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Abstract

The aging behavior of lithium-ion cells significantly defines their economic and sustainable usage. In
particular, the transition from an early stage, linear to a later stage, nonlinear aging behavior is an
ongoing research topic for designing and operating lithium-ion cells. The presented thesis investigates
the linear and nonlinear aging based on laboratory experiments of industrially manufactured 18650-type
lithium-ion cells composed of graphite as the negative electrode and lithium-nickel-cobalt-manganese-
oxide as the positive electrode. The aging experiments reveal the impact of different operating strategies
with varying charging currents, discharging currents and resting times. By means of electrochemical
analysis and in-situ neutron diffraction, the underlying aging mechanisms are determined and the
crystalline phases and lattice parameters of the negative and positive electrodes’ active materials
are characterized. For both linearly- and nonlinearly-aged cells, the loss of lithium inventory is the
dominant degradation mode while the capacity loss in the edge area of the electrodes increases with
ongoing aging. To describe the aging behavior, a physicochemical model is developed considering
the dominant side reactions of solid electrolyte interphase (SEI) formation, SEI re-formation, lithium
plating and lithium stripping. While SEI re-/formation defines linear aging, the onset and slope of

nonlinear aging is simulated based on the ratio of reversibly and irreversibly plated lithium.






Kurzfassung

Das Alterungsverhalten von Lithium-Ionen-Zellen bestimmt mafigeblich deren wirtschaftlichen und
nachhaltigen Einsatz. Vor allem der Ubergang von einem anfangs linearen zu einem spéteren nicht-
linearen Alterungsverhalten ist im Fokus der aktuellen Forschung bei der Auslegung und dem Betrieb
von Lithium-Ionen-Zellen. Die vorliegende Arbeit untersucht die lineare und nichtlineare Alterung
anhand von Laborexperimenten von industriell gefertigten Lithium-Ionen-Zellen der Bauform 18650
mit Graphit als negative Elektrode und Lithium-Nickel-Kobalt-Mangan-Oxid als positive Elektrode.
Die Alterungsexperimente zeigen den Einfluss unterschiedlicher Betriebsstrategien mit verschiedenen
Ladestromen, Entladestromen und Ruhezeiten. Mit Hilfe elektrochemischer Analyse und in-situ
Neutronendiffraktometrie werden die zugrunde liegenden Alterungsmechanismen bestimmt und die
kristallinen Phasen und Kristallgitter der Aktivmaterialien der negativen und positiven Elektrode
charakterisiert. Fiir sowohl linear als auch nichtlinear gealterte Zellen ist der Verlust des zyklisier-
baren Lithiums die Hauptalterungsform, wéhrend der Kapazitédtsverlust in den Randbereichen der
Elektroden mit fortschreitender Alterung zunimmt. Um das Alterungsverhalten abzubilden, wurde ein
physikalisch-chemisches Modell entwickelt, das die vorherrschenden Nebenreaktionen wie die Bildung
der Solid Electrolyte Interphase (SEI), die SEI-Neubildung sowie die Abscheidung und die Auflésung
von Lithium berticksichtigt. Wihrend die SEI-Neu-/Bildung das lineare Alterungsverhalten bestimmt,
wird das Einsetzen und der Verlauf der nichtlinearen Alterung durch das Verhéltnis von reversibel und

irreversibel abgeschiedenem Lithium beschrieben.
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1 Introduction, Objectives and Thesis Outline

Lithium-ion batteries are nowadays the most important battery energy storage technology. They are
widely used both in mobile and stationary applications, such as consumer electronics, electric vehicles,
and grid operations. The economic and sustainable usage of lithium-ion batteries is mainly defined by
their aging behavior. Therefore, the determination, estimation and prediction of a battery’s state of
health (SOH), remaining useful life (RUL) and end of life (EOL) are current challenges.

In general, aging of lithium-ion batteries means the loss of capacity and the increase of impedance
that results in a decrease in energy density and power capability [1-4]. The aging characteristic of
lithium-ion batteries depends on the cell chemistry, their design and format, the operation mode which
results in various stress conditions, the external thermal and mechanical boundary conditions and the
underlying degradation mechanisms. Depending on these influencing variables, lithium-ion batteries
can last up to several thousands of (partial) cycles as well up to some years [5-7]. The aging behavior
can either be decelerated or accelerated as well as almost linear or nonlinear. Especially the transition
from linear to nonlinear aging decides on first life and possible second life applications as well as the

recycling of lithium-ion cells [8-13].

The aging of lithium-ion cells has been a major field of research for years. Studies cover a wide range
of methods such as aging experiments, characterization measurements and modeling. The aim of this
thesis is to investigate the linear and nonlinear aging behavior of lithium-ion cells. This also includes

the transition from an early stage, linear to a later stage, nonlinear aging behavior.

Objectives

For the experimental and simulative investigation of the linear and nonlinear aging of lithium-ion cells,

the following objectives and tasks have been set for this thesis:

1. Perform aging experiments on commercially produced lithium-ion cells under varying testing

procedures considering linear and nonlinear aging

2. Experimentally investigate the underlying aging mechanisms of linearly and nonlinearly aged

lithium-ion cells

3. Develop physicochemical side reaction models for solid electrolyte interphase (SEI) re-/formation,

lithium plating and lithium stripping

4. Develop a physicochemical aging model considering the transition from linear to nonlinear aging
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Thesis outline

The thesis is structured as depicted in Figure 1.1.

Chapter 2 introduces the fundamentals of lithium-ion cell aging, the underlying aging mechanisms and
degradation modes, an overview of the methods for aging mechanism characterization, the definition

of linear and nonlinear aging and finally the modeling of lithium-ion cell aging.

The applied methodology is presented in Chapter 3 and comprises the investigated lithium-ion cells,
electrochemical analysis and neutron diffraction to experimentally characterize aging mechanisms as
well as physicochemical modeling to simulate side reactions and their interaction — all applied to linear

and nonlinear aging.

In Chapter 4, the aging mechanisms of linearly aged cells are experimentally revealed with electrochem-
ical analysis and neutron diffraction. A physicochemical aging model considering SEI formation and
re-formation is developed and correlated with the experimental results. The chapter references the sci-
entific paper Aging in 18650-type Li-ion cells examined with in-situ neutron diffraction, electrochemical

analysis and physico-chemical modeling [14].

An advanced physicochemical aging model considering SEI formation and re-formation and distinguish-
ing between an electronic and an ionic conductivity of the SEI is shown in Chapter 5. This approach
introduces the possibility to adapt the model to capacity as well as power fade. The scientific paper A
SEI Modeling Approach Distinguishing between Capacity and Power Fade [15] is the reference of this
chapter.

Chapter 6 references the scientific paper Modeling of lithium plating and lithium stripping in lithium-
ion batteries [16] that presents a physicochemical model considering both lithium plating and lithium
stripping side reactions. The model simulates reversible lithium plating as well as a characteristic

voltage plateau due to lithium stripping and correlates with experimental data.

An aging study resulting in both linearly and nonlinearly aged cells is presented in Chapter 7. The
cells and their underlying aging mechanisms are characterized by electrochemical analysis and in-
situ neutron diffraction. The chapter references the scientific paper Linear and Nonlinear Aging of
Lithium-Ion Cells Investigated by FElectrochemical Analysis and In-Situ Neutron Diffraction [17].

In Chapter 8, a physicochemical aging model with SEI formation and re-formation, lithium plating
and lithium stripping side reactions is presented. The model considers the transition from an early
stage, linear to a later stage, nonlinear aging behavior. The chapter references the scientific paper

Electrochemical Modeling of Linear and Nonlinear Aging of Lithium-Ion Cells [18].

The thesis completes with a conclusion and an outlook in Chapter 9.
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Figure 1.1: Structure of the thesis. It shows in which chapters of the main part either linear or nonlinear
aging or both are investigated experimentally or simulatively.






2 Fundamentals of Lithium-lon Cell Aging

The following chapter gives an overview of the underlying aging mechanisms in lithium-ion cells, the
methods to characterize those, the definition of linear and nonlinear aging and the state of the art of

modeling lithium-ion cell aging.

2.1 Aging mechanisms in lithium-ion cells

In addition to the citations given, the following overview of aging mechanisms in lithium-ion cells is
based on the reviews and publications by Agubra et al. [19; 20], Arora et al. [1], Aurbach et al. [21;
22], Birkl et al. [3], Broussely et al.[23], Edge et al. [4], Hausbrand et al. [24], Verma et al. [25], Vetter
et al. [2] and Waldmann et al. [26].

Aging of lithium-ion cells in general means the loss of capacity and the increase of impedance that
results in a decrease in energy density and power capability. These aging effects are caused by the
degradation modes of the loss of lithium-ion inventory (LLI), the loss of active material (LAM) in the

negative electrode and the LAM in the positive electrode.

For the LLI degradation mode, lithium ions are consumed by parasitic side reactions such as SEI for-
mation and re-formation, electrolyte decomposition or lithium plating and thus are no longer available
for the charge transport between the negative and positive electrode during cycling. The LAM in the
negative electrode indicates that the active material of the negative electrode is no longer available for
the de-/intercalation of lithium ions due to particle cracking and loss of electrical contact or blocking
of active surfaces by resistive layers. Similarly, the LAM in the positive electrode means that the active
material of the positive electrode is no longer available for the de-/intercalation of lithium ions due to
structural disordering, particle cracking or loss of electrical contact. The described degradation modes

can lead to either capacity or power fade or both. [3]

Figure 2.1 depicts the most commonly reported aging mechanisms in lithium-ion cells and their inter-

dependencies. In the following, the main aging mechanisms are presented in more detail.

Solid electrolyte interphase formation is one of the most dominant side reactions in lithium-ion cells
and describes the reduction of the electrolyte, resulting in a passivation layer on the negative electrode’s
surface [27]. This passivation layer decreases the negative electrode’s surface area and porosity. Both
lithium metal and graphite electrodes suffer from SEI growth as their operating window exceeds the
thermodynamic stability window of the electrolyte [4; 28]. During the first cycles of a lithium-ion cell,
the initial SEI is formed resulting in a LLI of approximately 10 % that is considered beforehand while
designing the cell and balancing the electrodes. The more the negative electrode is covered by the SEI
passivation layer, the slower the additional SEI growth becomes. However, SEI formation never stops
as it does not possess ideal properties, which would be a maximum conductivity for lithium ions and

an insulating conductivity for electrons.
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Figure 2.1: Schematic of aging mechanisms in lithium-ion cells. Figure taken from Birkl et al. [3].

Depending on the electrolyte mixture, which is composed of electrolyte salt, solvent and additives, var-
ious decomposition products have been observed within the SEI, such as lithium fluoride (LiF), lithium
oxide (LipO), lithium carbonate (LizCOs), lithium methyl carbonate (LiOCO3CH3) and lithium ethy-
lene dicarbonate ((LiOCO2CHas)a) [4; 29].

Equivalently, the cathode oxidizes the electrolyte, exceeding its thermodynamic stability window and

forming the so-called cathode electrolyte interphase (CEI).

Solid electrolyte interphase re-formation is caused by either cracking of the layer itself or exposing
new and non-passivated surfaces on the negative electrode during graphite expansion. In comparison
to the SEI formation that inhibits itself over time, the SEI re-formation side reaction is unaffected by

any transport limitations through the film.

Lithium plating describes the side reaction where metallic lithium is formed on the surface of the
negative electrode instead of intercalating into it [4]. The literature distinguishes, on the one hand,
thermodynamic plating [13] where the surface of the negative electrode is fully lithiated and therefore
lithium deposits. On the other hand, kinetic plating [30; 31] is the favored side reaction compared to
the main reaction due to a high polarization. This high polarization is mainly caused by high charging
currents at low temperatures and a high state of charge (SOC) [32-34]. However, even at moderate
temperatures and charging rates, and due to temperature gradients and mechanical stress inside the
cell, inhomogeneous current and potential distributions may cause lithium plating [35-37]. On the one
hand, plated lithium can irreversibly react with the electrolyte forming additional SEI [4; 13]. On the
other hand, lithium plating is partly reversible as long as the metallic lithium has an electrical contact
to the active material of the negative electrode [38]. SEI re-/formation or lithium stripping can lead
to plated lithium getting electrically disconnected which is then called dead lithium. Waldmann et
al. [13] classify the terminology of lithium deposition and distinguish between homogeneous lithium

plating and inhomogeneous, local or marginal, lithium deposition.



2.2 Methods for aging mechanism characterization

Lithium stripping is the reversible reaction of lithium plating which partly dissolves the plated lithium
as soon as the overpotential becomes positive vs. Li/Lit. In the literature, a distinction is made
between two different reversible processes that are lithium stripping during a subsequent discharge

and chemical intercalation during relaxation [13].

Particle fracture is caused by the significant volume change and resulting strain and stress in the
electrodes’ active materials during de-/intercalation of lithium [39; 40]. As a consequence, the electrical
contact between active material particles, conductive additives and the current collector can be lost
which results in a loss of the electronic conductivity [4]. Furthermore, particles can break into isolated
islands and active material can get separated from the rest of the particle [41]. Subsequently, the cell
exhibits a LAM and a LLI due to SEI and CEI re-formation. Especially, active materials with a high
theoretical specific capacity like silicon reveal substantial volume changes and provoke severe particle

fracture [4].

Positive electrode structural change and decomposition comprises phase changes, oxidation of
lattice oxygen, electrolyte decomposition and loss, transition metal/Li+ site exchange, acid attack
and CEI formation leading mainly to LAM but also to LLI. The degradation mechanisms are highly
dependent on the positive electrode’s chemistry. Currently, various transition metal oxide materials
are used which are divided into layered oxides such as lithium nickel manganese cobalt oxide (NMC)
and lithium cobalt oxide (LCO), spinels such as lithium manganese oxide (LMO), and phospho-olivines
such as lithium iron phosphate (LFP). [4]

2.2 Methods for aging mechanism characterization

There are various methods to characterize aging mechanisms and their underlying chemical, physical
and mechanical processes. In general, a distinction is made between in-situ and ex-situ experiments.
In-situ refers to measurements that are performed on materials in their original position, i.e. without
disassembling the battery [42]. Ex-situ measurements involve cell opening and sample preparation.
Major drawbacks of ex-situ measurements — also known as post-mortem analysis — are the high risk of
altering or contaminating samples as well as the fact that cells can’t be operated any further [26; 42;
43].

The most commonly used techniques are X-ray techniques, scanning probe microscopy, electron mi-
croscopy, optical techniques, magnetic (resonance) techniques and neutron techniques [42]. However,
the metal casings of lithium-ion cells are generally impenetrable for electromagnetic waves, magnetic
fields and electrons. Therefore, special cells including transparent windows are required for most

spectroscopy and microscopy techniques [43; 44].

Electrochemical analysis such as electrochemical impedance spectroscopy (EIS) are applied for imped-
ance analysis and to determine the cell’s internal, SEI and charge transfer resistances. A wide frequency
range can be assigned to examine the cell’s ohmic, capacitive and inductive behavior. Depending on the
excitation signal, a distinction is made between potentiostatic electrochemical impedance spectroscopy
(PEIS) and galvanostatic electrochemical impedance spectroscopy (GEIS). Most techniques in electro-

chemistry are potentiostatic, which means the potential is controlled and the current is measured. In
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contrast, the current is controlled and the potential is measured during GEIS.

Differential voltage analysis (DVA) and incremental capacity analysis (ICA) are applied to investigate
degradation mechanisms [11; 34; 45-47]. Distinctive material markers refer to phase changes of the
negative or positive electrode and reveal the degradation modes of LLI, LAM in the negative electrode

or LAM in the positive electrode.

X-ray techniques comprise X-ray diffraction (XRD), X-ray absorption spectroscopy, X-ray tomo-
graphic microscopy and others. XRD is the most commonly used method in battery research and is
based on the scattering of X-rays by periodically spaced atoms in a crystal, producing a diffraction
pattern that yields information about the crystallographic structure. The method is used to monitor

the structural evolution in an electrode as the electrochemical (aging) processes take place. [42]

Microscopy comprises scanning probe microscopy such as scanning electron microscopy (SEM), elec-
tron microscopy such as transmission electron microscopy and optical microscopy such as Raman
spectroscopy. These methods are applied for direct visual measurements to investigate and compare

surface morphologies. [42]

Neutron techniques comprise neutron diffraction (ND), neutron reflectometry, neutron radiography
and neutron depth profiling [42; 48]. ND is the most used method and applied to investigate the atomic
structure, lattice parameters and particle size of crystalline anode (e.g. graphite) and cathode active
materials (e.g. spinels, layered metal oxides or phospho-olivines) [43]. Compared to XRD, ND shows
a much higher sensitivity for light elements like lithium — especially in the vicinity of heavy elements —

and is much more suitable for large cell formats due to the higher penetration depth of neutrons [43].

However, due to the difficulty in measuring neutron diffraction, only a few studies have been published
so far. Dolotko et al. [49] investigated cell fatigue of linearly-aged commercial C/LiCoOs cells at
25°C and 50 °C, and observed a loss of mobile lithium due to SEI formation. This result is confirmed
by Shiotani et al. [50] and Paul et al. [14] for 18650-type C/LiNig 33Mng 335Co00.3302 cells. Paul et
al. [43] also showed that LLI was the dominant aging mechanism for aged cells composed of different
anode active materials such as mesocarbon microbeads and needle coke and an LFP-based cathode.
Inhomogeneous lithium distribution affected by cell fatigue is shown by Cai et al. [51] and Miihlbauer
et al. [52]. Furthermore, Zinth et al. [38] and von Liiders et al. [53] investigated chemical intercalation
through changes in LiCg and LiCy2 peak intensities during a rest time immediately after severe lithium

deposition at low temperatures.
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2.3 Modeling of lithium-ion cell aging

Lithium-ion cell models are used in a variety of applications ranging from cell design, electrode bal-
ancing, state estimation and prediction to describe and manage operating behavior. Cell models can
be based on electrode models including material level and can be scaled to module, pack and system
models. Ideally, simulation models require little parametrization effort, run very fast and provide very
accurate results. Holistic models describe the cell’s electrical, thermal and aging behavior including

their interdependencies.

The literature distinguishes between first-principle, electrochemical, empirical, and machine learning
models [4; 54; 55]. These model classes differ in terms of parametrization, simulation and validation
effort, computational demand and predictability, and are appropriate for the simulation on different

time and length scales.

First-principle models describe electrochemical effects on an atomic or molecular scale based on
physical equations. Examples are the modeling approaches of molecular dynamics, density functional
theory, and kinetic Monte Carlo. These models are used to investigate surface phenomena and inter-
facial chemistry. [56-59]

Electrochemical models also known as physicochemical models, describe surface and molecule pro-
cesses in a phenomenological manner whereas the particle and electrode domain is described mecha-
nistically. These models simulate cell characteristics including the main de-/intercalation as well as
the side reactions based on electrochemical kinetics and transport equations. The best known electro-
chemical model is the pseudo two-dimensional (P2D) model developed by Newman and his co-workers
Doyle and Fuller [60-63]. It applies the theory of porous electrodes and the theory of concentrated
solutions [63; 64]. On the one hand, the model is computationally intensive, but on the other hand,
it represents a very accurate model of lithium-ion cells. To reduce the computational time, the single
particle model (SPM) was introduced as a simplification of the P2D. This model considers only one
single particle per electrode and neither considers a spatial representation along the electrode nor of
the liquid phase [65]. Therefore, the SPM is less accurate than the P2D model.

Empirical models describe the cell’s behavior based on mathematical equations fitted to experimental
data. The well-known (semi-)empirical equivalent circuit model (ECM) is parametrized on electrical,
thermal and aging experiments to estimate and predict current and future states such as the state
of charge (SOC) and the SOH. The advantages of these models are the simple implementation and
fast computation. However, the disadvantage is that they can only describe a previously determined
and implemented behavior. One should notice that the abbreviation ECM can be misleading as it is

sometimes also used to abbreviate the term electrochemical models.

Machine learning models train the correlation between inputs and outputs — often also referred to as
features and labels. Examples are methods of artificial intelligence like neural networks. These models
need a lot of varied data. The model training can be computationally intensive, but applying the
model can be very fast. Data-driven aging models, for instance, can get trained on the cell’s current,

voltage and temperature profiles in order to predict the capacity fade. [66-71]



2 Fundamentals of Lithium-Ion Cell Aging

State of the art of physicochemical aging modeling

In the following, the state of the art of physicochemical aging and side reaction modeling of lithium-ion
cells — focusing on SEI re-/formation, lithium plating and lithium stripping — is presented chronologi-

cally:

Arora et al. [1; 72] introduced a mathematical model of lithium deposition on the negative electrode
during overcharge of lithium-ion batteries. They described the side reaction by using a Butler-Volmer
equation and — as firstly described by Doyle at al. [73] — included a passivating film growth on the
graphite particles due to deposited lithium and the SEI forming decomposition product LioCOs. The
authors investigated lithium deposition and surface film growth under various operating conditions,

cell designs and charging protocols.

Safari et al. [74] also presented a physicochemical aging model considering the growth of a SEI as the
source of capacity fade. The rate of the SEI film growth depends on both solvent diffusion through

the SEI film and solvent-reduction kinetics at the carbon surface.

Hein, Latz and co-workers [75; 76] introduced an electrochemical model that considers both lithium
plating and lithium stripping. Their model shows a characteristic voltage plateau during discharge
due to the dissolution of reversibly plated lithium. Furthermore, their 3D microstructure modeling

approach reveals the most probable position for lithium plating [77].

Tang et al. [78] investigated the effect of lithium deposition on the electrode edges caused by local
overpotentials. Under the assumptions of their model, an extension of 0.4 mm was sufficient to prevent

the onset of lithium deposition after the cutoff potential was reached.

Legrand et al. [30] investigated lithium plating through charge transfer limitations that occur at short-
time scales. However, diffusion limitations in the solid insertion compound occur at long-time scales

and have not been examined.

Tippmann et al. [32] built up an electrochemical model that considers lithium plating for low-tempera-
ture charging. Their experimental results on degradation qualitatively correlate with the modeled

anode potential.

The modeling of mechanical degradation in lithium-ion batteries during cycling based on SEI fracture
is presented by Laresgoiti et al. [79]. In their model, SEI can break exposing active material to the

electrolyte, leading to additional SEI layer formation.

A lithium plating model at subzero temperatures was introduced by Ge et al. [80] and validated by
nuclear magnetic resonance (NMR) measurements. They showed that the lithium plating side reaction

could occur even at low SOCs.

Yang et al. [12] presented an aging model considering SEI growth and lithium plating based on cathodic
Tafel equations. While the anode porosity decreases during cycling, lithium plating exponentially
increases and causes accelerated capacity loss and resistance rise. In a further work, Yang and co-
workers [31] extended their model considering lithium stripping to model the characteristic voltage
plateau during relaxation or discharge after severe lithium deposition. Differential voltage analysis
assesses the amount of deposited lithium. This model is focused on one charging/discharging cycle

and does not consider long-term cycling or aging.

Ren et al. [81] also modeled the characteristic voltage plateau due to lithium plating and lithium

stripping side reactions at low temperatures. Differential voltage analysis is used as quantitative,
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2.4 Linear and nonlinear aging

non-destructive lithium plating detection.

Xu et al. [82] modeled the effect of dead lithium on the cell’s capacity and voltage. The dead lithium

is modeled as an additional layer which restricts the transport of lithium ions.

Zhao et al. [83] modeled degradation considering lithium plating and lithium stripping side reactions
at subzero ambient temperatures and used differential voltage analysis to calculate the amount of

reversible lithium dissolution.

Finally, Miiller et al. [84] investigated the influence of different porosity profiles in the graphite elec-
trode on the battery’s aging by two irreversible side reactions at the anode, namely SEI formation and

lithium plating.

The state of the art SEI modeling approaches reveal no distinction between the transport of lithium
ions, on the one hand, and electrons through the SEI, on the other hand. The models result in only one
ohmic drop for the driving potential for both the main de-/intercalation and the SEI side reactions. The
ideal SEI properties of a maximum conductivity for lithium ions (kggr) and an insulating conductivity

for electrons (oggr) are not represented. Therefore, capacity and power fade are inextricably connected.

Lithium plating and lithium stripping models describe the characteristic voltage plateau during re-
laxation or discharge after severe lithium deposition. These models simulate only few cycles but no

long-term cycling aging behavior.

A long-term cycling aging model considering SEI and lithium plating side reactions is presented by
Yang et al. [12]. Their model also describes the transition to a nonlinear aging behavior. However,
the lithium plating side reaction is modeled by a cathodic Tafel equation. Based on this modeling
approach, lithium plating even takes place at positive overpotentials vs. Li/Li+. To the best of our
knowledge, no electrochemical long-term cycling aging model considering SEI, lithium plating and
lithium stripping side reactions was presented so far showing the transition from an early stage, linear

to a later stage, nonlinear aging behavior.

2.4 Linear and nonlinear aging

Figure 2.2 shows the aging behavior in terms of capacity loss of a commercial 18650-type
C/LiNip 33Mng 33C00.3302 lithium-ion cell. The curve corresponds to the testing procedure #2 of
the aging experiment in the publication Linear and Nonlinear Aging of Lithium-Ion Cells Investigated
by FElectrochemical Analysis and In-Situ Neutron Diffraction (see Table I and Figure 2) that is shown
in Chapter 7.

Although the aging behavior depends on various factors such as cell chemistry, cell design and format,
operating mode and stress conditions, external thermal and mechanical boundary conditions as well
as underlying degradation mechanisms, an aging characteristic as presented here is very common. The
formation of the initial SEI causes the degradation mechanism of LLI and the initial phase of aging.
Thereafter, the cell ages moderately resulting in a square-root-shaped capacity loss over equivalent
full cycles (EFCs). The degradation rate even decelerates until a turning point is reached where
it accelerates again afterwards. A transition point marks an exceeding degradation rate which is
approximately 0.5 %o capacity loss per EFC in this example. After this transition point, the degradation
rate increases further and more strongly until the EOL criteria is reached at 80 % SOH. Although
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Figure 2.2: Linear and nonlinear aging behavior.

an EOL is often defined at 80 % SOH, no uniform standards exist so far [47]. This might result
from different requirements on the performance of a battery depending on its application, which also
demands a certain power capability next to the remaining capacity. Therefore, there are further EOL
definitions such as 70 % SOH.

Overall, the aging behavior can be separated into an early stage, linear and a later stage, nonlinear
aging [11]. The former indicates decelerating and moderately accelerating degradation rates, whereas
the latter describes strongly accelerating degradation rates. Similar to the EOL, no standardized
definition of linear and nonlinear aging exists, although these terms are often used in the literature [8—
10; 12]. In this thesis, we define the early stage, linear aging from the cell’s begin of life (BOL) to
the transition point and the later stage, nonlinear aging from the transition point until the EOL is

reached. We are aware that the linear aging does not coincide with a straight line.

Regardless of a first life or possible second life application, lithium-ion cells should age until their EOL

is reached without a transition into a nonlinear aging behavior.

Schuster et al. [8; 9] presented aging experiments for different operating conditions and observed the
transition to nonlinear aging. They suggested lithium deposition being the reason for the transition
from linear to nonlinear aging. The lithium plating side reaction itself is caused by reduced kinetics
of the graphite anode as a result of SEI growth and loss of graphite active material. A delay or even
avoidance of nonlinear aging is suggested by operating the battery in optimum temperature, voltage

and current windows. [8; 9; 13]

Bach et al. [10] investigated the same cell type as Schuster et al. [8; 9] by post-mortem analysis. They
performed aging experiments at 20 °C with different charging and discharging currents. Uncycled as
well as linearly and nonlinearly aged cells were disassembled and analyzed by XRD measurements.

The authors found lithium loss and lithium excess and concluded that the main mechanism of capacity
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2.4 Linear and nonlinear aging

loss originates from lithium which cannot be extracted from the anode, lithium which is bound in the
SEI and lithium which has been deposited on the anode. They concluded that in case of accelerated
capacity fade, local lithium deposition starts in unevenly compressed areas and then spreads over the
whole anode of the cell. [13]

Ansedn et al. [11] showed in-situ lithium plating analyses for a commercial C/LFP cell cycled under
dynamic stress test. ICA and mechanistic model simulations were used to quantify the degradation
modes and to relate their effects to lithium plating. They concluded that lithium deposition starts to

become irreversible at the turning point of sudden capacity drop. [11; 13]
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3 Methodology

The following chapter describes the investigated cells used in the aging experiments, the methods of
electrochemical analysis and neutron diffraction to experimentally investigate the aging mechanisms

and the physicochemical modeling of lithium-ion cells.

3.1 Investigated cells

In this thesis, we investigated mainly commercially produced lithium-ion cells. These are Sanyo
UR18650E (see also Chapter 7 and Chapter 8), Samsung ICR18650-22F (see also Chapter 5) and
Molicel IHR18650A (see also Chapter 6). Partly, we also tested lithium-ion cells manufactured under
commercial standards (see also Chapter 4) in a joint venture between the Volkswagen and VARTA
Microbattery companies. All cells have a cylindrical 18650 format. In general, these cells are composed

of graphite as the anode and LiNig 33Mng 33C00.3302 as the cathode.

Table 3.1 exemplarily shows the specifications based on the datasheet of the investigated cell Sanyo
UR18650E [85].

Table 3.1: Specifications of the lithium-ion cell Sanyo UR18650E [85].

Parameter Symbol Value
Nominal capacity CN 2.05 Ah
Nominal voltage Un 3.6V
End-of-charge voltage Ucn 4.2V
End-of-discharge voltage Uqden 2.75V
Standard charging current Ioh std 1.435A
Temperature range charge Tamb,ch 0 to 40°C
Temperature range discharge Thmb,dech  —20 to 60°C
Temperature range storage Tamb sto —20 to 50°C
Mass m 445¢g
Gravimetric energy density Egrav 165 Whkg ™!
Volumetric energy density Eol 443 Wh1™!

3.2 Aging experiments

To perform the aging experiments, we used battery test systems (e.g. BaSyTec CTS) and environmental
chambers (e.g. Binder MK 53) to keep the temperatures steady. The cells were cycled with synthetic
charging/discharging cycles considering varying stress conditions (e.g. charging currents, discharging
currents and resting times). The detailed testing procedures including information on constant current

(CC) and constant voltage (CV) steps, charging and discharging cutoff currents and voltages as well
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3 Methodology

as resting times are presented in the Chapters 4 and 7. We tested at least three cells for every
test procedure, except for the aging experiment shown in Chapter 4. At the beginning of the aging
experiments and after a certain number of cycles (e.g. 100), checkup tests were performed to determine

the cells’ capacity and internal resistance.

3.3 Electrochemical analysis

We applied electrochemical analysis to determine the capacity loss and resistance increase. Addition-
ally, we obtained DVA to investigate the underlying degradation mechanisms [17; 45]. Figure 3.1
exemplarily shows the measured differential voltage during aging. The figure depicts distinctive ma-
terial markers that are phase changes of the lithiated graphite. According to Winter et al. [86], the
first one shows the transition from phase III4+IV to phase II4+IIL and the second from phase II+IIL
to II+I. As these markers do not shift and Q¢ remains constant, anode active material loss cannot
be confirmed. Distinctive material markers that refer to the cathode cannot be assigned in the DVA
curves. The absolute irreversible capacity loss Qe at the remaining material markers of the anode

reveal a loss of lithium inventory as the dominant aging mechanism in this example.
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Figure 3.1: Measured differential voltage curves during aging.

Furthermore, we carried out EIS for impedance analysis and to determine the cell’s internal, SEI and

charge transfer resistances using a Biologic VMP3 potentiostat.

The electrochemical analysis is performed as a cross-validation of and in addition to the neutron

diffraction results.

3.4 Post-mortem analysis

We used SEM to qualitatively investigate and compare the surface morphology of the electrodes from
cycled and uncycled cells. We obtained images using a benchtop scanning electron microscope (JCM-
6000, JEOL Ltd., Japan) with an acceleration voltage of 15kV at Prof. Dr. Hubert A. Gasteiger’s

Chair of Technical Electrochemistry at the Technical University of Munich. In preparation for the mea-
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3.5 Neutron diffraction

surements, the cells were opened in a glove box (M. Braun Inertgas-Systeme GmbH, Germany) under
an argon atmosphere, subsequent to the aging experiment. To consider the effects of inhomogeneous

aging, we punched out electrode samples at different positions along the electrode.

3.5 Neutron diffraction

The neutron diffraction experiments in this thesis were performed using a Debye—Scherrer geometry
under ambient conditions at the high-resolution powder diffractometer SPODI at the Heinz Maier-
Leibnitz (FRM II) research reactor in Garching, Germany [87-90].

The high-resolution powder diffractometer SPODI is designed for structure solution and Rietveld
refinement of structural parameters on crystalline powders. The instrument is characterized by a very
high monochromator take-off angle of 155° with a detector array consisting of 80 position sensitive
detector tubes. The sample environmental device enables lithium-ion cells to be measured in a rotating
cell holder. [87-90]

Figure 3.2 a) shows the schematic of the instrument and the setup of the experiment. Neutrons with
a wavelength of 0.1548 nm were incident on a rectangular cross section of 40 mm x 30 mm of the cell

center, as shown in Figures 3.2 b) and c).
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Figure 3.2: a) Schematic of high-resolution powder diffractometer SPODI and setup of neutron diffrac-
tion experiment, b) rectangular cross section of 40 mm height, illuminated by neutron beam,
and c) schematic of electrode geometries of the investigated cell.

The top and bottom of the cell (approx. 25mm in total) were not illuminated by the neutron beam,
to avoid noisy signals from the cell holder and safety protection circuitry. A neutron detector ar-
ray consisting of 80 vertical position-sensitive detectors with a Soller collimator in front of each, see

Figure 3.2 a), recorded the neutrons scattered by the cell [87; 88]. The cells were continuously rotated
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3 Methodology

during the entire measurement to obtain an average signal over cell volume. Five succeeding diffrac-
tograms were measured for each cell, with an acquisition time of 36 min each. Therefore, the total
integration time for the obtained diffractograms was 3 h for each cell. We determined an instrumental
resolution function with a NasCagAlsF14 reference material, in order to calculate the full widths at half
the maximum reflections from the cell. To describe the peak profile shape, a Thompson-Cox-Hastings
pseudo-Voigt function was used [91]. A linear interpolation between selected data points was used to
fit the background. Multi-phase Rietveld refinements of structural models for the neutron diffraction
data were carried out using the FullProf software package [92]. Due to significant overlap of diffraction
peaks from the steel housing and current collectors, and the strong preferred orientations of crystallites

for these phases, structure-independent profile fits were used.
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Figure 3.3: Neutron diffractograms with the full angular range of the a) uncycled cell at 100 % SOC, b)
uncycled cell at 0 % SOC, ¢) nonlinearly-aged cell at 100 % SOC, d) nonlinearly-aged cell
at 0 % SOC. The experimental data are shown by colored symbols whereas their Rietveld
refinements are shown as black lines. The blue lines show differences between data and fit.
The vertical bars (green) above the blue line indicate Bragg reflections corresponding to
the crystalline phases in the cell (for 100 % SOC from top to bottom: LiCg, Al, LiC;4, Cu,
NMC and Fe, and for 0 % SOC from top to bottom: Al, Cu, NMC, Fe and graphite).
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3.5 Neutron diffraction

Figure 3.3 exemplarily shows full neutron diffractograms of uncycled (a) and b)) and nonlinearly-
aged (test procedure # 1), ¢) and d)) cells in their fully charged and fully discharged state, along
with their Rietveld refinements. The results corresponds to the aging experiment in the publication
Linear and Nonlinear Aging of Lithium-Ion Cells Investigated by Electrochemical Analysis and In-Situ
Neutron Diffraction that is shown in Chapter 7. A high background due to the incoherent scattering
of neutrons due to the hydrogen present in the electrolyte and separator is observed for all cells, which
tends to increase with angle. From the Rietveld refinement of all cells, electrochemically accessible

lithium content in their electrodes and lattice parameters was extracted and compared.

Figure 3.4 depicts the selected angular range on the prominent LiCg (001), LiCi5 (002) and C (002)
reflections of the anode as well as the NMC (003), NMC (006) and NMC (012) reflections of the
cathode.
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Figure 3.4: a) and ¢) present neutron diffraction data from a selected angular range, focusing on the
prominent LiCg (001), LiCy5 (002) and C (002) reflections of the anode, where changes in
peak intensities of LiCg (001) and LiCqa (002) reflections indicate a reduction in lithium
content in the anode on aging. b) and d) present selected angular range of neutron diffrac-
tion data, focusing on the NMC (003), NMC (006) and NMC (012) reflections of the cath-
ode, which in spite of being weak in intensity, show angular shifts indicating a reduction
in lithium content in the lithiated cathode on aging.
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3.6 Physicochemical modeling

The physicochemical modeling in this thesis is based on the P2D model as introduced by Newman,
Doyle and Fuller [60-63]. This so-called Newman model applies the theory of porous electrodes and the
theory of concentrated solutions [64]. In this section, all governing equations and boundary conditions
of the P2D model are introduced referring to the book FElectrochemical Systems by John Newman and
Karen E. Thomas-Alyea [63]. In addition, the coupling of the physicochemical model to a thermal

model is introduced.

Porous electrode structure

The P2D model represents a one-dimensional model that passes through a cell layer along a perpen-
dicular line that corresponds to the xz-axis in Figure 3.5. At every point on that line in the negative
and positive electrode, the model is extended by a pseudo dimension considering the lithium-ion con-
centration in the active material. This pseudo dimension represents the radial axis in spherical active

material particles.
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Figure 3.5: Schematic of the P2D model composed of the three domains negative electrode, separator
and positive electrode, and their thicknesses lneg, lsep and lpos. In each domain, the two
phases liquid (electrolyte) and solid (active material) are distinguished. Lithium-ion trans-
port takes place in the liquid phase as well as in the electrode’s solid phase, whereas electron
transport is only possible in the solid phase of the electrodes. The lithium de-/intercalation
reaction takes place on the active material particles’ surface causing lithium-ion diffusion
inside the particles. [93; 94]
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3.6 Physicochemical modeling

The modeling approach assumes both active material particles and electrolyte at every point of the
porous electrodes due to very small and uniformly radially symmetric particles surrounded by elec-
trolyte. The extent in y- and z-direction is accepted to be infinite compared to the cell’s thickness and

is thus neglected.

Based on the superposition of both the solid and the liquid phase at every point, it is possible to
determine the potential and the concentration of the electrolyte as well as the potential and the

concentration of the active materials. This results in four interdependent variables

ci(x,t) in molm™3, lithium-ion concentration in the electrolyte
cs(r,x,t) in molm ™, lithium-ion concentration in the active material
®y(x,t) in V, electrolyte potential

O, (z,t) in V, electrode potential in the active material

with each variable being spatially and temporally dependent. c4(r,z,t) and ®¢(x,t) are only solved
in the electrode domains, as no electron flux and thus no de-/intercalation reactions can take place in

the separator domain.

The porous electrodes in lithium-ion cells are typically composed of active material, binder and conduc-
tive agent, filled with electrolyte. Therefore, the electrolyte volume fraction &; — also called porosity —
describes the ratio between the electrolyte volume V; and the entire electrode volume or separator

volume V', respectively

-
= Vl (3.1)

whereas the active material volume fraction e is only defined in the two electrodes as the ratio between

the volume of active material V; and the electrode volume

€s = — (3.2)

Including the non-active material volume fraction €,,, the sum of all volume fractions results in

El+Es+Ene =1 (3.3)

for each domain.

The specific surface a couples the z- and r-dimension and is defined by

A 4rr? 3e,
a=2p_ o _ 9% (3.4)
Voo 4zl mp

with the particle’s surface Ay, its volume V}, and its radius rp, scaled with the active material volume

fraction e,.
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Electrode kinetics and rate of reaction

The lithium de-/intercalation reaction takes place on the active material particle surface according to

the following scheme

Lit + 0, + e = LiO, (3.5)

where O, symbolizes the delithiated host lattice and Li©g the lithiated one. By rearranging Equation

(3.5), the stoichiometric coefficients can be derived as vp;+ = —1 and v, = +1

vt Lit 4+ ve, 0, + vpie, LiO, = e (3.6)
The rate of reaction is described by the Butler-Volmer equation

. agnkF a.nF

i =1 (exp ( RT 77) exp ( RT n)) (3.7)

with the surface overpotential n as the driving force of the reaction. The number of participating

electrons n is 1 in lithium-ion batteries. «, and «. describe the anodic and cathodic charge-transfer
coefficients. The overpotential 7 is calculated by the difference of the electrode potential in the active

material ®,, the electrolyte potential ®; and the thermodynamic equilibrium potential Egq

n==®;— 0 — Epq (3.8)

While the overpotential refers to the magnitude of the potential drop caused by resistance to the passage
of current, the term polarization generally refers to the departure of the potential from equilibrium

conditions. Different types of resistances can cause overpotential.

The exchange current density ig is defined by

Z.0 = Fk?“kgc (Cs,max - Cs|r:rp)aa (Cs|7":7"p)&C (L) ‘ (39)

1molm™3

with €5 max as the maximum concentration of lithium ions in the active material, ¢, as the lithium-ion
concentration in the active material — evaluated at the particle surface — and ¢; as the concentration
of lithium ions in the electrolyte. k, and k. describe reaction rate constants with subscripts a and ¢
representing the anodic and cathodic direction, respectively. In the case of a, = o, = 0.5, the term
1 mol m—3 simplifies the units of the reaction rates k; which get reduced to ms—!. This case is generally
accepted in lithium-ion batteries and indicates that both forward and backward reactions proceed with

the same rate.

By Faraday’s law, the charge-transfer current density i results in the pore-wall flux j

i
= — 3.10
i=% (3.10)
The pore-wall flux and the specific surface determine the reaction term R; in molm—2s~!
Ry =aj (3.11)
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3.6 Physicochemical modeling

Mass transport and mass balance in the liquid phase

Diffusion, migration and convection are the transport mechanisms of lithium ions in the electrolyte
and they define the ionic flux N; by

Ny = Nyait + Nimig + Nicon (3.12)

Diffusion is caused by a concentration gradient and is described by Fick’s law

Nl,diff = —Dchl (313)

with D; as the diffusion coefficient in the electrolyte. Lithium ions move from high to low concentra-

tions.

Migration describes the transport of lithium ions in an electric field

ot
Nimig = =+ (3.14)

where ¢ defines the transport number, as the amount of cations to the current density in the electrolyte
i.

Finally, convection is caused by the flow of electrolyte with the concentration ¢; and the velocity v

Nl,con =qu (315)

The flow of electrolyte may be caused by a density or temperature gradient (natural convection), or
by mechanical stirring or a pressure gradient (forced convection). In lithium-ion batteries, convection
is mostly neglected. Thus, the ionic flux N; can be written as

uty

Ny =—-D/ V¢ + NN (3.16)

The mass balance in the electrolyte is given by

(901
S = VNt R (3.17)

where the temporal change of the lithium-ion concentration in the electrolyte ¢; correlates with the
divergence of the ionic flux VN; and the reaction term R;.

Thus, the mass balance in the electrolyte, evaluated in the electrode domains, is described by

Jcy ity
— = D - — 1
€l En \V4 ( 1tV ja + R, (3 8)

that is scaled with the respective porosity ¢;; in each domain. The effective diffusion coefficient D; g

and other effective transport parameters will be explained in Subsection 3.6.
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In the separator domain, R; = 0 and, therefore, the mass balance results in

8cl

1t
iy = \Y (Dl,eﬁvcl - M) (3.19)

F

Mass transport and mass balance in the solid phase

In the solid phase, diffusion is the only transport mechanism of lithium ions. Therefore, Fick’s law

describes the ionic flux in the active material Ny by

N, = —D,Ve, (3.20)

with the diffusion coefficient in the active material Dg. Since no reaction takes place inside the particles,

the mass balance in the active material is given by

Ocg
ot

_ _wn, (3.21)

Within the spherical active material particles, lithium ions move along the r-axis. By transforming

Cartesian coordinates into spherical coordinates, the mass balance results in

Ocs 0%c, 2 0cq
= -VN, = D, z 3.22
ot v ( or? * r Or ) (822)
Charge balance
The current density in the active material i; follows Ohm’s law
is = —0eg VP, (3.23)

where oo symbolizes the effective solid phase conductivity and V&, marks the divergence of the

electrode potential in the active material.

In contrast, the current density in the electrolyte is described by a modified Ohm’s law to account for

interactions between anions and cations in the concentrated electrolyte

2keg RT o0l
1] = ket VP + Feft (1 nfi

s Il ) (1-t4)Ving (3.24)

with the effective liquid phase conductivity ke, the divergence of the electrolyte potential V®;, the
universal gas constant R, the temperature T', Faraday’s constant F', the transport number of cations
— that are lithium ions — ¢, the mean activity coefficient fi and the lithium-ion concentration in the

electrolyte ¢;.

Therefore, the total current density results in

itot = s + U (3.25)
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3.6 Physicochemical modeling

The charge balance in the electrode domains is given by

—Vi; = Vi, (3.26)

and considers the equilibrium of incoming/outgoing charges (cations) in the liquid electrolyte and

incoming/outgoing charges (electrons) in the solid active material.

However, no reaction takes place in the separator domain and the charge balance results in

—Vi, =0 (3.27)

Boundary conditions

In order to solve the model equations, the following boundary conditions are implemented.

At the boundaries of the model, in particular the interface between electrode and current collector,

the ionic flux NV, has to be terminated

Ve |w:0 & w=looy 0 (3.28)

with leeir = lneg + lsep + lpos- Additionally, no current density in the electrolyte passes through these
boundaries, so that the liquid phase potential is defined as

Vo ’m:O & w=loen 0 (3.29)

Thus, the solid phase potential is given by

is

Vo, =—

=0 & z=lce; (330)

Oeff

In contrast, the current density in the active material is terminated at the interface between electrode

and separator

Vo, | =0 (3.31)

T=lneg & T=lneg+lsep

Furthermore, the pseudo-dimension is connected to the electrode kinetics by

dcs
—— =7 3.32
*or — J ( )
and the particles, and thus the concentration, is assumed to be symmetrical
Ocg
—Ds— =0 3.33
or|,_o ( )
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3 Methodology

Effective transport parameters

The porous electrode structure elongates the transport path of lithium ions and electrons and requires
the use of effective transport parameters. The ratio between the effective path length l.f; and the

direct path length [ defines the tortuosity as

L Ze;f (3.34)

MacMullin’s number N, is given by the tortuosity and the volume fraction of the electrode or separator

Ny =— (3.35)

with geometrical empiric constants m and n. Per default n = m = 1. Based on MacMullin’s number,

the correction of transport parameters is calculated by

1
Dyet = —D .
ot = 5D (3.36)

for the effective diffusion coefficient,

1
Reff = m:‘f (337)

for the effective liquid phase conductivity as well as

1
Oeff — mﬂ' (338)

to describe the effective solid phase conductivity.

Another correction was introduced by Bruggeman [95] that scales all transport parameters with the

factor of €]-5 or !5, respectively.

Thermal Modeling

The physicochemical model is coupled to a 0D thermal model that simulates an evenly distributed
heat in the cell. The total heat generation ¢ is comprised of ohmic heat ¢opnm,, reaction heat ¢cq. and

reversible heat e,

4 = qohm + Qreac + Qrev = Zlvq)l + stq)s + E ARl <77k + T a;g’k> (339)
k

with the current density in the electrolyte ¢; and the current density in the active material is. Here,
the index k symbolizes the partial reactions at the negative and positive electrode. The heat transfer

is considered by convection

Qconv = hAcell (T - Too) (340)
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3.6 Physicochemical modeling

with the heat transfer coefficient h and the cell’s surface area Age. T marks the absolute temperature

and Ty, the ambient temperature. The radiation is calculated by
Qrad = €thUBAcell (T4 - Téo) (341)

in which e, describes the surface emissivity and op the Stefan-Boltzmann constant. In addition, the

cell’s thermal mass is considered by

. oT
ch = mccllcpa (342)

with its mass meen and specific heat capacity c,. Thus, the governing equation is described by

oT 1 leen .
MeellCp gy = ‘/cellm / G dl — hAcen (T — Tso) — etnopAcen (T* — Ti) (3.43)
ce =0

with the cell volume Vo and the thickness of a cell layer l.q.

Arrhenius

The temperature dependency of the anodic and cathodic reaction rate constants (k, and k.) and the
diffusion coefficients in the negative and positive active material (Ds neg and Ds os) are described by

the Arrhenius equation

E, 1 1
U = W, o €xXp ( R7\P (T ) — T)) (3.44)

with E, ¢ as the activation energy. ¥ marks the dependent variable and W, its reference value at

the reference temperature Tyef.

The temperature dependency of the diffusion coefficient in the electrolyte D;, the liquid phase conduc-

Oln fy
dln ¢

tivity « and the thermodynamic factor are often taken from Valgen et al. [96].

Modeling environment

We used the software COMSOL Multiphysics® [97] (versions 5.2a-5.4) including its physics interfaces
and multiphysics couplings to develop our electrical, thermal and aging models. To run the simulations
in general and the cyclic aging models in particular and to analyze the simulation results, we applied
MATLAB® [98] and the interface LiveLink™ [99].
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4 Aging in 18650-type Li-lon Cells Examined with
Neutron Diffraction, Electrochemical Analysis and

Physicochemical Modeling

Within this chapter, the article Aging in 18650-type Li-ion cells examined with neutron diffraction,

electrochemical analysis and physico-chemical modeling is presented.

In this paper, we showed the aging behavior of 18650-type lithium-ion cells examined with neutron
diffraction and electrochemical analysis. Furthermore, we developed a physico-chemical aging model

considering the early stage, linear capacity fade.

The investigated cells were composed of graphite as the negative electrode and LiNig 33Mng.33C00.3302
(NMC) as the positive electrode and were manufactured under commercial standards in a joint venture
between Volkswagen and VARTA Microbattery.

The aging experiment was performed for 1000 cycles at a controlled temperature of 23 °C. The general
test procedure was as follows: CC discharge with 1C to a cutoff voltage of 2.5V, followed by a CC
charge with 1C to a cutoff voltage of 4.1V and a CV charge with a cutoff current of C/20 using a

Maccor battery tester. This results in a capacity loss of 21 % relative to the cell’s initial capacity.

We performed in-situ neutron diffraction measurements under ambient conditions at the high-resolution
powder diffractometer SPODI and carried out Rietveld refinements to identify crystalline phases,
estimated their phase fractions and derived lattice parameters to thus analyze the cyclable lithium
content in the electrodes and structural changes caused by aging. Both uncycled and cycled cells were

investigated in their charged and discharged states.

For the lithiated negative electrode, the neutron diffraction experiment revealed a decrease in the in-
tensity of the LiCg (001) reflection peak and an increase in the intensity of the LiCy2 (002) reflection
peak on aging. Based on the Rietveld refinement of the complete neutron diffractogram of the lithi-
ated negative electrode, we extracted phase fractions of the LiCg and LiCyo phases. From the phase
fractions, we calculated molar ratios to thus derive the electrode’s stoichiometry that relates to its
lithium content. Here, we observed a shift in stoichiometry from x = 0.84 + 0.02 for the uncycled cell
to = 0.65 4 0.02 for the cycled cell. For the delithiated negative electrode, only a pure C (002) phase
is visible for both the cycled and the uncycled cell indicating a complete extraction of lithium. The
lattice parameters of the hexagonal graphite (space group P63 /mmc) Cg, LiCg and LiC;5 phases show
no appreciable differences between the cycled and the uncycled cell except for a slight change in the ¢

lattice parameter of the Cg phase.

The lithiated positive electrode shows shifts in the angular positions of the NMC (003), NMC (012)
and NMC (006) reflections on aging caused by changing lattice parameters. Based on the c¢/a lattice
parameter ratio, the stoichiometry ¥ in Li,Nip 33Mng 33Co0.3302 is calculated based on a linear regres-
sion by Buchberger et al. [100] as y = 0.89 £ 0.02 for the uncycled cell and y = 0.81 £ 0.02 for the
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4 Aging in 18650-type Li-Ion Cells Examined with Neutron Diffraction, Electrochemical Analysis
and Physicochemical Modeling

cycled cell. For the delithiated positive electrode, the neutron diffraction experiment revealed similar
angular positions of these NMC reflections and thus no differences in lattice parameters. From the ¢/a

ratio, we calculated a stoichiometry of y = 0.54 & 0.02 for both the cycled and the uncycled cell.

After the ND experiment, we carried out cycling experiments at low currents of C/50 to derive the cell’s
equilibrium potential for model parametrization and DVA as well as GEIS at 100 % SOC for frequencies
ranging from 5mHz to 1kHz for impedance analysis using a Biologic VMP3 potentiostat. Based on
the equilibrium potential, the aged cell shows an increased polarization due to higher overpotentials.
This is consistent with an increase in the internal resistance from 16 mf2 for the uncycled cell to 28 mf2
for the cycled cell derived from the GEIS measurements. Additionally, we observed increasing SEI
and charge transfer resistances as seen in broadening semi-circles in their Nyquist plot. The DVA
reveals distinctive material markers that are phase changes of the lithiated graphite. [86] A first batch
of peaks at lower charge states of the cell corresponds to low lithiation stages such as LiCo4 and LiCyg.
Furthermore, a second peak at about 50 % SOC marks the transition of these stages into a pure LiCio
phase with a coexistance of LiCg and LiCqs phases thereafter. Based on the DVA results, negative
electrode active material loss cannot be confirmed. Distinctive material markers that refer to the

positive electrode cannot be assigned in the DVA curves.

We developed a physicochemical model as introduced in Section 3.6 and included SEI re-/formation in
the negative electrode as aging mechanism. SEI formation on intact graphite particles is considered as
a first side reaction and SEI re-formation due to cracking of the SEI layer caused by the expansion and
contraction of the graphite particles during cycling as a second side reaction. Both side reactions are
considered to be irreversible and implemented by cathodic Tafel equations. Integrating the side reaction
current gives a charge quantity that results in the thickness of the SEI layer. The resistance of the SEI
layer is proportional to the thickness and increases over time. It causes an additional overpotential
for the main and side reactions. The model parameters are measured by the cell manufacturer (e.g.
geometry parameters), deduced from the ND measurements (e.g. initial state of charge) or taken from
the literature (e.g. transport parameters). We ran the simulations according to the testing procedure
of the aging experiment and reproduced a capacity loss of 21 % after 1000 cycles. The simulated
voltage of a C/50 discharge agrees with the measured ones for the uncycled and cycled cells with
a maximum deviation of 15mV. Furthermore, the model reveals a shift in the stoichiometry of the
lithiated negative electrode from xz = 0.84 for the uncycled cell to x = 0.67 for the cycled cell. For
the lithiated positive electrode, the stoichiometry decreases from y = 0.89 to y = 0.81 on aging. The

stoichiometries of the delithiated negative and positive electrodes remain unchanged.

These results reveal the dominant aging mechanism to be LLI as experimentally investigated by in-situ
ND and confirmed by physicochemical modeling. Additional aging mechanisms that cause deactivation
or undesirable phase transformations of electrode materials are excluded from the detailed evaluation

of neutron diffractograms, within the experimental accuracy of the method.

Author contribution Neelima Paul initiated the idea of a neutron diffraction experiment on aged
lithium-ion cells validated by an electrochemical aging model, designed and carried out the neutron
diffraction experiment and analyzed and processed the data. Jonas Keil, Frank M. Kindermann and
Ludwig Kraft developed, parametrized and validated the electrochemical aging model, carried out the
simulation studies and processed the data. Sebastian Schebesta carried out the aging experiment and
analyzed and processed the data. Oleksandr Dolotko and Martin J. Miihlbauer designed and carried

out the neutron diffraction experiment and analyzed and processed the data. Simon V. Erhard shared
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his expertise in the field of electrochemical modeling. The manuscript was written by Neelima Paul,
Jonas Keil and Ludwig Kraft and was edited by Frank M. Kindermann, Ralph Gilles and Andreas

Jossen. All authors discussed the data and commented on the results.
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ARTICLE INFO ABSTRACT

Keywords:

Li-ion cell

Aging

Physio-chemical modeling
Neutron diffraction

SEI layer growth

Aging in NMC/C cells (NMC-Li,(Nig 33Mng 33C00.33)O2), cycled 1000 times at a 1C rate, has been characterized
by in situ neutron diffraction and electrochemical analysis. These experimental results have been validated by a
physico-chemical aging model, which attributes capacity fade to growth of a continuous SEI film on the anode.
Neutron diffraction of the cells indicate a cyclable lithium loss corresponding to a capacity fade of about 23% in
both electrodes of the cycled cell. The cycled cell suffers an anode stoichiometry shift from x = 0.84 to x = 0.65
in Li,Cs (0<x<1) in its fully charged state and a cathode stoichiometry shift from y = 0.89 to y = 0.81 in
Li,(Nig 33Mng.33C00.33)02 (0 < y<1.05) in its fully discharged state. Anode (x = 0) as well as cathode stoi-
chiometries (y = 0.54) remain practically unchanged in the cell's fully discharged and charged states, respec-
tively. These stoichiometry shifts match well with those derived from the model, and both neutron diffraction
and model are in good agreement to the electrically determined capacity fade of 21%. In fact, cyclable lithium
losses slightly exceed this value. Thus, capacity fade in these cells is mainly due to loss of cyclable lithium into
the continuous growth of a SEI film on the anode surface.

1. Introduction

Due to their high energy and power densities, Li-ion batteries are
the most favored rechargeable systems in portable electronic devices
[1]. Nowadays they are gaining popularity in electric transportation
and stationary grid storage systems as well. These large-scale applica-
tions demand much longer battery lifespans and thus an understanding
of aging mechanisms responsible for reducing lifetime or cycle life is
essential [2,3]. The most common cathode material used in commercial
portable Li-ion batteries is LiCoO5 (LCO) due to its high energy density
and good cycling performance. However, Co is expensive and con-
sidered toxic. For electric vehicles, Li,(Nig 33Mng 33C00.33)02 (NMC)
seems to be the more preferred cathode materials as their layered
structure is more stable, changes in lattice volume are smaller (for
y > 0.5), and thereby safety and lifetime are enhanced. At the cost of a
comparatively lower energy density, LiFePO, (LFP) cathodes offer an
even better cycling performance and safety, and are usually the optimal
choice for stationary grid storage systems.

Several experimental methods are being used to understand Li-ion

* Corresponding author.
E-mail address: neelima.paul@frm2.tum.de (N. Paul).
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batteries during storage as well as during operation [4]. Analytical
methods such as electrochemical impedance spectroscopy, microscopy,
X-ray and neutron diffraction addressed aging and attributed loss of
cyclable lithium and decay of electrode materials as the most important
capacity fade mechanisms [5-12]. These occurred due to solid-elec-
trolyte interphase (SEI) layer growth, volume changes in the electrodes
during Li-ion intercalation/deintercalation, blockage and structural
degradation, Li plating, as well as undesirable phase transformations of
active electrode materials. There are several studies which have in-
vestigated battery aging by comparing experimental results with si-
mulation models [13-17]. For example, a SEI electron tunneling model,
which attributed electron tunneling through the inner SEI layer as the
rate determining step, was proposed and simulated to explain capacity
fade during storage and cycling by Li et al. [15,16]. This model was
validated by experiments on commercial prismatic LFP/C cells. How-
ever, no study compared results from aging models to neutron dif-
fraction data. In particular, there is no reported investigation where
experimentally observed capacity fading results in 18650-type NMC/C
cells using neutron diffraction are compared with a physico-chemical
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model. For non-destructive in situ studies of such large format Li-ion
cells, neutron diffraction is a suitable and powerful method. Several
types of Li-ion cells, such as LCO/C [18,19], NMC/C [20,21] and LFP/C
[22-24] have been investigated using neutrons as a probe. These in-
vestigations addressed Li plating on the anode [25,26], structural
changes within the cathode [21] and spatially resolved in-
homogeneities in current densities [27-29] in both prismatic as well as
18650-type cells. However, aging studies in 18650-type cells with
neutron diffraction are rare [11,30,12,31,32]. In a recent investigation
of aging in commercial 18650-type NMC/C cells with neutrons, capa-
city fade was attributed to loss of cyclable lithium and cathode material
degradation [12]. Our studies investigate the cycling induced aging in
similar cell chemistry in more details using additionally physico-che-
mical modeling and electrochemical analysis.

2. Experimental techniques
2.1. Cell description

Cylindrical 18650-type NMC/C cells, produced under commercial
standards, were provided by the battery manufacturer (VW-VM
Forschungsgesellschaft mbH and Co. KG, a joint venture between
Volkswagen and VARTA Microbattery GmbH). Each cell consisted of a
Li; 05(Nig 33Mng.33C00.33)0.9502 cathode, an organic carbonate based
electrolyte (containing 1 M LiPF, conducting salt as well as SEI forming
and overcharge protecting additives), a monolayer polyolefin-based
separator and a graphite anode. The single cathode and anode layers
were 63 um and 47 pm thick, contained about 2 wt.% binder and were
coated double-sided on Al-foil and Cu-foil respectively. The cathode
contained 3 wt.% highly graphitic carbon as well. The cell balancing
was adjusted to obtain an anode/cathode capacity ratio of 1.06. The
active material densities of the positive and negative electrodes were
3.28gcm ™2 and 1.50 gem ™3, respectively. The cell formation was
done by charging and discharging the pristine cells at C/10 followed by
micro short-circuit detection and cycles for capacity and inner re-
sistance measurement. After cell formation, one cell (labelled as ‘un-
cycled cell’ in this work) was stored in a 20% state of charge (SOC) at
23 °C, which relates to 20% of the initial cell capacity. The other cell
(labelled as ‘cycled cell’ in this work) was cycled for 1000 cycles be-
tween 2.5V and 4.1V (with a 1C rate at 23 °C) by the battery manu-
facturer. Simultaneously, two other similar cells were stored and cycled
to check the reproducibility of the capacity fade behavior for the cells
used in the manuscript. After long term cycling procedure and an ad-
ditional waiting period of about two years, neutron diffractograms of
both uncycled and cycled cells were taken in their fully charged and
fully discharged states. Due to the additional waiting period, both cells
underwent calendric aging which resulted in a 6% individual capacity
fade. For one of the cells, neutron diffractogram was taken at 20% SOC
as well, to check the structure at an intermediate state. This particular
intermediate SOC was chosen as cells are usually kept in this condition
during storage.

2.2. Electrochemical techniques

Long term cycling for 1000 cycles was performed with a CCCV
charge (constant current charging to 4.1V, followed by a constant
voltage hold at 4.1 V until a current corresponding to C/20 is reached)
and a CC discharge (to 2.5 V) with a rate of 1C, using a Maccor battery
tester. After about two years, neutron diffraction experiments were
performed. Thereafter, charging and discharging experiments at low
current (corresponding to a C/50 rate), and galvanostatic electro-
chemical impedance spectroscopy (GEIS) on both cells, were carried out
with a Biologic VMP3 potentiostat. Electrical behavior of the cells were
always compared in response to the same currents (C rates).
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2.3. Neutron diffraction

Neutron diffraction measurements were performed in a
Debye-Scherrer geometry under ambient conditions at the high-re-
solution powder diffractometer SPODI, MLZ Garching [33]. Neutrons
having a wavelength of 0.1548 nm were incident on a rectangular cross
section of 40 mm X 30 mm of the cell. The cell edges (about 10 mm) at
the top and bottom were not illuminated by the neutron beam, to avoid
signals in the diffractograms from the cell holder at the top and the
remaining cell plastic cover at the bottom. A neutron detector array
consisting of 80 vertical position sensitive detectors collected the neu-
trons scattered by the cell [34,35]. The cells were continuously rotated
during the entire measurement to reduce texture effects and obtain an
average signal over cell volume. Five diffractograms were measured for
each cell with an acquisition time of 48 min each. Therefore, the total
integration time for the averaged diffractograms for each cell was ap-
proximately 4 h. Instrumental resolution function was determined with
a NayCasAl,F,4 reference material to calculate full widths at half
maximum of reflections from the cell. To describe the peak profile
shape, a Thompson-Cox-Hastings pseudo-Voigt function was used
[36]. A linear interpolation between selected data points was used to fit
the background. Multi-phase Rietveld refinements of structural models
for the neutron diffraction data were carried out with FullProf software
package [37]. For the steel housing and the current collectors, structure
independent profile fits had to be used to get a better quality pattern
refinement because their crystallites had strong preferred orientations.

3. Experimental results
3.1. Electrical behavior

The aging procedure of cycling the NMC/C cell was initiated after
the cell formation protocol was completed. A steady and an approxi-
mately linear decrease in the discharge capacity was observed as can be
seen in Fig. 1. After completing 1000 cycles, the cycled cell had suffered
a capacity loss of 21% relative to the capacity of the uncycled cell. A
similar approximately linear trend was seen in the other set of cells
which were simultaneously stored and cycled, which supports the re-
producibility of this aging study. In general, the value of discharge
capacity is strongly dependent on the cycling conditions, e.g. on the C
rate and the voltage limits. In this aging study, the upper voltage limit
was restricted to 4.1V and a C rate of 1 C was used. Cycling the cell
with a lower C rate and with a upper voltage limit of 4.2 V would have
lead to a higher value discharge capacity for these cells. In order to
compare experimental studies with the model, potential profiles of the
cells had to be obtained at a low current. Thus both cells underwent one
more cycle, this time with a C/50 rate between 2.5 and 4.1 V. The
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Fig. 1. Experimental aging profile of the NMC/C cell at a 1C rate during the
long term cycling procedure. Both normalized capacity as well as discharge
capacity of the cell versus the cycle number is shown.
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Fig. 2. (a) Experimental potential profiles of the uncycled (black line) and
cycled NMC/C (red line) cells at a low current (C/50 rate). The corresponding
differential voltage curves are shown in the inset. (b) Experimental Nyqist plots
of charged NMC/C cells at room temperature. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.)

behavior of both cells was always compared at the same C rate and
current, be it 1C in the long term cycling or C/50 in the electrical tests
and model, to exclude contributions to capacity fade from dissimilar
currents [38]. Fig. 2(a) compares the voltage profiles of both cells cy-
cled with a C/50 rate and they appear similar except for the capacity
difference. The change in charge/discharge overpotential or cell po-
larization of the cycled NMC/C cell is minor and a consequence of its
larger internal resistance, which is shown in Fig. 2(b). In a recent study
of 18650-type LFP/C cells, only a minimal cell polarization change was
seen for cells wherein the sole aging contributer was cyclable lithium
loss [31]. Moreover recent aging studies of NMC/C pouch cells under
different temperature and upper cutoff potentials also indicated the
same effect [39]. Thus, we already have a first indication that the ca-
pacity loss for cycled cells in this study may also be mainly due to loss
of cyclable lithium.

The inset in Fig. 2(a) shows the differential voltage curves for the
two cells at this low current, which indicate the phase transitions oc-
curring in the anode during charge. Contributions from cathode can be
ruled out because previous studies on NMC/C cells have shown that
peaks in differential voltage curves, particularly for voltages higher
than 3V, may be exclusively attributed to staging phenomena in the
negative electrode material [10]. The observed peaks are related to
availability of specific Li-ion intercalation sites and result from transi-
tions between regions of two coexisting lithiated graphite phases. The
first batch of peaks, indicated by an arrow at lower charge states of the
cell, corresponds to low lithiation stages (such as LiCa4, LiC4g and so
on). The second arrow points to a region about 50% SOC, and corre-
sponds to a complete transformation of these lithiation stages into a
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pure LiC;, phase. Beyond this region, coexistence of LiC¢ (denoted as
Stage I) and LiC;, (denoted as stage II) phases is observed. In the cycled
cell, these peaks have reduced in intensity, broadened and slightly
shifted in position. Speculatively, these are a consequences of local
inhomogenities due to a slower rate of Li-ion intercalation into gra-
phene layers, or increase in the available surface area of graphite (due
to microstructural changes), leading to a virtual reduction in the
amount of active graphite participating in the formation of the LiC;,
phase.

In Fig. 2(b), GEIS data, acquired at 100% SOC for frequencies ran-
ging from 5mHz to about 1 kHz, are shown. The uncycled and cycled
cells show internal resistances of about 16 mQ and 28 m<, respectively.
Their charge-transfer resistances, indicated by the semi-circles are
predominantly due to the SEI and active surface area in the two cells.
The uncycled cell shows a charge-transfer resistance of 13 mQ whereas
the cycled cell shows a higher charge-transfer resistance of about
43 mQ. Such an impedance rise in the mid frequency region, noticable
as a increase in the diameter of the semi-circles, is generally attributed
to electrolyte decomposition towards SEI growth [8,12] Therefore the
observed increase in impedance could be due to hinderance to the
electronic/ionic transfer from continual growth and reconstruction of
the SEI layer during cycling. Though these electrical measurements
imply that capacity fade is mainly from reduction in cyclable lithium
content due to the continual growth of an SEI layer, possibilities of a
slowed diffusion rate and active material loss cannot be completely
ruled out. Neutron diffraction can shed light on the possible structural
degradation of the electrode materials, active material loss (within the
experimental accuracy), and on the change in the amount of cyclable
lithium.

3.2. Structural behavior

Both anode and cathode materials undergo structural changes due
to the Li intercalation/deintercalation process. Neutron diffraction
measurements as well as Rietveld refinements were done on the un-
cycled and cycled cells to identify crystalline phases, estimate their
phase fractions, lattice parameters, and consequently cyclable Li con-
tent in the electrodes. The complete diffractograms for the fully charged
state and the fully discharged state are shown in Figs. 3 and 4, along
with their Rietveld refinements. A high background is observed due to
the incoherent scattering of neutrons by hydrogen in the electrolyte and
separator. It has a tendency to slightly increase with angle but is basi-
cally similar for all cells.

3.2.1. Anode

In both cells, LiCg and LiC;, reflections of the lithiated anode ma-
terial are clearly visible in the fully charged state. No LiC, reflections
with z > 12, corresponding to phases with low lithium content such as
LiCyg or LiCy4, are observed in either cell for this state of charge. From
Fig. 5(a), one notes a decrease in the intensity of the LiC(001) reflec-
tion peak and an increase in the LiC;,(002) reflection peak on aging. It
is difficult to say if the tiny C(002) reflection at 20 = 26.6° is from the
anode or from the graphitic carbon of the cathode. Its intensity is si-
milar in both cells and seems unaffected by aging. The mean lithium
content in a carbon anode in its charged state can be estimated from
phase fractions of lithiated anode phases (LiCg and LiC;5). For example,
for anode/cathode capacity ratio of 1, existence of a sole LiCs phase
would correspond to 100% lithiation of the carbon anode and existence
of a sole LiC,, phase would correspond to a 50% lithiation of the carbon
anode [25]. The mean lithium content can be described by a parameter
x in Li,Cg (0 <x<1). Differences in mean lithium content or anode
stoichiometry for fully charged and fully discharged anodes of the un-
cycled and cycled cells provide an estimation of cyclable lithium losses
in the anode. Phase fractions of LiCe and LiC;, phases were extracted
from Rietveld refinement of the complete neutron diffractogram, con-
verted into molar ratios and finally into mean lithium contents, as
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Fig. 3. Neutron diffractograms of the (a) uncycled and (b) cycled NMC/C cells, measured in their fully charged states. Experimental data are shown in circles (black —
uncycled and green - cycled) along with their Rietveld refinements (orange line). The blue lines mark the difference between data and fit. Vertical bars above the blue
line indicate Bragg reflections corresponding to crystalline phases in the cell (from top to bottom: LiCg, Al, LiC; 5, Cu, NMC, Fe and graphite). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

shown in Tables 1 and 2. For the uncycled cell, mean lithium content
was x = 0.84 + 0.02 and for the cycled cell, it was x = 0.65 + 0.02.

In Fig. 4, diffraction data for the cells in their fully discharged state
is shown. The anode is completely delithiated as only the pure graphite
phase is visible. This is clearly evident in Fig. 5(b) where only a pure
C(002) reflection is visible, indicating a complete extraction of lithium
from the anode. Anode stoichiometry in the discharged state corre-
sponds to a mean lithium content, x = 0 for both cells. A slight
broadening (FWHM: 0.428° to 0.443°) in the graphite peak was ob-
served for the aged cell, which might correspond either to a reduction
in the crystallite size of the anode material or microcrack formation.
Such a microstructural change would result in an increase of available
graphite surface for Li intercalation/deintercalation, which could ex-
plain the increased consumption of cyclable lithium for SEI growth on
the newly formed graphite area. Table 3 shows the lattice parameters of
the hexagonal graphite (space group P63/mmc) Ce, LiCs and LiC;o
phases as determined by Rietveld refinement of the neutron diffraction

386

data in Figs. 3 and 4, according to their structural models. Other than a
slight increase in the c lattice parameter for the C¢ phase, no appreci-
able differences in lattice parameters for any phase are observed upon
cycling.

Fig. 6(a)—(c) are a zoom into a selected region of the neutron dif-
fractograms, and show the prominent reflections of anode at three
different states of charge. At SOC 100, LiCs (001) and LiC;, (002) re-
flections are seen along with a small C(002) reflection. At SOC 20, these
reflections are replaced by a higher stage lithiated graphite reflection —
LiC, (z > 12) (d = 0.3480 + 0.0003), which some designate as a
LiCo4 reflection [22] while others designate it as LiC;g reflection [38].
As per Dahn et al., its angular position would suggest an anode stoi-
chiometry of Lig 35Ce¢ [40]. For the fully discharged cell, only the C(002)
reflection can be seen. This shifting of the (002) graphite related re-
flections towards higher angles on discharge, is due to the contraction
of c-axis on expulsion of lithium from the lithiated graphite and con-
tinues till a pure graphite phase is formed.
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Fig. 4. Neutron diffractograms of the (a) uncycled and (b) cycled
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3.2.2. Cathode undesirable phase transformation of the cathode material on aging. On

For the fully charged state of the cells, the well-known NMC (003)
and NMC (012) reflections, shown in Fig. 5(c), are at similar angular
position of 20 = 18.45° and 260 = 39.13° for both cells. From Table 4,
no differences in lattice parameters between the uncycled and the cy-
cled cell for their charged state can be seen. Rietveld refinements also
result in a constant value of z/c = 0.236 for the refined fractional co-
ordinate of the oxygen atoms on the 6c site (0,0,2) for both cells. This
parameter gives an estimation of interlayer distances between the
oxygen layers and the value obtained here is similar to the value ob-
tained by Dolotko et al. for NMC based 18650 cells [11]. Thus, the
average charge at the oxygen ions is similar due to an identical lithium
content in the cathodes. From the c/a value, which is about 5.135 in
both cells, lithium content corresponding to y = 0.54 in
Liy,(Nig 33Mng.33C00.33)O2 is calculated as per the procedure given by
Buchberger et al. for NMC based pouch cells [39]. Interestingly, the Li
content within the cathode (in its fully charged state) does not change
on cell aging. Note that the same amount of charging current had been
provided to both cells. No unidentified isolated peaks are observed in
the diffractograms. These results rule out any deterioration or
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going from charged state to a discharged state, the Li-O bond length of
the uncycled cell decreases from 0.2149 nm to 0.2126 nm whereas the
M-O bond lengths increases from 0.1915nm to 0.1941 nm due to in-
crease in ionic radius of the transition metals. A similar trend, but with
a smaller magnitude, is seen for the cycled cell. A decrease in the Li-O
interatomic distances on lithiation or lithium insertion, typical for such
transition metal oxides, is related to the reduction in the ¢ lattice
parameter.

A complete discharge of the uncycled cell causes the NMC (003)
reflection to shift from 20 = 18.45° to 20 = 18.72° (see Fig. 5(d)) cor-
responding to a contraction of unit cell in the ¢ direction. This is a
consequence of reduction in the electrostatic repulsion between the
oxygen layers due to reduction in the partial screening of charge by
lithium ions. On the other hand, the a lattice parameter, which is in-
fluenced by M-O bond lengths, is increased. From Table 4, although a
similar trend is seen for the cycled cell, the c lattice parameter is not
reduced to the same magnitude as in the uncycled cell. The cycled cell
has, in comparison, a larger c lattice parameter and a slightly smaller a
lattice parameter. Such changes typically indicate a reduction in
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Fig. 5. Selected regions of the neutron diffractograms from Figs. 3
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Table 1 amount of cyclable lithium content in the cathode and have also been

Molar fractions of the LiCg and LiC;, phases, as obtained by Rietveld refinement
of neutron diffractograms of the charged cells according to their structural
models.

Molar fractions Uncycled Cycled

LiCe 0.81 = 0.02 0.45 + 0.02

LiCya 0.19 * 0.02 0.55 + 0.02
Table 2

Lithium content x in Li,Ce as obtained from LiCs and LiC;, phase fractions by
Rietveld refinement of neutron diffractograms.

Li content anode Uncycled Cycled
Charged cells:
X in Li,Ce 0.84 = 0.02 0.65 *= 0.02
Discharged cells:
x in Li,Cg 0 0
Table 3

Lattice parameters of the anode, as determined by Rietveld refinement of
neutron diffractograms according to the structural models of the C¢ phase in the
discharged cell and LiCg and LiC;, phases in the charged cell.

Lattice parameters — anode Uncycled cell Cycled cell

Ce-a, nm 0.2462 * 0.0002 0.2463 + 0.0002
Ce-c, nm 0.6712 * 0.0002 0.6718 + 0.0002
LiCy2-a, nm 0.4282 + 0.0003 0.4286 + 0.0003
LiCy5-c, nm 0.7047 + 0.0003 0.7044 + 0.0003
LiCe-a, nm 0.4319 + 0.0002 0.4318 + 0.0002
LiCg-c, nm 0.3700 + 0.0002 0.3701 + 0.0002
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reported earlier for LCO/C cells [30]. From the different c/a values
(5.011 for the uncycled cell and 5.039 for the cycled cell), Li contents
corresponding to y = 0.89 and y = 0.81 in Li,(Nip 33Mng.33C00.33)02
were calculated and are displayed in Table 5.

Fig. 6(d)-(f) shows selected regions of the neutron diffractograms
containing reflections from cathode at three different states of charge.
The Bragg positions corresponding to the NMC (003), NMC (006) re-
flections shift towards higher angles due to a contraction in the c axis on
Li-ion incorporation. On the other hand, the NMC (012) reflection shifts
towards lower angles. For the cycled cell at SOC 20, lithium content
¥ =0.69 in Liy(Nig33Mng 33C0033)02 can be extracted from its c/a
value of 5.082.

4. Development of a physico-chemical model

Physico-chemical modeling of Li-ion cells gains insights to in-
vestigate and describe the cell's behavior based on particle and elec-
trode effects [41]. In contrast to first-principle or empirical models,
physico-chemical models are suitable not only to describe surface and
molecule processes in a phenomenological manner but also to describe
particle and electrode domains in a mechanistical manner. We devel-
oped a physico-chemical aging model on the basis of a one-dimensional
intercalation model approach based on the work of Fuller, Doyle and
Newman [42-44]. The developed model is a one-dimensional re-
presentation of the cell, which is coupled to a second dimension re-
presenting the active material particles, hence it is also referred to as a
pseudo two-dimensional (p2D) model. Fig. 7 shows a schematic
drawing of this one-dimensional model of the cell with its x-direction
perpendicular to the cell layers. As one can see, only one particle size
and no size distribution is assumed for particles of each electrode. The
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Fig. 6. Selected regions of the neutron diffractograms from cycled cells at three different states of charge. (a) At SOC 100, LiCs (001) and LiC;» (002) reflections are
seen along with a small C (002) reflection. (b) At SOC 20, these reflections are replaced by a higher stage lithiated graphite reflection LiC, (z > 12). (c) At SOC 0,
only the C(002) reflection is visible. (d), (e) and (f) Bragg reflections of the NMC (003), NMC (006) shift towards higher angles whereas NMC (012) reflections shift

towards lower angles during cell discharge.

Table 4
Lattice parameters of the cathode, as determined by Rietveld refinement of
neutron diffractograms according to the structural models of the NMC phase.

Table 5
Lithium content in the Li,(Ni 33Mng.33C00.33)02 (NMC) phases, as obtained
from their c/a ratios by Rietveld refinement of their neutron diffractograms.

Lattice parameters — cathode Uncycled cell Cycled cell Li content Uncycled Cycled
Charged cells: Charged cells:
NMC-q, nm 0.2819 + 0.0002 0.2819 + 0.0002  in Li,(Nig 33Mng 33C00.33)05 0.54 + 0.02 0.54 + 0.02
NMC-c, nm 1.4480 = 0.0002 1.4484 = 0.0002 Discharged cells:
Discharged cells: y in Liy(Nig 33Mng_33C00.33)02 0.89 = 0.02 0.81 = 0.02
NMC-a, nm 0.2848 + 0.0002 0.2843 + 0.0002
NMC-c, nm 1.4273 £ 0.0002 1.4323 += 0.0002

model describes inhomogeneous current densities along the x-direction
effecting inhomogeneous lithium distributions both in the solid and
liquid phase. As a result, the SEI growth is much more pronounced next
to the separator than it is next to the current collector. Inhomogeneities
along the y- and z-directions of the electrodes are neglected within this
model. The model takes a Li-ion reduction side reaction describing SEI
growth into account, which results both in a loss of cyclable lithium as
well as an increase of the SEI resistance. In a recent paper, we had

shown a good agreement between experimental and simulation results
for various temperatures as well as potential windows with a similar
aging model for the same cell chemistry [45]. In this work, we focus on
the dependencies between neutron diffraction measurements, electro-
chemical analysis and physicochemical modeling. We use measured cell
parameters (e.g. electrodes thickness and particle radii) and values
from literature (e.g. solid diffusivity and conductivity) and validate the
model with electrochemical measurements as well as neutron diffrac-
tion data for the initial uncycled cell. After simulation of aging pro-
cesses during 1000 cycles is carried out, cyclable lithium loss and the
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Fig. 7. Schematic drawing of the physico-chemical Li-ion model.

shift in the electrodes stoichiometries can be extracted. If loss of cy-
clable lithium is the sole aging mechanism as predicted from neutron
diffraction measurements, the model would predict a similar reduction
in lithium content within both electrodes of the cycled cell as well as
reproduce a similar capacity fade and potential profiles as obtained
experimentally from electrochemical measurements.

4.1. Description of the one-dimensional intercalation model

The model consists of a negative electrode, a separator and a posi-
tive electrode. The total length of the model is the summation of the
three domains

l= lneg + lsep + lpos @

All domains are considered as porous media. The electrolyte fills the
gaps between the particles and carries the Li-ions in the cell. The
transportation of Li-ions is caused by three mechanisms: diffusion,
migration and convection. However, convection plays only a minor role
in Li-ion cells and can be neglected. A charge transfer can take place at
the boundary of electrolyte and active material. The electrolyte and the
active material are expressed by liquid and solid phase, respectively.
The solid phase of the separator has no active material for intercala-
tion/deintercalation, so the charge transfer can only take place in the
two electrodes. The model assumes that at each point on the one-di-
mensional axis in the electrodes there can be a charge transfer between
the liquid electrolyte phase and the solid particle phase. The extension
to the particle dimension is the reason why the model is also regarded
as a pseudo two-dimensional model. The intercalation/deintercalation
process of the charge transfer is modeled via Butler-Volmer kinetics
[44], which yields a charge transfer current density i depending on the
overpotential 5
1))

i= io(exp (Mr))—exp(—a”F

RT RT @)
where iy describes the exchange current density of the reaction and a,
and a, the anodic and cathodic charge transfer coefficients, respec-
tively. F is Faraday's constant, R the universal gas constant and T the
local temperature. The overpotential is calculated as the difference
between the electrode potential and the electrode equilibrium poten-
tial. The electrode potential again results from the difference between
the solid phase potential @, and the liquid phase potential ®;. In our
case the overpotential furthermore has to be adapted to the voltage
drop over the SEI layer which is caused by its resistance Rgg;

7 = & — &) — Eoq — iRsgr 3)

The equilibrium potential for intercalation electrodes depends on the
material combination and the SOC. The model considers a graphite
anode and NMC cathode as described for the experiments above.
Equilibrium potential curves from previous research of Safari et al. [46]
and Tippmann et al. [47] were used to describe the anode and the
cathode, respectively. The exchange current density in Eq. (2) is a
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function that depends on the local concentration of Li-ions at the
electrode-electrolyte interface in the solid and liquid phase

g
o = F (ko) (kg% (Co max — es)wcs)“f( o )
Cl,ref

“@

k. and k, represent the cathodic and anodic reaction rate constant, re-
spectively. ¢ is the concentration of intercalated Li-ions at the solid
phase particle surface of the corresponding electrode, c; is the con-
centration of Li-ions in the liquid phase and c,mq, is the maximum
concentration of intercalated Li-ions. ¢ is a reference concentration
of the liquid phase, which is set to 1,000 mol/m?>.

4.2. Validation of the model

The main aging mechanism that is modeled is the growth of the SEI
layer at the negative electrode because this has been predicted in pre-
vious experimental studies [11]. Various papers use Tafel equations — a
simplification of the Butler-Volmer equation for large values of the
overpotential — to model irreversible side reactions [48-54]. A linear
combination of all side reaction exchange currents generates the total
side reaction exchange current

Iside = Z Lside,k
k 5)

In our model, two side reactions are implemented in the anode
besides the main intercalation/deintercalation reaction described in Eq.
(2). The first one is a SEI layer growth on intact particles (isiqe,1) and the
second reaction models SEI layer cracking, due to expansion and con-
traction of the particles during cycling, that results in a new SEI layer
formation (isige,2). These two reactions are considered to be irreversible
reductions that consume Li-ions and deposit species on the anode

(6)
where S refers to the solvent and P to the product that is deposited.

Each side reaction current can be described by a cathodic Tafel equa-
tion

Lit+e +S—>P

. . anF
Lside,k = —@klo,side €XP| =~

RT (@]

where ay represents a proportionality factor for the corresponding side
reaction. The exchange current density i sq. is a constant, fitted to the
capacity loss over the desired lifetime, because it cannot directly be
determined. The overpotential for the side reaction is the same as stated
in Eq. (3). A common redox potential for such side reactions, used by
various researchers, and feasible for the considered electrolyte is 0.4 V
[49,52,53,55-57]. The proportionality factor of the covered particles is
a constant set to a; = 0.3. This represents the porosity of the SEI layer.
The volume expansion of graphite particles during cycling is about 10%
(kexp = 0.1) [58,59]. However, cracking only takes place during char-
ging of the cell when Li-ions are intercalated in the negative electrode
and the particles expand. Additionally, it depends on the stoichiometry
x in Li,Cg due to the different graphite stages: If x < 0.3 and x > 0.7
particle cracking is most probable [51,60,61]. Therefore, proportion-
ality factor for cracking is defined during the charging process and is for
x < 0.3

Ie:
a = kexp (_2 S{dC,Z)

iic 8
and for x > 0.7
isidez
a =k -
’ “’”( e ) ©)

where i) is the current density for a 1C discharge. The integrated side
reaction current generates a charge density gsg that is used to describe
the SEI layer growth [49,51-53,55]
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Mg is the molar mass of the species depositing on the particles and
creating the porous SEI layer with its density psg. The porosity of the
SEI layer is taken into account, which results in a thicker layer. The
resistance of the SEI layer used in Eq. (3) is proportional to its thickness
and thus increasing over time

— Soser + e

Rsgr

OSEI (€8]

As the physico-chemical model describes the cell behavior based on
electrochemical kinetics and transport equations, several geometry,
thermodynamic, kinetic and transport parameters are needed. A lot of
them have been measured by the battery manufacturer exactly for these
cells, in particular all geometry parameters (e.g. thickness of electrodes
and separator as well as mean particle radii). Other parameters like the
initial state of charge can be deduced from the neutron diffraction
measurements. Although we know a lot about the cells, some para-
meters cannot be measured or can only be measured with specific
measuring instruments. These parameters (e.g. solid diffusivity of
anode and cathode) are taken from literature as they describe similar
used materials. All parameters are listed in Table 6.

The simulation was carried out with COMSOL Multiphysics 5.2a
[66]. The cell was cycled in the range of 2.5-4.1 V with a current of 1C

Table 6
Physico-chemical model parameters. Superscript m indicates measured values, f
indicates fitted values.

Parameter Anode (LiCe) Separator Cathode
(LiNiMnCoO5)
Geometry
Thickness [ 47 um™ 20pum™ 63 pum™
Particle radius r, 17 pm™ 10 um™
Solid phase fraction ¢,  0.68™ 0.70™
Liquid phase fraction ¢, 0.31™ 0.48™ 0.29™

Thermodynamics
Equilibrium voltage E,,
Maximum Li

concentration ¢ max
Initial state of charge
¢5,0

Cs,max

Kinetics
Reaction rate k.
Anodic charge-transfer
coefficient a,
Cathodic charge-transfer
coefficient a,

Transport
Solid diffusivity Dy .

See Eq. (A.1) [46]
31,370 mol/m® [46]

0.84™

1 x 10™ " m/s [45]
0.5 [62]

0.5 [62]

3.9 x 10 m?/s

See Eq. (A.2) [47]
51,385 mol/m> [47]

0.52™

1 x 107" m/s [45]
0.5 [62]

0.5 [62]

8 x 10~ " m?/s

[63] [64]
Solid conductivity o 100S/m [62] 1S/m [62]
Parameter Electrolyte

Electrolyte diffusivity D;
Electrolyte conductivity «

See Eq. (A.3) [65]
See Eq. (A.4) [65]

Activity dependency ZIIZ‘% See Eq. (A.5) [65]
1

Transport number ¢, 0.38 [65]

Parameter SEI layer

Side reaction equilibrium potential Eq siqe 0.4V [49]

Side reaction exchange current density ig sige 2.0 x 10~6 A/m2f

Solid conductivity oggr 5x 10~ *S/m"

Density psgr

Molar mass Mgg;
Initial resistance Rq sg;
Initial thickness 8¢ sz

1690 kg/m> [49]
0.162 kg/mol [49]
1 x 1072 Qm? [49]
5nm [49]
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Fig. 8. (a) Comparison of experimental (empty circles) and simulated (solid
line) normalized capacity during aging of NMC/C 18650-type cell. (b)
Comparison of the experimental (empty circles) and simulated (solid lines)
potential profiles of uncycled and cycled NMC/C 18650-type cells. (c)
Simulated cycling range for the anode and cathode of the uncycled (black line)
and cycled (red line) cells. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

using a constant current (CC) discharge followed by a constant current
constant voltage (CCCV) charge phase. In this main cycling process,
discharge capacity for each 1C discharge of the simulation was re-
corded. Fig. 8(a) shows the comparison of the capacity fade (or aging)
profiles of the simulation and the experimental data. The simulation
data is in good agreement with the capacity fade of the real cell. Ad-
ditionally, C/50 checkup discharges corresponding to the beginning
and end of the cycling process were performed. That is, capacity of the
uncycled cell was measured with a C/50 discharge. After 1000 cycles,
another C/50 discharge was applied and the capacity of the cycled cell
was measured. These voltage profiles of the C/50 discharges are dis-
played in Fig. 8(b), together with the measured voltage profiles of the
real cell. The measured and simulated voltage curves show only a slight
deviation with a maximum value of about 15mV due to the selected
equilibrium voltage curves for the anode and cathode from literature.
The good agreement between the modeled and the experimental aging
as well as potential profiles conclude that cyclable lithium loss into SEI
layer growth is the main aging mechanism for this cell. Fig. 8(c) shows
the shifts in anode and cathode stoichiometry predicted from the model
that fit good to neutron diffraction data in Tables 2 and 5.

5. Discussion

For large format cells, neutron diffraction is one of the few experi-
mental techniques that can give stoichiometric information of light
elements like lithium without opening the cell. The anode
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stoichiometry shift, or reduction of x in Li,Cs (0 <x < 1) on aging, was
directly obtained from the phase fractions of LiC¢ and LiC;, phases,
which were the only lithiated graphite phases in the diffractogram. The
cathode stoichiometry shift, or reduction in y in Li,(Nig 33Mng 33C00.33)
0, (0 < y<1.05) on aging, was indirectly obtained from the c/a lattice
parameter ratio.

In this section, we compare these experimentally extracted stoi-
chiometry shifts from neutron diffraction data to those predicted by the
physico-chemical model. According to the model, cyclable lithium can
only be lost into the growth and reconstruction of an SEI layer at the
anode. This loss in the amount of cyclable lithium results in shifts in
electrode stoichiometries as shown in Fig. 8(c). The model predicts that
anode stoichiometry decreases from 0.84 to 0.67 on aging whereas the
cathode stoichiometry remains practically unchanged for the fully
charged cell. On the other hand, for the fully discharged cell, the model
predicts that cathode stoichiometry decreases from 0.89 to 0.81 on
aging whereas the anode stoichiometries are unchanged. Therefore,
from the model an anode stoichiometry shift of Ax = 0.17 in Li,Cs and
a cathode stoichiometry shift of Ay = 0 in Li,(Nig 33Mng 33C00.33)02 at
SOC 100% are predicted from loss of cyclable lithium into the SEI layer.
This is in reasonable agreement to the anode stoichiometry shift of
Ax = 0.19 £ 0.02 and cathode stoichiometry shift of Ay = 0 obtained
from Rietveld refinement of neutron diffractograms in Fig. 3. For SOC
0%, the model predicts a cathode stoichiometry shift of Ay = 0.08 and
an anode stoichiometry corresponding to Ax = 0. This is in a very good
agreement to the cathode stoichiometry shift of Ay = 0.08 + 0.02 and
anode stoichiometry shift of Ax = 0 obtained from the neutron dif-
fractogram in Fig. 4.

As mentioned earlier, a good estimation of the available cyclable
lithium is the difference in Li content within an electrode between its
charged and discharged state. From neutron diffraction, a 23% loss in
cyclable lithium in the anode and a 23% loss in cyclable lithium in the
cathode can be estimated. Overall, capacity fade due to loss of cyclable
lithium in both electrodes here slightly exceeds the relative discharge
capacity fade of 21%, obtained from electrical tests (from Fig. 1). Note
that information from the neutron diffraction is restricted to the central
part of the cylindrical cell only. Thus, a slightly higher cyclable lithium
loss may be a consequence of inhomogenieties in lithium distribution in
the cycled cell which results in a lower lithium concentration in the
central part of the cycled cell compared to its edges. No structural de-
terioration of active electrode materials was detected by neutron dif-
fraction in the charged state of the cells. These results indicate that loss
of cyclable lithium is the dominant factor contributing to the observed
capacity fade. In the discharged state, minor structural differences are
seen in the cathode. The lattice parameter ¢ for the cycled cathode
material undergoes a decrease by 1.1% upon discharging, which is
lower than the corresponding decrease in the uncycled material (1.5%).
The corresponding increase in a lattice parameters are 0.8% and 1.0%

Appendix A. Analytical model input
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Table 7
Relative capacity loss in the cells due to cyclable lithium loss, measured by
neutron diffraction and estimated by physico-chemical modelling.

Relative capacity loss Neutron diffraction Physico-chemical model

Cyclable Li loss in anode 23% 21%
Cyclable Li loss in cathode 23% 21%

for the cycled and uncycled cells, respectively. These differences are a
result of the reduced amount of available cyclable lithium in the
cathode of the cycled cell on discharge.

The relative capacity losses from anode and cathode, experimentally
determined by neutron diffraction and theoretically calculated by a
model predicting capacity losses due to loss of cyclable lithium into a
continual SEI layer growth at the anode, are summarized in Table 7.
The good agreement in capacity fade determination between these
methods concludes that loss of cyclable lithium into SEI layer formation
at the anode is indeed the main aging mechanism contributing to the
observed capacity fade in these cells.

6. Conclusion

In this study, the capacity loss in 18650-type NMC/C cells, produced
under commercial standards, was experimentally investigated with in
situ neutron diffraction and electrical tests, as well as physico-chemi-
cally modeling. The comparison of neutron diffraction experiments
with electrochemical characterization reveals that the entire 21% ca-
pacity loss upon cycling is dominantly due to loss of cyclable lithium,
which is evident from a reduction in available cyclable lithium in anode
as well as cathode. Detailed evaluation of neutron diffractograms could
exclude other contributions to aging such as deactivation or undesirable
phase transformations of electrode materials, within the experimental
accuracy of the method. Physico-chemical modeling confirms that the
capacity fade is caused by consumption of cyclable lithium in ongoing
SEI growth. This continual SEI growth is attributed to the fact that the
electrode-electrolyte interface morphology at the anode of the cycled
cell changes due to the repeated expansion and contraction of the anode
with each cycle. A good agreement between the experimentally de-
termined electrode stoichiometry shifts and those predicted by the
model is demonstrated.
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Equilibrium voltage curves dependent on the degree of lithiation x for the negative electrode E.q .., based on Safari et al. [46] and the positive

electrode Eq s by Tippmann et al. [47]

Eeqneg = 0.6635 + (2.988 exp(—33.52x))

+0.02014 tanh+(%§§46) + 0.9562 tanh(
x— 2876
— 0.1853

x— 0.01663 )
0.03467

) — 0.03768 tanh(X=-2275%)

— 1.461 tanh( S07976

5 (£3249° + 10789y — 9090y + 2929)
PPN (y* — 5323 + 2088y — 1767y + 587)

(A1)

(A.2)

Electrolyte dependencies as measured by Valgen et al. [65] for diffusion coefficient D;, conductivity x and activity dependence as a function of

temperature T and concentration ¢;

D =10 443

54 )
T—(29+5 oy Py 10-4

(A3)
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x = 0.1 ¢;(—10.5 + 0.074T — 6.96 X 107°T? + 0.668¢; — 0.0178¢;T

+ 2.8 X 107%¢; T? + 0.494c? — 8.86 x 1074c>T)?

dinf,  0.601 — 0.24¢° + 0.982¢/°(1 — 0.0052(T — 294))

= 1
dln¢; 1- Lplus
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5 A SEIl Modeling Approach Distinguishing between
Capacity and Power Fade

Within this chapter, the article A SEI modeling approach distinguishing between capacity and power

fade is presented.

In this work, we introduced a P2D physicochemical model with SEI growth as the dominant aging
mechanism. By distinguishing between an electronic and an ionic conductivity of the SEI, this approach

introduces the possibility to adapt the model to capacity as well as power fade.

The model is based on a Samsung ICR18650-22F cell composed of graphite as the negative electrode
and NMC as the positive electrode. We derived the cell’s equilibrium potential by cycling with a low
current at controlled room temperature. Geometric parameters (e.g. thicknesses of electrodes and
separator) were measured at the battery research center Minster Electrochemical Energy Technology
(MEET).

We implemented SEI formation due to their non-ideal insulation properties and SEI re-formation after
their cyclic cracking during graphite expansion. For the implementation of SEI growth, we introduced
a new approach that distinguishes between the transport of lithium ions, on the one hand, and of
electrons through the SEI, on the other hand. This is in accordance with the assumption that the
SEI possesses two ideal properties — a maximum conductivity for lithium ions (kggr) and an insulating
conductivity for electrons (oggr). With this approach, we assume that new SEI is formed at the
SEI/electrolyte interface. The model results in different ohmic drop for the driving potential of the
main intercalation reaction at the negative electrode and the SEI forming reaction. This results in a
more accurate representation of the SEI and enables us to differentiate between capacity and power

fade, which is inextricably connected in a single conductivity modeling approach as presented in 4.

Additionally, we implemented active material dissolution as aging mechanism in the positive electrode
that reduces its solid volume fraction. This aging mechanism corresponds to the degradation mode of
LAM.

We fitted the relevant parameters and validated the model on experimental data from Ecker et al. [101].
The exchange current density of SEI formation was determined at different temperatures at 50 % SOC
in a calendar aging mode. Lithium ions for the reaction are taken from the electrolyte but to keep
the charge balance valid in calendar aging, lithium ions also have to deintercalate from the negative

electrode whereas during cyclic aging those lithium ions are deintercalated from the positive electrode.

Both calendar and cyclic aging result in a square-root-shaped capacity loss over time or cycles. With
increasing SEI growth and hence increasing SEI resistance, the SEI current density decreases until a
state is reached where resistance increase and current density decrease keep the overpotential effectively
steady. Due to that quasi-steady state, SEI formation never stops but decelerates to result in an almost
linear capacity fade. The again accelerating or nonlinear aging behavior is simulated based on the active

material dissolution side reaction in the positive electrode and occurs as soon as LAM becomes larger
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than the LLI.

The simulated capacity fade during cyclic aging agrees well with the linear as well as with the transition
to a nonlinear aging behavior, whereas the slope of nonlinear aging is underestimated by the model.
Furthermore, the shifts in stoichiometry and the half-cell behavior depict the change from a limitation of
the negative electrode to a limitation of the positive electrode and also agree well with the measurements

and conclusions reported by Kleiner et al. [102].

With our modeling approach we are able to differentiate between capacity fade and power fade which

is inextricably connected in a single conductivity approach.

Author contribution Frank M. Kindermann and Jonas Keil initiated the idea of the SEI modeling
approach and developed, parametrized and validated the SEI model. Alexander Frank helped to
carry out the simulation studies and to process the data. The manuscript was written by Frank M.
Kindermann and was edited by Jonas Keil and Andreas Jossen. All authors discussed the data and

commented on the results.
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Lithium-ion batteries are one of the most promising candidates
for energy storage in future stationary storage systems and electric
vehicles.!”> Enormous research efforts have been conducted to get a
thorough understanding of the system “lithium-ion cell” and to further
develop it for higher energy and power density, higher safety standards
as well as longer cycle life.*

The aging behavior of lithium-ion batteries has been a focus issue
of battery research since the introduction of lithium-ion cells by Sony
in 1991.° Reviews by Agubra et al.,%’ Arora et al.,’ Aurbach et al.,*!°
Birkl et al.,'' Broussely et al.,'> Verma et al.'3 and Vetter et al.'*
are just a few examples of the extensive literature regarding aging
behavior. Commonly accepted and experimentally verified aging phe-
nomena as mentioned in the previously cited literature are electrolyte
decomposition leading to solid electrolyte interphase (SEI) and cath-
ode electrolyte interphase (CEI) growth, solvent co-intercalation, gas
evolution with subsequent cracking of particles, a decrease of accessi-
ble surface area and porosity due to SEI growth, contact loss of active
material particles due to volume changes during cycling, binder de-
composition, current collector corrosion, metallic lithium plating and
transition-metal dissolution from the cathode.

The listed aging mechanisms can be assigned to three different
categories that are a loss of lithium-ions (LLI), an impedance increase
and aloss of active material (LAM).'>!5-18 The LLI is synonymous to a
decrease in the amount of cyclable lithium-ions as they are trapped in a
passivating film on either of the electrodes or in plated metallic lithium.
Due to the growth of the passivating layers and/or the formation
of rock-salt in the cathode (residue of the cathode active material
after transition-metal dissolution), kinetic transport of lithium-ions
through those inactive areas is limited and results in an impedance
rise. An LAM can be caused by the dissolution of transition-metal-ions
from the cathode bulk material, changes in the electrode composition
and/or changes in crystal structure of the active material which all
diminish the amount of host structure for lithium-ion intercalation.
Also mechanical strain during de-/intercalation can contribute to LAM
as particles from both electrodes can crack and get electronically
separated from the bulk material.

For investigating or describing the behavior of lithium-ion cells,
different model categories can be implemented and those can be clas-
sified into first-principle, electrochemical engineered and empirical
models.'*?

Atomistic models based molecular dynamics (MD and den-
sity functional theory (DFT)?*% try to recreate molecular behavior on
an atomic scale. As they use fundamental physics-based approaches
for atom-atom interactions, these models are also called first-principle
models.?' This category of models becomes of greater importance in

)21,22

*Electrochemical Society Student Member.
“E-mail: f.kindermann @ tum.de

future research efforts for better understanding interfacial chemistry
as it can predict species in the interphases that might be hidden or
changed due to poor empirical characterization. The drawback of
first-principle models is that they cannot properly handle cycling of
intercalation electrodes as the consideration of the bulk structure is
necessary which cannot be represented with a traditional surface ther-
modynamics approach.?®?” MD and DFT consider clean surfaces and
influences of close subsurface layers, so they do not consider structural
changes in the electrodes during cycling.

A step closer to modeling complete cell behavior are electrochem-
ical engineered models that are often also known as physicochemical
models. Within this class, surface and molecule processes are modeled
in a phenomenological manner but the particle and electrode domain
are described mechanistically. Based on electrochemical kinetics and
transport equations they can simulate cell characteristics and interca-
lation as well as side reactions.'*?° The best-known electrochemistry-
based models are the pseudo two-dimensional (P2D) model developed
by Newman and co-workers?®=" and the single particle model (SPM)
first introduced by Zhang et al.>' The often proved accuracy and
agreement with experimental data of the P2D model originate from
its basic implementation of porous electrode theory as well as con-
centrated solution theory.?®3? Up to today, the P2D model represents
the most precise and — though computationally costly — most popular
model in lithium-ion battery research.?® The SPM represents a sim-
plification of the P2D model in order to decrease computational time.
As the spatial representation of the liquid phase are neglected and
transport phenomena are just considered in one single representative
particle, the SPM lacks the accuracy of the P2D model but still shows
good agreement with experimental data.?*3!-33

Empirical models are based on implementing behavioral trends
from past experiments and predicting future states such as state-
of-charge (SOC) and state-of-health (SOH) from there. The best
known models of that category are equivalent circuit models and neu-
ral network models.?*** As they are relatively simple to implement
and computationally fast, empirical models are frequently found in
literature.***? However, their application is limited as they can only
describe a previously seen and implemented behavior, so an adaption
to another cell or even chemistry needs a completely new database.'*2°

Previous literature described several degradation mechanisms on
anode as well as cathode in a P2D model. Ashwin et al.**** investi-
gated the porosity change in the negative electrode due to SEI growth
under different cycle and temperature conditions. Fu et al.* ascribed
capacity fade to SEI growth as well as active material degradation and
found an extra deposit layer on the anode near the separator. Lawder
et al.*® studied the influence of different driving cycle profiles on the
capacity fade of electric vehicle batteries and ascribed the total capac-
ity fade to SEI growth. The effects of gas evolution due to SEI growth
were modeled by Rashid et al.¥’ On the cathode side, Cai et al.*® im-
plemented an SOC independent manganese disproportionation which
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increased the cathodic resistance and lead to a change both in porosity
as well as particle radius. A combination of SEI growth and cath-
ode dissolution in a lithium-cobalt-oxide (LCO) cell was shown by
Lam et al.** and optimal discharge parameters were derived. Another
very extensive model that included manganese dissolution from a
lithium-manganese-oxide cathode and the effects of manganese-ions
incorporated into the anodic SEI was presented by Lin et al.>

In this paper we introduce a P2D model for a common
NCM/graphite cell with SEI growth as the dominating capacity fade
mechanism on the graphite anode and active material dissolution as
the main aging mechanism on the cathode. The SEI implementation
considers a growth due to imperfections in its insulating properties as
well as new SEI formation due to cracking of the layer during graphite
expansion when cycling the cell. The novelty of our approach is that
we include two separate conductivities within the SEI for lithium-ions
(ksgr) and electrons (osgp) leading to distinct overpotentials driving the
main and side reaction. Simulation data is compared to experimental
studies on NCM/graphite cells performed by Ecker et al.!

Model Development

To analyze the behavior of the most important aging mechanisms
and their impact on capacity fade, we implemented a P2D physico-
chemical model for a common NCM/graphite cell using COMSOL
Multiphysics 5.2a. As the basic equations of the P2D model have been
extensively shown in literature,”" a brief overview of the model and
all used parameters (see Table Al) are given in the Appendix. The basic
assumptions of the implemented aging mechanisms in the presented
model are introduced and discussed subsequently.

Implementation of SEI growth.—For the implementation of SEI
growth we introduce a new approach that distinguishes between the
transport of two species through the SEI — lithium-ions on the one
hand and electrons on the other hand (refer to Figure la). This is
in accordance with the assumption that the SEI possesses two ideal
properties — a maximum conductivity for lithium-ions and an insu-
lating conductivity for electrons.'>5? We are aware that literature’3->°
still debates whether new SEI is formed at the SEl/electrolyte or the
graphite/SEI interface. With our approach, we assume that new SEI is
formed at the SEl/electrolyte interface. In the case of an SEI formation
at the graphite/SEI interface solvent particles would need to be the
second species migrating through the SEI besides lithium-ions. As
our P2D model treats the SEI as an interface phenomenon influencing
charge-transfer, both cases would lead to the same cell behavior, so
we stick to electron migration through the SEI for SEI formation.

Our new approach results in a different ohmic drop (i R) for the
driving overpotential of the main intercalation reaction at the negative
electrode 1, and the SEI forming side reaction ngg;.

N =& —d - EEq,i —i R [1]

Both resistances R,., and Rgsg are dependent on the SEI’s ini-
tial thickness 3 sg;, the thickness increase Adsg and the respective
conductivity. The initial thickness is assumed to be 20 nm which is
considered a fully formed SEI’® and the thickness increase is due to
the non-ideal insulating properties as well as an SEI re-formation after
cracking.

Rueg = 3o0,sE1 + Adskr 2]
KSEL

Reg = 30,sE1 + Adsgr 3]
OSEI

As no measurements of the SEI’s electronic conductivity ogg; are
known,’® we assume ogg; to be 1078 S m~! which is considered an
insulating behavior.”” In contrast, the ionic conductivity kg is pre-
sumed to be 1072 S m~! which is approximately the conductivity of a

liquid lithium-ion battery electrolyte.>’
With the introduced overpotentials we implemented a growth due
to imperfections in the SEI’s insulating properties by Butler-Volmer

Electrolyte

Graphite SEI

Electrolyte

Figure 1. (a) SEI growth at SEI/electrolyte interface by electron flux through
the interphase. Lithium-ion transport for (de-)intercalation reaction has a dif-
ferent conductivity than the electron transport. (b) SEI growth in cracks without
hindrance of interphase.

kinetics with an anodic charge-transfer coefficient o, sg1 = 0.05 and
a cathodic charge-transfer coefficient o, sgr = 0.95. This implemen-
tation is close to the often used cathodic Tafel expression®!> but con-
siders also dissolution reactions during cycling.”

. . g ser - F - MsEr —0esEr e F e Mser
ISEL,n = Lo,SEI * | €XP — rr ) exp — RrRT

(4]
The index n in igg;, symbolizes LiF and Li,CO; as we included
the two most important SEI products in the model.**® F, R and
T represent Faraday’s constant, the universal gas constant and the
absolute temperature, respectively. Specific values for iy sg; will be
given in the Results and discussion section by Equation 11.
Additionally, we implemented an SEI re-formation after cracking
due to graphite expansion during intercalation of lithium-ions.6"%
As we only assume a new formation without dissolution by crack-
ing, the anodic part in the Butler-Volmer equation is omitted and the
overpotential M,k considers no i R-drop.

Nerack = @5 — ®; — Egqser [5]

The current density computation considers a cracking function
dependent on intercalation degree x that is depicted in Figure 2 which
is the gradient of a graphite expansion curve as previously introduced
by Laresgoiti et al.®> Furthermore, we included an empirical factor
ic’jﬁ to scale the cracking for utilization at different intercalation
current densities.

in —-F- crac
icrack = _iO,SEI . < . = ) : fcrack(x) - exp (ﬁ) [6]
Ic/100 RT
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Figure 2. Function fi,cx(x) of the expansion gradient over lithiation degree
x to scale the amount of SEI cracking during different stages of intercalation.

For simplicity, we assume that only Li, COj3 is formed in the cracks.
The overall increase in SEI thickness A8gg after integrating the re-
spective current densities is calculated with the molar masses M; and
densities p; by

_ (Qeraek + Quiycos) - Muiyco, | Quir - Muir

Adggr = + [7]
Sl PLi,CO3 * F pLir - F

The lithium-ions consumed in the three SEI forming charge quan-
tities are subtracted from the total amount of cyclable lithium-ions
and represent the LLI in the model.

We assume that the known aging behavior of a lithium-ion battery
cannot be represented completely by a mere implementation of SEI
growth. In literature, models with SEI growth as their only capacity
fade mechanism do not show the typical non-linear aging behavior
— i.e. the sudden decrease — in usable capacity after several hundred
cycles. 3333396163 Tn these models, this non-linear aging behavior can
be emulated by a high power fade, though, which shortens charging
and discharging due to high overpotentials that decrease the usable
capacity.**¢! Measurements in literature ascribe this non-linear aging
behavior to lithium plating®*% as well as to degradation mechanisms
on the cathode.>*3" For the here introduced model we chose to im-
plement a cathode dissolution reaction as the responsible mechanism
for the non-linear aging behavior. As we lack any information on that
topic from the chosen experimental data, including a mechanism on
the positive electrode seems sensible in regard of the possible interac-
tions between the two mechanisms (SEI growth and lithium plating)
at the negative electrode.

We are aware that dissolved transition-metal ions from the cath-
ode have been reported to be incorporated in the anodic SEI and have
altering effects on its properties.®®®® Including those effects will be
part of future investigations, as they are not crucial for the general
improvement of the introduced SEI model representation by two con-
ductivities.

Cathode dissolution reaction.—The implemented dissolution re-
action, is reducing the solid phase volume fraction € ,,, depending
on the cathode’s intercalation degree. Hence, the reduction of & .
corresponds to the LAM in our model. Acid attack by HF is one of the
dominating causes for active material dissolution at the cathode>*%7
and is implemented as an irreversible kinetics expression in the posi-
tive electrode domain. As HF evolution is promoted at potentials above
4.0'V,% this potential is used as the equilibrium potential Egq giss-

. . F- Ndiss
Ldiss = L0,diss * €XP (T;) [8]

Naiss = @5 — ©1 — Egqdiss [9]

Table I. Parameters for the side reaction definitions. The
superscript e indicates estimated values.

Symbol Parameter Value
SEI layer
EEq,SEI SEI formation 04V 7
equilibrium potential
KSEI Li* conductivity 1x1072Sm~!%7
OSEI e~ conductivity 1x108Sm~1%
30,SEI Initial thickness 20nm °
0SELLi»CO3 Density of Li,CO; 2110kgm~3
MsE1 Li,cos Molar of mass LiCO3 73.89g mol ™!
PSELLIF Density of LiF 2640kgm~3
MSsE1LLiF Molar mass of LiF 2594 ¢ mol ™!
Transition-metal dissolution
EEq,diss Dissolution equilibrium 4.0V 69
potential
i0.diss Dissolution exchange 6.05x 100°Am2¢

current density

The volume fraction of the cathode active material is continuously
calculated by the integrated dissolution current density Qs of HF
dissolving transition-metals from the active material.

Qdiss
8.’ ;= S.) 0 — = [10]
pe ope Cs,max, pos * lpos - F
In conclusion to the introduction of the side reaction modeling
approach, an overview of all parameters for the previously shown side
reactions can be found in Table I.

Results and Discussion

Determination of SEI formation exchange current density.—As
mentioned before, we used the experimental data for a NCM/graphite
cell from Ecker et al.>! to test our model and fit relevant parameters. By
simulating our model in a calendar aging mode (i.e. no applied external
current density), we are able to determine the exchange current density
of SEI formation. Electrons for forming the SEI are provided by the
anode in calendar as well as cyclic aging. Lithium-ions for the reaction
are taken from the electrolyte but to keep the charge balance valid
in calender aging, lithium-ions also have to deintercalate from the
negative electrode whereas during cyclic aging those lithium-ions are
deintercalated from the positive electrode. With the provided data for
35, 40 and 50°C at 50 % SOC, we determined the SEI formation
exchange current density iy sg depending on temperature 7 in an
Arrhenius-like behavior as we expect a negligible influence of the
cathodic dissolution reaction at this SOC.

RT

The exchange current density for SEI formation calculates to 3.6,
6.1 and 17.1 x 1071 A m~2 for 35, 40 and 50°C respectively
and is in agreement with an exchange current density smaller than
1 x 1077 A m~2 as proposed by Fu et al.*

The agreement of experimental and simulation data can be seen in
Figure 3.

Quantitatively LiF and Li,COj; are formed at the same rate in the
calendric regime of the introduced model. This is to be expected as
the same reduction potential and an overall side reaction exchange
current density ip sgr is assumed. The incorporation of the two main
degradation products is still advisable as it influences the thickness
prediction of the SEI by the different molar volumes of LiF and Li,CO3
(VaLie = 9.8 x 107°m? mol™"; Vi 1iyco, = 3.5 x 107> m® mol ™).

~86.2kJ mol”!
iose = 14.7 x 10* A m~ exp <7m°> (1]

Capacity fade based on SEI growth during cyclic and calendar
aging.—When applying a cyclic aging regime with a 1C rate be-
tween 2.75 and 4.2V (constant current (CC) discharge and constant
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Figure 3. Comparison of experimental data taken from Ecker et al.”! and data
from the proposed model for calendar aging at 50% SOC as a result of SEI
formation.

current-constant voltage (CC-CV) charge), we observe a higher ca-
pacity fade due to SEI growth than during calendar aging. One might
expect that this increase in capacity fade is solely due to the cracking
and re-formation of the SEI which is not occurring during calendar
aging. However, as also shown by Purewal et al.” the increase in SEI
growth is mainly due to the differing overpotentials during cycling
and the cracking of the SEI accounts for only a small amount of the
total SEI formed.

The overall SEI growth close to the separator and close to the
current collector as well as the overall capacity fade as shown in Fig-
ure 4 follows a +/-behavior. In contrast to Lin et al.,”° this behavior
is not modeled by an exponential decay pre-factor limiting the ex-
change current density but is based on a different utilized range in
the iggr ,-nsei-curve determining the kinetics of SEI growth. As the
kinetics dependency has an exponential shape and the overpotential
changes due to the increasing Rsgj, the SEI formation current de-
creases until a state is reached where resistance increase and current
density decrease keep the overpotential effectively steady. Due to that
quasi-steady state, SEI formation never stops for reasons of the SEI
being insulating enough but changes to a linear growth behavior.
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Figure 4. Comparison of the modeled SEI thickness close to the separator and
close to the current collector over 1000 cycles. The cell was cycled with a 1C
rate between 2.75 and 4.2 V. The difference in growth is due to inhomogeneous
current density distribution through the electrodes.’>’*
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Figure 5. Comparison of the modeled SEI thickness close to the current col-
lector over 1000 cycles with and without an implemented cathode dissolu-
tion.The cell was cycled with a 1C rate between 2.75 and 4.2 V.

Non-linear aging behavior due to cathode dissolution.—As the
SEI is not stopping to grow due to kinetic limitations as discussed
in the previous section, another effect has to serve as a limiting con-
dition. Our simulations show that the “stabilization” of SEI growth
is influenced by the degradation of the positive electrode. This fact
— which seems contradictory to what one would expect — is caused
by a straightforward circumstance. As cathode degradation outpaces
the amount of lost cyclable lithium-ions contributing to SEI growth,
less and less lithium-ions are moved from the anode to the cathode
during discharge.>>" This effect leads to shorter charging times and,
therefore, shorter times during which SEI can grow which results in a
decrease of SEI growth in each cycle” (see Figure 5). The same would
hold true with lithium plating as a source of LLI and the consequent
decrease of cyclable lithium-ions.

Figure 5 compares the decrease of SEI growth over 1000 cycles
close to the current collector with and without an implemented cath-
ode dissolution reaction. The difference in SEI thickness after 1000
cycles is about 10nm. This thickness difference seems to be very
small in comparison to the difference in the corresponding overall
capacity fade as depicted in Figure 6 (blue and red line). The reason
for the behavior of the model with cathode dissolution is a prolonged
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Figure 6. Comparison of experimental data taken from Ecker et al.’! and

data from the proposed model for cyclic aging as a result of SEI formation
and cathode dissolution. The light blue color covers the range of the three
measurements by Ecker et al.>! Additionally, the red line shows the capacity
fade behavior of the model when disabling the cathode dissolution reaction.
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Figure 7. Cathode (a) and anode (b) stoichiometry for initial starting condi-
tions (blue), before the transition to non-linear behavior in the capacity fade
curve (green) and after 1000 cycles (red). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the
article.)

CV phase during charging due to the side reactions. The CV phase
keeps the SEI reaction below the reduction potential and the cathode
dissolution reaction above the oxidation potential, so the current does
not drop below the stopping criterion of C/20 due to the side reactions.
Therefore, the longer CV phase counterbalances the shorter charging
time for the intercalation reaction and does not limit the SEI growth
as much as expected.

Figure 6 compares the simulated non-linear behavior in usable
capacity with experimental results by Ecker et al.’! The non-linearity
in usable capacity occurs as soon as the LAM in the cathode becomes
larger than the LLI. Whereas the decrease in the beginning of the
capacity fade and the position of the transition zone from linear to
non-linear aging behavior are in good agreement, the slope after the
transition zone is underestimated by the model. This could be caused
by the exclusion of implementing lithium plating as a second source
of LLI and will, therefore, be a task for future work.

Figure 7 depicts consequences of the capacity fade on the shift
within the stoichiometry — which is the intercalation degree — at the
end-of-charge (EOC) and end-of-discharge (EOD). Besides the initial
conditions of a non-aged cell, the values of an aged cell before and
after the transition to non-linear behavior in the capacity curve of
Figure 6 are shown. As expected, the stoichiometry of the anode at
the EOC decreases due to LLI (shift from blue to red in Figure 7b). In
contrast, the stoichiometry of the cathode at the EOC stays (almost)
the same as the anode stays in a stage-1 potential plateau and the
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Figure 8. (a) Comparison of voltage curve taken from Ecker et al.’! for 0.25C
discharge and data from the proposed model. (b) Exemplary different power
fade behavior by changing ksgr to 1 x 1077 Sm™!.

EOC is defined by the cutoft-voltage of the cell at 4.2 V which is the
difference between anode and cathode potential.

At the EOD, we see that the cathode stoichiometry increases (shift
from blue to red in Figure 7a) as the LAM is higher than the LLI
and percentagewise more lithium-ions intercalate in a smaller cath-
ode active material volume. When the cathode stoichiometry at EOD
is reaching 1, the anode stoichiometry also increases as the discharge
is terminated before all lithium-ions are deintercalated from the anode.
Therefore, at this point we see a change from an anode limitation to
a cathode limitation of the cell. Those shifts and the half-cell behav-
ior are also in good agreement with measurements and conclusions
reported by Kleiner et al.” for an NCA/graphite cell.

Capacity and power fade behavior with new model.—Depicted in
Figure 8a is the voltage discharge curve of the simulated cell prior and
after aging at 100 % SOC and 50 °C compared to data reported in the
paper of Ecker et al.>! As can be seen, the cell shows a capacity fade
— recognizable by shorter discharge time — but no significant power
fade as voltage levels are almost equal.

Figure 8b shows the exemplary behavior of a cell with a uniform
conductivity ksg; of 1 x 10778 m~! for lithium-ions and electrons
within the SEI in the order of often used values in literature.*””’”” The
plot shows that we get a totally different power behavior as a result
and, therefore, prediction of available energy with a model that does
not distinguish between the conductivity of electrons and lithium-ions
in the SEI — although we calculate the same capacity fade.
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With our modeling approach we are able to differentiate between
capacity fade and power fade, both resulting in an energy loss during
aging. We thereby get the possibility to gain new insights into SEI
properties for different cell systems and material combinations in
future work.

Conclusions

In this paper we introduced a new approach for modeling aging
behavior that distinguishes between electronic (osg;) and ionic (kgg;)
conductivity of the SEI. By this approach we do not only represent
the SEI in a way that is more accurate but we can also differentiate
between capacity and power fade which is inextricably connected in
a single conductivity approach.

The model shows good agreement with experimental data from
Ecker et al.’! as not only an SEI growth due to non-ideal insulation
properties and re-formation after cyclic cracking but also a cathode
dissolution reaction is implemented. With this cathodic aging mecha-
nism, the transition to non-linear behavior in retrievable capacity can
be explained.

Future work will add further aging mechanisms on both electrodes,
like e.g. lithium plating and a cathode electrolyte interphase (CEI)
formation, to the existing model to get a more thorough understanding
of the interactions between the different mechanisms.
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Appendix

The P2D model is based on porous electrode and concentrated solution theory and
solves lithium-ion concentration ¢; and potential ®; within the liquid electrolyte (subscript
i = [) and the solid active material (subscript i = s) phase. The model geometry is
defined as a one dimensional interval divided into three main domains corresponding to
the graphite electrode, the separator and the NCM electrode. An additional dimension is
set for the description of species intercalation within the particle domain. For a detailed
model description, the reader is referred to Reference 29. The main equations are mass
balance for lithium-ions in the electrolyte ¢;

ity .
a5 =V DregrVa — = |+ asin [Al]
and charge balance
2k.rs RT
v (wwwb, + A (1 +

throughout the electrode domain. The current within the liquid phase is described by the
current density i; and potential ®;, while the pore wall flux at the electrode-electrolyte
interface is named j,. R describes the universal gas constant, F the Faraday’s constant
and 7' the local absolute temperature. Within the separator domain the equations simplify
to

dln fu
dln¢

)(1 - t+)V1n61) = Fag ju [A2]

02 _ v (D - M [A3]
15 = 1efr Ve 7 3

and

2kerr RT
V (ke v+ = (1

aln fy
+ - (1—=t)Ving ) =0 [A4]
dlnc

To couple solid and liquid phase, Butler-Volmer kinetics are assumed for the pore
wall flux

. c o o Cy da ag F _acF
Jn = KEORE (Comax = Cslrmry )™ (€slrmrp ) (m) (8 KT — e kT
[A5]
including the lithium-ion concentration at the particle’s surface ¢, and the overpotential

N=>&; — & — Egq [A6]

where ®; corresponds to the solid phase potential.
Effective transport parameters are used to account for tortuosity in the homogenized
P2D model by scaling material parameters with MacMullin’s number — a function of

Table AI. Physicochemical model par ters red and estimated from a S g ICR-22F 18650-cell. Superscript m indicates measured
values and e estimated values.
Parameter Anode Separator Cathode
Geometry
Thickness [ 77 wm™ 18 um™ 79 um™
Particle radius r,, 10pm™ 4pum™
Solid phase fraction & 0.56™ 0.59™
Liquid phase fraction g; 0.33™ 0.4™ 0.33™
Thermodynamics
Equilibrium voltage Egq see Equation A8 8! see Equation A9 80
Maximum Li* concentration ¢, uax 31363 molm—3 51385 mol m—3
Initial state of charge £s.0 0.85¢ 0.395¢

Cs,max
Kinetics
Reaction rate constant &y 1 x 10" msle 1x 107" mste
Anodic charge-transfer coefficient o, 0.5¢ 0.5¢
Cathodic charge-transfer coefficient o, 0.5¢ 0.5¢
Transport
Solid diffusivity Dy 39x 1074 m?s1e 8 x 1074 m?s!e
Solid conductivity & 100Sm~'¢ 2Sm~'e
MacMullin number Ny 128 1082 1082
Parameter Electrolyte

Electrolyte concentration ¢;
Electrolyte diffusivity D,
Electrolyte conductivity k

n f+

In¢;

al
Activity dependency 3

Transport number 74

1000 mol m =3¢
see Equation Al
see Equation A11 7%

279

079

see Equation A1
0.387°
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porosity ¢ and tortuosity t/*

€ 1
Wy erf = :‘I’z = W‘l’z [AT]

To describe the electrolyte’s characteristics properly, a concentration dependence
is implemented for conductivity, diffusivity and mean molar activity coefficient of the
electrolyte. These are taken from fittings to measurements’® while presuming a constant
transport number. The applied diffusion coefficients are estimated from various literature
sources.”38081 The equilibrium potential is taken from literature®' as well as the maxi-
mum concentration of lithium within active material particles.”"*! Additional parameters
such as reaction rate constants®®3! are assumed based on references from literature.

The chosen parameters for the above introduced model — measured or taken from
literature — are summarized in Table Al

Equilibrium voltage curves dependent on the degree of lithiation x or y for the negative
electrode Egq e by Safari et al.®! and the positive electrode Egg, 05 by Stewart et al.*’

—x +0.1958
Egqneg = 0.6379 + (0.5416 - exp(—305.5309 - x)) + 0.044 - tanh ()C(;W)
01978 - tanh (=271 6875 - tani (22017
) 0.0854 : 00529
X —0.5692
~0.0175 - tanh | 2202992 .
00173 tan ( 0.0875 ) [A8]

Etq pos = 6.0826—6.9922 - y+7.1062 - y*—0.54549 - 10~ - exp(124.23 - y—114.2593)
—2.5947 .y} [A9]

Analytical dependencies for electrolyte diffusivity D;, conductivity k and activity
dln fi
dlng
and transport number 7, as measured by Valgen et al.”’

as functions of temperature 7', lithium-ion concentration in the liquid phase ¢;

—4.43

ome
D =10 v

4
T—(239+5¢)) 107+ [A10]

K =0.1-¢ (—105+0.074-T - 696107 - T> +0.668 - ¢, — 0.0178 - ¢; - T
+2.8-107 - ¢; - T? +0.494 . ¢} —8.86-107* .7 - T)? [Al1]
dln fr  0.601 —0.24- ¢S +0.982 - ¢/ - (1 — 0.0052 - (T —294))

= 1 [A12]
dln¢ 1—1
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6 Modeling of Lithium Plating and Lithium Stripping in

Lithium-lon Batteries

This chapter introduces the paper Modeling of Lithium Plating and Lithium Stripping in Lithium-ion

Batteries.

In this study, we present a physicochemical model considering both lithium plating and lithium strip-
ping side reactions. The model simulates reversible lithium plating and the characteristic voltage
plateau due to lithium stripping during a subsequent discharge after lithium plating in a previous

charge.

The model is based on a Molicel IHR18650A lithium-ion cell with a nominal capacity of 1.95 Ah which
is composed of graphite as the negative electrode and NMC as the positive electrode. We carried
out characterization and validation measurements at various C-rates (0.1 C, 0.2 C, 0.5 C, 1 C) at a
controlled temperature of 25 °C and 0 °C. To investigate the voltage plateau caused by lithium stripping
during a 0.2 C discharge, we induced lithium plating using a constant current constant voltage (CCCV)
charging protocol at various C-rates (0.2 C, 0.5 C, 0.7 C, 1 C) with a cut-off current of 0.05 C at a

controlled temperature of 0°C.

The lithium plating side reaction is described by a Butler-Volmer equation as reported by Arora et
al. [72] and takes place as soon as the potential of the negative electrode becomes negative vs. Li/Li.
Once the potential becomes positive again, the subsequent lithium stripping side reaction proceeds
by dissolving the plated lithium. This side reaction is also described by a Butler-Volmer equation
including an additional correction term that considers the amount of reversibly plated and stripped
lithium. The correction term allows the stripping reaction to be stopped, when the reversibly amount
of plated lithium has been dissolved. The equilibrium potential of both lithium plating and lithium
stripping side reactions is regarded as 0V vs. Li/ Li* and the exchange current density is considered to
be concentration and reaction rate dependent. We assume a fully reversible lithium deposition reaction

that is valid for a few cycles as simulated in this work.

While the lithium de-/intercalation reactions as well as lithium plating and lithium stripping side
reactions depend on the temperature, we coupled the physicochemical model with a 0D thermal model
considering the thermal mass of the lithium-ion cell and the heat transfer by convection and radiation.

The heat generation is comprised of irreversible heat.

The simulated cell voltage and surface temperature agrees well with the validation experiments for

different C-rates at a controlled temperature of 25°C and 0°C.

The lithium plating simulation results agree to the state of the art and show more severe plating with
increasing C-rate, stronger plating at the negative electrode/separator interface and strongest plating
when switching from the CC to the CV charging mode. The amount of deposited lithium predicted
by the simulation is in the same range as the ones measured in a previous neutron diffraction study

by von Liiders et al. [53] under nearly the same conditions.
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6 Modeling of Lithium Plating and Lithium Stripping in Lithium-Ion Batteries

With the novel lithium stripping modeling approach, we simulated the characteristic voltage plateau
during discharge that is in good agreement with the experimental data for different C-rates. Finally,
the voltage plateau increases with higher C-rates and therefore with an increasing amount of deposited

lithium.

Author contribution Jonas Keil initiated the idea of an electrochemical lithium stripping modeling
approach, developed, parametrized and validated the model and initiated the experimental work.
Christian von Liiders helped to develop the model based on his expertise on lithium plating and
literature based lithium plating modeling approaches, initiated and coordinated the experimental work
and carried out the simulation studies. The data was analyzed by Jonas Keil and Christian von Liiders,
while Markus Webersberger helped to process the data. The manuscript was written by Christian von
Liders and Markus Webersberger and was edited by Jonas Keil and Andreas Jossen. All authors

discussed the data and commented on the results.
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HIGHLIGHTS

® A physicochemical model for lithium plating and lithium stripping is developed.

® The characteristic voltage plateau due to lithium stripping is simulated.
® The voltage plateau corresponds to the amount of previously plated lithium.

® Simulated amount of plated lithium corresponds to a former neutron diffraction study.
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In this study, we present a physicochemical model considering both lithium plating and lithium stripping side
reactions in lithium-ion batteries. The model shows the amount of reversibly plated lithium dependent on the
charging current on the surface of the graphite anode. In the subsequent discharge, a characteristic voltage
plateau due to lithium stripping is simulated. The shape of the voltage plateau corresponds to the amount of
previously plated lithium. The model correlates with experimental data of a commercial 18650-type NMC/C cell.
The simulated amount of plated lithium is in the same range as in a previous neutron diffraction study with the

same cell type. To induce lithium plating, the cells are charged with various C-rates at an ambient temperature of
0°C. The measured voltage plateau caused by lithium stripping in the discharge is correctly described by si-

mulation.

1. Introduction

Lithium-ion batteries are today's most important energy storage
system for mobile applications due to their high specific energy and
power density [1]. Nevertheless, lithium-ion batteries degrade during
their lifetime by several aging mechanisms [2,3]. One main aging me-
chanism is the deposition of metallic lithium on the surface of the
graphite anode [4], which occurs under certain operational conditions
such as low temperatures [5-9], high charging currents [10-12] and a
high state-of-charge (SOC) [11,13] during charging. Hence, lithium
plating should be avoided by maintaining the maximum charging cur-
rent, the minimum operating temperature and the upper cut-off vol-
tage. However, especially for battery electric vehicles, fast charging is
essential to compensate for the limited driving range.

The deposition of lithium is initially reversible, but part of the de-
posited lithium is irreversibly lost due to the reaction with the elec-
trolyte or due to a loss of electrical contact during the dissolution,
which both result in capacity loss. Lithium plating can also become a
safety risk because of the growth of dendrites, which can possibly

* Corresponding author.
E-mail address: c.von-lueders@tum.de (C. von Liiders).
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penetrate the separator and short-circuit the electrodes, and because of
exothermic reactions of lithium metal with the electrolyte [7]. More-
over, lithium plating can also occur after prolonged cycling due to pore
clogging in the porous electrode [14].

Physicochemical models can be helpful to predict the onset of li-
thium deposition and the possible amount of deposited metallic li-
thium. It is also important to describe the altered voltage behavior due
to the lithium dissolution, the so-called lithium stripping, during a
subsequent discharge or rest period.

There are some models for lithium plating, but only a few models
the backward reaction of lithium stripping. Arora et al. [15] firstly
described the conditions for lithium deposition during overcharge. They
extended Doyle's well-known model [16-19] with a side reaction de-
scribed by a Butler-Volmer equation on the negative electrode and in-
vestigated lithium deposition under various operating conditions, with
various cell designs and charging protocols. Perkins et al. [20] com-
pared Arora's full-order model [15] with their own reduced-order
model to develop a controls-oriented comprehensive cell degradation
model. Hein and Latz [21] showed by their simulation on
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microstructure scale that the voltage plateau during the stripping pro-
cess not only depends on the amount of deposited lithium but also on
the distribution in the electrode. Ge et al. [22] extended Arora's model
[15] with temperature dependency according to the Arrhenius law for
low temperature studies. Additionally, they compared their simulations
with experimental data measured by nuclear magnetic resonance. Yang
et al. [14] developed a lithium plating induced aging model, which
predicts the transition from linear to nonlinear aging after prolonged
cycling. Yang et al. [23] further used a concentration-dependent Butler-
Volmer equation for their mathematical model for lithium plating and
stripping. Ren et al. [24] added a second side reaction for the stripping
process to Arora's model [15], which can roughly describe the voltage
behavior during a rest period.

This work will extend the well-known model by Doyle, Fuller and
Newman [16-18] with one side reaction for the modeling of lithium
deposition according to Arora et al. [15] during charging. The back-
ward side reaction describes the lithium stripping process taking into
account the plated charge quantity. With this approach, the char-
acteristic voltage plateau of lithium stripping is described during a
subsequent discharge after lithium plating in a previous charge. All
simulations are validated by experimental data of a commercial 18650-
type NMC/C cell.

2. Model description

In this work, a physicochemical model is developed to analyze the
behavior of lithium plating and lithium stripping based on the modeling
approach of Doyle, Fuller and Newman [16-19], which rests on the
concentrated solution and the porous electrode theory. The developed
model is a one-dimensional representation of the cell, which is coupled
to a second dimension representing the spherical active material par-
ticles, which is also known as a pseudo-two-dimensional (p2D) model.

2.1. Implementation of lithium plating and lithium stripping

Lithium plating and stripping are side reactions occurring on the
surface of the negative electrode. The reactions of plating and stripping
can be written in the following way:

1)

The forward reaction describes lithium plating and the backward
reaction lithium stripping. The total local current density i, must be
the sum of the current density of the main reaction ipqin neg, Which is the
intercalation respectively deintercalation, and the current densities of
the side reactions lithium plating i;, and lithium stripping ij:

Lit +e” 2 Li°

(2

The intercalation/deintercalation reaction is described by a Butler-
Volmer equation where the driving force is the overpotential 7,,,,,
which is defined by the difference between the potentials of the solid
and the liquid phase ¢, — ¢, and the thermodynamic equilibrium po-
tential ¢°:

itor = imain,neg + ilpl + lis

Nmain = ¢s - ¢l - ¢0 (3)
The charge-transfer current density i, is calculated by

. . aF —a.F

Unain = lo,main| €XP Eﬂmam — exp| W”main “4)

with the exchange current density for the intercalation/deintercalation
reaction:

g
. Ci
— T % ac
io,main = Fkgokg® (Csmax — Cx,surf)aacs}urf
Clref

(5)

The maximum possible concentration of intercalated lithium ions in
the active material is given by ¢ ,uq and the lithium-ion concentration
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in the electrolyte by c;. Furthermore, k describes reaction rates and «
expresses the charge-transfer coefficients. Subscripts a and c signify the
anodic and cathodic direction, respectively. Moreover, the exchange
current density is dependent on the surface concentration c; -

The side reaction for lithium plating is described by a Butler-Volmer
equation as reported by Arora et al. [15]:

. . Aq,ipt F = piF
ipr = lO.Ipz( exp( =2 mpz) - EXP( — ')zp:)] s M SO0V ©

RT RT
The exchange current density for the lithium plating reaction was
derived by Ge et al. [22]:

. a

io,p1 = Fhypie) ' )
The overpotential of both side reactions can be written as

Mpt =Mt = & = 41— ¢£i0/Lz‘+ 8

with the subscripts Ipl and Ist which consider lithium plating and li-
thium stripping side reactions. The equilibrium potential of both side
reactions is regarded as 0V versus Li’/Li*. The condition for lithium
plating is 7, <0V, whereas the condition for lithium stripping is
Nt > 0V

The side reaction in relation to lithium stripping can also be de-
scribed by a Butler-Volmer equation with the same exchange current
density but an additional correction term, in which g, and g, is the
amount of reversibly plated and stripped lithium, respectively. The
correction term allows the stripping reaction to be stopped, when the
reversibly amount of plated lithium has been consumed. Both Butler-
Volmer equations enable that the current is zero when the overpotential

is zero:
. . Aa,iptF =t piF Qpr — it
st = lOvlpl( eXP( n 1) - eXP(i’?z = O >0V
RT P RT ™)) Qi max i
9

A brief overview of all used physicochemical parameters is given in
Table 1. The equations of the equilibrium potentials for both electrodes
as well as the electrolyte transport equations can be found in the ap-
pendix (A.1-A.5).

In this work, we assume that the lithium deposition reaction is fully
reversible. That means the whole part of the deposited lithium is dis-
solved during the subsequent stripping process. This can be considered
as valid for a few cycles since Howlett et al. [25] showed cycling effi-
ciency of greater than 99 % for lithium metal electrodes. In a future
work, we will extend the model to form irreversible products to get an
irreversible loss of lithium inventory during extended cycling.

The ratio between the intercalation and the plating current while
charging as well as between the deintercalation current and the strip-
ping current while discharging depends on the temperature. Therefore,
the physicochemical model is coupled with a thermal model.

2.2. Thermal model

The physicochemical model is coupled with a 0D thermal model, in
which the heat is evenly distributed in the cell. The heat transfer is
considered by convection

Qconv = hA cen (Thiock — T)

with the heat transfer coefficient h, the cell surface Ay, the cell tem-
perature T, and the ambient temperature T. The radiation

- 4
Qraa = E[hGBAL'L’H(TbloCk - T4)

in which ¢, is the emissivity and op the Stefan-Boltzmann constant.
Furthermore, the thermal mass of the cell is considered

(10)

11

R aT;
Qun = me, block a2
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Table 1

Physicochemical model parameters for a commercial 18650-type NMC/C cell.
Parameter Anode Separator Cathode
Thickness [ 79 um *° 25um * 67 um *
Particle radius r, 10.5um * 4.6 um *
Solid phase fraction e 0.56 ” 0.56 ©
Liquid phase fraction ¢ 03" 0.45"° 03"
Specific surface a” 3e5/rp 3e5/1p
Equilibrium potential ¢° see Equation (A.1) [26] see Equation (A.2) [27]
Maximum Li* concentration cs max 31370 mol m 2 [28] 51385 molm 3 [28]
Initial state of charge C:AT(::): (25°C|0°C) 0.9 078 b 0.394 | 0.4 b
Activation energy of the diffusion Eq p 1.510%Jmol ~! [29] 1.5:10* Jmol ! [29]
Activation energy of the reaction Eg i 3.510* Jmol ™! [29] 3.510*Jmol ™! [29]
Reaction rate constant k 110" "'ms~! [30] 110 "' ms ™! [30]
Anodic charge-transfer coefficient a, 0.5 ¢ 0.5 ¢
Cathodic charge-transfer coefficient a, 0.5°¢ 0.5°
Solid diffusivity Dy 110~ m?2s~! [30] 110 ¥ m2s7! [6]
Electronic conductivity o 100Sm™! [31] 3.8Sm™! [31]
MacMullin number Ny 12°¢ 12°¢ 12 [32]

Initial electrolyte concentration ¢;
Electrolyte diffusivity D;
Electrolyte ionic conductivity x
. dlnf+
Activity dependency T

Transport number £,

Reaction rate constant lithium plating kip 2510 "ms~ ' "
Anodic charge-transfer coefficient lithium plating ag i1 0.5°¢
Cathodic charge-transfer coefficient lithium plating cc, jp/ 0.5°¢

1000 molm ™3 ©

see Equation (A.3) [33]
see Equation (A.4) [33]
see Equation (A.5) [33]

0.38 [34]

@ Measured.
b Fitted to measurements.
¢ Assumed.

with its specific heat capacity ¢, and mass m.
The heat balancing equation results in

. 9Thlock
GVeers = meTM + hAct (Thiock — T) + €m0 Acet (Toioek — T 13

in which V. is the volume of the cell.

The heat generation ¢ is comprised of several components: the
ohmic power losses of the liquid and solid phase, the irreversible heat
produced by the charge-transfer and the reversible heat.

G = Gopmt + Gotms + Girrev, main + Girrev, 1pt + Girvev, 1st + Grev, main T Grev, 1p1

+ qrev, Ist (14)

Since the reversible heat has only a significant influence at lower
currents [35], no temperature-dependent equilibrium potentials are
regarded in this work. Thus, Eq. (14) can be written as
q = ilv¢[ + is,neg V¢s + ix,pos V¢s + arK:g imain,negnmam,neg + al‘)/os ipﬂsnpog

+ Qg lipi iy + gt Ny 15)
dependent on the current densities of the solid and liquid phases i; and
ii, the potentials ¢, and ¢,, as well as on the specific surface a”, the local

current densities and the overpotentials of the reactions. The para-
meters for the thermal model are summarized in Table 2.

Table 2
Thermal model parameters.

Parameter

Specific heat capacity ¢, 1000J kg 'K~ [28]
Emissivity &y, 0.8 [36]
Heat transfer coefficient h 25Wm 2K '*

2 Assumed

43

3. Experimental

The measurements were performed with a commercial 18650-type
cylindrical cell with a layered metal oxide as cathode (LiNi; ,sMn; ,3Co,,
30,) and graphite as anode. The nominal capacity is rated as 1.95 Ah
during a 0.2C discharge at 25°C. All C-rates in this paper are given
relative to this nominal capacity. The measurements were performed on
a Cell Test System (BaSyTec, Germany) and were carried out in a
VT4021 climate chamber (V6tsch, Germany).

For the validation of the model, the cells were charged with a
constant current (CC) of 0.2C from 3.0V to the cut-off voltage of 4.2V,
followed by a constant voltage (CV) phase at 4.2V until the charge
current dropped below 0.05C. Afterwards, the cells were discharged
with various C-rates (0.1C, 0.2C, 0.5C, 1C) to 3.0 V. The validation
measurements were performed at an ambient temperature of 25 °C and
0°C.

To induce lithium plating, the cells were charged with various C-
rates (0.2C, 0.5C, 0.7C, 1C) to the cut-off voltage of 4.2 V at an ambient
temperature of 0 °C, followed by a CV phase at 4.2V until the charge
current dropped below 0.05C. For the investigation of the voltage
plateau caused by lithium stripping, the cells were subsequently dis-
charged at a C-rate of 0.2C to the cut-off voltage of 3.0 V. For every
condition, three cells were measured.

4. Results and discussion
4.1. Model validation

Fig. 1 shows the validation of the physicochemical and thermal
model. The simulated cell voltage and surface temperature are com-
pared with experimental results for discharge with 0.1C, 0.2C, 0.5C and
1C. As in all validation experiments, the charging current was only
0.2C, no lithium plating was expected. The simulations and experi-
ments are performed at ambient temperatures of 25°C as shown in
Fig. 1a) and b) and at 0°C in Fig. 1c) and d). The simulated and
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Fig. 1. Comparison of the simulation results (solid lines) with the experimental data (symbols) at different discharge rates. (a) Cell voltage and (b) surface tem-
perature at an ambient temperature of 25 °C, (c) cell voltage and (d) surface temperature at an ambient temperature of 0 °C vs. discharge capacity.

experimental data are presented vs. discharge capacity for a better
scaling in contrast to time representation. According to Fig. 1, the si-
mulated cell voltage corresponds to the experimental data very well for
all C-rates. The simulated temperature is in good agreement with the
experimental data except for some small deviations at 0 °C.

4.2. Lithium plating

With a charging rate of 0.2C, the anode potential never drops below
0V neither at the separator electrode interface nor at the current col-
lector electrode interface at an ambient temperature of 0°C (Fig. 2).
Therefore, no lithium plating occurs at a charging rate of 0.2C. For the

- - - Current collector
——Separator

0.3

0.2

Anode potential / V

0 5000
Time /s

10000 15000

Fig. 2. Anode potential vs. Li%/ Li* over time at an ambient temperature of 0 °C
at the electrode separator interface (solid lines) and at the electrode current
collector interface (dashed lines).
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other applied charging rates 0.5C, 0.7C and 1C, lithium plating starts at
the electrode separator interface at 868s, 259 s and 98 s, respectively,
when the potential of the negative electrode falls below 0 V. The lowest
anode potential always occurs at the anode/separator interface.

Later during charging, plating occurs in the whole electrode, as the
propagation of the plating reaction proceeds from the separator elec-
trode interface into the anode in the direction of the current collector of
the anode. Lithium plating begins at the current collector electrode
interface at 3749 s, 1743 s and 474 s for 0.5C, 0.7C and 1C, respectively.

In Fig. 3, the local volumetric current density of the three modeled
reactions is depicted at the electrode separator interface. The 1C
charging begins with regular intercalation until the anode potential
drops below 0V, at which lithium plating starts. Both reactions proceed
simultaneously even though the intercalation current density has not
reached its maximum yet. When switching to the CV phase at 1.064 Ah,
the volumetric current density for lithium plating has its maximum and
begins to reduce due to an increasing plating overpotential in con-
sequence of a decreasing charging current. After the anode potential
exceeds 0 V at 1.466 Ah, the volumetric current density of plating drops
to zero and the dissolution of plated lithium - lithium stripping — starts.

The amount of deposited lithium can be predicted by simulation.
Dependent on the charging current, the amount of plated lithium in-
creases with higher charging currents, which can be seen in Fig. 4. The
plated lithium is 0.141 Ah for a current of 0.5C, 0.230 Ah for 0.7C and
0.299 Ah for 1C. In relation to the nominal cell capacity of 1.95 Ah, the
deposited lithium accounts for 7.2 %-15.3 %. These values are in the
same range as the ones measured in a previous neutron diffraction
study [12] with the same cell type under nearly the same conditions as
the temperature was —2 °C. In that study, 5.5 % of lithium plating for a
current of 0.5C was measured and 9.0 % for 1C. The quantity of lithium
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Fig. 3. Local volumetric current density of the intercalation (blue), plating
(green) and stripping (red) reaction at the electrode separator interface vs.
capacity during 1C CCCV charge. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Capacity of reversibly plated lithium vs. charge capacity for increasing
charging currents.

plating is underestimated, as the calculations of the neutron diffraction
experiment refer to the relaxation phase and do not consider the lithium
stripping in the CV phase.

In this simulation, 8 mAh are already stripped in the CV phase at
0.5C, 13 mAh at 0.7C and 18 mAh at 1C.

4.3. Lithium stripping

The characteristic voltage plateau which correlates with the lithium
stripping process is described in literature during discharge [8,9,37]
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Fig. 6. Local volumetric current density of the deintercalation (blue), plating
(green) and stripping (red) reaction at the electrode separator interface vs.
discharge capacity after 1C charge. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

and relaxation [12,24,38]. In Fig. 5 a), the simulated voltage during
discharging is compared with experimental data at an ambient tem-
perature of 0 °C. The charging rates are set as mentioned before, but
every discharge is carried out with a constant current of 0.2C.

With charging rates of 0.5C, 0.7C and 1C, lithium is deposited due
to the negative anode potential (cf Fig. 2), and the voltage plateau is
clearly visible during the subsequent discharges. The size of the plateau
increases with increasing charging current which indicates that the
plateau correlates with the amount of deposited lithium. The simulated
voltage curves match with the experimental data for the voltage plateau
and the position of the turning points very well, as can be seen in the
magnification in Fig. 5 b). The deviation between simulation and
measurement of the voltage plateau is less than 10 mV.

With the beginning of the discharge, the volumetric current density
for lithium stripping increases immediately nearly to its maximum,
which is approximately three times higher than the average deinter-
calation volumetric current density, which can be seen in Fig. 6. The
high stripping current density at the beginning of the discharge results
in a small deintercalation current during the discharge period. The li-
thium stripping volumetric current density reduces nearly constantly
until all reversibly plated lithium is dissolved and the curve levels out at
0.4 Ah. Up to this state, the deintercalation current density increases
strongly.

After charging with 0.2C, the stoichiometry x in Li,Ce decreases
linearly when discharging with a constant current. The state of charge

® 42

——Simulation
= =Measurement

Voltage / V

0 0.1
Discharge capacity / Ah

0.2 0.3

Fig. 5. (a) Cell voltage vs. discharge capacity after previous 0.5C, 0.7C and 1C charge, simulation (solid lines) and measurement (dashed lines). (b) Magnification of

the voltage plateau during lithium stripping.
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discharge until all reversibly plated lithium is dissolved (cf cycle III in
Fig. 10 in their study).

5. Summary and conclusion

We have developed a pseudo-two-dimensional model which con-
siders the phenomenon of lithium plating as well as lithium stripping.
The model has been validated by experimental data and shows a very
high agreement at both ambient temperatures of 25 °C and 0 °C. Four
charging rates have been observed with these results: 0.2C does not
indicate any lithium plating in contrast to 0.5C, 0.7C and 1C, at which
05 1 15 the amount of plating increases with the C-rate. The characteristic

Stoichiometry x in LixCg

©c o o 9o o o o
S wr N

0 Discharge capacity / Ah voltage platea-u .during dis.charge.e due to lithium stripping can b.e illu-

strated very distinctly by simulation and correlates very highly with the

Fig. 7. Stoichiometry x in LixCe vs. discharge capacity. measured data. Furthermore, the voltage plateau clearly increases with

the increasing amount of lithium plating rising up to the start of the CV

of the graphite anode is lower for higher charging C-rates because of phase, after which it then decreases. In addition, the simulated amounts

lithium plating and increased polarization. It can be seen in Fig. 7 that ~ of plated lithium also match to the measurement data of a neutron
the highest C-rates show the lowest stoichiometries at the beginning of diffraction study [12].

the discharge. The plated lithium dissolves in the discharge phase be- This model extension provides a foundation for plating detection so

fore deintercalation starts. This results in a slower decrease of the that novel charging methods can be developed, which are fast and safe.

stoichiometry when lithium stripping takes place. For the high C-rates The impact of lithium plating and lithium stripping on cell aging will
of 0.7C and 1C, the stoichiometry increases first by 0.9 % and 2.2 % further be investigated in a future study.
until deintercalation of the anode starts. After all plated lithium is

stripped, all curves collapse to one due to the same discharge rate. Acknowledgement
This confirms earlier experimental studies by Zinth et al. [8] where
they showed that the neutron diffraction signal corresponding to the This work is financially supported by the German Federal Ministry

state of charge of the graphite anode stays constant during a subsequent of Education and Research (BMBF) under grant number 03XP0081.
Appendix A

Equilibrium potential of the negative electrode dependent on the degree of lithiation x by Safari et al. [26]:

0 = 0.6379 + 0.5416-exp(—305.5309x) + 0.044 tanh(—ﬂ) - 0.1978 tanh(ﬂ) — 0.6875 tanh(w)
neg 0.1088 0.0854 0.0529
x — 0.5692
— 0.0175 tanh| ————
( 0.0875 ) (A1)
Equilibrium potential of the positive electrode dependent on the degree of lithiation y by Stewart et al. [27]:
¢0,, = 6.0826 — 6.9922y + 7.1062y> — 0.54549-10~* exp(124.23y — 114.2593) — 2.5047y* (A2)
Electrolyte phase diffusion coefficient D, by Lundgren et al. [33]:
D) = 7.588-107 exp| 3536'9( LI l) c? — 3.036-1071% exp ﬂ( LI l) c; + 3.654-10710 exp 8372'8( LI l)
8.314 \ 298.15 T 8.314\ 298.15 T 8.314 \ 298.15 T (A.3)

Ionic conductivity x; by Lundgren et al. [33]:

1.147 520 ( 1 1) . 2238 1010 ( 1 1) Ls . 2915 1270 ( 1 1)
K = ——-exp| —— - = || — =—-exp| — - = || + =—-exp| — - —|la
10 8.314\ 298.15 T 10 8.314\ 298.15 T 10 8.314\ 298.15 T (A.4)
olnf, .
3ine by Lundgren et al. [33]:

Activity dependence

dlnf, 0.2731c? + 0.6352¢; + 0.4577
dlnce  (0.1291¢? — 0.3517¢? + 0.4893¢; + 0.5713) — 1 (A.5)
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Symbols

Aceni: cell surface area in m?

a: specific surface in m~
c: lithium-ion concentration in mol m™

1
3

¢p: specific heat capacity in J kg K™*
F: Faraday constant, 96485 Cmol ™!
h: heat transfer coefficient in W m~2 K~ !

i: local current density in A m™
ip: exchange current density in A m™
k: reaction rate constant in m s~

2
2
1

m: mass in kg

g: local amount of reversible lithium in C mol ~>
g: heat generation in W m >

Q: heat transfer in W

R: universal gas constant, 8.314J mol 'K~!

T: absolute temperature in K

Thiock: resulting cell temperature in K

Vien: cell volume in m®

a: charge-transfer coefficient

£ : emissivity

n: overpotential in V

op: Stefan-Boltzmann constant, 5.67-10 8 Wm 2K~ *
¢: electric potential in V

¢°: thermodynamic equilibrium potential in V

Subscripts

a: anodic

c: cathodic

conv: convection
irrey: irreversible

I: liquid phase

Li: lithium

Ipl: lithium plating

Ist: lithium stripping
main: main reaction
neg: negative electrode
pos: positive electrode
rad: radiation

rev: reversible

s: solid phase

surf: surface

th: thermal

tot: total






7 Linear and Nonlinear Aging of Lithium-lon Cells
Investigated by Electrochemical Analysis and In-Situ

Neutron Diffraction

In this chapter, we summarize the paper Linear and Nonlinear Aging of Lithium-Ion Cells Investigated

by Electrochemical Analysis and In-Situ Neutron Diffraction.

In this work, we present an aging study on commercial 18650-type C/LiNig 33Mng 335C00.3302 lithium-
ion cells under different testing procedures. Both linearly and nonlinearly aged cells are investigated

by electrochemical analysis and in-situ neutron diffraction.

The general test procedure is as follows: the cells were discharged using a CC to a cut-off voltage
of 2.75V, followed by a CC charging step to a cut-off voltage of 4.2V and a CV charging step with
a cut-off current of 0.1 A. After each discharge and charge, resting times were applied. By varying
the charging current, the discharging current and the resting time, four different test procedures were
performed. At the beginning of the aging experiment and after every 100 cycles, checkup tests were
performed to determine the cells’ capacity and internal resistance. For all cycles and tests, we used an
environmental chamber to keep the ambient temperature at 25 °C. The cells show a nonlinear capacity
fade after a few hundred equivalent full cycles, if cycled with a standard charging and discharging rate
of almost 1C, and different resting times of 900s and 10s. By increasing the discharging current to
almost 2C or decreasing the charging current to roughly 0.7C, the lifetime improves and results in a

linear capacity fade.

The neutron diffraction measurements were performed using a Debye—Scherrer geometry under ambient
conditions at the high-resolution powder diffractometer SPODI, at the Heinz Maier-Leibnitz (FRM
IT) research reactor in Garching, Germany [88]. For the neutron diffraction experiment, two cells
from every test procedure — which result in various SOHs — were selected and respectively charged or
discharged to 4.2V (100 % SOC) or 2.75V (0 % SOC) using a CCCV protocol with a current of 1 A
(= C/2) and a cut-off current of 20mA (= C/100).

Equally to the work summarized in Chapter 4, we carried out Rietveld refinements of all neutron
diffractograms to identify crystalline phases, estimate their phase fractions and derive lattice param-
eters to thus analyze the cyclable lithium content in the electrodes and structural changes caused by
aging. The neutron diffraction experiment reveals the loss of lithium inventory as the dominant aging
mechanism for both linearly- and nonlinearly-aged cells. Other aging mechanisms, like the structural
degradation of anode or cathode active materials or the deactivation of active materials, could not be

confirmed. This result is also confirmed by DVA.

The comparison between capacity loss determined by electrochemical analysis and neutron diffraction
revealed an increasing capacity loss in the edge area of the electrodes with ongoing aging. We supposed
two different dominant aging mechanisms, which are the growth of the solid electrolyte interphase in

the early stage and marginal lithium deposition in the later stage.
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After a few weeks of storage, checkup tests showed both capacity recovery or capacity loss dependent
on the SOH as well as the SOC the cells were stored at. Linearly-aged cells that were fully charged
for the neutron diffraction experiment revealed a capacity loss of less than 3.0 %, whereas the fully
discharged ones pointed out a capacity recovery of less than 3.2 %, owing to lithium diffusion into or
out of the anode overhang area [103], respectively. On the other hand, all nonlinearly-aged cells showed
a capacity recovery due to lithium stripping, the partial reversible reaction of lithium deposition, as

well as the chemical intercalation of lithium.

Finally, SEM images of uncycled and nonlinearly-aged cells qualitatively showed surface layer growth

and morphology changes on the graphite anode, whereas the cathode particles appeared unchanged.

Author contribution Jonas Keil initiated the idea of the experimental study investigating linear and
nonlinear aging, designed and carried out the aging experiment, helped to design and to carry out the
neutron diffraction experiment, accomplished the post-mortem analysis and analyzed and processed the
data. Neelima Paul and Volodymyr Baran designed and carried out the neutron diffraction experiment
as well as analyzed and processed the neutron diffraction data. Peter Keil helped to design the aging
experiment and to process the data. The manuscript was written by Jonas Keil and was edited by
Neelima Paul, Volodymyr Baran, Peter Keil, Ralph Gilles and Andreas Jossen. All authors discussed
the data and commented on the results.
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In this paper, we present an aging study of commercial 18650-type C/LiNi 33Mng 33C00 3307 lithium-ion cells. The test procedure
comprises varying charging currents, discharging currents and resting times between cycles. The cells show a nonlinear capacity fade
after a few hundred equivalent full cycles, if cycled with a standard charging and discharging rate of almost 1C, and different resting
times. By increasing the discharging current or decreasing the charging current, the lifetime improves and results in a linear capacity
fade. The neutron diffraction experiment reveals a loss of lithium inventory as the dominant aging mechanism for both linearly-
and nonlinearly-aged cells. Other aging mechanisms such as the structural degradation of anode or cathode active materials, or the
deactivation of active materials, cannot be confirmed. With ongoing aging, we observe an increasing capacity loss in the edge area of
the electrodes. Whereas the growth of the solid electrolyte interphase defines the early stage, linear aging, marginal lithium deposition
is supposed to cause the later stage, nonlinear aging. Capacity recovery caused by lithium stripping and chemical intercalation is

shown to be dependent on the cell’s state of health.
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Nowadays, lithium-ion battery technology is widely used both
in mobile and stationary applications, such as consumer electronics,
electric vehicles, and grid operations. The economic, sustainable and
safe operation of these battery-energy-storage systems depends sig-
nificantly on their aging behavior. In particular, the definition of a
battery’s end of life, and also a conceivable reuse of lithium-ion bat-
teries in second life applications, are extensively discussed topics.'

Aging of lithium-ion cells generally means a decrease in its en-
ergy density and power capability, caused by the loss of capacity and
the increase of impedance. In particular, aging can be separated into
an early stage and a later stage. The former indicates decelerated or
linear aging, whereas the latter describes accelerated or nonlinear ag-
ing. Furthermore, the aging mechanisms can be assigned to a loss of
lithium inventory (LLI), a loss of active material and an impedance
increase.*® The main aging mechanisms are: electrolyte decompo-
sition leading to solid electrolyte interphase (SEI) and cathode elec-
trolyte interphase growth; contact loss of active material particles due
to volume changes during cycling; a decrease in accessible surface area
and porosity due to SEI growth; lithium deposition; transition-metal
dissolution from the cathode; solvent co-intercalation; gas evolution
with subsequent cracking of particles; binder decomposition; and cur-
rent collector corrosion.”!?

SEI growth, the main aging mechanism under common operational
conditions, results in a linear capacity fade on charge throughput, or
a square-root-shaped capacity loss over time.'! However, a nonlinear
or accelerated capacity fade is caused by the deposition of metal-
lic lithium on the graphite anode,” if the local anode potential be-
comes negative vs. Li/Li*.'>!® Low temperatures,'®'“"'® high charg-
ing currents>!'*!7 as well as a high state of charge (SoC)'® favor lithium
deposition. Lithium metal can react again with the electrolyte, forming
additional SEI. Waldmann et al.' classify the terminology of lithium
deposition and distinguish between homogeneous lithium plating and
inhomogeneous, local or marginal, lithium deposition. Even at moder-
ate temperatures and charging rates, lithium deposition may occur due
to inhomogeneous current and potential distributions, as well as tem-
perature gradients inside the cell.>!° Bach et al.'® show local lithium
deposition, caused by an unevenly compressed cell casing, at an am-
bient temperature of 20°C. Lithium plating or lithium deposition are
partly reversible processes as long as the plated/deposited lithium ex-
hibits an electrical contact to the active material of the negative elec-

“E-mail: jonas.keil @tum.de

trode. In that case, there are basically two different reversible pro-
cesses: lithium stripping during a subsequent discharge, or chemical
intercalation during relaxation.'

There are various methods to characterize aging mechanisms and
their underlying chemical, physical and mechanical processes. In gen-
eral, a distinction is made between in-situ and ex-situ experiments. In
situ refers to measurements that are performed on materials in their
original position, i.e. without disassembling the battery.?’ Ex-situ mea-
surements involve cell opening and sample preparation. The fact that
further operation of the cell is not possible following ex-situ mea-
surements, as well as the high risk of altering or contaminating the
samples, are the main drawbacks of this method.?>->> The most com-
monly used in-situ techniques are X-ray techniques, scanning probe
microscopy, electron microscopy, optical techniques, magnetic (reso-
nance) techniques and neutron techniques.”’ However, the metal cas-
ing of lithium-ion cells is generally impenetrable for electromagnetic
waves, magnetic fields and electrons. Therefore, special cells includ-
ing transparent windows are required for most spectroscopy and mi-
croscopy techniques.?!"?

Neutron diffraction (ND) is a powerful analytical in-situ technique
to study commercial lithium-ion cells. Rietveld analysis of neutron
diffractograms can be used to determine the atomic structure, lattice
parameters and particle size of crystalline anode (e.g. graphite) and
cathode active materials (e.g. spinels, layered metal oxides or phospho-
olivines).?! Compared to X-ray diffraction, neutron diffraction shows
a much higher sensitivity for light elements like lithium (especially in
the vicinity of heavy elements) and is much more suitable for large cell
formats due to the higher penetration depth of neutrons.”! However,
as a consequence of the high effort of neutron diffraction measure-
ments, only a few studies have been published so far and they analyze
degradation mechanisms in particular. Dolotko et al.>* investigated
cell fatigue of linearly-aged commercial C/LiCoO, cells at 25°C and
50°C, and observed a loss of mobile lithium due to SEI formation. This
result is confirmed by Shiotani et al.>> and Paul et al.?° for 18650-type
C/LiNi, 33Mng 33Coy 330, cells. The aging of cells composed of differ-
ent anode active materials, mesocarbon microbeads and needle coke,
and a lithium-iron-phosphate (LFP) based cathode has been investi-
gated by Paul et al.,”! and showed that LLI was the dominant aging
mechanism. Inhomogeneous lithium distribution affected by cell fa-
tigue is shown by Cai et al.”’ and Miihlbauer et al.”® Furthermore,
Zinth et al.” and von Liiders et al.'” investigated chemical intercala-
tion through changes in LiCq and LiC,, peak intensities during a rest
time immediately after severe lithium deposition at low temperatures.
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Nevertheless, there is still little knowledge of how SEI growth,
lithium deposition, lithium stripping and chemical intercalation in-
teract during aging. In this context, we present an aging study of
commercial 18650-type C/LiNi;33;Mng33C0(330; lithium-ion cells
with a focus on linear and nonlinear aging behavior, depending on the
test procedure. We use electrochemical analysis and in-situ neutron
diffraction to investigate the aging mechanisms. To the best of our
knowledge, we firstly obtain structural information of both linearly-
and nonlinearly-aged lithium-ion cells by using neutron diffraction.

Experimental

This section presents the investigated lithium-ion cells as well as
the test conditions, the test procedure of the aging experiment and the
design of the neutron diffraction experiment.

Cell information and test conditions.—We tested commercial
18650-type lithium-ion cells with a nominal capacity of 2.05 Ah and an
energy density of 175 Wh kg~!. The cells are composed of graphite
as the anode and LiNij33Mng33Co0( 330, as the cathode. We used a
battery test system CTS (BaSyTec) to cycle the cells, and an environ-
mental chamber MK 53 (Binder) to keep the ambient temperature at
25°C.

Aging experiment.—The general test procedure is as follows: the
cells were discharged using a constant current step (CCqycp) to a cutoff
voltage of 2.75 V, followed by a constant current charging step (CC,)
to a cutoff voltage of 4.2 V and a constant voltage charging step (CV)
with a cutoff current of 0.1 A. After each discharge and charge, resting
times (f,) were applied. By varying the charging current, the discharg-
ing current and the resting time, four different test procedures were
performed, as shown in Table I. We tested at least three cells for every
test procedure. At the beginning of the aging experiment and after ev-
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Table 1. Test procedures of aging experiment with varying
charging currents, discharging currents and resting times.

Test procedure Icc deh t Icceh Icveh tr
#1 —2A 900 s 2A 0.1A 900 s
#2 —2A 10s 2A 0.1A 10s
#3 —4A 900 s 2A 0.1A 900 s
#4 —2A 900 s 14 A 0.1A 900 s

ery 100 cycles, checkup tests were performed to determine the cells’
capacity and internal resistance. The capacity is determined using a
CCCYV protocol with a current of 250 mA (= C/10) and a cutoff current
of 100 mA (= C/20). The internal resistance Ry 105 in the time domain
is derived from the voltage response, corresponding to a current step
of 3 A with a pulse duration of 10 s. Additionally, differential voltage
analysis (DVA) was obtained. For the neutron diffraction experiment,
two cells from every test procedure were selected and respectively
charged or discharged to 4.2 V (100% SoC) or 2.75 V (0% SoC) using
a CCCYV protocol with a current of 1A (= C/2) and a cutoff current of
20 mA (= C/100). We dis-/charged the cells five days before the neu-
tron diffraction experiment started to guarantee relaxed states within
the cells.

Neutron diffraction experiment.—The neutron diffraction mea-
surements were performed using a Debye—Scherrer geometry
under ambient conditions at the high-resolution powder diffractome-
ter SPODI, at the Heinz Maier-Leibnitz (FRM II) research reactor in
Garching, Germany.*® Figure la shows the schematic of the instru-
ment and the setup of the experiment. Neutrons with a wavelength of
0.1548 nm were incident on a rectangular cross section of 40 mm x
30 mm of the cell center, as shown in Figures 1b and lc. The top

a b
) detector )
cell jelly roll
detector array
illuminated by
. neutron beam
collimator array v
scattered -
2 |2 |= b
neutrons E E g neutron beam
B[22
B
cell [ |
. o . neutron beam
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g -
uncoated anode anode overhang area — 2
uncoated cathode ) cathode
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55 mm

40 mm
illuminated by
neutron beam

0 914 66 69

568 750 800 mm

Figure 1. a) Schematic of high-resolution powder diffractometer SPODI and setup of neutron diffraction experiment, b) rectangular cross section of 40 mm height,
illuminated by neutron beam, and c¢) schematic of electrode geometries of the investigated cell.
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and bottom of the cell (approx. 25 mm in total) were not illuminated
by the neutron beam, to avoid noisy signals from the cell holder and
safety protection circuitry. A neutron detector array consisting of 80
vertical position-sensitive detectors with a Soller collimator in front
of each, see Figure 1a, recorded the neutrons scattered by the cell.3*3!
The cells were continuously rotated during the entire measurement to
obtain an average signal over cell volume. Five succeeding diffrac-
tograms were measured for each cell, with an acquisition time of
36 min each. Therefore, the total integration time for the obtained
diffractograms was 3 h for each cell. We determined an instrumental
resolution function with a Na,Ca3Al,Fy, reference material, in order
to calculate the full widths at half the maximum reflections from the
cell. To describe the peak profile shape, a Thompson-Cox-Hastings
pseudo-Voigt function was used.*> A linear interpolation between se-
lected data points was used to fit the background. Multi-phase Rietveld
refinements of structural models for the neutron diffraction data were
carried out using the FullProf software package.>* Due to significant
overlap of diffraction peaks from the steel housing and current col-
lectors, and the strong preferred orientations of crystallites for these
phases, structure-independent profile fits were used.

Post-mortem analysis.—Scanning electron microscopy (SEM)
was used to qualitatively investigate the surface morphology of the
electrodes of cycled and uncycled cells. The cells were opened in a
glove box (M. Braun Inertgas-Systeme GmbH, Germany) under an
argon atmosphere, subsequent to the aging experiment. We punched
out electrode samples at different positions along the electrode and ob-
tained images using a benchtop SEM (JCM-6000, JEOL Ltd., Japan)
with an acceleration voltage of 15 kV.

Results and Discussion

Electrochemical characterization.—Figure 2 shows the mean val-
ues (solid lines) and standard deviations (light-colored) of the relative
capacity and relative resistance over equivalent full cycles (EFC) for
the various test procedures. The test procedures # 1 and # 2, which have
the same charging and discharging currents and varying resting times,
both show a nonlinear capacity fade, whereas # 3 and # 4, which have
an increased discharging current or decreased charging current, give
a linear capacity fade (see Figure 2a). The increase in the relative dis-
charge resistance at 50% SoC is in accordance with the capacity loss
and equally demonstrates either a nonlinear (test procedures # 1 and
#2) or linear (test procedures # 3 and # 4) behavior, as depicted in Fig-
ure 2b. As shown by Schuster et al.,* capacity fade and impedance
rise correlate dependent on the operational strategies. Assuming an
end of life of 80% state of health (SoH), the achievable battery life
is as follows: # 1 ~ 400 EFC, # 2 ~ 550 EFC, # 3 ~ 800 EFC and
# 4 > 850 EFC. Shortening the relaxation time between cycles pos-
itively influences the lifetime by roughly 40%. At the same time, a
higher discharging current and unchanged relaxation almost doubles
the cell’s lifetime. The strongest effect is shown by a reduced charging
current, with a lifetime exceeding 850 EFC. It should be noted that
these results are valid for this cell type and within the scope of this
aging experiment. The temperature increase for all cells under various
test conditions is of less than 2°C from the beginning to the ending of
cycling, measured at the cell’s surface.

Our original goal was to carry out the neutron diffraction exper-
iment with both linearly- and nonlinearly-aged cells for every test
procedure. Due to the fast capacity loss for cells cycled with test pro-
cedure # 1 and the absence of nonlinear aging for cells cycled with
test procedure # 3 and # 4, we were only able to investigate differently
aged cells for test procedure # 2. This results in 12 cells at different
SoH, and in uncycled ones that were fully charged or discharged for
the neutron diffraction experiment using a CCCV protocol with a cur-
rent of 1A (= C/2) and a cutoff current of 20 mA (= C/100). The small
currents were used to diminish polarization and to guarantee the same
SoCs, i.e. the same cell voltages. Table II summarizes the cells and
their respective SoH and SoC as investigated in the neutron diffraction
experiment.

Journal of The Electrochemical Society, 166 (16) A3908-A3917 (2019)

50+ Test procedure
—— #1 (standard test procedure)

40+ —— F#2 (decreased relaxation periods)

30+

Relative Capacity / %
D
(an)

—— #3

increased discharging current)

42— #4 (decreased charging current)

20 L : : \ : .
0 200 400 600 800 1000

Equivalent Full Cycles

*

400 } Discharge resistance at 50% SoC 1
350+
300 +
250 F

200 +

Relative Ry 95 / %

150}

100+

0 200 400 600 800 1000
Equivalent Full Cycles

Figure 2. Mean values (solid lines) and standard deviations (light-colored) of
the relative capacity (a) and relative resistance (b) over equivalent full cycles
for the various test procedures.

Finally, we obtained differential voltage analysis to investigate the
degradation mechanisms.** Figure 3 shows the measured differen-
tial voltage of cells for the various test procedures. Furthermore, Fig-
ure 3a depicts distinctive material markers that are phase changes of
the lithiated graphite. According to Winter et al.,* the first one shows
the transition from phase III+IV to phase II+IIL and the second from
phase II+IIL to ITI+I. As these markers do not shift and Q¢ remains
constant, anode active material loss cannot be confirmed. Distinctive
material markers that refer to the cathode cannot be assigned in the
DVA curves. The absolute irreversible capacity loss Q. at remaining
material markers of the anode reveals a loss of lithium inventory as
the dominant aging mechanism for both linearly- and nonlinearly-aged
cells.

Neutron diffraction.—Neutron diffractograms were taken for cells
at various SoHs in their fully discharged state (0% SoC) as well
as in their fully charged state (100% SoC). Rietveld refinements
were carried out of all neutron diffractograms and structural infor-
mation regarding all polycrystalline battery constituents obtained.
Crystal structure models of LiCq and LiC;, for the anode and
Li,Nig 33Mng 33C00330, for the cathode were used to analyze the
diffraction patterns at 100% SoC. At 0% SoC, crystal structure models
of graphite for the anode and Li,Nip 33Mng 33C0y 330, for the cathode
were used to analyze the diffraction patterns. The difference in lithium
content between 100% SoC and 0% SoC corresponds to the amount
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Table II. Information on the cells investigated in the neutron diffraction experiment.
#1 #2 #3 #4 #2 uncycled
Test procedure
Cell number 1 2 3 4 5 6 7 8 9 10 11 12
SoC for ND experiment/% 100 0 100 0 100 0 100 0 100 0 100 0
CheckUp data before cycling
Initial capacity/Ah 2.0575 2.0530 2.0576  2.0527 2.0604 2.0487 2.0676 2.0596 2.0556 2.0610 2.0673  2.0506
CheckUp data after cycling and before neutron diffraction experiment

Equivalent full cycles 599 604 767 770 975 982 852 856 278 278 0 0
Capacity/Ah 0.4920 04532 1.0153 09832 1.5295 15596 1.7129 1.7157 1.8815 1.8856 2.0673  2.0506
SoH/% 239 22.1 49.3 479 74.2 76.1 82.8 833 91.5 91.5 100.0 100.0

of cyclable lithium participating in the charge/discharge process. The
loss of cyclable lithium due to aging is estimated by comparing the
amount of cyclable lithium in the uncycled and aged cells. Thus, cy-
clable lithium losses reported in this work are calculated relative to
the uncycled cell.

In Figure 4a, LiCq and LiC,, reflections of the lithiated anode ma-
terial are clearly visible in the fully charged state of all cells. No LiC,
reflections with z > 12, corresponding to phases with low lithium
content such as LiCyg or LiCy4 or C, are observed in any cell. A de-
crease in the intensity of the LiCq (001) reflection peak and increase
in the LiC;, (002) reflection peak with decreasing SoH (on aging) is
observed. This is related to the decrease in lithium content within the
anode. In Figure 4c, the C (002) reflection in the delithiated anode
shows no noticeable shift in angular position on aging, which is an
indication of the complete extraction of lithium from the anode at 0%
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SoC, regardless of aging. We presume that the observed intensity re-
ductions of the crystalline carbon peak of the aged cells occur due to
diffusion of lithium into the anode overhang area, as all cells were
measured for the same amount of time. Since no additional lithiated
graphite reflections in this angular region are detected at 0% SoC, and
no graphite reflections are detected at 100% SoC an absence of nei-
ther lithiated nor delithiated electrochemically detached anode active
material can be concluded for all cells.

In Figure 4d, the NMC (003), NMC (006) and NMC (012) reflec-
tions of the cathode show angular shifts indicating that the lithium con-
tent in the lithiated cathode has decreased during aging. On the other
hand, these reflections remain fairly similar on aging for the delithi-
ated cathode, as can be seen in Figure 4b, showing that the amount of
lithium being removed from the cathode at the upper voltage limit is
similar for all cells.
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Figure 3. Measured differential voltage of cells from a) test procedure # 1, b) test procedure # 2, ¢) test procedure # 3, and d) test procedure # 4.
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Figure 4. a) and c) present neutron diffraction data from a selected angular range, focusing on the prominent LiCs (001), LiCj2 (002) and C (002) reflections of
the anode, where changes in peak intensities of LiCg (001) and LiCj, (002) reflections indicate a reduction in lithium content in the anode on aging. b) and d)
present selected angular range of neutron diffraction data, focusing on the NMC (003), NMC (006) and NMC (012) reflections of the cathode, which in spite of
being weak in intensity, show angular shifts indicating a reduction in lithium content in the lithiated cathode on aging.

Figure 5 shows full neutron diffractograms of uncycled (a) and
b)) and nonlinearly-aged (test procedure # 1, ¢) and d)) cells in their
fully charged and fully discharged state, along with their Rietveld
refinements. A high background due to the incoherent scattering of
neutrons due to the hydrogen present in the electrolyte and separator
is observed for all cells, which tends to increase with angle. From the
Rietveld refinement of all cells, electrochemically accessible lithium
content in their electrodes and lattice parameters was extracted and
compared.

Differences in mean lithium content in anodes at 100% SoC and
0% SoC provide a reasonable estimation of cyclable lithium losses
in the anode.?® Thus, phase fractions of LiCs and LiC,, reflections
were extracted from the Rietveld refinement of the complete neutron
diffractograms of all cells at 100% SoC, and converted to molar frac-
tions. Mean lithium concentrations were calculated as described by
Senyshyn et al.’’ and shown as anode stoichiometries in Figure 6a.
No significant differences in lattice parameters for the anode were
observed as a consequence of aging.

No noticeable differences in the lattice parameter of the cathode are
seen at 100% SoC, and the Rietveld refinements show a constant value
of z/c = 0.236 for the refined fractional coordinate of the oxygen atoms
at the 6c site (0,0,z) for all cells. This parameter gives an estimation
of distances between oxygen layers, and the value obtained here is
similar to the value obtained in earlier studies for NMC based 18650
cells.?*2¢ Thus, the average charge at the oxygen ions is similar due
to an identical lithium content in the cathodes.

However, the lattice parameter a, which has a constant value of
0.2816nm at 100% SoC, expands for all cells at 0% SoC. Its value
at 0% SoC shows a systematic decrease with aging. On the other
hand, the lattice parameter ¢ contracts for all cells on discharge, due
to the reduction in electrostatic repulsion between the oxygen layers
following a decrease in the partial screening of charge by lithium
ions. As a consequence of aging, all aged cells show a larger c lattice
parameter and a smaller a lattice parameter at 0% SoC compared
to their pristine condition, depending on their SoH. Such changes
typically indicate a reduction in the amount of cyclable lithium content
in the cathode and have also been reported previously.’® From the
different c/a values, lithium contents in Li,Nig 33Mng 33Cog 330, were
calculated using Vegards law, as shown by Buchberger et al.,*® and are
shown as stoichiometries in Figure 6b for all cells at both SoCs.

Marginal lithium deposition.—The decrease of the stoichiometry
x in the anode at 100% SoC, see Figure 6a, reveals a loss of lithium
inventory as the dominant aging mechanism for both linearly- and
nonlinearly-aged cells. This capacity loss causes a decrease of the sto-
ichiometry y in the cathode at 0% SoC, as depicted in Figure 6b. Based
on the stoichiometry changes, we calculated the loss of lithium inven-
tory both for the anode and the cathode. These capacity losses — which
were determined with neutron diffraction independently — match up.

Figure 7 shows the capacity loss for all cells investigated by elec-
trochemical analysis as well as in-situ neutron diffraction. The amount
of lost capacity emerging following neutron diffraction is always less
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Figure 5. Neutron diffractograms with the full angular range of the a) uncycled cell at 100% SoC, b) uncycled cell at 0% SoC, c) nonlinearly-aged cell at 100%
SoC, d) nonlinearly-aged cell at 0% SoC. The experimental data are shown by colored symbols whereas their Rietveld refinements are shown as black lines. The
blue lines show differences between data and fit. The vertical bars (green) above the blue line indicate Bragg reflections corresponding to the crystalline phases in
the cell (for 100% SoC from top to bottom: LiCg, Al, LiCj2, Cu, NMC and Fe, and for 0% SoC from top to bottom: Al, Cu, NMC, Fe and graphite).
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Figure 7. Comparison of the capacity loss determined by electrochemical
analysis and in-situ neutron diffraction dependent on the SoH.

than the quantity determined by electrochemical analysis. Based on
the setup of the neutron diffraction experiment, the top and bottom
of the cell (approx. 25 mm in total compared to a cell height of
65 mm) were not illuminated by the neutron beam in order to avoid
noisy signals from the cell holder and safety protection circuitry. Thus,
15 mm of the jelly roll is not captured by the neutron beam. Therefore,
we are able to make a statement on the spatial distribution of aging and
distinguish between the inner cell area and the edge area. The compar-
ison between capacity loss determined by the two methods reveals an
increasing capacity loss in the edge area of the electrodes with ongo-
ing aging. Below an SoH of about 75%, the sharp decline indicates a
prominent capacity loss in the edge area of the electrodes that are not
illuminated by the neutron beam. We suppose two different dominant
aging mechanisms that are the growth of the solid electrolyte inter-
phase in the early stage and marginal lithium deposition in the later
stage.

Senyshyn et al. revealed a non-homogeneity of the lithium distribu-
tion in the graphite anode by spatially resolved neutron diffraction.’’
Non-uniformity has been found in both radial and axial directions
of 18650-type cells and is affected by a cell fatigue.”® An inhomo-
geneous aging in combination with a marginal capacity loss is also
in accordance with the observations by Cai et al.”’ and Birkenmaier
etal.¥

Capacity recovery.—Following the neutron diffraction experi-
ment, the cells were stored for a few weeks in a safety environment
because of radiation protection regulations at FRM II. Subsequently,
we ran additional checkup tests. Figure 8a shows the relative capac-
ities over equivalent full cycles, revealing both capacity recovery or
capacity loss dependent on the SoH as well as the SoC the cells were
stored at. Linearly-aged cells which were fully charged for the neu-
tron diffraction experiment, reveal a capacity loss of less than 3.0%,
whereas the fully discharged ones show a capacity recovery of less
than 3.2%, as depicted in Figure 8b. This is in accordance with the
investigations by Wilhelm et al.,** showing a decrease or increase in
capacity due to lithium diffusion into or out of the anode overhang area
following long-term storage. The anode overhang area, as depicted in
Figure 1c, does not have cathode counterparts and is designed to avoid
lithium deposition at the edges of the anode.

In contrast, all nonlinearly-aged cells show a capacity recov-
ery. Cells that were stored at 0% SoC result in a higher recovery
than those stored at 100% SoC. The effect of capacity recovery is
consistent with lithium stripping, the partial reversible reaction of
lithium deposition, as well as the chemical intercalation of lithium
into the graphite.!>!®#142 The reason for a higher capacity recovery
for nonlinearly-aged cells compared to linearly-aged ones seems to be
that more lithium was deposited than was stored in the anode over-
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hang area. Additionally, lithium deposition and lithium stripping likely
proceed faster than lithium diffuses into or out of the anode overhang
area.

Figures 8c and 8d show the relative internal resistance Ry, 105 Over
equivalent full cycles and how it changes depending on the SoH.
Linearly-aged cells reveal a decrease in resistance of less than 4.9%,
independent of the SoC the cells were stored at, except the uncycled
cells that show an increase in resistance of less than 5.0%. For the
nonlinearly-aged cells, the resistance is inversely proportional to the
capacity, showing a higher resistance decrease for discharged cells.

Table III summarizes the cells’ capacities before and after neutron
diffraction, depending on their SoH and SoC.

Post-mortem analysis.—SEM imaging discloses degradation
mechanisms on the surface of cell components. The detectable phe-
nomena are: the growth of films on electrodes; the clogging of pores;
cracks in electrode coatings; the deformation of electrodes; changes
on particle surfaces; and particle cracks.”” At the end of the aging
experiment, we opened a nonlinearly-aged cell cycled under test con-
dition # 1 and an uncycled cell in an argon-filled glove box. Electrode
samples were punched out in the middle part of both anode and cath-
ode, and SEM images obtained. Primary and secondary particles are
clearly visible for uncycled as well as nonlinearly-aged cathode sam-
ples, as depicted in Figures 9a and 9b. At the same time, the cathode
microstructure seems to be unchanged, as also shown by Waldmann
et al.** and Burns et al.** The anode, in contrast, reveals significant
changes. Figure 9c shows the flake-shaped graphite particles from the
uncycled anode, whereas the aged anode is shown in Figures 9d-9f at
different magnifications. First of all, surface changes are attributed to
SEI growth, which causes the clogging of pores and LLL.**** More-
over, cracks in electrode coatings and particles due to mechanical stress
caused by volume changes are visible.*>*” Figure 9f and the observ-
able morphology changes in particular support our theory of lithium
deposition on graphite, as also shown by Honbo et al.*® and Uhlmann
et al.*> Although SEM imaging neither reveals the amount of lost ca-
pacity nor distinguishes between SEI growth and lithium deposition,
we have qualitatively confirmed the aging mechanisms determined by
electrochemical analysis and neutron diffraction.

The cells were also opened to gain insights into their internal struc-
ture and electrode geometries. Figure 1c emphasizes the anode and
cathode geometries, the anode overhang area and the inner cell area,
illuminated by the neutron beam.

Conclusions

In this work, the linear and nonlinear aging of commercial 18650-
type C/LiNij 33Mny 33C0y 330, lithium-ion cells was investigated. The
cells were cycled under different test procedures at a controlled tem-
perature of 25°C. In-situ neutron diffraction measurements were per-
formed for cells at various SoHs in their fully discharged and charged
states. After storage, additional checkup tests were run. Selected cells
were opened in a glove box and surface morphologies were qualita-
tively investigated by SEM.

The main findings are as follows:

1. Cells aged with a standard charging and discharging rate of al-
most 1C, but different resting times, showed a nonlinear capacity
fade after a few hundred equivalent full cycles. By increasing the
discharging current or decreasing the charging current, the life-
time improved, resulting in a linear capacity fade. Shortening the
relaxation time between cycles positively influenced the lifetime
by roughly 40%, whereas a higher discharging current almost
doubled the cell’s lifetime.

2. The neutron diffraction experiment and differential voltage anal-
ysis revealed the loss of lithium inventory as the dominant aging
mechanism for both linearly- and nonlinearly-aged cells. Other
aging mechanisms, like the structural degradation of anode or
cathode active materials or the deactivation of active materials
could not be confirmed.
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Figure 8. Capacity and resistance change after neutron diffraction experiment and storage due to radiation protection.

The comparison between capacity loss determined by electro-
chemical analysis and neutron diffraction revealed an increasing
capacity loss in the edge area of the electrodes with ongoing ag-
ing. We supposed two different dominant aging mechanisms that
are the growth of the solid electrolyte interphase in the early stage
and marginal lithium deposition in the later stage.

After a few weeks of storage, checkup tests showed both capacity
recovery or capacity loss dependent on the SoH as well as the
SoC the cells were stored at. Linearly-aged cells that were fully
charged for the neutron diffraction experiment revealed a capacity
loss of less than 3.0%, whereas the fully discharged ones pointed
out a capacity recovery of less than 3.2%, owing to lithium diffu-
sion into or out of the anode overhang area, respectively. On the
other hand, all nonlinearly-aged cells showed a capacity recovery

due to lithium stripping, the partial reversible reaction of lithium
deposition, as well as the chemical intercalation of lithium.
SEM images of uncycled and nonlinearly-aged cells qualita-
tively showed surface layer growth and morphology changes on
the graphite anode, whereas the cathode particles appeared un-
changed.

The results demonstrate the influence of operational strategies on
the lifetime of lithium-ion cells. State-of-the-art battery-management
systems reduce the charging current at high anode lithiation states and
low temperatures, to prevent lithium deposition. Future enhancements,
especially for fast-charging applications, may also take into account
predicted and subsequent relaxation time and discharge currents, cell
inhomogeneities and geometry, as well as the cell’s SoH.

Table III. Information on the investigated cells and their capacity recovery after neutron diffraction experiment.

#1 #2 #3 #4 #2 uncycled

Test procedure

Cell number 1 2 3 4 5 6 7 8 9 10 11 12
SoC for ND experiment/% 100 0 100 0 100 0 100 0 100 0 100 0

CheckUp data after cycling and before neutron diffraction experiment
Equivalent full cycles 599 604 767 770 975 982 852 856 278 278 0 0
Capacity/Ah 0.4920 04532 1.0153 09832 1.5295 15596 1.7129 1.7157 1.8815 1.8856 2.0673  2.0506
SoH/% 239 22.1 49.3 479 74.2 76.1 82.8 83.3 91.5 91.5 100.0 100.0
CheckUp data after cycling and after neutron diffraction experiment

Capacity/Ah 0.7862  1.0008  1.1379  1.2553  1.4992 1.6246 1.6579 1.7615 1.8199 19305 2.0114 2.05%
SoH/% 38.2 48.7 55.3 61.2 72.8 79.3 80.2 85.5 88.5 93.7 97.3 100.4
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Figure 9. SEM images of electrode samples: a) cathode of uncycled cell, b) cathode of nonlinearly-aged cell, ¢) anode of uncycled cell and d)-f) anode of

nonlinearly-aged cell at different magnifications.
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8 Electrochemical Modeling of Linear and Nonlinear

Aging of Lithium-lon Cells

Within this chapter, the paper Electrochemical Modeling of Linear and Nonlinear Aging of Lithium-Ion

Cells is presented.

In this publication, we present an electrochemical aging model with SEI formation, SEI re-formation
due to cracking of the layer during graphite expansion, lithium plating when the potential of the
negative electrode becomes negative vs. Li/LiT, and subsequent lithium stripping once the potential
becomes positive again. The model considers the transition from an early stage, linear to a later stage,

nonlinear capacity fade.

Figure 8.1 shows the electrochemical main and side reactions at the graphite particle surface.
(2) SEI formation due to their non-ideal
Lit / insulating properties
(1) De-/intercalation

reaction f O
Lit A\ Kfilm e
(3) SEI re-formation
‘\i. due to cracking

/
SEI Graphite )

(5) Lithium

o Lit stripping
(4) Lithium

lati
plating Li

FDead lithium
Plated lithium

Figure 8.1: Illustration of the electrochemical reactions at the graphite particle surface.

We distinguish between the transport of two species through the negative electrode surface film —
lithium ions, on the one hand, and electrons on the other hand. This corresponds to the assumption
that the film exhibits a maximum conductivity for lithium ions kg, and an insulation conductivity
for electrons ogy [25; 93; 104]. While the lithium de-/intercalation reaction is unimpeded by a high
conductivity of lithium ions through the film (1), SEI formation results from their non-ideal insulating
properties for electrons (2). Additional SEI re-formation is caused by cracking of the layer during
graphite expansion and is unaffected by any transport limitations through the film (3). Lithium plating
takes place once the overpotential becomes negative vs. Li/ Lit (4). As soon as lithium has been plated
and the overpotential becomes positive vs. Li/Li+, the lithium stripping reaction proceeds by partly
dissolving the plated lithium (5) [13]. Considering the different ionic and electronic conductivities,

our approach results in different potential drops for the overpotentials of the main and SEI formation
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reaction. By taking this approach, we are able to differentiate between the aging phenomena of capacity

and power fade [93].

Figures 8.2, 8.3, 8.4 depict the Butler-Volmer kinetics for the main de-/intercalation reaction, the SEI
re-/formation side reaction, and the lithium plating and lithium stripping side reaction. The equations
for the exchange current density and the overpotential are summarized for each main and side reaction.
For a thorough modeling of lithium stripping, we developed a novel approach considering the charge

quantity of plated and stripped lithium as well as the ratio of reversibly plated lithium.
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Figure 8.2: Butler-Volmer kinetics of the main de-/intercalation reaction.
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Figure 8.3: Butler-Volmer kinetics of the SEI re-/formation side reaction.

86



Current Density
. -2
in Am™

a i F —ae b
dipt = do,ipl (vxp (“RICII. ']1,)2) — exp ( HR';',I 'le[)) s <0
lithium stripping

) . g5t — et P Edipl — Qs
st = Gost | € st ] —ex s ) st > 0 . .
st = 0,15t (1 xp < RT Uz r) exp ( R 1)) ( Gres Mist > LI(S) =Lit+e

Mpt = Mst = P — Py — Erqupijise

>
>

Eeeqiptyise =0V Overpotential in V

lithium plating

Lit + e = Li(s)

Figure 8.4: Butler-Volmer kinetics of the lithium plating and lithium stripping side reaction.

The electrochemical model considers effective transport parameters, temperature-dependent variables

and is coupled with a 0D thermal model.

Finally, the model is applied to the testing procedure #2 of the aging experiment in the publication
Linear and Nonlinear Aging of Lithium-Ion Cells Investigated by Electrochemical Analysis and In-Situ
Neutron Diffraction (see Table I and Figure 2) that is shown in Chapter 7. As depicted in Figure 8.5,

the model describes linear and nonlinear aging and accurately reveals the onset and slope on nonlinear

aging.
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Figure 8.5: Comparison of experimental data (symbols) and simulation results (lines) with varying
lithium plating reversibility. € = 1 denotes entire reversible and £ = 0 entire irreversible
lithium plating.
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Author contribution Jonas Keil initiated the idea of an electrochemical modeling approach depicting
linear and nonlinear aging, developed, parametrized and validated the model, carried out the simulation
studies and analyzed and processed the data. The manuscript was written by Jonas Keil and was edited

by Andreas Jossen. All authors discussed the data and commented on the results.

88



Electrochemical Modeling of Linear and Nonlinear Aging of
Lithium-Ion Cells

Jonas Keil, Andreas Jossen

Journal of The Electrochemical Society, 167, 110535, 2020

Permanent weblink:
https://dx.doi.org/10.1149/1945-7111/abad4f

Reproduced under the terms of the Creative Commons Attribution 4.0 License (CC BY,
http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in

any medium, provided the original work is properly cited.

89


https://dx.doi.org/10.1149/1945-7111/aba44f
http://creativecommons.org/licenses/by/4.0/




Journal of The Electrochemical Society, 2020 167 110535
CrossMark
Electrochemical Modeling of Linear and Nonlinear Aging of
Lithium-Ion Cells

Jonas Keil”® and Andreas Jossen

Technical University of Munich (TUM), Institute for Electrical Energy Storage Technology (EES), D-80333 Munich,
Germany

We present an electrochemical aging model with solid electrolyte interphase (SEI) formation, SEI re-formation due to cracking of
the layer during graphite expansion, lithium plating when the potential of the negative electrode becomes negative vs Li/Li*, and
subsequent lithium stripping once the potential becomes positive again. The model considers the transition from an early stage,
linear to a later stage, nonlinear capacity fade. While SEI re-/formation define linear aging, the onset and slope of nonlinear aging is
simulated based on the ratio of reversibly and irreversibly plated lithium. With ongoing aging, more lithium is plated irreversibly so
that less lithium is stripped. The simulation data agree very well with experimental data on commercial 18 650-type lithium-nickel-
cobalt-manganese-oxide vs graphite (NCM/C) cells.

© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOIL: 10.1149/

1945-7111/abad4f]

Manuscript submitted April 15, 2020; revised manuscript received June 21, 2020. Published July 20, 2020.

Ionic conductivity, S m~!

List of symbols K
2 i3} Potential, V
A Surface area, m .
. 1 b Temperature-dependent variable
a Specific surface area, m . ,f
. p Density, kg m
C Capacity, Ah ) . ductivity. S m-"!
c Lithium-ion concentration, mol m—> g Electronic conductivity, S m g D
. . A op Stefan-Boltzmann constant, 5.67 x 100°Wm “K
e Specific heat capacity, Jkg ™ K 13 Ratio of reversibly plated lithium
D Diffusivity, m2s~! yp
Ea Activation energy, J mol ™ .
Exq Equilibrium potential, V Subscripts
F Faraday’s constant, 96 485 As mol ! 0 Initial
f Function/factor a Anodic
fe Mean molar activity coefficient c Cathodic
h Heat transfer coefficient, Wm 2K~ cell Cell
h Height, m ch Charge
1 Current, A conv Convection
i Current density, A m~? cor Correction
io Exchange current density, A m > dch Discharge
k Reaction rate, ms~ eff Effective
1 Length, m exp Expansion
M Molar mass, kg mol ™' e Electron/electronic
m Mass, kg film Film
Ny MacMullin’s number o0 Ambient
0 Heat transfer, W Li Lithium
q Charge quantity, C m > Li* Lithium-ion/ionic
q Heat generation, W m~> 1 Liquid phase
Ry Film resistance, {2m> Ipl Lithium plating
R Universal gas constant, 8.314 J K" mol™" Ist Lithium stripping
r Radius, m max Maximum
T Temperature, K N Nominal
t Time, s n Negative/positive electrode
ty Transport number neg Negative electrode
\% Volume, m’ ohm Ohmic
X Negative electrode stoichiometry p Particle
y Positive electrode stoichiometry pos Positive electrode
rad Radiation
Greek reac Reaction
o Charge-transfer coefficient ref Referer}ce
. rev Reversible
6 Thickness, m . .
. SEI Solid electrolyte interphase
€ Volume fraction .
. Emissivit SEILform SEI formation
T’h Over oter}lltial v SELre-form SEI re-formation
! P ? S Solid phase
sep Separator
Ss Subscript

“E-mail: jonas.keil@tum.de th Thermal



Journal of The Electrochemical Society, 2020 167 110535

Lithium-ion batteries are today’s most important battery-energy-
storage technology and are used both in mobile and stationary
applications, such as consumer electronics, electric vehicles, and
grid operations. The aging behavior of lithium-ion batteries mainly
defines their economic and sustainable usage. In particular, the
determination, estimation and prediction of the battery’s state of
health (SOH), remaining useful life (RUL) and end of life (EOL) are
current challenges.

Aging of lithium-ion cells in general means the loss of capacity
and the increase of impedance that results in a decrease in energy
density and also power capability.' The main aging mechanisms are:
solid electrolyte interphase (SEI) formation due to electrolyte
decomposition, SEI re-formation caused by cracking of the layer,
lithium plating, a decrease in accessible surface area and porosity
due to SEI growth, contact loss of active material particles due to
volume changes during cycling, cathode electrolyte interphase (CEI)
growth and transition-metal dissolution from the cathode, solvent
co-intercalation, gas evolution with subsequent cracking of particles,
binder decomposition, and current collector corrosion.'™ These
aging mechanisms can be assigned to a loss of lithium inventory
(LLI), a loss of active material and an impedance increase.

SEI re-/formation is the main aging mechanism for common
operational conditions and the majority of lithium-ion cell composi-
tions. It results in a decelerated or linear capacity fade on charge
throughput, or a square-root-shaped capacity loss over time and
defines the early stage of aging. The later stage of aging is
characterized by an accelerated or nonlinear capacity fade that is
caused by lithium plating on the graphite anode if the local anode
potential becomes negative vs Li/Li".>¢ A high polarization caused
by high charging currents in conjunction with low temperatures and
a high state of charge (SOC) favor lithium plating.” However, even
at moderate temperatures and charging rates, and due to temperature
gradients and mechanical stress inside the cell, inhomogeneous
current and potential distributions may cause lithium plating.'*" 13
On the one hand, plated lithium can irreversibly react with the
electrolyte, forming additional SEI. On the other hand, lithium
plating is partly reversible as long as the metallic lithium exhibits an
electrical contact to the active material of the negative electrode.'*
The literature distinguishes between two different reversible pro-
cesses that are lithium stripping during a subsequent discharge and
chemical intercalation during relaxation.

Electrochemical models—based on physical-chemical equations
—are adapted to investigate and describe the behavior of lithium-ion
cells, especially their underlying aging mechanisms. The best-known
electrochemical model is the pseudo two-dimensional (P2D) model
developed by Newman, Doyle and Fuller.'>~'® The model considers
kinetics and reaction rates as well as transport equations of charge
and mass and is based on the theory of porous electrode and on the
theory of concentrated solution.'® On the one hand, the model is
computationally intensive, but on the other hand, it represents the
most accurate model of lithium-ion cells.

Lithium plating models are described in the previous literature,
but only a few model lithium stripping as the backward reaction of
lithium plating and fewer investigate cycling and the effect on aging.
Arora et al.? first described a lithium plating side reaction by a
Butler—Volmer equation on the negative electrode that occurs during
overcharge. Tang et al.' investigated the effect of lithium plating at
electrode edges caused by local overpotentials and showed that
anode overhang area successfully prevents lithium deposition. Hein,
Latz and co-workers’™?' introduced an electrochemical model
considering both lithium plating and lithium stripping. Their model
shows a characteristic voltage plateau during discharge due to the
dissolution of reversibly plated lithium. Furthermore, their 3D
microstructure modeling approach reveals the most probable posi-
tion for lithium plating.” Tippmann et al.” built up an electroche-
mical model considering lithium plating for low-temperature
charging. Their experimental results on degradation qualitatively
correlate with the modeled anode potential. Legrand et al.*?
investigated lithium plating through charge transfer limitations that

occur at short-time scales. However, diffusion limitations in the solid
insertion compound occur at long-time scales and have not been
examined. A lithium plating model at subzero temperatures was
introduced by Ge et al? and validated bzf nuclear magnetic
resonance (NMR) measurements. Yang et al.>* presented an aging
model considering SEI growth and lithium plating based on cathodic
Tafel equations. While the anode porosity decreases during cycling,
lithium plating exponentially increases and causes accelerated
capacity loss and resistance rise. In a further work, Yang and
co-workers® extended their model considering lithium stripping to
model the characteristic voltage plateau during relaxation or
discharge after severe lithium deposition. Differential voltage
analysis assesses the amount of deposited lithium. This model is
focused on one charging/discharging cycle and does not consider
long-term cycling or aging. Ren et al.%® also modeled the character-
istic voltage plateau due to lithium plating and lithium stripping side
reactions at low temperatures. Differential voltage analysis is used as
quantitative, non-destructive lithium plating detection. Finally, Xu
et al.”” modeled the effect of dead lithium on the cell’s capacity and
voltage.

In this paper, we present an electrochemical long-term cycling
aging model at ambient temperature with SEI formation,” SEI
re-formation,?® lithium plating and lithium stripping™® side reactions
on the negative electrode described by adjusted Butler-Volmer
equations. With this novel approach, we control the ratio of
reversibly and irreversibly plated lithium. Accordingly, the model
considers the transition from an early stage, linear to a later stage,
nonlinear capacity fade, and determines the onset and slope of
nonlinear aging. We compare the simulation results to experimental
data on commercial 18 650-type NCM/C cells.

Model Development

Based on the pseudo two-dimensional (P2D) electrochemical
model by Newman, Doyle and Fuller,'”™'® we developed an aging
model considering SEI formation, SEI re-formation as well as
lithium plating and lithium stripping side reactions within the
negative electrode. The model for a common NCM/graphite cell is
set up using COMSOL Multiphysics® 5.4. All governing equations
of the P2D model and the theories of porous electrodes and
concentrated solutions have been considerably shown in
literature,'>~'® so that we focus on the model extension with regard
to the side reactions.

Figure 1 shows the electrochemical main and side reactions at the
graphite particle surface. We distinguish between the transport of
two species through the negative electrode surface film—Iithium-
ions, on the one hand, and electrons on the other hand. This
corresponds to the assumption that the film exhibits a maximum

(2) SEI formation due to their non-ideal
Li / insulating properties

(1) De-/intercalation

reaction , Gt
Li Kfilm €
re-formation
3) SEI re-f i
\\i, due to cracking
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Figure 1. Illustration of the electrochemical reactions at the graphite particle
surface.
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conductivity for lithium-ions g, and an insulation conductivity for
electrons o> "> While the lithium de-/intercalation reaction is
unimpeded by a high conductivity of lithium-ions through the film
(1), SEI formation results from their non-ideal insulating properties
for electrons (2). Additional SEI re-formation is caused by cracking
of the layer during graphite expansion and is unaffected by any
transport limitations through the film (3). Lithium plating takes place
once the overpotential becomes negative vs Li/Li* (4). As soon as
lithium has been plated and the overpotential becomes positive vs
Li/Li", the lithium stripping reaction proceeds by partly dissolving
the plated lithium (5).° Considering the different ionic and electronic
conductivities, our approach results in different potential drops for
the overpotentials of the main and SEI formation reaction. By taking
this approach, we are able to differentiate between the aging
phenomena of capacity and power fade.?” The resistances R+ and
R.- are given by the thickness of the film 6g,, and the ionic and
electronic conductivity rgm and ogm, respectively

Ryt = Otim [1]
K film

R = dim 2]
Ofilm

The SEI re-formation considers no potential drop as no film
limits the transport. Compared to the ionic and electronic conductiv-
ities of the film, the conductivity of metallic lithium o7 ; is better by
several orders of magnitude. Therefore, these very low potential
drops for the overpotentials of the plating and stripping side
reactions are neglected in the model.

In summary, we consider the loss of lithium inventory and the
increase in impedance based on this modeling approach and the
implementations of side reactions, which are shown in the following
subsections.

De-fintercalaction reaction.—The current density i of the
lithium de-/intercalation reaction is calculated by the Butler-
Volmer equation

.. Qg nl acnF
in = Io.n|exp RT 1,| — exp| — RT My [3]

where the index n symbolizes the negative or positive electrode, iy is
the exchange current density, o, and .. are the anodic and cathodic
charge-transfer coefficients, F, R and T represent Faraday’s constant,
the universal gas constant and the cell temperature, respectively. The
overpotential 7),.; of the main reaction at the negative electrode is
obtained by the solid phase potential @, the liquid phase potential
®;, the negative electrode equilibrium potential Egqnee and the
potential drop ipee Ry »

Theg = b — & — EEq,neg - inegRLi+ [4]
The potential drop by a cathode electrolyte interphase (CEI) at the
positive electrode is left out of consideration in this work. Therefore,
the overpotential 7, is defined as

Mpos — O — & — EEq,pos [5]
with the positive electrode equilibrium potential Eggpo,. Table 1
shows the chosen parameters—measured, taken from the literature
and estimated—for the above introduced model at 25 °C.

Modeling SEI formation and SEI re-formation.—We distin-
guish between SEI formation due to its non-ideal insulating proper-
ties and SEI re-formation due to cracking of the layer. Both are
modeled as irreversible side reactions by cathodic Tafel equations.
The current density for SEI formation is calculated by

Qe serlF’

RT nSEI,form) (6]

ISELform = —10,SEI exp(—

with the SEI's exchange current density iy sk and cathodic charge-
transfer coefficient . sg;. The overpotential 7sgy form i calculated by
NsELform = 5 — P1 — EgqSEI — ISELformRe™ [7]
where iggy formR.~ symbolizes the potential drop due to the insulating
conductivity of the SEI for electrons. Due to its non-ideal insulating
properties, the solid electrolyte interphase grows continuously.
However, this formation slows down over time or with cycles due
to the increasing potential drop caused by the growth of the film.
SEI re-formation considers an expansion factor f.,, dependent on
the stoichiometry x as depicted in Fig. 2. This expansion factor is the
gradient of a graphite expansion curve as previously introduced and
as already implemented in an electrochemical SEI model by
Kindermann et al.*’

ae selF’
RT

iSEI,refform = 71’0,SEI féxp (x) exp (7 nSEI,re—form) [8]

The overpotential 7sg; re—form considers no iR drop

nSELre—form = (DS - (Dl - EEq,SEI [9]

Modeling lithium plating and lithium stripping.—The current
density of the lithium plating side reaction is calculated by a Butler-
Volmer equation, as reported by Arora et al.*®

. , Qg il —aeplF
lipl = lO,lpl(exp(%nlpl) - exp(Rc—Tpnlpl))’ N <OV

[10]

with the lithium plating exchange current density iy, and the anodic
and cathodic charge-transfer coefficients oy, and ag . This
equation is valid as long as the overpotential 7, is less than or
equal to 0 V. Once the overpotential becomes positive again and as
long as reversibly plated lithium exists, lithium stripping takes place

. . aa,lle _ac,lle
List = 10,1st| €XP RT Mse | — €XP Tnlg;

811 — i
xf(M N >0V [11]
qcor
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Figure 2. Graphite expansion and expansion factor f.,(x) as a function of
stoichiometry x.
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where f is a damping function (as shown in Fig. 3), g, and g
describe the charge quantity of plated and stripped lithium, £ is the
ratio of reversibly plated lithium and ¢, denotes a correction
variable to ensure valid units. The damping function enables the
lithium stripping reaction to be stopped as soon as all reversibly
plated lithium has been dissolved. In contrast to a step function, the
damping function is based on a Sigmoid function to ensure a stable
numeric solver. Irreversibly plated lithium has lost its electrical
contact to the negative electrode and is also called dead lithium, as
shown in Fig. 1. The overpotentials are defined as

Mot = Thse = O — @1 — Eggq pl/ist [12]
with the equilibrium potentials Egqp = Egquq =0 V. Here, the
potential drop iR is left out of consideration due to the aforemen-
tioned high conductivity of metallic lithium.

Film growth.—We consider a surface film on the graphite
particles that is composed of SEI and metallic lithium

(qSEI,form + qSEI,rc—fr)ml)MSEI _ (qlpl + qlsl)MLi
Fpser Fpy;

6ﬁlm = 60,ﬁlm -

[13]
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Figure 3. Damping function—which is based on a Sigmoid function—for
the adjusted Butler-Volmer equation of the lithium stripping side
reaction dependent on the ratio of reversibly plated lithium &, the charge
quantities of plated and stripped lithium g, and g4, and the correction
variable gor.

Table 1. Electrochemical model parameters measured from a Sanyo UR18650E cell labeled with superscript m. The superscript e indicates

estimated values.

Parameter Negative electrode Separator Positive electrode
Geometry
Thickness [ 70 um ™ 20 yum™ 60 um ™
Mean particle radius r, 10 pm ™ 4 pm™
Solid phase fraction & 0.59¢ 0.61°¢
Liquid phase fraction &; 03¢ 045° 03¢
Thermodynamics
Equilibrium voltage Egq see Fig. A-1™ see Fig. A-1™
Maximum Li" concentration Cs.max 31370 mol m 33 51385 molm >’
Initial state of charge 50 0.8 04

Cs,max
Kinetics
Reaction rate constant k,, 1.5x 10 "' ms™'¢ 15x 10 ' ms™'e
Activation energy Eday, 1 x 10*Jmol ' ¢ 1 % 10* Jmol ' ¢
Anodic charge-transfer coefficienta,, 0.5°¢ 05°¢
Cathodic charge-transfer coefficient a,. 0.5°¢ 0.5°¢
Transport
Solid diffusivity Dy 9x 107 m>s!e 26x 107 ¥ m?s7te
Activation energy Eap, 5 % 10* T mol ' 3 2.5 x 10* Jmol ' 3
Solid conductivity o 100Sm™'¢ 38Sm '
Parameter Electrolyte

Electrolyte concentration c;
Electrolyte diffusivity D,
Electrolyte conductivity &
dlnf,
Activity dependency — fi
dlng

Transport number 7,

Parameter

Nominal capacity Cy
Radius 7eep

Height Aoy

Mass meep

Cell surface area A
Cell volume Ve

1000 mol m~> ¢
see Eq. 23 *°
see Eq. 24 %°
see Eq. 25 »

0.38%

Cell
2.05Ah™
9mm"”

65 mm "™
45g™
4.1846 x 10> m?
1.654 x 107> m®
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with their molar masses Mgg; and Mp; and densities psg; and pr;.
bo.fim Symbolizes the initial film thickness. The charge quantities ¢
are calculated by integrating the side reaction current densities.
Cathodic current densities (isgrform» ISELre—form and ip) have a
minus-sign and anodic current densities (ijy) a plus-sign. Therefore,
SEI formation, SEI re-formation and lithium plating cause the film to
grow, whereas lithium stripping partly dissolves it.

Effective transport.—Furthermore, we consider effective trans-
port parameters for the electrolyte diffusion coefficient D,, the ionic
conductivity x and the electronic conductivity o

1
Dy iy = N D, [14]
Keff = L K [15]
eff NM
Ouff = < o [16]
eff NM

where MacMullin’s number N, describes the influence of porosity
and tortuosity changes in the negative and positive electrode. In the
literature, MacMullin’s number is mostly given as a function
depending on the porosity. However, especially for small porosities
caused by film growth and pore clogging, adequate experimental
data is missing. Based on simulation results by Xu et al.,”” we
assume an almost linearly increasing function depending on the
cycles. Figure 4 shows both the considered MacMullin’s number and
its reciprocal.

Finally, Table II shows all parameters for the SEI re-/formation
and lithium plating/stripping side reaction definitions.

Thermal model.—The electrochemical model is coupled with a
0D thermal model that simulates an evenly distributed heat in the
cell. The total heat generation ¢ is comprised of ohmic heat 4, .,
reaction heat ¢,.,. and reversible heat ¢,,,

q = qohm + qrcac + qrcv = i[V@[ + iS V(I)S

OExq,;
+ > aii|n, + T—— 17
; al(n’ orT ) 17

with the electrolyte current density i; and electrode current density ;.
Index i symbolizes the partial reactions at the negative and positive
electrode. The entropy for both electrodes is given in the Appendix
(see Fig. A-2). The heat transfer is considered by convection

0.06

Nur
1/Ny

0.04

0.02

40.00
0 100 200 300 400 500 600 700 800
Cycles

Figure 4. MacMullin’s number and its reciprocal as a function of cycles.

Ocony = hAcan(T — T) [18]

with the heat transfer coefficient A, the cell’s surface A. and
temperature T as well as the ambient temperature 7. The radiation
is calculated by

Ora = enpAcan(T* — T) [19]

in which ¢, describes the emissivity and op the Stefan-Boltzmann
constant. In addition, the cell’s thermal mass is considered by

. oT
Q;h = ’nccllcpg [20]

with its mass m. and specific heat capacity c,. Hence, the
governing equation is given by

oT |
MeenCp—(7— = Vcell_f q dx — hAcell(T - T'x;)
ot [ Jx=0
— enopAcal(T* — T2) [21]

with the thickness of a cell layer [ = [, + Ly, + [po5- All cell design
information is listed in Tables I, and Table III shows the parameters
of the thermal model.

Temperature-dependent variables.—The temperature depen-
dency of the anodic and cathodic reaction rate constants k, and k.

Table II. Electrochemical model parameters for the side reaction definitions. The superscript e indicates estimated values.

Parameter Value

SEI re-/formation equilibrium potential Egq sgr 04V Y

SEI re-/formation exchange current density ip sgr 1x10°Am2¢
SEI re-/formation cathodic charge-transfer coefficient o, sg; 0.5°¢

SEI density psgr

SEI molar mass Mgg;

Li" conductivity Ay

e conductivity ogy,

Initial film thickness 8 fim

Lithium plating/stripping equilibrium potential Egq ipi/Egq,ist

Lithium plating/stripping exchange current density io ipi/io,1st

Lithium plating/stripping anodic charge-transfer coefficient o, jpi/cvg, it
Lithium plating/stripping cathodic charge-transfer coefficient o jpi/rc 1t
Lithium density py;

Lithium molar mass My ;

Correction variable geor

Ratio of reversibly plated lithium &

1690 kg m > **
0.162 kg mol ' 3*
see Eq. 24%°
1x108Sm'%
5nm°
O v 30
1Am2¢
0.5¢
0.5¢
534 kgm 3
6.94 x 10~ kg mol ™'
1Cm2°¢
flcycles), see Fig. 7
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Table III. Thermal model parameters. The superscript e indicates
estimated values.

Parameter Value

Specific heat capacity ¢, 1000J kg’1 K7

Heat transfer coefficient / 10Wm 2K "¢
Emissivity e, 0.8
Ambient temperature 7., 298 K

. 40,41
Entropy % see Fig. A-2

and the diffusion coefficients in the negative and positive active
material D; o and Dy o are described by the Arrhenius equation

E,
v \I/,efexp( R*"(TL - %)) [22]
ref

with E, g as the activation energy. ¥ marks the dependent variable
and W, its reference value at the reference temperature 7per.

The temperature dependency of the diffusion coefficient in the
electrolyte D,, the liquid phase conductivity x and the thermody-

le:f; are given by Valgen et al.*® in Egs. 23, 24 and 25.

namic factor

Experimental

We tested commercial Sanyo URI8650E lithium-ion cells to
validate our modeling approach and simulation results. The cells

a)

4.2
25°C discharge
4.0t
> 3.8¢
~
©3.6F T, el i,
£
°34r
3320 —— .
— * ()2
30 —— ¢ 1C Lines: simulation
2C Symbols: experiment
2.8t
0.0 0.5 1.0 1.5 2.0

Discharge capacity / Ah

0°C discharge

[ SO, C N

Cell voltage / V

w
=

I
o0

0.0 0.5 1.0 15 2.0

Discharge capacity / Ah

with a nominal capacity of 2.05 Ah and an energy density of
175 Whkg ™! are composed of graphite as negative electrode and
NCMI111 as positive electrode. We used a battery test system CTS
(BaSyTec) to cycle the cells, and an environmental chamber MK 53
(Binder) to control their ambient temperature.

At the beginning, we ran rate capability tests with new cells
under different discharge currents (C/10, C/5, C/2, 1C and 2C) at
25°C and 0°C for model validation. Two more new cells were
opened in an argon filled glove box, half cells with Li,Ce/Li and
Liy(Ni33C0033Mng33) O, /Li were assembled and equilibrium po-
tentials vs Li/Li* were measured (see Fig. A-1). Additionally, we
measured the cells’ cross section area, the thickness of the electrodes
and separator and the mean particle radii (see Table I).

For the aging experiment, we kept the ambient temperature at
25 °C. Three cells were cycled as follows: constant current discharge
(CCyqcn) with —2 A to the cut-off voltage of 2.75V, followed by
constant current charge (CC.,) with 2 A to the cut-off voltage of
4.2 'V and constant voltage charge (CV,,) with the cut-off current of
0.1 A. Resting times of 10s were applied after each discharge and
charge. At the beginning of the aging experiment and after every 100
cycles, checkup cycles were performed to determine the cells’
capacity.

Results and Discussion

Model validation.—The simulated cell voltages and temperatures
of the electrochemical and thermal model are shown in Fig. 5 and
compared to the experimental data for discharge with C/10, C/5, C/2,

b) 42
40|
38]
36|
341
321
30|
28|
2 |

25°C discharge

Cell temperature / °C

N OPVIVIVIVYVIVION

0.0 0.5 1.0 1.5 2.0
Discharge capacity / Ah

181 0°C discharge

Cell temperature / °C

0.0 0.5 1.0 1.5 2.0
Discharge capacity / Ah

Figure 5. Comparison of simulation results (lines) and experimental data (symbols) for different discharge rates. Cell voltage (a) and cell temperature (b) at an
ambient temperature of 25 °C, and cell voltage (c) and cell temperature (d) at an ambient temperature of 0 °C.
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Figure 6. Comparison of experimental data (symbols) and simulation results
(lines) with varying lithium plating reversibility. £ =1 denotes entire
reversible and ¢ = 0 entire irreversible lithium plating.

1C and 2C at ambient temperatures of 25 °C and 0 °C. We calculated
mean absolute errors (MAE) and root mean square errors (RMSE) to
assess the deviation between model and experiment. At 25 °C, the
maximum MAEs are 14mV (2 C) and 0.2°C (2 C) and the
maximum RMSEs are 21 mV (2 C) and 0.25°C (2 C). At 0°C,
the maximum MAEs are 19 mV (2 C) and 0.3 °C (2 C) and the
maximum RMSEs are 23 mV (2 C) and 0.4 °C (2 C). Therefore, the
simulation results are in very good agreement with the experimental
data for all C-rates as well as for both temperatures.

Reversible and irreversible lithium plating.—Figure 6 shows the
measured cell’s relative capacity determined in the checkup cycles
of the aging experiment (symbols). In the early stage that is arising
from the beginning of cycling to about cycle 500, an almost linear or
square-root-shaped, decelerating capacity loss is seen. Thereafter, an
accelerating, nonlinear capacity loss denotes the later stage with a
relative capacity of 65% after 800 cycles. Usually, an end of life is
defined by falling below a relative capacity of 80% that is reached
for this cell after 600 cycles, already within the stage of accelerated
capacity loss. In a former study,13 we showed that the loss of lithium
inventory is the dominant aging mechanism within the scope of this
aging experiment. Electrochemical characterization and post-
mortem analysis revealed solid electrolyte interphase growth and
lithium plating induced capacity loss.

Based on our electrochemical modeling approach and by setting
the ratio of reversibly plated lithium £ to one, we are able to simulate
sole SEI formation and re-formation. Lithium plating may still take
place but is plated completely reversibly and will be stripped
subsequently. The simulation result is shown by the green line in
Fig. 6 that is an almost linear or square-root-shaped capacity loss
during cycling. The slope of the curve is fitted by the SEI re-/
formation exchange current density i sgr.

In contrast, the entire irreversible lithium plating is modeled by
setting the ratio of reversibly plated lithium £ to zero. No lithium
stripping side reaction takes place anymore. The blue line in Fig. 6
shows the simulation result that exhibits an early stage, linear
capacity loss and an accelerating capacity loss, starting at about
cycle 400. Compared to the measurements, the simulation results in
an earlier and more intense capacity loss.

Finally, the black line in Fig. 6 shows the simulated relative
capacity considering a changing ratio of reversibly plated lithium &
over cycles. With this approach, we assume that the amount of
reversibly plated lithium decreases with ongoing cycling. In other
words, the more lithium is plated, the more lithium is irreversibly
plated. With an MAE of 0.17% and an RMSE of 0.25%, the
simulation results are in very good agreement with the experimental

1.0~ T T . . . T T T

No lithium plating
and thus no lithium
stripping side

reactions

Ratio of reversibly plated lithium &

0.7L . . : . . . . .
0 100 200 300 400 500 600 700 800
Cycles

Figure 7. Changing ratio of reversibly plated lithium £ over cycles.

data. Based on our modeling approach, we are able to simulate both
linear and nonlinear aging as well as to define the onset and slope of
nonlinear aging. Differentiating between reversible and irreversible
lithium plating and their impact on capacity loss is also consistent to
operando lithium plating quantifications using incremental capacity
analysis shown by Ansean et al.*?

The fitted ratio of reversibly plated lithium & over cycles is shown
in Fig. 7. Up to cycle 306, no lithium plating and thus no lithium
stripping side reactions take place, as the potential of the negative
electrode is always positive vs Li/Li*. As soon as this potential
becomes negative and lithium is plated, we assume & to be 0.99 since
Howlett et al.** showed a cycling efficiency of greater than 99% for
lithium metal electrodes. To obtain a linear aging behavior, the
cycling efficiency remains constant for about one hundred cycles.
However, the efficiency declines with ongoing cycling due to
degradation mechanisms, inhomogeneous current and potential
distributions, and deposit morphology chal1ges.12’l3’43’44 The change
in the ratio of reversibly plated lithium concurs with the onset and
slope of nonlinear aging in Fig. 6. In the end, the ratio is of less than
80% which means that one fifth is irreversibly plated.

Cell voltage and capacity loss.—Figure 8 shows the simulated
cell voltages (lines) compared to experimental data (symbols) over
discharge capacity obtained from checkup cycles. With minimum

4.2 ”;‘ Cycles 400 "
0 ——500
4.0+ — 100 —— 600 |
200 700
3.8+ J
< X 300 800
~
236} ]
<
=
O o.4r il
o 3.4
T390l
532
3.0} Lines: simulation B
Symbols: experiment
2.8+
0.0 0.5 1.0 1.5 2.0

Discharge capacity / Ah

Figure 8. Comparison of simulation results (lines) and experimental data
(symbols) of cell voltage over discharge capacity obtained from checkup
cycles.
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Figure 9. Entire capacity loss caused by SEI formation, SEI re-formation
and irreversible lithium plating shown over cycles.

errors of 8 mV (MAE) and 12mV (RMSE) for cycle 200 and
maximum errors of 27 mV (MAE) and 44 mV (RMSE) for cycle
700, the results are in very good agreement. Furthermore, the
simulation results show that the model considers capacity as well
as power fade.

The capacity loss over cycles is depicted in Fig. 9. SEI formation
shows a decelerated, square-root-shaped behavior over cycles, as the
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potential drop increases due to the growth of the film. However, SEI
re-formation considers no influencing film and potential drop, and
thus results in an almost linear capacity loss. Only by cause of
capacity loss and shortened charge/discharge cycles, SEI re-forma-
tion decelerates. In contrast, irreversible lithium plating is unob-
trusive over many cycles, but subsequently causes the nonlinear
capacity fade between 500 and 800 cycles. After 800 cycles, about
two thirds of the capacity loss are caused by SEI re-/formation and
one third by irreversible lithium plating.

Characteristics of side reactions over cycling.—The following
subsection shows the characteristics of SEI re-/formation and lithium
plating/stripping over cycling based on simulation results. Figure 10
depicts the cyclic cell voltage (a) and main reaction current density
(b). With ongoing aging, the total cycle time decreases as the cell’s
capacity fades. Moreover, the resistance rise causes higher polariza-
tion that shortens the CC phase and extends the CV phase during
charging. Both capacity and power loss—which in turn cause the
energy loss of the cell—are clearly recognizable based on the cell
voltage.

Figure 10c depicts the side reaction current density of SEI
formation (solid lines) and re-formation (dotted lines). For both, the
current density declines while discharging and rises again while
charging the cell. The maximum of current density corresponds to
the transition from CC to CV charging, as the driving overpotentials
are at a maximum. With ongoing aging, less SEI formation occurs
because the total cycle time is getting shorter, but mainly because of
the increasing potential drop caused by the growth of the film. In
contrast, no iR drop is considered for SEI re-formation. As expected,
SEI re-/formation is characterized by a decelerating behavior over
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Figure 10. Simulation results of a discharge-charge cycle: cell voltage (a), current density of the main reaction (b), SEI formation/re-formation (c) and lithium

plating/stripping (d) over time.
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Figure 11. Surface charge quantities of SEI formation and re-formation (a)
and irreversible lithium plating (b) over the thickness of the negative
electrode.

cycling. In addition, the results show a higher SEI re-/formation for
higher cell voltages, which means for higher SOCs.

The lithium plating and lithium stripping side reaction densities
are shown in Fig. 10d. As soon as the local potential of the graphite
anode becomes negative vs Li/Li*, lithium plating takes place,
which reveals its maximum at the transition from the CC to the CV
charging phase as well. Due to the decreasing main reaction current
density in the CV charging phase, the cell’s polarization also
decreases. Once the driving overpotential becomes positive vs
Li/Li", subsequent lithium stripping dissolves the reversibly plated
lithium. The lithium stripping side reaction density forms a max-
imum and diminishes towards the end of charging. In the subsequent
discharging phase, the remaining amount of reversibly plated lithium
is dissolved which causes a characteristic voltage plateau if the
amount is big enough.*® Furthermore, lithium plating firstly appears
after a few hundred cycles and increases and then declines again
with ongoing cycling. Finally, this is caused by the capacity loss, the
increasing polarization, the shortened CC and extended CV phases
—and therefore the reduced time when lithium plating can occur—
and the transition from a stage I to a stage II potential plateau in the
negative electrode caused by LLI (see Fig. 12).

Integrating the side reaction current densities results in surface
charge quantities, which are shown in Fig. 11 over the thickness of
the negative electrode. SEI formation and re-formation (solid and
dotted lines in Fig. 1la, respectively) take place in the entire
electrode. However, the SEI grows faster at the negative electrode/
separator interface. In contrast, irreversible lithium plating occurs on
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Figure 12. Stoichiometry x of the negative electrode (a) and y of the positive
electrode (b) at end-of-charge (EOC) and end-of-discharge (EOD) showing
their shifts over cycles.

the outer edge of the negative electrode at its interface to the
separator,s’24 as shown in Fig. 11b. At the interface of the negative
electrode and its current collector, the overpotential vs Li/Li* is
always positive and no lithium is deposited. Finally, much more
lithium is spatially deposited compared to SEI re-/formation, that is
based on the difference in the magnitude of the side reaction current
densities, as depicted in Figs. 10c and 10d.

Figure 12 shows the shifts in stoichiometry—which is the inter-
calation degree—over cycles of the negative and positive electrode at
end-of-charge (EOC) and end-of-discharge (EOD) as a consequence of
capacity fade. As expected, the stoichiometry of the negative electrode
at EOC decreases with ongoing aging due to LLI The declining change
in stoichiometry up to cycle 500, which increases subsequently, reveals
the linear and nonlinear aging behavior. While the LLI effects a
transition from a stage I to a stage II potential plateau in the negative
electrode, the potential of the positive electrode slightly increases at
EOC, which is defined by the cutoff-voltage of the cell at 4.2 V, which
is the difference between the negative and positive electrode potential.
As a result of the transition of the potential plateaus, the lithium plating
side reaction diminishes with ongoing aging.

At the EOD, the stoichiometry of the positive electrode decreases
with ongoing aging based on the LLI as the dominant aging
mechanism. Again, the change in stoichiometry results from the
decelerating capacity loss due to SEI re-/formation and the sub-
sequent accelerated capacity loss caused by irreversible lithium
plating. Furthermore, the stoichiometry is a relative but not absolute
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variable and thus the shifts are not equidistant for the negative and
positive electrode.

Conclusions

In this paper, we introduced a pseudo two-dimensional electro-
chemical aging model that describes the transition from a linear to a
nonlinear aging behavior. Besides the main aging mechanisms of
SEI formation and re-formation, we presented a novel approach for
modeling reversible and irreversible lithium plating and lithium
stripping. The model agrees very well with experimental aging data
on commercial 18 650-type NCM/C cells and accurately reveals the
onset and slope of nonlinear aging. Furthermore, the simulation
results are in very good agreement with experimental data for
discharge at different C-rates and at ambient temperatures of 25 °C
and 0 °C. Future work will incorporate the model into a multi-
dimensional modeling approach to investigate inhomogeneous aging
and to get a more thorough understanding of the impact of different
charging strategies, tab and electrode designs, and temperature
conditioning on spatial cell degradation.

Appendix

Measured equilibrium potential curves dependent on the degree
of lithiation x and y for the negative and positive active material are
shown in Fig. A-1. The entroPic coefficient of the reversible heat is
derived from the literature*®*! and shown in Fig. A-2.

We consider transport parameters of the electrolyte as functions
of temperature 7, lithium-ion concentration in the liquid phase ¢; and
transport number 7, as measured by Valgen et al.”> The analytical
dependencies for electrolyte diffusivity D,;, conductivity x and

activity 6;; are described by
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9 Conclusion and Qutlook

In this thesis, the linear and nonlinear aging of lithium-ion cells was investigated by means of ag-
ing experiments, electrochemical and post-mortem analysis, neutron diffraction and physicochemical

modeling.

Starting with fundamentals of lithium-ion cell aging, the main aging mechanisms are presented which
are the formation and re-formation of the solid electrolyte interphase, lithium plating and lithium
stripping, particle fracture and structural changes and decomposition of the positive electrode. The
aging mechanisms can be assigned to the degradation modes of loss of lithium-ion inventory, loss of

active material in the negative electrode and loss of active material in the positive electrode.

Furthermore, methods for characterizing aging mechanisms and their state of the art are shown. While
in-situ measurements are performed on materials in their original position, i.e. without disassem-
bling the battery, ex-situ measurements involve cell opening and sample preparation. Most of the
spectroscopy and microscopy techniques are performed on materials or require special cells includ-
ing transparent windows. In contrast, neutron diffraction shows a high sensitivity for light elements
like lithium and is suitable for large cell formats and commercially produced cells due to the high

penetration depth of neutrons.

The state of the art of modeling lithium-ion cell aging is presented focusing on physicochemical mod-
eling which considers kinetics and reaction rates, transport equations of charge and mass as well as
the theory of porous electrode and the theory of concentrated solution. Although there are physico-
chemical SEI re-/formation and lithium plating models, only a few include lithium stripping as the

backward reaction of lithium plating and even fewer investigate cycling and the effect on aging.

We performed aging experiments at controlled temperatures on 18650-type C/LiNig 33Mng 33C0¢.3302
lithium-ion cells with special consideration of varying stress conditions to investigate the interaction
of SEI re-/formation, lithium plating and lithium stripping. Cells aged with a standard charging and
discharging rate of almost 1C, but different resting times, showed a nonlinear capacity fade after a
few hundred equivalent full cycles. By increasing the discharging current or decreasing the charging
current, their lifetime improved, resulting in a linear capacity fade. Shortening the relaxation time
between cycles positively influenced the lifetime by roughly 40 %, whereas a higher discharging current

almost doubled the cell’s lifetime.

We applied electrochemical analysis, post-mortem analysis and in-situ neutron diffraction to investigate
the underlying degradation mechanisms. The neutron diffraction experiment and differential voltage
analysis revealed the loss of lithium inventory as the dominant aging mechanism for both linearly- and
nonlinearly-aged cells. Other aging mechanisms, like the structural degradation of anode or cathode
active materials or the deactivation of active materials, could not be confirmed. SEM images of
uncycled and nonlinearly-aged cells qualitatively showed surface layer growth and morphology changes
on the graphite anode, whereas the cathode particles appeared unchanged. The comparison between
capacity loss determined by electrochemical analysis and neutron diffraction revealed an increasing

capacity loss in the edge area of the electrodes with ongoing aging. We supposed two different dominant
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9 Conclusion and Outlook

aging mechanisms, which are the growth of the SEI in the early stage and marginal lithium deposition
in the later stage. After a few weeks of storage, checkup tests showed both capacity recovery or
capacity loss dependent on the SOH as well as the SOC the cells were stored at. Linearly-aged cells
that were fully charged for the neutron diffraction experiment revealed a capacity loss of less than 3.0 %,
whereas the fully discharged ones pointed out a capacity recovery of less than 3.2 %, owing to lithium
diffusion into or out of the anode overhang area, respectively. On the other hand, all nonlinearly-aged
cells showed a capacity recovery due to lithium stripping, the partial reversible reaction of lithium
deposition, as well as the chemical intercalation of lithium. These results hold true for the investigated

cells and the performed aging experiments.

A central part of this thesis is the development of physicochemical side reaction models for SEI re-
/formation, lithium plating and lithium stripping, and the development of a physicochemical aging
model considering the transition from linear to nonlinear aging. Firstly, we developed an aging model
considering SEI re-/formation in the negative electrode. We implemented SEI formation on intact
graphite particles as a first side reaction and SEI re-formation due to cracking of the SEI layer caused
by the expansion and contraction of the graphite particles during cycling as a second side reaction.
Both side reactions are considered to be irreversible and implemented by cathodic Tafel equations.
Integrating the side reaction current gives a charge quantity that results in the thickness of the SEI
layer. The resistance of the SEI layer is proportional to the thickness and increases over time. It
causes an additional overpotential for the main and side reactions. This model simulates the early
stage, linear aging of lithium-ion cells. Secondly, we introduced a new SEI modeling approach that
distinguishes between the transport of lithium ions, on the one hand, and electrons through the SEI, on
the other hand. This is in accordance with the assumption that the SEI possesses two ideal properties
— a maximum conductivity for lithium ions (ksgr) and an insulating conductivity for electrons (osgr).
The model results in a different ohmic drop for the driving potential of the main intercalation reaction
at the negative electrode and the SEI forming reaction. This results in a more accurate representation
of the SEI and enables us to differentiate between capacity and power fade. Thirdly, we developed
a physicochemical model considering both lithium plating and lithium stripping side reactions. The
model simulates reversible lithium plating and the characteristic voltage plateau due to lithium strip-
ping during a subsequent discharge after lithium plating in a previous charge. The side reactions are
described by adapted Butler-Volmer equations including a novel approach which considers a correction
term for the amount of reversibly plated and stripped lithium. Finally, we developed an electrochem-
ical aging model with SEI formation, SEI re-formation due to cracking of the layer during graphite
expansion, lithium plating when the potential of the negative electrode becomes negative vs. Li/ Lit,
and subsequent lithium stripping once the potential becomes positive again. The model considers the

transition from an early stage, linear to a later stage, nonlinear capacity fade.

Outlook

As an outlook, additional aging experiments can be performed on other cell chemistries, designs and
formats, testing procedures, and boundary conditions. Especially silicon-graphite anodes and high-
voltage cathodes are of interest here. Neutron diffraction should be further used to investigate the
inhomogeneous aging while taking into account the inhomogeneous lithium distribution as investigated
by Senyshyn, Miihlbauer and co-workers [52; 105; 106] as well as Cai et al. [51].

Similar to the experiments, the developed aging models can be applied to other cell chemistries, designs
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and formats, testing procedures, and boundary conditions. The effect of structured electrodes [93] and
changing porosities [84] on the aging behavior need to be further investigated based on detailed degra-
dation models. Additionally, the model needs to be incorporated into a multi-dimensional modeling
approach [37; 107; 108] to investigate and to get a more thorough understanding of inhomogeneous ag-
ing. The modeling of lithium plating and lithium stripping can be extended while taking into account
the surface of plated lithium. For this, the detailed knowledge of lithium deposition and dissolution

on a microstructure level including dendritic and mossy structures is needed.

Finally, the model can be applied to develop (fast) charging methods [109; 110] while considering the
degradation mechanisms and cell limitations to keep the cell in a phase of linear aging. Next to the
cell’s SOC and temperature, its current SOH, inhomogeneities as well as predicted and subsequent
relaxation times and discharging currents may also be taken into account to control the charging

current in a battery management system.
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