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vi                         Broader Context 

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 some Wh 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 understanding of the battery degradation will 

enhance the lifetime, performance and safety of existing and 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 are more valuable for the 

potential 2nd life, again saving the resources. 

Furthermore, besides the improvements in technology, the economic and political constraints 

have to be aligned, just to mention a few keywords, raw materials supply, charging 

infrastructure, sustainable energy supply, and bureaucracy. 
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1. Introduction 

The lithium-ion battery (LIB) technology is one of the key technologies to help human society 

with the transition from fossil energy to renewable energy in the 21st 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 challenges 

of global warming which is mainly caused by the emission of greenhouse gases. In order to 

reduce these gases, alternatives to coal, 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 accessible as 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 cannot achieve the 

required power and energy density. The sodium-ion battery is a promising candidate for 

stationary storage, as they are low cost and the materials are abundant. However, for personal 

transportation, lithium-ion batteries with their high power and energy densities are the most 

suitable for today’s application. Even higher energy density can be achieved with solid state, 

lithium-sulfur and lithium-air batteries, however these technologies still lack in applicability 

and durability. 

 

Figure 1: Volumetric versus gravimetric energy density on cell level for commercially available batteries.(Own, 

complemented drawings adapted from literature [7–9]). 



 

2 Introduction 

The answer of the automobile industry to the challenge of global warming and local pollution 

of today’s growing cities lies in the modification of its energy portfolio 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 10-20 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 high energy and power density, high safety, 

long lifetime as well as low costs. These requirements are in conflict with one another. For 

example, the energy density of the battery can be improved by using Ni-rich transition metal 

oxide cathodes, but in parallel the lifetime of the battery will suffer if no further 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 as lifetime 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 a battery 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 cycle-life 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 processes inside the cells have to be known [17]. Hence it 

is necessary to analyze the cell components on material level in a post-mortem analysis after 

the aging test. With the knowledge of the degradation mechanism the quality of the cells and 

influences of for example new chemistries on 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(Ni0.33Mn0.33Co0.33)O2) cathode. The degradation mechanisms are 

examined by using scanning electron microscopy (SEM), inductively coupled plasma optical 

emission spectroscopy (ICP-OES), X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy. For the second part of the study it 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(Ni0.6Mn0.2Co0.2)O2:Li(Ni0.33Mn0.33Co0.33)O2) 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, ICP-OES, X-ray diffraction (XRD), XPS, focused 
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ion beam scanning electron microscopy (FIB-SEM), transmission electron microscopy (TEM) 

and three-electrode test cell measurements with materials harvested from the aged large-

format cells. The last section addresses the challenge of inhomogeneous degradation arising 

from intensive operation or as side effects of the gas evolution. 



 

4 Fundamentals 

2. Fundamentals 

This section provides the fundamental information required to understand and follow the 

performed analysis, the results gathered and the discussion in 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 components and 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-Ion Battery 

The research in the field of LIBs intensified in the 2nd half of the 20th century [21–24] and 

finally led to the batteries’ first commercialization 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 problems were recognized. Initially a strong capacity 

fade in a relatively short time of one to two years of application was observed for consumer 

electronic batteries in the 1990s and 2000s. In the following years more and more companies  

as Sanyo/Panasonic Corporation 1994 [26], Samsung SDI 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. 

 

Figure 2: Lithium-ion battery market evolution: annual demand for LIBs in GWh (blue) and price per kWh 

(black), data until 2022 and forecast to 2026 [30,31].(Own drawing)  
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These developments paved the way for the first LIB-powered highway-capable vehicle, such as 

the Tesla Roadster in 2008 and the Tesla Model S in the following years [32]. In parallel, the 

Daimler AG developed and produced the Smart fortwo as an electric version and the BMW AG 

introduced the fully electric i3 [33,34]. However, not only electric vehicles, but also hybrid 

electric vehicles and plug-in hybrid electric vehicles were successful in catching people’s fancy 

in the following years. The success of electric vehicles was boosted by political measures of 

financial promotion [35] and the increasing awareness of global warming and emission of 

harmful gases in big cities.  

The smallest unit of a lithium-ion battery is an electrochemical cell consisting of two lithium-

ion storage-materials as negative and positive electrodes, separated by a system composed of 

an electrical-insulating and ion-conductive medium. LIBs are separated into two classes, the 

primary lithium-ion batteries for single-use and the secondary lithium-ion batteries for 

multiple-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 and, as 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 impeded by 

dendrite formation and rapid failure which can even lead to a thermal event. That’s why 

secondary lithium-ion batteries employ intercalation compounds as both electrodes which are 

designed for repeated charge and discharge for several hundred to thousands of cycles. In this 

work, secondary LIBs consisting of graphite and a lithium transition metal oxide electrode are 

used for all investigations.  

The working principle of a LIB is the conversion of electric energy into chemical energy 

(charging) and vice versa (discharging). During charging, the current applied on the external 

circuit forces lithium ions to move from the transition metal oxide electrode through the 

electrolyte to the graphite electrode; the respective electrons move through the outer circuit 

to the same electrode (see Figure 3 green arrows). When the external circuit is opened, the 

lithium ions will keep their residence and consequently the chemical energy is stored. A 

consumer load can be inserted into the external 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 (see Figure 3 red arrows). 
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Figure 3: Schematic of a lithium-ion electrochemical cell in 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 in a 

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): 𝐿𝑖𝑥𝐶𝑛 → 𝑥𝐿𝑖+ + 𝑥𝑒− + 𝑛𝐶                

Reduction (cathode): 𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑀𝑂2 

Total reaction (anode+cathode): 𝐿𝑖𝑥𝐶𝑛 + 𝐿𝑖1−𝑥𝑀𝑂2 → 𝐿𝑖𝑀𝑂2 + 𝑛𝐶 

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, the electric potential of 

the cell in equilibrium is described by the Nernst-equation (equation 1) and is dependent on 

the lithiation degrees of the electrodes and the temperature. 
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𝐸 = 𝐸0 − 𝑅𝑇𝑙𝑛 (
𝑎𝐿𝑖𝑀𝑂2

× 𝑎𝑛𝐶

𝑎𝐿𝑖𝑥𝐶𝑛
× 𝑎𝐿𝑖1−𝑥𝑀𝑂2

) ( 1 ) 

E = cell potential 

E
0
 = standard potential 

R = gas constant 

T = temperature 

ax = activity of the reactant 

 

   

The cell voltage in equilibrium is called the open circuit voltage (U0, OCV). A positive load 

leads to an increase in cell voltage and a negative load leads to decreasing cell voltage due to 

charge transfer between the electrodes and, therefore, a change in the electrode potentials. 

Additionally, three types of polarization modes occur, the ohmic (ηohm), the activation (ηact) 

and the concentration (ηcon) polarization (see equation 2). The ohmic polarization stems from 

the electrical conductivity of the cell’s components and immediately builds up when a load is 

applied. It is used for the determination of the ohmic resistance. The activation polarization 

results from ion transfer through the double layer at the electrode/electrolyte interface where 

the Li+ ions picking up/stripping 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.  

𝑈 = 𝑈0 − 𝜂𝑜ℎ𝑚 − 𝜂𝑎𝑐𝑡 − 𝜂𝑐𝑜𝑛 ( 2 ) 

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

OCV is used to characterize lithium-ion batteries without the influence of polarization effects. 

The OCV depends 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 OCV 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 varies as shown in 

the OCV-SOC graph of a commercial graphite/NMC111 LIB in Figure 4. In general, the OCV-

SOC curve is measured by stepwise charging 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 in section 2.4.1. Additionally, the OCV-SOC is characteristic of a cell at beginning of 

life (BOL) and changes due to degradation effects. 
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2.2. Components and Materials of Lithium-Ion Batteries 

First, the typical anode materials and their properties and advantages/disadvantages are 

discussed. Subsequently, the sections on the typical cathode materials and electrolytes used in 

LIBs follow. For more detailed and basic description it is referred to literature [36–40]. 

For most of the components in the interior of today’s commercially available LIBs the 

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 drawbacks in terms of deterioration of the overall performance. Nevertheless, a lot 

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

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

aerospace, high power density for high-power consumer electronics and high energy density 

for automotive applications. These requirements necessitate a 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-1 [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 

 

Figure 4: Open circuit voltage versus state of charge graph of a graphite/NMC111 lithium-ion cell. 
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lithium electrode and the high volume change when the cell is being charged [41]. These 

dendrites are a safety problem as penetration 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 LiCoO2 (LCO) as 

positive electrode, with a metal oxide negative electrode (MoO2,WO2). In parallel the 

intercalation of lithium into carbons, namely petroleum coke and graphite was investigated 

[43–45] leading to the application of Sony’s first commercial graphite/LCO lithium-ion cell 

[20]. 

 

Figure 5: Electrode potential versus Li/Li+ of the most prominent materials. The materials are sorted according to 

their specific capacity. The electrolyte stability window and the oxidation and reduction potential regions of 

state-of-the-art carbonate-based LiPF6 electrolytes are marked. (Own drawing according to [7,40,46]) 

Since then, graphite has been established as the most common anode material in LIBs that are 

commercially available. Graphite has the advantage 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 LiC6 which equals a theoretical specific capacity of 372 mAh·g-1. Depending 

on the degree of lithiation, several phases can form (see Figure 6) which are named by the 

number of graphene layers between the occupied interspaces. For example in stage III three 

graphene layers, and thus two empty interspaces, are in between the occupied ones. These 
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different stages can be observed visually due to 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.  

 

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’s 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 electrolyte 

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 in section 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 use-case of 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 control by 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-1 [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 and severe decomposition of 

electrolyte and surface deposits [48]. A lot of studies focus on overcoming these problems, 

one possible solution can be the nanosizing 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 used in the cells [49]. 

The third state–of-the-art anode material, lithium titanate (LTO), 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 ~1.55 V 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 material 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 reversibly. It should have a high electronic and ionic conductivity, 

the volume change during cycling should be small and 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 used and its stability window (cf. Figure 5).  
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Figure 7: Crystal structures of the three most-prominent types of cathode materials for lithium-ion batteries. a) 

The layered-type, b) the spinel-type and c) the olivine–type structures. Modified graphic (reproduced with 

permission from [50] Copyright 2014, Royal Society of Chemistry1 

The state-of-the-art cathode materials for LIBs are divided into three types according to their 

structure; the layered-type LCO, LiNi1-yCoyO2, Li(NixMnyCoz)O2 with x+y+z=1 (NMC) and 

Li(Ni0.8Co0.15Al0.05)O2 (NCA), the spinel-type Li2Mn2O4 (LMO), and the olivine-type LiFePO4 

(LFP)(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 Goodenough et al. [51] in 1980. Its outstanding properties are the high nominal 

voltage of 3.8 to 4.3 V vs. Li/Li+ in the lithiation range of 1 to 0.5, fast delithiation/lithiation 

and low self-discharge. However, LCO has some disadvantages: the long-term stability of 

LCO-based cells is poor, the thermal stability is low, the costs of cobalt are high and it is a 

toxic element. To improve the properties of the layered oxides with one transition metal 

several transition metals are added, the two most prominent representatives are NMC and 

NCA. In NCA, cobalt improves structural stability because nickel tends to 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 as a structure stabilizer while the two 

main advantages of the manganese are low-cost 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% manganese, 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 has been 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 the usable 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 low-cost and non-toxic cathode material. However, its 

potential of ~3.4 V vs. Li/Li+ 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 complicates 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 the manganese dissolution (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 lithium-ion batteries is its high lithium ion 

conductivity which is provided by low viscosity (η) solvents. The properties should remain 

reasonably constant in 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 have to dissolve the salts properly; also, a high dielectric constant of 

the solvents is required and no toxic/hazardous substances should be used. The state-of-the-

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

organic carbonates with 1 Mol‧l-1 LiPF6 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 1.23 V. 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 DEC), 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 temperature usage of the 

electrolyte since EC in 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 LiPF6. Even though LiPF6 is not outstanding in any of 

the important properties of a conducting salt in carbonate solution because it has lower ion 

conductivity than LiAsF6, a low thermal stability at <80 °C compared to >100 °C for most of 

the other available salts, and it suffers from hydrolysis when H2O contamination is present 
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(see Figure 8b). However, LiPF6 has no eliminating feature that impedes commercial use; 

rather it has a quite balanced mixture of properties. Some candidates besides the LiPF6 are 

often used. However, each of them has at least one elimination criterion. LiClO4 and LiAsF6 

were used in the early years of LIB research due to their high ionic conductivity and 

thermal/chemical stability. Nevertheless, LiClO4 is a potential explosive and LiAsF6 is highly 

toxic and these properties impede their commercial use. LiBF4 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 LiPF6. However, the ionic conductivity of LiBF4 is significantly lower than that of LiPF6, 

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 as 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 as fire-retardants, salt stabilizers, cathode protection agents, Al 

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

 

Figure 8: Characteristic information on common solvents and conducting salts of carbonate-based electrolytes in 

lithium-ion 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 µm). 

During drying, a porous system emerges which enables electrolyte to penetrate the entire 

depth of the electrode and thus enables lithium ions to access the graphite particles. Cathode 

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 µm). Depending on 

the desired type of format and the type of electrode configuration, the electrodes can be cut 

and stacked separated by single 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).  

 

Figure 9: The three types of lithium-ion cell formats: a) expand of a pouch cell, the electrodes are stacked, b) 

prismatic hard case lithium-ion 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 types lie in their material of casing, pouch foil and metal 

hardcase container. In the pouch-bag type typically a stacked or z-folded electrode stack is 

applied, while hard case cells have a jelly-roll implemented. Typically, the anode electrode is 

larger than the cathode by at least 1 mm in all dimensions, in order to prevent the 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 housing, 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-Ion 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 completed with a short discussion 

of inhomogeneous degradation and the interplay of different mechanisms. 

 

Figure 10: Overview of the main aging mechanisms in 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 observed to date 

[70]. Numerous studies have been conducted using all possible types and combinations of 

materials, cell designs, quality grades of materials and operation conditions. Furthermore 

some mechanisms are observed on lab-scale cells and are 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 by intense 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 high storage SOC and at temperatures ranging 

between 40 °C and 60 °C [75–78] are typically performed. As a result, differing degradation 

mechanisms are predominant. Today’s knowledge on the major degradation mechanisms is 

illustrated in Figure 10 and the following subsections. 

2.3.1. Dendritic Lithium Growth – 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. 

𝐿𝑖+ + 𝑒− → 𝐿𝑖0 ( 3 ) 

Which means that the anode potential becomes lower than 0 V vs. Li/Li+. Lithium plating can 

typically be observed when the lithium metal (0 V vs. Li/Li+) or graphite 

(stage I ~0.08 V vs. Li/Li+) are used as anode. In principle the deposition of metallic lithium 

is a reversible reaction with the deposition during the charging process and the so-called 

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 without sufficient diffusion into the bulk 

particle as presented in Figure 11 [79]. The operation parameter leading to lithium plating 

due to charge transfer limitation is a high charge current [12,80,81] as too 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 lithium 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 safety-critical 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 by regulating the current in a way 

that the anode potential is kept closely above 0 V vs. Li/Li+ until the maximum cell voltage is 

reached. Then a constant voltage step is 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 large-format pouch/hardcase cell, which enables shorter charging 

time without degradation by lithium plating [89]. 

  

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 Elsevier2). 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 Elsevier3). 
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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 inhomogeneous distribution of 

lithium plating and the degradation which may not occur in the homogenous case. 

2.3.2. The Solid Electrolyte Interphase 

The SEI is 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 — lithium metal 0 V vs. Li/Li+ — or when 

the electrode is lithiated. The onset point of the SEI formation is at around ~0.7-

0.8 V vs. Li/Li+ [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 V to 4.2 V [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 long-life 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 SEI 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]: 

 

2𝐶3𝐻4𝑂3 + 2𝐿𝑖+ + 2𝑒− → (𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖)2 + 𝐶2𝐻4 
( 4 ) 

 

𝐶3𝐻4𝑂3 + 2𝐿𝑖+ + 2𝑒− → 𝐿𝑖2𝐶𝑂3 + 𝐶2𝐻4 
( 5 ) 
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The main constituents of the SEI using LiPF6/carbonate-based electrolytes have been 

identified to be lithium alkyl carbonates (ROCO2Li), especially lithium ethylene dicarbonate 

((CH2OCO2Li)2) and lithium carbonate (Li2CO3) and additionally lithium fluoride (LiF) [104–

108]. LiF forms according to equations 6-8 due to the decomposition of the conducting salt 

[109]: 

𝐿𝑖𝑃𝐹6 ⇌ 𝐿𝑖𝐹 + 𝑃𝐹5 ( 6 ) 

𝑃𝐹5 + 𝐿𝑖2𝐶𝑂3 → 2𝐿𝑖𝐹 + 𝑃𝑂𝐹3 + 𝐶𝑂2 ( 7 ) 

𝑃𝐹5
− + 𝑛𝑒− + 𝑛𝐿𝑖+ → 𝐿𝑖𝐹 + 𝐿𝑖𝑥𝑃𝐹𝑦 ( 8 ) 

However, impurities, i.e. water or hydrofluoric acid can further react with the constituents of 

the SEI: 

2𝑅𝑂𝐶𝑂2𝐿𝑖 + 𝐻2𝑂 → 2𝑅𝑂𝐻 + 𝐿𝑖2𝐶𝑂3 + 𝐶𝑂2 ( 9 ) 

The thickness of the SEI is assumed to be in the range of several nanometers 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 

process and are crucial to control the initial SEI formation. Furthermore, the structure of the 

SEI is identified as a compact inorganic inner layer in the vicinity of the graphite 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 the inner 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 operation are commonly discussed in literature: 

 e- tunneling through the SEI to reach and react with the electrolyte molecules 

[94,121] 

 solvent diffusion through the SEI reaching the anode surface and forming 

new SEI at the interface electrode/SEI [122] 

 SEI 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 place (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 through 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 exposed 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 (cf. Figure 

12d). Bare graphite surface is exposed to the electrolyte 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.  

 

Figure 12: Schematic of the SEI structure and constituents as reported 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 formation 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 network of the graphite electrode, 

again resulting in an increase of the resistance. This pore clogging in turn can provoke lithium 

plating due to the reduced active graphite surface and thus, locally increased current 

densities. Another factor for the quality 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 Arrhenius-like behavior [130,131]. 

On the level of large-scale lithium-ion cells, only a few studies have been conducted to date, 

evaluating SEI formation [100] and growth [118] as a result of calendar aging for six months 

at 60% SOC and 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 resulting from long-term aging tests 

with a wide range of operation conditions is performed in this study. 

2.3.3. Electrolyte Decomposition — Gas Evolution 

The mechanism of gas formation cannot completely be separated from the above mentioned 

growth of the SEI. According to the equations 4 and 5, ethylene gas can form as 

decomposition product from ethylene carbonate at 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 

happens to a great extent during the formation of the cell, but also during normal operation, 

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

decreasing anode potential, this process is enhanced and, consequently the amount of gas 

formed at high SOC increases as 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 CO2, CO, H2O and H2 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]. LiPF6 is stable for temperatures 

beyond 60 °C [144]. However, according to equation 6, it is in equilibrium with LiF and 

PF5 [145]. PF5 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 reasons 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. H2O, 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 pouch-

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 stack/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 the cell. 

2.3.4. Cathode Degradation Mechanism  

Besides the degradation reactions on the anode and the decomposition of the electrolyte, 

different types of cathode degradation mechanisms can occur. The cathode active material 

can crack, transition metal ions can dissolve into the electrolyte, cation mixing in the crystal 

structure of the transition metal oxides can occur and, similar to the SEI 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 µm–10 µm) formed out of many primary particles 

(<0.2 µm–1 µm) [149,150]. Electrochemical cycling of these materials results in volume 

expansion of 1–4% [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 primary and secondary particles; adjusting the voltage range during operation, 

or apply a coating on the secondary particles to mitigate the mechanical stress. Another 
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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 crystal 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 Å and Ni2+=0.69 Å [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 during 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 cathode side. The 

major difference is the lower thickness of the CEI with ~1 nm–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, Li2CO3, and R2CO3, 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 CEI still 

remain open [156–158]. The investigations on the CEI 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(III), 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]. As the 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 effects, 

which would not occur in the application, may distort the test results. Some examples from 

literature are lithium plating caused by inhomogeneous pressure [91,93], or temperature 

[165–168] and current density [90,169]. Also, electrolyte dry-out and gas accumulation 

inside the electrode stack or jelly-roll [74,77] can provoke lithium plating. Therefore, a more 

profound understanding of the rise and the effects of these gradients and defects is necessary 

to decide on an ideal test setup and operating conditions. 

Reversible effects may also occur in a test setup leading to a 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 observed the dependency of the 

CE on the storage SOC of 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 are typically designed larger than those of the cathode to avoid lithium plating at 

the edges of the anode. In stacked, pouch-bag type LIBs, the anode overhang amounts to 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 SOC-dependent 

evolution of the cell capacity. Thus, the anode overhang effect has to be considered when 

interpreting capacity retention of long-term aging tests. Hüfner et al. [172] studied the 

overhang effect for four different lithium ion cells with different lengths of the 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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Figure 13: a) Schematic 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, resistance and differential 

voltage (DV) analysis are addressed in detail. The second part of the section contains the non-

destructive methods to determine the volume and geometrical data prior to the aging test and 

afterwards. 

2.4.1. Electrical Testing of Lithium-Ion Cells 

In regular intervals, the condition of the tested cell is monitored in a check-up test. The check-

up can take up to several days depending on the steps included and the depth of information 

to be gathered. Therefore, a decision on including detailed steps depends on the question 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 analysis of the 

degradation mechanism. Typically, a check-up 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 constant SOC to measure the resistance. 
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Figure 14: Exemplary current (blue) and voltage (black) profile of one check-up test used in this study. 

However, the capacity measurement can be performed in various modes by 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. Increasing the current rate raises the 

influence of the resistance effect and the resulting overpotential. Thus, the degradation effects 

distort the measured capacity. An exemplary current and voltage profile for one check-up 

used in this study is depicted in Figure 14. This check-up starts with an initial discharge to the 

lower voltage limit of 2.5 V, followed by three cycles in constant current-constant voltage (CC-

CV) mode applying a current of 18.5 A (~0.5C). The CV-phase is separated into three steps 

each having a smaller cut-off current (C/10, C/20, C/50) separated by breaks of 15 minutes. 

These three cycles result in three capacity values, of which the last one is used for capacity 

determination. Afterwards, the cell is charged up to 3.75 V to set the state of charge for the 

following electrochemical impedance spectroscopy (EIS) measurement. At 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 enables a further analysis of the differential voltage and the 

change in the quasi-open circuit voltage. The last part of the check-up is a pulse test in 

discharge and charge direction in steps of 25% SOC in 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 signal using 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 by Ohm’s law equation 10. 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. 

𝑅 =
∆𝑈

𝐼
 ( 10 ) 

 

Figure 15: Exemplary voltage signal for a 30 s discharge pulse at SOC 100% with Idischarge=50 A 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 is calculated by Ohm’s law.  

Using the low current cycling data collected during the check-up, the DV analysis can be 

performed. Therefore, the voltage vs. charge-throughput data set (see Figure 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 quasi-OCV 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 (dV/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, see equation 11 [174]) is investigated.  
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(
𝑑𝑉

𝑑𝑄
)

𝑐𝑒𝑙𝑙

= (
𝑑𝑉

𝑑𝑄
)

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐴

− (
𝑑𝑉

𝑑𝑄
)

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐵

 ( 11 ) 

In the differential voltage the peaks describe phase transitions [174]. They can be accessed, 

divided into anode and cathode affiliations, even though the data originate from full cell 

measurements [177]. The graphite transitions GIII and GII (see Figure 6 and Figure 16) show 

up as peaks in DV. By the distance of the graphite peaks, information on the change in anode 

active material can be obtained; and by the distance from the second peak GII 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 information 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]. 

 

Figure 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 III (GIII) or stage II (GII) [47]. The end of 

the graph represents the fully charged state (E). The change in charge difference between GIII and GII allows 

determination of the anode active material loss and the change in charge difference between GII and E allows 

determination of the change in active lithium. 

2.4.2. Lithium-Ion 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 cells to determine their in-situ volume as 

presented by Aiken et al. [182]. A schematic of the measurement setup is shown in Figure 17. 

The underlying principle is known as Archimedes principle for a body in liquid. In the specific, 

present case the body is represented by the 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 cell mC measured prior to the experiment, the known density of the liquid ρliquid 

and the measured resulting force FR. 

For degradation analysis, the volume change of a cell can be calculated by subtraction of the 

volume prior to the aging experiment and afterwards. The volume change results mainly from 

gas built up inside the gas-tight cell. 

𝐹𝑊 = 𝑚𝐶 ∗ 𝑔 ( 12 ) 

𝐹𝐵 = 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 ∗ 𝑉 ∗ 𝑔 ( 13 ) 

𝐹𝑅 = 𝐹𝑊 − 𝐹𝐵 ( 14 ) 

𝑉 =

𝐹𝑅
𝑔⁄ − 𝑚𝐶  

𝜌𝑙𝑖𝑞𝑢𝑖𝑑
 ( 15 ) 

𝐹𝐵 = buoyant force 
𝜌𝑙𝑖𝑞𝑢𝑖𝑑  = density of the liquid 

𝑉 = displaced volume 
𝑔 = gravity 
𝐹𝑊 = weight 
𝑚𝐶  = cell mass 
𝐹𝑅 = resulting force 

   

 

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 SEM combined with energy-

dispersive X-ray spectroscopy (EDX) and FIB preparation for TEM. Then the elemental 

composition analysis via ICP-OES and surface sensitive XPS in combination with argon-ion 

etching for depth-profiling are explained. Structure analysis is performed by using XRD and 

Raman spectroscopy. 

The segmentation of a lithium-ion cell is known as post-mortem 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, post-mortem 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 cell. The discharged cell is transferred into 

an argon-filled glovebox with water and oxygen contents < 0.1 ppm. Pouch bag cells can 

easily be cut-open by electrical insulating ceramic scissors or a knife. During the opening 

process, it is important to prevent the cells from shorting through contact of the electrodes, 

contact of the current collectors or any bypass through additional non-insulating, metallic 

tools or particles.  

 

Figure 18: Schematic of the typical post-mortem 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 or jelly 

roll are separated and washed in dimethyl 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 cross-contamination. After a drying 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 (to 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 Methods 

The electrode material gathered from the post-mortem 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 Waldmann et al. [183] and Birkl et al. [71]. In 

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

However, the plurality of the methods requires a careful selection and combination.  

 

Figure 19: Summary of the degradation mechanism and the corresponding suitable physicochemical method. 

Methods in brackets have limited access to the mechanism and the methods can be used for the mechanisms 

occurring on anode and cathode side. Reproduced from Waldmann et al. [183], Copyright 2016, with permission 

of The Electrochemical Society.4 

In this study, SEM is used for the optical inspection of the electrode surfaces. It enables a 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 SEM-EDX 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 ICP-OES 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 cross-section 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 enables 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 structure and defects as a result of repeated cycling can be 

evaluated. In order to get three-dimensional information on the composition of the electrode 

and the surface films XPS depth-profiling 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 more-organic and more-inorganic layer 

of the SEI is possible. A detailed discussion of XPS depth-profiling 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 discussed. In 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 X-ray photoelectron spectroscopy (XPS) using X-rays (Al-

Kα~1486 eV or Mg-Kα~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 about the 

chemical element and the chemical state. 

XPS uses photoelectric effect, which was discovered by H. Hertz and his co-worker 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 elements, 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 1981 [188]. 

Today’s spectrometer comprises a source of primary monochromatic radiation, typically Al-Kα 

or Mg-Kα, a sample holder for sample mounting and an electron energy filter and detector to 
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determine the electrons’ kinetic energy. All these components are attached to a vacuum 

chamber (see Figure 20a) that operates in ultra-high vacuum. A computer accumulates, 

processes, and visualizes the data as shown in Figure 20c.  

 

Figure 20: a) Schematic setup of a typical X-ray photoelectron spectroscope, b) schematic of the photoelectric 

effect with spectroscopic notation left and chemist notation right. a) and b) are own drawings adapted from van 

der Heide [186]. c) Example of an intensity versus binding 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 is energy 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 electron Ekin, 

the Planck constant h, the frequency of the photon ν and the work function of the spectrometer 

W, the binding energy Ebinding can be calculated.  
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𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − 𝑊 ( 16 ) 

h= Planck’s constant 
ν= frequency of the photon 
Ekin= kinetic energy of the electron 
Ebinding= binding energy 
W= work function of the spectrometer 

 

   

Depending on the binding of the atom, a shift to lower or higher energy can be observed and 

the oxidation state of the atom is identified. An additional effect is the release of an Auger 

electron, which results from a series of processes occurring in the excited atom. An electron 

from a higher energy level falls into the valence hole and 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 depth-profiling. Depth-

profiling can be achieved by recording a surface survey spectrum of the material. In a second 

step, the surface can be etched by using an ion sputter gun, for example, with argon ions, 

removing the top surface atoms. Then the next survey spectrum is recorded, again 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 depth-profiling via argon ion 

etching need to be discussed, especially first the influence of energy impact of the ions on the 

chemical state of the present atoms. In the first XPS spectrum, the original oxidation states 

can be evaluated; but when the etching process takes place, organic materials can be 

modified. The second is the etching rate on flat surfaces, which is usually the case for samples 

analyzed in XPS. The sputter depth can be 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 SiO2. Another aspect is the possible 

redepositing of atoms on the sample surface after etching.  

The analysis of electrode materials of state-of-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 measurements 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 of the XPS depth-profiling 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 of the 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 – 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): 

Post-mortem analysis of calendar aged large-format lithium-ion cells: Investigation of the 

solid electrolyte interphase. 

In: Journal of Power Sources 443, 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 Sources 400, S.402–414 

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 degradation accelerates with increase 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 SEI to a large set of degraded graphite electrodes. In combination with SEM 

and elemental analysis via ICP-OES, a useful set of methods to quantify the growth of the SEI 

and to identify additional degradation phenomena is 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, the progress rate strongly 

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 recording for DV analysis. 

For one set of cells the SOC was varied between 0% and 100% and the temperature was 

controlled at 50 °C, for the second set of cells the temperature was varied in steps of 2.5 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 calendar 

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 post-mortem 

analysis. For this purpose, the cells are discharged to 3 V in CC-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 conspicuous 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 harvested from the storage SOC series were further evaluated to 

identify the underlying degradation mechanisms, as presented in publication [1]. 
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Figure 22: Schematic showing the principal of XPS depth-profiling, the depth profiles of C, O, F and Li and the 

resulting trend in the SEI thickness. The 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 given conditions results in an increase of the estimated 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 featuring the graphite particle’s curvatures. The study confirmed the two layers of the SEI with 

partial more organic outer SEI and more inorganic inner SEI close to the graphite particle. Reproduced from [1], 

Copyright 2019, with permission from Elsevier.5 

Figure 22 shows the summary of the obtained results on the evolution of the SEI thickness 

published in [1]. On the base of XPS depth-profiling the thickness evolution of the SEI due 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. Already a short exposure to air of ~10 min 

can distort the sensitive SEI. First, a surface spectrum is recorded, followed by argon-ion 

sputtering and a succeeding XPS spectrum. This is repeated for in total seven sputter steps 

and eight surface spectra. From the spectra the atomic concentration of each present element 

is evaluated, the depth profiles of the four major elements of the SEI for each sample are 

shown in Figure 23. Taking the sputter rate into account the elemental concentration in 

dependence of the sample depth is estimated. SEM imaging, ICP-OES 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 cells in the calendar aging 

test, see Table 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 retention 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 thickness(nm) 9 22 30 52 107 

 

 

 

Figure 23: Depth profiles of the carbon, oxygen, fluorine and lithium concentrations versus sputtering time for 

anodes at beginning of life and SOC of S22.5, S85, S90, S95 and S100. Sputter depth can be calculated from sputter 

time and an etching rate of 1 nm min-1 on SiO2. 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 Elsevier.5 

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 C1s, O1s and F1s for 3 steps of sputter time and 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 

inorganic constituents dominate the layer near to the graphite’s surface, while the nature of 

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 set of calendar aged lithium-ion cells. 

 

Figure 24: Lithium/carbon ratio depth profiles of the anode samples BOL, S22.5, S85, S90, S95 and S100. After 

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.5 

At this point, a critical review of XPS depth-profiling as SEI probing method is required. 

Several comments of experts in the field of XPS research 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 composed of spherical 

particles, the surface is not flat and the angle between surface and detector varies. However, 

this can be compared with angle-resolved XPS, which is applied for ultra-thin films or 

sensitive samples, e.g. polymers [190]. 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 effect as a result of the sputter process, which may 

limits the validity due to energy input into the SEI, appeared. This limits the expressiveness of 

the constitution, but not the elemental composition. 

Nevertheless, in 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 depth-profiling 
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[106,112,113,117,191,192]. Yoshida et al. [115] set a criterion for the estimation of the SEI 

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

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

only a small variety of aged states was available. To the best of the author’s knowledge, no 

comparable extensive study estimating the SEI thickness from measurement results and in 

dependence of the complete range of SOC is published so far. Nevertheless, XPS depth-

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

insufficient without complementary analysis methods, i.e. SEM, Raman spectroscopy, 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 evolution from SOC22.5 to SOC85 and higher. The maximum 

estimated SEI thickness resulting 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, gas-assisted lithium plating in series with the gas enclosure in the 

electrode stack arises during 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 R (2019): 

Post-mortem analysis of calendar aged large-format lithium-ion cells: Investigation of the 

solid electrolyte interphase.  

In: Journal of Power Sources 443, S.227-243 

The data and results presented in section 3.1 are based on an extensive calendar aging test 

performed by BatterieIngenieure GmbH (Aachen, Germany) and designed and supervised by 

R. Swaminathan (Mercedes-Benz AG). Subsequent to the completion of the aging test, the 

cells were transferred to my responsibility. According to the electrical data, I planned the 

further handling and selection of analysis methods.  
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The post-mortem analysis, the evaluation and selection of characterization methods was 

initiated and most of the experimental work was done by myself. M.Sc. Naqeeb Tahasildar 

(co-supervision – laboratory part) and M.Sc. Jochen Stadler assisted the experimental work as 

part of their master thesis and intern studies under my supervision. The operation of materials 

characterization via SEM was performed by Mr. Samtleben and Dr. Nagel (Matworks GmbH, 

Aalen, Germany), ICP-OES was performed by SGS Fresenius Institut (Dresden, Germany) and 

XPS was carried out by Dr. Diemant and Dr. Bansmann from Ulm University (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 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 Sources 400, S.402–414 

Pouch cell characterization comprising a final check-up, cell volume measurements, cell 

opening in the glove box system and sample preparation for various materials 

characterization was performed by myself. The operation of materials characterization via 

ICP-OES was performed by SGS Fresenius Institut (Dresden, 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 – Correlation of Operation 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, Passerini S, Riedel 

R (2021): Cycle parameter dependent degradation analysis in automotive lithium-ion cells. 

In: Journal of Power Sources 506 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 Storage 29, 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 at-a-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 cut-off voltages 

(correlating with the SOC), the depth of discharge and the applied charge and discharge 

currents. These parameters later determine the performance and 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. 

 

Figure 25: Overview of the results from cycling 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% SOC versus equivalent full cycle, where we see a strong increase for the cell cycled 

at 60 °C starting at around cycle 600 and around cycle 1200 for the cell cycled at 45 °C. C) differential voltage 

graphs versus charge of the beginning of life cell (black) and the aged cells, minor change in the peak positions 

(ΔGIII-GII), 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.6 

Figure 25 summarizes the findings from electrical testing and post-mortem analysis of the 

cells cycled at different temperature, namely: 15 °C, 30 °C, 45 °C and 60 °C. The capacity 

degradation and resistance increase with 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 gas-assisted lithium plating following from enclosed gas 

in between the electrode stack, see data 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 gas-assisted plating as discussed in section 3.3 in 

detail. The anode active material degradation is rather low as the difference in the peak 

positions of the graphite stages (ΔGIII-GII) demonstrates in DV analysis. The SEI thickness is 

measured with XPS depth-profiling and estimated from the sputter time and the 

concentrations of the SEI constituents Li, F, O and C. With an increase in cycle temperature 

the SEI grows in thickness between 14 nm 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 three-electrode cell test 

followed by ICP-OES of the delithiated cathodes to determine Licathode,delithiated. 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 

(%BOL) 

resistance 

(%BOL) 

∆cell volume 

(%) 

SEI estimation 

(nm) 

capacitycat

hode (%BOL) 

∆ΔGIII-GII 

(Ah) 

Licathode, 

delithiated (%BOL) 

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 1.5 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 3.55 V, 3.7 V, 3.85 V and 4.2 V are presented in 

Figure 26 and Table 3. The capacity retention of the sample cycled at 3.55 V shows the 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 is similar for the low and medium 

cut-off voltages and drastically increases for the cell cycled up to 4.2 V. The photographs of 

the anode electrodes show minor differences between the low and medium cut-off 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 depth-profiling 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 and O 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. 

 

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 results in the highest capacity retention, while an 

increase leads to less capacity retention. B) 50 A discharge pulse resistance at 50% SOC versus equivalent full cycle 

the degradation of the cells cannot be distinquished regarding the resistance evolution. C) differential voltage 

graphs versus charge of 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) photographs of a representative anode electrode 

extracted from each pouch-bag type cell, a strong blue coloring of the cell cycled up to 4.2 V is found. E) 

STEM/EELS elemental mapping of the surface of the anode extracted from the cell cycled up to 4.2 V indicating the 

deposition of manganese into the SEI. Reproduced from [2], Copyright 2021, with permission from Elsevier.6 

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

sample capacity 

(%BOL) 

resistance 

(%BOL) 

SEI estimation 

(nm) 

Mnanode 

(mg/cm²) 

capacitycat

hode (%BOL) 

∆ΔGIII-GII 

(Ah) 

Licathode, 

delithiated (%BOL) 

BOL 100.0 100 7 0.003 100.0 16.91 100 

3.55 V 98.4 113 20 0.012 98.8 16.15 99.53 

3.7 V 93.7 118 24 0.017 93.4 16.72 - 

3.85 V 93.7 111 24 0.024 95.5 16.82 - 

4.2 V 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 retention 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 ΔGIII-GII. The estimated SEI thickness with ~6 nm 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 FIB-SEM 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 

(%BOL) 

resistance 

(%BOL) 

SEI estimation 

(nm) 

Mnanode 

(mg/cm²) 

capacitycat

hode (%BOL) 

∆ΔGIII-GII 

(Ah) 

Licathode, 

delithiated (%BOL) 

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 reveals 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 active 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. 

 

Figure 27: Overview of the results from cycling with DOD 20% and DOD 80%. A) C/10 discharge capacity 

retention versus equivalent full cycle, the DOD 80% cycling leads to less capacity retention than cycling at DOD 

20%. B) 50 A discharge pulse resistance at 50% SOC versus equivalent full cycle, showing a stronger increase in 

the cell cycled with higher DOD. C) differential voltage graphs versus charge of the beginning of life cell (black) 

and the aged cells, the graphite stage peaks distance decreases (ΔGIII-GII) indicating degradation of the anode 

material. D) Photographs of a representative anode electrode extracted from the pouch-bag type cell. E) Cross-

section FIB-SEM image of the cathode of the cell cycled with DOD 80% indicating the inter-granular cracking. 

Reproduced from [2], Copyright 2021, with permission from Elsevier.6 
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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 as 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 capacity 

changes were observed in the DOD 80% 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 capacity 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. The cells 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 30-80% 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 measured 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 the cell’s capacity. 

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 0D-modeling 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. Three-electrode cell 

tests were performed in order to investigate the overhang extent and the corresponding 

lithium transport. It has been found that filling the anode overhang 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, see Figure 28 day 20 to day 40) increases 

the capacity. In the aging test of the large-format LIBs the overshot in capacity is clearly 

visible (cf. Figure 26 and Figure 27). Instead, the reversible capacity decrease due to the 

overhang effect cannot be separated from the irreversible aging effects. Therefore, the 0D-

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 the 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 modulation are currently under 

progress. 

 

Figure 28: Overhang measurement and simulation data. 1C capacities of cells with 0.5 mm anode overhang initial 

state is SOC 0%, charged to SOC 100% and stored for 20 days, then the cell is discharged to SOC 5% and stored 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 Elsevier.9 

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 18.5 A 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. excessive 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 setup can be optimized 

further, the temperature sensors which should contact the cell surface through the aluminum 

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 gather as much information as 

possible, however, the evaluation of the eight pulse tests for resistance at different SOCs has 

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 LiPF6 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 mechanisms of 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 the cathode material – predominant at large depth of discharge 

Transition metal dissolution – intensifies with increase in 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 reversibly 

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

[2] Storch M, Fath JP, 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 BatterieIngenieure 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 post-mortem analysis was performed by myself with 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 post-mortem 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 volume measurements, the three-electrode 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 ICP-OES 

was performed by SGS Fresenius Institut (Dresden, Germany). XPS was carried out by Dr. 

Diemant and Dr. Bansmann from Ulm University (Ulm, Germany). FIB-SEM and (S)TEM 

measurements were performed by Tarek Lutz and co-workers from NMI 

Naturwissenschaftliches und Medizinisches Institut an der Universität Tübingen (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 Rietveld-refinement 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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The idea for this publication was a collaboration of M.Sc. Johannes Fath and myself. Further I 

contributed to the scientific pre-work and the cycle aging test discussed in [2], which focused 

our attention to the challenge of the overhang effect. The electrical testing, post-mortem 

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. I 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). 

 

[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 Storage 29, S. 101344 
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3.3. Cycle Aging – 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 R (2019): 

Post-mortem analysis of calendar aged large-format lithium-ion cells: Investigation of the 

solid electrolyte interphase. 

In: Journal of Power Sources 443, S.227-243 

[3] Storch M, Fath JP, Sieg J, Vrankovic D, Krupp C, Spier B, Riedel R (2021): 

Temperature and Lithium Concentration Gradient Caused Inhomogeneous Plating in Large-

format Lithium-ion Cells. 

In: Journal of Energy Storage 41, 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 current is 

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 discussed. Both 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 sections 3.1 and 3.2 result in 

representative and expected degradation for both aging modes. Though, in some cases 

unexpected degradation marks could be found.  

Lithium plating in calendar aged cells 

We start with the discussion of the calendar aging [1], the first fact to mention is that lithium 

plating is a degradation mechanism resulting from charge currents (cf. section 2.3.1) and is 

thus not expected in calendar aging mode. However, in most calendar aging tests regular 

check-up tests are performed, applying charge and discharge currents. As we identified, the 

inhomogeneous degradation of the calendar aged large-format 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). 

 

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 S100, b) magnified optical micrograph of S100 surface deposit, c) 

FIB-SEM cross-section of surface deposits on graphite particles with 7500x magnification and the corresponding 

SEM top view micrograph. The surface deposits are several microns thick on top of the graphite particles and the 

surface deposits occur in increasing amount as storage SOC is increased. Reproduced from [1], Copyright 2019, with 

permission from Elsevier.5 

Due to the increased 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 (see Figure 30). The surface deposits 

were identified as lithium plating by a combination of FIB-SEM (see Figure 29 c), SEM-EDX 

(see Table 5) and comparable findings in literature [77]. Even though lithium cannot be 

measured using SEM-EDX, 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 immediately 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 principle and anode coverage determined via 

image analysis versus the storage SOC during 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 covered 

electrode area. A correlation 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.5 

Table 5: Element concentrations in the S100 anode and corresponding deposits determined via SEM-EDX analysis. 

The deposits possess strong increase of oxygen, phosphor and sulfur and decrease of carbon. It should be noted 

that lithium is not measureable in EDX due to its 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% 

S100-deposit 30.5% 57.5% 3.4% 6.3% 2.3% 

 

The reason for the observed lithium plating is that gas formed at high SOC and temperature 

and gets trapped in the electrode stack. The low pressure on the cells is not high enough to 

push the gas bubbles out of 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. The cells were “constrained” in between to aluminum plates ensuring contact 

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 have an influence on calendar aging, 

which is proven wrong by this study.  
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Since solely during the check-up 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 check-up tests in a row without the calendar aging phase, here, no surface 

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

As a lessons learned, for further testing a spring loaded test setup is adopted in the cycle aging 

test, i.e. the exclusively designed mechanical setup (see Figure 31). A combination of 30 mm 

aluminum plates, six cylinder screws M6x110 - assembled with springs 0D12370 [3] was 

developed to ensure a pressure during one cycle and for the whole aging test of ~29 kPa. This 

pressure should press the eventually evolving gas out of the stack and therefore prevents gas-

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 and 

screws represent two screw-in temperature sensors for evaluation of the cell surface temperature. Reproduced 

from [3], Copyright 2021, with permission from Elsevier.7 

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 in lateral direction, gas-assisted lithium 

plating is observed. However, the mention cells at 60 °C are the only cells with gas-assisted 

plating and the 60 °C are the edge of the allowed operation conditions for this cell. 

Stress test at low temperature 

Besides the gas-assisted lithium plating a second type of inhomogeneous degradation is 

observed in the cycle aged cells. The cycle test includes one test point in addition to the 

presented once (cf. section 3.2), 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 30 °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 at 0 °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 post-mortem analysis of the cells revealed 

the deposition of a thick lithium-rich layer in the center of the anodes and a little increase of 

the cathode thickness (see Figure 27). 

 

Figure 32: Overview of the main findings of inhomogeneous degradation in low temperature and high discharge 

current cycling of large-format 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 reveals a strong 

lithium plating pattern in the lateral electrode center. Further analysis of the temperature gradient using a parallel 

connection of three-electrode test cells revealed that a temperature gradient up to 15 K cannot lead to lithium 

plating without superposition of an additional effect. We identified the lithium concentration increase in the cell 

center as effect leading to lithium plating. Reproduced from [3], Copyright 2021, with permission from Elsevier.7 

The first assumption was that a thermal gradient caused by the high discharge current leads 

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 three-electrode 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 V vs. 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 0 V 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 in temperature, which is concomitant with the increased ΔSOC 

shown in Figure 32. The ΔSOC is present in the pouch cell between the inner warmer area 

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

a) A delta in state of charge between the outer and the center area in 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 (ΔSOC). The flow of lithium in the cathode in opposite 

direction is weaker due to the lower potential gradient. 

c) 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.  

 

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 colored 

green and electrode outer area and corresponding potential changes are colored red. Reproduced from [3], 

Copyright 2021, with permission from Elsevier.7 

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. Additionally, 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): 

Post-mortem analysis of calendar aged large-format lithium-ion cells: Investigation of the 

solid electrolyte interphase.  

In: Journal of Power Sources 443, S.227-243 

The post-mortem analysis, the evaluation and selection of characterization methods was 

initiated and most of the experimental work was done by myself. M.Sc. Naqeeb 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 operation of materials 

characterization via SEM was performed by Mr. Samtleben and Dr. Nagel (Matworks GmbH, 

Aalen, Germany), ICP-OES was performed by SGS Fresenius Institut (Dresden, Germany) and 

XPS was carried out by Dr. Diemant and Dr. Bansmann from Ulm University (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 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). 

[3] Storch M, Fath JP, Sieg J, Vrankovic D, Krupp C, Spier B, Riedel R (2021): Temperature 

and Lithium Concentration Gradient Caused Inhomogeneous Plating in Large-format Lithium-

ion Cells.  

In: Journal of Energy Storage 41, 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 BatterieIngenieure 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 post-mortem 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 three-electrode cell test 

equipment and helped me with test procedure and data evaluation. The operation of 

materials characterization via ICP-OES was performed by SGS Fresenius Institut (Dresden, 

Germany). Data evaluation, interpretation and presentation as well as literature research was 

performed by myself under assistance of the co-authors. 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 first milestone in the evaluation of the calendar and cycle 

degradation mechanisms in long-term application of automotive lithium-ion cells. Within this 

work the detailed analysis of the degradation mechanisms in function of battery operating 

conditions has been performed for the first time. It has been shown that the temperature, the 

state of charge and the depth of discharge are the most crucial parameters. Furthermore a 

unique approach consisting in a statistical analysis of long-term 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 charge operation using STEM-EELS 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 addition, 

inhomogeneous degradation resulting from enclosed gas, temperature and lithium-

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 post-mortem analysis enable a lifetime optimized 

design of the operation strategy in the application, conceivable enhancement of lifetime >15 

years and >300.000 km. 

A calendar aging test of 54 cells for ~280 days and a cycle aging test of 31 cells for ~1500 

cycles provide a base for the profound analysis of the calendar and operational degradation of 

the automotive battery cells. The main findings on the degradation mechanisms revealed by 

post-mortem analysis are 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 solid 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 check-up 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. 

 

Figure 34: Overview of the major degradation mechanisms found in long-term aged automotive lithium-ion 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 cut-off 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 fortified 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 the growth of the solid electrolyte interphase, the 

dissolution of manganese and incorporation 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 0D-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 constraints 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 gas-assisted lithium plating is found as causality of the formed gas during storage and 

the current applied during the check-up. In the cycle study a temperature 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 lost to 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 challenges 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 developed in the present work. 
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