiF) [24,
29-32]. Furthermore, these components are found to be arranged in a
multilayer system whereat a dense inorganic inner layer of up to 10 nm
in thickness, arranges in the vicinity of the graphite particles. In contact
with the electrolyte solution a porous organic outer layer is formed
which is up to 100 nm thick [13,25,33]. Tang and Newman [33] assume
that the named inner layer is formed immediately and does not vary in
thickness after once formed. Aurbach [13] describes the growth of the
SEI as a breakdown and repair mechanism due to volume changes in
which fresh graphite surface is exposed to electrolyte. Additional
possible formation routes of the SEI are proposed by Smith et al. [34],
where new SEI forms in the porous part of the existing SEI or impurity
enhanced SEI growth takes place.

SEI formation and growth in commercial lithium-ion cells have been
investigated by Lu et al. [35] and German et al. [19]. Lu et al. [35]
investigated calendar aging for 6 months at 60% state of charge (SOC)
and 100% SOC with and without subsequent cycling, observing
enhanced SEI thickening due to high SOC aging and additional cycling.
At the current state, many studies of the SEI have been performed, but
still a long-term aging experiment of automotive-grade lithium-ion cells
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and a fine SOC resolution is missing.

Hence, a comprehensive study on calendar aging of 50.8 Ah large-
format automotive pouch bag cells has been carried out in advance,
followed by extensive post-mortem analysis presented in this work. The
electrode materials, harvested from the pouch cells were analyzed using
scanning electron microscopy (SEM), inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) for compositional investigations
and XPS depth profiling of the SEI deposits on the anode surfaces.

2. Experimental

The results in this work are based on a calendar aging matrix carried
out with 54 commercial large-format automotive Li-ion pouch bag cells
with a nominal capacity of 50.8 Ah produced by Litec Battery GmbH.
Subsequently, volume measurements and post-mortem analysis were
performed.

2.1. Calendar aging experiment

Investigated cells consist of graphite as anode and Li(Nij ;sMn; /3Co1 /
3)02 (NMC111) as cathode material, separated by an Al;03 coated poly
ethylene membrane soaked in carbonate based electrolyte with LiPFg as
conducting salt. Each cell comprises 34 double-side coated anodes, 33
double-side coated cathodes and 68 separator sheets. The test procedure
evaluates the calendar aging characteristics during storage at constant
conditions with daily recharge to keep the voltage constant. Test points
were covering 0%-100% SOC at constant temperature of 50 °C with two
cells at each point. More detailed description of the aging test is reported
elsewhere [36]. Labelling of the samples follows the rule prefix “S” and
the corresponding storage SOC from the aging experiment in % is
attached, e. g. $100 for the cell stored at 100% SOC.

Calendar aging periods were interrupted by check-up tests moni-
toring the capacity as well as the resistivity trends. The test setup was
comprised of climate chambers “UF110” (Memmert GmbH + Co. KG,
Germany) and testing devices “Cell Test System CTS” (BaSyTec GmbH,
Germany) for voltage control and daily recharge as well as “Multiple Cell
Tester MCT" (Digatron Power Electronics GmbH, Germany) for regular
check-ups, Total calendar aging time was about ~280 days. After the
aging experiment, the cells were discharged to 3 V and kept at room
temperature. Shortly before carrying out the post-mortem analysis a
final check-up was performed comprising of a G/10 followed by a C/24
capacity measurement at 25 °C (C being 50.8 A). All cells were then
discharged to 3 V in constant current-constant voltage mode with 1C
discharge current and C/20 cut-off current.

2.2. Cell volume measurement

The cell volume was measured to determine the amount of gas
evolved during the aging test. The measurement itself is adapted from
Aiken et al. and optimized to the larger battery dimensions [37]. The
setup consists of a water basin filled with deionized water (conductiv-
ity < 10 pS), a force gauge “Sauter FH10" (Sauter, Germany) and a lab
balance “Series 321 LX" (Precisa Gravimetries AG, Switzerland). After
measuring the weight of the cells, they were hung on the force gauge and
completely immersed in water. The cell volumes were calculated ac-
cording to Archimedes principle and referenced to the volume of a cell at
begin-of-life (BOL) [36].

2.3. Post-mortemn analysis

Cell opening was carried out in an argon-filled glove box
“MB200MOD"” (MBraun Inert-Gas Systeme, Germany). To prevent any
short cuts the pouch foil and the tabs were cut using a ceramic knife. One
by one the stacked electrode/separator sheets were taken off. To remove
crystallized residues of the conducting salt, the sheets were soaked in
dimethyl carbonate (Sigma-Aldrich, Germany) for a total of 6 min.
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Subsequently the sheets were dried and prepared for further
investigations.

Appearance of the electrodes’ surface was evaluated by image pro-
cessing analysis using the open source software ImageJ [38]. Photo-
graphs of five double-side coated electrodes from layer 5 to 25 in steps of
5 were taken for the processing. The images were normalized in terms of
brightness and coloration before separating distinct colored areas with
several thresholding steps in HSB color space and on greyscale. Binary
images were obtained, allowing the calculation of a mean areal per-
centage covered by the distinct colored surface.

For the ICP-OES analysis, a total area of 9.42 cm? double-side coated
and representative electrode sheet including the current collector foil
was used. The sample materials were always cut from the same position
of the cell out of electrode layer number 20. The electrodes were sepa-
rately dissolved in aqua regia and the solutions were analyzed using an
OPTIMA 4300 DV (PerkinElmer Inc., US) optical emission spectrometer.
Since the sample area was always the same, but the mass was differing,
the measurement output in mg kg~ was recalculated by the weight and
area of the samples using the molar mass of lithium 6.941 gmol *,
resulting in comparable values of lithium per area in pmol cm 2.

A Sigma 300 VP scanning electron microscope (Carl Zeiss AG, Ger-
many) was used to image the sample surfaces and possible surface de-
posits. SEM-micrographs were recorded by secondary electrons with an
acceleration voltage of 5kV and a magnification of 5000x. SEM-EDX
parameters were 20 kV acceleration voltage and a measurement time
of 50s. Focused ion beam scanning electron microscopy (FIB-SEM) was
performed on a Crossbeam 540 (Carl Zeiss AG, Germany) with accel-
eration voltage of 30 kV and last preparation current of 1.5 nA.

X-ray photoelectron spectroscopy was performed on a PHI 5800
ESCA System (Physical Electronics GmbH, Germany) using parameters
adopted and adjusted from literature [19]. The XPS was equipped with
monochromatic Al-Ka radiation, an angle of 45° between the sample and
the analyzer and an analyzer pass energy of 93.9 eV for survey spectra
and 29.35eV for detail spectra. The lateral sample area was
800 x 800 pm?. Sample preparation was performed in a nitrogen-filled
glovebox (MBraun Inert-Gas Systeme, Germany) and to avoid contam-
ination of the samples a gas-tight transfer container was used. The
measurement is composed of eight measurement points, one before
sputter etching and one each after sputter times of 3, 10, 30, 60, 100,
150 and 200 min. The etching rate on SiO, is calibrated to 1 nm min~.
At every step a survey spectra and a detail spectra was recorded to
generate depth profiles in atom percent versus sputter time. For further
evaluation the spectra have been calibrated to the binding energy of LiF.
A core level deconvolution procedure from Malmgren et al. [39] using
line shapes of 70% gaussian and 30% lorentzian and an intensity
normalization by the corresponding total peak area were applied.

Micro-Raman spectra of the electrode samples were recorded by
using a micro-Raman spectrometer HR800 (Horiba Jobin Yvon, Japan)
equipped with a solid state laser of wavelength 488 nm and a Raman
shift range of 550 cm ! to 4000 cm 1. The samples were packed in gas-
tight containers with laser transmittive glass windows. For all samples,
the filters and measuring parameters were kept constant.

3. Results and discussion

As a starting point for further investigations, the capacity retention of
the cells aged at various SOC set-points at a constant temperature of
50°C are shown in Fig. la. The capacity retention is calculated by
dividing the 1C discharge capacity of the last check-up test by the cor-
responding initial 1C discharge capacity of the first check-up test for
each cell. The development of the cell capacities measured in the regular
check-ups during the aging experiment can be reviewed elsewhere [36].
It is assumed, that the results found in this work are valid for room
temperature aging as well, following Arrhenius law [40]. A storage SOC
of 0%-15% leads to a high capacity retention of 94%-99% (sector A). A
capacity retention of around 90% results from storage SOC between
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Fig. 1. a.) 1C discharge end-of-test capacity retention vs. the storage SOC of the
aging experiment. Each dot represents a single cell and the line represents the
calculated mean value. High capacity retention can be observed in the low
storage SOC region, followed by a plateau between 22.5% SOC and 85% SOC
followed by a strong decrease when exceeding 85% SOC. b.) cell voltage vs.
SOC and the corresponding cathode and anode halfcell potentials vs. Li/Li",
measured with 3-electrode test cells with a current rate of C/24. These potential
curves are measured and valid for begin-of-life cell and might shift during the
aging. On the bottom of the graph the graphite stages are listed for the com-
parison with the XPS measurements [41].

22.5% and 85% (sector B) with the only exception at SOC 40%. At a
storage SOC higher than 85% (sector C) the capacity retention decreases
strongly reaching 74% at SOC 100%. These sectors correlate to the
lithiation stages of the graphite electrode shown in Fig. 1b related to the
anode potential, which was measured with begin-of-life material in
3-electrode lab scale cells [36]. Section B correlates with the transition
of stage I1I to stage Il and section C correlates with the transition of stage
I tostage I [41]. A comparable capacity retention trend was observed by
Keil et al. [20] explaining the steps in the retention values by the in-
fluence of the graphite stages during intercalation. Since the balancing
of the electrodes is specially designed for each cell the SOC positions of
the steps can vary by using different cells.

However, to study the driving force and the mechanisms resulting in
the observed capacity loss, a detailed post-mortem study is performed on
one cell of each set-point. For the purpose of clarity, the results are
shown for selected set-points, representing the general trends.

3.1. Post-mortem analysis

Prior to post-mortem analysis the cells were discharged uniformly to
3V, thereby the effect of active lithium remaining in the anodes in the
following measurements is minimized. Additionally the remaining
conducting salt was washed out in a DMC bath. However, traces of LiPFg
might rest in the samples.
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