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Abstract

Partial electrification of vehicles with conventional combustion engines offers an effective
and necessary method for efficiency enhancement and CO2 emission reduction. One way
of adding a so-called mild hybridization to existing vehicle architectures is to extend
the conventional 12 V vehicle electrical system by a 48 V voltage level containing a 48 V
lithium-ion battery. In addition to the low system costs, this low-to-medium degree of
electrification is widely accepted by customers due to the absence of range anxiety and non-
required external charging. Purpose of this lithium-ion battery is to recover braking energy
and to provide both short-term boost power and energy supply for the vehicle electrical
system. Therefore, application-specific requirements such as high-power capability, cycle
stability and temperature robustness need to be fulfilled. Despite the rapidly increasing
market share of mild-hybrid vehicles, studies of real-world battery loads of vehicles with
48 V system are lacking. Same applies for detailed research results of high-power optimized
lithium-ion cells applicable in such mild hybrid vehicle applications.

A promising anode material for such an application is lithium titanate oxide (LTO), which
possesses several outstanding material properties including high-power capability, inherent
safety and excellent lifetime performance. However, its market availability is comparatively
low, as graphite-based cells with higher specific energy density dominate the consumer
market. Aging mechanisms of LTO-based lithium-ion batteries are highly controversial and
still not fully understood. Known degradation effects of LTO are state of charge (SOC)
dependent and strongly accelerated at high temperatures. Extensive scientific studies on
mass-produced LTO-based cells are rare, resulting in a lack of essential information on
performance and aging behavior of LTO-based cells.

Consequently, through extensive experimental measurements of characteristic mild-hybrid
operating points, this thesis aims to assess the suitability of an LTO-based cell type for
low voltage vehicle systems by revealing essential performance and aging characteristics.

Real-world battery data from mild hybrid electric vehicles are examined and both charac-
teristic and critical operating conditions of 48 V batteries are derived. The 48 V battery in
the investigated system typology is operated in a very wide temperature range (−20 °C to
70 °C) with extremely high average temperatures. In addition, it is mainly burdened with
small cycle depths (< 5%), high dynamic current loads (more than 20C) and high energy
throughputs over lifetime (> 20,000 equivalent full cycles). Based on these application-
specific stress factors, the performance of a 10 Ah nickel manganese cobalt oxide|lithium
titanate oxide (NMC|LTO) cell is thoroughly investigated and benchmarked against two
high-power graphite-based cells with regard to the sensible begin-of-life parameters open
circuit voltage, internal resistance and capacity. A pronounced SOC dependency of the in-
ternal resistance of the NMC|LTO cell reduces its power capability, extractable cell capacity
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and energy efficiency. This cell, in contrast to the graphite-based cells, exhibits marginal
Butler-Volmer dependency and offers high charge acceptance at negative temperatures,
which positively affects the CO2 savings potential.

Cyclic, calendar and drive cyclic aging regimes are defined and applied on a total of 39
NMC|LTO cells. The LTO-based cells show an excellent cycle stability for shallow cycles,
even at high ambient temperatures and high current rates. Rise in internal resistance
under calendar aging condition has the most detrimental influence on cell lifetime. The
aging study demonstrates that the investigated cell is able to meet the vehicle relevant
lifetime requirements of 200,000 km. For calendar aging, a part of the SOC dependent
capacity retention is attributed to charge equalization processes between active and passive
electrode regions. Using a novel descriptive explanatory model, it is illustrated that the
passive electrode effect causes a shift in the operating voltage potential of one or both
electrode materials. This shift corresponds to a change in electrode balancing. Thus,
depending on the potential curves and voltage limits, the extractable cell capacity varies.
The analysis of capacities in constant voltage charge phases reveals that equalization
processes induced by the passive electrode effect lead to inhomogeneous lithiation of the
active material.

To further investigate temperature and SOC dependent aging mechanisms of the NMC|LTO
cells, incremental capacity analyses and postmortem examinations are performed that
include cell opening, coin cell assembly with aged electrode material and surface exam-
inations. 80 °C storage temperature leads to intense gas formation and a superposition
of different degradation modes. These modes are identified in the incremental capacity
analysis as predominantly loss of lithium inventory and loss of active material at the
positive electrode. At low and medium SOC, the residual cell capacity increases, which
is attributable to both added capacity at higher cell voltages caused by extension of the
LTO potential plateau and a pronounced passive electrode effect. Irreversible degradation
of cell materials is most severe at high SOCs. Surface layer formation is observed on both
LTO and NMC, though its composition differs, and its thickness rises with increasing
SOC.

For an investigation of the reversibility of capacity effects at 60 °C calendar aging, a passive
electrode effect is intentionally induced in ongoing calendar aging tests by changing the
storage SOC. Based on the capacity retention, full reversibility of the passive electrode
effect is demonstrated. Analysis of the floating currents for maintaining constant cell
voltage reveals intensified side reactions at the beginning of the storage phases following a
change to higher SOC. These side reactions and thus a distinct drop in capacity occurred
only once even with repeated SOC changes. Since the LTO material was limiting the
extractable cell capacity, the results confirm the formation of a passivating surface layer
on the LTO surface despite the characteristic LTO potential of 1.55 V.
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1 Introduction and motivation

“If you always do what you’ve always done, you’ll always get what you’ve
always got.”

– Henry Ford

The automotive industry is facing the biggest transformation in decades. The European
Commission’s restrictive CO2 legislation, motivated by rapidly intensifying climate change,
forces car manufacturers to reduce their vehicle fleets’ emissions. By 2021, a fleet-wide
95 g

km target needs to be met with heavy penalties for non-compliance. By 2030, a further
37.5% reduction compared to the target in 2021 is mandatory [1]. However, given the
urgency of mitigating global warming, a tightening of this regulation remains likely. With
conventional internal combustion engines, achieving the 2021 targets is ruled out due to
thermodynamic limits [2]. A sufficient enhancement in efficiency requires either partial or
full electrification of the powertrain. As the quote from Henry Ford emphasizes, it is more
important than ever for established car manufacturers to act with an eye to the future
and to grow beyond the profound long-term expertise and accomplishments associated
with the internal combustion engine.

The transformation to full vehicle electrification requires both sufficient time to market
and supply chain capabilities, along with other external factors such as a broad charging
infrastructure and a stable energy supply. Ultimately, customer acceptance and thus the
interplay between supply and demand is decisive for the rapidity and the success of vehicle
electrification [3].

Mild hybridization, meaning partial electrification of the powertrain, represents a cost-
effective enabler supporting this transformation process in the short term while maintaining
mass acceptance [4]. One way of adding mild hybridization to existing vehicle architectures
is to extend the conventional 12 V vehicle electrical system by a 48 V voltage level containing
a 48 V lithium-ion battery [5]. The primary purpose of the 48 V system is to recover
braking energy to enhance the overall efficiency of the vehicle [6].

Lithium-ion batteries suitable for such an application need to provide high volumetric
as well as gravimetric power density due to limited installation space and high braking
power. Compared to conventional 12 V lead-acid batteries, 48 V lithium-ion batteries are
expected to last as long as the vehicle itself. Compliance with both performance and
lifetime requirements needs to be ensured during all development phases of the battery.
Non-specific synthetic standard cycles are not suitable for evaluating the relevant operating
points and application-specific lifetime performance. For example, testing full cycles at
low current rates results most likely in different lifetimes than small cycle depths at high
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1 Introduction and motivation

current rates [7]. Application-oriented lifetime testing always requires detailed information
on real-world battery loads, which is difficult to obtain for novel technologies with initially
low market penetration [8].

Lithium titanate oxide (LTO) is a promising electrode material for mild-hybrid applications
that possesses several outstanding material properties including high power capability,
inherent safety and excellent lifetime performance [9]. However, its market availability is
comparatively low, as graphite-based cells with higher specific energy density dominate
the consumer market [10]. Detailed scientific studies on mass-produced LTO-based cells
are scarce [11]. In particular, for a potential application in a 48 V system, experimental
studies are needed to identify critical operating conditions and to provide an in-depth
understanding of the cell aging behavior.

In this thesis, the following research questions are of primary interest:

• What are characteristic operating conditions of a 48 V battery in a mild-hybrid
application? Of these operating conditions, which are critical stress factors that
negatively affect cell lifetimes?

• How does the LTO-based cell perform considering these stress factors? Can the cell
meet application-specific begin-of-life and end-of-life performance requirements?

• What are the most critical stress factors that limit the lifetime of the LTO-based
cell?

• Which aging effects (reversible and irreversible) occur and how dominant are they?
By using non-destructive and destructive methodologies, which characteristic aging
mechanisms can be identified and what is their impact on the active materials?

Figure 1.1 depicts the structure of this thesis. At the beginning of Chapter 2, the
fundamentals of lithium-ion cells are introduced. An overview of design, working principle
and cell materials is given. In addition, emphasis is placed on the difference between
high-power and high-energy optimized cells. Essential aging mechanisms in lithium-ion
cells are described, mainly focusing on lithium-titanate based cells. Finally, criticalities
and limitations of aging lithium-ion cells are highlighted.

Chapter 3 elaborates performance-relevant and aging-relevant battery parameters from
application-specific load scenarios. As an introduction, basics of low-voltage vehicle
electrical systems are outlined. The demand for extending the conventional 12 V voltage
level by a 48 V voltage level along with the associated system changes and function
enhancements are explained. Based on the analysis of real-world vehicle data, stress factors
of a 48 V battery are characterized. This chapter serves as the basis for the performance
and aging analysis and defines the key operating points for the cell tests.

Full details on the conducted experiments and applied methods during the course of this
thesis are given in Chapter 4. Specifications of the investigated cells, the test benches
and the test procedures are provided. Different methods for detailed aging analysis are
presented, either based on electrical measurements by regular check-ups or after destructive
cell opening followed by dedicated material examination.
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Chapter 5 presents a comprehensive comparison of the results of characterization measure-
ments of the LTO-based cell with two other high-power optimized graphite-based cells.
The electrical test results both under load-free condition and under high dynamic load are
compared and discussed. Based on the begin-of-life performance, the suitability of the
investigated cells for use in a 12 V/48 V low voltage vehicle application is evaluated.

This thesis focuses on the analysis of the aging behavior of the LTO-based cell, which is
presented in Chapters 6, 7 and 8. Chapter 6 shows the results of the calendar, cyclic, and
driving cyclic aging tests separated by each of the relevant stress factors. The impact of
the stress factors on the degradation behavior of the cells is assessed and lifetime critical
factors are highlighted. Using an explanatory model, the effect of passive electrode areas
on electrode operating potentials and extractable cell capacities is illustrated. Finally,
it is evaluated if vehicle relevant lifetime requirements can be met with the investigated
LTO-based cell.

An in-depth investigation of the effects of calendar aging at a storage temperature of 80 °C
and different states of charge is carried out in Chapter 7. An incremental capacity analysis
allows for the separation of dominant degradation modes. Aged cells were opened to
perform further material studies. Pictures of this cell opening are shown and aging-related
material changes are discussed. The measurement of half-cells with aged cell material as
well as an investigation of the morphology of this material enable additional insights into
degradation effects such as the formation of a cover layer.

The capacity retention during aging tests depends on reversible as well as irreversible
capacity effects. In Chapter 8, a differentiation of reversible and irreversible effects is
achieved by intentionally adjusting the state of charge during calendar aging at 60 °C.
In addition, data from the calendar aging phases and the regular check-ups are used to
distinguish between one-time and permanent degradation effects.

This thesis ends in Chapter 9 with a summary of the main findings. Further research
topics and open issues are discussed in a brief outlook.
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Fundamentals

Analysis of battery stress factors
in a mild-hybrid electric vehicle

Experimental and methods
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9
Figure 1.1: Structure of this dissertation on performance and aging behavior of lithium

titanate oxide based cells.
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2 Fundamentals of lithium-ion batteries

Lithium-ion batteries have become the leading energy storage technology in a variety of
applications. No matter whether smartphones, wireless headphones, or electric vehicles,
lithium-ion batteries offer a wide area of application and optimization potential in terms of
size, performance and safety. A Ragone diagram comparing the performance characteristics
of different energy storage systems is shown in Figure 2.1. Lithium-ion technology provides
the greatest range of energy and power density. Despite an anti-proportional relationship
between energy and power density, lithium-ion batteries are leading in combining both
factors. Due to intensive development activities in the field of lithium-ion technology,
electrochemical, production-related and design limitations continue to expand, allowing
for the depicted area to grow continuously [12].

lithium-ion
(high-power)

gr
av
.
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we
r
de

ns
ity

at
ce
ll
le
ve
l/

W kg

grav. energy density at cell level / Wh
kg

lithium-ion
(high-energy)

Ni-Cd
Ni-Mh

lead-acid (spirally wound)

supercap10000

100

1000

1

10

20 40 60 80 100 120 140 160 180 2000 220 240 260 280

LTO technology

Figure 2.1: Comparison of different commercialized energy storage systems with regard to
gravimetric energy and power density at cell level (own illustration, adapted
from [12–17]).

In this thesis, the terms lithium-ion battery and lithium-ion cell are distinguished. Lithium-
ion batteries are defined as an interconnection of any number of lithium-ion cells in series
and/or in parallel. Lithium-ion cells represent the smallest unit of an electrochemical system
capable of converting electrical and chemical energy. The lithium-ion cells investigated in
this thesis are classified as high-power cells and reach power densities of several thousand
watt per kilogram. The following chapter covers the basics of the design and working
principle of lithium-ion cells. The explanations aim to enable an understanding of the
subsequent chapters. An analysis of the differences between high-power and high-energy
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2 Fundamentals of lithium-ion batteries

cells highlights the special characteristics of the cells analyzed in this thesis. Common
aging mechanisms of lithium-ion cells are briefly outlined. Due to the focus on LTO-based
cells, a major part of this chapter is dedicated to this material. The implementation and
interpretation of aging tests entails a number of criticalities and limitations, which will be
addressed and discussed in conclusion.

2.1 Working principle and components

Lithium-ion cell components can be categorized into two groups: active and passive
materials. Active materials take part in the electrochemical reaction both by absorbing
and releasing charge carriers and by converting from one oxidation state to another. Despite
chemical inactivity, passive materials ensure the functionality of the cell and can have
significantly influence the cell behavior. Optimal cell performance for a specific application
requires a precise and systematic alignment of active and passive components.

electrical
load

positive
electrode

negative
electrode

graphite particle

metal oxide

conductive
carbon

binder

separator current collector
(Cu)

current collector
(Al)

graphene layers

lithium-ion

Figure 2.2: Schematic illustration of the components of a lithium-ion cell (own illustration,
adapted from [18]).

The fundamental characteristics of lithium-ion cells are part of many books and publica-
tions [19–23]. Therefore the essential principle is briefly described below. Figure 2.2 depicts
a schematic overview of the components of a lithium-ion cell. The working principle of a
galvanic cell and thus a lithium-ion cell is based on a chemical redox reaction of the active
materials. During the charge and discharge process, oxidation (emission of electrons) and
reduction (absorption of electrons) occur at both electrodes. The electrodes serve as host
lattices in which lithium-ions can be reversibly inserted and extracted.
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2.1 Working principle and components

For historical reasons, the positive electrode is referred to as cathode and the negative elec-
trode as anode during both charge and discharge. This nomenclature dates back to the early
years of battery technology, when non-rechargeable primary cells were developed [19].

The main electrochemical reactions within the lithium-ion cell, exemplary for a graphite
anode and any metal oxide cathode, can be expressed as follows:

Li1−xC6 + xLi+ + x e− charge

discharge
LixC6 (2.1)

Liy + zMO2
charge

discharge
LiyMO2 + z Li+ + z e− (2.2)

During charge process the metal oxide of the cathode is oxidized by applying an external
voltage source. This leads to a transfer of lithium-ions into the electrolyte and a simul-
taneous release of electrons, so that charge neutrality is preserved. Since the electrolyte
acts as both ion conductor and electrical insulator, electrons are forced to flow through
the current collector and the external electrical circuit to the anode. Lithium-ions move
through electrolyte and separator to the negatively charged anode and insert into the
graphite structure. Thus, charging lithium-ion cells implies a conversion of electrical energy
into chemical energy. The charging process is completed when the graphite material is
filled or the metal oxide is unable to provide more lithium-ions. If an electrical load is
connected to the charged cell, all processes proceed in the opposite direction. During
the discharge process, the anode oxidizes and releases electrons and lithium-ions, so that
in theory the process described above occurs completely reversible. Because of the back
and forth motion of lithium-ions between the two electrodes, the process is often called
‘rocking-chair’ mechanism [18].

Figure 2.3 provides an overview of various anode and cathode materials. Most of the
materials differ strongly in their potential versus Li/Li+ and their gravimetric capacity
density. In the following the characteristics of the most prominent anode and cathode
materials are presented.

2.1.1 Anode materials

A variety of materials are suitable for use as an anode within a lithium-ion cell. An
overview of the characteristic properties of the most common anode materials is given
in Table 2.1. Each of these anode materials offers both advantages and disadvantages,
although the electrochemical process of storing energy greatly varies.

2.1.1.1 Lithium metal

The most intuitive and capacity-wise superior material is metallic lithium. Metallic lithium
offers the lowest standard electrochemical potential vs. standard hydrogen electrode
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2 Fundamentals of lithium-ion batteries
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Figure 2.3: Overview of potentials and gravimetric capacity densities of the most common
anode and cathode materials. In addition, stability limits of the current
collectors and conventional organic electrolytes are highlighted (own illustration,
adapted from [19, 24–26]).

(−3.05 V) of all metals, which enables highest possible cell voltages within a lithium-ion
cell [27]. The high cell voltages combined with high gravimetric and volumetric capacity
density result in the highest energy density of all anode materials. By using a lithium
metal anode the entire material actively participates in the process and the potential
energy density is not influenced by a passive host lattice structure.

The electrochemical potential of lithium metal, as shown in Figure 2.3, is not within the
stability window of the electrolyte, so that a passivation layer is formed on the lithium
metal in a continuous process [30]. This surface layer prevents further reactions with the
electrolyte. During cyclization of lithium metal anodes, parts of the anode migrate into

Table 2.1: Overview of characteristic properties of different anode materials [27–29].

Material Li C Li4Ti5O12 Si

Lithiated phase Li LiC6 Li7Ti5O12 Li4.4Si
Gravimetric capacity density [mAh

g ] 3861 372 175 3579
Volumetric capacity density [mAh

cm3 ] 2062 756 600 2190
Density [ g

cm3 ] 0.53 2.25 3.5 2.33
Volume change [%] 100 10 0.1 270

Potential vs. Li/Li+ [V] 0 0.05 1.55 0.4
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2.1 Working principle and components

the electrolyte as lithium-ions. These changes in volume destroy the existing surface layer,
resulting in a new layer formation with each cycle. The formation of the surface layer
consumes large quantities of electrolyte and lithium, so that an excess of electrolyte needs
to be considered in the cell design [31].

In addition, lithium-ions accumulate inhomogeneously at the lithium metal anode. This can
lead to the formation of branched lithium metal structures, so called dendrites. Dendrites
represent a high safety risk as they can penetrate the separator and thus can reach the
cathode [32]. An induced internal short-circuit can result in a spontaneous and uncontrolled
heat generation, the so-called thermal runaway, and a complete destruction of the cell [30,
33].

Due to the safety risks and the limited durability, lithium metal batteries have not yet been
able to become well-established as secondary batteries. Current research projects try to
eliminate the disadvantages by using solid-state electrolytes or by further homogenization
of the lithium-ion deposition [27, 34].

2.1.1.2 Graphite

In the last decades, intercalation compounds have gained great success as anode material in
lithium-ion batteries. These compounds serve as a stable host lattice in which lithium-ions
can be incorporated and extracted. Ideally, the structure of the host lattice remains
unaffected by this process, so that a high degree of reversibility and lifetime is given.

α

α

0,430 nm

0,370 nm
A

A

A

graphene layer

lithium layer

Figure 2.4: Schematic illustration of the position and arrangement of graphene and lithium
layers within graphite (own illustration, adapted from [35]).

Especially in applications requiring high energy densities, carbon and in particular graphite
(C) has become the preferred anode material [25, 36]. Here, a distinction must be
made between soft carbons and hard carbons. The classification is based on the high-
temperature behavior and the corresponding graphitizability [37]. Soft carbons posess
a more flexible layer structure and are therefore able to form a crystalline structure at
very high temperatures (>2300 °C) [38]. The strong layer connections of hard carbons
prevent further cross-linking, thus, large amorphous portions remain in the structure. The
crystallinity of carbon affects the properties of the lithium-ion cell. As the crystallinity
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2 Fundamentals of lithium-ion batteries

of carbon increases, the speed of lithiation and thus the cell performance enhances. In
contrast, amorphous carbon has the advantage of higher energy density. However, this
only applies if charging is done with low current density. Otherwise the potential energy
density is significantly reduced [18].

The structure of crystalline graphite material is exemplified in Figure 2.4. It consists of
parallel graphene layers, which are arranged and shifted relative to each other. In an
unlithiated state two crystallographic forms occur, the predominantly hexagonal form
with AB stacking order and the rhombohedral form with ABC stacking order. Since
the transformation of both forms into each other is associated with comparatively low
activation energy, both arrangements are mostly present simultaneously [35].

The graphene layers are held together by van der Waals forces. If, as shown in Figure 2.4,
an insertion of lithium-ions into the structure occurs, the distances between layers increase
so that the lithium-ions arrange their position between the layers. Consequently, lithiation
causes the graphite material to expand by approximately 10% [35]. In addition, the
graphene layers shift to an AA stacking order, see Figure 2.4 [39–41]. In a fully lithiated
state graphite offers a theoretical gravimetric capacity density of 372 mAh

g [35, 37].
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Figure 2.5: Potential of graphite as a function of the degree of lithiation with indication of
characteristic stages (own illustration, adapted from [24, 42]).

The lithiation process of lithium-ions into the graphite structure occurs, as shown in
Figure 2.5, in a voltage window of 0.25 V to 0 V in the form of a stagewise lithiation of
the graphene layers [24]. Here, the number of the stage indicates the distance between the
lithiated graphite layers [35]. Two phases can exist simultaneously. This state is indicated
by a distinct potential plateau [43, 44]. The mechanism of stage formation is controlled
by thermodynamic boundary conditions. The main influencing parameters are on the
one hand the energy to overcome the van der Waals forces and on the other hand the
repulsive interaction of the embedded lithium-ions. Due to the strength of the van der
Waals forces, the formation of single fully occupied layers is energetically preferred to a
random lithium-ion distribution [45].
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2.1 Working principle and components

The potential of graphite, similar to that of the lithium metal described above, exceeds
the stability window of the electrolyte. The organic electrolyte is reduced due to the
chemical potential of graphite, resulting in formation of a hardly soluble surface layer.
This protective surface layer, known as solid electrolyte interface (SEI), is formed during
the first charge cycles [46]. As an electrically insulating layer, the SEI protects against
permanent contact between electrode and electrolyte [39, 47].

Figure 2.6: Schematic illustration of the position and arrangement of graphene and lithium
layers within graphite (own illustration, adapted from [35]).

Further positive characteristic of the SEI is its ability to protect against cointercalation of
solvent molecules. As shown in Figure 2.6, solvate shells of intercalating lithium-ions are
stripped off at the SEI [48]. Solvate molecules are able to overcome the van der Waals
forces that hold the graphite lattices together and subsequently expand them. Thus, each
charging process can lead to a permanent damage of the graphite lattice. For the durability
of a graphite-based cell a stable and impermeable SEI is of great importance. The thermal
and mechanical reliability as well as the uniformity of the SEI can be influenced by
modifying the graphite surface or adding additives. Furthermore, the efficiency of the
passivation process can be optimized to minimize irreversible capacity losses [18].

A thin copper foil serves as current collector of the graphite anode [42]. Copper foil offers
excellent electrical conductivity and high robustness at low potentials vs. Li/Li+. However,
in conventional carbonate-based electrolytes a potential above 3 V vs. Li/Li+ can dissolve
the copper [49, 50]. The dissolved copper can deposit on the cathode surface and can form
dendrites, which bear the risk of internal short-circuiting. Therefore, a deep discharge of
the anode should be avoided [51].

2.1.1.3 Lithium titanate oxide

Apart from graphite, only few anode materials have made it to a wide market penetration
and mass production. A highly promising alternative is LTO, which is ideally suited for
high-power applications requiring high cycle stability over extended temperature ranges,
high rate capability and inherent safety [52–54].

The lithiation process of the spinelstructured Li4Ti5O12 to the rock-salt-structured Li7Ti5O12
takes place in a two-phase process under absorption of three electrons, according to the
following equation 2.3 [55, 56]:
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2 Fundamentals of lithium-ion batteries

Li4Ti5O12 + 3 Li+ + 3 e− charge

discharge
Li7Ti5O12 (2.3)

LTO reaches a theoretical gravimetric capacity density of 175 mAh
g . The insertion and

extraction of lithium-ions takes place on a potential plateau of approx. 1.55 V vs. Li/Li+,
as illustrated in Figure 2.7 [54, 57]. Thus, LTO offers the highest potential of all com-
monly used anode materials, which negatively affects achievable lithium-ion cell voltages.
Consequently, LTO-based cells are limited in their energy density and are not commonly
used in high-energy applications, such as EVs, where installation space is limited [58].

The reversible insertion and extraction of lithium-ions into the crystal structure of the
LTO occurs without significant expansion of the material (less than 0.1%) [59, 60]. This
characteristic is the origin for the commonly used term as ‘zero-strain’ material [55, 56, 59].
Low material expansion benefits both cycle life and stability against high-rate cyclization,
since mechanical stress within the material is minor and high reversibility is ensured [36,
58].
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Figure 2.7: Characteristic potential profile of an LTO electrode.

However, both commercial and scientific interest is driven by the high operating voltage, not
least because essential aging mechanisms of graphite do not apply to LTO. The electrolyte
is stable in the operating range of the voltage plateau of 1.55 V vs. Li/Li+, so that in
principle no protective SEI is formed on the LTO. The high potential prevents deposition
of metallic lithium and dendrite growth, even if the cell is temporarily overcharged. Thus,
LTO provides high charge capability at negative temperatures and a high level of safety [56,
61, 62].

In the event of thermal breakdown of cell or pack, LTO is thermally more stable than
graphite at above 200 °C and therefore offers an increased level of safety [63].
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2.1 Working principle and components

The low electrical conductivity (<10−13 S
cm) and the low lithium diffusion coefficient (approx.

10−8 cm2

S ) are a challenge for the usage of LTO and restrict the high rate capability [64].
Various methods for optimizing kinetic performance of LTO have been proposed in the
past. One method is the use of nano-sized particles [58, 65]. Smaller particles greatly
shorten diffusion paths for lithium-ions and electrons as well as increase the contact area
between active material and electrolyte. In addition, conductive coatings can enhance the
conductivity at the material surface, resulting in enhanced high rate capability. Further
measures include in-situ structure modification, ion-doping and morphology control [61,
66, 67].

A major safety risk and aging mechanism of LTO-based cells is the formation of gas (H2,
CO, CO2 etc.), which leads to an inflation of the cells [57]. Gas formation occurs already at
room temperature and is not linked to cyclization of the cell [68]. A detailed consideration
of this behavior and potential causes of gassing are provided in Chapter 2.2.1.

The high potential of LTO allows for the use of aluminum as current collector. Aluminum
is commonly used for cathode materials that are operated at high potentials (>3 V) since
copper would decompose [41]. Although aluminum offers both weight and cost advantages,
its electrical conductivity is lower than that of copper. Aluminum forms a stable passivation
layer consisting of Al2O3 [69]. Along with other stabilizing layers, which emerge from
reactions with lithium hexafluorophosphate (LiPF6) containing electrolytes, they protect
the aluminum from oxidative processes [50, 70, 71].

2.1.2 Cathode materials

A wide spectrum of materials qualifies as cathode in a lithium-ion cell, but few of them fulfill
all key properties. On the one hand, excellent electrochemical characteristics regarding
reversibility of ion insertion, insolubility in the electrolyte, high specific capacity, high
potentials vs. Li/Li+ and good ion conductivity are required. On the other hand, low
material costs, non-toxicity, high availability and good reusability are essential for a
large-scale industrialization [41, 72].

olivine-type (1D) layered-type (2D) spinel-type (3D)

Figure 2.8: Schematic illustration of the different crystalline structures of cathode materials
(own illustration, adapted from [73]).
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2 Fundamentals of lithium-ion batteries

Generally, cathode materials can be grouped based on their crystallographic structure. As
shown in Figure 2.8, a distinction is made between olivine, layered oxide and spinel materials.
The grouping is derived from the number of dimensions through which lithium-ions insert
into the material and diffuse within the material. The most prominent representatives of
the individual groups are introduced below.

Olivine-type materials Lithium iron phosphate (LFP) is the best-known material of the
olivine structured group, offering only 1-dimensional lithium transport. The insertion
and extraction of lithium-ions occurs at a potential of 3.45 V vs. Li/Li+. Here, LFP
exhibits a flat voltage plateau over a wide state of charge (SOC) range, which is caused by
the two-phase lithiation process [74]. The voltage profile of LFP exhibits a pronounced
hysteresis, which is separately discussed in Chapter 5.1.2. The low working potential of
LFP, see Figure 2.3, and its theoretical capacity of 170 mAh

g results in lower energy densities
compared to other cathode materials. Similar to LTO, untreated LFP lacks electrical
and ionic conductivity, so that additional material optimizations are required. Different
strategies are pursued to overcome these constraints. Bulk properties are adjusted, e.g. by
using nanometer-sized particles (<1 µm), to keep diffusion paths in the material short [75,
76]. Further, the electrical and ionic conductivity is improved by surface treatment,
including methods such as carbon coating and metal doping [77–80].

LFP material exhibits high stability and negligible material expansion upon lithiation,
which is beneficial for cycle stability and durability [38]. Complete delithiation is permitted
due to the excellent structural stability. Additionally, the strong P-O bonds inside the
material prevent the release of oxygen during deep discharge, making LFP thermally
extremely stable and inherently safe [79, 80]. Raw material costs of LFP are low and
it is considered as non-toxic. All these properties make LFP extremely attractive for
automotive applications. Consequently, LFP has been used for example in lithium starter
batteries and in the BMW Active Hybrid 3 and 5 series [81, 82].

Spinel-type materials An example of a commercially available cathode material with
three-dimensional diffusion of lithium-ions is the spinel-structured lithium manganese oxide
(LMO). With 148 mAh

g , the theoretical capacity density of LMO is relatively low [28]. Due
to its high structural stability, LMO shows also a high thermal stability [83]. Lithiation and
delithiation occurs in the range of 4.1 V vs. Li/Li+ at minimal volume expansion and highly
reversible, resulting in good cycle stability. Its three-dimensional diffusion paths enable
high rate capability, thus offering excellent suitability for high-power applications [79].
Production of the non-toxic LMO is carried out at relatively low costs due to the high
availability of raw materials.

Pure LMO exhibits certain characteristics that negatively affect cycle stability, especially
in terms of capacity loss. Firstly, a manganese dissolution can occur at elevated tem-
peratures [84]. The transition metal dissolved in the electrolyte is freely moving and
bears the risk of deposition on all cell components. The deposition of manganese on the
anode can lead to increased formation of surface layers and bind active lithium. This
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2.1 Working principle and components

reduces both the available capacity and the maximum performance of the cell. Various
research projects have shown that coatings can limit or stop manganese dissolution [85,
86]. Secondly, the LMO structure loses much of its stability if the specified cell voltage
limits are exceeded. The resulting effect, known as Jahn-Teller distortion, describes the
development of mechanical stress inside the crystal structure, which can cause a release of
manganese ions [84, 87]. A combination of manganese with other transition metals, as it
is the case with the lithium nickel manganese cobalt oxide (NMC) described below, allows
for the reduction of negative properties while intensifying positive material properties.

Layered-type materials NMC is the most commonly used layered oxide material in
lithium-ion batteries. In principle, NMC offers a good balance between safety, performance
and lifetime. Due to these characteristics, both scientific and commercial interest in NMC
is great, which is why many research and development projects aim to optimize this
material.

While maintaining an upper end-of-discharge voltage of 4.2 V to 4.4 V, the cyclization
process of NMC takes place under minor volume expansion and with high cycle stability [62,
88, 89]. Up to 70% of the inserted lithium is extracted within this operating range.

Delithiation of the NMC beyond 4.5 V enables an extension of the theoretical capacity to
over 200 mAh

g [90]. However, the stability of the layer structure is too weak to withstand
such a high degree of delithiation. Such a condition can provoke severe material expansion
and, in the worst case, a collapse of the layer structure [91]. In fully lithiated state,
NMC exhibits low electrical conductivity, negatively affecting the performance of the
material [44].

Since the proportion of the various transition metals (nickel, manganese, cobalt) in the
material is flexible, different material characteristics result depending on the weighting.
The material can be optimized in consideration of requirements and operating conditions
for specific applications. A higher nickel content increases the capacity in lower voltage
ranges, which is due to the oxidation reaction from Ni2+ to Ni4+ with the release of two
electrons [90]. Manganese is electrochemically inactive in the regular operating range of
the cell, thus it enhances the thermal stability and safety of the material. In addition, low
raw material costs of manganese reduce the total cost of cathode material [62]. In the triple
combination, cobalt offers critical and versatile properties that enhance both material
stability and performance [92]. Firstly, cobalt reduces the probability of nickel ions and
lithium-ions changing positions in the layered structure, reinforcing the two-dimensional
layered structure [93]. The stable structure enables a high diffusion rate, which has a
positive effect on performance and capacity. Secondly, it is assumed that cobalt increases
the electrical conductivity thanks to its redoxactitvity at high potentials [38, 94].

Primary focus of this thesis is to investigate the aging behavior of NMC|LTO cells.
Therefore, aging mechanisms of NMC are discussed in detail in Chapter 2.2.
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2 Fundamentals of lithium-ion batteries

2.1.3 Separator

The separator is a thin and porous membrane that is located between the electrodes
and fulfills both an ion conducting and electrically insulating function. In addition to
sufficient thermal and mechanical stability, the separator is required to provide high
chemical stability against the electrolyte and the active materials [21]. A high and uniform
porosity of the separator positively affects the ion conductivity and thus the performance
of the cell. The size of the pores represents an important optimization parameter. On the
one hand, a reduction in pore size reduces the probability of dendrite formation and thus
increases safety. On the other hand, if the pores are too small, the ion conductivity may
be limited, which in turn increases the internal resistance of the cell [95].

Another important criterion is the wettability of the separator. During the production
process, good wettability ensures that the cell can be quickly filled with electrolyte. Further,
it guarantees a homogeneous electrolyte distribution over the entire cell lifetime. [96].

Often polymers, such as polyethylene (PE) or polypropylene (PP), with a thickness between
10 and 25 µm are used as microporous separator [18]. A combination of PE and PP in
PE-PP or PP-PE-PP separators can provide an additional shut down mechanism due to
the different melting points of both materials. If the melting point of the inner PE layer is
exceeded, ion paths close locally, whereas the mechanical stability is guaranteed by the
PP layers. Depending on the intensity of heating, this mechanism can prevent a complete
thermal runaway [96].

For a detailed overview of requirements, characteristics and challenges of separators in
liquid electrolyte lithium-ion batteries, it is referred to [97, 98].

2.1.4 Electrolyte

The electrolyte enables an ion conductive connection between all cell components. There-
fore, various performance characteristics of the cell, both new and aged, depend on an
optimal design of the electrolyte. Ideally, the electrolyte should offer high ionic conductivity
and electrical insulation as well as a wide electrochemical stability window, so that neither
reductive nor oxidative processes occur at the electrodes. It should further not react
with other cell components, be stable against electrical, mechanical and thermal abuses,
and possess environmental friendliness [99]. Compliance with the stability window of the
electrolyte and a continuous passivation of the anode by the SEI significantly enhance the
lifetime of the electrolyte.

Electrolytes can be subdivided into three main categories: liquid, gel and solid electrolytes.
Since this thesis exclusively investigates cells with liquid electrolyte, it is referred to the
following reviews for further information on the other electrolyte categories [34, 100–102].

Common liquid electrolytes consist of a mixture of organic solvents, a dissolved lithium salt
and additives. Due to the strongly reducing anode and the strongly oxidizing cathode, only
aprotic solvents are used within the electrolyte [99, 103]. These solvents lack functional
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groups from which hydrogen could be split off. In addition, the solvent should provide low
viscosity, late boiling, non-toxic, flame-retardant and electrically insulating properties. Most
often organic solvents such as ethylene carbonate (EC), ethyl methyl carbonate (EMC),
propylene carbonate (PC), dimethyl carbonate (DMC) are utilized. These are typically
combined in order to achieve optimum electrolyte behavior for each specific application [99].
Such solvent blends are unable to provide the required performance under all conditions.
Therefore, additives are added to systematically modify electrolyte characteristics while
maintaining the main characteristics of the electrolyte. For example, additives can support
the formation of the SEI or reduce the flammability of the electrolyte [104]. The share of
additives in the electrolyte can reach up to 10% [104, 105].

The lithium salt commonly used is LiPF6. It ensures high ionic conductivity and contributes
to stable SEI formation. In addition, it forms a passivation layer on the surface of the
aluminum current collector, protecting it from material dissolution [105, 106].

LiPF6 LiF + PF5 (2.4)
PF5 + H2O 2 HF + POF3 (2.5)

LiPF6 dissociates at room temperature to solid lithium fluoride (LiF) and gaseous phos-
phorus pentafluoride (PF5) (see Equation 2.4) [104]. Thus, direct contact with water
or residual moisture can result in the development of highly reactive hydrofluoric acid
(HF), according to Equation 2.5. The latter in turn corrodes most cell components. To
guarantee long-lasting and safe batteries, requirements for residual moisture contents of
the components are high, which is why cell production is carried out under certain dry
room conditions [51].

2.1.5 Key distinctions between high-power and high-energy cells

In this thesis lithium-ion cells are investigated, which were explicitly designed and developed
for high-power applications. In the literature it is often neither obvious nor explicitly
emphasized what kind of cell type is analyzed. Usually high-energy cells are used, since
they represent the majority of cells produced worldwide [107]. As illustrated in Figure 2.1,
cell performance can differ by a factor of 5 in energy density and by a factor of 1000 in
power density. These performance differences between high-power and high-energy cells
result from a variety of degrees of freedom available in material selection, cell design and
cell production.

In the following, a number of these degrees of freedom are described and their influence on
cell properties is characterized. Many electrochemical material optimizations take place
on atomic and particle level. Nevertheless, a differentiation of high-power and high-energy
cells can even be made by optical examination of the electrode materials.
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For a comparison of electrode materials from different cell types, Figure 2.9 shows optical
microscope images of the cross-section of anode and cathode. Both are NMC|C cells from
the same cell manufacturer. These cells are suitable for automotive applications: the
high-power cell for low-voltage applications (vehicle electrical system) and the high-energy
cell for high-voltage applications (electrical drive system). The most obvious difference
between the electrodes is the layer thickness of the active material. Both anode, see
Figure 2.9a, and cathode, see Figure 2.9b, of the high-power cell feature a 50% lower layer
thickness. Even in the case of an identical active material composition, this electrode
dimension would lead to greatly shortened diffusion paths and enhanced electron transport,
which greatly increases the cell performance.

(a)

(b)

Figure 2.9: Optical microscope images of cross sections from a) anode and b) cathode
of high-energy (left) and high-power cells (right) produced by the same cell
manufacturer. Both sides of the centered current collector (10 µm to 15 µm)
are coated with active material. Depending on the cell type, both thickness
and composition of the active material layer differ. The microscope images
were created by the technology material and process analysis (TWA) of BMW
AG.

The thickness of the current collectors of anodes and cathodes is comparable with 10 µm
and 13 µm respectively. A similar observation was reported by Lain et al. [108] when they
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analyzed cell components from different high-power and high-energy cells. Due to lower
surface capacity of the high-power electrode, current load is not significantly increased
even at high-power input and output, so that no larger current collector is required. In
addition, having a lower active to passive material ratio of the high-power cell allows for
better heat transport to the outside, thus enabling more effective cooling of the cell and
the battery pack.

In contrast to the current collectors, cell tabs in high-power cells should be enlarged.
Current loads of several 100 A generate high ohmic losses at the cell tabs, which heat them
up. This heat can damage surrounding components within the pack and can cause strong
heat transfer into the cell. The latter entails a risk of permanent local damage as well as
accelerated aging of the cell material, which, depending on its characteristics, may pose a
safety risk. In addition, high contact resistances at electrical junctions, such as between
the current collector and the cell tab, should be avoided. This can be achieved by special
welding techniques such as laser welding or ultrasonic welding [109, 110].

The high-power anode is characterized by a lower particle density than the high-energy
anode. For the latter, a high particle density is desired in order to be able to store as
many lithium-ions as possible and to achieve high energy densities. One major drawback
of high particle densities is that diffusion processes are slowed down drastically.

The material specific diffusion rate can be quantified by the effective diffusion coeffi-
cient. This coefficient is derived from the material properties porosity and tortuosity as
follows [111]:

Deff = D · ε
τ

(2.6)

Porosity ε describes the ratio of particle volume to total volume, tortuosity τ the degree
of winding in the particles within a material and D the diffusion coefficient from the
electrolyte. In high-power cells, where porosity is higher and tortuosity is lower, diffusive
lithium-ion transport can proceed at high speed.

The black areas between graphite particles of the high-power anode indicate an intensified
use of conductive carbon. This guarantees proper contact both between individual particles
and between particles and the current collector, thus enhancing the electrical conductivity.
Large differences in the size of the graphite particles are not apparent.

This is contrary to the NMC particles of the individual cathodes. These are significant
larger in the high-energy cell than in the high-power cell. The larger a particle is, the
longer the lithiation and delithiation process takes. Limiting material parameter is the
speed of solid diffusion and thus the concentration equalization within a particle. The
difference in size between adjacent particles is also large for the high-energy cathode, which
prevents uniform and rapid lithiation. Here, Käbitz [112] used laser microscope images of
graphite to prove that neighboring particles and even areas within a particle can exhibit
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2 Fundamentals of lithium-ion batteries

strongly differing SOCs(i). Such inhomogeneities worsen the aging behavior of the material,
for example as a result of increased mechanical stress or local overcharge [113]. Apart from
a few exceptions, the high-power cathode seems to have a more homogeneous particle size
distribution.

Morphology Control

Doping & Functionalization

Electrolyte Modification

- faster ion & electron transport

- improved chemical & thermal
stability

- formation of passivation layer
on electrode surface

- controlled solubility of active
material(s) & decomposition
product(s)

Composite Formation

Coating & Encapsulation

- conductive media

- mechanical (structural) support

- conductive media

- stabilization of surface

- protection from / prevention of
electrolyte decomposition

Dimension Reduction

- improved structural stability

- faster ion & electron transport
- higher surface reactivity
- relief of mechanical stress
- improved mechanical stability

- faster ion & electron transport
- modified reactivity reactions

Figure 2.10: Methods for optimizing cell materials to improve their power performance
(own illustration, adapted from [28]).

In addition to the aforementioned optically detectable material changes, further electro-
chemical optimizations can be applied to the bulk material. An overview of different
methods is shown in Figure 2.10. Some of these methods have already been mentioned in
Chapters 2.1.1 and 2.1.2.

For the optimization of LTO within high-power cells, an improvement of the electrical
and ionic conductivity is a key criterion. Therefore, the categories dimension reduction
(nanoparticles), composite formation (LTO|C, LTO|graphene), doping & functionalization
(Zr, Al, Nb) as well as coating & encapsulation (carbon) have been investigated within the
scope of various research projects and are partly commercialized [64].

2.2 Aging of lithium-ion cells

Parts of this section are based on a publication created during the course of the dissertation.
The use of the article content including illustrations from [114] is permitted with the consent
of Elsevier.
(i)Lithiation of graphite takes place in a stepwise process, in which it undergoes different characteristic
colorations based on the degree of lithiation. Thus, optical material analysis allows for an estimation of
the SOC.
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2.2 Aging of lithium-ion cells

A lithium-ion cell is subject to various aging processes over its lifetime, which affect the
structural, chemical and physical properties of the cell components [115]. The rate at which
a lithium-ion cell ages depends on the usage behavior and the environmental conditions
the cell is exposed to [116, 117]. Cell aging is manifested in a loss of electrochemical
performance, which includes both power capability and energy availability. A long-term
aging process can result in a complete failure of the lithium-ion cell. In addition, single
cell damaging events, such as short circuit, thermal runaway or abusive usage behavior,
can cause sudden cell failure.

The aging condition of a lithium-ion cell is commonly assessed by monitoring the loss of
capacity and the rise in internal resistance. In high-energy applications, the remaining
capacity is crucial for the full functionality of the application, such as the range of an electric
vehicle. For this reason, 80% remaining capacity is widely established as a conservative
end-of-life criterion [118, 119]. Further usage of the cell beyond this condition is still
possible and might have negligible limitations depending on the application [120]. There
is no binding standard for a uniform end-of-life criterion [121]. Since the requirements
concerning energy and power availability differ greatly depending on the application, this
criterion should be variably adjusted to ensure full functionality in all relevant fields
of operation. Therefore, in high-power applications an end-of-life criterion related to a
maximum rise in internal resistance can be appropriate and sometimes necessary. For
the design of the cell this question is of great importance, as it has implications for both
manufacturing costs and potential warranty costs.

The aging processes within a cell and the intensity with which they occur depend largely
on the cell components used and on the operating conditions. Generally, two categories of
aging conditions are distinguished: calendar and cyclic aging. Calendar aging covers all
effects occurring in a non-operating state without external load. Decisive for the aging
characteristics under this condition are the interactions between active materials and
electrolyte. Additionally, thermodynamic instabilities cause side reactions [116]. The
influencing operating parameters are temperature, cell voltage/SOC and time [124–127].

Cyclic aging is induced by repetitive lithiation and delithiation processes, which result
in a variety of kinetic and structural effects. For example, changes in volume within the
lithiation process can trigger mechanical stress or structural changes up to dissolution can
degrade the electrode material [116]. Main operating conditions that induce cyclic aging
processes are current rate, depth of discharge and energy throughput [128–131]. In addition,
the operating voltage limits of the cell affect material stress and aging processes [132].

Figure 2.11 provides a schematic overview of the most common aging mechanisms. The
importance of each individual mechanism depends strongly on the respective components
and the design of the lithium-ion cell as well as the relevant load scenario. Most of the
aging processes are associated with the active materials. Nevertheless, lithium-ion cells
represent highly complex electrochemical systems with strong interdependencies between
different aging mechanisms. These interdependencies can lead to overlapping and mutual
reinforcement.
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Figure 2.11: Schematic illustration of the most commonly reported aging mechanisms of a
lithium-ion cell (own illustration, adapted from [122, 123]).

Therefore, in battery diagnostics clusters are built, which connect measurable performance
degradation with different aging mechanisms. Two so-called degradation modes are well
accepted in the literature: loss of lithium inventory (LLI) and loss of active material
(LAM) [133, 134].

LLI comprises the loss of usable lithium-ions due to irreversible side reactions, which cause
both the formation of surface layers on the electrodes and the formation of compounds
within the electrolyte [135]. Primarily, LLI covers the aging mechanisms m5 , m6 , m7 on
anode side for a graphite anode and m12 on cathode side. All these phenomena occur at the
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2.2 Aging of lithium-ion cells

interface between electrode and electrolyte. Lithium-ions that are bound by such processes
are not available for further reactions, which reduces the usable cell capacity. In addition,
cover layers slow down charge transfer processes and thus increase the internal resistance,
which limits the power capability of the cell [136].

In contrast to LLI, LAM is inherently associated with material degradation, meaning
a permanent damage of the material. In the case of LAM, the volume of the active
material that is involved in the storage of lithium-ions decreases. Most of the underlying
aging mechanisms of LAM originate from repeated lithiation and delithiation processes.
These mechanisms include, for example, mechanical material defects (see m3 , m5 , m13) or
structural material changes (see m8 , m9 ). Often LAM and LLI occur simultaneously and
are partly mutually dependent.

Both modes can cause capacity as well as power fade. The latter is induced by a
deterioration of the cell’s kinetics, reflected by a decrease in electrical and ionic conductivity.
This degradation can be determined via the ohmic internal resistance. During charge and
discharge processes, an increased internal resistance leads to higher overvoltages. Because
of these additional overvoltages, voltage limits of the cell are reached earlier, so that
less capacity is usable. In addition, ohmic losses are increased, which is why the heat
generation inside the cell rises [41].

Since this thesis concentrates on the aging behavior of LTO-based cells, few of the graphite-
specific aging processes from Figure 2.11 are of interest. An essential aging mechanism,
which has been extensively investigated in the literature, is the gassing behavior of LTO-
based cells. This mechanism heavily affects lifetime and safety of the cell. Hence, it will
be addressed separately in the following section. In addition, cell geometric properties
can provoke a reversible capacity effect within aging tests. Since this effect can be very
pronounced for long-lasting LTO-based cells, it is an important element of this thesis.
Consequently, background and relevance of this effect are clarified in Section 2.2.2.

2.2.1 Degradation of lithium titanate cells

In general, LTO-based cells are known for their outstanding lifetimes, both cyclic and
calendaric. Unfortunately, few comprehensive aging studies of mass-produced LTO cells
exist in the literature [137]. Reasons for this are, among others, the low spread of LTO
cells in commercial applications and the high price of the material [28]. In addition, aging
studies of LTO cells are very time and cost intensive due to high cycle and calendar
lifetimes. For this reason, cyclic aging has been accelerated using higher C-rates(ii) (2C to
10C) and temperatures (20 °C to 55 °C) [138–142]. All investigations showed high cycle
stability, even at elevated temperatures. Hall et al. [139] and Svens et al. [142] were able
to prove that the cathode was the more lifetime-critical material in the examined cells.

(ii)The term C-rate enables a normalization of the charge or discharge current to the nominal cell capacity.
Thus, current loads of cells with different capacities can be compared. For example, with 2C a 10 Ah
cell can be discharged in half an hour. The unit of the C-rate is 1/h.
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2 Fundamentals of lithium-ion batteries

Calendar aging tests also showed an outstanding lifetime of LTO-based cells [126, 142].
Dubarry et al. [143] found no loss of capacity during storage of LTO|(LCO+NCA) cells at
25 °C for over one year regardless of SOC. In contrast, 55 °C storage temperature resulted
in a distinct capacity loss, which was most pronounced at low SOC. The loss of capacity
at elevated temperatures was primarily attributed to LLI. Additionally, high temperatures
in combination with high SOC have been found to shorten the battery lifetime due to
strong gassing behavior [144].

In LTO-based cells, certain aging mechanisms that are dominant in graphite-based cells
can be neglected. For example, mechanical stress within the active material is greatly
reduced by its ‘zero strain’ characteristic, even when cycled at high current rates. Thus,
the risk of particle cracking, which could result in poor electrical contacting and LAM,
is low. Reactions at the electrode/electrolyte interface are attenuated due to the high
potential of LTO (see Section 2.1.1.3).

The assumption that no SEI or cover layer is formed on the surface of LTO has been
contradicted by various scientific studies [145]. Dedryvère et al. [146] were able to prove
through electrochemical impedance spectroscopy measurements that a passivation layer is
built on LTO during cyclization. Both inorganic (LiF, phosphates) and organic species
(carbonates, polyethylene oxides) were detected as compounds within this surface layer [146–
148]. Further studies by Kitta et al. [149] and He et al. [150] confirmed the formation of a
protective and lifetime extending passivation layer. The thickness of this layer increases
with rising cyclization temperature. Reasons for this are an intensified decomposition of
LiPF6 and, specific for the investigated cell, an increased manganese dissolution of the
LMO cathode [148].

A key aging mechanism of LTO is gas formation (H2, CO, CO2 and other gaseous
hydrocarbons), which is accelerated at elevated temperatures and can already occur during
storage phases [138, 151]. Here, the volume expansion in a cell induced by gassing reactions
can be so strong that the cell casing bursts. This phenomenon represents a serious safety
risk for potential applications, which is why much scientific research focuses on this
issue. The origin of the gassing characteristic is attributed to various electrochemical
reactions. Three explanatory approaches have become established, which are briefly
described below [152].

One theory suggests that LiPF6 is responsible for the main gassing process [104, 152, 153].
As described in Chapter 2.1.4, LiPF6 dissociates into LiF and PF5 at room temperature,
causing the release of HF upon contact with residual moisture. HF can decompose
solvents and thus can cause gassing reactions which comprise the above mentioned gassing
products [152]. Residual moisture content in the electrodes or the electrolyte significantly
accelerate gas formation. Fell et al. [144] could prove a correlation between the residual
moisture content and the amount of gas produced within the cell.

Another theory is based on the assumption of TiO2 impurities in the LTO material, which
can arise during the synthesis process of material production [154, 155]. TiO2 is highly
catalytic and is used to obtain hydrogen through water splitting. It is believed that TiO2
can decompose carbonate electrolytes [152].
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2.2 Aging of lithium-ion cells

Lastly, interfacial reactions between the LTO surface and the electrolyte can cause gas
formation. Here LTO acts as a catalyst and decomposes electrolyte components. A general
decomposition of the electrolyte has been proven by the discovery of an SEI-like structure
on the LTO surface (see above). Gao et al. [156] also demonstrated that the potential of
the lithiated LTO surface exceeds the stability window of the electrolyte, particularly at
high temperatures. These results are consistent with calendar aging tests conducted by
He et al. [29] at various SOCs. Cells in a fully charged state exhibited stronger gassing
behavior, mainly consisting of C2H4 and CO2.

Various material optimizations have been investigated to suppress and minimize the
gassing behavior of LTO. Their primary purpose is to form a stable, protective surface
layer on the LTO and thus to inhibit critical reactions at the electrode/electrolyte interface.
Established methods include particle coatings of various materials or the addition of
electrolyte additives [152].

2.2.2 Reversible aging - Passive electrode effect

Several aging studies in the past showed unexpected capacity rises and drops in initial
phases of the tests [157, 158]. The large majority of these phenomena can be explained by
the anode overhang or, in a broader sense, the passive electrode effect (PEE), which has
already been postulated by various authors [159–161]. According to these publications,
this effect occurs if the graphite anode is geometrically oversized compared to the opposing
cathode. This dimensioning provides a reserve in case of production-related inaccuracies,
for example during the stacking process of the electrodes [33]. It ensures that the cathode
is always opposite an anode area. The anode overhang allows for a more homogeneous
current distribution during lithiation of the edges of the acitve graphite material [162].
Thus, the danger of lithium plating due to excessive accumulation of lithium-ions in the
edge areas is reduced [159].

The overlapping passive anode material causes lithium-ion flow from the active to the
passive area and vice versa. Those passive electrode areas act as lithium-ion sources
and sinks. As a result, the lack or excess of lithium-ions in the active area of the anode
affects the usable capacity, which can be extracted from the cell. This effect is completely
reversible, since these lithium-ions are available for further lithiation processes. A precise
capacity determination is impeded since the availability of capacity depends on the pre-
condition of the cell. For example, in high-precision measurements of the coulombic
efficiency values of over 100% were obtained [159, 163]. Additionally, in calendar aging
tests, in which cells with low and high SOC had been stored, capacity differences of 3.6%
were attributed to the overhang [163].

Depending on the cell geometry, the size of the overhang can vary from less than one
millimeter to more than one centimeter [159, 161, 163]. According to Dagger et al. [164],
major oversizing should be avoided. On the one hand, SEI is also formed in the passive
regions of the graphite, which leads to a loss of usable lithium-ions and thus to a loss of
cell capacity. On the other hand, with an increasing proportion of passive regions, the
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amount of lithium-ions increases, which are reversibly stored in these regions and which are
not immediately available for cyclization. In addition, coulombic efficiency and capacity
retention decrease as the overhang size rises [164].

The strength and direction of this balancing process depends on the voltage difference
between the two areas. Depending on the half-cell potential of the graphite and the
location on a plateau or a variable flank, different gradients occur. This can be identified
by characteristic kinks of the charge flow, which occur during the equalization process [161].
In addition, a rise in temperature accelerates the lithium-ion flow into and out of the
passive area. Hüfner et. al [161] could demonstrate that the lithium-ion flow increases by
a factor of 1.4 per 10 K.

The execution and interpretation of aging tests, both calendar and cyclic, requires an
evaluation and consideration of the impact of PEE based on the individual cell geometry
and operating points. A detailed investigation of this phenomenon for the examined cells
and applied aging tests is provided in Chapter 6.1.2.

2.2.3 Criticality and limitations of aging studies

The execution of aging tests with lithium-ion cells requires high expenditures, which are
mainly caused by long test durations and high investment costs for test benches. In
addition, for an extensive investigation several operating points have to be determined.
Ideally, these points form a solution space, which can be used to draw conclusions about
further operating points and specific aging behavior. Aging tests should be designed
redundantly with several cells per operating point in order to exclude measurement errors
or production-related cell variations and thus to obtain stochastically valid statements.
However, due to the variety of relevant operating points, the limited availability of test cells
respectively test benches and the long test duration, this cannot be realized in most cases.
By using high quality mass-produced cells, like those examined in this thesis, variations
between individual cells from one production batch are minimal. These cells undergo an
automated end-of-line test specified by the supplier ensuring proper production process
capability and condition. Compared to prototype cells or cells from pilot plants, frequently
used in aging studies, these cells offer superior quality and uniformity [165]. Results with
high consistency can be achieved in such cases even with smaller test volumes. In addition,
plausibility of the results of individual operating points can be verified by related operating
points.

A unified test routine, commonly called check-up, should be used for the aging monitoring of
all cells, regularly assessing the performance of all cells under test. The stress experienced
by the cell during a check-up can have an impact on cell aging. Both calendar and
cyclic load are given during a check-up. A trade-off between a high level of detail and
a minimal cell load must be resolved. External influential variables such as ambient
temperature and cell contacting are another important factors to ensure a reliable and
accurate determination of the cell condition.
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2.2 Aging of lithium-ion cells

The battery lifetime in commercial applications reaches several years, which can not be
tested under real conditions with aging studies. For this reason, the test duration is
shortened by changing certain aging conditions. Usually, the temperature is elevated
under the assumption of a so-called Arrhenius dependency. This dependency describes,
especially for chemical processes, a rise in reaction speed with increasing temperature.
Aging processes within a lithium-ion cell, such as side reactions between electrolyte and
active materials, are to some extent also linked by such a relationship. The temperature
dependency is expressed by the following equation [24]:

teff = tref · e
EA
R

·( 1
Teff

− 1
Tref

) (2.7)

Here teff describes the effective time at temperature Teff to reach the same aging state as
after a reference time tref at temperature Tref. EA indicates the activation energy and R
the general gas constant. Extreme aging mechanisms caused by certain triggers, such as
mechanical damage, lithium plating or gassing reactions, limit the simplified assumption
of an Arrhenius relationship.

Further ways to shorten test durations are an adjustment of SOC, current rate or cycle
depth (∆DOD). However, for all three parameters direct cause-effect relationships are
difficult to determine and vary greatly depending on the cell chemistry. In addition, higher
current rates lead to enhanced self-heating of the cell, which in turn accelerates cell aging,
if the temperature in the climatic chamber is constant or not controlled. It is necessary to
ensure that aging effects associated with modified operating parameters remain clearly
distinguishable.

Aging tests represent an essential part of battery component development, both in terms
of design and safety. Understanding of application-specific load scenarios is essential to
obtain relevant information about real-world aging behavior and to identify corresponding
aging mechanisms. In vehicle applications, long downtimes as well as highly dynamic
loads occur, which on their own are responsible for significantly different aging processes.
For this reason, it is necessary to use a vehicle-related vehicle-cyclic load scenario in
addition to the isolated cyclic and calendar load scenarios. In this way, an understanding
of actual aging behavior in real applications is generated, so that misinterpretations, both
overestimating and underestimating, are prevented.
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3 Lithium-ion batteries in low-voltage vehicle
applications

This chapter is based on a publication created during the course of the dissertation. It
contains minor modifications with respect to the original publication. An introduction to
electrical vehicle systems and a detailed overview of 48 V systems are added. The use
of the article content including illustrations from [166] is permitted with the consent of
Elsevier.

This chapter focuses on the application of low-voltage lithium-ion batteries in passenger
cars and identifies characteristic stress factors to which the battery is exposed. First of all,
the structure of a vehicle electrical system is introduced. Differences between a 12 V micro
hybrid electric vehicle and a 48 V mild hybrid electric vehicle (MHEV) are illustrated.
Both setup and functionalities are explained.

Since lithium-ion batteries have been installed in low-voltage vehicle applications for
only a few years, few information exist regarding battery load scenarios during vehicle
operation. Such information is essential for conducting application-oriented aging tests on
cell level. For this reason, critical stress factors for the battery are characterized using
real-world vehicle data from current 48 V development vehicles. Both a qualitative analysis
and a quantitative analysis of the 48 V battery data from the vehicles are performed.
Additionally, 48 V battery loads are compared to those of battery electric vehicle (BEV)
applications. In Section 4.4 these insights are used to define aging matrices, which allow
for a comprehensive analysis of battery aging. The resulting application-related aging
matrices form the basis for the extensive aging studies performed during the course of this
thesis.

3.1 Design of a vehicle electrical system

The purpose of the vehicle electric system is to link all electrical components and to ensure
a sufficient power supply. Figure 3.1 shows a schematic structure of a vehicle electrical
system including its connection to the combustion engine. Generally, a vehicle electrical
system consists of a generator acting as energy converter, a battery acting as energy
storage and a multitude of electrical consumers. In the following, a brief overview of the
key functions of each component is provided.

In engine operation, the generator is responsible for maintaining a stable energy supply to
the vehicle electrical system and additionally charges the battery. A belt drive connects the
generator to the engine. While driving, the generator is controlled in order to guarantee
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Figure 3.1: Schematic structure of a conventional vehicle electrical system including engine-
related electrical components (own illustration, adapted from [167]).

a constant system voltage of about 14 V. However, due to the operating voltage of the
battery, the conventional vehicle electrical system is referred to as 12 V vehicle electrical
system [168].

For many decades, lead-acid batteries have become an integral part of vehicle electrical
systems and are no longer used only as starter batteries, but also as on-board power supply
batteries with enhanced vehicle electrification capabilities for improved efficiency. Lead
acid technology offers various advantages explaining why it has been predominantly applied
in vehicles in the past decades. Due to its high robustness against both high and low
temperatures, it allows for flexible installation in different installation spaces. Furthermore,
it offers high safety, low costs and a closed loop value chain [82]. Due to the increasing
number of vehicle electrical system components and comfort functions, the energy demand
and battery load in the vehicle have increased significantly [169]. In addition, stricter CO2
regulations require a fleet-wide reduction in fuel consumption, which can only be achieved
by additional vehicle electrification. Therefore, energy recovery, storage, and availability
play a decisive role in low-voltage applications. The energy window required for these
measures cannot be provided by a conventional lead-acid battery. An upsizing of the
lead-acid battery is impossible due to installation space and weight putting the technology
at its limits. In addition, regulatory discussions exist about a general ban on lead, which
accelerates the transition to the use of lithium-ion batteries [170, 171]. A substitution of
lead-acid batteries by high-power optimized lithium-ion batteries offers various technical
advantages. On the one hand, lithium-ion batteries are more resistant to cycling and
possess higher energy densities, both volumetrically and gravimetrically, which allows for
a reduction in installation space and weight. On the other hand, large parts of the SOC
range are usable with negligible consequences on the aging behavior. This provides a wide
and flexible energy window for potential CO2-reducing functionalities. A broad aging and
performance comparison of six different 12 V batteries with different battery technologies,
including both lead-acid and LFP batteries, was performed by Kollmeyer et al. [172]. They
conclude that the LFP battery is superior to the other battery types both in terms of
charge/discharge power and cycle life. However, costs of the LFP battery are the highest.
A detailed discussion on the transition from lead-acid batteries to lithium-ion batteries
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and the associated challenges was reported in a review by Ferg et al. [82].

The starter, an electric motor, accelerates the engine to the speed required to start
the engine. The power is transmitted via a pinion directly to the engine’s flywheel.
Consequently, the starter is often referred to as pinion starter. A relay closes the electric
circuit between battery and starter during the starting process. The battery is directly
connected to the armature winding of the electric motor, so that a short circuit occurs.
This short circuit enables the transmission of maximum currents to the electric motor.
The voltage drop at the battery is determined by the resistance of the battery, the wires
and the armature winding [167]. To obtain high starting power, these resistances have to
be as low as possible. At low temperatures, both the internal resistance of the battery and
the drag torque of the motor rise sharply, making it difficult to start the engine. Therefore,
cold start capability is a critical requirement for the battery. In advanced vehicle network
topologies the engine is usually started by the generator, see Chapter 3.2.1. Such systems
require significantly higher power for the start of the engine, since the transmission ratio
is lower compared to the pinion starter. Here, 12 V systems reach a power limit due to
high currents and the low system voltage [167]. In addition, during recuperation phases
the charge power is limited, resulting in little energy being recovered and CO2 saving
potentials not being fully exploited. Consequently, higher voltage levels are required.

3.2 48V mild hybrid systems

A higher voltage level, which has become generally accepted among European car manu-
facturers, is the 48 V voltage level. Reason for the choice of the 48 V are the regulations
concerning the touch protection voltage, which allows up to 60 V within vehicle components.
This voltage limit also serves to distinguish between low-voltage and high-voltage compo-
nents in the automotive sector. A direct current (DC) voltage greater than 60 V poses
an imminent danger to life requiring additional regulations regarding personal protection
measures, insulation monitoring, etc. [173].

48 V refers exclusively to the nominal voltage of the vehicle electrical system. During normal
operation, voltage values between 36 V and 52 V can occur within the system without
causing functional limitations [174]. Neither generating nor recuperating components may
exceed the 60 V voltage limit. Therefore, a nominal voltage of 48 V includes a margin for
short-term overvoltages, which ensures compliance with these regulations [175].

High electrical losses caused by high currents in the 12 V system can be significantly
reduced by raising the system voltage to 48 V. In addition, both electrical cables as well
as 48 V components can be designed smaller, which reduces weight and installation space
in the vehicle [176]. Due to the higher electrical power capability, vehicles with a 48 V
system are capable of performing additional consumption-reducing functions. Thus, these
vehicles are so-called hybrid vehicles in which the electric motor performs subfunctions
while the actual drive energy is provided by the internal combustion engine. The term
MHEV has become generally accepted for such vehicle types.
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3.2.1 System configuration

A mild hybrid system can be implemented through different system layouts. The different
typology names of these MHEV systems, usually referred to as P0 - P4, are derived from the
position of the generator [173]. Basically, with increasing number, the generator is further
separated from the powertrain and thus enables both more electrified operating modes
as well as higher powertrain system efficiency. Figure 3.2 shows a schematic structure of
the powertrain installed in the 48 V vehicles, whose battery loads were analyzed in this
thesis. The only difference to a pure internal combustion engine (ICE) vehicle is the more
powerful belt-driven starter generator (BSG) operated with 48 V. The BSG is directly
connected to the motor and cannot be operated independently. In the scope of this thesis
exclusively a P0 system is considered.

engine

electric motor
gearbox

clutch

Figure 3.2: Schematic structure of a P0 system typology for the implementation of a 48 V
vehicle electrical system. A comparable system is installed in the considered
development vehicles.
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Figure 3.3: Schematic structure of a 48 V electrical system with a P0 typology.

A schematic structure of the electrical system of the analyzed vehicles is illustrated in
Figure 3.3. The 48 V level is connected to the usual 12 V level by a DC/DC converter. Thus,
it is an extension of the conventional 12 V vehicle electrical system. This approach allows
for the use of existing components and structures so that fundamental developement of all
components is unnecessary. Depending on the power demand and the market availability
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of the component, electrical loads can be connected to 12 V or 48 V. This flexibility lowers
the development costs of 48 V MHEV. The 12 V battery is usually a conventional lead-acid
battery, whereas a lithium-ion battery is used at the 48 V level. Redundant availability
of two energy storage devices enables a high level of safe energy supply for safety-related
functions such as dynamic stability control or electric power steering.

3.2.2 Functions and efficiency enhancements

For a classification of MHEVs into the various levels of vehicle electrification, Figure 3.4
shows the different types of vehicle electrification including some characteristic functions.
Here, system complexity is defined both by the number and diversity of system components
and by the relationships between these components. [177]. In addition, the system
complexity is proportional to the added expenses required for the given system. The
reference for the CO2 savings potential is a conventional internal combustion vehicle
without further electrification functions.

Vehicles with minor electrification at 12 V level, as described in Chapter 3.1, are called
micro-hybrids. In addition to a start-stop function, they offer a limited energy recuperation
capability up to 5 kW and represent the lowest form of vehicle electrification [179]. The
start-stop function allows for the combustion engine to be switched off during stop periods,
for example at a red light. In these periods the energy demand of the electrical consumers
is fully covered by the 12 V battery. Micro-hybrid systems are extremely attractive for
automobile manufacturers due to their low system complexity and ease of integration into
existing vehicle architectures. Such systems allow for fuel savings of 5 % to 10 % with little
additional cost and effort [175].

Further enhancement of the degree of electrification and the CO2 savings potential requires
substantial changes to the conventional vehicle electrical system. This is where MHEVs
and full hybrid electric vehicles (FHEVs) are located. The main difference between these
two systems is the electrical power capability and the battery capacity. In addition, FHEVs
offer separate use of the drive systems, internal combustion engine and electric motor, so
that short distances (<5 km) can be driven electrically.

PHEV focus on increasing the electrical range and power capability. In PHEVs, two
complete and independent drive systems are installed, so that most of the day-to-day
driving distances are covered electrically. The aim of this system is to enable local
emission-free driving while simultaneously taking advantage of the long-range advantages
of the internal combustion engine. However, the existence of two independent drive
systems and a high-voltage battery pack with external charging capability lead to a
significant rise in system complexity in terms of safety requirements, software functions
and component needs. In addition, external charging capability requires significant
technical and software development and validation activities. With the use of a fully
electrical drivetrain architecture, where fewer components and integration needs as well as
cross-functional dependencies exist, the complexity of the system drops.
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Figure 3.4: Classification of different electrification levels of passenger cars (micro hybrid,
mild/full hybrid electric vehicle (HEV), plug-in hybrid electric vehicle (PHEV),
BEV) regarding both system complexity versus CO2 savings potential as well
as related vehicle functions (own illustration, adapted from [178]).

Unlike PHEVs and BEVs, MHEVs do not offer external charging. Charging of the 48 V
battery is done by recuperation phases or the internal combustion engine. MHEVs offer
a high cost-benefit ratio, especially considering potential CO2 fines [175]. With this
electrification level a reduction of fuel consumption of up to 15% is feasible [180, 181].
Further functions of a MHEV system can be clustered into the categories comfort, efficiency
and dynamics:

Comfort Substantial enhancement of comfort is achieved due to the more powerful
48 V generator affecting both general motor starts and the start-stop function. The 48 V
generator accelerates the engine to higher rotating speeds faster which reduces engine
vibrations. In addition, higher electrical system power enables the engine to be switched
off at low speeds during deceleration. This minimizes the perception of start-stop events.
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Efficiency The 48 V system can systematically adjust the load point of the motor. Thus,
the engine can mostly operate with high efficiency reducing fuel consumption. In situations
without thrust, the vehicle is able to operate in sailing mode with the engine switched off.
In this mode the on-board power supply is provided by the 48 V battery. Sailing mode
is energetically beneficial, as unlike in recuperation phases, no energy conversion losses
occur.

Dynamic Under peak load conditions, the 48 V system can boost the combustion propul-
sion and provide additional system power. The electrical torque is provided even at low
engine speeds where a conventional turbocharger is unable to reach its full power. In addi-
tion, the 48 V system allows for the integration of additional power-intensive components
such as electric turbochargers for further optimization of driving performance(i).

The additional functions of the 48 V system result in characteristic loads on the 48 V
battery. In the following, battery stress factors are analyzed and their criticality regarding
battery aging is evaluated.

3.3 Determination of application-specific aging
conditions

For vehicle manufacturers, there is an ambivalence between achieving the lifetime re-
quirements of the overall system and the objectives for manufacturing cost and vehicle
weight. Since the installation space in the vehicle is extremely limited and, moreover,
not flexibly selectable, different requirements arise for the high-power lithium-ion battery
used in such a system. With regard to the electrical loads, the power to be supplied and
absorbed by the battery in a 48 V system is usually limited by the generator power and
can be up to 25 kW [182]. At pack level this can result in charge and discharge currents of
up to 500 A. By using small battery pack sizes and capacities with typically one serial
string, peak currents of up to 30C for several seconds can occur at cell level. In addition
to significant self-heating of the pack because of high loads, installation space in many
vehicles is located in the engine compartment or the rear end of the car, in which the pack
is exposed to high temperatures. Only state-of-the-art high-power lithium-ion batteries
are able to endure these conditions for an extended period of time. The fulfillment of
all mentioned requirements must be taken into account in the validation process of the
component development.

In previous publications the 48 V mild hybrid technology has already been addressed. A
basic overview of the components and functions of a 48 V system was presented by Mahr
et al. [176]. Kuypers et al. [181] evaluated the technical integration of the 48 V system
into an existing 12 V system and discussed the handling of possible failure modes. An
(i)The 48 V vehicles examined as part of the following analysis were not equipped with additional 48 V
consumers.

35



3 Lithium-ion batteries in low-voltage vehicle applications

optimal operating strategy for the parallel connection of a 12 V lead-acid battery and
a 48 V lithium-ion battery was analyzed by Bae et al. [183]. A detailed introduction of
potential 48 V system topologies and operating modes was postulated by Bao et al. [173].
In addition, they demonstrated the impact of the system layout on the efficiency of the
powertrain system. Liu et al. [184] investigated the influence of external factors, such
as the aggressiveness of the driving style, on the vehicle consumption. They found that
hybridization is relatively more beneficial when driving aggressively.

The outlined studies explore in depth various topics related to the 48 V system. Nev-
ertheless, a comprehensive, application-oriented investigation of the load scenarios of a
48 V battery in driving operation is missing. These stress data are essential to improve
the component design and to avoid serious durability issues. In addition, they enable
application-oriented aging tests in the course of cell validation.

For a study of battery aging by application-specific load, a distinction between three
different categories has to be made. Most commonly, artificial cycles with constant load
are used. These cycles allow for the best separation between different aging factors.
In most cases they have no real application relevance, but instead are easy to define
and apply. Secondly, cyclization can be based on high-resolution real world duty cycles.
These load profiles are created using real driving profiles. They can represent the entire
complexity of real-world usage such as operating strategies and driving behavior. However,
a statistical analysis is needed to extract correlations between aging phenomena and
operating conditions. The third type, which tries to combine the advantages of the
first two methods, is the use of application-oriented artificial duty cycles. These cycles
are usually compiled using statistical evaluation of real-world data from vehicles. Their
comprehensible structure and clarity make it easier to draw conclusions about aging
phenomena and their origins [185].

Frequently, the term real-world data refers exclusively to the underlying driving profiles,
which serve as an input for system simulations. Speed data of vehicles have comparatively
good availability, especially if powertrain topology and vehicle type are of minor interest.
By using full vehicle simulations, large amounts of data can be generated that include the
individual component data of the virtual vehicle. This involves various risks and potential
errors. On the one hand, the vehicle model does not completely cover the complexity of
the entire vehicle system, in particular with regard to the operating strategy. On the other
hand, the simulation of all operating parameters involves the risk of systematic errors.
Such errors can only be prevented through comparison with real vehicle data from the
corresponding component. Ideally, logged data are used for the entire drive cycle and
load analysis. On the one hand, these data can serve to characterize the criticality of the
various operating parameters. On the other hand, it can enable a transfer of the individual
operating conditions into testable synthetic cycles.
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3.3.1 Scope of the 48V vehicle data and data processing

The vehicle data, which are analyzed subsequently, were obtained from 48 V development
vehicles. Here, vehicles of two vehicle classes (midsize, large) were used for testing, all of
which had installed a comparable 48 V system with identical components. Thus, differences
in system behavior can only result from the vehicle characteristics themselves, such as
engine type, additional equipment or weight. This can lead to small deviations in terms
of the overall vehicle electrical system and battery loads. The data were collected in two
large-scale trials, which are categorized in hot climate and cold climate based on the given
outer climatic conditions. During more than 60 test drives over 7000 km were driven.
Indicated by the driving speed, the car rides cover all relevant scenarios of urban, intercity
and motorway travel. Due to speed limits in the respective countries, extreme trips with
more than 150 km

h could not be accomplished. The average trip time was 127 min and the
average distance traveled was 111 km. This is far higher than the average travel distance
by private customers. Therefore, the data are solely called customer-oriented, although
this will have a neglectable impact on the results presented in this thesis.

The battery pack data were read out directly from the battery management system via
controller area network (CAN) interface and stored with the help of in-vehicle measurement
technology. The signals examined are current, voltage, temperature, SOC and vehicle
speed. Since the measuring electronics was not able to store different signals with a uniform
frequency, all data signals were normalized to a frequency of 50 Hz.

Figure 3.5 shows data of a 250 s cutout of an exemplary trip. In the upper plot both speed
and acceleration of the vehicle are illustrated. The corresponding charge and discharge
power of the battery is depicted in the lower graph, with the colored area below the curve
reflecting the energy balance. The constant power output of approx. 600 W corresponds
to the base vehicle electrical system load. In addition, boost and recuperation phases of
several seconds are recognizable by acceleration values and corresponding power peaks
of the battery. However, the power profile is less volatile than the acceleration curve. In
addition to data from 48 V vehicles with 10 Ah batteries, battery data from a BMW i3
with a 60 Ah battery are used for comparative purposes. Data recording was done in the
same way as described above.

3.3.2 Evaluation of critical stress factors

48 V batteries are exposed to various load scenarios within the vehicle, which affect
the aging of a lithium-ion battery in different intensities (see Chapter 2.2). Detailed
understanding of these loads is essential to identify potential degradation mechanisms and
to perform relevant lifetime tests. In the following, main stress factors occurring in a 48 V
application are analyzed and classified.
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Figure 3.5: Exemplary part of a drive cycle. (a) shows the speed and associated acceleration
values. (b) illustrates the resulting load and energy throughput of the 48 V
battery.

3.3.2.1 Temperature

The use of lithium-ion batteries in common ICE vehicles poses major challenges, especially
with regard to temperature. So far, lead-acid batteries have been used for electrical power
supply, technically engineered as a wearing part with relatively low replacement costs and
high temperature resistance. Due to significant higher costs of lithium-ion batteries, their
lifetime is designed to be equivalent to that of the vehicle. This lifetime is usually defined
as 8 years or 200.000 km. By integrating the battery into existing vehicle architectures,
an optimum space for the component is not available. Usually, the battery is installed
within the engine compartment or trunk. Both spaces are characterized by very high
temperatures due to waste heat of the engine and the exhaust system.

Under cold climatic conditions, the variance of the battery temperature is extremely high.
Figure 3.6 shows a frequency distribution of the battery temperatures that occurred during
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Figure 3.6: Frequency distribution of the temperature of the 48 V batteries while driving.
A differentiation is made between temperatures during hot and cold country
trips.

the test drives. The results from the hot countries are separated from those of the cold
countries. In cold countries the battery reaches temperatures between −18 °C and 60 °C.
However, the likelihood of occurrence of very low temperatures less than 0 °C is below 2%.
The most common temperature is 30 °C. The high variance demonstrates the need to use
electrolytes and additives with a large temperature operating window. Here, the electrolyte
has to exhibit a sufficiently low viscosity and ionic conductivity at low temperatures and
at the same time be stable enough to resist decomposition at high temperatures [104, 105].
In addition, electrical and aging tests within the relevant temperature window have to
ensure that short-term and long-term battery performance requirements are met. This
can, for example, allow for a minimization of the risk of lithium plating in case graphitic
anode materials are used and charging processes in cold temperatures are performed. [186].
Knowledge of the high temperature span assists in long-term assurance of operational
stability and minimization of failure probabilities.

Under hot climatic conditions, severely high battery temperatures occur. Here, a most
common temperature of 52 °C and a mean temperature of 50.4 °C are measured. In 5%
of the time the battery temperature exceeds 60 °C. In addition, temperatures higher
than 70 °C do not occur due to forced power degradation, which is implemented within
the operating strategy. The results suggest that either the cooling is undersized or the
heat dissipation from the battery pack is insufficient. Most battery cells available on the
market are not applicable in such temperature ranges or do not reach the required lifetimes.
Thus, the development of special high-power batteries with high robustness against high
temperatures and with very low internal resistances to minimize self-heating is required.
In addition, an improved battery cooling strategy or a different installation space for
the battery, for example within the passenger compartment, can lower the temperature
conditions. At this point, a trade-off between costs and benefits has to be made to meet
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Figure 3.7: Frequency distribution of the states of charge of the 48 V batteries reached
during the test drives.

the battery lifetime requirements.

Since the temperature in the surrounding areas greatly influences the battery temperature,
the distribution will be different for every powertrain technology and component installation
space under consideration. Therefore, a repetition of this temperature investigation is
essential for every relevant vehicle architecture.

3.3.2.2 State of charge

Various authors have found that the SOC has a strong impact on the aging processes
within the battery [124, 128, 187, 188]. However, the level of influence varies depending
on the cell chemistry.

In the MHEV application, not the full SOC range is used. Figure 3.7 depicts the frequency
distribution of all SOCs that occurred during the test drives are plotted. The used SOC
range is, apart from rare outliers, between 34% and 92%. The mean SOC is 55%. This
shows that the operating strategy implemented in the battery management system is
designed to hold the battery in a middle region preferably. Some of the considered test
drives took place in mountainous terrain. These conditions may favor the likelihood of
higher states of charge due to long recuperation phases. The avoidance of low SOCs, even
if these are favorable in terms of aging, is necessary to ensure sufficient energy reserves and
peak power for sudden emergency situations, such as a failure of the combustion engine.
Higher SOCs at cold temperatures increase the risk of lithium plating, but enhance power
reserves in discharge direction [189]. However, it is essential that the operating strategy
effectively prevents high charging currents in these conditions. Overall, the measured
SOCs of the 48 V battery do not represent critical operating parameters with respect to
aging.
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3.3.2.3 Current rate

High charge and discharge rates have been identified as one of the causes of accelerated
aging [131, 132]. Rapid lithiation and delithiation processes intensify the mechanical stress
which can cause fatigue and destruction of crystal structures within the active material.
Further, inhomogeneous particle sizes can among other factors induce local overcharging,
resulting in lithium plating. High current rates increase the ohmic losses within the battery
leading to higher temperatures and the acceleration of side reactions.
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Figure 3.8: Frequency distribution of the current load on the 48 V 10 Ah batteries in charge
and discharge direction during the time of vehicle operation. Positive current
corresponds to charging.

The 48 V application is characterized by high charge and discharge currents requiring the
use of high-power batteries. Figure 3.8 shows the frequency distribution of all battery
currents in charge and discharge direction measured in the vehicles. The case of a current
I = 0A is not integrated in the consideration, since it has no significance for the cyclic
stress of the battery. Further, it significantly improves the clarity of the figure. The
bandwidth of current loads is between -30C in discharge direction and 24C in charge
direction. Although the range of discharge currents is wider, current rates greater than 5C
are more likely to occur in the charge direction. Overall, the likelihood of currents higher
than 5C is 30%. This means that nearly one third of the time, current rates are present
that conventional lithium-ion cells can only withstand for short periods of time.

High currents lead to large ohmic losses that must be dissipated from the battery. At the
same time, it is the goal of car manufacturers to minimize the battery size both in terms
of package and capacity. For this reason, only state-of-the-art high-power lithium-ion
batteries with extremely low internal resistance (� 1 mΩ at 25 °C, 1C, 50% SOC) can be
used in such an application. The high occurring currents must be part of both electrical
begin-of-life characterization tests and aging tests. Appropriate tests must be executed
exclusively with suitable measuring equipment.
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Figure 3.9: Frequency distribution of the current load of the high-voltage battery in a
BMW i3 in charge and discharge direction during the time of vehicle operation.
Positive current corresponds to charging. Periods of external charging are not
included.

Both the system topology and the battery can limit the performance of the system. For
batteries, these limits are defined in the operating strategy. The aim of this strategy is
to keep the battery within the operating range approved by the manufacturer and thus
to protect it from long-term damage. In the investigated vehicles the generator limits
the power rating within the system topology. If the battery is not restricted by SOC,
temperature, or aging and no buffer is kept in the operation strategy, maximum currents
can be calculated by the power limits of the generator.

The cell-specific electrical load of the 48 V battery is significantly higher than that of a
battery in a BEV. As can be seen in Figure 3.9, the currents within the battery pack of a
BMW i3 are almost entirely smaller than 2C. In the MHEV application, most frequent
currents are between 1C and 2C. This corresponds to the base load in the electrical
on-board network, which was also apparent in the power curve of the driving profile in
Figure 3.5. This load is caused, for example, by the air conditioning, the steering system,
or the brake. In BEV applications, the entire energy supply takes place via the battery
and the focus of battery design is on energy density. By using high voltage levels, usually
400 V or 800 V, and multiple strings in parallel, resulting cell-specific current loads can be
kept comparatively low even at peak power. A simple transfer of test specifications from
BEV to MHEV batteries is therefore not possible.

3.3.2.4 Cycle depth

Due to short recuperation and boost processes in the range of seconds, average ∆DODs of
the battery within a 48 V system are small. This observation is visualized in Figure 3.10,
where a frequency distribution of all ∆DODs is plotted. Here, the ∆DOD is calculated
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with a rainflow algorithm. Over 50% of all cycles are smaller than 2%. The stress on the
active material, for example due to the volumetric expansion of the graphite, is significantly
lower than for full cycles (100% ∆DOD). The influence of the ∆DOD on the cycle life
is often shown in the literature by a Wöhler curve. Here, battery lifetime, indicated by
number of full cycles equivalents(ii) till the end-of-life criterion is reached, increases with
decreasing ∆DOD. Frequently, full cycles are used to test and validate battery lifetimes
in order to obtain worst-case lifetime estimations. These results can be relevant for the
design of begin-of-life battery capacities and performance capabilities.Thus, knowledge
of the application-relevant ∆DODs and their impact on battery lifetime is essential to
prevent an over-dimensioning.
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Figure 3.10: Frequency distribution of the ∆DOD of the 48 V batteries for all investigated
trips during the time of vehicle operation. The calculation of the ∆DOD is
done using a rainflow algorithm.

3.3.2.5 Energy throughput

The total energy throughput, in analogy to full cycle equivalents, is a good indicator for
the durability of a lithium-ion battery. In applications such as the 48 V system where
no long-term observations exist, the energy throughput of the battery component over
lifetime is difficult to determine. In addition, the operating strategy and system topology
have a major impact on energy throughput. In the new product development process,
component requirements are defined by applying complete vehicle simulations. For this
reason, it is important to use real-world data from pre-series vehicles as early as possible
to validate simulation data and to prevent improper technical designs.

(ii)Full cycle equivalents normalize the charge throughput of cycles with different ∆DODs to the nominal
capacity (CN) of the battery and thus provide better comparability. For one full cycle equivalent, the
cell has to undergo a charge throughput of 1 CN in both charge and discharge direction.
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Figure 3.11: Representation of the average energy throughputs per trip in discharge direc-
tion (Edis) as a function of average speed. A differentiation is made between
energy throughput per unit of time and energy throughput per distance.

Single drive cycles do not provide the data basis for battery designs due to a large variance
in specific energy throughputs. The energy throughputs in discharge direction of all test
drives are shown in Figure 3.11 as a function of distance and time. In addition, the average
speed is highlighted in color. Based on the energy throughput per distance, the values vary
between 1 kWh

100 km and almost 6 kWh
100 km . In terms of time, energy throughputs arise between

0.05 kWh
h and 2.07 kWh

h . The data illustrate that a conclusion of individual car rides on
a universally applicable load of the battery storage is not given. For statistically valid
statements regarding the design of MHEV batteries, as much driving data as possible have
to be analyzed. Alternatively, it must be examined which influencing factors have the
greatest impact on the energy throughput.

For the lithium-ion battery, very high energy throughputs arise over the lifetime of a
vehicle. Taking the lifetime requirement of 200,000 km into account, energy throughputs of
up to 12 MWh at pack level can be achieved in a worst-case scenario. Based on the values
shown in Figure 3.11 and on the assumption of having installed 20 NMC|LTO cells in a
battery pack, energy throughputs between 200 kWh and 600 kWh can be obtained at cell
level. For a 10 Ah cell with a rated voltage of 2.2 V, this results in over 27,000 equivalent
full cycles. Therefore, the lithium-ion battery used has to be extremely cycle-resistant.
Due to limited testing time, this energy throughput can only be achieved with an increase
of the current rates in cycling aging tests.

The average speed during the documented rides is an indication of the time or distance-
related energy throughput only in the border areas. Trips at very low speeds generate a
high energy throughput in relation to the distance. The same applies to the relationship
between high speeds and time. However, even at high speeds a base energy throughput of
approximately 1 kWh

100 km is measurable. For the development of a 48 V battery, it must be
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determined whether a lifetime criterion related to distance or operating hours should be
defined. If, as described above, 200,000 km are used as lifetime requirement, consideration
of car rides with low average speeds is appropriate.

3.3.3 Conclusion of the application-specific aging conditions

Real-world battery data from MHEV were examined and both characteristic and critical
operating conditions of 48 V batteries were derived. For this purpose, vehicle data of over
70 test drives were statistically evaluated and analyzed with regard to cell aging affecting
battery parameters.

The 48 V battery in the considered P0 typology is operated at a very wide temperature
range (−20 °C to 70 °C) with extremely high average temperatures. In addition, it is
mainly burdened with small ∆DODs (<5%), high short term current loads (more than
20C) and high energy throughputs over lifetime (>20,000 equivalent full cycles). The
factors temperature, current rate and energy throughput are considered most critical
with respect to aging. The variance of the energy throughput, normalized by distance
or time, was very high for the investigated trips. For this parameter, a large sample
size is important to ensure high validity and thus to provide a worst-case estimate for
vehicle-relevant lifetime requirements.

In comparison to the battery cyclization within a BEV application, significant differences
in current rates and ∆DODs were identified. The special requirements of a 48 V system
must be taken into account in the development process and validation management. The
data analysis carried out in this chapter enables an improvement of application-oriented
aging studies and is thus able to reduce test effort. At the same time, the findings regarding
load parameters facilitate the screening of possible cell candidates for a 48 V application.
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4 Experimental and methods

Parts of this chapter are based on four publications created during the course of the
dissertation. It contains minor modifications with respect to the original publications and
supporting data. The use of the article content including illustrations from [114, 166, 190,
191] is permitted with the consent of Elsevier.

The analysis of battery data from the investigated 48 V vehicles in Chapter 3.3 showed
that the loads of lithium-ion batteries in MHEVs are exceptionally high and different from
those in high-energy applications. The wide operating range, for example regarding power
capability and temperatures, has to be provided by a cell candidate both at begin-of-life
and throughout the specified lifetime. To ensure compliance, cell tests have to be designed
specifically for these load scenarios.

In the light of the previous findings, this section presents an overview of the cell tests and
analysis methods that were conducted during the course of this thesis.

The cell tests can be divided into electrical characterization tests and aging tests. Although
this thesis focuses on the performance and aging characteristics of a LTO-based cell type,
two additional cell types with other cell chemistries were investigated to obtain a broad
electrical performance benchmark. All aging tests were performed exclusively on the
LTO-based cells. For this purpose, calendar, cyclic and drive-cyclic aging experiments were
defined and implemented, which were both application-specific and cell chemistry specific.
A uniform and detailed aging monitoring allowed for the identification of critical operating
parameters as well as the determination of dominant degradation mechanisms. Reversible
and irreversible aging effects were investigated using non-invasive and destructive methods,
all of which were described in detail below.

4.1 Cells under investigation

In this thesis three different cell types were investigated, which differ particularly with
respect to cell chemistry and form factor. A detailed overview of the cell properties is
shown in Table 4.1. With power densities of about 2300 Wh

kg to over 8000 Wh
kg all three cells

are classified as high-power cells (see Figure 2.1). Here, the manufacturers’ specifications
for peak power are not necessarily the absolute power limits of the cells but rather a
conservative estimate. High quality and uniformity of the cells was assumed, since all cells
were mass produced on high volume production lines, which underwent an automated
end-of-line test specified by the supplier.
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The NMC|LTO cell has a nominal capacity of 10.6 Ah and is the smallest both volumetri-
cally and gravimetrically. Its active material and electrolyte composition is designed for
extremely high pulse currents (>100C) and a wide temperature window (∆T = 100 °C).
Compared to the prismatic NMC|C cell and the pouch LFP|C cell, the pouch NMC|LTO
cell provides the lowest capacity. However, the energy density of the NMC|LTO cell differs
only slightly from that of the LFP|C cell.

Table 4.1: Specifications of the investigated cell types according to the manufacturers’
data sheets. The size of the electrode sheets of the NMC|LTO cell has been
measured after cell opening.

Cell type NMC|LTO NMC|C LFP|C

Nominal capacity (Ah) 10.6 16 20
Cell format Pouch Prismatic Pouch
Weight (g) 296 487 836
Size w/h/d (mm) 150/137.5/8.8 149/77/24.5 137/295/8.9
Nominal voltage (V) 2.2 3.7 3.3
Upper voltage limit (V) 2.65 4.2 3.6
Lower voltage limit (V) 1.9 2.8 2.0
Max. pulse discharge current ((A), 1 s, 25 °C) 1,100 1,010 600
Max. pulse charge current ((A), 1 s, 25 °C) 1,100 940 600
Max. continuous discharge current ((A), 25 °C) 200 240 300
Max. continuous charge current ((A), 25 °C) 200 240 300
Max. pulse discharge power density ((W

kg ), 25 °C) 8,175 7,673 2,368
Energy density (Wh

kg ) 78.8 121.5 78.9
Operating temperature (°C) -30 - +70 -30 - +55 -30 - +60
Clamping torque (Nm) 1.75 - 0.4

Anode sheet area (mm2) 130.29 - -
Cathode sheet area (mm2) 137.28 - -

As discussed in Section 2.2.2 regarding the PEE, the anode of graphite-based cells is
typically geometrically oversized. For the examined NMC|LTO cell this is not the case.
Here, the size of the cathode sheets is approximately 7 cm2 larger. Due to the high
electrochemical potential of LTO, inhomogeneities of the current distribution in LTO edge
areas are not critical for the cell lifetime (low risk of plating). The extent to which this
geometrical arrangement affects the PEE is investigated in Section 6.1.2.

4.2 Test setup and measuring equipment

The pouch cells (NMC|LTO and LFP|C) were clamped with constant-path between two
aluminum bracing plates with torque specified by the manufacturer (see Table 4.1). No
external pressure was applied to the prismatic NMC|C cell, as the metal casing itself

48



4.2 Test setup and measuring equipment

applies pressure to the cell. Clamping of cells is a common procedure and has a beneficial
effect on cell performance. The pressure ensures a good electrical contact between the cell
materials, which is important, for example, in case of strong gas formation. Moreover, it
simulates the application scenario in a battery pack where the cells are exposed to a similar
level of pressure. Due to the low internal resistances of the examined cells and the testing
with high current rates, all measurements were carried out using the four-pole measuring
principle to increase measuring accuracy. In addition, two temperature sensors were
attached in the middle of the cell and between the cell tabs. For this purpose, small holes
were drilled in the clamping plates of the pouch cells. To prevent inhomogeneities, these
holes were leveled with filling compound after the sensors had been attached. Exemplary
for a NMC|LTO cell, Figure 4.1 shows a basic test bench setup within the temperature
chamber.

Figure 4.1: Test bench setup with a tightened NMC|LTO pouch cell. All measurements
were carried out using the 4-pole measuring principle. Temperature was
recorded in the middle of the cell and towards the top of the cell between the
tabs. The test setup and the shown picture were created by the BatterieInge-
nieure GmbH in Aachen.

The formation of the cells was carried out by the cell manufacturer and the cells were in an
unused state prior to test start. At the beginning of each test a short characterization test
was performed, which includes both capacity tests and pulse tests. This routine verifies
the proper electrical connection and cell functionality. The measuring equipment used for
the different tests is listed in Table 4.2 and 4.3. Except for the second test series of the
calendar aging, all cell tests were conducted by BatterieIngenieure GmbH in Aachen as
specified.
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Table 4.2: Technical data of the measuring equipment used for the characterization tests,
the calendar aging tests (test series 1) and the cyclic tests.

Device Manufacturer Accuracy

Cell tester
Digatron MCT 300-06-12 RE S 0.1% of full scale (I), 0.05% of full scale (V)
Digatron MCT 300-06-4(3)ME 0.1% of full scale (I), 0.1% of full scale (V)
Neware CT-4008-5V 100A-NA 0.1% of full scale (I), 0.1% of full scale (V)

External data logger Gantner Q.Station 101 0.01% - 0.05% (I), 0.01% - 0.05% (V)
Climate chamber Binder model MK 240 up to ±2K

Table 4.3: Technical data of the measuring equipment used for the calendar aging tests
(test series 2).

Device Manufacturer Accuracy

Cell tester Scienlab SL6/300/1.8BT4C ±0.05% of measured value, ±60 mA (offset)
±1 mV

Climate control CTS T-40/350/Li ±0.3K

4.3 Electrical characterization measurements

The three different cell types were subjected to a series of electrical characterization
tests, which are described below. Each of these measurements was performed with two
NMC|LTO, one NMC|C and two LFP|C cells. The studies aimed to quantify both the
characteristic behavior in electrochemical equilibrium and the highly dynamic behavior
under load in a uniform and comparable way. The loads in the dynamic measurements
were chosen according to the requirements in a low-voltage vehicle application. Thus, the
cell performances can be compared with each other and the usability of the cells in a
corresponding application can be evaluated.

4.3.1 Open circuit voltage

Two methods are commonly applied to determine characteristic open circuit voltage
(OCV)-curves. For the first method, a very small current (usually smaller C/20) is used
to measure the voltage response during charge and discharge. This type of OCV is often
called quasi-stationary open circuit voltage (qOCV), because it is observed exclusively
in the unrelaxed state. Deviations can be expected due to the kinetic influences and the
associated overvoltages, in particular in boundary areas of the SOC [192]. For this reason
the second method, the so-called incremental OCV method, was used in this study, in
which a stepwise measurement of the OCV is performed [193]. The significantly higher
time expenditure of this method is subordinated to the considerably increased accuracy.
Thereby a relaxation time of several hours is set after each defined SOC level. This allows
for the cell to reach a state close to equilibrium before the actual OCV measurement
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takes place. As shown in previous publications, further electrochemical changes can be
neglected [193, 194].

This test routine was used for the measurement:

1. Temper the cell to target temperature for 6 h

2. Constant current (CC) discharge and constant current-constant voltage (CC-CV)
charge with 1

3C and 1
50C cutoff till the lower/upper voltage limit

3. Pause for 30 min

4. Repeat step 2 to determine a reference discharge capacity (Cref)

5. Pause for 3 h, or 6 h when T<10 °C

6. Sampling of OCV

7. Discharge Ah-based (using Cref) with 1
3C to target SOC

8. Repeat steps 5 to 7 for each SOC

The determination of the OCV was performed at seven temperature settings (−25 °C,
−10 °C, 0 °C, 10 °C, 25 °C, 40 °C, 55 °C). At temperatures higher 0 °C the SOC change
to the next step was done in 5% steps. At low temperatures the OCVs were measured
in 10% SOC steps due to extended relaxation times. After the lower cut-off voltage was
reached and the pause time had elapsed, the charge direction was measured using the
same procedure and the identical Ah-based SOC-steps. As Barai et al. [195] describe in
detail, errors in hysteresis observation can be avoided by directly linking the measurement
of discharge and charge direction.

4.3.2 Capacity

The extractable battery capacity strongly depends on temperature and current. To
investigate this dependency, the same temperature levels as in the OCV measurement were
used. Charging and discharging was carried out by applying at least five different C-rates
(1C, 3C, 5C, 10C, 15C (and 20C for cell A and B)) within the following test procedure:

1. Temper the cell to target temperature for 6 h

2. CC discharge and CC-CV charge with 1C and 1
50C cutoff till the lower/upper voltage

limit

3. Pause for 30 min, or 60 min when T<10 °C

4. CC discharge with predefined current rate till the lower voltage limit

5. Pause for 30 min

6. CC-CV charge with 1C and 1
50C cutoff till the upper voltage limit

7. Repeat steps 3 to 6 for each discharge current rate
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8. CC discharge with 1C till the lower voltage limit

9. Pause for 30 min, or 60 min when T<10 °C

10. CC-CV charge with predefined current rate and 1
50C cutoff till the upper voltage

limit

11. Pause for 30 min

12. Repeat steps 8 to 11 for each charge current rate

13. Repeat steps 1 to 12 for each temperature level

4.3.3 Internal resistance

To determine the internal cell resistances an extensive pulse characterization was carried
out [196, 197]. For this purpose, the following test procedure was used:

1. Temper the cell to target temperature for 6 h

2. CC discharge and CC-CV charge with 1
3C and 1

50C cutoff till the lower/upper voltage
limit

3. Pause for 30 min

4. Repeat step 2 to determine a reference discharge capacity (Cref)

5. Pause for 30 min, or 60 min when T<10 °C

6. Discharge pulse for 10 s with predefined current rate and subsequent equalizing
charge with 1/3C

7. Pause for 30 min, or 60 min when T<10 °C

8. Repeat steps 6 to 7 for each current rate (1C, 3C, 5C and multiples of 5C)

9. CC-CV charge with 1
3C and 1

50C cutoff till the upper voltage limit

10. Pause for 30 min

11. Discharge Ah-based (using Cref) with 1
3C to target SOC

12. Repeat steps 5 to 11 for each SOC

The measurement was performed in 10% SOC steps. Additionally 5% SOC and 95% SOC
were tested. The temperature steps were identical to those in the OCV and capacity
measurement. To shorten the test time, pulse measurements were carried out separately
in charge and discharge direction with one cell each. Charge pulses were tested identically
to discharge pulses, though the test procedure started in discharged condition.
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The calculation of the internal resistance at a certain time t, SOC and temperature T
depends on the OCV prior to the pulse (UOCV), the measured pulse voltage (Up) and the
pulse current (Ip) according to the following equation:

R(t,SOC,T,I) = Up(t,SOC,T,I)− UOCV(SOC,T )
Ip

(4.1)

All internal resistances presented in this thesis were evaluated after a pulse duration of 1 s.
Therefore, a pulse induced shift of the SOC as well as a strong rise in cell temperature can
be neglected even at high current rates.

4.4 Aging test strategy

Based on the findings of the vehicle data analysis in Section 3.3, calendar, cyclic and drive
cyclic aging matrices were defined. The goal was to enable shortened, application-oriented
cell aging tests with the possibility of building an semi-empirical aging model. The defined
matrices do not claim to be universally applicable. Rather, they illustrate a methodology
that can be used to validate the fulfillment of cell lifetime requirements of a 48 V vehicle
battery. The aging matrices of Schmalstieg et al. [128] served as a basis for the definition.
Each cross in the matrix represents one cell to be measured (see Table 4.4, 4.5 and 4.6).

Although measuring multiple cells per operating point can lead to more valid results,
this is difficult to apply in a development process in terms of effort and test benches.
Since NMC|LTO cells were used in the 48 V battery of the considered vehicles, boundary
conditions of the aging matrices, such as the absolute temperatures, will differ for other
cell chemistries. Cell candidates have to be tested according to the limits specified by
the cell manufacturer and additionally specifically tailored to the application context.
Nevertheless, the stress factors analyzed in this thesis are identical for each cell candidate,
since a suitable battery is developed in the development phase for a given 48 V system.

Figure 4.2 shows the begin-of-life condition in terms of capacity and resistance of all
NMC|LTO cells within the aging tests. Based on the initial capacity, the cells vary by
2.3%. The variation in internal resistance is significantly higher at 17.7% but within
the range specified by the cell manufacturer. No noticeable influence with regard to the
following aging tests can be found. All aging tests were carried out in accordance with the
conditions of use specified by the cell manufacturer.

4.4.1 Calendar aging

The calendar aging tests focused on the investigation of dependencies regarding temperature
and SOC. As part of the calendar aging tests (test series 1), 12 aging conditions were
examined, which are shown in Table 4.4. The average SOC was set to 55% SOC, as it was
most likely to occur in the 48 V batteries (see Figure 3.7). Due to high temperatures in the
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Figure 4.2: Overview of the begin-of-life condition of all NMC|LTO cells in terms of
discharge capacity (1C, CC, 2.65 V-1.9 V, 25 °C) and resistance (5C, 1 s, 50%
SOC, 25 °C) prior to test start. The cells are assigned to the different aging
tests by color. The variation in capacity is much smaller than the variation in
resistance.

application and their impact on cell aging, only 40 °C, 60 °C and 80 °C were tested. On
the one hand, this allowed for shorter test durations, while on the other hand, it offered
the possibility to integrate an Arrhenius dependency in an aging model. In addition, an
SOC dependency can be demonstrated by testing different SOCs. The SOC boundaries
were set to 5% and 95%, since these were the application-related extreme cases. Although
low SOCs were not observed during the battery data analysis (see Figure 3.7), they are
expected at longer standing phases and with increasing battery aging.

Table 4.4: Calendar aging matrix based on the investigation of the real-world 48 V system
data.

T/SOC 5% 10% 55% 70% 90% 95%

40 °C X X X
60 °C X X X X X X
80 °C X X X

A check-up was carried out every 30 days to determine the aging progress. The cell voltage
during storage was kept constant. This floating current condition was achieved by a test
configuration, which was similarly used by Lewerenz et al. [198]. The SOC setting after
every check-up was based on the latest measured capacity and was done Ah-based.

The cells at 80 °C burst in the test chamber during the aging test. Due to the direct
exposure to air, these cells were not suitable for further ex-situ investigations. For this
reason, a second series of calendar aging tests (test series 2) was performed, in which three
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cells were aged at 2.03 V (approx. 3% SOC), 2.2 V and 2.65 V (100% SOC) at 80 °C for
40 days in a floating condition. To enhance SOC-dependent aging effects, the investigated
voltage range was extended in the second test series. It was assumed that essential aging
mechanisms were identical for both test series at each of the voltage levels.

4.4.2 Cyclic aging

The cyclic aging tests aimed to investigate dependencies with respect to ∆DOD and
current rate. An overview of all test conditions is shown in Table 4.5. The mean SOC for
all ∆DODs smaller than 100% was 55% SOC and was approached via constant-voltage
step. Cyclization around this SOC took place Ah-based, with a reset of the mean SOC
every 20 equivalent full cycles. According to the occurrence in the application, testing of
different current rates was necessary. In this test, three constant current rates (2C, 5C
and 10C) were chosen to examine a possible current rate dependency. A ∆DOD variation
enabled the quantification of the influence of shallow cycles, as this was one of the special
operating conditions in a mild hybrid application. Even if full cycles were not observed in
the real application, it was useful to test them as a worst-case reference. All cyclization
profiles consisted exclusively of constant-current charging and discharging processes. The
asterisk (*) indicates an operating point at which two cells were tested. One cell was
cycled at 5C/5C and 70% ∆DOD. The load profile of the other cell was expanded by a
sawtooth profile, so that every change of 4% SOC was superimposed by a microcycle of
2% in the opposite direction. The aim was to get a better understanding of overlapping
aging effects and to generate essential knowledge regarding battery lifetime in dynamic
real-world applications. After every 500 equivalent full cycles a check-up was performed.

If the 48 V system under consideration provides a cold-start capability, low temperatures
shell be part of special aging tests regarding lithium plating. This is particularly important
when cells with graphite anode are to be used within a low-voltage battery.

Table 4.5: Cyclic aging matrix based on the investigation of the real-world 48 V system
data. Cyclization at ∆DODs less than 100% took place at an average SOC
of 55%. At (*) an additional cell was loaded with a sawtooth profile, where a
microcycle of 2% SOC overlaped every 4% SOC change.

Current 2C/2C 5C/5C 10C/10C

∆DOD/T 40 °C 60 °C 40 °C 60 °C 40 °C 60 °C

100% X
70% X X X*
20% X
10% X
5% X X X X
2% X
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Further cyclic aging tests were defined to investigate the criticality of the upper and lower
voltage ranges. For this purpose, 6 cells, 2 per test condition, were cycled in different
voltage ranges with 5C/5C at 60 °C. The test conditions are given in Table 4.6. Every 250
cycles the cell performance was checked by a check-up.

Table 4.6: Additional cyclic aging tests to investigate the aging behavior at low and high
SOC in combination with different ∆DODs. The listed lower and upper voltages
defined the limits of the CC step.

Ulower/Uupper 2.4 V 2.5 V 2.65 V

2.0 V X
2.1 V X X

4.4.3 Drive cyclic aging

As described in Chapter 3.3, a clear differentiation of individual aging phenomena is
difficult when cells are exposed to real driving cycles. However, aging data of such profiles
offer the chance to verify results of individual operating points and to investigate potential
interdependencies. Further, the results can be used for the validation of an aging model,
even though this is not content of this thesis. To validate the cyclic and calendar aging tests
as well as for a realistic prognosis regarding the battery lifetime within a 48 V application,
three cells were loaded with a driving cycle at different temperatures. The drive cycle
included a combination of real battery loads during city, country and highway driving
and had a duration of 16 h. With the variable temperature profile a temperature level
between 20 °C and 60 °C was set weekly. A total of ten temperature levels were tested
with an average temperature of 37.3 °C. As Ah-neutrality could not be guaranteed due to
the cycle itself and measurement inaccuracies, a SOC reset was performed after each drive
cycle. A check-up was performed every 32 cycles.

4.4.4 Check-ups

Check-ups were carried out at defined intervals to monitor the aging behavior. The entire
measurement routine was performed at 25 °C. An exemplary voltage curve of a check-up is
shown in Figure 4.3. At the beginning of the check-up, the examined cell was charged with
CC of 1C to 2.65 V followed by a constant voltage (CV) step until the current fell below
1
50C. Then a capacity test was performed in discharge and charge direction with CC of
1C, concluded with a CV step. A qOCV at 1

8C is performed for further electrical studies,
followed by another capacity test at 1C [192]. Deviations between a qOCV and a real
OCV are assumed to be very small considering the low current rate in combination with
the extremely low internal cell resistance [195]. The qOCV, which was recorded with 2 Hz
during the check-up, was filtered to eliminate any identical consecutive voltage values.
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Figure 4.3: Exemplary voltage profile of a cell during the regular check-up at 25 °C. Due to
the high-power characteristic of the NMC|LTO cells, the CV phases following
the CC charging are very short (1-2 minutes) in comparison to the total
duration of the check-up. For this reason, they are not distinguishable in this
plot.

At 50% SOC a pulse power characterization profile was performed. First, a charge and
a discharge pulse were applied to the cell for 20 s with a 15 min rest in between. After
another 15 min rest period, a sequence of charge and discharge pulses with current rates
of 2C, 5C, 10C, 20C and 25C and a pulse duration of 10 s was applied with a directly
connected equalizing charge of 1C. The relaxation time between the respective pulses
was 15 min. In this work, the analysis of the internal resistance increase is based on the
5C pulse behavior, which is evaluated after 1 s pulse duration. To calculate the internal
resistance, the difference between the cell voltage before the pulse and 1 s after the start
of the pulse is divided by the applied current (see Equation 4.1). In the following aging
analysis, all values concerning the capacity retention refer to the extractable capacity in
the first capacity test in discharge direction within the CC phase.

4.5 Incremental capacity analysis and differential voltage
analysis

Both incremental capacity analysis (ICA) and differential voltage analysis (DVA) represent
in-situ and thus non-invasive electrochemical techniques to study the aging behavior of
lithium-ion cells by investigating their characteristic voltage profiles.

Basis for both analysis techniques is the characteristic qOCV, which is recorded during
regular check-ups. The qOCV is measured with a small constant current, usually lower
1
8C, to ensure that characteristic electrochemical characteristics such as phase transitions
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within the material are not distorted by overvoltages and concentration gradients. The
choice of the current depends strongly on the kinetics of the measured cell. Relaxation
processes in high-power cells, for example, are highly accelerated, so that higher current
rates can be applied for measurement. It is necessary to weigh up the maximum level of
detail in the measurement against the time required for the check-up. Long rest periods
bear the risk of influencing the aging behavior, for example due to a PEE.

DVA

dQ/dV

dV/dQ

Q

V

ICA

Figure 4.4: Qualitative visualization of the relationship between the qOCV obtained during
the check-up of an NMC|LTO cell and the derived ICA and DVA.

Figure 4.4 shows qualitatively the relationship between the logged qOCV data and the
incremental capacity (IC) and differential voltage (DV) curves for the examined NMC|LTO.
DV curves are the derivative of the voltage curve with respect to the capacity. In a DV
analysis of graphite-based cells, characteristic minima are obtained, which can be assigned
to stage transitions of the graphite. Since the graphite anode is usually the main source of
aging mechanisms, diverse changes of the DV curves can be observed during the aging
process, which allow for identification of degradation modes, primarily LAM of the anode
and LLI [199].

IC curves are calculated using the derivative of the incrementally charged capacity ∆Q
with respect to the changed unit of voltage ∆U. Typically, IC curves are plotted over cell
voltage or SOC. Depending on the characteristic phase transitions of the active materials
and the cell balancing, distinct dQ/dV peaks result, which differ in height, position and
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intensity. An investigation of the peak progressions during the aging process provides key
information regarding cell aging state and aging mechanisms [200].

As shown in Figure 4.4, the characteristic qOCV of the NMC|LTO cell exhibits a strictly
monotonous profile without any plateaus or sharp gradient changes. Multiple phase
transitions, as they are present in graphite-based cells, are not observed for LTO due to
the constant potential plateau at 1.55 V vs. Li/Li+. When the qOCV is derived according
to capacity, DV curves in an inverted U-shape without pronounced minima are obtained,
which are of limited value for an analysis of potential degradation mechanisms.

Here, an ICA offers several advantages. The values dQ/dV indicate how much capacity
can be charged into or discharged from the cell at a particular voltage. Especially 2-phase
materials like LTO are clearly distinguishable by characteristic peaks [199]. Same applies
for aging-related variations in the qOCV, for example due a change in electrode potential
caused by surface layers. Devie et al. [201] have qualitatively shown how the effects of the
degradation modes loss of active material at the negative electrode (LAMNE), loss of active
material at the positive electrode (LAMPE) and LLI are reflected in the characteristic IC
curves of an NMC|LTO cell. Further, as it is demonstrated in Chapter 7.1, an ICA can be
used to identify the occurrence of the reversible PEE. For the reasons given above, only
ICA were carried out in the course of this thesis.

4.6 Post-mortem analysis

The previous section provided a detailed description about which cells were subjected
to aging tests and how these tests were performed. In addition, the methodology for
monitoring the aging process by means of external measurements of electrical battery
parameters was introduced. However, most aging mechanisms are not directly identifiable
by such methods, not least due to the high complexity of electrochemical reactions within
the cell. For this reason, further methods are introduced in this section, which allow for a
specific and isolated analysis of aged cell materials after cell opening. Since further use of
the cell after disassembly is not possible, these types of investigations are often referred to
as post-mortem or ex-situ analyses.

For the post-mortem analysis the aged cells along with a fresh reference cell were discharged
until the lower cut-off voltage of 1.9 V was reached. The cells were opened in an argon-filled
glovebox. During the opening process, photos of the cell materials were taken and optical
changes or abnormalities were documented. The electrodes were separated for further
investigations of the material and the assembly of half-cells. The electrolyte residues on
anode and cathode sheets were washed off with DMC. The electrodes were dried in a
vacuum oven at 80 °C for at least 24 h.

The technology material and process analysis (TWA) of BMW AG, among others repre-
sented by Dr. Michael Leitl, was responsible for cell opening and ex-situ investigations.
The assembly and testing of the coin cells was performed by Lennart Alsheimer (Münster
Electrochemical Energy Technology (MEET)) as part of a collaborative project.
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4.6.1 Half-cell assembly

To study the performance degradation of the separate electrode materials, half-cells were
assembled as coin cells in a dry room. Anodes and cathodes from the 40-days aged cells
(test series 2) were punched out of the dried electrode sheets with a diameter of 14 mm.
From a 1 mm thick lithium foil lithium metal electrodes were punched out with a diameter
of 15 mm serving as counter electrode. Since no information regarding the electrolyte
composition of the NMC|LTO was available, a standard electrolyte (LP57 - 1 mol LiPF6
in EC:EMC 3:7) was used. Cellguard 2500 with a thickness of 25 µm was selected as
separator.

After sealing of the coin cells, a break of 6 h ensured an even electrolyte distribution.
Two formation cycles were performed with 1

10C to enable the completion of potential
equalization processes. For the qOCV measurement the assembled cells were charged and
discharged with CC of 1

10C followed by a CV step until 1
50C was reached. The voltage limits

for the LTO|Li cells were 1.0 V and 2.0 V and for the NMC|Li cells 3.0 V and 4.2 V.

4.6.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a widely used analytical technique for the character-
ization of surface typologies, crystalline structures and chemical compositions [202]. Here,
the specimen is exposed to a high-energy electron beam. The penetrating electrons interact
with the sample material inducing an emission of secondary electrons, backscattering
electrons and X-rays, which are subsequently collected by different detectors. Secondary
electrons are generated by inelastic scattering with atoms in a narrow region near the
surface. In contrast, backscattering electrons originate from elastic scattering in deeper
material layers. These electrons can provide information about the material composition,
indicated by differences in brightness on SEM images. Here, elements with high atomic
mass produce larger grayscale variations [202]. X-rays are emitted due to the shifting of
electrons from outer shells to locations in inner shells vacated by the electron beam. From
the X-ray radiation, the atomic composition can be deduced [88].

In this thesis, the morphology of electrode material was investigated with a scanning
electron microscope from Zeiss (model EVO 10). The SEM images were taken with an
acceleration voltage of 15 kV at a beam current of 250 pA.

4.6.3 X-ray photoelectron spectroscopy

An X-ray photoelectron spectroscopy (XPS) was performed to examine elements and
chemical bonds of the surface layer on the electrode samples. In this method the sample
material is irradiated with X-rays and thus energetically excited. Impinging X-rays interact
with electrons of the sample elements and cause an emission of characteristic photoelectrons
(photoelectric effect). The emitted photoelectrons are detected and their kinetic energy
is determined. From these energy values, reliable information about the elements of the
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surface layer is obtained. Since the X-ray radiation only permeates the outermost layers
of the material, the measuring depth is limited to 2 nm to 10 nm [88, 203].

For the XPS measurements, samples were cut out of the dried electrodes and applied to the
sample holder. The measurement was performed with a PHI VersaProbe II, using an Al
anode to generate the AlKα radiation (1486.6 eV). Prior to measurement, two neutralizers
(BaO electron and Ar+ ion neutralizer) compensated residual charges on the sample surface.
At each test point a section of 100 µm was examined with an X-ray beam of 100 W. The
measurement of each test point was repeated at least once to detect and exclude incorrect
measurements. The C1s signal at 285 eV served as reference for the evaluation of resulting
spectra and binding energies.
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This section is based on a publication created during the course of the dissertation. It
contains minor modifications with respect to the original publication. The use of the article
content including illustrations from [190] is permitted with the consent of Elsevier.

The following investigation aims to present a consistent and comprehensive performance
benchmark of state-of-the-art high-power cells. For this purpose, characterization mea-
surements with respect to OCV, internal resistance and capacity were performed on three
cell types with different cell chemistries covering a wide operating window. This includes
vehicle relevant operating conditions, indicated by temperatures between −25 °C and 55 °C
as well as by charge and discharge current rates up to 30C.

In the literature, high-power cells have only occasionally been subjected to specific in-
vestigation. Thus, Schröer et al. [9] have characterized three different LTO-based cells
electrically on the basis of frequency domain and time domain measurements. Both
general conclusions regarding the electrical behavior and a model parameterization were
accomplished, which enabled a state of available power analysis. Additionally, a cur-
rent dependency of the internal resistance of LTO-based cells was shown [204]. Andre
et al. [205] have elaborated essential dependencies regarding temperature and SOC by
extensive impedance measurements of a nickel cobalt aluminum and graphite based cell. In
a similar study, which included time domain measurements with a variation of the current
(up to 3C), Farmann et al. [206] studied a LTO-based cell. A Butler-Volmer correlation was
found especially for negative temperatures. Waag et al. [207] have quantified the impact
of aging on the above mentioned dependencies using a NMC|C-based cell. A detailed
analysis of the performance and the aging behavior including the application of ex-situ
methods was carried out for nine different commercially available high-power cells with
less than 4 Ah by Schmidt et al. [129].

A comprehensive investigation of the electrical characteristics of battery cells suitable
for low-voltage applications (larger 10 Ah) to begin-of-life has not yet been carried out,
especially under consideration of the relevant operating conditions presented in Section 3.3.
Necessary information regarding the cell behavior, which is indispensable for system design
and operation in a highly dynamic application, is therefore missing.

In the following, first, the results of the load-free characterization tests are presented, in
which the cell is in a relaxed state. Second, dynamic load scenarios are analyzed and
performance variations are discussed. The electrical behavior of the cells is examined
regarding the respective cell chemistry and is compared to findings from the literature.
Furthermore, implications for the use of these cells in low-voltage applications are identified.
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However, results and conclusions refer exclusively to the analyzed cells. If cell chemistry
specific generalizations are appropriate, this is highlighted at the corresponding passage.

5.1 Load-free characteristics

5.1.1 Open circuit voltage

The intensity of the temperature dependency of the OCVs varies strongly with the cell
under consideration. In Figure 5.1 the characteristic OCVs of the three examined cells are
shown as a function of SOC at different temperatures. For the sake of simplification, the
three investigated cells are abbreviated as cell A (NMC|LTO), cell B (NMC|C) and cell C
(LFP|C) in this chapter. Cell A shows an increasing OCV for decreasing temperatures over
the entire SOC. Particularly at low SOC ranges, the curves for high and low temperatures
diverge significantly. The result is similar for cell B, where deviations mainly occur at low
SOCs smaller than 40%. Baccouche et al. [208] achieved similar results for the temperature
dependency of the OCV of a high-energy NMC cell. Cell C shows an approximately
identical OCV for all temperatures. Small discrepancies are observed at high SOCs greater
than 80%. At this position the phase transition of graphite from stage 2 to stage 1 is
significantly less pronounced for low temperatures.

In principle, the electrode potential can be determined at any time by energetic evaluation,
taking into account a change in the chemical potential using the Nernst equation [209–
211]:

E = E0 −
RT

zF
· log aox

ared
(5.1)

Here E0 describes the standard redox potential, R the gas constant, T the temperature, z
the number of electrons (z = 1 for lithium-ion systems), F the Faraday constant and aox
respectively ared the activities of the chemical species participating in the redox reaction.
Accordingly, an increase in temperature is expected to cause a decrease in the equilibrium
voltage in both chemical equilibrium states and phase transitions. Since the OCVs of
LFP and LTO electrode materials, for example, are slightly dependent on the lithium
concentration, the Nernst equation cannot always correctly reflect the conditions [209,
212]. The results for cell C reveal these limitations. Up to about 40% SOC the OCV is
lower for higher temperatures. This changes after the phase transition, so that from 40%
to 80% the OCV is higher with increasing temperature.

For potential applications precise SOC determination is essential, since it is an integral
part of strategic operating decisions. Battery management systems often use an OCV-SOC
relation to estimate the real SOC. Misjudgment of the SOC can lead to inaccurate power
prediction, resulting in power degradation, loss of CO2 savings potential, or even partial
functional failure. Shifts in the operating window, such as towards higher SOCs, can
negatively affect cell aging, thus, shortening the lifetime of low-voltage batteries. As the
findings of the OCV measurement show, considerable inaccuracies can be expected if
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Figure 5.1: OCVs of cells A, B and C as a function of SOC, measured stepwise in dis-
charge direction and normalized to the available capacity at the corresponding
temperature level. Cell A and cell B show a clear temperature dependency in
lower SOC ranges, whereas the OCVs of cell C are roughly congruent, with
the exception of very high SOCs.

temperature dependencies are neglected. Absolute SOC errors can be up to 20% for cell A
and B in low SOC ranges and even 35% for cell C at the voltage plateau. This does not
include hysteresis behavior, which will be investigated in the following.

5.1.2 Hysteresis behavior

The OCV measurements presented above allow for a detailed analysis of the hysteresis
behavior of all three cells. OCV hysteresis appears when the cell voltage differs at
identical charge state (same stoichiometric lithium content) depending on prior charging
or discharging processes. The occurrence of hysteresis has been extensively investigated in
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the literature and its definite origin is still unknown. Sranivasan et al. [213] describe the
origin of hysteresis using a shrinking-core model, in which different degrees of lithiation are
formed within the particle layers. Dreyer et al. [214] provide a thermodynamic explanation,
which considers the connection of neighboring particles with non-monotonic chemical
potential curves as the cause. In addition, some theories suggest that mechanical stress
between phase boundaries is responsible. A potential reason for mechanical stress is
different lattice constants for lithiated and delithiated phases, which cause a voltage drop
within the particle. Further, lattice distortions due to doping compounds can hinder the
propagation of phase boundaries, leading to an increase in mechanical stress [74, 215,
216].

However, the effects of hysteresis are more tangible and include large inaccuracies in
SOC determination using the previously mentioned OCV/SOC relation. Especially for
high-power batteries, in which the focus is on short-term performance and reliable power
prediction, a complete and thus temperature-dependent investigation of the hysteresis is
necessary.

The hysteresis behavior of the three investigated cells is strongly dependent on the anode
material, which allows for a separation into two groups [217]. Figure 5.2 shows the
hysteresis for all temperatures and SOCs between 10% and 90%. Figure 5.2a shows that
cell A has an approximately SOC-independent hysteresis for each temperature, which
does not exceed 11 mV and slightly increases with decreasing temperature. Compared to
cell B and C, this hysteresis is the least pronounced, which is due to the indistinct phase
transitions of the LTO and NMC material. The outlier at about 50% SOC and 10 °C was
reproducible in a second measurement of an alternative cell and could not be explained
so far. In principle, the results are in good agreement with those for NMC|LTO cells by
Barai et al. [195], but are higher than those of Farmann et al. [218].

The LFP|C cell C has the highest hysteresis with about 35 mV, comparable with the
values reported in [74, 218, 219]. Interestingly, the results of cell B and cell C, shown in
Figure 5.2b and 5.2c, are qualitatively similar. Both show two distinct peaks due to the
characteristic phase transitions of the graphite. The position of the peaks differs. Cell B
peaks at approximately 30% and 60% SOC while cell C peaks at 35% and 80% SOC. These
variations in the position indicate that both cells differ in their cell balancing. Despite
this shift, the height and shape of the hysteresis are similar for temperatures greater than
0 °C. At temperatures less than 10 °C the height of the first peak decreases significantly.
An explanation for this characteristic might be a more inhomogeneous lithiation of the
active material, so that on the one hand phase transitions in the OCV are less evident
and on the other hand the hysteresis is flattened.

Remarkably, the hysteresis of cell C increases at negative temperatures in the middle
SOC range. A hysteresis, which rises with decreasing temperature, as postulated by
Barai et al. [219], cannot be confirmed by the findings. A possible explanation for their
diverging results may be ongoing relaxation processes due to the applied relaxation time
of four hours independent of temperature. The measurement routine within this work,
however, used pause times of six hours at temperatures less than 10 °C. In addition, faster
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Figure 5.2: Hysteresis behavior of the examined cells as a function of SOC and temperature.
The hysteresis of cell A is approximately constant for SOCs between 10% and
90% and rises with decreasing temperature. In contrast, the hysteresis of
cells B and C is highest at medium to high temperatures and peaks at the
characteristic phase transitions of graphite.

relaxation processes can be assumed due to the properties of high-power cells and their
good kinetics.

A suitable integration of the hysteresis behavior in a battery simulation needs to be cell
chemistry specific. In addition, model simplifications are recommended for the investigated
cells. For cell A, a temperature-independent, constant hysteresis can be considered
depending on the accuracy requirements of the model. For cells B and C it is conceivable
to assume a constant SOC-dependent hysteresis for temperatures above 0 °C.
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Figure 5.3: Potential series connection of the examined cells for a) 12 V and b) 48 V
applications. For each configuration the number of cells connected in series
(”s”) is specified. To ensure the functionality of the electrical components, the
vehicle electrical system requires a normal operating range, which is marked
with a dotted line. This restricts damaging operating points and prevents the
use of an arbitrary number of cells.

5.1.3 Compatibility with low-voltage applications

A critical key requirement for the use of lithium-ion batteries in low-voltage vehicle
electrical systems is the supply of an application-specific operating voltage. The required
voltage range is mainly pre-defined by upstream and downstream components, such as
generators, electric motors and other loads. The operating voltage of the battery results
from the series connection of any number of cells, taking into account their voltage limits.
Therefore, it is necessary to assess whether certain cell chemistries can be prioritised
or excluded in advance. Figure 5.3 shows the characteristic voltage curves of a serial
connection of the examined cells. Additionally, the upper and lower voltage limits of 12 V
and 48 V systems are included by dotted lines: For 12 V systems the voltage range is
10 V to 15 V, for 48 V systems the voltage range is 36 V to 52 V (VDA 320 standard). The
identifier ”6s”, as an example for cell A in Figure 5.3a, refers to six cells connected in
series.

The illustrated topologies offer the greatest overlap with the permitted voltage range.
Nevertheless, other configurations are conceivable. As shown in Figure 5.3a none of the
three configurations allows for full use of the battery capacity in the voltage range from
10 V to 15 V. The (starter) generator, which charges the battery using energy from the
combustion engine or from recuperation periods, provides an operating voltage in the
range of 14 V [168]. Hence, a battery pack with any 3s configuration of cell B requires the
integration of additional voltage limiting components such as a DC/DC converter. The
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voltage level of any 6s configuration of cell A is so high that it is impossible to fully charge
the battery without voltage-boosting components. Otherwise the operating voltage limits
the available battery capacity.

Since the 12 V battery is used for engine starts, short-term power fluctuations within the
system and start-stop functionalities, the operating strategy provides for comparatively
high average SOCs, just as with the use of a lead-acid battery [82, 169]. It is essential
to ensure that all cold start requirements are met even at cold climatic conditions. This
implies that the lower cut-off voltage must not reached during operation, which can not
be assured for the 3s configuration of cell B due to the low operating voltage. Moreover,
this cell would have to deliver higher current rates for required power outputs, which leads
to higher losses and more stress for downstream components. Taking the aforementioned
criteria into account, cell C in a 4s configuration appears to be the most suitable candidate
for a 12 V application.

Figure 5.3b illustrates the wider permitted voltage range in a 48 V application. This
wider range allows for greater flexibility in cell selection and configuration. The serial
connection of 20 cells A, 12 cells B or 14 cells C fulfills completely or to a high degree
the specified voltage range, with the voltage curves of cells A and B being similar. 48 V
batteries are strained with high dynamic currents in a medium SOC range in order to
achieve the highest CO2 savings potential [166]. At 30% to 70% SOC, all three cells offer
a sufficiently wide energy window to ensure high charge or discharge currents during long
recuperation or boost phases. Cell C has the advantage of its flat OCV characteristic
and thus a constant and, compared to the other cells, higher charge and discharge power
in lower and medium SOC ranges. In high SOC ranges, cells B and C offer increased
discharge performance, however, a power degradation in charge direction is possible. None
of the three cells stands out from this investigation.

Cost-related aspects are not discussed at this point. It should be noted, however, that
different numbers of cells per pack cause significant cost differences, which represent an
important additional decision criterion. Due to the higher flexibility in the voltage level,
48 V applications allow for a more complex optimization of the cell configuration in order
to fulfill vehicle specific requirements regarding boost capability, CO2 savings potential
and energy throughput over lifetime.

5.2 High-power capability

From an electrical point of view, high-power capability is primarily influenced by the
internal resistance of a cell. Under load, a high internal resistance leads to large overvoltages
and thus to increased ohmic losses. These overvoltages affect the time at which the cell-
specific voltage limits are reached, which in turn determines the available cell capacity.
In cell design, the internal resistance can be influenced by a variety of customizable
parameters. For example, the thickness of the active material coating can be reduced to
shorten the length of diffusion paths, or materials such as conductive carbon can be added
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to the active material to increase the electrical conductivity [129]. The following section
presents and discusses the measurement results for internal resistances and capacities of
the investigated cells.

5.2.1 Impact of SOC on internal resistance

The results of the pulse measurements reveal significant differences in cell performance
at low temperatures. Figure 5.4 shows the dependency of the internal resistances on
SOC and temperature for discharge direction (left) and charge direction (right). For all
cells the values were determined using a 3C current pulse, which were evaluated with a
duration of 1 s. All three cells exhibit extremely low resistances from 0.1 mΩ to 0.5 mΩ

for temperatures higher than 25 °C. To our knowledge, no commercial cells have been
reported in the literature to reach such a low level.

In Figure 5.4a the internal resistance of cell A rises sharply in outer SOC regions in both
charge and discharge direction. Thus, for temperatures lower than 40 °C and from 10%
to 50% SOC an increase of more than 50% is apparent. Ovejas et al. [220] obtained
qualitatively similar results in their study, which examined the occurrence of overvoltages
in a NMC-based cell. They observed an increase of overvoltages in low SOC ranges, mainly
caused by intensified concentration polarization. As shown in [114] for the same cell, the
half-cell potentials of anode and cathode exhibit large gradients at low states of charge.
Inhomogeneities during delithiation, especially at low temperatures and high currents, can
cause increased internal resistance and local overvoltages. Within an application, strong
SOC dependency can lead to reduced system performance and therefore requires explicit
consideration in the operating strategy.

For temperatures below 10 °C and medium SOCs between 30% and 90%, cell A offers the
lowest internal resistance. In charge direction an advantage of the LTO cell chemistry is
apparent. Its high robustness against lithium plating enables cell A to be the only one
tested at −25 °C with charge pulses greater than or equal to 3C [56]. Accordingly, cell A
is capable of accepting recuperation currents within a vehicle application and hence has a
higher CO2 savings potential.

Cell B shows the strongest temperature dependency of the internal resistance and the
highest values at negative temperatures, both in charge and discharge direction (see
Figure 5.4b). For example, charge resistances at −10 °C are at least twice as high as those
of the other two cells. In contrast, it provides the lowest discharge resistances at high
temperatures. Similar to cell A, the internal resistance increases with declining SOC. The
performance characteristics described above suggest that the focus during cell development
was on discharge capability and that, compared to the other cells, fewer optimizations (e.g.
electrolyte additives, conductivity improvements) were made for low-temperature operation.
In low-voltage applications, functional limitations are to be expected, especially regarding
cold start capability and energy recuperation at negative ambient temperatures.

Cell C, shown in Figure 5.4c, is characterized by an almost SOC-independent internal
resistance, particularly in charge direction. Because of the constant resistances, cell C
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Figure 5.4: Overview of the internal resistances as a function of SOC and temperature.
All internal resistances were calculated for 3C current pulses, evaluated after a
pulse duration of 1 s in discharge direction (left) and charge direction (right).
In general, the internal resistances of the three high-power cells are extremely
low. However, major deviations in temperature and SOC dependency require
cell-specific analyses.
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performs better than cell A at low SOCs. The olivine structure of the LFP material
seems to allow for extremely consistent lithiation and delithiation. In addition, particle
sizes in nanometer scale and conductivity enhancing measures such as carbon coating
enhance the performance of modern LFP cells [62, 221]. Since the OCV, see Figure 5.1c, is
approximately constant over a wide SOC range, constant power output can be obtained at
constant current load. This enables the use of simplified algorithms for power prediction
and increases the general accuracy of power estimations. The overall predictability of the
electrical behavior is higher compared to the other cells, which allows for rough calculations
even without the need of simulations.

5.2.2 Impact of current rate on internal resistances

Current dependency of the internal resistance can be described by the general Butler-
Volmer equation [222]. According to this equation, the speed of an electrochemical reaction
increases exponentially with the driving force. Such a relationship for the current load has
often been postulated for different cell chemistries. However, it is open to question how
the specific properties of high-power cells, such as the low thickness of the active materials,
the smaller particle sizes or the increased conductivities, influence the intensity of this
effect.

Figure 5.5 summarizes the results of the internal resistances of the three cells, evaluated at
50% SOC after 1 s pulse duration as a function of current rate. All cells show approximately
constant internal resistances for temperatures greater than 0 °C regardless of the current
load. Waag et al. [207] achieved significantly stronger dependencies at these temperatures
when testing a 40 Ah high-energy cell. This suggests that the good kinetics of the
investigated cells not only have an effect on the amplitude of occurring overvoltages, but
also lead to reduced activation energies for charge transfer processes. Therefore, it seems
reasonable to neglect the Butler-Volmer relationship in these temperature ranges in the
development of a battery management system or a simulation model.

Figure 5.5a reveals that cell A stands out from the other two cells indicating a marginal
increase in resistance at low current rates even at −25 °C. The graphite-based cells
(Figure 5.5b and 5.5c) show a characteristic rise in resistance, which is most pronounced
for cell B. Besides the different cathode materials, the type of graphite can significantly
affect the cell performance. A detailed analysis of the electrode materials and their
electrochemical properties is beyond the scope of this work.

An application use of cell B or C while neglecting the current dependency can lead to
increased costs in the vehicle development due to battery oversizing. For example, cold start
capability of low-voltage systems requires high discharge currents at negative temperatures.
If the power prediction within the battery management system is based on low-current
internal resistances, functional restrictions may result. Cost-intensive measures to reach
the power requirements could be to either increase the battery capacity or to reduce the
low current resistance.
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Figure 5.5: Current dependency of the internal resistances for different ambient tempera-
tures. All internal resistances were evaluated for pulses at 50% SOC with a
pulse duration of 1 s. Cells B and C show a strongly pronounced Butler-Volmer
relation for −25 °C. For all three cells this dependency can be neglected at
positive temperatures.

5.2.3 Capacity and energy availability

To ensure safety-relevant and comfort-oriented 48 V vehicle functions, sufficient capacity
under continuous high load is required. The investigated cells show large differences in
their robustness against temperature and current rates. Figure 5.6 illustrates the results
of the capacity tests, which were carried out by applying a constant current in charge
(positive) and discharge (negative) direction. Cell A, see Figure 5.6a, exhibits the most
pronounced temperature and current dependency in discharge direction. The latter is less
distinct in charge direction. Cell A can accept high charge currents of up to 15C at −25 °C,
allowing for a charge of more than 50% of its rated capacity. The observed temperature
dependency causes limited discharge capacities below 10 °C. Only cell A can be used in
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Figure 5.6: Cell capacities in charge and discharge direction as a function of current rate
and ambient temperature. All capacities were determined by a CC step (cut-off
voltages 1.9 V and 2.65 V), with negative currents representing a discharge
process.

charge and discharge direction at any temperature, offering the largest operating range
within a low-voltage application.

The narrowest operating range is provided by cell B, see Figure 5.6b, where no capacity
test can be performed for −25 °C in neither charge nor discharge direction. The kinetic
limitations in charge direction are in line with the results of the pulse tests shown in
Figure 5.4b.

The usable capacity of cell C, see Figure 5.6c, is approximately constant and greater than
the nominal capacity for temperatures greater or equal 25 °C for all current rates. Below
25 °C, the available charge capacity decreases disproportionately with increasing current
intensity.
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The ratio between discharged and charged capacity or energy in a complete cycle is defined
as coulombic efficiency (CE) and energy efficiency (EE). In the literature CE is often
used as an indicator to quantify charge losses, such as reversible/irreversible side reactions
and internal micro short circuits, and to predict cell lifetime. EE further incorporates
the impact of cell voltage so that, for example, thermal losses are taken into account. In
principle, the CE of lithium-ion cells is approximately 100% and the ongoing processes are
almost completely reversible. However, the measurement of the CE requires high-precision
measuring equipment and is carried out by using very small currents. Fundamental findings
for the application-oriented performance of the investigated cells might not be expected.

More relevant for the high-power cells focused on in this thesis is the amount of capacity
and energy that can be extracted from the cell at high load. For a comparison of the
three cell types, Figure 5.7 illustrates the results for the capacity availability (CA) and
energy availability (EA). The calculation of these two performance values is based on the
following equations:

CA = Qd(ICC,T )
Qc(ICC-CV,T ) =

td∫
0
Id dt

tc∫
0
Ic dt

= Idtd
tc∫
0
Ic dt

(5.2)

EA = Ed(ICC,T )
Ec(ICC-CV,T ) =

td∫
0
UdId dt

tc∫
0
UcIc dt

=
Id ·

td∫
0
Ud dt

tc∫
0
UcIc dt

(5.3)

Here Ic and Id represent charge/discharge currents, which are applied for periods tc and
td and thus result in capacities Qc and Qd. In discharge direction only a CC step was
performed, whereas in charge direction a 1C CC-CV step with 1/50C cutoff is applied. By
further considering the cell voltage Uc and Ud the charge/discharge energy Ec and Ed is
calculated.

Cell A, see Figure 5.7a, shows the strongest drop in CA and EA for rising current rates.
This could be related to the SOC dependency of the internal resistance, which prevents
the cell from being fully discharged. CA and EA improves with increasing temperature.
Exceptions are the results at 1C, where the order is reversed and CA values greater than
100% are obtained. Such values may be due to measurement inaccuracies or an influence of
electrode overhang [159, 163]. At low C-rates, general deviations can have a greater effect
since integration is performed over a larger number of time steps. Interestingly, differences
between CA and EA are very small, indicating that overvoltages play a minor role. This
is in line with the low internal cell resistances and the high-power capability of the cell.

In 48 V application use, limitations in EA can be highly relevant for vehicle operation,
for example during longer parking periods at low ambient temperatures with subsequent
cold start. Therefore, battery capacity as well as EA needs to be addressed in battery
development and dimensioning.
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Figure 5.7: Overview of the CA (left) and the EA (right) of the investigated cells. In
comparison to the graphite-based cells, cell A exhibits the worst CA and EA,
which indicates limited discharge capability. The results for cells B and C
mostly show over 90% even for high current rates at low temperatures.
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Cell B (Figure 5.7b) and cell C (Figure 5.7c) are characterized by high CA and EA of over
90% at positive temperatures. The results are outstanding, especially since a 1C CC-CV
charge is considered as a reference.

At higher current rates, the EA of cell B decreases slightly and the CA even increases,
which is due to the current dependency of the internal resistance, see Figure 5.5. The
non-linear decrease in internal resistance at increased current rates influences the occurring
overvoltages. This affects the EA, which likewise declines non-linearly. In case of the CA,
this effect becomes apparent in the rising curves at negative temperatures. The heating of
the cell might positively affect the available capacity as well.

The CA of cell C, as shown in Figure 5.7c (left), reveals a linear trend with increasing current
rate. At low temperatures and high current rates overvoltages increase disproportionately,
affecting the EA (Figure 5.7c (right)). It is likely that the electrode materials reach kinetic
limitations under these conditions.

With regard to continuous load, cells B and C are well suited for 12 V applications, where
large amounts of energy are needed in the short term. The limited operating window at
low temperatures restricts the use in a 48 V application, or requires additional measures
such as a larger storage dimensioning or a battery heating system. Further, the results of
the capacity tests and corresponding CA and EA analysis can be used to parameterize a
simplified model for energy prediction.

5.3 Conclusion of the performance benchmark

A benchmark analysis of three commercially available high-power cells was performed to
assess their characteristic properties at begin-of-life regarding low-voltage applications.
The three cells with different cell chemistries were tested regarding their relaxed (OCV,
hysteresis) and loaded characteristics under boundary conditions of low-voltage vehicle
applications (1C to 30C, −25 °C to 55 °C).

The internal resistances (50% SOC, 3C) at the temperature operational limits are very low,
which proves the exceptional performance of the three cells: above 40 °C internal resistance
is lower than 0.5 mΩ, at −25 °C it is lower than 8 mΩ. The internal resistance of the
graphite-based cells showed a strong temperature dependency and at temperatures below
0 °C a pronounced current dependency. The NMC-based cells exhibited a SOC-dependent
resistance, most evidently in the NMC|LTO cell. For this cell high overvoltages in SOC
boundary areas limited the CA and EA.

Hysteresis behavior depended strongly on the anode material and was little affected by
ambient temperatures greater than 0 °C. For the NMC|LTO cell hysteresis was almost
constant and rose with decreasing temperature. In contrast, for temperatures less than or
equal to 0 °C the hysteresis of the graphite-based cells tended to decrease, especially the
characteristic graphite phase-related peaks.
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It can be concluded that the LFP|C cell is best suited for usage in a 12 V application.
This is mainly due to the accessible operating voltage window. The SOC-independent
power capability and the high achievable discharge rates further support this choice.
This means that a 12 V LFP|C battery system is able to provide the required power for
cold start capability, on-board power requirements etc. For 48 V applications, both the
NMC|LTO and the LFP|C cell are recommended. The NMC|LTO cell represents the most
powerful cell in medium to high SOC regions regardless of temperature and it possesses the
highest charge acceptance at negative temperatures enabling high recuperation capability.
Nevertheless, the LFP|C cell offers advantages with respect to EA in discharge direction
and constant power output over the full SOC range. The new insights serve as a benchmark
for battery researchers from a wide range of disciplines. They can be used as dimensioning-
relevant information in battery modeling, cell and system design, and battery management
system development.

Additional investigations should aim at determining performance influencing material
parameters such as porosity, diffusion constants and eletrical conductivity. A direct
cell comparison of these parameters could uncover the origin of the observed electrical
characteristics and thus make a substantial contribution to cell development and design.
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6 Evaluation of aging characteristics

This chapter is based on a publication created during the course of the dissertation. It
contains minor modifications with respect to the original publication and aging results are
updated to recent findings. The use of the article content including illustrations from [114]
is permitted with the consent of Elsevier.

The performance analysis in the previous chapter deals exclusively with the begin-of-life
characteristics of the NMC|LTO cell. However, studies on long-term effects of application-
specific cell loads are essential to ensure the long-term robustness of the investigated
cells.

In general, LTO-based cells as described in Section 2.2.1, have rarely been subjected to
extensive aging tests. All investigations existing in the literature consider only single,
partly arbitrarily chosen operating parameters for the aging analysis. There is a lack
of holistic, multi-dimensional aging measurements that attempt to cover all essential
dependencies of the calendar and cyclic aging behavior of LTO-based cells.

The aim of the aging studies is to evaluate the lifetime of prospective NMC|LTO cells for
highly relevant MHEV applications and to identify critical operating conditions. For this
reason, 36 NMC|LTO cells were subjected to various aging tests in an application-oriented
48 V context. Building on the insights of the vehicle data analysis in Section 3.3, the
impact of the stress factors temperature, current rate, SOC, ∆DOD and energy throughput
is investigated.

As far as known this study is the first to report and explain the PEE in cells with a
geometrically oversized cathode. The PEE affects the availability of lithium-ions within
the active area and thus influences the balancing of anode and cathode. An explanatory
model is developed that allows for a differentiation of the consequences of floating and
non-floating test conditions. Considering the PEE is particularly important for the study
of stable LTO-based cells, in which under normal operating conditions of up to 60 °C hardly
any loss of capacity can be observed as a result of calendar aging. Here, neglecting the
PEE can lead to significant misinterpretations and incorrect state-of-health predictions.

In the following, the results of the calendar aging tests are presented, including the insights
on PEE. Considering these findings, the effect of additional exposure to cyclization,
synthetic or with real driving cycle, is described. A discussion of the findings and an
evaluation of the criticality with respect to a 48 V application conclude this, mostly
quantitative, aging analysis.
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6 Evaluation of aging characteristics

6.1 Impact factors on calendar aging

The calendar lifetime of the battery has a high degree of relevance in a vehicle electrical
system. On the one hand, vehicles are required to have high durability and, on the other
hand, are mainly stationary, so that the cells are not subject to cyclization. Essential battery
operating parameters during these standstill periods are the SOC and the temperature, the
impacts of which are analyzed in detail below. Both irreversible and reversible degradation
behavior is quantified.

6.1.1 State of charge

With regard to capacity retention over aging, the examined cells exhibit a strong dependency
on the storage SOC at which the test was performed. Figure 6.1a shows the remaining
capacity of the cells stored at 60 °C and different SOCs. During the first check-up, a delta
of 4% between the best (5% SOC) and worst (95% SOC) performing cell is found with
respect to the initial capacity. Up to a test duration of about 100 days this difference
increases and reaches a maximum value of over 5%. The difference in capacity is larger
than the 2.3% spread of cell capacity at the beginning of the tests. Especially the rise
of usable capacity cannot be explained by common aging mechanisms. The sequence
of the residual capacity curves corresponds in exact order to the storage SOCs under
floating conditions. Over the period under consideration, low SOCs lead to an increase
and high SOCs to a decrease in residual capacity. Considering the aging trend over time,
the NMC|LTO cells behave steadily despite high temperatures and perform significantly
better than other cells reported in the literature [141]. Even after more than 300 days, no
degradation behavior in terms of capacity is recognizable in cells with a SOC smaller than
70%. The results illustrate the challenge of aging tests of LTO-based cells in terms of time
requirements and speed-up possibilities.

The internal resistance, as shown in Figure 6.1b, rises from 6% to 14.5%. Here, the internal
resistances of the cells with medium SOC increase the most and those of the cells with low
SOC the least. It is difficult to make a general statement regarding this observation, since
the deviations between the individual cells with similar SOC are high and measurement
inaccuracies due to the very low internal resistances of high-power cells may have a great
influence. However, the calendar aging tests at 60 °C emphasize that the cells are very well
suited for applications where high temperatures occur over long periods of time. Under
the assumption of an end-of-life at 150% relative internal resistance and a linear aging
trend, a total battery lifetime of three years at constant 60 °C is realistic. During the
aging test slight gassing behavior has been observed, but it was difficult to be detected
optically due to the clamped test setup.

80



6.1 Impact factors on calendar aging

0 100 200 300

96

98

100

102

storage time / days

ca
pa

ci
ty

re
te
nt
io
n
/
%

(a)

0 100 200 300

100

110

120

130

storage time / daysre
la
tiv

e
in
te
rn
al

re
sis

ta
nc
e
/
%

(b)

cathode
separator
anode
collector
passive area

(c)

0 100 200 3000

0.02

0.04

0.06

storage time / days

ca
pa

ci
ty

C
V
-s
te
p
/
A
h

(d)

5% SOC 20% SOC 55% SOC
70% SOC 90% SOC 95% SOC

Figure 6.1: a) Normalized capacity over time and b) normalized resistance over time for
calendar aging tests at 60 °C and different SOCs. Depending on the storage
SOC during the aging tests, the remaining capacity in the first check-up
changes significantly. High SOCs lead to a decrease and small SOCs cause an
increase of the residual capacity. c) Schematic representation of the geometric
arrangement within the cell. The cathode is geometrically oversized on all
sides compared to the anode. All sheets are coated on both sides, whereby
anode sheets represent the first and last layer of the cell. All areas that are
not actively involved in charge and discharge processes are declared as passive
areas. d) Capacity added in the CV step of charging during the first capacity
test in the check-up. With increasing storage SOC, this capacity rises sharply.
The homogeneity of the lithiation of the cathode is decisive for the magnitude
of capacity.
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6 Evaluation of aging characteristics

6.1.2 Passive electrode effect

The cell investigated in this work represents a novelty and thus an extension of the
prevailing theory in two aspects. In Figure 6.1c a schematic illustration of the inner
cell geometry is shown. A distinction must be made between two different areas which
do not actively participate in charge and discharge processes and thus also in capacity
determination. On the one hand, there is an edge area of the cathode, which is directly
connected to the active area of the cathode and is a few millimeters wide. Since LTO-
based cells exhibit an extremely low lithium plating risk and LTO material is likely to be
more costly than NMC material, the anode is dimensioned smaller. On the other hand,
double-sided coated anode sheets are used within the whole cell. Therefore, the anode side
facing the pouch foil at the beginning and end of the cell stack is only indirectly involved
in the lithiation processes. Based on the geometric conditions within the cell, the anode
and cathode overhang result in different diffusion paths for equalization processes. Within
the cathode, the diffusion path into the passive region is short, whereas large distances
of several centimeters must be bridged by solid-state and electrolyte diffusion within the
anode. This leads to the assumption that two individual time constants result for the
speed of the equalization processes.

As can be deducted from the data in Figure 6.1, the impact of the PEE is quite large for
the given cell. According to the formula published by Lewerenz et al. [160], the following
value results for the cathode overhang:

Share of PECathode = ACactivepassive

ACactive

− 1 ≈ 5.4 % (6.1)

Here, ACactivepassive refers to the total area and ACactive to the active area of a cathode sheet.
The anode overhang can be calculated by the ratio of numbers of anode sheets NAsheets

and cathode sheets NCsheets :

Share of PEAnode = NAsheets

NCsheets

− 1 ≈ 2 % (6.2)

Figure 6.2 qualitatively shows how these overhangs affect the capacitive performance of
the cells using the half-cell potential curves. As with the tested cells, a completely relaxed
system with approximately 30% SOC is assumed as initial condition. The adjustment
of the storage SOC to 95% only affects the active areas of cathode and anode at first.
The concentration and voltage gradient between the active and passive regions of the
cathode results in a balancing ion flow, which increases the charge of the active cathode
material. In this context, a distinction must be made between calendar aging tests under
floating and non-floating condition. Since there is an electrical connection between the
anode and cathode in the case of floated cells, an external current flow can occur. As
the potential of the active cathode area decreases, the potential and thus the SOC of the
anode must increase to maintain the externally applied full cell voltage. This takes place
via a current flow from anode to cathode or an ion flow from cathode to anode respectively,
which is monitored as floating current. The entire process leads to a change in charge of
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6 Evaluation of aging characteristics

anode and cathode, which corresponds to a shift of the half-cell voltage curves. This shift,
taking into account the upper and lower cell voltage limits, leads to significantly lower
extractable capacity in the second check-up. In the case of non-floating test conditions,
the equalization process only takes place on the cathode side, thus causing a shift of
the half-cell potential. However, in the end this has similar effects on the available cell
capacity.

The overall influence of the passive area of the anode is most likely to be low, not only
because of the small proportion of 2%. On the one hand, the potential of the LTO is
nearly constant over the entire operating window, so that balancing processes between the
active and passive areas of the anode are small. On the other hand, the aforementioned
long diffusion paths have an inhibiting effect.

The half-cell potential curve of the cathode is decisive for the majority of the equalization
processes within the cell. Since NMC vs. Li/Li+ has no potential plateaus compared to
graphite considered in previous works, the influence increases strictly monotonically with
increasing difference between storage SOC before test and during test [160, 161]. This
results in a distinct arrangement of the capacity curves for the examined cells according
to their storage SOCs during the test. As becomes apparent from the level of the capacity
differences and the corresponding SOC level, the intensity increases in the higher SOC
boundary area, where the OCV of the full cell has a steep gradient.

Additionally, the passive area of the cathode has an effect on the homogeneity of lithiation
of the active cathode area. An indicator of this is the capacity that is charged into the
cell during a constant voltage phase. In Figure 6.1d, the capacities measured in the
constant voltage phase of the charging step during the first capacity test of the check-up
are illustrated for the calendar aging tests at 60 °C. Nearly identical values are observed
in the first check-up due to similar SOC start values of all cells. From the second check-up
onwards, large differences in CV capacities are observed depending on the storage SOC.
Particularly noticeable are high storage SOCs, which require the largest CV phase. This
can be explained by the degree of lithiation of the passive cathode area. For the calendar
aging test with high SOC, the degree of lithiation of the passive cathode regions is low.
During the capacity test the anode is discharged and the active area of the cathode is
charged. Due to the high potential gradient between lithiated and delithiated cathode
material, the passive edge region of the cathode facing the active region is slightly charged.
In addition, during the 30-minute break, more ions diffuse into the passive area, further
reducing the degree of lithiation in the edge area of the active NMC part and thus
increasing the inhomogeneity. During the subsequent charging phase, the anode cannot be
lithiated over its entire surface until the cut-off voltage is locally reached, so that a more
extensive CV phase is necessary. As Grimsmann et al. [223] theoretically explained for
graphite-based cells as well as demonstrated by cell openings, these local inhomogeneities
in the active edge areas of the graphite material can lead to lithium plating and thus
to significantly shortened cell lifetimes. Due to the high stability of the LTO and the
capacitive oversizing of the NMC, no strong influence on aging is to be expected from
the shift of the used potential ranges. This is consistent with the available measurement
data.
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6.1 Impact factors on calendar aging

Regarding the internal resistance, the PEE has no quantifiable influence. On the one hand,
at high temperatures during the test, the equalization process is largely completed by the
second check-up. On the other hand, the internal resistance of the tested NMC|LTO cell
is nearly SOC-independent in the SOC range between 5% and 95% at 25 °C.

For a systematical analysis of cell aging, the PEE must be considered and quantified in
the test design. Ideally, the cells have to be long-time stored at a defined storage SOC
prior to test start if no information on the cell history is available. If a determination of
the geometric arrangement within the cell is impossible, methodologies as described by
Lewerenz et al. [224] and Warnecke et al. [31] enable a rough quantification of the share of
passive area. In the application context, the resulting inaccuracies can cause significant
misjudgments regarding the remaining capacity. However, it should be mentioned at this
point that the standard transport of lithium-ion batteries is carried out at SOCs between
30% and 50% and that the average SOC in application operation is often in the medium
SOC range. This leads to lower deviations and calculation errors. To reduce the impact of
the PEE, one goal of cell design should be to minimize the overhang.

6.1.3 Temperature

The examined NMC|LTO cells show a clear temperature dependency only with regard to
the increase in internal resistance. As shown in Figure 6.3a, the cells perform identically
at 40 °C and 60 °C in terms of capacity retention. After more than 300 days of testing,
approximately 100% of the initial capacity is still available. The capacity of the cell stored
at 80 °C increases to about 105% before the cell had to be removed from the test due to
bursting of the pouch bag, caused by strong gassing behavior. The PEE does not explain
the sharp and continuous rise in capacity for two reasons. Firstly, all three cells had a
similar initial state from 2.11 V to 2.124 V the test started. Secondly, according to the
theory of the PEE, the subsequent calendar aging phase at 55% SOC, which approximately
corresponds to 2.2 V, should lead to a slight decrease in available capacity. In the examined
cell, the LTO material determines the cell capacity due to the cell balancing. Perhaps
the gassing behavior caused increased pressure within the LTO active material and in
consequence cracking, which lead to an increase of the active surface area (‘electrochemical
milling’) [225–227]. A permanent structural change of the LTO material due to the high
ambient temperature may also be conceivable. In Chapter 7, these capacity effects induced
by calendar aging at high temperatures are investigated in more depth.

Regarding the internal resistance increase, presented in Figure 6.3b, the three tested
cells indicate significant differences depending on the storage temperature. The internal
resistance of the cell at 40 °C increases by 5% in the observation period of 240 days, at 60 °C
by 14% and at 80 °C even by 35% after 120 days. Considering the strong gassing behavior
of the cell at 80 °C up to venting, the internal resistance increase is low and a good cell
performance is still given. The continuous compression of the cells allows for a large part
of the gases produced to be displaced into the peripheral areas where the gas reservoirs
are located. Assuming an Arrhenius dependency, the relationship between temperature
and internal resistance rise is usable for aging simulations and lifetime predictions.
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Figure 6.3: a) Normalized capacity over time and b) normalized resistance over time for
calendar aging tests at 55% SOC and different temperatures. Only the cell at
80 °C shows a change in capacity. The resulting internal resistances suggest a
temperature dependency. c) Normalized capacity over time and d) normalized
resistance over time for calendar aging tests at 80 °C and different SOC. Due
to strong gassing behavior, all three cells show a large increase in internal
resistance. The cells were removed from the test after the pouch bag film had
burst.
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6.2 Impact factors on cyclic aging

At very high temperatures, the NMC|LTO cells show a strong gassing behavior independent
of SOC, with both the upper and lower SOC range being particularly critical. Figure
6.3c and 6.3d show the capacity and internal resistance curves of the cells stored at 80 °C.
As 80 °C represents the highest storage temperature approved by the cell manufacturer,
it is not to be described as an abuse scenario. In the first 60 days, both the PEE and
the previously described abnormal behavior at 55% SOC predominate in relation to the
residual capacity. At this point, the capacities of the cells stored at 5% SOC and 95% SOC
decrease significantly. A possible reason for this could be a loss of contact within the cell
caused by gassing [123]. This loss of contact could be caused by electrolyte displacement
on the one hand and by cracking of the active material on the other hand. This theory
coincides with the significant increase in internal resistance from 60 days test duration for
cells with 5% SOC and 95% SOC. For these two cells a direct correlation between residual
capacity and internal resistance increase exists. With respect to the internal resistance,
the cell stored at 55% SOC appears to be the least noticeable.

As already postulated in [29, 61], the results suggest that different gassing reactions take
place within the cell depending on the SOC. However, such a strong gassing in low SOC
areas has not been observed so far. It remains to be investigated which electrochemical
reaction at which of the two active materials is mainly responsible for the detected gassing
behavior. Generally, when using the cells in an application, temperatures beyond 70 °C
should be avoided for safety reasons in order to prevent the cells from swelling or, in
extreme cases, venting. In addition to high SOCs, which are often described as critical
to battery lifetime, the focus should also be on low SOCs in combination with high
temperatures. This should also be considered for the definition of the operating strategy.

6.2 Impact factors on cyclic aging

In the following sections, the effects of aging are mainly shown by means of changes in
residual capacity. This is due to the fact that the measured internal resistances often do not
show a clear aging trend. Especially cyclic aging tests at 40 °C do not lead to a significant
increase of the internal resistance. In addition, despite the four-pole measuring principle,
measuring inaccuracies are still present due to the extremely low internal resistances of
the NMC|LTO cells. The number of equivalent full cycles is calculated on the basis of the
available capacity in the first check-up before test start. All cyclic tests, including the SOC
setting at test start and at SOC reset, were Ah-based. The initial loss of capacity observed
in all tests from Table 4.5 is assumed to be attributable to the PEE. Prior to test start, the
cells in these cyclic aging tests had SOCs between 15% and 20% (2.11 V to 2.124 V). Since
during cyclization the average SOC was 50% or 55% an initial drop in usable capacity
is expected. For this reason, the capacity drop after test start is not addressed for every
illustration. Instead the focus is on the long-term aging trend.
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Figure 6.4: Normalized capacity over time for cyclic aging tests with different ∆DODs
at a) 40 °C and b) 60 °C. The mean SOC for fractional cycles was 55% SOC.
For both temperatures the capacity loss increases with greater ∆DOD. The
dependency on ∆DOD becomes stronger with increasing temperature. In b),
the charge throughput of the superimposed microcycles was both included and
excluded. There is no noticeable capacity loss due to the microcycles of 2% in
the cyclized SOC range between 20% and 90%.
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6.2.1 Cycle depth

Despite the ‘zero-strain’ property of LTO, the aging behavior of the examined cells reveals
a clear dependency on the ∆DOD. For 40 °C and 60 °C the residual capacity curves
for different ∆DODs are shown in Figure 6.4. For the tests at 40 °C (see Figure 6.4a),
significant differences between the ∆DODs 100%, 70% and the rest are apparent. Small
∆DODs (∆DOD ≤ 20%) only lead to a slight loss of capacity, whereas full cycles accelerate
the aging process by a large factor. Taking into account an end-of-life criterion for the
remaining capacity of 80%, the cell with 100% ∆DOD has an estimated cycle life of
approximately 20,000 equivalent full cycles. This number is substantially high under the
present boundary conditions (40 °C, 5C/5C, 100% ∆DOD).

At 60 °C, see Figure 6.4b, the cell at 70% ∆DOD ages in a comparable order of magnitude
as the cell at 40 °C with 100% ∆DOD. Interestingly, the 60 °C cell with a ∆DOD of
70% and an overlaid sawtooth profile of 2% ∆DOD shows a significantly lower aging
rate. This rate is stronger than that of the cell cycled at 5% ∆DOD. The superimposed
sawtooth profile is responsible for approximately two thirds of the charge throughput.
For illustrating the influence of the superimposed large cycle, in Figure 6.4b the charge
throughput of the microcycles was both included and excluded. The obtained capacity
curves reveal that the microcycles with 2% ∆DOD do not noticeably affect the capacity
retention. On the one hand, this demonstrates that small ∆DODs generally lead to lower
stress for the examined cell. On the other hand, these results, in line with the results
of SOC-related calendar aging, indicate that some aging processes are induced by SOC.
Further investigations of these processes are carried out in Chapter 7.

The NMC|LTO cell offers an excellent lifetime when cycled in medium SOC ranges,
espacially when small ∆DODs are applied. The results illustrate the difficulties associated
with aging tests of LTO-based cells. Despite an operating point just below the maximum
allowed temperature limit (70 °C at cyclization), high-current testing is necessary to allow
for a test period of a few months to a few years. This leads to high costs for test bench
occupation and also requires parallelization of test equipment, depending on the cell
capacity.

6.2.2 Current rate

Based on the existing results, the stress factor current rate cannot be clearly classified as
lifetime shortening. In Figure 6.5a, the remaining capacity of two cells is shown, which
were cycled with two C-rates each and two different test temperatures at 5% ∆DOD.
The capacity loss after the first capacity drop caused by the PEE can be described as
approximately linear for all cells. After 12,000 equivalent full cycles, the 10C/10C current
load causes approximately 20% more capacity loss than the 5C/5C cycles, however, this
corresponds to only 1% of capacity difference. The different self-heating of the cells at
the various current rates must be taken into account. These were 0 °C to 2 °C at 2C/2C,
2 °C to 4 °C at 5C/5C and 4 °C to 6 °C at 10C/10C. As shown in Figure 6.3a, this difference
should have a minor impact on the capacity degradation of the cell.
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Figure 6.5: a) Normalized capacity and b) normalized resistance over equivalent fullcycles
for cyclic aging tests at 40 °C and 60 °C with three different current rates and
5% ∆DOD at an average SOC of 55%. An influence of the current rate as well
as the temperature on the aging behavior is noticeable. The self-heating of the
cells is very low due to low internal resistances and good heat dissipation via
the pressure plates.

Regarding the internal resistance, see Figure 6.5b, the findings are similar. The increase
in internal resistance does not exceed the calendar aging effect shown in Figure 6.3b over
the period under consideration. Nevertheless, at 60 °C 10C/10C seems to lead to stronger
resistance increase than 5C/5C. It is possible that cyclization might lead to greater current
dependency at greater ∆DODs, since the probability of concentration gradients as well
as the mechanical stress within the active material increases. Conversely, at shallower
∆DODs, the duration of exposure to potentially damaging high and low voltage ranges is
reduced, since overvoltages are smaller. A variation of the current rate affects a series of
other aging relevant parameters, so that isolated examinations are difficult.

Nevertheless, the given results are highly relevant in the application context and demon-
strate the suitability of the investigated NMC|LTO cells for dynamic high-power applica-
tions. Furthermore, the superior resistance to high current rates allows for accelerated
aging tests in terms of overall energy throughput.

6.2.3 Voltage level

Low voltage ranges cause severe performance degradation of the examined cells and should
be considered at least as critical as high voltage ranges. As can be seen in Figure 6.6, the
cells in the lower voltage range (2.0 V to 2.4 V) show the strongest aging trend. As with
calendar aging at low SOCs, the reason for this behavior is not clear. In the literature,
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6.2 Impact factors on cyclic aging

accelerated aging is often associated with high SOCs at cell level. This is reported for both
lithiated LTO and delithiated NMC. These states possess an increased electrochemical
reactivity as well as structural instability and thus accelerate possible side reactions [61,
228].
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Figure 6.6: a) Normalized capacity over time and b) normalized resistance over time for
cyclic aging tests at 60 °C, 5C/5C and different voltage ranges. The impact of
the cut-off voltage is low. However, the rapidity of the capacity loss of cells
cycled in lower voltage ranges is most critical. No distinct statement can be
made regarding the increase in internal resistance.

The PEE is clearly evident in the results presented. All cells in this test were stored at
about 5% SOC before test start. The differences of the cells cycled between 2.0 V and
2.4 V in the first 500 cycles are due to an unintentional full charge phase of 2.5 and 4 days
respectively prior to test start. This emphasizes the importance of the consideration of
the cell history. Otherwise, misjudgments of almost 4% capacity difference in this case are
possible after a few hundred cycles. Therefore, if the history of the cells is unclear and a
PEE could potentially be present, the aging trend should always be taken into account,
neglecting the initial drop.

The upper cut-off voltage seems to have little influence on the aging rate. From the 1000th
equivalent full cycle onwards, the cells with an upper voltage limit of 2.5 V or 2.65 V
age almost identical. With regard to the change in internal resistance, no differentiation
between the tested voltage ranges is possible, partially because of the high scattering.

6.2.4 Aging by drive cycle

Aging with real drive cycles illustrates the positive effect of small ∆DODs on the remaining
cell capacity. As shown in Figure 6.7a, the three tested cells exhibit a similar capacity
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6 Evaluation of aging characteristics

loss of less than 3% after almost 10,000 equivalent full cycles. On the one hand, this
temperature-independency of the capacitive aging behavior corresponds to the results in
Figure 6.3a. On the other hand, the aging impact of high pulse currents in connection with
low ∆DODs is small for the investigated NMC|LTO cells. Thus, achieving the application-
relevant lifetime requirement of more than 27,000 equivalent full cycles, see [166], is not
critical. The PEE described above is minor, since on average the cells were cycled in the
middle SOC range and were previously stored at approximately 30% SOC.
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Figure 6.7: a) Normalized capacity over time and b) normalized resistance over time
for drive cyclic aging tests at different ambient temperatures. The capacity
retention is almost temperature-independent. In contrast, the results for the
internal resistances for the cells at 40 °C and 60 °C show a clear influence of
temperature. The increased aging behavior of the cell with variable temperature
profile is surprising and cannot be explained so far.

92



6.3 Resulting implications for 48V applications

The increase of the internal resistance is temperature-dependent and lifetime-critical and
should therefore be a prioritized criterion in battery development. All three cells experience
a rise in internal resistance with increasing number of equivalent full cycles as shown in
Figure 6.7b. The internal resistance of the cell at 60 °C increases about three times as
much as the internal resistance of the cell at 40 °C. The reason for this may be accelerated
and additional side reactions, which can lead, for example, to the formation of a covering
layer on the electrodes or gassing. Since the results of the calendar aging tests were quite
similar (compare Figure 6.3b), the cyclic stress seems to only have a negligible effect
on the internal resistance. Interestingly, the cell with the variable temperature profile
shows the largest increase, although the average temperature in this profile is below 40 °C.
No explanation for this could be found so far. Perhaps the temperature changes have a
negative effect on degradation. To exclude the risk of the cell being an outlier, additional
measurements need to be carried out. Under the condition of a maximum increase of 50%
over the battery lifetime and the assumption of a linear progression, 27,000 equivalent full
cycles are realistic. Depending on the ambient temperature within the application, special
attention must therefore be paid to the internal resistance in the development process.

6.3 Resulting implications for 48V applications

For the application-based context, the results of the aging tests have several, mostly positive,
implications. On the one hand, it was shown that small ∆DODs, which predominantly
occur in 48 V applications, have a negligible impact on cell aging. No explicit deterioration
in cell performance can be detected after deduction of calendar aging. In addition, other
stress factors such as high current rates and high energy throughputs have a low influence
on aging. It must be ensured that low and high SOCs are avoided, as these accelerate the
aging process and, depending on the ambient temperature, gassing reactions. In spite of the
high temperature stability of the tested cells, the ambient temperature in the application
is decisive with regard to the increase in internal resistance. For this reason, special
attention must be paid to the expected battery temperature in the development process.
The high capacitive stability of the NMC|LTO cells can be used to minimize capacitive
reserves, which serve to achieve the defined end-of-life performance. For example, a 10%
reduction of the nominal capacity could be considered while simultaneously increasing the
frequently used 80% end-of-life requirement. The opposite applies to the internal resistance
according to the illustrated cycle life results. For the cell design it is essential to ensure that
the end-of-life performance defined for the application is guaranteed. Since the calendar
aging represents the more severe challenge for the examined cell in the application-related
operation, relevant stress factors have to be minimized or greater reserves have to be
ensured. It may be necessary to improve the battery cooling or to make cell-specific
changes.
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6 Evaluation of aging characteristics

6.4 Conclusion of the aging analysis

Quantifying the influential parameters relevant for battery aging in an 48 V system is
necessary for a large-scale and error-free application in the vehicle. Within the aging
analysis, 36 state-of-the-art NMC|LTO cells were exposed to cyclic, calendar and drive
cyclic aging regimes. The chosen load scenarios had previously been derived from real
vehicle data and therefore cover the application-relevant operating conditions of the cells
in the vehicle.

The calendar aging tests indicated little to no loss of capacity at temperatures of less than
or equal to 60 °C independent of the SOC. If a change in capacity was observed in the first
weeks of the test, this was predominantly caused by the PEE. Importantly, for the first
time, the PEE is reported for a cell with geometrically oversized cathodes. A theoretical
and descriptive explanatory model is presented, which highlights the unavoidable relocation
of lithium-ions into and out of passive electrode areas. This relocation alters the initial
cell balancing and thus explains the reversible loss or increase of capacity. The presented
argumentation is transferable to graphite-based cells and shows, for example, the increased
risk for lithium plating due to CV phases during cyclization.

Storage of cells at extremely high temperatures (80 °C) led to a strong gassing behavior,
which occurred at both high and low SOCs. The latter has not been reported in the
literature previously. In addition, a greater loss of capacity was observed under systematic
cycling at lower voltage ranges. This confirmed the assumption that operation at lower
voltage ranges triggers additional aging processes.

Exposure to real drive cycles demonstrated the capacitive stability of the NMC|LTO
cells. An increase in internal resistance, which was mainly influenced by calendar aging
at high temperatures, was the lifetime-determining factor. Thus, with respect to cell
development for a 48 V system, special attention must be paid to performance fulfillment
at end-of-life.

In a next step, the aging results from this publication can serve as a data base for a
parameterization of a semi-empirical aging model. This could cover an open niche in
the field of aging models for high-power cells and in particular NMC|LTO-based cells.
Especially with regard to the PEE, a concrete breakdown of the impacts of cathode and
anode is needed. In addition, it remains to be investigated how rapidly the concentration
gradient between the active and passive area equalizes and how the effect can be adequately
integrated into an aging model. Additional investigations should attempt to determine
the cause of gassing at low SOCs.
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7 SOC-dependent degradation effects at
severly high temperatures

This chapter is based on a publication created during the course of the dissertation. It
contains minor modifications with respect to the original publication. The use of the article
content including illustrations from [191] is permitted with the consent of Elsevier.

The aging results in the previous chapter revealed outstanding calendar lifetimes for the
10 Ah NMC|LTO cells at elevated temperatures, exhibiting irreversible and reversible aging
effects as well as strong gas formation with abrupt end-of-life. However, when stored at
80 °C, the cells showed a capacity retention that cannot be attributed to common aging
mechanisms.

To illustrate the peculiarities, the results of calendar aging at 60 °C and 80 °C from
Chapter 6 are consistently normalized in Figure 7.1. The capacity retention greatly differs
depending on storage temperature and SOC. Due to high calendar aging robustness of
the NMC|LTO cells, the PEE strongly influences the residual capacity within the 60 °C
calendar aging tests (see Figure 7.1a). At 60 °C the change in capacity is strongest within
the first 30 days mainly attributed to the PEE. After the balancing process has subsided,
the cell capacity remains approximately constant over the observation period shown.

The three cells at 80 °C (see Figure 7.1b) exhibit a different capacity retention. During
the first 90 days, capacity grows significantly at 5% SOC and 55% SOC, whereas at 95%
SOC capacity drops. After 60 days of testing, a capacity gap of more than 12% between
the cells at low and high SOC occurs.

Such a deviation is not explainable by the PEE for two reasons. Firstly, the capacity
difference exceeds any value that can be assigned to the cell geometry and the potentially
usable capacity in the boundary areas (see Section 6.1.2). Secondly, at 80 °C, where
balancing processes run at higher speed, faster equalization processes than at 60 °C are to
be expected.

This chapter aims to improve the understanding of calendar aging effects and their impact
on cell performance of the investigated 10 Ah NMC|LTO cells. Main focus is to identify
SOC-dependent aging mechanisms and to enable a differentiation between reversible and
irreversible aging effects. Taking advantage of the previously described aging study results
in Chapter 6 and complementary calendar aging tests, in-situ and ex-situ analysis methods
are applied. The results of an ICA show that an increase in temperature from 60 °C
to 80 °C strongly enhances degradation effects, which are highly SOC-dependent. The
conducted post-mortem analysis comprises a cell opening, the assembly of coin cells with
aged electrode material and a surface investigation by SEM and XPS. In particular, the
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Figure 7.1: Normalized residual capacity of calendar-aged cells at a) 60 °C and b) 80 °C at
three different SOCs under floating condition. Capacity was evaluated with a
CC discharge of 1C. The cells at 60 °C show a pronounced PEE. At 80 °C this
effect is superimposed by further capacity-reducing and capacity-increasing
aging effects.

impact of SOC on cell degradation as well as the formation of cover layers on LTO and
NMC is analyzed. Potential aging mechanisms are elaborated and discussed.

7.1 Results of incremental capacity analysis

The effects of calendar aging, which were illustrated in Figure 7.1 by means of capacity loss,
are strongly dependent on temperature and SOC. An elevation of the storage temperature
from 60 °C to 80 °C triggers additional aging mechanisms, which are revealed by ICA.

An overview of the IC curves of the calendar aged cells at 60 °C is given in Figure 7.2.
IC curves of the examined NMC|LTO cells exhibit a characteristic peak at about 2.17 V
with a shoulder at about 2.08 V. This shoulder is only observable for the charge direction,
which might be related to differences in the process of lithiation as well as delithiation of
spinel- and rocksalt-structured LTO [229]. A second shoulder extends over a voltage range
of 2.25 V to 2.45 V. The area below the IC curve corresponds to the cell capacity during
the CC phase of the qOCV measurement.

For storage at 5% SOC (Figure 7.2a), the IC curves are approximately constant during
the 240-day aging test. At 55% SOC (Figure 7.2b) and 95% SOC (Figure 7.2c) a major
shift of the IC curve occurs between first and second check-up. For 55% SOC primarily
the position of the peak shifts towards lower voltage, with hardly any changes of the
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Figure 7.2: Results of the ICA of the calendar aged 10 Ah NMC|LTO cells at 60 °C at
a) 5% SOC, b) 55% SOC and c) 95% SOC. An enlargement of the peak of c)
at 2.18 V is given in d). The shift from first to second check-up at 55% SOC
and 95% SOC is induced by the PEE and an associated shift in cell balancing.
Besides this shift, the cells exhibit minor irreversible aging characteristics.

distinctive shoulder positions. In contrast, a significant shift of the shoulder in the upper
voltage range is observed at 95% SOC indicating a loss of capacity. As aging proceeds, the
IC curves at 55% SOC and 95% SOC gradually shift towards lower voltages (enlarged for
95% SOC in Figure 7.2d), which might be caused by a beginning loss of active material at
the positive electrode in the delithiated state (LAMdePE).

As described in detail in Section 6.1.2, the shape of the characteristic OCV can deviate as a
result of a pronounced PEE. Diffusion of lithium-ions into passive electrode areas affects the
working potential of the individual electrodes and the overall cell balancing. Variations in
cell balancing influence the characteristic OCV of the cell, which is subsequently reflected
in the ICA. Thus, the presented IC curves prove the impact of the PEE on the cell
balancing and illustrate the source of the reversible capacity rise and capacity drop, which
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Figure 7.3: Results of the ICA of the calendar aged 10 Ah NMC|LTO cells at 80 °C at
a) 5% SOC, b) 55% SOC and c) 95% SOC. Potential degradation modes are
marked with arrows. The aging behavior depends strongly on the storage SOC,
with changes in the IC curves most pronounced at high and low SOC. In d) a
detailed section of the IC curves at 95% SOC is shown, which illustrates the
shifts in high voltage ranges. Multiple aging processes, including the reversible
PEE, overlap and cause opposing displacements.

can be identified in Figure 7.1a.

After the second check-up the shape of the IC curves for all SOCs remains almost unchanged,
which corresponds to the constant capacity values given in Figure 7.1a. An irreversible
loss of capacity caused by calendar aging at 60 °C is largely negligible for all tested SOCs.
In this experiment the influence of the PEE outweighs possible irreversible aging effects of
the stable NMC|LTO cells and causes SOC-dependent capacity deviations of more than
4%. In general to prevent misinterpretations, findings from calendar aging tests including
subsequent ICA should be interpreted with awareness of this effect.
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7.1 Results of incremental capacity analysis

An increase of the storage temperature to 80 °C leads to detectable irreversible aging
processes. IC curves of the corresponding aging tests (capacity trends shown in 7.1b) are
illustrated in Figure 7.3. The IC curves shift continuously over the test duration so that
distinct trends can be identified for each storage SOC. Essential changes are marked with
arrows and complemented by associated degradation modes.

At 5% SOC, see Figure 7.3a, the height of the peak decreases and the shoulder at 2.05 V
shifts to the right, resulting in a reduction of the available capacity in the medium voltage
range. In higher voltage ranges the values for dQ/dV rise. According to [201], such
behavior can be attributed to a LLI and a loss of active material at the positive electrode
in the lithiated state (LAMliPE). LLI is caused by parasitic side reactions which bind
lithium charge carriers and make them unavailable for further lithiation processes. These
parasitic side reactions might contribute to the strong gassing behavior which was not
only observed for a low SOC of 5% but also for SOCs of 55% and 95%. The LAMliPE can
be attributed to an increasing inactivity of active material [201]. Gassing might lead to
local displacement of electrolyte reducing the ionic conductivity at these spots. However,
contrary to expectations, the IC shifts of cells aged at 5% SOC reveal an overall increase
in cell capacity in the first four check-ups. Only between 90 and 120 days of test duration,
the cell has noticeably lost capacity, which becomes apparent from the height of the peak
and most likely originates from LAMliPE.

The IC curves at 55% SOC and 80 °C, see Figure 7.3b, experience a peak shift induced
by the PEE, which is qualitatively comparable to the results at 55% SOC and 60 °C but
more pronounced. LLI and LAMdePE result in opposing shifts, reducing the area between
2.05 V and 2.25 V. The slightly reduced peak height might also be attributed to these two
degradation modes. Similar to the cell stored at 5% SOC the cell aged at 55% SOC exhibits
an enhanced capacity at higher cell voltages. However, this effect is less pronounced than
for the cell aged at 5% SOC, see Figure 7.3a, which is in good agreement with [201] as the
ratio of lithiated NMC (potentially contributing to an increased plateau along with LLI)
is reduced at 55% SOC.

The cell at 95% SOC, see Figure 7.3c, shows a capacity reduction, which is mainly caused
by a left shift and a decrease of the IC peak. Both originate from LAMdePE and LLI.
Additionally, the left shift of the peak is enhanced by the PEE. This superposition of
different capacity influencing processes becomes even more noticeable at higher cell voltages.
Figure 7.3d provides a magnification of this area. On the one hand, a capacity-reducing
left shift occurs from the first to the second check-up, which is caused by the PEE. On
the other hand, a capacity increasing effect similar to the one reported for the other
two SOCs is observed. As NMC is not lithiated the effect is reduced by the missing
influence of LAMliPE. Instead a LAMdePE counteracts this effect and mitigates the right
shift significantly.

The remarkable increase in overall cell capacity, especially in the higher voltage range,
is not explainable by similar observations from other publications. In the cell under
investigation, LTO represents the capacity-limiting active material. An increase in cell
capacity must therefore be accompanied by an increase in the areal capacity of LTO. A
possible explanation could be an enhancement of the active surface area of LTO. Due to
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7 SOC-dependent degradation effects at severly high temperatures

the strong gassing behavior at 80 °C under permanent tension, the pressure inside the cell
rises. This high pressure could potentially lead to electrochemical milling, a cracking of
the material, and thus an increase in available areal capacity [225–227]. Increased pressure
on the LTO bulk material might also improve the electrical connection of LTO particles
allowing for additional particles to participate in the lithiation process.

An assignment of the observed effects to the electrode materials is strongly limited by
means of a full cell investigation approach. The following half-cell investigations enable a
detailed analysis of the individual electrode materials and contribute to the identification
of aging mechanisms.

7.2 Half-cell investigation

A comparison of the characteristic half-cell potentials of fresh and aged anodes/cathodes
reveals material degradation and allows for conclusions on aging mechanisms. In Figure 7.4
half-cell potentials of coin cells built from aged cell materials (test series 2) with lithium
metal as counter electrode are illustrated. Each figure includes the half-cell potential
curve of the reference anodes/cathodes for comparison purposes. The cell balancing was
determined according to the measured full cell qOCV. Here, the characteristic rises and
drops of LTO and NMC potential curves in low SOC ranges allow for high accuracy.

The potential of the NMC|Li cell at 3% SOC, see Figure 7.4a, exhibits no shift and
especially no change in areal capacity. The areal capacity of LTO decreased slightly and
the slope of the half-cell potential in lithiated state became steeper. On full cell level,
considering the voltage limits of 1.9 V and 2.65 V, this leads to a reduction of the cell
capacity. At first glance, this does not correspond to the results in Figure 7.1b, where the
cell at 5% SOC reaches a remaining capacity of 92% after about 120 days. As shown in
Figure 7.3a, LAMliPE is mainly responsible for the severe capacity loss. Reason for this
could be the strong gassing behavior, which locally displaces electrolyte and inactivates
parts of the NMC. The gas reservoir of the pouch bag captures gas only as long as the
pressure of the cell clamping is sufficiently high compared to the internal cell pressure.
Thus, by opening the cell and letting the gas escape, the capacity limiting effect of the
LAMliPE might be reversible, so that NMC keeps its original capacity. Interestingly, LTO
seems to dominate the performance degradation when aging in low SOC ranges.

For the cells aged at 2.2 V and 2.65 V both LTO and NMC show a visible change in the
potential curve and the areal capacity. For the cell aged at 2.2 V, see Figure 7.4b, both
NMC and LTO are subject to a distinct capacity change. The areal capacity of the aged
LTO exceeds that of the unaged reference LTO. In addition, the typical half-cell potential
plateau of the LTO declines. The formation of covering layers on the LTO surface might
lead to overpotentials which cause a reduction of the potential. It is also conceivable that
gassing within the cell locally displaces electrolyte and greatly deteriorates conductivity.
These kinetic limitations can lead to overvoltages in the NMC|LTO cell system lowering
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Figure 7.4: Comparison of qOCVs of coin cells, which were assembled as half-cells with
aged electrode material with lithium metal as counter-electrodes. Reference
measurement data of the unaged cell material is indicated as a solid line. At a
cell voltage of a) 2.03 V and b) 2.2 V the voltage characteristics of the electrode
materials show little degradation due to aging. In case of b) the areal capacity
of LTO increases. For the fully charged cell at c) 2.65 V both the areal capacity
of LTO and NMC are reduced.

the potential of LTO cycled vs. lithium. A detailed analysis of the existing surface layer
will be carried out in the course of the XPS investigation in Section 7.4.

The NMC aged at a cell voltage of 2.2 V loses marginally in areal capacity, so that the
half-cell potential slightly shifts to the left. Overall, the increased areal capacity of the
LTO leads to an increase in the available cell capacity while the upper voltage limit of
the full cell remains constant at 2.65 V. The altered potential curve characteristics make
NMC the capacity limiting electrode, since for the aged cell the cut-off potential is now
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reached at the LTO plateau and is determined by the potential rise of the cathode. With
reference to ICA, such a shift of the cut-off voltage implies a rise in the IC curve in the
same area and thus agrees with the results of the ICA in Figure 7.3b.

The LTO and NMC electrodes stored at 80 °C at a cell voltage of 2.65 V clearly reveal a
capacity loss recognizable by the shortened potential curves in Figure 7.4c. Similar to LTO
stored at 2.2 V (Figure 7.4b) an even more intense potential drop for the characteristic
1.55 V potential plateau can be observed, which is due to electrolyte decomposition products
on the surface of the LTO electrode. This passivating decomposition layer might not
only cause a capacity decrease by overpotentials but also by blocking lithium insertion
sites at the LTO electrode. The potential curve of NMC cycled vs. lithium shows an
intense capacity loss most likely due to LAMdePE. At high temperatures delithiated NMC
electrodes tend to experience cation mixing which leads to severe and irreversible capacity
loss.

Even though both anode and cathode are responsible for the dramatic capacity loss at
a storage voltage of 2.65 V, one can assume, that the cathode contributes more to the
capacity decrease of the stored NMC|LTO cell. The potential curve of LTO reveals a
capacity increase of 9.5% by a CV step after the CC charge, whereas for the cathode no
additional capacity appears with a subsequent CV step. Considering the CV step at the
end of the CC charge process LTO only loses 7.5% of its original capacity whereas NMC
suffers from a capacity loss of 14%.

However, these measurements were realized at a coin-cell level using electrodes with a
diameter of only 14 mm punched out of a ca. 130 cm2 pouch cell electrode. Figure 7.5 clearly
demonstrates optical differences within one electrode sheet. Thus, these coin cell results
are very sensitive to statistical errors, which must be considered for the interpretation of
the potential curves of LTO and NMC especially when there are only slight differences in
the curves.

7.3 Insights from cell opening

At the end of the 40-day calendar aging test, all three cells showed bulges in the area of
the cells’ gas reservoirs. The gas reservoir of these pouch bags is located on the side of the
current collectors. In Figure 7.5a and 7.5b the reference cell and the cell aged at 2.65 V
are shown prior to opening. In the latter, a swelling is evident between the isolated tabs.
The inflated area extends over the entire cell width, hence a change in volume is visible in
the lower right corner of the cell. The cells at high and low voltage exhibited the largest
bulging of the gas reservoirs.

The physcial appearance suggested that the cells would have likely bursted shortly after
the 40-day testing period. The clamping of the cells between two aluminum plates and, in
the case of application, in the battery pack ensures that gas is displaced into the designated
area. This minimizes the effects of gassing on cell performance and extends the cell lifetime.
From a safety point of view, detection of gassing based on electrical cell data becomes
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7.3 Insights from cell opening

(a) reference (b) high SOC

(c) reference (d) high SOC

(e) high SOC (f) high SOC

(g) middle SOC (h) low SOC

Figure 7.5: Optical images during cell opening of the reference and the three calendar aged
cells.
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7 SOC-dependent degradation effects at severly high temperatures

more complex. The aged cells (test series 1) possessed large parts or even more than
their nominal capacity until the time of degassing (see Figure 7.1b), so that the remaining
capacity is no indicator for critical gassing conditions. Additional sensors for detection
or safe degassing paths in cell modules and battery packs are necessary and should be
integrated into the pack design.

The cells were opened in a glove box under argon atmosphere to avoid reactions with
the ambient air. Previously, all cells had been discharged to 0% SOC at the end of the
calendar aging period. Figure 7.5c shows a picture of the reference cell. The electrode
material of this cell revealed no abnormalities. Electrode and separator sheets could be
easily separated. The cell materials of all calendar-aged cells exhibited optically detectable
aging effects, which differed in intensity and type.

Figure 7.5d, 7.5e and 7.5f show cell images of the cell exposed to high SOC (100%, 2.65 V).
Two gas bubbles were apparent in the middle of the cell. The edge of the separator of the
outermost electrode layer, see Figure 7.5d, was fragile in the area of the current collectors.
The moisture penetration with electrolyte was less than in the other two cells. Especially
in the chapped edge areas the cell material was dry, which is in good agreement with the
observation of gas allocations in the edge areas (Figure 7.5b). As illustrated in Figure 7.5e,
some separator sheets showed a brownish discoloration indicating increased electrolyte
decomposition at these spots, which was more pronounced in the area of the current
collectors.

The separator was difficult to detach from the electrode material. In some places this led
to delamination of the active material from the current collector. Reasons for delamination
include reduced adhesion of the active material to the current collector as well as increased
adhesion between separator and electrode. In this case the cell opening does not allow
for a precise allocation. The separator, see Figure 7.5f, exhibited a wave-like structure in
deeper layers of all three cells.

Figure 7.5g showed an example of an anode sheet of the cell at low SOC (≈3%, 2.03 V).
Both anodes and cathodes revealed darker spots that remained on the material after
drying. During cell opening, it was found that these spots appeared in areas where gas
bubbles had previously been observed. A detailed analysis of these spots is provided as
part of the XPS investigations in Section 7.4. A delamination of the active material, see
Figure 7.5h, was mainly observed in the corner areas of the electrode sheets. In the cells
with 2.2 V and 2.65 V both cathode and anode were affected, whereas in the cell with
2.03 V only the anode was delaminated.

The cell opening proves that aging at high temperatures leads to optically detectable
material degradation in the investigated NMC|LTO cells. Striking are the decomposition
effects at the separator and the dark spots on the electrodes. Clamping of the cells does
not ensure full gas displacement, resulting in local accumulation of gas bubbles in front
of the active material. High SOCs cause the most severe material degradation and aging
characteristics.
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7.4 Surface layer analysis

7.4 Surface layer analysis

In the following, results of ex-situ surface examinations of aged anodes and cathodes
are presented. The aim is to identify potential causes for the performance degradation
described above and to gain a deeper understanding of the aging processes involved.

7.4.1 Anode
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Figure 7.6: Composition of the anode surface film of all aged cells including reference ma-
terial were determined by XPS measurements. In a) the atomic concentrations
of the individual components for the different anodes (bright, inconspicuous
areas) are shown. A comparison of cover layer components of light and dark
areas is illustrated in b).
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7 SOC-dependent degradation effects at severly high temperatures

The XPS results of the LTO electrodes stored at different SOCs at 80 °C, see Figure 7.6a,
clearly show a rise of the C1s and a reduction of the Ti2p signal intensity with increasing
SOC. This allows for the assumption that with a higher degree of anode lithiation a
thicker deposition layer is formed on the LTO electrode surface more and more covering
the Ti2p signal of titanium from LTO. Considering the increasing C1s signal and the
decreasing O1s and Li1s signal (probably ascribed to Li2O) the composition of the thicker
growing deposition layer seems to be dominated by carbonaceous decomposition products
overlaying the inorganic decomposition products with higher SOC. The slight increase of
the Li1s signal at higher SOCs might correlate to a higher repulsion of inserted lithium
when LTO is fully charged. Especially at high temperatures this effect could lead to more
lithium containing oxidation products because of a thermal induced delithiation of LTO.

During the optical investigation isolated dark spots are observed at the electrode surfaces.
For the dark spots on the LTO, Li1s and O1s signals are intensified (Figure 7.6b). The
atomic concentration increase from normal spots to dark spots is much more intense
for the electrodes stored at high SOC. The dark spots might be associated with local
accumulation of CO2 gas and its reduction to Li2CO3. The effect is intensified at higher
SOC, since lithium, as mentioned above, might be more mobile due to more intense
lithium-ion repulsion.

However, as the XPS measurement only indicates the atomic concentration, an explicit and
certain assessment of the surface compounds and the detailed composition and distribution
of reaction products is not feasible. The results described above have to be interpreted in
terms of possible assumptions.

7.4.2 Cathode

From the XPS measurements of the NMC surface, see Figure 7.7a an increasing atomic
concentration of carbon can be observed with an increasing SOC while the O1s and Li1s
signals decrease. The increasing C1s signal could be attributed to an increased oxidative
decomposition of electrolyte to organic polymers, promoted especially at high voltages
and elevated temperatures [123]. As not only the signals for oxygen and lithium but also
the atomic concentration of cobalt and manganese get reduced with an increasing SOC,
one can assume that these signals might be attributed to the growing decomposition layer
of organic polymers gradually covering the NMC surface. However, the signal intensity of
nickel shows only small fluctuations but no clear decreasing trend. It is reported in the
literature that Ni4+, present at higher SOCs, tends to react with the electrolyte in side
reactions significantly thickening cathode-electrolyte interfaces [230]. Probably this side
reaction effect counteracts the actual trend of the Ni2p signal to decrease.

Similar to LTO, optical investigation of the positive electrode revealed some dark spots at
the surface (Figure 7.7b). However, for NMC these spots were only found at low SOC.
The XPS measurements at these spots show a reduced C1s and O1s signal whereas the
signal for lithium, fluorine and phosphorus increase. This trend might be associated with
an increased content of LiPF6 decomposition products like LiF.
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reference low SOC middle SOC high SOC
0

10

20

30

40

50
at
om

ic
co
nc
en
tr
at
io
n
/
%

(a)

low SOC low SOC (dark)
0

10

20

30

40

50

at
om

ic
co
nc
en
tr
at
io
n
/
%

(b)

Li1s C1s O1s F1s Ni2p
Mn2p Co2p Al2p P2p Si2p

Figure 7.7: Composition of the cathode surface film of all aged cells including reference ma-
terial were determined by XPS measurements. In a) the atomic concentrations
of the individual components for the different cathodes (bright, inconspicuous
areas) are shown. A comparison of cover layer components of light and dark
areas of the cell at low SOC is illustrated in b).

Overall, the decomposition processes at the cathode can be influenced by various factors
that interact with each other. This makes it difficult to draw reliable conclusions only on
basis of atomic concentration ratios.

As the half-cell potential curves of NMC aged at a cell voltage of 2.65 V clearly reveal
an intense loss of capacity, SEM measurements were performed to investigate the surface
morphology. Comparing the SEM images of the reference NMC electrodes with NMC
stored at 100% SOC at 80 °C, see Figure 7.8, the aged surface shows some darker spots
which are not observable during optical investigation with the naked eye. Furthermore,
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7 SOC-dependent degradation effects at severly high temperatures

(a) (b)

Figure 7.8: SEM Analysis of the NMC material of the fresh (a) and aged (b) cells stored
at 100% SOC.

compared to the reference the surface exhibits a few more cracks and holes in between the
agglomerated secondary particles.

Previous research has reported that NMC tends to produce oxygen containing gases like
CO2, CO and O2 at higher degrees of delithiation [231]. At high SOCs these gases might
aggravate in between the secondary particles until they finally reach a critical volume and
lead to local surface cracking. The reactions, leading to gas generation at the cathode,
might be accompanied with the formation of solid decomposition products, which could be
responsible for the darker spots, observable from the SEM images. Hatsukade et al. [231]
further demonstrated, that oxygen originates from NMC and not from the electrolyte.
Thus, increased gas generation at the cathode might be accompanied with irreversible
damage of the NMC structure leading to loss of capacity by LAMPE, which is in good
agreement with the results of the ICA and the half-cell capacity loss.

Hence, capacity reduction of NMC stored at high SOC could be driven not only by
deposition of oxidative electrolyte decomposition products but also structural damage
through cation mixing, oxygen escaping from the layered NMC structure by forming CO2,
CO and O2, and gas induced surface cracking.

7.5 Conclusion of the SOC-dependent degradation
effects

Storing NMC|LTO cells at different SOCs at 80 °C causes several degradation effects. ICA
reveals an activation of aging processes at a storage temperature of 80 °C whereas hardly
any irreversible aging could be observed at 60 °C. Predominant degradation modes are
LLI and LAMPE, depending on the storage SOC.

108



7.5 Conclusion of the SOC-dependent degradation effects

Calendar aging at low and medium SOCs causes a continuous rise in capacity which
exceeds the effects of the PEE in the 10 Ah cells. ICA and the investigation of the
electrodes in half-cells indicate that this capacity increase can be ascribed to an extension
of the LTOs typical voltage plateau at 1.55 V, which leads to a capacity rise in higher
voltage regions. Various gassing induced mechanical and pressure-related sources, such as
electrochemical milling or improved electrical contacting, are potential explanations for the
capacity increase of LTO. Further investigations are needed to draw reliable conclusions
and to fully understand this aging phenomenon.

Storage at 80 °C at high SOCs clearly reveals the most intense degradation effects. Accord-
ing to the ICA a severe LLI and intensive LAMdePE can be observed. The latter might be
induced by cation mixing or surface passivation through oxidative decomposition. The
comparison of SEM images of NMC (fresh vs. aged) further shows local dark spots and
increased surface cracking at the electrode probably related to gassing reactions of NMC
especially at a higher degree of lithiation. Hence, capacity reduction of NMC stored at a
high SOC could be driven not only by deposition of oxidative electrolyte decomposition
products and structural damage through cation mixing but also by oxygen escaping from
the layered NMC structure by forming gases which further induce surface cracking.

By comparing the gassing behavior of the calendar aged cells stored at 60 °C (test series
1) and 80 °C (test series 1 and 2) noticeable differences in volume expansion can be found.
Cells stored at 60 °C do not show a strong gassing behavior whereas at 80 °C intensive
gassing is observed. One reason could be a thermal induced decomposition of electrolyte
and LiPF6, which is dramatically accelerated at elevated temperatures. Another reason
for this behavior could be a surface layer formation on the LTO electrodes during the
formation process by the cell manufacturer, which is stable up to 60 °C. This protective
surface layer suppresses gassing of the cells. At a temperature of 80 °C the surface film
might start to decompose. Consequently, electrolyte gets in contact with the bare LTO
surface and gassing reactions start.

Ex-situ surface observation of the electrodes by XPS measurements show that an increased
deposition layer is formed both on the LTO and the NMC electrodes with an increasing
SOC mainly composed of organic decomposition products. The formation of a thicker
deposition layer on LTO is proven by increasing overpotentials in the half-cell potential
curves and an extending CV step in the end by increasing the storage SOC.

The reported findings offer the potential for a series of subsequent investigations. Apart
from the still not fully understood capacity increase of LTO at low SOCs, further inves-
tigations of the surface layer formation are necessary. Determination of its compounds
could allow for insights into both the formation process and the passivating characteristics.
In addition, the stability of the surface layer against extreme operating conditions, such as
high temperatures, ∆DODs or current rates, should be investigated. Here, an improvement
of the passivation layer could minimize side reactions enhancing cell lifetime as well as
safety.
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8 Extent of reversibility in calendar aging tests

The results of the calendar aging tests in Section 7 and the corresponding IC analyses in
Section 7.1 clearly revealed that capacity retention is affected by reversible and irreversible
effects. At a storage temperature of 80 °C different degradation modes were observed and
surface layer formation on the active materials was demonstrated. Shifts in cell balancing
caused by the PEE were detected at 60 °C and 80 °C by IC analysis.

However, at temperatures below 80 °C, the high calendar life of the examined NMC|LTO
cells hinders the differentiation of irreversible and reversible capacity effects. This chapter
aims to investigate the calendar aging behavior on an experimental level in more depth
and to evaluate different examination methods for these effects. The following research
questions are of primary interest:

• Is the change in usable capacity, which occurs during calendar aging at a storage
temperature of 60 °C mainly caused by reversible or irrversible effects?

• Can reversibility of the PEE be experimentally proven? Further, is the impact of
this effect precisely quantifiable?

• How does the impact of the PEE change dependent on the aging state of the cell?

• At 60 °C, does a surface layer form on the electrode materials similar to 80 °C? If so,
is it possible to observe such side reactions by non-destructive measurements?

To investigate these questions, the storage SOC has been varied during the course of the
calendar aging test at 60 °C. The resulting effects on capacity retention are presented
below. In addition, the floating currents needed to maintain the constant cell voltage
during the calendar aging phases are analyzed. The periodic check-ups are examined
regarding differences in charge capacities in CV phases. The results of an ICA allow for a
differentiation between degradation modes and illustrate characteristic shifts due to SOC
changes.

8.1 Capacity retention upon adjustment of the storage
SOC

The storage SOC of the two cells aged at 60 °C and 20% respectively 90% SOC was
swapped after just over 300 days. Thus, the cell initially kept at 20% SOC was then stored
at 90% SOC and vice versa. After 100 days in this state, the SOC was switched back to
its original value at test start.
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(b) Floating currents at time A after SOC setting (left: 90%; right: 20%)
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(c) Floating currents at time B after SOC swap (left: 20%; right: 90%)
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(d) Floating currents at time C after SOC swap (left: 90%; right: 20%)

Figure 8.1: a) Impact of SOC changes on capacity retention of the two calendar-aged
cells. Besides the pronounced PEE, irreversible loss of capacity occurs at high
SOC. b)-d) Floating currents required to keep the cell voltage constant. Upon
first-time storage at high SOC, intense side reactions take place, which seem
to form a stable passivation layer.
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8.1 Capacity retention upon adjustment of the storage SOC

In Figure 8.1a the capacity retention of the two calendar-aged cells, measured in the
check-up, is shown up to about 500 days. Here, marker A indicates the initial setting of
the storage SOC at the end of the first check-up. Marker B refers to the SOC switch and
marker C to the return to the initial SOC adjusted at the test start.

The cell that started the aging test at 90% SOC loses over 3% of its usable capacity in the
first 300 days, as described in the previous chapters. By changing the SOC from 90% to
20% the capacity rises by about 1.5%. An increase in capacity was expected according to
the previously described PEE. However, the extent of capacity rise is astonishing. The
capacity neither increases to 100% nor reaches similar capacity values as expected after
400 days extrapolation of the cell at 20% SOC. This suggests that a storage temperature
of 60 °C at 90% SOC causes irreversible, capacity-reducing aging effects in addition to the
PEE. Since the storage SOC of 20% is approximately the same as the SOC before test start
(PEE approximately negligible), the cell shows a capacity retention of 98% after 400 days
and an irreversible capacity loss of 2% due to calendar aging. At a temperature of 60 °C
such a low value is outstanding and confirms the excellent suitability of the investigated
NMC|LTO cells for commercial applications with long product lifetimes.

After about 90 days, the amount of reversible capacity due to the change from 90% to 20%
SOC is about 1.4%. This percentage is significantly smaller than the loss of capacity that
occurred during the first storage phase. Reasons for this phenomenon will be discussed
in the further course of this chapter. After the SOC change back to the initial 90%
SOC (marker C) until the end of the observation period, the capacity increase is almost
fully reversible. This clearly visualizes the impact of the PEE. Compared to the minor
calendar aging after the inital drop, the capacity effects of the passive electrode areas
predominate.

Switching the SOC of the cell stored at 20% SOC at test start affects the cell capacity
differently. Until the time of the SOC change the capacity of this cell increases continuously.
This increase occurs most probably due to a rise in capacity in higher voltage ranges
identified in the previous chapter, though less pronounced at 60 °C. After the SOC change
to 90%, the cell capacity drops rapidly by about 2% and in total drops by almost 2.8%
until marker C is reached. After the change back to 20% SOC, the capacity increases by
only about 1.4% till the end of the observation period. This reversible capacity difference
is almost identical to the one observed for the other cell when changing from 90% to 20%
SOC.

This once again highlights the influence of the PEE, which is approximately path-
independent for the investigated cell and SOCs. However, it can be assumed that the strict
monotonically rising potential curve of the geometrically oversized NMC is the reason for
this observation. Active materials such as graphite or LFP show clear phase transitions
and potential plateaus. With these materials it can be expected that an equalization
process is less continuous and that it shows significantly stronger dependencies on the
working potentials of active and passive areas.
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8 Extent of reversibility in calendar aging tests

8.2 Floating currents as indicator for irreversible aging
effects

In the following, the calendar aging phases after a SOC change are analyzed in more detail.
Basis for the analysis are the floating currents, which had to be provided by the cell tester
during these phases in order to keep the cell voltage constant. Due to electrochemical side
reactions within the cell, balancing processes between active and passive electrode areas
and a cell-specific self-discharge rate, the cell voltage declines with increasing time. The
floating currents compensate for these losses and thus, can contain valuable information
concerning the ongoing processes. The occurring floating currents are very low and exhibit
a high level of noise making it difficult to analyze the precise magnitude. However, clear
trends can be derived qualitatively, which will be described in the following.

Figure 8.1b, 8.1c and 8.1d show the floating currents of the first five days after the SOC
changes. Directly after the test start (marker A, see Figure 8.1b), the magnitude of the
floating currents varies greatly depending on the storage SOC. The cell starting at 90%
SOC requires higher currents for voltage control at the beginning, which flattens out with
increasing test time. The high current need is consistent with the results of the capacity
analysis showing both irreversible capacity loss and the PEE. After the change from 90%
to 20% SOC and also after the change back to 90%, the floating currents are at a constant
level. The SOC changes do not seem to initiate sudden aging processes, which supports
the assumption of high reversibility of the PEE described in the last chapter.

Interestingly, the cell that started the calendar aging test with 20% SOC exhibits a slightly
lower floating current on the first day compared to the following days. Whether this is
a measurement inaccuracy or, for example the effects of the PEE, cannot be clarified at
this point. However, after changing the SOC to 90% (marker B, see Figure 8.1c), the
floating currents are significantly higher at the beginning of the aging phase. The course
of the current is similar to that of the other cell at the beginning of the aging test (see
Figure 8.1b).

The results confirm that an increase from 20% to 90% triggers additional aging mechanisms.
As shown in Section 8.1, these mechanisms have a direct impact on the usable cell capacity.
Since the LTO limits the capacity of the examined cell in an unaged state, LAMNE must
be mainly responsible for the capacity reduction of 1% to 1.5%.

This material degradation, as illustrated in Figure 8.1d, does not occur repeatedly. There-
fore, it is assumed that a passivating surface layer is formed on LTO when its potential
drops below a critical threshold. The remarks made in the last chapter must be expanded
to the extent that a destinct formation of a passivating surface layer on lithiated LTO
already occurs at 60 °C.
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8.3 Impact of SOC changes on constant voltage phases

8.3 Impact of SOC changes on constant voltage phases

In Section 6.1.2 it has already been described that the capacities of the CV charging phase
can indicate the homogeneity of the lithiation state of the NMC material and thus can
confirm the existence of the PEE. Figure 8.2 gives an overview of the capacities of the CV
charging phase in the first capacity test of the check-up. The changes in the storage SOCs
clearly reveal that the measured capacities in the CV phase depend on the SOC during
the calendar aging phase. For the cell at initial 20% SOC, the CV capacity at marker B
rises sharply and reaches approximately the level of the cell at 90% SOC. For the cell at
90% SOC, the capacity decreases more slowly when changing from 90% to 20% SOC after
a peak in the following check-up. However, the difference in the capacities arising from
the SOC change is approximately identical for both cells.
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Figure 8.2: Capacities added in the CV phase of the CC-CV charge during the first capacity
test of the check-up. The SOC changes lead to voltage potential gradients
between active and passive electrode regions resulting in inhomogeneities in
the lithiation or delithiation process. These large gradients cause longer CV
phases identifiable by sharp rises and peaks. Based on the CV capacities a
reversibility is given after the formation of the passivation layer.

Interestingly, when switching to 20% SOC, both cells do not reach the CV capacities
measured for the storage SOC of 20% in the first 300 days of testing. This might be caused
by additional overvoltages that occur as a consequence of the surface layer formation
described above. Further, it is noticeable that after each change in SOC, the CV capacity
values sharply increase. Even with a SOC change from 90% to 20%, where a reduction of
the CV capacities is expected due to the PEE, the CV capacities first increase and then
decrease in the second check-up after the change. An explanation might be the degree of
inhomogeneity between the active and passive regions immediately after the SOC change.
At this point in time, the gradient of the voltage potential between the two areas is the
highest. During the following equalization processes, the middle and the outer active
electrode area experience the greatest voltage potential difference. The homogeneity of
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8 Extent of reversibility in calendar aging tests

the lithiation of the geometrically oversized electrode decreases significantly directly after
the SOC change. Thus, during charging and discharging phases the cell voltage limits are
reached earlier which requires more capacity to be charged within the CV phase.

8.4 Impact of SOC changes on incremental capacity
analyses

The reversible and irreversible capacity effects described in the previous sections are clearly
identifiable by ICA. Figure 8.3 shows the IC curves of the two cells with switched SOC.
Only the IC curves before and after the two SOC switches are shown. Major shifts are
particularly pronounced in the higher voltage range due to which this area is also shown
enlarged.

The IC curves of the cell initially aged at 20% SOC (Figure 8.3a) exhibit a distinct shift
with each SOC change. In particular, the first SOC change from 20% to 90% induces a
strong left shift of the curve due to both passivation and PEE. As expected, the irreversible
contribution to the shift remains until the end of the test, even after the PEE has decayed.

The results of the IC curves of the cell that started with 90% SOC (Figure 8.3b) indicate
minor lateral shifts. Since the strong irreversible capacity loss has already occurred at the
beginning of the aging test, this cell’s IC curve shifts are more gradual and reflect the slow
equalization process caused by the PEE. However, at the end of the test, the IC curve is
not completely congruent with the one before switching to 20% SOC (before B). On the
one hand, this could indicate that the equalization processes were not fully completed at
the end of the test. On the other hand, the 90-day aging phase at 20% SOC might have
led to a slight increase in capacity in higher voltage ranges (see Section 7.1).

A high degree of reversibility is confirmed by these ICA results. Nevertheless, due to
the high calendar robustness of the investigated NMC|LTO cells, the overall changes of
the IC curves are minor. Specifically, these minor aging-related changes cause an ICA to
be sensitive to misinterpretation. For example, unintended, longer rest periods prior to
check-ups might induce changes in the IC curves when the SOC during this time strongly
deviates from the SOC in the aging test. However, for the purpose of studying the impact
of PEE, the ICA provides a valuable method.

One question that could not be fully addressed by this experimental study relates to the
impact of the PEE in the course of ongoing cell aging. For an extended analysis, several
SOC changes at different aging states would have needed during the calendar aging test.
Due to the high calendar lifetime of the NMC|LTO cells such a test procedure could not
be accomplished within the course of this thesis. However, it can be expected that even
such a test could not completely resolve the raised question. Reason for this is the impact
of the PEE. As described in Section 6.1.2 and experimentally proven in Section 7.1, the
PEE changes the cell balancing between anode and cathode. Depending on the voltage
limits and the arrangement of the potential curves, the usable cell capacity is obtained.
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(a) 60 °C and 20% SOC
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Figure 8.3: Results of the ICA of the calendar aged 10 Ah NMC|LTO cells at 60 °C at a)
20% SOC and b) 90% SOC. Only IC curves are shown, which were obtained
from the qOCVs before and after the specific SOC changes (markers A, B,
C) and at the end of the test (left: complete IC curve; right: enlargement of
higher voltage range). Both reversible and irreversible shifts can be identified.
Overall, results of the ICAs exhibit a strong dependency on the previous aging
condition.

If the voltage potential curves of the active materials change over aging, this influences
the shift in cell balancing caused by the PEE. As shown in Section 7.2, the occuring
degradation effects, which for example depend on SOC, differ greatly in their effect on the
half-cell potentials and available capacity. Therefore, it can be assumed that the capacity
changes due to the PEE depend both on the initial cell balancing at begin-of-life and on
the aging state of the active materials in the aged cells. Thus, a general statement about
the intensity of the PEE for aged cells, even with experimentally tested SOC changes,
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becomes more difficult.

8.5 Conclusion of the extent of reversibility

To investigate the differentiation between reversible and irreversible capacity effects, the
routine of the ongoing calendar aging tests has been modified. Alternating back and forth
between storage SOCs pursued the goal to provoke the appearance of the PEE in order to
allow for a distinct analysis of the individual effects.

For the change from 20% to 90% SOC and vice versa, a similar reversible capacity change of
about 1.4% was observed. In addition, the test results show that the PEE is fully reversible.
Throughout the test period, the PEE is superimposed by irreversible aging effects that
both decrease (high storage SOC) and increase (low storage SOC) the capacity.

At high SOC, side reactions occur at the beginning of the aging test. These side reactions
were identified by analyzing the floating currents during calendar aging phases. It seems
that raising the SOC from 20% to 90% increases the degree of lithiation of the LTO
to a level where a surface layer is formed on the LTO. In addition, when the SOC is
repeatedly changed to 90%, the floating currents reveal that this surface layer formation
is non-recurring indicating a passivating effect. The capacity loss associated with this
material degradation is approximately 1% to 1.5%.

The evaluation of the charge capacities in the CV phases demonstrates the reversibility of
the PEE and impressively illustrates the effects of the PEE on the homogeneity of the
charge distribution within the cathode.

The experimental results of this chapter significantly improve the understanding of capacity
degradation of the investigated NMC|LTO cells as a result of calendar aging. Moreover, by
intentionally inducing the PEE, its impact on different methods applied for aging analyses
(capacity retention, floating currents, CV phases, ICA) has been revealed. Future studies
should take these implications into account when evaluating data obtained from such
methods.

Further studies are needed to investigate the origin of the surface layer formation and its
composition. Whether the formed surface layer is stable and whether it has a permanent
passivating effect, comparable to the SEI on graphite, is uncertain. More in-depth
knowledge of this surface layer could advance the optimization of LTO not only with
respect to aging behavior, but also with respect to the suppression of gassing reactions at
the electrode/electrolyte interface.
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Extending the 12 V vehicle electrical system by a 48 V voltage level offers automotive man-
ufacturers an attractive opportunity to improve the efficiency of conventional combustion
vehicles while maintaining existing vehicle architecture platforms. The requirements for
the 48 V lithium-ion batteries needed for such a system are very high, for instance related
to power capability, temperature stability and lifetime. However, due to the limited market
presence to date, specific load characteristics for such an application are not available.
This hinders effective product validation in the development process of 48 V batteries.

LTO-based cells represent promising candidates for use in 48 V systems due to their cell
chemistry specific properties. For this reason, this dissertation focused on such a cell
type (NMC|LTO). For application-specific measurements of this high-power optimized
lithium-ion cell, the arising battery loads in development vehicles with 48 V system were
characterized. For this purpose, driving data of more than 7000 km were analyzed and
characteristic as well as critical operating parameters of the 48 V battery were identified.

The 48 V battery data showed that the cells are exposed to temperatures ranging from
−20 °C to 70 °C. Due to the battery location in the engine compartment or the trunk,
average temperatures during driving are high. As indicated by small ∆DODs, current loads
are highly dynamic. In addition, high recuperation and boost currents occur, reaching
up to 24C (charging) and 30C (discharging). Given the high lifetime requirements for an
MHEV and the operating strategy implemented in the investigated vehicles, the lifetime-
relevant energy throughputs are expected to be very high. Assuming a vehicle lifetime
of 200,000 km, an energy throughput of up to 600 kWh or, related to cyclization, up to
27,000 equivalent full cycles can be expected at the cell level.

The obtained battery stress factors represented the basis for the application-specific
investigations of this dissertation. Serving as a set of requirements, they defined the
operating points which were used for both performance and aging analysis.

For a comprehensive benchmark analysis, the begin-of-life performance of the 10 Ah
NMC|LTO cells was compared to two other high-power optimized graphite-based cells
(16 Ah NMC|C, 20 Ah LFP|C). All three cell types showed outstanding electrical perfor-
mance (<1 mΩ, 1 s, 20% to 90%) at ambient temperatures greater than 10 °C. For a 12 V
lithium starter battery application, the LFP|C cell is particularly attractive due to its
discharge capability and characteristic operating voltage window. At all temperatures the
LFP|C cell offered almost SOC independent discharge performance as well as high capacity
and energy availability, positively contributing to the cold-start capability of the system.
Accurate battery state detection, which is necessary for reliable SOC and power predictions,
is impeded by the presence of pronounced voltage hysteresis. Here, the test results for the
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graphite-based cells showed a most pronounced hysteresis behavior, which depended on
cell balancing and declined with decreasing temperature. The NMC|LTO cell exhibited an
approximately constant and less pronounced hysteresis behavior. Its internal resistance
showed the lowest current dependency but increased strongly at low SOC. Due to the
high potential of the LTO material, the charge capability of the NMC|LTO cell at low
temperatures is significantly higher. Thus, higher recuperation currents and consequently
greater CO2 savings potential could be obtained in a 48 V system if NMC|LTO cells were
used.

A comprehensive calendar, cyclic and drive-cycle aging study was performed on NMC|LTO
cells. A total of 39 cells were tested, some of them for more than two years. Despite
high storage and cyclization temperatures up to 60 °C, the cells exhibited excellent cyclic
and calendar lifetimes. For calendar aging at 80 °C, gassing reactions occurring at both
high and low SOC were most critical for cell lifetime. The capacity loss during calendar
aging was strongly SOC-dependent. A major part of this SOC dependency was caused
by equalization processes between active and passive electrode regions. For the first
time, the underlying PEE was described for a cell with geometrically oversized cathode.
Using a descriptive explanatory model, it is illustrated that the PEE causes a shift in the
operating voltage potential of one or both electrode materials. This shift corresponds to a
change in cell balancing. Thus, depending on the potential curves and voltage limits, the
extractable cell capacity varies. The analysis of capacities in CV charge phases revealed
that equalization processes induced by the PEE lead to inhomogeneous lithiation of the
active material. These observations can be transferred to graphite-based electrodes and
highlight the increased risk of lithium plating in edge regions of the active area of the
graphite anode.

For cyclic aging, the dependency of both the loss in capacity and the internal resistance
increase on ∆DOD (mean SOC 55%) was most pronounced. However, for a 48 V application
with small ∆DODs, the rise in internal resistance during cyclization only slightly exceeds
those during calendar aging. Depending on the requirements of the high-power application,
the increase in internal resistance can be more lifetime-critical than the capacity loss.
Based on the conducted aging studies, it was concluded that the investigated cells are
well suited for a 48 V application and that these cells meet the vehicle relevant lifetime
requirements of 200,000 km.

Compared to the calendar aging at 60 °C, storing at 80 °C caused large capacity loss
(high SOC) as well as strong capacity increase (low and medium SOC). In-situ and
ex-situ investigations were performed to analyze these capacity effects and the material
degradation. Results of the ICA revealed a distinct initial shift of the IC curves caused by
the PEE arising at the beginning of the test. This demonstrates the influence of the PEE
on the cell balancing, which is reflected in a change of the characteristic OCV of the cell.
Thus, ICA is an effective technique for detecting a PEE. However, ICA results need to be
interpreted under consideration of such PEE induced shifts. Depending on the storage
SOC, degradation modes were observed during the aging process, mainly indicating LLI
and LAM at the positive electrode. The capacity enhancements were attributable to an
increase in capacity in higher voltage ranges.
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Further, cell opening followed by post-mortem investigation was performed on the aged
electrode material. The cell opening showed deterioration effects of active and passive cell
materials such as separator discoloration, increased separator cracking or staining of the
active materials. The separate measurement of the aged electrodes in half-cells showed
that the capacity loss at high SOC was mainly caused by material degradation of the
NMC. A capacity increase of the LTO at low SOC was confirmed at least for medium
SOC. The XPS measurements demonstrated a surface layer formation on both active
materials independent of SOC. Thickness of the surface layer rose with increasing SOC
and consisted mainly of organic decomposition products.

For an investigation of reversible and irreversible capacity effects at 60 °C calendar aging,
a PEE was intentionally induced in ongoing calendar aging tests by changing the storage
SOC. Based on the capacity retention, full reversibility of the PEE was demonstrated.
Switching the storage SOC from 20% to 90% and vice versa caused a PEE-induced change
in extractable capacity of 1.4%. In addition, when the storage SOC was increased from
20% to 90%, a irreversible capacity loss of 1% to 1.5% occurred. Analysis of the floating
currents for maintaining constant cell voltage revealed intensified side reactions at the
beginning of the storage phases following such a SOC change. These side reactions and
thus the capacity loss occurred only once even with repeated SOC changes during the
period under consideration. It can be assumed that the LTO material is responsible for
the capacity loss and that it is caused by the formation of a passivating surface layer.
These results illustrate that the electrolyte decomposes at the LTO surface despite the
characteristic LTO potential of 1.55 V.

The findings of this thesis provide multiple opportunities for future investigations. Shifts
in cell balancing caused by the PEE could be integrated into physico-chemical simulation
models. A spatially resolved accounting of the operating points on the potential curves of
anode and cathode could serve to minimize local lithium plating risk and to enhance cell
lifetime. In addition, this could improve the accuracy of the simulation of extractable cell
capacities. With electrode-resolved material degradation, the effects of PEE over lifetime
could be modeled and thus reversible capacity effects could be addressed in simulations.

The investigations of the aging behavior of the NMC|LTO cells have significantly extended
the understanding of the degradation processes. However, some peculiarities remained
unexplained within the scope of this thesis such as the observed SOC-dependent surface
layer formation on LTO. Additional material studies could aim at investigating the lithiation
process of LTO with respect to the critical decomposition potentials of the electrolyte.
Further, it is unclear whether the passivating surface layer has a permanent protective
effect and, if not, which operating points cause destruction/renewal of the surface layer. A
deeper understanding of the electrochemical processes involved could improve the excellent
lifetime of LTO-based cells even further and mitigate potential side reactions.

The aging results during calendar aging at low SOC reported in this thesis clearly revealed
that the increase in capacity grows with increasing storage temperature. An explanation
for this increase in capacity is needed. One hypothesis is that the gassing-induced pressure
inside the cell causes this observation. This could be examined by specific aging tests at
well-defined external pressure. Material investigations of these obtained LTO test samples
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could assess, for example, changes in the material porosity or the electrical contacting of
LTO particles.

The extensive investigations in this thesis emphasize the unique properties and attrac-
tiveness of the LTO technology and demonstrate its suitability for the use in 48 V vehicle
electrical systems. The obtained findings are transferable to other potential fields of
application, such as stationary energy storages or battery powered trains, and highlight
the need for further development of this battery technology.
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Glossary

∆DOD cycle depth

BEV battery electric vehicle
BSG belt-driven starter generator

C graphite
CAN controller area network
CC constant current
CC-CV constant current-constant voltage
CE coulombic efficiency
CV constant voltage

DC direct current
DMC dimethyl carbonate
DV differential voltage
DVA differential voltage analysis

EC ethylene carbonate
EE energy efficiency
EMC ethyl methyl carbonate

FHEV full hybrid electric vehicle

HEV hybrid electric vehicle
HF hydrofluoric acid

IC incremental capacity
ICA incremental capacity analysis
ICE internal combustion engine

LAM loss of active material
LAMdePE loss of active material at the positive electrode in the

delithiated state
LAMliPE loss of active material at the positive electrode in the

lithiated state
LAMNE loss of active material at the negative electrode
LAMPE loss of active material at the positive electrode
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Glossary

LFP lithium iron phosphate
LiF lithium fluoride
LiPF6 lithium hexafluorophosphate
LLI loss of lithium inventory
LMO lithium manganese oxide
LTO lithium titanate oxide

MHEV mild hybrid electric vehicle

NMC lithium nickel manganese cobalt oxide

OCV open circuit voltage

PC propylene carbonate
PE polyethylene
PEE passive electrode effect
PF5 phosphorus pentafluoride
PHEV plug-in hybrid electric vehicle
PP polypropylene

qOCV quasi-stationary open circuit voltage

SEI solid electrolyte interface
SEM scanning electron microscopy
SOC state of charge

XPS X-ray photoelectron spectroscopy
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Partial electrification of vehicles with conventional combus-
tion engines is an effective method to enhance efficiency and  
reduce CO2 emissions. One way of adding a so-called mild  
hybridization to existing vehicle architectures is to extend the 
conventional 12 V vehicle electrical system by a 48 V voltage 
level that contains a 48 V lithium-ion battery.

A promising anode material for such a battery is lithium titan-
ate oxide (LTO), which possesses several outstanding material 
properties including high-power capability, inherent safety and 
excellent lifetime performance. Extensive scientific studies on 
mass-produced LTO-based cells are rare, resulting in a lack 
of essential information on performance and aging behavior of 
LTO-based cells. 

Based on characteristic 48 V battery operating conditions this 
thesis addresses this knowledge gap. It assesses the suitability 
of an LTO-based cell type for low voltage vehicle systems by 
reporting essential performance and aging characteristics. 

The investigated LTO-based cells show excellent power ca-
pability and cycle stability, even at high ambient temperatures 
and high current rates, and meet the vehicle relevant lifetime 
requirements of 200,000 km. The calendar aging behavior is 
strongly dependent on temperature and state of charge. This 
can be attributed to both reversible capacity effects caused 
by an overhang of the electrodes as well as irreversible aging 
mechanisms such as (passivating) surface layer formation and 
gas formation.
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