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Kurzfassung

Lithium-Tonen Akkumulatoren finden in vielen Gebieten Anwendung: Sei es als Netzspeicher, in
Unterhaltungs- und Haushaltselektronik oder in der Elektromobilitdt. Alle Anwendungen haben den
Bedarf an hoher Energie- und Leistungsdichte und einer langen Lebensdauer gemein. Die Lebens-
dauer der energiegeladen Lithium-Ionen Akkumulatoren wird durch verschiedene Degradationsprozesse
verkiirzt. Einer der prominentesten Effekte ist die Abscheidung von metallischem Lithium auf der An-
odenoberfliche. Dieser Prozess tritt vorrangig bei niedrigen Temperaturen und bei hohen Ladestrémen
auf. Die metallische Lithiumabscheidung kann zum verstirkten Wachstum der sogenannten SEI-Schicht
(engl.: Solid-Electrolyte-Interphase) fithren, welche einen irreversiblen Lithiumverlust darstellt. Zudem
besteht eine erhohte Gefahr des elektrischen Kurzschlusses, falls die Lithiumschicht durch den Separator
bis zur Kathode vordringt. Im Rahmen dieser Dissertation wird die Lithiumabscheidung mittels

elektrochemischer Modellbildung und strukturaufgelésten Simulationen untersucht.

Ein neues elektrochemisches Modell zur Beschreibung der Abscheidung von metallischen Lithium
und der Auflésung wurde entwickelt und ist in das Simulationsframework BEST implementiert. Im
Gegensatz zu den bestehenden Modellen zur Lithiumabscheidung erlaubt das neue Modell eine Konkur-
renz zwischen der Lithiuminterkalation und Lithiumabscheidung. Eine vollstdndige Bedeckung der
Elektrodenoberfliche resultiert in der Blockade der Lithiumeinlagerung im Elektrodenmaterial. Die
Kombination des Abscheidungmodells mit einer bestehenden 3D Transporttheorie erméglicht erstmalig
elektrochemische Simulationen eines Lithium-Ionen Akkumulators, in welchem metallisches Lithium
entsteht. Bisherige Modelle beinhalten die Mikrostruktur der Elektroden nur als iiber das Volumen

gemittelte Kenngrofien, wie etwa Porositdt und Tortuositét.

Wiéhrend der Entladung eines Lithium-Ionen Akkumulators, welcher metallisches Lithium auf der
Anodenoberflache aufweist, zeigt sich ein charakteristisches Plateau im Zellpotential. Dieses Plateau
existiert nur falls metallisches Lithium in der Elektrode vorliegt und sich durch den angelegten Strom
in den Elektrolyten auflost. Elektrochemische Simulationen zeigen, dass die Lénge des Plateaus vom
angelegten Strom und die Ausgeprigtheit vom Verhéltnis zwischen freier und mit Lithium bedeckter
Oberflache abhéngen. Zudem ist eine Veréanderung des Zellpotentials erkennbar, sobald Lithiummetall
abgeschieden wird. Die vollstdndige Bedeckung der Elektrode fithrt zu einer porésen Lithiumelektrode
und einem konstanten Zellpotential bei einer Halbzellkonfiguration. Die rdumlichen Variationen
verschiedener elektrochemischer Grofsen, wie etwa die Reaktionsgeschwindigkeit der Lithiumabscheidung,
zeigen einen deutlichen Einfluss auf die rdumliche Verteilung und die Homogenitét des abgeschiedenen
Lithiums. Eine inhomogene Lithiumabscheidung geht mit einer Abschwéchung der Verdnderungen im

Zellpotential einher. Die lokal konzentrierte Lithiumabscheidung kann zu einem lokal beschleunigtem
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SEI-Wachstum und somit zu Lithiumverlust fiihren. Die elektrochemischen Simulationen mit rdumlicher
Auflésung der Elektrodenstruktur zusammen mit dem Abscheidungsmodell erméglichen einen Einblick in
die elektrochemische Umgebung im Lithium-Ionen Akkumulator und liefern gleichzeitig die Moglichkeit

extern messbare Grofen mit der Lithiumabscheidung zu korrelieren.

vi
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1. Introduction and Motivation

On the road to a society, which relies on less non-regenerative energy sources, lithium-ion batteries can
play a vital role. Be it as net storage systems [1, 2|, energy storage in consumer electronics or as key
component in electro mobility [3]. A high power and energy density is of utter importance. Thus a
scale up of battery size, storage capability and lifetime is required. Lithium-ion batteries suffer from
different degradation processes. They can decrease the stored amount of charge over usage or can result
even in complete loss of functionality. The safe operation of lithium-ion batteries under a broad range
of condition has therefor to be ensured: Charging at low temperatures - in the context of lithium-ion
batteries, this usually means temperatures around freezing - and high currents would permit a broader
and more convenient application inside the frame of electro mobility. The process of lithium plating is
one of the dominant degradation processes and safety risks inside state-of-the-art lithium-ion batteries.
This degradation process leads to the deposition of metallic lithium on the surface of the negative
intercalation electrode. The occurrence of metallic lithium furthers the growth of the solid electrolyte
interphase, which is another degradation process. Both boost the irreversible loss of cyclable lithium.
Lithium plating can even result in a penetration of lithium through the separator potentially leading to

a short circuit of the battery.

The focus of this work lays on a better understanding of the process of lithium plating via electro-
chemical simulations. All existing electrochemical models[4, 5|, which describe plating of lithium,
lack the possibility to completely block the intercalation reaction in the presence of a fully plated
interface. Additionally, they are only applied to volume average transport models, thus not resolving
inhomogeneities on the microstructure level. A new electrochemical model was developed, which treats
the plated lithium as surface species between the electrolyte and the solid phase. It is included into an
existing simulation framework, which uses 3D spatially resolved microstructures as electrodes. The
plating model allows a switch of the major charge transfer reaction between the intercalation and the
plating reaction. The simulation framework BEST (Battery and Electrochemical Simulation Tool) [6],
which is a finite-volume implementation of a thermodynamically consistent transport model [7], is used

for the electrochemical simulations.

The geometry for 3D spatially resolved electrochemical simulations is usually based on experimental
tomography data [8, 9]. The availability of this type of image data is limited due to the imaging costs.
A new stochastic model, which can generate random microstructures with structural parameters based
on real tomography data, was introduced by Feinauer et al. [10]. The microstructures of the stochastic
microstructure model are compared with the real tomography data with respect to their electrochemical

performance using the electrochemical simulation tool.
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The process of lithium plating is examined using different microstructures at different operation
conditions. The time evolution of plating risk in a negative electrode is examined for different applied
currents and ambient temperatures. Thus allowing to identify critical regions of the microstructure.
The influence of existing plated lithium on the discharge behavior of a graphite electrode is explored.
The occurring stripping plateau in the cell voltage is often used to quantify the amount of plated
lithium [11]. It will be shown, that the relation between the plateau duration and the amount of plated
lithium is influenced by the fraction of active surface covered by plated lithium [12]. The currents
flowing through the interface between electrolyte and active material can exhibit unexpected behavior
during the stripping process. The developed plating and stripping model is applied to a constant
current charge and discharge simulation. Global and local variation of reaction rates yields information
regarding inhomogeneous degradation and the influence of the solid-electrolyte-interphase (SEI) on

lithium plating.

This short introduction is followed by chapter 2, which contains a short overview of lithium-ion
batteries and the transport theory used for the electrochemical simulations. The relevant process for
the description of degradation in lithium-ion batteries is introduced. Finally, the developed model
for lithium plating presented. A short summary of the steps needed to include the developed plating
model into the simulation framework BEST, is given chapter 3. The numerical challenges are also
described. Chapter 4 describes the used microstructures and the setup of the completed electrochemical
simulations. They are used for the electrochemical validation of a stochastic microstructure model and
the investigations of lithium plating. The results are shown in chapter 5. A short outlook regarding
possible extensions of the developed model and its applications is given in chapter 6. Additional

information is compiled in the appendix (appendix A and appendix B).



2. Theory

This chapter gives the theoretical background and is structured as follows. In the first section (section 2.1)
the working principle of a lithium-ion battery is described. The 3D transport model used as framework
for this work is shortly reviewed (section 2.2). The important anode material graphite is introduced
in section 2.3, followed by a short definition of the relevant potentials in section 2.4. Details about

lithium plating and the plating model developed during this thesis are given in section 2.5.

2.1. Lithium-ion batteries

2.1.1. A short history

Luigi Galavani observed in the 1780s that putting two metals in contact with frog legs resulted in a
muscle contraction. The Italian professor Alessandro Volta was inspired by this effect and build the first
battery. He constructed it in 1799/1800 out of a pile of zinc and copper plates separated by cardboard
soaked in salt water. This pile consists of six cells and generates an electromotive force of around
4.65V. Each of those cells made out of zinc and copper plates separated by cardboard soaked in salt
water (brine). This construct represented the first continuous source of electricity and sparked the
development of various other batteries. The first rechargeable battery was invented by Gaston Planté
several decades later (1859): The lead acid battery. The basic concept can still be found in current car
batteries. The construction of the first dry-battery (zinc-carbon) in 1887 and the first alkaline battery
(nickel-cadmium) in 1899 opened the field of applications [13, Chapter 2|.

Even though first experiments with lithium as battery material were done in the 1910s, it took till the
1970s for the first commercially available lithium battery. These first lithium batteries were single-use
batteries. In the year 1983 already several companies offered a variety of primary lithium batteries.
Most of the initial systems used lithium metal as anode electrode [14]. But lithium metal posed too
many safety risks such as electrical short-circuit [15]. Around 1989 several battery manufacturers had
to recall their lithium metal batteries due to battery failures involving the burning of the cells [16]. This
prompted the focus of research to alternative materials. The discovery of a new type of cathode material
(lithium cobalt oxide - LiCoQO,) by John B. Goodenough [17] and graphite as anode material by Rachid
Yazami in 1980 [18], lead to the first rechargeable battery using lithium ions as charge carriers in 1985.
This type of materials can incorporate lithium reversibly into its lattice. The lithium-ion battery was
born. With the switch towards graphite some problems, such as formation of dendrites, could be eased.

Sony released the first commercial secondary lithium-ion battery in 1991 [19, 20].
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2.1.2. Lithium batteries and other batteries

All batteries can be grouped into two categories: primary and secondary batteries. Primary batteries
can only be used for one discharge, since the containing materials undergo irreversibly reactions during
the current consumption. Secondary batteries on the other hand can be recharged and hence used again
[21, Section 1.3.1]. All batteries, regardless of type, are electrochemical cells comprised of two electrodes,
negative and positive, and an electrolyte. An electrochemical cell can convert electrical energy into
chemical energy and vice-versa. The electrodes are filled by an electrolyte, which is ionic conductive

but isolating for electrons. The lithium based batteries have the advantage of a higher energy densities
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Figure 2.1.: Different battery technologies are compared in terms of volumetric and gravimetric energy
density. The higher energy density of lithium-based batteries compared to other common
batteries, such as nickel-cadmium, is evident. (reprinted with permission from [22])

as compared to other existing battery systems. In fig. 2.1 the volumetric and gravimetric energy density
of different battery technologies are shown. The lithium-ion systems exhibit an energy density, which is

around three times higher than common nickel-cadmium-batteries.

The negative and positive electrodes of an electrochemical cell are identified through the terms anode
and cathode respectively. An anode is the electrode, where the oxidation reaction is taking place. The
electrode with the reduction reaction is named cathode. The role of an electrode changes depending on
the applied external current. In the battery community however the term anode and cathode identify
the negative and positive electrode, regardless of the applied current. The electrode of the reduction
reaction during discharge of a battery is called anode. Its counter-electrode is duped cathode. In this

work, the terms negative electrode and anode and the terms positive electrode and cathode are therefore

used interchangeable.
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The potential difference measured between the two electrodes of an electrochemical cell is called cell
voltage. Its value depends on the differences of the electrochemical potentials of reacting species. The

electrochemical reaction inside a battery can be written in a general way:
1/1'A1+V2‘A2+"'$"'+I/k,1°Ak,1+Vk‘Ak (2].)

The cell potential of a battery without any applied current facilitating this reaction can be obtained

using the Nernst-equation:

k
RT
_ 0 I | Vi
Ecell - Ecell + F -In ( a ) (22)

z 3
=1

where a; is the activity of the species i, 14 its stochiometric coefficient and E?; the standard cell
potential. The amount of charge a battery can contain is given through its capacity Qpat. It has
the unit Ah. The theoretical capacity is the amount of charge a material could reversibly store if all
involved processes would be ideal. The specific capacity relates the capacity to the mass of the battery
system or components:

specific _ @bat (2.3)

bat -
Meomp

This parameter is used to compare different materials and batteries and has the unit Ah/g. As point of
reference one usually selects the amount of pure active material or the amount of all materials needed to
achieve a working battery. Other relative parameters are the gravimetric (Wh/kg) or volumetric (Wh/1)
energy density (see fig. 2.1). The gravimetric energy density is given with respect to the total weight
of the battery system or active components. The energy density with respect to the mass of active
material is mostly used in research, since it allows for a direct comparison of different energy materials.
This definition ignores auxiliary components, such as current collector. Hence, the energy density with
respect to the weight of the complete battery system is preferred for design and construction of weight
critical applications such as space and aviation. Applications with restriction due to low battery space
pay attention to the volumetric energy density, which is given by the energy density with respect to
the volume of the battery system or active components. Larger volumetric energy density, indicates
a smaller battery with the same energy density. High energy density batteries are usually achieved
through electrodes, which are thicker than their high power complement. These batteries allow for the
storage of a large amount of energy. Due to the thickness of the electrodes and the hampered lithium
transport in the electrolyte, these batteries are usually only charged and discharged at low currents.
High power batteries on the other side can provide a large discharge current and thus a large power.
This type of battery has thin electrodes to prevent current limitations due to ohmic losses or ionic

resistance in the electrolyte phase.
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2.1.3. The working principle and general layout

Lithium-ion batteries (LIB) are of the secondary type. A generalized layout of a LIB is shown in

fig. 2.2. The electrode materials used in LIB are intercalation materials [17, 18]. The anode and

e e

Positive Electrolyte Negative
Electrode

Current
Collector

Current
Collector

Discharge

Charge

Figure 2.2.: Sketch of a lithium-ion battery (reprinted with permission from [23]). The lithium ions
move from the positive electrode into the negative electrode during charge, while electrons
get moved through an external circuit.

cathode are porous structures consisting of a mix of active material and auxiliary materials. The
active materials store the lithium ions. The auxiliary materials are the current collectors, separator
between the electrodes and the battery housing. The porous electrodes are produced from a slurry,
which consists of the active material, conductive agents and binder. The conductive agent is added
to counteract the often poor electronic conductivity and increase interparticle contact of the active
material [24, 25]. Usually a graphite based conductive agent is used. The mechanical stability of the
electrode is enhanced by introducing binder into the slurry. The drawback of the binder is, that it can
negatively impact the electrochemical performance of the electrodes due to pore blockage. The final
electrodes are produced by coating the slurry directly on the current collectors. A elecrical isolating
seperator ensures that the positive and negative electrodes are not touching. This separator is a porous
structure, which allows for electrolyte penetration and electronic isolation. After assembling the battery
sandwich, electrolyte is soaked into the porous structures. The electrolyte consists of a conductive salt,
e.g. LiPFy, a solvent mixture and some other additives. The solvent mixture is composed in most
cases of different organic compounds. Common electrolyte solvents are carbonates, such as proylene
carbonate (PC), ethylene carbonate (EC) and others [26]. The additives are mixed into the electrolyte
to increase the ionic conductivity or influence the formation of the solid-electrolyte-interphase [27]. The
SEI strongly effects the life-time of LIBs. More information regarding the different types of lithium-ion
batteries and the involved materials can be found in [15, 17, 18, 28, 29, 30].

The current flow from one electrode towards the other electrode through the electrolyte is carried by
lithium ions. The lithium in a LIB is stored inside the solid phase of the electrodes. The process
of bringing lithium ions from the outside of these electrode materials into their lattice is called
intercalation. During discharge the lithium ions move from the cathode through the electrolyte into the

anode. Simultaneously, electrons get transported from the cathode through an external circuit to the
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anode. At the cathode the lithium ions are deintercalated and solvated into the electrolyte. The ions
then migrate through the porous structures of the electrode and separator to the anode. At this side,
the lithium ions shed their solvation-shell and intercalate into the host material. During charge the

same steps take place, but in the opposite direction.

The exact steps involved in the desolvation and intercalation of the lithium ions are still subject of
research. Several studies suggest, that the intercalation process is split into two separate steps. First,
the lithium ions get adsorbed at the electrode surface under partial desolvation. And afterwards a fast
diffusion from the surface into the bulk material takes place [31, 32]. Nevertheless, in the electrochemical
community a one-step reaction is also used to describe the intercalation. This reaction is modeled by
a Butler-Volmer approach [33, 34]. The one-step approach is used in this work. The modification of
the transport theory, used in this work, to include a theoretically motivated intercalation process is

ongoing research [35].

2.2. 3D thermodynamically consistent transport model

In this thesis the thermodynamically consistent transport theory developed by Latz et al. [36, 7] is used
as basis. This transport theory was derived using non-equilibrium thermodynamics and fundamental
physical relations (mass conservation, Maxwell equitation, ...). The resulting model was transfered to
LIB. The microstructure of the electrodes can be resolved in this continuum model. It was implemented
in C++ with a finite-volume discretization in the framework CoRheos [37] by the Fraunhofer-Institut fiir
Techno- und Wirtschaftsmathematik (ITWM). The implementation was performed with the assumptions
of strict charge-neutrality and pressure independence [7]. The assumption of charge-neutrality is valid as
long as the electrochemical double layer at the electrode surfaces is not spatially resolved. The resulting
simulation tool is called BEST [6]. More information about the discretization and implementation can

be found in chapter 3. In this work we assume an isothermal situation through-out the battery.

The independent quantities of the transport model for the electrolyte phase are chosen to be the
lithium ion concentration cg) and the electrochemical potential of lithium ions g and for solid phases
the lithium concentration cg, and the electrochemical potential of the electrons ¢s,.The simulation
domain for the potentials and concentrations are slightly different. While the potentials are solved in
all involved phases (negative current collector, negative electrode, electrolyte, positive electrode and
positive current collector), lithium only exists in the electrochemical active components (electrodes and
electrolyte). The domain of the different quantities are illustrated in the simplified representation of
the spatial simulation domain (see fig. 2.3). The negative-positive electrode direction represents the
full cell thickness. This direction is also called through direction. In this direction all structural details

are resolved. Solving the conservation equations in the respective phases yields the time evolution of
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Figure 2.3.: Simplified representation of the spatial simulation domain of the two types of unknowns.
Five involved phases are spatially resolved: the two current collectors, the two electrodes

and the electrolyte phase.

independent quantities. The governing equations are listed in egs. (2.4) to (2.7).

with zy = 1 and IV; as the lithium flux in phase i:

and 7; as the current density in phase i

Jel = —KEIVQEI — KEI

jSo = _JSOV¢SO

The derivative of the chemical potential with respect to the concentration (a—@) is calculated:

0 pE1
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51 v 1 (2.4)
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5 v (2.5)
0 Pel .
p— = — . e 2.
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The definition of the chemical potential is given in section 2.4.1 and eq. (2.30). The different phases in
a LIB are in contact at the corresponding interfaces. This is reproduced through different interface
conditions for the partial differential equations. The particle and current fluxes at the electrolyte-
electrode-interfaces are defined by the exchange currents of the occurring reactions jsog;. This is

represented by the following equations:

JEl - MSo—El = JSoFl JSo * MSo—El = JSoEl
(2.13)

Nr1 - ngo—r1 = NsoEl Ng, - 15o—E1 = NsoEl

These equations are also called interface conditions, since they specify what is happening at the
interfaces between the solid and electrolyte. The normal of the interface area ng,_g; is pointing from
the solid (So) into the electrolyte (El). The interface current between solid and electrolyte is described
by jsorl. Different reactions and types of interfaces can be framed by using different expression for jsog:.
In this work, a symmetric Butler-Volmer expression (see eq. (2.20)) is used for the interface current
between the intercalation material (graphite or lithium manganese oxide (LMO)) and the electrolyte.
The reactions will be introduced in more detail in section 2.2.2. For more detailed information and
explanations about the underlying theory the reader is referred to |7, 36]. The electrochemical model
has been validated in [38]. The properties of the different materials (electrolyte, electrode, ...) are

represented by their respective parameters (e.g.: lithium diffusion coeflicient inside the anode D anode)-

At the boundaries of the two simulation domains (see fig. 2.3) additional conditions, so called boundary
conditions, are applied. The two different boundary conditions are shortly introduced in the following

section.

2.2.1. Boundary conditions: operation mode

The two most important operation modes of any battery are the galavanostatic and potentiostatic
operation. Galvanostic operation is the application of defined current I,pplied (t) to the battery which
results in a certain cell voltage U.q. During potentiostatic operation the battery is hold at a certain
voltage Uapplied (t) while the resulting current I.ei can be negative, zero or positive depending on the
location of the applied voltage relative to the equilibrium cell potential. In this work, a negative applied
current Ioppliea OF cell current I.q indicates a discharging of a full cell and hence a delithiation of the
negative electrode and a lithiation of positive electrode. Conversely, a positive applied/cell current
signals a charging of a full cell. The operation mode is applied to the simulation domains (see fig. 2.3)
through different boundary conditions (BC). The boundary conditions for the potentials are applied at

the interface between the current collectors and the external.

Neumann boundary condition

The Neumann boundary condition defines the derivative of the unknown of an ordinary or partial
differential equation. In the case of a galvanostatic operation mode the value of the electrical current

density jpos. cc = —0pos. cC - VPpos. cc at the interface betwen potential simulation domain and
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external domain is given by:

\v4 japplied
(bpoa. . _ .
pos. CC-external Opos. CC

The applied current jappliea is given with respect to the area of the current collector japplied =
Lpptied/Acc. An isolation Neumann boundary condition is applied at the boundary of the concentration
simulation domain. The boundaries are the interface between electrodes and current collectors and
electrolyte and current collectors.

Ng ‘EI_CC =0 (2.15)

NSO

so.cc =0 (2.16)
This represents no interaction between the electrolyte and the metal of the current collectors. The
metal of the current collectors can react with various electrolytes in a real battery. Depending on the
material corrosion, cracking or growth of a metal-electrolyte-interphase can occur [39, 40]. Methods to
prevent degradation are the pretreatment of the current collector surface or a protective layer [41, 42].
The interface area between the electrolyte and the current collectors is small compared to the interface
between the active material and the electrolyte. Hence, the loss of lithium is small and the degradation

of the current collector is neglected in this work.

Dirichlet boundary condition

The Dirichlet boundary condition defines the value of a unknown of an ordinary or partial differential
equation. The boundary of the potential simulation domain at the negative electrode is set to a constant
potential:
Anod

Pneg. CC neg. CC-external initial (2.17)
For a potentiostatic operation mode a Dirichlet BC is used. The boundary condition at the positive
current collector and the external is the applied voltage with respect to the negative current collector:
+ Uapplied (2.18)

¢pos. CcC = ¢neg. CcC

pos. CC-external neg. CC-external

In lateral direction (perpendicular to the through direction - see fig. 2.3) either an isolation Neumann
BC or a periodic BC is applied. The selection usually depends on the spatial structure used for the
simulation. The periodic boundary condition creates an interface between the top and the bottom

(above and below in fig. 2.3) and between the front and the back of the spatial simulation domains.

2.2.2. Reactions

As mentioned earlier, different reactions can take place at the interface between different phases. In the

following the processes in an ideal LIB are described. In this degradation-free case only one reaction
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2.2. 3D thermodynamically consistent transport model

exists: the intercalation/lithiation-reaction of the lithium. A sketch of the phases involved in the

intercalation can be found in fig. 2.4. A Graphite/LMO-battery is selected as model system. Lithium

Anode Electrolyte | F Cathode

P F
’ \.\\\\‘\\\
S

E

F
F\ '\\\\\\\\F
o | Ve

F

Figure 2.4.: Sketch of the involved phases in a full cell lithium-ion battery. The ideal reaction pathways
of lithium ions inside the electrolyte are indicated with the two black arrows.

ions exist in the two active materials and the electrolyte. The positive charge of the lithium ions is
shielded by different charge carriers in the different phases. Inside the electrolyte, the positive charge of
the lithium ions are shielded through polarized solvents. NMR-, Raman-spectroscopy and molecular
dynamics simulations can help to understand the interactions between the salt LiPFg and different
solvents [43, 44, 45, 46, 47|. The lithium ion intercalated into the graphite gets shielded by the free
electrons [48]. The lithium ions adsorbed on the metal surface or the active material surface can be
shielded by electrons in the solid and solvents in the electrolyte. The ratio of shielding due to electrons

and solvent and the dependence on material parameters is still ongoing research [35].

Lithium ions move from the electrolyte into the intercalation material during the intercalation. As
mentioned earlier, the exact reaction steps are still subject to research [32, 31, 33, 34]. Here the
intercalation reaction is assumed as a one-step process. The intercalation at the anode and cathode is

therefore written as follows.

Lif, = Li§ (Inter-G)

Lify, = Lijyo (Inter-LMO)

The Gibbs free energy AG of the intercalation reaction (e.g. eq. (Inter-G)) is given by the difference of

the electrochemical potentials of the involved species:
~LitT ~Lit
AGlmterfG = ;u/é - NE] (219)

The difference of the electrochemical potentials vanishes if the two phases are in thermodynamical
equilibrium. The system tries to reach equilibrium through a mass flow between the involved phases.
For charged species, as the case with lithium ions, this flow also represents a charge transfer. The flow
direction depends on the sign of the energy difference. If the electrochemical potential in the electrolyte
[ﬂﬁif is larger than the one in graphite ﬂléﬁ, lithium ions move from the electrolyte into the graphite.
The value of the resulting reaction flux is calculated with a Butler-Volmer-like expression. The relation

between flux density and energy difference is modeled according to the theoretical derivation in [34].
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2. Theory

The expression of the symmetrical case (.., g = 0.5) is given by:

. AGrnter—
Ninter—c =2 NYSer_a V/CrI - ¢a - sinh (21}1;;(}) (2.20)
where the reaction constant N2 contains the reference states cisi and cist:
NMiter—g = —t=t (2.21)

ref ref
‘m " Cq

During the intercalation reaction lithium and charge is transfered through the interface. The current
flux density jinter—c can therefore be expressed as jiter— G = Ninter—a - F'. The current jiyger— ¢ is also
called exchange current. Another expression used for the Gibbs free energy AGrnter—c of a reaction is
the overpotential Mipter—q. These two are related through AGruter— g = F - Ninter—G- The overpotential

Nnter—G can be rewritten by introducing the reference state ¢

.+ - :+ ~ . ~ .
F - Dinter—G = (ué‘ +F- %) — g — oy + fg (2.22)

AL Lit ~Lit _ ALi
—F. <¢G _ Hyef F:“G _ HE] 2 Mref) (223)

+

=F ¢ —F-Us — oi (2.24)
with the definition of the electrochemical potential /]Iéi+, [féir and @Iﬁf and the open-circuit voltage US
in section 2.4.1 and section 2.4.2. The electrical potential @¢ is transformed into the electrochemical
potential ¢ since the reference state contains the chemical potential of the electrons: i = ,u%e‘: + Ul

The overpotential of the intercalation reaction into the cathode (see eq. (Inter-LMO)) is defined analog

to MMnter—G*

i+
F - finger—tm0 = F - diavo — F - UGMO — o (2.25)

2.3. Graphite

Nearly all state-of-the-art LIBs use graphite or carbon as negative electrode. Different graphite and
carbon materials exist: the spherically shaped meso carbon microbeads (MCMB), the artifical graphite
and amorphous carbon [49]. Leading material producers are Hitachi, Toshiba and BASF. A comparison
of several different materials can be found in [50]. In this work artificial graphite [51] was considered
as negative electrode. The open-circuit voltage (OCV) of artificial graphite is a material property,
which is very important for electrochemical simulations. The OCV is defined as the voltage measured
between the material and a reference electrode, when they are in thermodynamic equilibrium /rest. A
lithium metal electrode is used as reference electrode when obtaining the OCV of lithium intercalation
materials. Calculations of the OCV based on theory is quite complex and still topic of ongoing research
[52]. Usually specific experiments are used to obtain OCV data. The material is build into a half-cell

with a lithium metal counter-electrode. The material is charged with a very low current until a defined
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2.3. Graphite

state of charge is reached. Then the cell is allowed to rest for several hours. The resulting cell voltage
is the open-circuit voltage of the material for the given state of charge. These steps are repeated until
the target voltage window is covered [53]. Electrochemical simulation are not possible without the
open-circuit voltage. Therefore different approaches are used to obtain a functional relation between
state of charge and open-circuit voltage. In literature different fit functions are used for the various
intercalation materials. Ranging from simple polynomial fits to exponential expressions [8, 51, 54, 5].

In this work we use the empirical correlation obtained by [51], which is shown in fig. 2.5(a). Graphite

15 ' . . - T . 0.5 ] 7
artifical graphite | attifical graphite |
04}
> 1l >
~ ~
E = P3| s2 | P2 st |p1
2 05} £ 02}
g E RN
[ [ ——
0.1} e S
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state of charge / % state of charge / %

(a) The open-circuit voltage of artificial graphite shows (b) Some exemplary stages (S) and phases (P) are
several regions of nearly constant cell potential. The marked in the OCV of artificial graphite. A voltage
cell voltage is larger zero with respect to lithium. plateau S results from the coexistence of multiple

phases. The boundaries of the stages/phases are
based on [50, 55].

Figure 2.5.: Open-circuit voltage of artificial graphite.

exhibits several potential plateaus during intercalation of lithium. Research indicates, that lithium
ions form different phases with the graphite during intercalation. These phases are also called stages.
The transition from one stage into another one results in a constant potential region [55, 53, 56]. The
distinctiveness of the stages varies between the different graphitic battery electrodes. This depends on
the purity of the graphite and the existence of other intercalation materials. Lithium can intercalate
into added conductive agent and a measured half-cell potential thus shows a convolution of graphite
and conductive agent. Dahn et al. [55] calculate, that the conductive agent is responsible for around
3.7% capacity of their investigated material. Also, graphitic materials with more amorphous structures
will not exhibit the distinct plateaus, but a more sloped out cell potential [50]. Since the experimental
data and material information is not available for the OCV in fig. 2.5(a), only some plateaus are
highlighted in fig. 2.5(b) explanatory. The stage S1 is due to the coexistence of phase P1 (Li, Cyg)
and phase P2 (Li,C;5). The used OCV shows a smeared out shape in the region below phase P3.

Therefore a identification of the different stages and phases is not possible and thus left out. The
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2. Theory

function dependence on the state of charge (SoC) of the OCV of artificial graphite is listed in eq. (2.26).

—0.1958
OCVeraphite () = 0.6379 + 0.5416 - exp (—305.5300 - ) + 0.044 - tanh (-”“"01088)
soc — 1.0571 soc+ 0.0117
—0.1978 - tanh { 22— 210 ) 06875 - tanh ( 2261 2.26
o ( 0.0854 ) o ( 0.0529 ) (2.26)
soc — 0.5692
—0.0175 - tanh | 226 = 20092
0-0175 an( 0.0875 >

This function was obtained by Safari et al. through fitting onto experimental data [51]. During lithiation
the graphite undergoes a volume expansion between 5—10 % [57, 58]. The intercalated lithium increases
the spacing between the graphite layers. The inclusion of the volume expansion into the electrochemical

simulations posses several challenges. Therefore the volume expansion is neglected in this work.

The state of charge is defined with respect to the maximum lithium concentration ¢terial 5 material

Li,max
can hold:

C?aterial
SoCmaterial = ————— (227)

material
Li,max

The definition of the maximum lithium concentration posses a challenge for electrochemical simulations.

theo

From the theoretical perspective the maximum concentration ¢y .

is defined through the maximum

possible amount of lithium inside an ideal intercalation host without changing the lattice irreversibly. In

exp

the case of graphite this is assumed to be LiCq. Experimentally the maximum concentration ¢y, is

defined by the charge transferred while cycling between certain cell voltages. The experimental concen-

theo

. exp . .
tration cp; ;.. can differ from the theoretical one ¢«

due to several reasons, such es inhomogeneities
of the material and diffusion limitations. For electrochemical simulations, which are parameterized on

dedicated experimental data, one usually selects the value obtained from these parameterizations.

2.4. Potential

2.4.1. Definition

Three seemingly different potentials are of interest: The chemical pY, the electrical @, and the
electrochemical jif’ potential. The chemical potential 4! of a species i in the phase p is defined by the

derivative of the free energy fP with respect to the number of particles of species i n; [59]:

P
= (‘9 fi ) (2.28)
9 n; S, Viniv;

If we express the chemical potential as a function of the activity a and with respect to an arbitrary

reference state © we can write the chemical potentials as [33]

@ =u®+ R-T-log(al) (2.29)
= pP® + R-T -log (f - ) (2.30)
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2.4. Potential

With fP the molar activity coefficient of species i in phase p. The electrochemical potential of the
species i in phase p depends on the chemical and electrical potential and is usually written the following
way [60]:

iy =+ F o (2.31)

This electrochemical potential is with respect to the arbitrary reference state ©. In the field of LIBs
the lithium ion/lithium metal reaction Lit/Li° is the obvious choice as reference state. To allow
for easier recognition of the used reference state, the electrochemical potential with respect to the

Li™ /Li%reaction is written as ¢f:

o = i — g (2.32)
= =i 4z F- 9 (2.33)

The lithium reference state is set to be the sum of the chemical potential of lithium and electrons in

the lithium metal:
P = e + (2.34)
As an example, the electrochemical potential of the electrons in phase p is written:

o= ub — Fo, (2.35)

P D
He— He—
bp = P, — F_F (2.36)

2.4.2. Open-circuit voltage

With these potentials in mind the open-circuit voltage of a material m is defined. The potential
difference between two electrodes is defined by the difference in electrochemical potential of the electrons

ficlectrode in the electrodes [61]:

~material m __ ~counter
Vmeasured = _Iue_ Ia Me_ (237)

Using eq. (2.36) this can be brought into a more common form:

Vmeasured = ¢material m ¢Counter (238)

The OCYV is the measured potential difference between a counter electrode and the material electrode.

Two reactions are important to relate the OCV to the relevant potentials of the material. At the
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2. Theory

counter electrode the lithium undergoes the following reaction:

Lidectrolyte = Lidounter (2.39)
And at the electrode made from material m the lithium reacts as follows:
'JF N .Jr
Llelectrolyte N leaterial m (240)

The change in Gibbs free energy AGieaction Of the reactions is zero, since the OCV is given at

thermodynamical equilibrium:

~ ~electrol
AGeference = Mieiffrence - Miieft olyte  — 0 (241)
~material m ~el 1
AC;material m — NLiajrte al - Niieftro vie — 0 (242)
Using eq. (2.41) the electrochemical potential ﬂilfftmlyte is replaced in eq. (2.42) and one obtains:
ﬂi?hinter _ ﬂiniiterial m_ (243)

With the definition of the electrochemical potential in eq. (2.31):
/Li?}fl—nt + F - Peount — .UJET - F. Prat m =0 (244)

By the addition of zeros ("™ — fi¢°" = 0) and with the electrochemical potential of an electron

(B2 = ub_ — F,):

(ﬂgiat m __ ﬂgiat m) + (ﬁggunt _ ﬁggunt) — Mi(#nt + F. @Coum _ Mﬁlﬁt m__ p. ¢mat m (245)
- (ljgn—at - ﬂggunt) = Mi?int + ﬂggunt +F- Qcount _MET - (ﬂznft m +F- Qmat m) (246)
ucclunt Mmjc m

The left hand side is identical to the potential difference measured externally (see eq. (2.37)). Hence,
the open-circuit voltage of the material m is defined as
Ni(')}%l—nt + Mcount _ Mina._t m __ umat m
1 e 1 e

Ugnat m — 2.47

The lithium ion at the counter electrode forms together with a electron the reference state (see eq. (2.34)).
With the definition of the chemical potential of the lithium ion-electron system inside the material m

(ppet ™ = pmat m 4 mat ™) e can write the OCV as

~ref mat m

Uénat m _ P _;Li (248)

This expression is identical to the one used in the transport theory [7].
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2.5. Lithium plating

2.5. Lithium plating

LIBs suffer from various degradation processes [62]. The most severe is lithium plating: Instead of
intercalation a metallic lithium film forms on the surface of the anode material. This deposition can
take place as soon as the so called plating condition is met. This condition is defined through the
difference in the electrochemical potentials of lithium ions inside the electrolyte and lithium in lithium
metal. If this difference is below zero with respect to the Li/Li* reaction, plating can occur. This can

be expressed by the following inequality
At — i <0 (2.49)

The presence of a metallic lithium inside a lithium-ion battery can have several negative effects. The
metal-electrolyte surface leads to enhanced growth of a solid-electrolyte-interphase and hence to the loss
of cycleable lithium and electrolyte [17, 4, 42, 63]. Repeated plating during the cycling of the battery
can result in a large additional SEI growth. The loss of electrolyte and growth of SEI can clog complete
pores of the negative electrode. Blocked pores can then prevent the utilization of deeper regions and
reducing the electrochemical active electrode surface. Under certain circumstances the metallic lithium
phase forms dendrites. Those metallic rods grow towards the positive electrode and can pierce the
separator. Upon reaching the cathode material an electrical short circuit is created. This is a process
fatal for the battery. It can also start a exothermal reaction of the electrolyte leading to a thermal

runaway of the whole battery.

The temporal onset and spatial location of lithium plating is highly dependent on the OCV of the
negative electrode [42, 62| and the intercalation kinetics [64]. This is nicely illustrated by Legrand et al.
[64] in fig. 2.6. In this figure, the plating condition is defined with the overpotential of the intercalation

reaction Nneg: [Mneg| > [Mim|- A OCV close to the equilibrium potential of the Li/Li*-reaction lowers

1
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Figure 2.6.: Illustration of the influence of the OCV on the plating condition. (reprinted with permission
from [64])

the m;m and hence favors plating. The limiting overpotential is shown as the vertical distance between
the OCV (black line) and the plating onset (top of red shaded region) in fig. 2.6. Slow reaction kinetics

have an impact on the other side of the plating condition. The rate constant of a intercalation reaction
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2. Theory

depends on the electrochemical situation at the active material-electrolyte interface. By modeling
the intercalation reaction as a one-step reaction, we implicitly include the influence of the SEI on the
lithium intercalation into exchange current constant igy ™~ (see eq. (2.20)). The SEI grows during
battery operation, thus hindering the lithium ions from moving from the electrolyte into the graphite.
This could be expressed through lowering the exchange current constant: Z(I)%tzrggf < ié%ter*G. Achieving
the same current flow through the anode-electrolyte-interface results hence in a larger overpotential

Tneg- Reduced reaction kinetics also occur at low temperatures, since the reaction rate is dependent on

the temperature [63]. (This dependence is usually expressed through the Arrhenius relation.)

Beside these intrinsic battery conditions, the applied current can also lead to lithium plating. Higher
current through-put results in a larger current flow through the anode-electrolyte-interface and hence in
a larger overpotential 7)nes. The increased overpotential will then promote lithium plating [63]. Apart
from operation conditions, also errors during cell production and cell design can promote lithium plating
[65]. Possible production errors are the damaging of the separator or the electrodes during the winding
process, misalignment of the electrode and separator. Lithium-ion batteries usually have an excess of
the negative electrode material. This should prevent local overcharge of the anode by increasing the

active surface area and thus lowering the exchange current density [66].

Artificial graphite exhibits an open-circuit voltage close to zero with respect to Li/Li* and is therefore
susceptible to lithium plating. Other carboneous materials such as petroleum coke or hard carbon show
an OCV with a higher average potential and hence should be less prone to show lithium plating. A
downside is the smaller capacity window, where this type of carbon material can be safely operated [42]:
The OCV of hard carbon is above zero in the range of z € [0,0.5] in Li,Cy, while artificial graphite

allows the facilitation of one lithium atom per six carbon atoms (Axz =1) .

2.5.1. Experimental information on lithium plating

In the early years of lithium batteries (1970s/80s) lithium metal were used as metallic anode electrodes.
The cycling of these electrodes was usually termed as lithium plating and stripping [67, 68, 69, 70].
The shift of meaning from cycling of lithium metal electrode to unwanted process in graphitic anodes
[71] took place when the focus from metal lithium electrode changed towards intercalation materials.
In [72] it is noted, that the prevention of lithium plating on the graphite is necessary to allow for a
safe charging. Bonino et al. [70] investigate the efficiency of wanted deposition on "vitreous carbon"
(glassy carbon). They state that the poor reversibility of the lithium plating is probably due to the
formation of a lithium carbide phase. This "phase" is related to the intercalation stages of graphite
used nowadays. With the origin of the term lithium plating in mind, the usage of it with regard to
the degradation process seems inconsistent. Nevertheless, in the recent years this term is used in the
scientific community to describe the degradation process. Hence, in this work lithium plating and
stripping refers to the degradation process of lithium deposition on the surface of an intercalation

material as negative electrode in lithium-ion batteries.

It is quite difficult to see experimentally whether lithium plating is taking place. The detection of
already plated lithium is relatively easy. During the discharge of a LIB, which contains plated lithium,
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2.5. Lithium plating

the distinct voltage plateau at the start of discharge is a result of the potential independent stripping
process. In fig. 2.7(a) the cell voltage of an experimental cell exhibiting this stripping plateau is shown.
The cell voltages during discharge after charging at room temperature (RT) and —20°C are compared.

The differential voltage (dVdQ) [74, 11, 75] of the cell potentials exhibits a peak for lower transferred
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(a) Experimental cell voltage (data extracted from fig- (b) Differential voltage calculated from fig. 2.7(a). The
ure 7 in [73]) during discharge at —20 °C after charg- end of the voltage plateau is visible as a dip in the
ing at room temperature (RT) (blue) and at —20°C. differential voltage curve at 20 % discharge capacity
After charging at low temperature a voltage plateau (red).
can be seen during discharging the battery.

Figure 2.7.: Experimental cell voltage for discharge after different prior charging conditions (obtained
from figure 7 in [73]).

charges if stripping did occure. This method can only detect lithium plating after this process already
took place. The differential voltage is calculated for the experimental data in fig. 2.7(a) as an example
and shown in fig. 2.7(b). It can clearly be seen, that the voltage plateau results in a dip in the differential
voltage at the corresponding transferred charge. A more direct approach to detect if lithium is getting
plated is the use of an additional reference electrode [76, 77]. The introduction of a third electrode,
usually lithium metal, as reference electrode enables the measurement of the potential difference between
the reference electrodes and the two battery electrodes. The potential difference measured between
the reference electrode and the negative electrode can be approximated by Eret—neg. & Preg. — cp%n 8-,
This measurement is only feasible in the laboratory. Another direct method is the use of an in-situ
optical microscope [78]. This method is restricted to lab-scale cells and need a special housing. Based
on reference electrode measurements, the plating condition is defined experimentally through half-cell
potential of the anode [79]: Eger—neg. < 0. This definition is approximatly correct, if the reference
electrode is a lithium metal electrode and the distance between the reference electrode and the anode is
very small. This will be shown in section 2.5.4. Tippmann et al. [5] uses a slightly different condition to
indicate the plating and degradation regime. Their definition only depends on the electrical potential in
the solid phase of the anode ¢5, < 0 (see equation 26 in [5]). This definition is thermodynamically only

valid, if the electrolyte potential (p%n &

is zero with respect to the Li/L*t-reaction. This assumption
is not stated in their electrochemical simulation study. Hence their degradation factor ©7°"™ either

underestimates or overestimates the amount of degradation depending on the electrolyte potential.
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2. Theory

The majority of the available detection methods can only really be applied in the lab scale. They are
either restricted by very precise measurement instruments (high precision coulometry [80]), expensive
and large facilities (Neutron diffraction [81]) or destructive methods (GD-OES [82, 83]).

Apart from the challenges of detecting and investigating lithium plating experimentally, the shape and
structure of the lithium deposit is not easy to define. Depending on the resolution used to create an
image of a plated region, a smooth film can look like a aggregation of needle-like structures. Needle-like
structures out of metal are called dendrites. The formation of lithium dendrites is usually only shown for
lithium metal electrodes [84, 85, 86, 78, 87]. Dendrite formation is seldom seen for graphite with lithium
plating [53]. Nevertheless, LIBs sometimes exhibit an electrical short-circuit. They can result from
the dissolution of current collector material [42] or the formation of a lithium dendrite [88]. Different

approaches exist, which try to describe their growth and dissolution [89, 90].

2.5.2. The lithium plating reactions and other side reactions

We will introduce the different side-reactions of lithium ions inside the lithium-ion battery in this section.
The different phases, which are of relevance in the deposition of metallic lithium, are the electrolyte, the
supporting active material, the solid-electrolyte-interphase and the plated lithium. In fig. 2.8 a sketch
shows the different involved phases and possible reaction pathways of plated lithium. The plated lithium

Anode | Electrolyte | F Cathode
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Figure 2.8.: The ideal lithium-ion battery (see fig. 2.4) is extended by possible side reactions. Plated
lithium is shown as purple area on the surface of the graphite electrode. This metallic
lithium phase can form the SEI, chemical intercalated into the graphite or strip into the
electrolyte. These side reactions are indicated by the green arrows.

phase can vanish during discharge and appear during charge of a LIB. The solid-electrolyte-interphase
grows at two interfaces. The interface between the graphite and the electrolyte and the interface

between the metallic lithium and the electrolyte. The lithium salt in the sketch consists of LiPFg.

2.5.2.1. Plating reaction

The deposition of metallic lithium on the surface of the intercalation material is the main plating

reaction:

Lif, = Li% 4+ e~ (P1/St)
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2.5. Lithium plating

The difference in electrochemical potentials of the lithium ions can be written as

F - npiyse = fivse — firis (2.50)

it
Tp1/st = PLi — PR (2.51)

with the electrochemical potential inside the plated lithium phase and the electrochemical potential of
the lithium ions inside the electrolyte. Lithium metal is a very good electron conductor. Hence one can
approximate the electrochemical potential of the electrons ¢rp; in the metal through the electrochemical
potential of the electrons in the supporting electrode: ¢r; ~ ¢go. Following the general definition of an

exchange current of a reaction [34], we express the lithium flux due to the plating reaction the following

way:
00 El a5 an/S'F al/S'F
NPI/St = Np1/3t : (CL1+) © | €eXp “RT “Tp1/st | — €XPp “TRT *TP1/st (2.52)
N
with the reaction rate constant Ng?/St = — 25— and atV/5 the anodic transfer number of the
()"
reaction and afl/St =1- afl/St. For the case of a symmetric reaction (ojl/st = 0.5) this results in a

symmetric exchange current:

/ . F
NPI/St =2 ng(l)/St . CEiI+ - sinh (m . npl/st) (253)

The plating and stripping reaction is, similar to the intercalation reaction, a charge transfer reaction.
Hence, the current flux density jpi/s; through the reaction interface is given as jpi/s¢ = rpisse - F.
The expression for the plating and stripping reaction (eq. (2.52)) can be used as exchange current for
the counter-electrode in a half-cell-geometry. In certain cases the current can be further simplified to
minimize the influence of the counter electrode on the cell voltages:

* nst
Ng?/St = NPS; : (2.54)

As long as no lithium depletion inside the electrolyte close to the counter-electrode occurs, the
simplification above can be used. The rate constant ng?/St and the anodic transfer number agl/ St
are important factors for electrochemical simulations. There is not a lot of literature regarding the
determination of these parameters [91, 92]. Both parameters depend on the electrolyte composition

[73, 93]. Possible approaches to obtain these parameters will be sketched in chapter 6.

2.5.2.2. Chemical intercalation

The plated lithium phase is not in a thermodynamic equilibrium with the supporting electrode. A

possible reaction is the intercalation into the host lattice:

Li%, = Lig, (Chem. Int.)
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This reaction is named chemical intercalation. It is assumed, that this reaction does not result in
a charge transfer between the plated lithium and the intercalated lithium. The plated lithium can

intercalate into the underlying electrode with the free energy difference:

TIChem.Int = _U()G (255)

The following lithium flux generated by the chemical intercalation is used to study the basic effects:

em.In Chem.Int Chem.Int
N _ N So oo ay F Qg F
Chem.Int = {VChem.Int (CL1+) © | eXpP RT *NChem.Int | — €XpP | — RT * 7Chem.Int

(2.56)

: 00 — _ Nlhem.nt Chem.Int _ 1 _ , Chem.Int : :
with N&pom nt = (cref)“‘eghem'lnt and ag =1—ay . The author is not aware of any literature
So

regarding the determination of this parameter. Possible approaches to get better foundation for the
exchange rate constant are described in chapter 6. Under the assumption of a charge-neutral-reaction,

the current flux density jchem.mt = 0 is vanishing.

2.5.2.3. The growth of a solid-electrolyte-interphase

The lithium ions can react with the solvent molecules to form the solid-electrolyte-interphase. This
reaction is a degradation process. The time scale of this process is, apart from the formation cycle,
in the range of days and hence assumed to be negligible slow compared to lithium plating. During
this reaction lithium ions, electrons and solvent molecules (e.g. ethylene carbonate (EC) or dimethyl
carbonate (DMC)) react at the surface of the negative electrode to form a porous surface layer. The
SEI is roughly 10 — 100 nm thick, depending on the exact electrolyte composition and battery age. The

growth of the SEI can also occur at a fresh interface between metallic lithium and the electrolyte:
Lif, + Electrolyte — SEI (SEI)

Hence, repeated cycling of a battery, where plating occurs, will result in an increased SEI formation. In
this work model development and simulations are done in the frame of the simplified situation, where
only reversible processes are relevant. The addition of irreversible processes like growth of SEI are
extensions for future research (see chapter 6). More information about the influences of this layer on

the battery performance can be found elsewhere [62, 94].

2.5.3. Reversible stripping of plated lithium

The metallic lithium, which is deposited at the surface of the negative electrode, can be reintroduced
into the reversible lithium cycle along two possible pathways. Either the deposited lithium is stripped
and dissolved into the electrolyte (along eq. (P1/St)) during the discharging of the battery, from where
it can either intercalate into the anode (along eq. (Inter-G)) or cathode (along eq. (Inter-LMO)). Or

the plated lithium-ion battery is held at rest until the plated lithium can electro-neutrally intercalate
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2.5. Lithium plating

into the anode (along eq. (Chem. Int.)). These two paths are not equivalent under non-equilibrium
conditions, even though the final states are thermodynamically, i.e. in equilibrium, identical. The
direct chemical intercalation (eq. (Chem. Int.)) is a process independent from the electrical potential
®Anode 10 the anode phase (eq. (2.55)). Hence the changes in the cell potential are purely due to the
increase of the state of charge of the anode. During the coexisting stripping and delithiation reaction,
an anode with plated lithium exhibits a mixed potential. The value of this potential lays between the
potential of a pure anode-delithiation and pure lithium stripping, since the electrochemical process
of lithium stripping (eq. (P1/St)) has an equilibrium potential vs. a lithium reference of zero. When
a plated lithium-ion battery is driven with a stripping current, plated lithium gets stripped into the
electrolyte. This newly dissolved lithium ion has a chemical potential which also allows the intercalation
into the anode. Hence it can directly intercalate into the anode, before even being transported to
the cathode electrode. These steps of stripping and intercalation into the anode material results in a
globally electro-neutral process, since the electrons freed during the lithium dissolution are consumed
during the intercalation process in the anode. This cycle exhibits different energy barriers than for the
direct chemical intercalation and thus the overpotentials and the dependence on the applied current

will be different.

2.5.4. Relation between half-cell potentials and plating condition

Lithium plating is often investigated with a full-cell containing an additional reference electrode. The
layout of a three-electrode-cell is sketched in Fig. 2.9. In this sketch lithium metal is used as reference

electrode. The half-cell voltage of the anode is measured with respect to the reference electrode and is

Anode Cathode

Electrolyte | (pglldl_

L’ @An o4 QRe

Reference .

Figure 2.9.: Sketch of a full-cell setup with reference electrode. The different potentials important for
the measurement of the electrode potentials are included.

defined as [79]

EAnode = ¢An - ¢Re (257)

The introduction of a reference electrode is done such, that the anode-cathode-system should not be
influenced. The potential difference is measured through a high resistance in such a way, that no current

is flowing from the reference electrode into the electrolyte. The overpotential of the lithium reaction at
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2. Theory
the reference electrode is hence zero:
TIReference = 0 (258)

In the following subsections we will investigate, how two different types of reference electrodes influence

the measurement of the plating condition. The experimental plating condition is defined as [79]

EAnode <0 (259)

®An — Pre <0 (2.60)
The plating condition as defined through the plating reaction eq. (P1/St):
Gan — pH @AN < 0 (2.61)

where @Er @An is the electrochemical potential of lithium ions in the electrolyte @Ef close to the

Anode-Separator-Interface.

2.5.4.1. Case 1: Intercalation material as reference electrode

The overpotential for the intercalation reference electrode is expressed by
nter ion it
Metmence " = $Re — U — ¢l QRe (2.62)

The open-circuit-potential of the reference electrode is constant UE® (cre) = const, since the concentra-
tion inside the reference electrode is constant cre = const. The vanishing overpotential of the reference
electrode allows to express the electrical potential of the reference electrode through the electrochemical

potential inside the electrolyte and the open-circuit potential of the reference electrode:
o+
¢re = Up® + ¢ QRe (2.63)

For a reference electrode close to the anode, we can neglect the potential drop in the electrolyte due to
the ionic resistance. Hence we can approximate the electrochemical potential in the electrolyte at the

different positions as follows:
Ph QRe ~ ol @An (2.64)
Substituting eq. (2.63) and eq. (2.64) in the experimental plating condition (see eq. (2.59)) yields:
$an — PR QAR — UF* <0 (2.65)

This expression obviously differs from the plating condition as shown in Eq. 2.61. Therefore, the

experimental expression (Eq. 2.59) is more strict than needed. The thermodynamically correct condition
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2.5. Lithium plating

would be in the case of an intercalation reference electrode

EAnode < U(%%e (266)

2.5.4.2. Case 2: Lithium metal as reference electrode

If a lithium metal is used as reference electrode, the overpotential at the reference electrode is

i—meta. it
N enetal — pre — ¢h QRe (2.67)

Reference

This overpotential is also zero and hence we can express the electrical potential of the reference as
it
$re = P11 QRe (2.68)

The experimental plating condition (Eq. 2.59) together with the approximation for the electrolyte
potential (Eq. 2.64) and the reference overpotential (Eq. 2.68) can be written as:

ban — OB @AR < 0 (2.69)

This expression is identical to the plating condition taken from the theoretical work (see Eq. 2.61), as
long as the assumption in Eq. 2.64 is valid. In the case that cp]ﬁf QRe % apléif @An one needs to modify
the plating condition in Eq. 2.59 to

Eanode < ApE (2.70)
with A@Iéi;r being the difference in electrochemical potential at the anode and reference electrode:
Al = (w%if @Re — li" @An) (2.71)
During charge, when lithium plating is usually taking place, this difference has a positive value:

Ak >0 (2.72)
2.5.4.3. Conclusion

The usage of the electrode potential Eanode as indication for the plating condition Eapege < 0 is more
strict than needed for both cases. Both configurations include a shift due to the resistance of the
electrolyte between the reference electrode and the investigated electrode (see section 2.5.4.2). The
intercalation reference electrode (see section 2.5.4.1) has an additional offset due to the open-circuit
potential of the intercalation reference. The usage of a lithium metal electrode as reference electrode

with the smallest possible distance to the investigated electrode is suggested.
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2.5.5. Literature review of lithium plating models

The types of models and simulation to describe the plating of lithium are manifold. While most work
focuses on the possible structural growth mechanisms (diffusion limited, field gradients) [89, 95, 96,
97, 98], only one model so far was used to investigate the effect of lithium plating on the performance
of a full lithium ion battery in the framework of a pseudo-2D-transport theory. The most prominent
electrochemical model regarding lithium plating and stripping is the model from Arora et al. [4]. This
model was constructed in the framework of the porous electrode theory of Newman [54, 99]. The model
system consists of graphite in the form of MCMB 2528 and lithium-manganese-oxide Li,Mn,0O, emerged
in LiPFy in plasticized EC/DMC electrolyte. This model describes the deposition of plated lithium and
the irreversible loss of lithium due to growth of an SEI. The degradation processes of lithium deposition
and SEI growth are described using only one Butler-Volmer current. The distribution of the lithium
ions into the plated lithium phase or the SEI phase is done according to defined parameters (z; and
21i,C05 ). Arora et al. [4] were able to show, that the amount of excess negative electrode capacity is
vital for the suppression of lithium plating during overcharge. The model of Arora was the basis for
some extension: Tang et al. [65] applied the model to a pseudo 3D (2D+1D) domain to investigate the
effect of mismatched electrodes. Perkins et al. [100] used model order reduction schemata to enable
a possible implementation of the plating model into a micro-controller used for battery management
systems. A close investigation presented some shortcomings and vagueness about the exact operation
of the model. The Arora model does not clearly state, what the exact conditions for the onset of the
plating reactions are. Before the plating condition ($; — @2 < 0) is reached, the plating current seems
to be set to zero. Also, as soon as a film of plated lithium is formed and the whole active surface is
covered by lithium, one would expect the intercalation reaction to be blocked. But the figures in the
publication show, that the intercalation at the negative electrode/separator-interface is still taking place
after the formation of a plated surface. The only influence on the intercalation reaction is the rising
resistance Rg)y in the overpotential. The film resistance corresponds to the sum of ionic conductivity
in the SEI and the electronic conductivity in the lithium metal. This indicates, that the current in the
SEI has lithium ions as charge carriers, while in the plated lithium electrons are the charge carriers.
Hence one would expect the interface between the plated lithium and the SEI to be the reaction area of
the intercalation. The excellent electron conductivity of lithium leads to a dominance of the SEI. This
critique on the Arora-model lead to the development of a new lithium plating and stripping model in
the framework of a spatially resolved transport model. The resulting model, which will be described in

the following section, allows for the complete blockage of the direct intercalation path.

2.5.6. Modeling of lithium plating and stripping

The newly developed lithium plating model will be introduced in the following section. The model
describes the growth of a lithium film on the surface of an anode. Three reactions are relevant: the
intercalation reaction between electrolyte and graphite, the metallic lithium deposition and a charge-
neutral reaction between the plated lithium and the supporting graphite. Without the presence of

plated lithium, lithium ions can intercalate from the electrolyte into the graphite. During plating the
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lithium ions get deposited from the electrolyte on the surface of the anode and form a neutral lithium
atom. Prolonged deposition results in an growing lithium phase on the surface. The presence of a
large lithium phase can prevent the intercalation from the electrolyte into the graphite. The metallic
lithium on the surface is not thermodynamically stable. It can either react with the electrolyte to form
the solid-electrolyte-interphase or intercalate charge neutral into the supporting graphite. To model
the growth of an SEI is a complex topic itself [62, 101]. Hence the SEI growth is not included in the
plating model presented in this work. The extension of the presented model to include SEI growth is
subject of future development. The shape of the lithium deposition is characterized through a simplified
morphology in this model. Experimental investigations of the deposition of lithium on lithium metal
electrodes showed, that after an initial thickness growth different morphologies, such as "bushy" or
"dense", exist [78]. The conditions, which lead to the development of one phase or the other one, are
not fully understood. The exact local electrochemical situation at the lithium-electrolyte-interface
needed for the growth of different morphology is not known. Hence, the amount of plated lithium
on a given surface is identified in this model through the average thickness of the lithium film and
the amount of surface covered by it. As an result of these simplifications, the active surface area
between the metallic lithium and the electrolyte is smaller than the surface of a porous structure with
the same amount of lithium. But due to increasing electrolyte depletion towards the surface and tip
effects, it is expected, that only the fraction of a porous surface furthest away from the supporting
electrode is electrochemical active [89, 98]. This fraction scales with the fraction of the projected surface
covered by the porous lithium film. The assumption of a flat reactive surface should therefor be a
good approximation. The plated lithium, the electrolyte and the active particle are connected through

different reactions. Some possible reaction pathways are sketched in Fig. 2.10. The irreversible formation

Npy/st

Lithium

Electrolyte

Figure 2.10.: A graphite particle (grey ellipse) has part of its surface Ap; (dark purple) covered by
a metallic lithium phase (purple). The dissolved lithium in the electrolyte (light blue),
the plated lithium (purple) and the intercalated lithium (grey) can react along the three
shown paths. The interface between graphite and electrolyte Ap,... (red) is relevant for
the direct intercalation Ny, ier.

of the solid-electrolyte-interphase (SEI) is omitted, since it is not included in this model. The SEI would
be located at the graphite-electrolyte-interface (Apyq.) and the plated lithium-electrolyte-interface.

It is assumed, that lithium ions from the electrolyte adsorb at the surface of graphite and form a neutral

lithium atom. These adsorbed atoms are the building blocks of a lithium phase on the surface of a
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graphite particle. The metallic lithium either stays at the surface or intercalates into the supporting
graphite. The amount of plated lithium depends on the reactions with its surroundings (see Eq. P1/St
and Eq. Chem. Int.). The temporal change of the amount of lithium plated np; at the surface is

therefore described by a conservation equation:

onpi
ot

= (Nch.int. — Npyyst) - Api (2.73)

with np; the amount of substance of the adsorbed lithium with the unit mol. The active surface for the
plating and chemical intercalation reaction is the amount of surface covered Ap;. The adsorbed lithium
could also react with the electrolyte to form the solid-electrolyte-interphase (SEI). A possible approach
to describe the SEI growth is sketched in chapter 6.

The plated lithium in this work is described using two parameters: the amount of surface covered by
plated lithium Ap; and the average thickness of the plated lithium dp;. The exact shape of the plated
lithium is not resolved in this model. Instead the plated lithium is represented as a solid film with the
average thickness dp;. Without the resolution of the surface roughness of the plated lithium, the area
between the plated lithium and the electrolyte is assumed to be identical in size as the area between the
plated lithium and the graphite Ap; (see fig. 2.11(a)). The lithium thickness of the case in fig. 2.11(a)

would be below the thickness of a monolayer of lithium dM¥. A rough lithium surface, as seen in

dyvL dpy

=

Apy

—>»> ATotal —»
AFree

(a) The spatial distribution of the adsorbed lithium  (b) Structure of plated lithium (left) is approxi-

atoms is not resolved. This plating stage is mated through a solid film with an average

represented only through the amount of surface thickness dpi (right). The thickness of a mono-

covered Ap. layer dr, is shown as dashed line in the right
picture.

Figure 2.11.: Explanatory illustrations of the assumptions concerning the distribution of plated lithium
in the framework of this model. Lithium (purple) and graphite (grey) are colored according
to the general color scheme in this work (see appendix B.1).

fig. 2.11(b), is expressed in the model through a solid film as shown right. The direct intercalation
from the electrolyte into the graphite proceeds in parallel to the lithium deposition and chemical
intercalation. As long as the surface is not completely covered by plated lithium, direct intercalation
of lithium ions from the electrolyte into the graphite (eq. (Inter-G)) can take place. The amount of

surface area available for intercalation is given through:

Afree = ATotal - API (274)

and is also indicated in fig. 2.11(a). As mentioned earlier the volume of graphite can change during

intercalation of lithium. This can result in cracking or other irreversible structural changes. In general
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the total surface area Aiota should therefor be a variable, which depend on the battery operation in
the past and the current state of charge. For simplification it is assumed, that the variation of total
surface area can be neglected and is hence treated as a constant. The developed model should easily
be modified to allow for changes, should the need arise to include the volume changes. During the
deposition of metallic lithium the surface of the active material is covered. At the same rate as lithium

is plated on the surface, the amount of surface area covered by these lithium atoms Ap) is increasing:

0 Apy 0 np
8 : = a ; - ALi (275)

The covered surface area increases by ar; per mol lithium atom (m?/mol). This increase takes place
as long as there exists free surface Apee. The change in surface area directly depends on the change
of the amount of substance and the presented model therefor only allows thickness growth after the
complete given surface Aryia is covered. Due to the direct dependence of the surface coverage on
the amount of plated lithium, only one independent variable is needed to describe the surface system:
np1. The theory behind the expressions of the exchange currents (eq. (2.52) and eq. (2.56)) assumes
non-depleting reaction species. Since the plated lithium atoms do not represent a infinite phase, the
vanishing of the lithium phase needs to be included. The approach used in this work is the extension
of the overpotential by a dissolution overpotential 74;s. The additional overpotential represents an
energy barrier for the dissolution of lithium atoms on the surface below a certain surface coverage.
The dissolution energy barrier is incorporated into the part of the exchange current representing the

consumption of adsorbed lithium:

_ a0 appF ) . _O‘fszlF
Npig1 = Npig [GXP (R T (mp1E1 + ndls)> exp ( RT ﬂPlEl)] (2.76)
a% o F ol o F
Nsop1 = N, p; {eXP (SR?ZZ—‘T]SOPI> — exp (% (MsopP1 — Wdis)>:| (2.77)

The impact of the dissolution on the deposition reaction should vanish when a certain amount of
adsorbed lithium is present. The overpotential due to the dissolution hindrance is less or equal to zero:

Ndis < 0. In section 3.3.2 more information regarding the exact definition of the factor is given.
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3. Implementation and numerics

This chapter revolves around the implementation of the introduced lithium plating model into the
simulation framework BEST. Numerical approximations and solutions to numerical problems are also

introduced and shown.

3.1. Modeling of lithium plating and stripping

The important reactions, potential dependencies and conservation equation of lithium plating and
stripping were defined in the previous sections. In this section the inclusion of this process into the
framework of the 3D transport model is described. The implementation into the framework BEST
and investigation of the lithium plating model was done in two steps. Figure 3.1 illustrates the two

different approaches. Due to the historical structure of the framework the plating and stripping model

classical system

CEl
PEl
volume phase system surface system
CEl CEl
PEL PEL
CLi
D

dy;

Figure 3.1.: The two different approaches to include lithium into the simulation framework. The volume
phase approach describes a plated lithium phase via an additional volume phase inside the
anode electrode, and the surface system allows for the definition of a plated lithium film as
a pure surface species.

was first adopted as a dedicated volume phase (see section 3.1.1). This allowed for first investigations
on the influence of a plated lithium phase on the battery performance and the electrochemical situation
inside the battery. A further generalization of the framework BEST in cooperation with the ITWM
allowed for the definition of variables on the surface between two discretization volumes. This extension

of the software framework enabled the implementation of the plating model as surface equation
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(see section 3.1.2). The simulation of lithium plating and stripping became possible through this

development.

3.1.1. Volume phase

As first approach the plating model was implemented as a volume phase model, where the plated
lithium is represented as a dedicated volume inside the 3D battery microstructure. The MBE of the
amount of plated lithium is set as the governing equation of the volume phase. The volume phase
model describes an additional phase inside the anode microstructure which represents a metallic lithium
phase. This lithium phase allows for lithium dissolution into the electrolyte. The additional phase is
included into the cell geometry as sketched in the lower left of fig. 3.1. The two reversible reactions
are set as interface conditions for the lithium flux IV; at their respective interfaces. The chemical
intercalation is taking place between the anode phase (grey in fig. 3.1) and the plated lithium phase
(purple in fig. 3.1). And the plating reaction is active at the interface between plated lithium phase
(purple in fig. 3.1) and the electrolyte (light blue in fig. 3.1). The electrical potential is assumed to be
continuous between the electrode and the plated lithium and is hence represented by a continuous flux
boundary. The lithium flux IN; at that interface is given through the chemical intercalation. At the
interface between the plated lithium and the electrolyte, the current density has the plating current as
boundary condition. The interface conditions are listed in the following equations in the shape of the

ideal lithium-ion battery (see eq. (2.13)):

JP1-MpPI_El = JEI - PPI_EI = JP1/St
Npy-np)_g1 = Ng) - npi-g1 = Npy/st
JSo - MSo—P1 = JP1 - MSo—Pl = —0S0,P1 V $S0,P1

Ng, - 15o—p1 = Np1 - Ngo—P1 = Nch.Int.

This model was applied to a half-cell geometry to investigate the influence of a present plated lithium
phase on the electrochemical situation. This was published in the journal Electrochimica acta [12]. The
study is included in this thesis. The different simulations are described in section 4.2.3 and the results

are discussed in different parts of chapter 5.

3.1.2. Surface growth

The disadvantage of the volume phase model is, that the simulation of plating is only possible, if a
dedicated phase for the plated lithium is already defined before the simulation is started. Hence, one can
not investigate at which locations and how plated lithium would form. This dedicated phase can only
be used as plated lithium storage and not as active material. Conversely, during stripping simulations
the lithium phase acts as passivated active material as soon as the lithium is fully dissolved. A different
approach to lithium plating and stripping was therefor needed. The simulation framework could initially

only solve for unknowns in the volume discretization. It was extended to allow for unknowns to exist
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on the interfaces between the discretization volumes. These unknowns represent quantities without a

spatial dimension. This extension allowed for a new implementation of a lithium growth process.

The amount of plated lithium np; was selected as new surface variable. The governing equation of the
surface system is eq. (2.73). During the plating process a switch from direct intercalation towards pure
lithium plating can take place. Therefor the interface conditions between the electrolyte and the anode
need to be adjusted. In fig. 3.2 the different reactions and their respective active surfaces are illustrated.

The lithium ions in the electrolyte can either react along the plating reaction rpj/g; or along the direct

N,
A Ch.Int.
ol <> Npy/st
Jso ¢ — c JEI
Ng, N
AFree NInter

Figure 3.2.: The condition at the interface between anode and electrolyte while part of the surface is
covered with plated lithium. The three reactions at the interface are indicated through
green arrows.

intercalation reaction riyte;. The new interface conditions will be developed in the following for the case
of lithium ion flux from the electrolyte into the solid phase. The total flux of lithium ions out of the

electrolyte can be obtained from an integration over the surface. This results in the following relation:

Nen ‘@ So-El (APl - Neyse + Afree - Nlnter) : A'Ec}tal (3.5)

The charge flowing out of the electrolyte Jg ‘ @ So.El results directly from Ng; @ so.p 0 Since both
reactions are charge-transfer reactions:

JEi ’@ So-B1 — 1VEI ‘@ so-Bl L (3.6)

The sources of lithium ions in the solid phase are the direct intercalation Ny, and the chemical

intercalation Ngy, 1nt.-

NSO = (API . NCh.Int. + AFree ' NInter) ' A’Ec}tal (37)

@ So-El

The chemical intercalation leads to no net charge transfer from the plated lithium into the anode.

Hence the charge flowing into the solid phase result to be

FSO

@ So-El = (API : jPl/St + AFree . jInter) : A;(}tal (38)
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The relations developed above are also valid for the inverse flow of lithium ions. These relations can be

expressed as interface conditions for the current flux density 7; and lithium flux density IVj:

I | som = OF dpyse (1= OX) - mnter (IC-J-El)
Net|g gom = OX  Neyse + (1 - 6L Ninter (IC-N-EI)
Jso | sop1 = Ox -Jeyse + (1= OL) - Jiuter (IC-J-So)
Nso |a som = Ok - Non.tms. + (1 @il) Nnter (IC-N-So)

with ©F! = ﬁ and O = 1 — ©Fl. As long as only part of the surface area is plated (OF' < 1)

lithium ions can still intercalate or deintercalate from the supporting electrode.

The area covered by one lithium atom is estimated as follows. We assume, that a block of lithium
metal is made out of cubic lithium atoms. The lithium metal has a molar mass of Mp; = 6.94 [102]
and a density of pr; ~ 0.534g/cm? [103]. The lithium concentration in lithium metal is therefore

cri = prLi/Myi = 0.076945 mol/cm3. The number of lithium atoms in a volume of 1cm? is
Npi = 0.076945mol - N = 4.634 - 10?2 (3.9)

The side length of one atom is hence:

lcm
3

dri = =2.784x 107 m (3.10)

Li

and the surface area covered by one lithium atom:

av; = di; (3.11)

The simulation conducted with the surface plating system are described in section 4.2.4.

3.2. Discretization and numerical solution

In this section a short overview of the discretization process and the calculation of the numerical
solution used in BEST is given. The more detailed intermediate steps are shown in appendix A. The
transport model was implemented by the Fraunhofer-Institut fiir Techno-und Wirtschaftsmathematik
(ITWM) using finite-volume discretization. The resulting modeling framework is called Battery and
Electrochemical Simulation Tool (BEST) [6]. The principle of the finite-volume discretization used in
BEST is illustrated solely on a mass balance equation in the shape of eq. (2.5). The mass balance of

the concentration c is defined using the lithium flux NV = —DVe¢:

Jdce
0=7-~VN (3.12)
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This equation is defined on a 1D domain €2, which consist of two different subdomains 2, and 5. The
main domain is discretized by cell centered finite volumes: The spatial domain € is divided into a
polygonal mesh (Q = XY e;) with each cell e; being a polyhedron. In fig. 3.3 the discretization of the
simple 1D domain is shown. The different terms used to describe the discretization process are shown

explanatory in this figure. The two subdomains are split into several discretization volumes, where

Subdomain € Subdomain Q,

- )
Domain {2 ey e? €j

X X =X
; td; Mg’
EZICE
Th €Ty l‘j
fij

Figure 3.3.: Cell centered finite volumes for a simple 1D domain {2 (red). The cell €? (grey) is specified by
the center x;, the outer surface de; and the volume |e;|. The interface between neighboring
cells (e.g. ef and ¢3) is denoted by fi; with the surface normal ;.

eZ in

eP indicates a nth volume in the subdomain p. In fig. 3.3 eh is part of the domain ; and ej, :

Qs. The discretization cell e; is described by the center x;, the thickness in one direction d;, the outer
surface Je; and the volume |e;|. The interface area between cell e; and a neighboring cell e; is named

fi; and has a surface normal mn;;, which points from ¢ into j.

The mass balance equation ( eq. (3.12) ) is integrated over the volume of a cell e; and the time t:

0= /tnﬂ / { + VN] dz dt (3.13)

Using the divergence theorem, a backward Euler method and the interface conditions between the

subdomains (see Eq. 2.13) we obtain the following expression:

dif. D.

same D.
C xa x’La
0=|ei (=, - > fi Dy — J)_ + > fin - N (cn, ) (3.14)
JEQ2 heQ

This equation represents the fully discretized system F'. The system is influenced by the strong nonlinear
nature of the system and hence a linearization is applied to the system. The system F' is extended

using the first order of the Taylor series around the point xq:
F(z) = F(zo) + J(0) - (x — x0) (3.15)

with J(xg) being the Jacobian matrix of the system F () = (f1,..., fn) with the unknowns & =

(z1,...,25). The Jacobian matrix is defined as:

8 Fy o Fy
0 x1 0 xp
d F oF o0F
J= - = : - : 3.16
dx [8 T 8xn] : : : ( )
9 F, o Fy
0 x1 0z,
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The next step is the determination of the solution. Newton’s method [104] is applied to find the root
of the algebraic equations. In general the initial values for the unknowns xy do not fulfill the system.
Hence the iterative Newton’s method is used. The next solution x; is calculated to satisfy the following

equation:

F(SIJQ) +J (iL‘()) . (iL’l — iL‘()) =0 (317)

This equation can be solved by obtaining the inverse of the Jacobian matrix, which is a computational
very expensive step [105]. Instead one can gain a valid solution through calculation of the root for the

following linear equation:
J (xg) Ax = —F (z0) (3.18)

In this case the Jacobian matrix J (x¢) and the vector —F (o) are known. With the result of the

Newton iteration Az one can estimate the solution via
T = x0 + Ax. (3.19)

The accuracy of the solution @ is checked for acceptance. Should the result for the values &1 not satisfy
the accuracy need, one repeats the Newton iteration with @; = x;_; until a suitable result is obtained.
This iterative process is illustrated in the red box of fig. 3.4(a). To obtain a time transient solution for
a given system the accepted result of the Newton iterations is used as basis for a new solution after
increasing the time of the system. In fig. 3.4(a) the general flow diagram for the solution of the classical
system is shown. After setting all concentrations to their initial values, the pure potential system is
solved to obtain a consistent potential distribution. Now the transient simulation starts with the first
time step. Every time step follows the same rule: Solve eq. (3.18) and test the result for convergence
according to selected accuracy. After success increase the time and repeated until target time is reached.
In the simulation framework BEST two different checks are used to test if the numerical solution of

a system is acceptable: The relative difference in the norm of the solution Az ;; to the norm of the

previous iteration ‘Alﬂ”T”"ll and the absolute norm |F (x,4+1)| of the system F. The norm is calculated
J
via the quadratic norm |v| = Zszl v2. The relative solution tolerance is set to at least 1075.

3.3. Approaches to numerical challenges

Important challenges are the boundaries of the open circuit voltage, the vanishing of a species and the
spanning of multiple orders of magnitude for different equations and unknowns. All these problems
have impact on the numerical stability of the solution process, thus leading to an increase in Newton
iterations or resulting in an earlier stop of the simulation. In this section the different methods used to

overcome or dampen their impact are introduced.
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Solve reduced system (only potential):

to=0 (:=0)
Solve reduced system (only potential): . .
(a) to=0 (i = 0) —> Next timestep: ¢ + +
Next timesten: i+ + Solve at new time: Yes
—> Next timestep: 4 tir =t + At Reduce A
k=0 A |No

Solve full system at new time: <—Yes|
tiy1 =t + At Reduce At ? —> Solve classical system (c and ®)

No
No

Solve surface system

| k< Repeat while k& < ny

k= nx

No Yes
Reached target time ? 2 Reached target time ?
. Y Yes * Yes
Finish simulation Finish simulation €«———

Figure 3.4.: (a) Flow diagram for the classical and coupled surface system. (b) Flow diagram for the
decoupled surface system.

3.3.1. Modification of open-circuit voltage

To ensure a better divergence close to fully lithiated artificial graphite the second hyperbolic tangent in

the OCV (eq. (2.26)) was replaced with a slightly modified hyperbolic tangent (eq. (3.21)).

—0.1958
0CUGraphite () = 0.6379 + 0.5416 - exp (—305.5309 - =) + 0.044 - tanh <_xOW)
soc — 0.99 soc+ 0.0117
—0.1978 - tanh —— | —0.6875 - tanh | ————— 3.20
Altfimod ( 0.05 > an < 0.0529 ) (8:20)
soc — 0.5692
20 - 2) — _
tanhmeq (z) = exp (20 z) — exp (=) (3.21)

2 - cosh (z)

The parameters in the modified hyperbolic tangent were chosen in such a way, that the deviation
between the original OCV and the modified OCV is minimal for a state of charge lower than 95 %. In
fig. 3.5 the two different OCVs are plotted. The inset shows that the deviation between the modified
and the original open-circuit potential is larger than 0.1V for a state of charge larger than 98 %. The

modified OCV reaches zero potential with respect to zero close to 98.1 % state of charge.

3.3.2. Approximation of vanishing species/phase

A new challenge for the simulation of lithium plating and stripping is the fact, that the lithium phase

is not always existing and most of the theoretical description is done with non-depleting phases and
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Figure 3.5.: The open-circuit voltage of artificial graphite is slightly modified to increase the divergence
behavior close to maximal lithiated graphite. The original and modified OCV are compared.

non-vanishing species. The Butler-Volmer and similar interface current expressions are derived under
the assumptions of non-depleting phases. Hence the exchange current expression in eq. (2.52) is only
valid, if the reaction does not lead to the vanishing of the phase. The complete consumption of one
of the phases involved in the electrochemical processes requires additional considerations. The plated
lithium phase exists on the surface of the anode electrode. The occurrence and vanishing of a new
phase at the interface between two other phases can be described through nucleation theory [106]. In
this work the overpotential of the dissolution part of a reaction is modified. This reaction part, which

corresponds to a positive lithium flux, is extended by a dissolution overpotential 7q;s.

ab o F % o F

Npg1 = Noyg {GXP (I;Eji (mP1E1 + ndis)) — exp <_1;%ZEZZ-,77P1E1):| (3.22)
al o F a% o F

Nsor1 = N2y pi [GXP (%ﬂ%m) — exp <—§§Zlﬂ (MsoP1 — ndis))] (3.23)

The energy barrier of the dissolution 74;s will increase for vanishing amount of plated lithium. And it
should approach zero above a critical surface coverage. A process, which is switched off at a certain
point, can be described mathematically by the Heaviside step function H () (eq. (3.24)). This function

is zero below a limit and one otherwise.

0,z < g
H (z,z0) = (3.24)
1, otherwise

Adopting this function H (z,xz¢) for f (dui,do) in eq. (2.73) introduces a singularity into the equation
system. If the lithium thickness dj; vanishes while solving the equation system, numerical instabilities
occur, which can prevent a further computation. A regularization technique of singularities in source

terms is applied to prevent or at least minimize the influence on the numerical stability [107]. Instead
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of the Heaviside step function, a numerically stable choice was found to be

d4
f(d,do) = ATt (3.25)

The constant value dy defines the smoothness of the step from zero to one. The shape of the energy

barrier was therefor selected as follows

d4
w=k-In[—F 3.26
fhdis " <dP1,04 + dP14> (3:26)

Figure 3.6 shows the dissolution energy barrier with eq. (3.25) as a functional dependence on the

amount of plated lithium. The constant value dy defines the location, were the factor 74 reaches

Nais (d, do)
X value of dy
(O  initial thickness

10-° 10°
lithium coverage d/dyr, /| %

Figure 3.6.: The value of dissolution overpotential 74;s as a function of lithium coverage for af, /st = 0.5.
The initial thickness difi* and the constant value dy are highlighted.

kln (%) Zero is approximately reached at dp; =~ 10 X dy. Under consideration of increased runtime
with smaller dg-values and impact on the lithium thickness and plating onset, the constant value is set
to dg = 1076 in this work. In section 5.4.1 the result of the sensitivity analysis are given. The plated

lithium phase is approximated as vanished for a dy-value below the coverage of 10~° or 0.001%.

3.3.3. Scaling of plating conservation equation

In the implementation of the classical system, the concentrations and the potentials are represented by
numerical variables. The potentials are given in the unit V and are therefore usually in the range of
—0.2V till 5V. The lithium concentration is internally handled in mol/cm?® and thus is roughly in the
range of 0.001 mol/cm? (electrolyte concentration) till 0.03 mol/cm? (fully lithiated solid). The plating
system is represented by the amount of substance of the plated lithium np;. The thickness of plated
lithium is expected to be in the range of nm to pm. The surface of a discretization volume is around
1 pym?. Therefore the amount of lithium in a film of a thickness of 100nm is roughly 7.7 - 1071 mol.
As explained earlier, the acceptance of the numerical solution is based on the norm of the system

|Az; ]

|F (x;41)| or the norm of the difference of the solution w1+ Obtaining an accurate solution for the

51
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surface system is therefor limited, if the values of the different unknowns span a large range. A common
approach is scaling different variables of a numerical system into the same value range [108]. Here we
use a simple approach to scale the plating model (see section 2.5.6). In this section the transformation
used for the implementation of the plating model is introduced. The plated lithium can only cover as

much area as is available, hence there exists an upper limit for the covered area Ap;:

Ap € [0, Arotal (3.27)

This can be transformed into the range between zero and one by dividing the plated area by the total

area:

Api

ATot al

ofl = € [0,1] (3.28)

The term OL! describes the fraction of the surface area plated by lithium, or short plated area fraction.

The amount of plated lithium, on the other side, has in general no upper limit:
np) € [0, 00] (3.29)

Similar to the plated area a reference for the amount of plated lithium is defined. As reference the

amount of lithium in a monolayer thick film is selected niY:

npy = Atoga - dui - cri (3.30)

The amount of plated lithium np; can then be transformed to the dimensionless quantity ©F! with

npi1 npi1

Oy =y = (3.31)
nBe nlML
Pl Pl

With this definition the mass balance equation for the amount of plated lithium (eq. (2.73)) can be

rewritten
o e !
n = N 1.1n - N ’ A ’ 332
ot ( Ch.Int. Pl/St) PL T Arotal - dri - CLi ( )
1
 (Newns — N er. - 3.33
( Ch.Int. Pl/St) AR, dri - cLi ( )

The resulting equation above is implemented in the framework BEST and used for the electrochemical

simulations.

3.3.4. Inclusion of surface unknowns: Coupled and decoupled system

The way BEST obtains the numerical solution to a given differential equation systems allows for two
different implementations of the plating model as surface equation. Either the new system, consisting
of lithium concentration in the electrolyte and electrodes, potential in the electrolyte and the electrodes

and the amount of plated lithium, is solved simultaneously by inclusion of surface unknowns in the same
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3.3. Approaches to numerical challenges

Jacobian matrix as the concentrations and potentials (see section 3.2) or the concentration-potential
system (called classical system in this work) and the plating system (represented by the eq. (2.73))
are solved with separate Jacobi matrices. In the later case the amount of plated lithium np is set
constant for the solution of the classical system and the concentration and potential constant for the
solution of the plating system. The first case is named coupled system and the second case decoupled
system in this work. The different steps for obtaining a numerical solution of these systems are shown
in fig. 3.4(a) and fig. 3.4(b). The approach of decoupling one variable from the others is used in the
framework BEST for the thermal battery model. There the temperature is solved sequentially after the

concentration-potential-system.
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4. Simulation setup and parameters

The electrochemical simulations in the framework BEST need material parameters such as the diffusion
coefficient Dg; and the microstructures of the electrodes. In this chapter the different sources of
microstructures, the used electrochemical parameters and the different simulations presented in this

work are listed.

4.1. Microstructures

One can obtain 3D microstructures using two ways: Either one measures the microstructures via
different tomography methods or constructs geometries on a computer using model based or random
generators. X-ray tomography [9, 109] and FIB-SEM [110] are the most used experimentally methods.
The resulting microstructure data will be called real microstructure in this work. Virtual microstructures
are often constructed through random distribution of particles (e.g. using GeoDict [111]). Recently

stochastic models for generation of microstructures were applied to lithium-ion batteries [10].

4.1.1. Cathode - based on literature

The microstructure of the cathode material used for the full-cell investigations is based on the open-data
of Ebner et al. [9]. The cathode materials investigated by Ebner et al. are LiNi; ;5Mn, /3Co; /30,
(NMC)-based cathodes. These show similar particle sizes and distribution as lithium maganese oxide
(LMO). Without any other sources for cathode tomography data, these microstructures are adopted for
the material LMO. This approximation is motivated due to the similar particle size distribution of LMO
and NMC. The particle size distribution for LMO was measured by the Japanese precision instrument
manufacture [112] and is compared to the particle size distribution of NMC [9] in fig. 4.1. Additionally,
Park et al. [113] use a particle diameter of 10 pm and spherical particle shapes for simulation of stress in
LMO. A spherical particle shape for LMO was also found by Huang et al. [114]. Hence, a microstructure
representation is constructed on the basis of experimental tomographic image data [9]. The data set for
60wt % and 600 bar is selected. The side of the microstructure, which is in contact with the current
collector, is cut to a flat surface. The cut position is chosen such, that the solid volume fraction of
the resulting surface is close to the average solid volume fraction of the electrode bulk. In fig. 4.2 the
resulting 3D structure is shown. A major challenge of cathode materials used in lithium-ion batteries is
their relatively low electronic conductivity. Hence conductive agents, usually a carbon based materials,

are added during electrode production. This additional materials are smaller in size than the cathode
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Figure 4.1.: The particle size distribution of LMO (extracted from [112]) and NMC (extracted from [9])
show quite similar mean particle sizes and a similar distribution.

Figure 4.2.: The microstructure used for the LMO-cathode as obtained from [9]. The interface between
electrolyte and active material is identified with an additional phase (blue) to allow for an
effective conductivity as a result of the conductive agent.

particles. The conductive agents are also not resolved in the tomography data due to the reduced
sensitivity with respect to carbon based materials. The combination of EDX with FIB-SEM allows to
identify the carbon black and binder phases in the porous part of an electrode[115]. Their small size is
beyond the resolution of the microstructures used for the electrochemical simulation. The extension of
the simulation framework BEST to allow for a porous phase inside the electrolyte, which is electronic
conductive, is ongoing work. To include the impact of carbon black on the cathode conductivity, the
interface of the cathode with the electrolyte is therefor modified to represent a mixture of active material
and conductive agent. This is done by using two phase identifiers, where the one on the interface

between electrolyte phase and solid phase describes a cathode phase with effective conductivity. Ebner
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et al. obtained the microstructure data for NMC through X-ray tomography using a synchrotron as

radiation source. They published the results as open source in the supporting information [9].

4.1.2. Anode

Several different microstructures were used as negative electrode in the electrochemical simulations.
They can be split into two groups: computer generated and experimentally obtained. At the start of this
work, no microstructures based on real 3D image data were available. Hence, the first investigations were
done using computer generated microstructure. As first basis a symmetric geometry (see section 4.1.2.1)
was generated using the software GeoDict [111]. The electrochemical simulations revealed, that the
region at the interface between the separator and the negative electrode is important for lithium
plating. A microstructure with a surface closer to real microstructure surfaces was therefor created
(see section 4.1.2.2). Through cooperations in the frame of a federally funded project (BMBF -
MULTIBAT|116]), 3D image data of graphite electrodes became available (see section 4.1.2.3). This
microstructures were used by a project partner to develop a stochastic microstructure model, which
can generate random structures with similar structural parameters as the experimentally obtained
microstructures [10]. The resulting microstructures (see section 4.1.2.4) and the real structures were

checked for electrochemical similarity.

4.1.2.1. Symmetric electrode - GeoDict generated

The microstructure generation was done with GeoDict. The resulting microstructure is shown in fig. 4.3.

The microstructure consists of particles with prismatic/planar polyhedrons as particle shape [12]. The

Figure 4.3.: The 3D representation of the symmetric microstructure. The dimensions are 180 x 200 x 200
voxels with a size of 0.37 pm.

geometric parameters are listed in table 4.1. The target parameters are based on literature values. This
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Table 4.1.: The resulting structure data of symmetric anode, used in [12].

Phase Parameter Value

Active material Solid volume fraction 0.5311
Particle size 20 pm

Binder Solid volume fraction 0.0343 ¢

Conductive agent  Solid volume fraction 0.0346 ¢

a - attribute to the active material phase.

geometry was used to investigate the influence of operation conditions, like applied current or ambient

temperature, on the plating condition.

4.1.2.2. Rough separator interface - GeoDict generated

In section 5.2 the anode-separator-interface is identified as crucial point regarding the first occurrence of
plated lithium [12]. Optical experiments by Harris et al. [78] revealed that the graphite particles at the
anode-separator-interface seem to lithiate inhomogeneous. This prompted the generation of a graphite
microstructure, which has a non-flat anode-separator-interface. The resulting structure can be found

in fig. 4.4. The structure is slightly thinner in through direction than the symmetric microstructure

Figure 4.4.: The anode structure (red) with a rough separator interface and binder (yellow). The
dimensions are 70 x 200 x 200 voxels with a size of 0.74 pm.

(see fig. 4.3), but is larger in lateral size. The structure was generated using the "Pile"-function of the
"SinterGeo"-module of the software GeoDict. Particles with a convex polyhedron shape are piled into a
box from the separator-side with periodic boundaries in the lateral directions. The dimensions of these
particles are based on experimental data (see table 4.2). The box was filled till the first particle hit
the side where the particles are piled from. This resulted in a total solid volume fraction of 53.1%. In
fig. 4.5(a) the local and average solid volume fraction (SVF) along the through direction of the resulting

geometry is shown.
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Table 4.2.: Particle size used for the creation of a non-flat microstructure. As a distribution function a
simple Gaussian was selected.

particle size value
mean 20 pm
standard deviation 4 m
size range [10; 30] pm
(a) 100 (b) o
I — SVFinx SN — SVFiny
~ 80} — — — mean SVF[1x] ~ ——— SVFinz
=) mean SVFin x = 60} — — —meanSVFiny
S S X
e e — — —mean SVFinz
Q 60 } Q
& &
55
g g T
= 40 =
s S 50t
> >
S 20t =
2 Q 45
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dimension of anode in x / voxel dimension of anode in y & z / voxel

Figure 4.5.: (a) Solid volume fraction along the x-direction. The used part of the microstructure is
marked with the grey box. (b) Local and average SVF along the lateral directions (y- and
z-direction).

Along the lateral directions the local solid volume fractions vary around the mean SVF (see fig. 4.5(b)).
The microstructure at the separator side has a rough surface with a decreasing number of particles
towards the boundary. Thus, the existence of a single particle highly impacts the local solid volume
fraction. Additionally to the rough separator surface a phase, which represents binder, was added to
the microstructure. This additional phase allows to include electrochemical inactive regions in the
electrochemical simulations. The binder was added using the Geodict-function "Add Binder" of the
"ProcessGeo"-module with periodic boundaries in the lateral directions. The program GeoDict than
adds the binder phase at contact regions and close regions between different particles. The binder
phase is visible as yellow regions in fig. 4.4. The particle shape for this structure was changed from
prismatic/planar polyhedrons to convex polyhedrons. The analysis of different SEM images of anode

particles and input from experimentalists indicated, that this particle structure is more realistic.

4.1.2.3. Experimentally obtained

This PhD thesis was part of the BMBF project MULTIBAT [116], which had the development of
a lithium plating theory, its implementation and numerical efficient simulations as topic. In this
context a stochastic model was developed by a project partner [10], which is able to create different 3D
microsturctures based on experimental structure data. The microstructure created through this model

were compared to the real microstructures for electrochemical identity. The description of simulations
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can be found in section 4.2.1. In fig. 4.6(a) a cut-out from the real structure data used for simulations

is shown.

4.1.2.4. Stochastic microstructure model

The stochastic microstructure model [10] was implemented by Feinauer et al. as a java-tool, which can
create random realizations with the structural parameters as obtained from the experimental data. In
fig. 4.6(b) an exemplary microstructure produced with the java-tool is opposed to an experimentally

obtained microstructure (see fig. 4.6(a)).

(a) Cut-out of real anode electrode obtained (b) Realization of microstructure obtained
experimentally [117]. using 3D stochastic microstructure model
[10]

Figure 4.6.: Two of the 3D microstructures used for the electrochemical validation of the 3D stochastic
microstructure model with a base area of 400x400 voxels with 0.44 pm as voxel dimension.

4.2. Simulations

In this section the parameters and the setup of the different simulations in this work are listed.

4.2.1. Electrochemical validation of 3D stochastic microstructure model

One of the major drawbacks of 3D microstructure based electrochemical simulations is the need for
spatially resolved microstruture data. This data is quite costly to obtain, since electrodes need to be
produced, tested and then characterized. Each of these steps is time and cost extensive. Additionally,
imaging methods have a low sensibility for some materials of interest and it is therefore hard to achieve
the needed and wished resolution and image quality. Using microstructures model to describe the 3D
morphology of electrochemical materials is a way to surmount this hindrance. For explanatory models
see [118, 119, 120]. These models are parametrized using real tomographic image data. Afterwards they

can be used as a tool to generate virtual structures without the need of experimental effort, such as
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production of materials and electrodes in a laboratory. The variation of selected model parameters could
allow for the creation of new and unique microstructures. In this section a already geometrically validated
3D stochastic microstructure model [10] is investigated regarding its electrochemical behavior using the
electrochemical simulation framework. The virtual structures, generated from an implementation of
the stochastic model, are compared to real structures, obtained from synchrotron x-ray tomography
[117]. For more information about the 3D stochastic microstructure model the reader is referred to the
references [10, 121]. The term wirtual in this setting refers to the structures generated the stochastic
model using a computer, while the term real microstructure refers to structural data obtained using
x-ray tomography. In fig. 4.6 an example of a microstructure of the two different sources is shown. For
the investigations a total of 20 structures of the same size of each source (virtual and real) are used as

simulation domain.

The electrochemical parameters of the solids and the reactions used for the validation simulations are

listed in table 4.3. The electrolyte parameters are listed in table 4.18. The initial conditions used for

Table 4.3.: Material and kinetic parameters used for the electrochemical validation simulations. [121]

‘ Graphite ‘ Li metal

Parameter/Unit ‘ Value Ref ‘Value Ref
Cmaz / kmol/m? 26.39  [122]
o /S/m 1000 [122, 123, 54]*°
Ds, /10713 22 3.9 [122, 124]
U /V 0.634 ... [51]

_ mb5/2 .
NP ../10 5A§1013/2 0.088  [54]
Nrg?at/moll/zml/z 0.364 [125]b
ED, /kJ/mol 53.1 [124]
E! /kJ/mol 68 [126] o ¢
E¢., /kJ/mol 0 a

@ Conductivity too large to have effect on ®, therefore assumed to be constant in T P Literature values
vary, this value selected  ©estimated from literature for initial conditions 9 no temperature dependence
needed, since simulation only at one temperature and counter electrode is identical for all simulations

the concentration and potential in the different phases are given in table 4.4.

Table 4.4.: Initial values of the concentration and potentials for the electrochemical validation simula-

tions.
Parameter Phase
CC Anode Anode Electrolyte Counter electrode CC CE
concentration - 25.0705 kmol/m? @ 1.200 mol/1 - -
13.195 kmol/m? °
potential o0, %, = Uoan (2,) 0 P =0 oL

2 For full delithiation simulations (see fig. 4.8)  ® For short pulse high current simulations (see section 5.1)

The interfaces of the structures with the separator or current collector seem to be different for the
real and virtual microstructures (see the large front in fig. 4.6). This becomes more obvious when one

looks at the SVF along the through direction in fig. 4.7. The real microstructures have a slightly higher
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Figure 4.7.: Comparison of solid volume fraction (based on [121]). The SVF along the through direction
is average over the 20 different cut-outs for each of the structure sources.

volume fraction close to the separator and current collector interface. This is due to the production
process of the electrode layers and the involved pressing of the electrode sheets. This feature is so
far not represented by the 3D stochastic microstructure model. The geometrical parameters of the

non-voxelized structures are taken from [10] and are listed in table 4.5 for referencing. Geometrical

Table 4.5.: Geometrical parameters of the real and virtual microstructures (taken from [10]).

Real Virtual
Volume fraction 0.734 0.732
Specific surface area (voxel™!)  303842.2 299305
Mean tortuosity of pore space  1.577 1.569

parameters of the real and virtual electrodes are calculated for the voxelized (see table 4.5) and a
smooth representation (see table 4.6) of the same structures. The surface area exhibits a different trend

for the voxelized structures compared to the smooth structures.

Table 4.6.: Statistics of surface area and solid volume for the real and virtual microstructures obtained
from the voxelized datasets. (reprinted with permission from [121])

quantity type mean std unit

real 7.72 0.34 x107"m?2
vir 7.80 0.40 %1077 m?2

real 1.190 0.013 x10~'2m?3
vir 1.185 0.005 x10~12m?

m
real 0.704 0.013 x10~12m3
vir  0.710 0.005 x10~2m3

surface area

solid volume

electrolyte volume
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These deviations are a result of the voxelization process, which converts smooth geometries into
structures consisting of cubic voxels. Additionally to the geometrical parameters the effective diffusion
coefficient Dog and the effective conductivity oeg in through-direction were calculated for the full
through-direction and the region without the outer 10 voxels using the software GeoDict [111]. The

results of the diffusion calculations are listed in table 4.7.

Table 4.7.: Statistics of effective diffusion coefficient and effective conductivity for the real and virtual
microstructures in throught direction obtained from the voxelized datasets. The thinner
microstructures are the one, which are reduced by 10 voxels on each side in through direction.
(reprinted with permission from [121])

quantity type mean (std)

complete thinner
microstructures

real 0.0644 (0.0049) 0.0697 (0.0037)
virt  0.0788 (0.0065) 0.0713 (0.0058)

real  46.1 (2.9) 45.3 (2.8)
virt  48.3 (0.7) 48.0 (0.9)

effective diffusion coefficient

effective conductivity

First tests of the two different sources were done using a constant current delithiation. The delithiation
starts at a state of charge of 95% and is done using a constant current of 20 A/m?. The resulting cell

potentials of the real and virtual microstructures are plotted in fig. 4.8. The cell potentials are quite
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Figure 4.8.: (main) Cell voltage of all microstructures for a full delithation with a constant current.
The real and virtual microstructure are quite overlaying. (inset) The mean time when
the cell voltage reached 1.2V is shown together with the distance to the minimum and
maximum time.

incident. Still, some deviations between the two sources exist. In the inset of fig. 4.8 the average time
of the simulations needed to reach a cell voltage of 1.2V is plotted. The two sources show a quite close
average value, but the real microstructures show a slightly larger stretch. Hence the decision was made
to investigate the geometries using only short current pulses. With a pulse duration of 10s the anode

material was delithiated in half-cell setup. The initial concentration and the electrochemical parameters
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of the electrodes and the electrolyte can be found in section 4.3.3. Three different currents were chosen

as applied currents (see table 4.8). The results of the electrochemical validation are investigated with

Table 4.8.: The three different applied current density magnitudes used in the electrochemical validation
simulations. The current density is with respect to the area of the current collector.

name value C-rate

current h  200mAm~—2 ~10C
current m 20mAm—2 ~1C
current 1 10mAm~—2 =~ C/2

respect to possible differences. See section 5.1 for the presentation and discussion.

4.2.2. Time evolution of plating condition

Knowing and understanding which location and at what time during battery operation lithium plating
is taking place is an important task. The investigation of the influences on the time evolution of

the plating condition is conducted using the symmetric electrodes (see fig. 4.9) [12]. To describe a

Anode Cathode

Current collector anode
OPOY}BD I0399[[0D JUALIN)

Figure 4.9.: Geometry of full cell used for electrochemical simulations (reprinted with permission from
[12]). As anode the symmetric electrode structure and as cathode the microstructure from
Ebner et al. were taken.

microstructure two directions need to be defined: The direction from one current collector through the
electrodes and separator to the current collector on the opposite side is called through direction. The
directions perpendicular to the through direction is named lateral direction. The through direction is

addiationally sometimes called z-direction.

The electrochemical parameters of the solids and the reactions used for the validation simulations are
listed in table 4.9. The electrolyte parameters are listed in table 4.18. The initial conditions used for

the concentration and potential in the different phases are given in table 4.10.
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Table 4.9.: Material and kinetic parameters used for the electrochemical validation simulations.
(reprinted with permission from [121])

‘ Graphite ‘ LMO ‘ Li metal
Parameter/Unit ‘ Value Ref ‘ Value Ref ‘Value Ref
Cmaz / kmol/m? 26.39  [122] 23.671  [38]
o /S/m 1000 [122, 123, 54]*° 3.8 [122]
Ds, /1071812 3.9 [122, 124] 10 [122, 54|
U /V 0.634 ... [51] 4.06 4 ... [38, 127]
N2, /1075 AmZ 0088 [54]° 0.8 [54]°
N ) == 0.364 [125]
ED, /kJ/mol 53.1 [124] 53.1 d
E"%  /kJ/mol 68 [126] 50 [126]° 0 f
E?., /kJ/mol 0 a 0 a

# Conductivity too large to have effect on ®, therefore assumed to be constant in T

b Literature values vary, this value selected € estimated from literature for initial conditions

9 1o literature value, assumed since cathode does not strongly influence plating condition

¢ no literature value, approximated out of LFP (Lithium Iron Phosphate) and NCA (Lithium Nickel Cobalt
Aluminium Oxide) fno temperature dependence needed, since stripping simulation only at one temperature

Table 4.10.: Initial values of the concentration and potentials for the electrochemical simulations with
the volume phase model.

Parameter Phase
CC Anode Anode Electrolyte Cathode CC Cathode
concentration - 1.3195kmol/m® *  1.200mol/l  20.574 kmol/m? ¢ -
- 18.473 kmol /m? ° _c -
potential <I>0An <I>0An = Uj,An (c%n) 0 @%a = Up,ca (c%a) a @%a
5, 0"

2 For full-cell simulations
PFor half-cell simulations ¢Lithium counter electrode wused for half cell simulations

The A/C-ratio with respect to available room for lithium is roughly 2.0. This indicates a highly
unbalanced battery with a large excess of anode capacity. In lithium-ion batteries the A /C-ratio is
usually in the range of 1.1 — 1.2 [4, 128, 129]. Hence one would expect lithium plating only to appear
very unlikely for the test full-cell. The full cell is operated at three different ambient temperatures and

four different charging currents. In table 4.11 the different operation conditions are listed.

4.2.3. Impact of existing lithium metal phase using the volume resolved model

The cell voltage during discharge of a lithium-ion battery, which contains plated lithium, exhibits at
the start a plateau of constant voltage value. This is the result of the stripping reaction which is
independent of the current state of charge of the supporting and surrounding anode material. In this
section the impact of a plated lithium phase on the cell voltage and as well as intrinsic parameters
are investigated. The geometry used for the time evolution of the plating condition is modified by a

explicit lithium phase (see fig. 4.10(a)). The anode (red) is extended by a flat plated lithium sheet at
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4. Simulation setup and parameters

Table 4.11.: Operation conditions applied for the plating condition investigations. The current density
is with respect to the area of the current collector.

Ambient Applied current
Temperature Value A/m? C-Rate

295 1.6 1/10
295 16 1
295 48 3
295 160 10
285 16 1
275 16 1

the anode-separator-interface (green). The cell voltage of a discharge simulation exhibits the stripping

plateau and is compared to the unplated full cell geometry and experimental data (see fig. 4.10(b)). It

a)

=

RT Charge
— — — —20°C Charge

20 40 60 80 100
Fraction of discharge capacity(%)

No Lithium b) |
— — — With Lithium

Fraction of discharge capacity (%)

(a) A thin lithium film is added to the full cell geometry (b) Cell potential during discharge of full cell with
(see fig. 4.9) at the anode-separator-interface. plated lithium. Compared to experimental obser-
vations. (reprinted with permission from [12])

Figure 4.10.: Stripping simulations using a plated full cell geometry.

can be seen that the cell potential of the plated full cell shows a plateau at the beginning of discharge. A
similar observation can be made when looking at the experimental data. The initial cell potential differ,
because the cathode material used for experiments is NCO (LiNi, 4Coy 5O5), compared to LMO in the
simulations, and the initial concentrations and C/A-ratio of the experiments is not known. Nevertheless
a qualitative comparison is possible. The most probable location for plated lithium is usually the
interface between anode and separator (see section 5.2). Most experiments can only show postmortem
that a mostly uniform lithium film exists at that interface (see figure 7 in [74]). With electrochemical
simulations we are able to investigate how plated lithium at different locations inside the negative
electrode influence the lithium-ion battery as a whole. Therefore the graphite electrode (see fig. 4.3) is
modified to contain a volumetric lithium metal phase at its active surface. This is approached as follows:
The geometry partitioned into 96 sectors with a size of 30 x 50 x 50 voxels and thus the microstructure is
divided into six slabs in x-direction which are themselve also divided into 16 equally sized parts. On the

interface between solid phase and electrolyte of a sector an additional phase is created by dilating the
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solid phase by a thickness of one voxel. The dilation is either replacing pore volume or anode volume.
One modified and the other 95 sectors are recombined into one microstructure, where this new volume
phase is to be the plated lithium for the stripping simulations, and thus creating 192 microstructures
with one plated sector. In fig. 4.11 the half-cell geometery for one of the modified structures is shown.

The unmodified part of the graphite material is shown in red, while the modified sector is highlighted

Figure 4.11.: S(1/0/0) Geometry of half cell simulations (reprinted with permission from [12])

in blue. The additional phase is shown in green. To the left of the anode phase the counter electrode
(vellow) is separated by a void space representing the separator. On the far left and right the grey
and black sheets are the current collectors of the respective electrodes. The different microstructures
are identified by the location of the plated sector and the phase (Solid or Electrolyte), which was not
partially replaced by lithium. E.g. S(1/0/0) points to the microstructure with a modified sector, where
the plated lithium replaced electrolyte volume, located at the lower left corner at the anode-separator
interface. The different sectors are combinations of z € (1,31,61,91,121,151), y € (0,50, 100, 150) and
z € (0, 50,100, 150).

The parameters used for the stripping simulations are identical to the ones used for the time evolution
(see table 4.9 and table 4.10). The plated half-cells were delithiated (discharged in full-cell term) using

three different currents, which are listed in table 4.12. With this different currents we were able to

Table 4.12.: The three different applied current density magnitudes used in the stripping simulations.
The current density is with regard to the area of the current collector.

Name Value C-Rate

Current 1 20A/m?  ~1C
Current 2 10A/m?  ~C/2
Current 3 5A/m? ~C/4

check if the applied current has an influence on the amount of plated lithium as estimated by the

dQdV-method (see section 2.5.1).
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4. Simulation setup and parameters
Dissolution barrier constant

As mentioned in section 3.1.1, a new challenge while simulating lithium stripping is the vanishing of the
phase. The influence of the exact value of dy used for the dissolution energy barrier was investigated by
comparing the simulation results for four different values (0.48 nm, 0.24nm, 0.048 nm and 0.0048 nm).
The thickness of a lithium metal monolayer would be 0.28 nm. The choice of smaller value for dj
still has meaning as a numerical approximation for the Heaviside function (jump from one to zero at
the monolayer thickness). In fig. 4.12 the cell potential during a stripping simulation (no chemical
intercalation enabled) with applied constant current as function of time for the four different prefactors

is shown. It can bee seen, that the shape of the cell potential is not influenced by the exact value of the

0.20 : r
0.4800 nm
0.19 0.2400 nm D
0.0480 nm
> 0.18 | 0.0048 nm
~
|
=2 017}
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3
~o0a6t
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Figure 4.12.: The influence of the prefactor on the cell potential for a stripping simulation for the
S(1/0/0) half-cell. The location when the simulation stopped, is marked with a colored
circle. The simulation with 0.24nm stops just before the 5s. Smaller values increase
the numerical instability and hence the runtime of the simulation. Larger numerical
instabilities force the solver to complete more iterations to reach a stable solution of the
system. (reprinted with permission from [12])

prefactor. Smaller prefactors force the solver to calculate more iteration steps, when the lithium phase
is depleting. Each iteration step also take more time and therefor prolonging the total simulation time.
The investigation showed, that smaller prefactor values increased the simulation time significantly and at
the same time not yielding any additional information from the simulations. To minimize computational
cost the value of the prefactor was therefore set to be 0.48 nm for the stripping simulations in this
work. The investigation of the influences on the electrochemical situation inside the negative electrode
with an existing plated lithium phase of a lithium-ion battery was published in [12]. The results are

discussed in section 5.3.

4.2.4. Surface growth

The advantage of the surface growth model over the volume phase model is, that the anode surface

can allow for the different states during one simulation. The intercalation can be suppressed if plated
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4.2. Simulations

lithium exists and the stripping of plated lithium does not leave an electrochemical inactive surface

(opposed to the volume phase model) behind.

4.2.4.1. Comparison coupled and decoupled system

The implementation of the surface growth model lead to the question if the system should best be
solved together or separated into the classical system and the new surface system. The differences in
the process of solution are explained in section 3.3.4. To investigate the differences a small geometry
was used since this allowed a faster comparison. The geometry is shown in fig. 4.13 and consists of a

anode and cathode. The total size of this system is 69 x 16 x 16 cubic discretization units and therefor

-
| 28.60pm

Figure 4.13.: Simple geometry used for the comparison of coupled and decoupled system.

the equation system consists of 33792 volume unknowns and 2752 surface unknowns. The comparison
was done for a case, where lithium plating will take place for certain. This was achieved by setting the
anode concentration not far away from the maximum concentration. As reference a charge without the

surface variables is conducted. The resulting cell potential is shown in fig. 4.14(a). Roughly 300s after
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Figure 4.14.: (a) Cell potential of charge simulation for the reference case (without surface variables).
The region, where the plating condition is met is marked with a solid black line and grey
background. (b) Average concentration in the solid part of the anode and cathode.

start of charge, the anode reaches maximum concentration and hence exhibits a diverging open-circuit
voltage (see eq. (3.20)). This divergence is also visible in the cell potential (see fig. 4.14(a)). The
average concentration inside the electrodes is a parameter used to check the surface model for physical

consistence. The average concentration inside the electrodes exhibits a linear slope for a simple charge

o7



4. Simulation setup and parameters

with constant current (see fig. 4.14(b)). The growth of the lithium surface phase should take place
when the plating condition is fulfilled. In fig. 4.15 the time evolution of the plating condition at the

separator-anode-interface is shown. The switch from positive to negative value is around 222s. During
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Figure 4.15.: Minimum value of the plating condition at the separator-anode-interface. The plating
condition is fulfilled around ¢ = 222s.

a simulation, which includes the plating side reactions, one would expect to see the onset of plating
around that time. This time value is selected as a critical factor to control if an implementation of a
plating model behaves as assumed. The simulation results obtained from the coupled and decoupled
implementations (see section 3.3.4) are investigated and discussed in section 5.4. It shall be briefly
mentioned, that the coupled system is selected as basis for further investigations due to the results of

the previously described investigation.

The electrochemical parameters of the solids and the reactions used for the validation simulations are
listed in table 4.13. The electrolyte parameters are listed in table 4.18. The initial conditions used for

the concentration and potential in the different phases are given in table 4.14.

4.2.4.2. Impact of the dissolution barrier constant

The overpotential of the dissolution barrier 7g;ss was included into the plating reaction Npj/g to allow
for the vanishing of a species (see section 3.3.2). The impact of the dissolution barrier constant dg
is investigated in this section. The decoupled system was selected as a result of the previous section.
The value of dy was varied between 102 and 10~* with the geometry of the previous section. The

electrochemical parameters are identical to the previous section. The results are shown in section 5.4.1.

4.2.4.3. Influences on the plating onset and the spatial distribution of plated lithium

Post-mortem analysis of degraded lithium-ion batteries showed inhomogeneous lithium deposition on
the negative electrode [131]. The impact of local inhomogeneities of electrochemical parameters on

the lithium deposition is therefor investigated. The electrode is modified to be able to define different
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4.2. Simulations

Table 4.13.: Material and kinetic parameters used for the comparison of coupled and decoupled surface
system and the investigations of the dissolution barrier constant.

‘ Graphite ‘ LMO ‘ Plated Li

Parameter/Unit ‘ Value Ref ‘ Value Ref ‘ Value Ref
Cmas [/ kmol/m® | 31.370  [51] 23.671 (38
o /S/m 1000 [122, 123, 54]** | 3.8 [122] @
Ds, /107 3.9  [122, 124] 10 [122, 54|
Uo /V 0.63+ ... section 3.3.1 4.06 + ... [38, 127]
NP, /1072 Am 0.0657  [130]° 0.197 130]°
ED, /kJ/mol 531 [124] 531 4

00

Efft /kJ /mol 70 [130] 70 [130]
T e /K 294.15  [130]¥ 294.15  [130] ¥
E?,  /kJ/mol 0 @ 0 a
ng?ggt | —h=rr= 0.631  [91]
Etfl\io(g;).lnt. /kJ /mol 35 [91]
Tog /K 294.15  [91]¥

2 Conductivity too large to have effect on ®, therefore assumed to be constant in T P Literature val-
ues vary, this value selected ¢ estimated from literature for initial conditions dno literature value,
assumed since cathode does not strongly influence plating condition  fno temperature dependence needed,
since stripping simulation only at one temperature X assumed, since no specific information is given

Table 4.14.: Initial values of the concentration and potentials for the comparison of coupled and
decoupled surface system and the investigations of the dissolution barrier constant.

Parameter Phase
CC Anode Anode Electrolyte Cathode CC Cathode
concentration - 28.0 kmol/m? 1.200mol/1  23.670 kmol/m? -
potential @%n @%n =Up,An (C%n) 0 <I>%a =Up,ca (C%a) @%a

spatial values of the electrochemical parameters. The graphite electrode with rough interface (see
section 4.1.2.2) is divided into two regions. Several parameters are varied between these two regions.
Their impact on the plating condition and the spatial distribution of the plated lithium is analyzed.
In fig. 4.16 the modified microstructure is shown. The outer region (red) will be called bulk or outer
region and the inner region (green) will be called inner or modified region. Different parameters of
the solid phase in the inner region will be modified and the response of the cell will be investigated.
table 4.15 contains selected geometrical properties of the modified electrode. Only the surfaces between
the inner and outer region and the electrolyte are electrochemical active. The solid-electrolyte-surface

of the binder is inactive, since the binder is assumed to be electrochemical inactive.

Two different types of plating simulations were done with this modified graphite electrode. First, the
electrode was forced into plating by applying a high current pulse to a nearly lithiated half-cell. The
initial state of charge of the graphite was set to 95.3 % so the cell potential of the half-cell at rest was
0.05V. Second, the empty graphite, which has an initial state of charge of 0.01 % and corresponds
to 1.27V cell voltage, was lithiated with different currents between 10 and 90 A/m? at an ambient
temperature 298.15 K. The lithiation is stopped at 400nAh. For the highest applied current (90 A /m?)
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4. Simulation setup and parameters

Figure 4.16.: The geometry of the anode with rough separator interface is split into two regions: a
outer region (red) and an inner region (green).

Table 4.15.: Fraction of solid phase on total electrode volume and active surface area for the inner and
outer region of the electrode with rough surface.

Solid volume fraction solid-electrolyte-surface fraction
region of total volume of solid volume
Inner region 3.1% 59% 15.8%
Outer region 46.6 % 88.7% 79.1%
Binder 2.8% 5.4% 51%

the lithiation and plating operation is followed by a delithiation step. The delithiation is done with the
same current density and is ended as soon as the cell voltage reaches 1 V. At the start of delithiation
the plated lithium will be stripped. The switch from lithiation to delithation occurs at ¢ = 730s. The
rate constants of the intercalation reaction (N2%  _ in eq. (2.20)) and of the plating reaction (ng?/St
in eq. (2.52)) were modified for the whole electrode and only the inner part. These variations allow for
some insight how an electrode with inhomogeneities on the microscale behaves under plating conditions.

The results are discussed in section 5.5.

The electrochemical parameters of the solids and the reactions used for the validation simulations are
listed in table 4.16. The electrolyte parameters are listed in table 4.18. The initial conditions are listed
in table 4.17. The prefactor of exchange currents for the direct intercalation is set to \/cg1 - cso based
on [34]. Tt is assumed, that the temperature dependence of all rate constants N can be expressed

through an Arrhenius law :
00 00 Int In’ger 1 1
.Z\/r1r (T) = Nl‘ (T = Tact ) * ETP |:R <T — w)} (41)
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Table 4.16.: Material and kinetic parameters used for plating simulations with the surface model for
the modified geometry.

Graphite parameters Plated lithium parameters
Parameter/Unit | Value  Ref | Parameter/Unit | Value Ref
Cmaz /kmol/m® | 31370  [51] Ng‘fgogt | —h— | 0631  [91]
o /S/m 1000 [122, 123, 54]+° EZLVCZ;;/& /kJ/mol 35 [91]
Dg, /1071312 3.9 [122, 124] T;thl/“ /K 204.15  [91]%
U /V 0.63 +... section 3.3.1 Ng%blnt_ [k | 1078 Y
NS, /10724 | 0.0657  [130]° Eﬁg;l /kJ/mol 0 X

N, t.
E%go /kJ/mol 53.1 [124] T,.omtme [ K 204.15 X
E, e /kJ /mol 70 [130]
NOO‘ X
T, e /K 294.15  [130]
E?, /kJ/mol 0 a

# Conductivity too large to have effect on ®, therefore assumed to be constant in T b Literature
values vary, this value selected ¢ estimated from literature for initial conditions X assumed, since
no specific information is given Y estimated, since no literature value known. See section 4.3.2.

Table 4.17.: Initial values of the concentration and potentials for the electrochemical simulations with
the surface model.

Parameter Phase
CC Anode Anode Electrolyte Counter electrode CC CE
overcharge simulation
concentration - 29.896 kmol/m3  1.200 mol/1 - -
potential @3, 9%, =Upan () 0 2o-0 b

lithiation and lithiation-delithiation simulation

concentration - 3.137 kmol/m? 1.200 mol/1 - -
potential oY, %, = Uo,an (2,) 0 P =0 Py

4.3. Parameters

The electrochemical parameters needed and used for the simulations in this work are listed and explained

in this section.

4.3.1. Approximation of the maximum lithium concentration

Artificial graphite changes from pure graphite Cy to fully lithiated graphite LiC4 during intercalation.
Under the assumption of non-existent defects in the graphite lattice and a complete lithium depletion

and intercalation at the two ends of the state of charge, the maximal lithium concentration inside
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artificial graphite can be calculated from the material parameters of graphite:

PGraphite = 2.26 g/cm3
MGraphite =12.01u

co = LGraphite _ 18817 mol/cm? (4.2)

MGraphite

At full lithiation six carbon atoms correspond to one lithium atom and hence the maximal lithium

concentration is
% aphite = 0-03136 mol /cm® (4.3)

or expressed as maximum weight capacity:

F
MGraphite -6 (44)
=371.9mAh/g = 371.9 Ah/kg

Qmax _
Li,graphite —

The calculations above result in the theoretically possible lithium concentration in graphite. In a
real battery the amount of lithium, which actually can be stored reversibly in the graphite electrodes
is smaller due to different constraints. The active material usually consists of graphite with local
impurities or lattice defects, which can hinder the lithium storage in their vicinity. The diffusion
of lithium inside the active material is relatively small. For the complete active volume to achieve
the maximum concentration the lithiation and delithiation would need to be done with very small
applied current. It is therefor common to treat the maximum concentration as a fitting variable,
when parameterizing the electrochemical model on experimental data. A common approach is the
determination of the maximum concentration through the maximum transferred charge during a slow
lithiation or delithation experiment. When the amount of active material in the experimental cell is

known, one can estimate the maximum experimental concentration as follows:

Qmax,exp

max,exp  _ _“charge

Li,graphite — melectrode (45)
graphite

max,exp b
y

with mAh/g as unit. This can be translated into the needed maximum concentration c;; araphite

multiplication with the density of graphite pgraphite- In this study the theoretical capacity is used,
since it is also used as reference point by the source of the open-circuit potential [51]. The majority of
the presented investigations are done in half-cell layout and thus neglects the cathode. A smaller actual
maximum concentration would only result in a compression of all time dependent results along the time
or transferred charge axis. The results and the conclusions will stay the same. The exact maximum
concentration has a large impact on the creation of a balanced full cell. Some simulation studies use a

maximum concentration roughly two-thirds of the theoretically possible concentration [34]
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4.3.2. Approximation of the rate constant of the chemical intercalation

The rate constant of the chemical intercalation reaction is not known. Hence, the value of the constant
is approximated under the assumption, that the chemical intercalation proceeds with the same speed

as the electrochemical intercalation, when averaged over the whole state of charge range of the negative

electrode:
e it
/ NInter—G (Cﬁ) dcgi - / NChem.Int. (CE}) dc%i (46)
0 0
cgax Cgliax
Nigter—g - v cEl/ (Vea - sinh (B - Nrnter—a)) dcﬁ = N&em 1nt. / (VG - sinh (8- Nchem 1nt.)) dcﬁ
0 0
(4.7
with the assumption of a symmetric factor for the chemical intercalation (aS"°™ ™ = 0.5) and 8 = 5 g -

This can be reformulate to

Max
CLi . sinh — e
Ngglem‘lnt. = NIOr?terfG : \/CE ji)Max (\/E S (ﬁ "nt G)) CLi (48)
Jot (vea - sinh (B - nchem.tnt.)) det

With the assumption, that the currents are in average equal over the SoC range from 0.1 % and 98 %,

A plated lithium

the exchange current constant is calculated to be N2 |~ 810710 m.

layer usually exists for high state of charge, hence the exchange current constant is also calculated in

the state of charge range from 90 % to 98 %: N 1. ~2-1076 The exchange current

A
cm!/2moll/2*

constant of the intercalation reaction NY%_ 4 was set to 0.0657 Acm/mol.

Inter—

4.3.3. Electrochemical parameters of the used Electrolyte

All simulations in this work use the same electrolyte LiPFg in PC:EC:DMC as measured and described
by Valgen et al. [132]. The parameters are listed in table 4.18.

Table 4.18.: Electrochemical parameters of the used electrolyte LiPFg in PC:EC:DMC.
Parameter/Unit ‘ Value ‘ Ref

e )— 0.399 | [132]
fr /— Eq. 6 in | [132]
k /S/cm? Eq. 17 in | [132]
Dgy/ cm? /s Eq. 14 in | [132]
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5. Results and discussion

5.1. Electrochemical validation of 3D stochastic microstructure

model

The electrochemical validation of the stochastic microstructure model of interest is the topic of this
section. As described in the simulations section, the different microstructures are delithiated with a
short current pulse. Three different current magnitudes were selected. The analysis of the resulting
data showed, that any given microstructure behaves quite similar for the different currents. The lithium
distribution inside the electrolyte at the different currents is shown exemplary in fig. 5.1(a). On the
first glance the distribution (inset in figure) seems quite different for the three currents. The curve
for the highest applied current (current h) shows the largest separation between the two peaks and
also finer resolved features. Scaling the curves such, that the maxima lay at the same x-value, the
near identity of the features seen for the different currents becomes obvious. Apart from the quite
similar shape of the peaks, the features between the peaks, like the shoulder left of the smaller peak,

resemble each other. Other quantities, like current density inside the electrolyte, exhibit similar trends
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Figure 5.1.: (a) (inset) The histogram of the lithium concentration in the electrolyte for the different
applied delithiation currents. (main) Scaling of the concentration distribution such that the
position of the peaks coincide. This illustrates that the three different curves exhibit the
same behavior. (reprinted with permission from [121]) (b) The average cell potential of the
real and virtual microstructures for a delithiation pulse of 10s. (reprinted with permission
from [121])

and shapes when compared for the three applied currents. Hence the further discussion and comparison

of the real and virtual microstructures are completed using the data for the highest current (current h).
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In the rest of this section electrochemical simulation data of the real microstructures are indicated by
the color blue, while the results of the virtual microstructures are shown in red. The areas, shaded in
the respective color, represent the range between the 5% and 95 %-quantile. One of the only quantities
available externally to compare different battery cells, regardless of the materials, is the cell voltage.
Hence as a first step, it is compared for the different microstructure sources. In fig. 5.1(b) the average
cell voltages for high current are shown. The deviations between the average cell voltage of real and

virtual microstructures are less than 1% or 5mV. Thus indicating a good agreement.

Electrolyte concentration

The first spatial resolved quantity to be investigated is the lithium concentration inside the electrolyte.
The evolution of the concentration in time is strongly dependent on the exact 3D microstructure. Hence

the comparison of this quantity for real and virtual microstructures is sensitive to possible deviations.
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Figure 5.2.: (a) The distribution of the electrolyte concentration is separated into two regions. The
pore space inside the electrode is shown in the main plot, while the distribution inside the
separator space is displayed in the inset. The densities are normed to unity area. (reprinted
with permission from [121]) (b) The average lithium concentration in the electrolyte is
plotted as a function of distance to the separator. The shape and height are quite identical
and both curves overlap within the 5 %- and 95 %-quantiles. The shape is also in general
agreement with results from porous electrode theory [7, 54]. (reprinted with permission
from [121])

The distribution of the lithium concentration in the electrode pore space at the end of the discharge
pulse is shown in fig. 5.2(a). The distribution inside the separator space is shown separately in the
inset of fig. 5.2(a). The concentration in the electrode pore space exhibits a small peak around the
initial concentration of 1.2mol/l. This results from a certain amount of pore volume which is not
connected to the main pore space. In real microstructures those unconnected volume would not be
filled with electrolyte but with void and thus would be electrochemical inactive. In the simulations
these volumes were filled with electrolyte, but still stayed electrochemical inactive. As a result they will
not change their initial concentration and therefor appear as small peak at initial concentration. The

virtual microstructures generated by the investigated 3D stochastic microstructure model contain more
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5.1. Electrochemical validation of 3D stochastic microstructure model

unconnected volume compared to the real microstructures. This could be the result of the connection
rules of the particles used in the stochastic model [121]. Another feature of the concentration distribution
inside the pore space (main of fig. 5.2(a)) is the slightly lower maxima position for the virtual structures
as compared to the real microstructures. This can also be seen in the two explanatory 3D-spatial
distribution shown in fig. 5.3. The virtual structures exhibit an overall smaller spread between maximum
and minimum concentrations. Hence, the electrolyte concentration inside the separator space also shows
a higher concentration (see inset in fig. 5.2(a)). This actuality is attributed to the slightly large total
electrolyte volume of the virtual microstructures compared to the real microstructures (see table 4.6)
and the accordingly minor spatial concentration gradients. The average lithium concentration along
the through direction is displayed in fig. 5.2(b). The virtual and real microstructures exhibit a nearly
identical shape for their distribution functions. Both exhibit a nonlinear gradient of the concentration
inside the electrode, which is due to the superposition of lithium delithiation and lithium transport. At
the region close to the current collector the concentration of the real structures is somewhat higher than
for the virtual structures. The linear concentration gradient inside the separator space is rooted in the
lithium diffusion and migration, since there is not any lithium source inside the separator. It is obvious,
that the real microstructure shows a larger spread between minimum and maximum concentration than
the virtual microstructures, as can also be seen in the functional distribution (see fig. 5.2(a)). The small
differences between the concentration functions for real and virtual structures is attributed to the small
differences in electrolyte volume (see table 4.6) and the inhomogeneous distribution of the solid volume
fraction (see fig. 4.7). The shape of the spatial distribution of the mean electrolyte concentration is

quite similar to what is usually obtained as a result of porous electrode theory [7, 54]. An advantage of

virtual

electrolyte concentration / mol/l

070 0.93 1.16 1.39 1.62 1.85

Figure 5.3.: The spatial distribution of the electrolyte concentration for two cut-outs. The real (left)
and virtual (right) microstructures have the same color scale (shown below the cut-outs).
Pores with less-than-average connectivity to the main pore space can be seen in both
structures: (virtual) Orange sector close to the separator (blue) and a dark read region at
the upper corner for the real structure. (reprinted with permission from [121])
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5. Results and discussion

3D resolved electrochemical simulations is that spatially localized effects can be resolved without the
need for any additional assumptions. This can be easily seen in fig. 5.3 where the 3D spatial distribution
of the electrolyte concentration for two cut-outs of real and virtual microstructures is shown. Both
cut-outs contain pores which have a lower-than-average connection to the main pore network. For
example the virtual microstructure has a small orange/yellow pore close to the separator. This pore
is not an unconnected pore, since its concentration is above the initial 1.2 mol/l, but shows a higher
concentration than the surrounding pore space. The real microstructure displays a dark red section
at the upper current collector interface which also contains a higher concentration compared to its
surroundings. The real microstructure exhibits an overall higher concentration (more dark red) at the

current collector interface compared to the virtual microstructure.

Current density

The degradation inside a lithium-ion battery is influenced by the current density. SEI growth and
electrolyte decomposition are highly dependent on the local strength of the current flow [62]. High
applied currents increase the local and total temperature of batteries, since a large applied current need
to be transferred from the solid into the electrolyte and the resulting irreversible Joule heat leads to a
temperature rise at the surfaces [7]. An increase in cell temperature favors the local decomposition of
the SEI and in the worst case starts an exothermic reaction which can lead to thermal runaway [133].
The current density in the electrolyte and solid phase is defined in eq. (2.9). In this work it is assumed

that the charge carriers inside the electrolyte are lithium ions and electrons inside the solid phase.

Electrolyte phase

The current densities in the whole electrolyte phase of the real and virtual microstructures show a
nearly identical behavior, as can be seen in fig. 5.4(a). For higher local current densities, which are
potentially critical for SEI decomposition, no significant differences between the two microstructure
sources could be seen. The virtual microstructure show slightly higher amount of smaller current
densities. This indicates, that the virtually generated microstructures are electrochemically very similar
to the real structures. The agreement between virtual and real structures looks different when the
spatial distribution of the current density in the electrolyte is plotted (see fig. 5.5(b)). The current
density increases from the current collector towards the separator, because the main charge transport
phase switches from the solid into the electrolyte. For most parts a good overlap exists between the
spatial distribution of the current density for real and virtual microstructures, except close to the
separator. There the current density of the virtual structures is lower than for the real ones and also
shows a smaller spread between the 5 %- and 95 %-quantile. Close to the separator the current density
of the real microstructures is roughly 10 % higher than the values for the virtual structures. This
deviation is attributed to the different behavior of the solid volume fraction close to the separator (see
fig. 4.7). The increase of the SVF for the real structures close to the separator and current collector is
not yet resembled by the stochastic structure model. The higher solid volume fraction (SVF) results in

a smaller pore space available for the lithium transport and current flux. Hence, for the same amount
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Figure 5.4.: (a) Histogram of the current density inside the electrolyte for the high applied current after
10s. (b) The spatial distribution of the average current density inside the solid phase. The
deviation close to the current collector is attributed to the inhomogeneous solid volume
fraction (see fig. 4.7). (reprinted with permission from [121])

of current to be transported from the bulk of the electrode into the separator a larger current density is

needed.

Solid phase

The histogram for the current density inside the solid phase is shown in fig. 5.5(a). Both structure
sources show abroad peak which is toped with two smaller peaks as features. The top of the broad peak
is shown zoomed in the inset of fig. 5.5(a). Again, the current density of virtual and real mcirostructures
display a good agreement. The spatial distribution of the current density inside the solid phase along
the through direction exhibits the reverted slop of the electrolyte phase, because closer to the separator

more and more charge gets transported through the electrolyte phase (see fig. 5.4(b)). Similar to the
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Figure 5.5.: (a) Histogram of the current density inside the solid phase for the high applied current
after 10s. (b) The spatial distribution of the average current density inside the electrolyte
phase. The large deviation close to the separator is attributed to the inhomogeneous solid
volume fraction (see fig. 4.7).
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current density in the electrolyte phase, the real microstructures deviate from the virtual structures
close to the boundary of the electrode. In the solid case it is the region close to the current collector.
In this region two features are visible: the average current density in the solid phase increases for some
distance (around 5 pm). At the same time, the values for the real structures are smaller than for the
virtual ones. As soon as the current density begins to decline, the values of the real structures are larger
again. Both features are accounted on the spatial variance of the solid volume fraction (see fig. 4.7).
The decrease of the SVF away from the current collector leads to an increase in the current density,
since the same current needs to travel through a smaller cross section. The real structures have a 5%
larger contact area between electrode and current collector as compared to the virtual microstructures.

Hence the initial current density is smaller, as can be seen in fig. 5.4(b), for the real microstructures.

The current density in the two relevant phases show a good agreement between the real and virtual

microstructures.

Overpotential

The distribution of the overpotential of the intercalation reaction into the electrode ng,_g1, as defined

by eq. (2.24), is plotted in fig. 5.6(a). A similar behavior for real and virtual microstructures can
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Figure 5.6.: (a) Histogram of the overpotential of the intercalation reaction. (b) Spatial distribution of
the overpotential along the through direction.

be seen. A positive overpotential indicates deintercalation of lithium ions from the graphite into the
electrolyte. Throughout the graphite electrode only deintercalation is taking place. The peaks at 0V
are the result of interfaces between the solid phase and electrolyte pores, which are not connected to
the main pore space. As mentioned earlier, these interfaces are electrochemical inactive. The different
heights of the peaks show that the virtual structures contain more unconnected electrolyte volume
compared to the real structures. This is in agreement with fig. 5.2(a). There is also a larger peak with
a broad shoulder towards higher overpotentials in the frequency plot. The virtual structures exhibit a
lower mean feature compared to the real microstructures. The real structure, on the other side, reach
slightly larger overpotentials with a small shoulder. This additional shoulder is due to the increased

solid volume fraction close to the current collector (see fig. 4.7). This can be seen in the larger value for
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5.1. Electrochemical validation of 3D stochastic microstructure model

the overpotential close to the separator when looking at the spatial distribution of the overpotentials
as displayed in fig. 5.6(b). The overpotential as a function of distance in through-direction increases
from the current collector towards the separator. This indicates an increase of current flowing from the
solid through the interface into the electrolyte. An increase of the overpotential by 50 % would lead to
an increase of the average interface current of roughly 100 %, due to the non-linear relation between

overpotential and exchange current.

The spatial distribution of the overpotential is quite similar for real and virtual structures. The virtual
microstructures show a larger spread for most parts compared to the real ones. The kink close to the
current collector is attributed to the small morphological difference between virtual and real structures
as described before. The larger overpotential at the separator-electrode interface correlates to an
increased deintercalation. The strong nonlinear relation between overpotential and exchange current
leads to a highly raised exchange current. This can be seen in the spatial distribution of the lithium

flux inside the solid phase, which is discussed in the following section.

Distribution of lithium flux

The spatial distribution of the lithium ion flux inside the electrolyte (see fig. 5.7(a)) is identical for real

and virtual structures. A larger part of the lithium ions get transported with a small flux density. The
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Figure 5.7.: (a) Histogram of the lithium ion flux density inside the electrolyte phase for the high
applied current. (b) The spatial distributions of the lithium flux inside the solid phase
exhibit a good agreement. The real microstructures show a slightly lower lithium flux close
to the current collector.

spatial distribution of the lithium flux inside the solid phase is shown in fig. 5.7(b). The electrode has
a flat surface at the separator interface and therefore a locally increased active surface. As a result
an increased lithium flux can cross from the solid into the electrolyte phase. The increase in lithium
flux is more abrupt for the real structures than the virtual ones. In the region close to the current
collector (on the other side in through-direction) the real microstructures exhibit an earlier decrease
and a smaller value at the interface to the current collector. Both features are a result of the difference

in the solid volume fractions close to the current collector and separator.
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Conclusion and outlook

Overall a good agreement between the real and virtual microstructures from the electrochemical
point of view has been found. The main deviations are rooted in the differences in the solid volume
fraction. The increase of the SVF close to the surfaces in through-direction are likely caused by the
calendaring process [134, 135]. This is to be addressed in a new version of the stochastic structure
model. The electrochemical validated structure model was used for a publication, which illustrates the
workflow achieved in the scope of the MULTIBAT project [136]. The separator-electrode interface of
microstructures, which are based on the electrochemical validated stochastic microstructure model [10],
are modified using a simple algorithm such, that a plated lithium phase is included. These modified
structures are used to apply a Model Order Reduction scheme to the full electrochemical equation
system. This method reduces the amount of calculations needed to find the solution for the system.
The method of electrochemical validation was also applied in a rudimentary form to a 3D stochastic
microstructure model, which describes the anode structure of lithium-ion power cells. This model
shows also a promising agreement between the real and virtual structures. More information about the

stochastic model for high power cells can be found in [119].

5.2. Time evolution of plating condition

It is well known, that the ambient temperature and the applied current influences the onset of lithium
plating inside a lithium-ion battery. These effects are investigated using the classical battery model
applied to a full-cell geometry during charging. In fig. 5.8(a) the cell potential of the various operation

conditions is shown. It can be seen, that an increase in applied current or the lowering of ambient
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Figure 5.8.: (a) Cell voltage for the different charging operation conditions. (b) The time evolution
of the minimum plating condition for the different operation conditions at the separator-
anode-interface. (reprinted with permission from [12]).

temperature results in an increased overpotential inside the battery and hence in a shift of the cell
voltage towards higher values. The different end potentials are a result of the simulations. The open

circuit potential is calculated for each discretization volume inside the microstructure. If one of these
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5.2. Time evolution of plating condition

volumes reaches the maximum allowed concentration, as defined by the state of charge range of the
open circuit function, the simulation ends. This is highly influenced by the size of discretization due to
the solid diffusion coefficient, which is temperature dependent. Together with the effect of the applied
current, these "cut-off" potentials vary between the different operation conditions. A more correct
calculation and determination of the cut-off potential was not focus of these simulations and hence no
optimization of the behavior towards the end of charge is done. The plating simulations, which are
presented in latter sections, require an OCV that exhibits diverging features at the limits of the SoC
range. The OCV is therefore extend as described in section 3.3.1. The increase of applied current or
decrease of ambient temperature leads to a higher cell potential. It can be noted, that these effects result
in a similar cell voltage for the charging with 3C at 295 K and 1C at 285 K. The cell voltage itself allows
no conclusions regarding the plating condition: neither globally nor locally. But, the 3D simulation
generates spatial and temporal information on the concentration and potential landscape. In fig. 5.9
the spatial distribution of the plating condition for the highest charging current at room temperature

after a transferred charge of 10nAh is displayed. It can be clearly seen, that the plating condition is

-565.0

Figure 5.9.: The spatial distribution of the plating condition at 10 nAh exhibits the lowest value at the
separator-anode-interface. This indicates a high probability, that lithium will be plated at
that position.

fulfilled over the whole anode surface with the lowest value close to the separator. The simulations
shown here do not include any side reactions and hence no feedback of a possible plating reaction on
the potential landscape is resolved. The impact of plating onset on the potential inside the lithium-ion
battery will be discussed in section 5.6. This indicates, that one could expect the complete surface of
the anode to being covered with plated lithium. As a result of a lithium film covering the surface, it
is expected, that the overpotential stays fairly constant, since during constant current operation the
plating and stripping reaction is fixed to a constant value. This feedback and situation is observed
using the surface growth model (see section 5.4). The temporal evolution of the plating condition is

extracted at the separator-anode-interface and shown in fig. 5.8(b). As expected, the plating condition
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is fulfilled the earliest during charging with high currents or at low temperatures. These observations
conform to experiments for the simulated materials, where lithium plating is taking place during high
current charging or low temperatures [77]. Under the assumption, that lithium plating will start as
soon as it is thermodynamically possible, the largest amount of plated lithium is expected for an early
plating onset. The surface growth model (see section 3.1.2) is later used to investigate how the actual
formation of a plated lithium phase influences the potential landscape inside the batteries. The plating
condition for the different operation conditions in fig. 5.8(b) is obtained the following way from the 3D
data: For every output-timestep the plating condition is calculated for every voxel. For this calculation,
the average overpotential of all active interfaces is used. Afterwards a histogram is generated for every
timestep. In fig. 5.10(a) the resulting histograms of the 10C charging data are displayed as a contour
plot. The plating condition stretches as a band across the lower part of the figure. Two different regions
are identified: The position of the maximum count in the histogram (max count) and the position of

the lowest plating condition (min PC). The stretch between the minimum plating condition value and
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Figure 5.10.: (a) Histogram of plating condition for the different operation conditions for 10C and 298K.
(b) Comparison of the min PC and max Count condition.

the maximum count indicates, that for the 10C discharge the electrode exhibits a very inhomogeneous
electrochemical condition. The region, where the minimum value occurs, can be identified as the
electrode-separator-interface. The two different features are compared in fig. 5.10(b). This reveals that
the differences for small currents (< 1C') are nearly negligible. The part of the electrode, where the
plating condition is fulfilled first, is the most probable area for plating onset. It is therefor suggested
to use the minimum plating condition as critical indicator, as it is done in the rest of this work. The
deviation between minimum condition and maximum count also has indications regarding the usage
of a reference electrode in a three-electrode setup. The voltage Ea, measured between the negative
electrode and the reference electrode is often used as indication of lithium plating (see section 2.5.4
and [79]). When only a small fraction of the electrode experiences lithium deposition, the signal Fa,
could still be dominated by the majority of unplated regions. Thus Fa, would not correctly display
the plating risk.
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5.3. Volume resolved system: Impact of plated lithium on battery

5.3. Volume resolved system: Impact of plated lithium on

battery

Using the volume resolved model, the influence of an existing plated lithium phase on the performance
of the lithium-ion battery is investigated. As described in section 4.2.3, the structure of the anode
(see fig. 4.9) is taken and slightly modified to include a dedicated plated lithium phase (see fig. 4.11).
These modified geometries are then delithiated with a constant current. The cell potential during this

operation for different locations along the through-direction is plotted in fig. 5.11(a). Due to the large
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Figure 5.11.: (a) The cell potential of half-cells during a constant current charge with a plated sector
along the x-axis with y = 0/z = 0. The arrow indicates the direction of increasing surface
area covered by the plated lithium phase. (b) Cell potential of half-cells with a lithium
covered surface of 8.50 - 1076 — 8.75 - 107%cm?. The arrow indicates the direction of
increasing distance of the plated lithium sector from the current collector. (reprinted with
permission from [12]). The coordinates of the plated sector are given in the figure legend.

amount of simulations, only the cell potentials for the sectors along the x-axis with y =0 and z =0
are shown. The other sectors behave similarly. The cell voltage exhibits a plateau at the beginning of
delithiation. Which is followed by a first slow and then faster increase of the potential. The cell voltage
afterwards is identical for all investigated half-cells. The voltage level of 0.19V is the cell potential
of graphite at a state of charge of 70 % shifted by the overpotential of a constant current charging.
The initial potential plateau is due to the stripping process, which takes place at constant potential.
The strong increase of the cell potential can be seen as soon as the plated lithium is nearly completely
consumed. To simplify the analysis of the cell potential during stripping, it is approximated by three
consecutive linear fits. This approach is used due to artifacts in the cell potential. The cell potential is
separated into three regions: initial potential level, section with biggest change and final potential level.

Each regime is fitted with straight lines (eq. (5.1)).

g(t,m,tg) =to+m-t (5.1)

In fig. 5.12 the three linear fits are shown on the blue curve in fig. 5.11(a). The intersections between
the three lines are marked as "point 1" (¢1, V1) and "point 2" (to, V2). It is assumed, that at the x

coordinate to all lithium would be stripped if no potential artifacts existed. Thus, one could use this
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Figure 5.12.: The linear fits to the three regions of the stripping cell potential of sector S(1/0/0) used to
estimate the plateau duration and size of potential difference. (reprinted with permission
from [12])

point tsrip to estimate the amount of plated lithium.
tstrip - t2 (52)

The height of the voltage drop due to the stripping process is approximated using the differences in the

y coordinates:
A(]Platcau = V2 - Vl (53)

Using the shown approximations the average potential jump of all 192 simulations is AUpjatean = 44.5 mV
with a standard deviation of 5.6 mV. The average stripping duration is tsip, = 2.48s with a standard
deviation of 0.25s. This corresponds to a charge of 0.07nAh. The concentration distribution of the
lithium ions inside the electrolyte for three different locations of the plated lithium phase are displayed
at two different times in fig. 5.13. Local concentration maxima can be seen while lithium is stripped
(upper row in fig. 5.13). These features are spatially localized to the pore space above the surface of
the plated lithium phase. The peakedness of a maximum depends on the pore connectivity close to the
plated phase, where a smaller pore leads to a higher concentration (see sector S(91/0/0)). After the
plated lithium is completely dissolved, the concentration maxima slowly degenerated due to the lithium
diffusion inside the electrolyte. The electrolyte concentration profile of a plated cell will then relax to
the profile of an unplated cell, where the lowest concentration is close to the anode current collector
and the highest concentration close to the cathode current collector. Cells with a plated sector close to
the anode current collector will take more time to reach the profile of an unplated cell. This is visible
for the lower right picture in fig. 5.13. The zoning behavior of the concentration maxima can not be

resolved in a 1D+1D-Newman-type simulation, since the concentration in the electrolyte in the lateral
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Figure 5.13.: The spatial distribution of the lithium concentration in the electrolyte phase for three
different locations of plated lithium at 0.6s (upper row) and 5s (lower row). While the
plated lithium phase still is stripped, a local maxima close to its location is found. At the
end of simulation these maxima are nearly dissipated and hence are less distinctive.

direction is not resolved. Furthermore, other spatially in lateral directions localized effects can also be

resolved with this 3D transport theory.

Influences on the potential plateau

All microstructures used for the half-cell stripping simulation have the same thickness of lithium, namely
50nm. The surface area onto which the lithium is added differs between the modified structures and
hence also the total amount of lithium added. The initial cell potential and the duration of the stripping
plateau depend on the amount of plated lithium and the size of the plated surface. Hence the cell

potentials shown in fig. 5.11(a) exhibit some variation in initial level and stripping duration.

With an increasing surface area covered by plated lithium the stripping plateau is lowered towards
the Li/Li* redox potential. The covered surface area of the sectors z = 31 and z = 61 (as seen in
fig. 5.11(a)) is 5.8 - 107% cm? and 12.7 - 107% cm? respectively. The cell potential of these two exhibits
an initial potential level of 159 mV (potential jump of 30mV) and 141 mV, respectively (potential jump
of 49mV). In this example, an increase of 112 % in surface coverage results in a lowering of the plateau
level by 63 %. The larger the coverage of the surface area with plated lithium, the further the initial
cell potential is lowered. For the case of the whole surface area of the graphite be covered by a lithium
film, an effective lithium/lithium-cell is created. If so the difference between the stripping plateau and

the Li/Li* potential would purely given by the overpotential due to the applied current.

Apart from the surface coverage, also the distance of the plated lithium sector relative to other battery
components, such as current collector or counter electrode, could influence the cell potential. Thus, it

is investigated, if the distance from the plated sector towards the current collector has any correlation
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visible in the cell potential. As shown in the previous paragraph, the amount of surface area covered by
plated lithium has a large impact on the cell potential. Therefore we selected plated sectors where the
surface coverage lay within a thin region (8.50 - 1075 cm? and 8.75 - 1076 cm?). The cell potentials of
such sectors is sorted according to their distance to the current collector and are shown in fig. 5.11(b).
It can be seen, that an ordering of the cell potentials took place. The plateau height for the selected
simulations changes about 5mV for a distance of roughly 66 pm. This small distance dependence is not
based only on the electrolyte resistance. For a constant electrolyte concentration, which exists e.g. at
the start of delithiation before the lithium had time to respond, the electrochemical potential in the

electrolyte decreases by around 1 mV over a distance of 70 pm.

The fraction of surface area covered by plated lithium has a greater impact on the plateau height
than the distance of the plated sector from the current collector. Additionally to the influence on
the potential level, an increase in covered surface area also increases the stripping duration and thus
the amount of charge transferred. This is not only a result of an increase in the amount of metallic
lithium, since the transferred charge will also depend on the ratio of the intercalation exchange current
amplitude and the plating exchange current magnitude, as is discussed in more detail in the next

section.

The interface currents during lithium stripping

The 3D simulation of a lithium-ion battery allows to investigate the distribution of quanitites, which
can not experimentally be obtained. The currents at the interfaces are of great importance during
stripping. In fig. 5.14(a) the stripping current and the graphite intercalation current for one plated
sector during stripping operation with the different applied currents are shown. To allow for an easier

comparison, they are normalized to the applied current. The net charge transferred during the stripping
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Figure 5.14.: (a) Temporal distribution of the total current on the two reactions inside the graphite
electrode during stripping against the transferred charge. The current composition during
the stripping process depends on the applied currents (see table 4.12). (b) The average
concentration in graphite during stripping of plated lithium in sector S(91/0/0) with three
different applied currents. Shown for the lithium in sector S(91/0/0). (reprinted with
permission from [12]).

plateau is smaller for smaller applied currents. A subtle competition between the local oxidation of
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5.3. Volume resolved system: Impact of plated lithium on battery

plated lithium and the reduction of lithium ions during the intercalation into graphite is the root of
this finding. It emerges that for low currents the oxidative stripping of the metallic lithium film results
in an effective surplus of lithium ions in the adjacent electrolyte (see fig. 5.13). These lithium ions are
then available for the intercalation into the graphite. Thus, the total intercalation current between the
graphite and the electrolyte can either be positive, zero or negative. The sign convention used with
regard to the interface currents is such, that a positive value indicates stripping or deintercalation,
while a negative interface current represents intercalation or lithium plating. During the stripping a
negative interface current is only observed between the electrolyte and the uncovered graphite. Hence,
for the higher current (current 1) the lithium deintercalates from the graphite and for the lowest current
(current 3) lithium intercalates into the graphite. The resulting change in the lithium concentration
inside the graphite is visible in fig. 5.14(b). The lowest current clearly results in an increase of the
average lithium concentration during the stripping of the plated lithium. This lithium accumulation is
followed by a net deintercalation. Only at large currents, an overall deintercalation from the start of
delithiation is observed for all times. In fig. 5.15 the spatial distribution of the sign of the interface

currents for the three different applied currents is overlayed on the surface of the 3D structure. Please
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Figure 5.15.: The sign of the interface currents for three different applied currents in 3D representation
during delithiation at 0.02nAh. Blue indicates intercalation at the graphite-electrolyte-
interface and red delithiation. A green colored electrolyte-plated lithium-interface repre-
sents plating, while a pink colored one means stripping. For all the currents, the plated
lithium is stripped, whereas the graphite either intercalates or deintercalates lithium
depending on the applied current. The microstructure with a lithium sector S(91/0/0) is
shown. (based on [12])

note, that only the solid voxels sharing an interface with the electrolyte are visible. All other parts
(counter electrode, electrolyte, ...) are transparent. Areas of lithiation or delithiation (eq. (Inter-G)),
plating or stripping (eq. (P1/St)) are shown color coded. The plated sector is visible as pink region for
all currents, which indicates that lithium stripping is taking place. It is clearly visible, that for the
smallest current (fig. 5.15 a)), lithium only enters the electrolyte through the lithium stripping reaction,
while lithium is intercalated from the electrolyte into the graphite. For the second current (fig. 5.15 b))
a mixed state can be seen: At the separator-electrode-interface the graphite only deintercalates lithium,

while the other region still intercalates. For the highest current (fig. 5.15 ¢)) the graphite exhibits
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5. Results and discussion

delithiation nearly everywhere, except for a small portion close to the plated sector (shown in inset
in lower right corner). Noteworthy is also the small yellow region in the lower right corner of the 3D
structure. The yellow color indicates, that this surface is not electrochemical active. This is due to the

neighboring electrolyte pore being unconnected to the main electrolyte body.

Estimation of amount of plated lithium

Even though the estimation of the amount of plated lithium and with this the severity of this degradation
process can be done after things have gone wrong, it is nevertheless an important information. One
method of choice is the differential voltage, as described in [74]. Based on the potential drop in
the discharge cell potential the amount of plated lithium is estimated. The interpretation of the
potential drop duration as a marker for the amount of plated lithium is supported by neutron diffraction
measurements [81]. For the differential capacity the derivative of the cell potential with respect to the
transferred current () is calculated. The position of highest change is selected for the lithium amount
estimation. The 3D resolved simulations allow for a more detailed investigation of the potential and
limitations of the proposed method. The differential capacity for the simulations in fig. 5.14(a) at
the three different applied currents is plotted in fig. 5.16. The total amount of charge transferred

AVIBNVAN
Current 1
at Current 2 |
Current 3
0 0.05 0.1 0.15

Transferred charge / nAh

Figure 5.16.: The differential capacity calculated from the cell potential for sector S(91/0/0) for the
three different currents. The amount of plated lithium estimated using different methods
are highlighted with colored vertical lines.

by converting the plated lithium layer into lithium ions is marked as solid black line. The amounts
estimated using different methods are shown as dashed, dotted or colored solid lines. Applying the
differential voltage method on the simulation results yields then estimations shown as dashed lines.
The dotted line represents the amount obtained via "point 2" of the line fits (see eq. (5.2)). The solid
colored line represents the position, when the average thickness of the plated lithium in the system is
less than 0.48 nm. For any of the applied currents, the estimated amounts are not the same for the
different methods. A dependency on the applied current is clearly visible. Even though it could happen,

that for a certain current the estimated amount of a method is the same as the exact amount of lithium,
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5.4. Surface growth: Comparison coupled and decoupled system

one cannot experimentally prove if that is the case. Depending on the applied current the amount
of plated lithium can be overestimated or underestimated. So, with the differential capacity method
only a rough approximation of the plated lithium can be obtained. Table 5.1 lists the deviations of the

estimated amount of lithium from the real amount of lithium for the three different analysis methods.

Table 5.1.: Difference between correct amount of plated lithium and estimated. (reprinted with permis-
sion from [12])

Current Error of method in %
dvdQ Fits avg. thickness
(dashed) (dotted) (solid)
Current 1 36 26 19
Current 2 -2 -17 -27
Current 3 -41 -64 -73

5.4. Surface growth: Comparison coupled and decoupled system

The developed model for lithium plating and stripping can be included into the simulation framework
BEST two ways. As addition to the mass balance and charge conservation equation, thus resulting in
one large system. Or as additional system, which is solved after the classical system. In this section
the two approaches are investigated. The coupled and decoupled system are solved with the same
material and numerical parameters. The cell voltages of the constant current charge are plotted in

fig. 5.17(a). Both, coupled and decoupled, deviate visible from the classical case. The system with
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Figure 5.17.: (a)(main) The cell voltages of the coupled and decoupled system show a clear deviation
from the classical system. (inset) Close up of the cell voltage where the plating condition
(black line) was fulfilled for the classical system. The decoupled system (yellow) exhibits
a voltage jump around 200s. (b) Average thickness of plated lithium in the coupled and
decoupled system. (inset) The coupled system shows a smooth transition from unplated
to plated.

lithium plating changes from a anode dominated cell potential to a pure cathode cell potential. The

point in time, where this takes place differs between the coupled and decoupled system. The region
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5. Results and discussion

around the fulfillment of the plating condition in the classical system is shown as inset in fig. 5.17(a).
The decoupled system exhibits a strong overshoot at the point, where it switches from not plated to fully
plated. This feature is a first indication, that the decoupled system is exhibiting unphysical behavior
and thus not being a good choice for plating simulations. The average thickness of plated lithium (see
fig. 5.17(b)) starts to increase at the same time, when the cell potentials exhibit the deviation from the
classical case. The beginning of lithium deposition exhibits a different behavior for the coupled and
decoupled system. The average lithium thickness for the decoupled system shows a discrete change in
slope (see inset in fig. 5.17(b)). The lithium thickness of the coupled system features a slow increase
until a constant slope is reached. After the initial region both system exhibit the identical slope. The
slope is directly proportional to the applied current. The constant slope indicates, that all current
reaching the negative electrode is leading to growth of the plated lithium phase. The average thickness

amounts to nearly 0.8 pm after over 2700 s of plating.

A look at the average concentration inside the electrodes reveals unphysical behavior of the decoupled
system. The concentration of the anode and cathode (see fig. 5.18(a)) exhibit a jump at the position of

the cell potential overshoot. Nevertheless, the total amount of lithium in the system is conserved. The
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Figure 5.18.: (a) The average concentration in the solid electrodes. The decoupled system exhibits a
discrete change in anode and cathode concentration. (b) The distribution of the interface
current onto the direct intercalation and plating path.

concentration inside the anode for the coupled system changes from a monotonic increase to a constant
value. This represents the change from direct intercalation towards the plating reaction as main reaction
at the anode. The cathode concentration for the coupled system exhibits no visible deviation from the
constant slope and is incident with the classical case. These findings are interpreted such, that the
coupled system yields a physically consistent solution. The impact of numerical parameters on the
solution of the coupled and decoupled system was tested further. At first the impact of the relative
solution tolerance on the temporal location and the number of numerical iteration needed is studied.
This tolerance is used as the numerical convergence criteria (see section 3.2), . The cell voltage of the
two systems show no visible dependence on the relative solution tolerance. Only the lowest tested
solution tolerance results in small deviations for the coupled system. In fig. 5.19 the impact of the

relative solution tolerance on the cell voltage of the coupled and decoupled systems is visible. A zoom
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Figure 5.19.: The variation of the relative solution tolerance has no large impact on the cell voltage of
the (a) coupled and (b) decoupled system.

at the regions around the plating onset (see fig. 5.20) reveals some small deviations. Each successful
simulation time step is marked by a circle, thus allowing to see variations in the time steps. The
result of the decoupled case is unaffected by the tolerance variation (see fig. 5.20(b)). The coupled
case (see fig. 5.20(a)) exhibits a variation in the time steps and a slightly smaller voltage variation for

the smallest relative solution tolerance. Overall no strong impact of the solution tolerance on the cell
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Figure 5.20.: A zoom on the region around 200s of fig. 5.19: While the coupled system shows a small
variation for the smallest relative tolerance (a), no influence can be seen for the decoupled
system (b).

voltage could be found. Apart from the electrochemical results the amount of time the simulation needs
to complete one full simulation is used to judge the numerical performance of the coupled or decoupled
system. The runtime until the simulation reaches 2500s is plotted (see fig. 5.21) for the coupled and
decoupled system as a function of relative solution tolerance. The decoupled system exhibits a nearly
constant amount of time, while the coupled system shows an increase towards smaller tolerances. If
both systems would return the same result for electrochemical situation inside the battery system, one

would prefer the decoupled system.
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Figure 5.21.: The duration of the simulation to reach 2500 s in the simulation time frame.

The average thickness of plated lithium for the coupled and decoupled system in fig. 5.22 show the

same trends as seen in the cell potentials. The coupled system exhibits a slight variation for the lowest
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Figure 5.22.: The average thickness of the plated lithium for the (a) coupled and (b) decoupled system.

solution tolerance, while the curves retain similar shape.The jump in thickness for the decoupled case
corresponds to a complete switch from unplated to plated active surface. The concentration inside
the anode and cathode phases are nearly identical to the ones shown in fig. 5.18(a) and are therefore

omitted.

A relative solution tolerance of 107!* is selected as basis for the study how the maximum allowed
time step size At influences the simulation result. The maximum time step of the previously shown
simulations was set to 50s. The result of the variation study with At € [1,2,5,10,25,50] s is presented
in the following. The decrease of maximum time step has a immense impact on the cell voltage for the
decoupled system (see fig. 5.23(b)) and a minor shift for the coupled system (see fig. 5.23(a)). The
decrease in maximum time step leads to a shift of the plating feature for the coupled system by roughly
2 s, while preserving the shape and height of the feature. The situation of the decoupled system is
more complex. At first glance one will notice the decreasing sharpness of the discrete jump in the cell

potential. The cell potential around the plating feature still exhibits an erratic behavior. The change
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Figure 5.23.: The cell voltage for the (a) coupled and (b) decoupled system with different maximum
time steps.

from anode limited to cathode limited operation for the decoupled system moves closer to the time
region, where the coupled system exhibits this change. The average lithium concentration inside the
cathode (see fig. 5.24(a)) for the decoupled system reveals, that even for the maximum time step set to

1s unphysical behavior exists. The decrease in the maximum time step has an larger impact on the

decoupled system
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Figure 5.24.: (a) The average concentration in the cathode for the decoupled system. (b) The impact
of maximum time step on the simulation runtime with respect to the runtime at 50s step
size.

simulation runtime than the variation of the relative solution tolerance. A side effect of the decreased
step size is the increase of simulation runtime, as can be seen in fig. 5.24(b). There the increase in
runtime with respect to the runtime at 50 s as maximum step size is given for the coupled and decoupled
system. Both system exhibit similar behavior. The runtime of the coupled system increases slightly
less than the decoupled system. Due to the physically consistent results of the coupled system, it is

selected as basis for the further investigations of lithium plating.
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5. Results and discussion

5.4.1. Impact of the dissolution barrier constant

The influence of the dissolution barrier constant dy was investigated in this section. Its value was varied
between 10~ and 10~*. Varying the barrier constant allows to investigate, how the dissolution barrier
impacts the growth of a plated lithium film. The cell voltages for the variation of the dissolution barrier
constant dg are shown in fig. 5.25(a). The different curves overlap quite good for the majority of the
simulation. The only visible difference can be found around the time, when lithium deposition due to

the plating reaction begins until the majority of charge transfer is completed by the plating reaction. A
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Figure 5.25.: (a) The cell voltage of the test system exhibits more pronounced dip for smaller constants
dp. (b) The average coverage reveals, that for all constants the plating onset is at nearly
the same time. 20 % coverage is achieved simultaneous.

more pronounced local maximum appears for smaller constants. Although the different cell voltages are
nearly coincident shortly after the feature of plating onset, the average surface coverage (see fig. 5.25(b))
reveals, that it takes roughly 90s to achieve full coverage. In fig. 5.25(b) the fraction of the total surface
covered by plated lithium is displayed. The different values of the barrier constant are included as
horizontal black lines. All simulations reached an average coverage equal to the barrier constant at
the same time. Shortly afterwards the surface coverage starts to increase rapidly. The largest increase
of surface coverage is nearly identical for all tested values. The main difference between the different
barrier simulations is the total time needed from the unplated surface until complete coverage with the

largest constant (dyp = 107%) being the fastest.

In the following we try to identify, how the variation of barrier constant results in the variation of
the cell voltage feature as seen in the inset of fig. 5.25(a). Let assume, that a change of dominant
reaction took place, thus resulting in a different potential dependence and reaction rate. Before the
onset of plating, all charge transfer between the anode and the electrolyte is sustained by the direct
intercalation (see eq. (Inter-G)). After plating onset a superposition of direct intercalation and lithium
plating exists. The exact contributions of the two reactions towards the total current is shown in
fig. 5.26(a). The complete charge transfer is done by the plating reaction roughly around ¢ = 350s.
The largest deviations in the current fractions for the varied barrier constants occur after the plating

current corresponds to over 50% charge transport, with smaller barrier constant taking more time to
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Figure 5.26.: (a) The distribution of total current on the intercalation and plating reaction. The color
assignment is identical to fig. 5.25. The dashed curves represent the direct intercalation
(see eq. (Inter-G)) and solid lines the plating reaction (see eq. (P1/St)). (b) The time
derivative of (upper) the current fraction (see fig. 5.26(a)) and (lower) the cell voltage
(see fig. 5.25(a)).

achieve full plating. The inset in fig. 5.26(a) examines the time region of the plating feature in the
cell voltage. The zoom of the plating onset show, that the current fractions also vary slightly in that
region. A larger constant dj lead to a earlier plating onset. The overall variance spans roughly 2s and
is therefor quite small. The smallest constant dy results in the fastest change in the plating current after
the onset, as can be seen in the time derivative in the upper part of fig. 5.26(b). The time derivative of
the cell voltage is plotted in the lower part of fig. 5.26(b). The position of maximum change is marked
by six black lines, but only five are visible, since the lines of the two smallest constants overlap. A
current flux is given as external boundary condition. The cell voltage is the response to the applied
current and the internal electrochemical situation. The distribution of the current flux onto the two
different reaction paths depends on the electrochemical situation at the electrode-electrolyte-interface.
The different potential dependence of the intercalation and plating reaction result in different responses
in the cell voltage. A quicker change in current flux leads to an stronger signal in the cell voltage as

seen in fig. 5.25(a).

5.5. Lithium plating through overcharge

A well defined situation, where lithium plating will take place, is the lithiation of an already nearly
lithiated graphite. The open circuit potential of graphite should approach 0V with respect to lithium,
when the maximum acceptable lithium content at the surface region is reached. The initial state of
charge for the following half-cell simulation was set such, that the cell voltage is at 50mV. The cell
voltage of a constant current overcharge simulation (see fig. 5.27(a)) begins with an further decrease
of the cell voltage. At a certain point (roughly 34s) a change towards a constant cell voltage takes
place. The constant voltage is at a slightly higher value than before the change. The open circuit

potential of the anode would be around 22mV at ¢ = 40 s if no plating would occur. The feature in
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Figure 5.27.: (a) The cell voltage of the overcharge simulation exhibits a switch from decreasing voltage
towards a constant cell voltage. The time derivative of the cell voltage is shown in the
inset. (b) The mean thickness of plated lithium exhibits a increase with increasing slope
until the complete electrode surface is covered with plated lithium.

the cell voltage is a dip. The exact shape of the dip seems to depend on the prefactor constant dy as
shown in section 5.4.1. The start of the dip and the position where the cell voltage reaches a nearly
constant value are marked by black lines. The time derivative of the cell voltage is shown as inset
in fig. 5.27(a). As long as no plated lithium exists the cell voltage is monotonically decreasing. The
switch towards plating is present as variation from a decreasing to a increasing regime. beyond the
second black line the time derivative is close to zero and nearly constant. The time derivative of the
cell voltage dV/dt is proportional to the differential voltage dV/dQ due to the constant applied current.
The method of differential voltage analysis (DVA) is used to identify the degradation state of battery
electrodes. The differential voltage of a fullcell consists of the differential voltage of the anode and the
cathode. The presented simulations exhibit a unique feature in the dVdQ. The questions arises, if such
a feature could be seen in experimental data. A dip in the cell voltage is similar to the feature observed
by D. Guyomard and J. Tarascon [137]. They discharged a petroleum-coke electrode with a constant
current until the half-cell voltage reached —0.045V vs Lithium. Every cycle after the initial formation
cycle exhibits a dip in the cell voltage (see fig. 5.28). By using an in situ XRD the change in spacing
of the (002)-lattice plane of the petroleum-coke could be observed. The spacing stayed constant as
soon as the dip in the half-cell voltage was observed. Thus they identified this feature as the onset of
lithium plating. The average thickness of the plated lithium in the half-cell simulations (see fig. 5.27(b))
starts to increase as soon as the dip formed in the cell potential. The two black vertical lines are at
the same time as in fig. 5.27(a). The lithium starts to deposit on the surface when the dip starts to
form. The lithium thickness growth is linear after the active surface is completely covered. A plating
dip in the cell voltage and a stripping plateau in the subsequent delithiation of a carbon cell was also
found by Liu et al. [138]. But no indications in the dVdQ of a full-cell was found reported. A possible
explanation is, that usually no homogeneous and full plating coverage occurs in experiments. The

impact of inhomogenous lithium deposition is investigated in section 5.6.
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Figure 5.28.: The cell voltage vs Lithium for the constant current overcharge experiment done by Guy-
omard et al. . Reprinted with permission from [137]. Copyright 1992, The Electrochemical
Society.

The cell potential and the average lithium thickness indicate, that a change from direct intercalation
towards lithium plating as major reaction at the graphite surface is taking place. The direct intercalation
and the plating reaction both transfere a certain amount of current from the electrolyte into the graphite
electrode. The time evolution of those two, as shown in fig. 5.29(a), clarifies that the start of the

dip is the beginning of lithium plating and thus the increase of current transfered by plating. When
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Figure 5.29.: (a) The current flow through the electrode-electrolyte-interface divides into intercalation
or plating. (b) Spatial distribution of the interface current at ¢ = 34s. The spatial
distribution of the interface current is averaged with respect to the number of interfaces.

the plating reaction carries the majority of charge the cell voltage starts to level into the constant
regime, as marked with the right black line. The spatial distribution of the two currents along the
through-direction of the electrode (see fig. 5.29(b)) shows a split of the electrode into two regions. Close
to the separator the charge transfer is completed purely by the plating reaction. At the other side of the
electrode only intercalation is taking place. As a result of this spatial variation of the plating current
one can expect a thicker lithium film at the separator. There is also a region of roughly 10 pm, where

both reactions coexist. Figure 5.30(a) shows the plated lithium on the surface of the microstructure.
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The blue color close to the current collector indicates that no lithium is plated in this region. At the

—

avg. lithium thickness / nm &

NaZ
N
N
S]
—~
Nab?

avg. lithium thickness / nm T~

Figure 5.30.: The spatial distribution of the plated lithium after (a) 36s and (b) 60s. The color scale is
in nm.

later time of 50s (see fig. 5.30(b)) nearly the complete surface of the graphite is covered with lithium.
Only electrically unconnected particles, e.g. in the lower right corner, are left without plated lithium.
At both times do some particles at separator interface show slightly different plating amount. This is
similar to the observations of Harris et al. [78] through a optical microscope. The thickness of lithium

differs, since a much larger lithium amount is needed to be visible optically.

The rate constant Ng?/St of the plating reaction is a crucial parameter. Literature values are only
known for one electrolyte [125]. To understand how the rate constant impacts the findings, the rate
constant of the plating reaction N3?; was varied by one magnitude in both directions. In fig. 5.31(a)
the resulting cell voltage of these simulations is shown. For a faster plating reaction the transition from
direct intercalation towards lithium plating takes place at higher cell voltage. If the plating reaction is
slowed down, the thermodynamic condition for lithium deposition is undercut by over 20 mV before
the majority of the electrode is covered with plated lithium (see fig. 5.31(b)). It appears, that the exact
timing of the plating onset is highly dependent on the rate of the plating reaction. The observed dip
and the following plateau could possibly be used to validate the proposed lithium plating model. The
comparison of an experimentally overcharged negative electrode and the presented simulations should
allow for an estimation of the plating reaction rate. The overcharge simulations indicated, that a slower
plating reaction lets the negative electrode withstand a more negative potential difference before the
plating reaction actually takes place. Thus hindering this reaction through electrolyte additives could
help reducing the amount of plated lithium. An other result is, that an early plating onset does not
result in a fully plated electrode. As long as a fraction of the surface is not plated direct intercalation
can take place. This can be seen in the distribution of the interface current shown in fig. 5.32. While a
fast plating reaction favors an early start of lithium deposition, it also allows for an long coexistence of
plated and unplated regions. A slower plating reactions leads to a nearly instantaneous switch from
direct intercalation to fully plated electrode. Attributing the voltage dip to the switch of intercalation

dominated to plating dominated current is therefor not possible.
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Figure 5.31.: (a) The cell voltage for the variation of the plating reaction rate constant i%; ;. (b) The
plating condition at the anode-separator-interface for the variation of the rate constant
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Figure 5.32.: The current fraction divided onto the intercalation and plating reaction. A longer
coexistence of both reactions is apparent for a larger plating rate constant.

The spatial distribution of the SEI thickness along the through direction is not easily accessible to
measurements. Therefor no information about the distribution exists. It is well established, that a
fresh interface between lithium metal and the electrolyte results in a enhanced growth of the solid
electrolyte interphase. The strong growth of lithium metal at the separator-interface, as observed with
the presented plating model, should result in-homogeneous SEI growth and could allow for a better

understanding and prediction of loss of dissolved lithium.

5.6. Impact of local inhomogeneities on lithium plating
The postmortem analysis of heavily degraded lithium-ion cells showed that on electrode level a

inhomogeneous degradation behavior seems to exist [82, 79, 83]. If one assumes, that the active material

behaves electrochemical identical throughout the whole electrode, local variation of the structural
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5. Results and discussion

properties - such as porosity - of the electrodes or separator could be the source of inhomogeneous
lithium plating or SEI growth. The electrochemical simulation of lithium-ion batteries on microstructure
level with the framework BEST is only possible within a certain domain size. The number of possible
discretization volumes is limited by the memory size and a practicable simulation runtime. Hence, a
electrode with in the range of the observed degradation inhomogeneities can not be resolved. As an
approximation the microstructure is modified such, that one part can be given different electrochemical
parameters. Starting with a empty electrode the full lithiation is investigated. Different operation and
system conditions are varied. The modified microstructure, as shown in fig. 4.16, consists of a inner and
outer region. The impact of a local variation on cell performance and lithium plating is investigated by

the modification of different parameters of the inner region.

5.6.1. Electronic conductivity

The electronic conductivity of the solid electrode was varied at global and local level. For the
electrochemical parameters used in this work and the given size of the microstructure no impact on
the global cell voltage and local plating onset was found. A larger impact on the cell performance is

expected on cell level or very large cut-outs of microstructures.

5.6.2. Rate constant of direct intercalation

In this section, the rate constant of the direct intercalation was varied for the complete electrode and
only for the inner part of the modified electrode. The rate constant is multiplied by 0.1 and 10 with
respect to the literature value. The cell voltages for two different global reaction rates and the local
variation of the reaction rate during constant current lithiation with an high current can be seen in

fig. 5.33(a). In table 5.2 the cases shown in this and subsequent sections are listed. The cell voltage of
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Figure 5.33.: Lithiation with 9mA/cm? constant current at 298 K ambient temperature: (a) The cell
voltage for the variation of the intercalation rate constant. (b) Plating condition of the
rate variation.

the inhomogeneous rate constant (case BV-3) changes from the homogeneous case with the literature
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5.6. Impact of local inhomogeneities on lithium plating

value for the rate constant (case BV-1) towards the cell voltage of the lower rate constant (case BV-2).
This indicates, that a locally degraded electrode will result in earlier plating than a pristine one. This
can be seen in the plating condition for the three different cases in fig. 5.33(b). The plating condition is
reached at a earlier time for the locally decreased reaction rate than for the homogeneous case (see
fig. 5.33(b)). A globally decreased intercalation rate leads to a high plating risk already shortly after

start of lithiation.

Table 5.2.: List of the different rate variations used for inhomogeneous simulations.

Case Varied parameter value variation location

intercalation rate variation

BV-1 NPC 1.0 x Nl()ftenlit global

BV-2 NP, 0.1 x Nf)lftenlit global

BV-3 Nf’noter 0.1 x NIOr?ter,lit inner part
plating rate variation

PL-1 ng?/St 0.1 x ng?/St rof inner part

PL-2 Nl(:)’?/St 1.0 x Ng?/St ot global

PL-3 ng?/St 10 x Ng?/s,C vof inner part

When the rate constant of the intercalation rate is smaller in the inner part than the outer part, a

inhomogeneous distribution of the state of charge after 200nAh charge transferred occurs. The inner

Figure 5.34.: The state of charge (SoC) of anode at 200nAh for the cases (a) BV-1, (b) BV-2 and (c)
BV-3 (see table 5.2). The binder and unconnected particles appear blue.

region of the electrode is less utilized for intercalation and thus resulting in an earlier plating onset.
The active material is representing graphite, which exhibits a volumetric change during lithiation with
lithium. The concentration gradient between different regions of the electrode will result in increased
structural stress in the boundary between these regions. This can decrease the contact between electrode

particles and as a result decrease the electronic connection or even lead to loss of active material.

The simulation of the cases BV-1 and BV-3 are repeated with the plating model enabled. The cell
voltage is shown in combination with the previous simulations in fig. 5.35(a). The case of inhomogeneous
rate constant (BV-3) exhibits, as expected from the plating condition in fig. 5.33(b), an earlier plating
onset. The cell voltage for BV-1 and BV-3 are shifted along the x-axis so they overlap at a potential
of —110mV (see fig. 5.35(b)). Little to no deviation can be seen between the plated curves. This
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Figure 5.35.: (a) Comparison of the cell voltage for case BV-1 and BV-3 with plating enabled. (b) The
cell voltages are shifted along the x-axis to allow for a comparison of the general shape.

indicates, that the spatial distribution of the plating is not strongly impacted. The average thickness of
the plated lithium can be found in fig. 5.36(a).The earlier onset of plating for case BV-3 is apparent.

The average thickness is split shown separately for the inner and outer part of the electrode. The
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Figure 5.36.: (a) The average thickness of plated lithium split into outer and inner region. (b) The
average thickness with shifted x-axis (same values as in fig. 5.35(b)).

locally decreased reaction rate (case BV-3) results in a slightly thicker lithium deposition in the inner
part. For better comparison the average thickness is shifted (see fig. 5.36(b) ) with the same factor as
used in fig. 5.35(b). The shifted average thickness of the outer part phases show no difference. Only
the modified phase shows a stronger increase in plated lithium than the majority. Thus, it can be said,

that a local decrease of the intercalation rate constant N0

Inter l€ads to a increase of plated lithium in

that region.

Even so the plating simulations describe only reversible degradation, some insight can be extracted.
The solid-electrolyte-interphase is known to impact the intercalation reaction. It is quite common to

include the impact of an existing SEI-layer on the intercalation reaction by the addition of an resistance
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5.6. Impact of local inhomogeneities on lithium plating

term to the overpotential of the intercalation [4]:

T]isn%;r = YEI — ¢SO - UO,SO - iinter . RSEI (54)
UiS]rEér = Tinter — linter ° Rsrr
This modified overpotential is then used in the calculation of the exchange current, usually a Butler-

Volmer like expression:

Fpw SEI Fpw SEI
iy’ = do - [exp (2’7“1;;} ) —exp <—2”“}§; )} (5.5)

This approach was used by [4] to investigate the impact of lithium plating on cell performance and
by [139] to predict SEI growth. The resistance term 4inter - Rsgr leads to a higher overpotential nipger
compared to a reaction without SEI. In the previous simulations the impact of a local variation of the
intercalation rate constant was investigated. It can be seen, that a decrease in the rate constant results
in a locally earlier plating onset. A short approximation is done under the assumptions of intercalation
through SEI and an overpotential as in eq. (5.4). For intercalation the exchange current iy, is smaller
than zero with an overpotential below zero. The SEI-resistance term in eq. (5.5) can be extracted to

the rate constant as follows.

Fn¥ SEI FnW SEL
it =g - {exp (2771?;% ) — exp (—;ﬁgj )} (5.6)
. . Fny ot F inter F .
=i oo () o (-5 ) o (- gt o
; w SEI ;
-w SEI 20 Fninter F- ZinterRSEI Fninter
Yinter = Fiinter R . |:eXp ( ) + €Xp <_ —€eXp | — (58)
exp (—Fligetist ) 2-RT 2-RT 2-RT

We can neglect the positive exponential function under the assumption, that |iinter - Rsgr| < |Minter| and
w SEI

inter

w SEI iO Fnintcr
sel ' Nexeo (— 5.9
inter exp (_%) |: P < 2RT):| ( )

since the overpotential 7 is below zero:

This approximation is similar in shape as the Tafel approximation of a Butler-Volmer without SEI-

resistance [33]:

.w/o SEI . Fnint r
Zinécr ~ —o - |:eXp <_ 2. R;" ):l (510)

For a given intercalation current 4inte; the additional term exp (%) can be seen as reduction of
the rate constant ig. The local variation of the rate constant in this section could therefor be interpreted
as a local variation of SEI thickness. Through the SEI resistance this induces a local variation of the
overpotential. The simulations with different local rate constants show clearly, that a local variation
of the SEI leads to a locally different degradation behavior. E.g a thicker SEI leads to a smaller rate
constant. The extension of the presented plating model to include SEI growth should hopefully be able

to investigate this feedback in more detail.
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5. Results and discussion
5.6.3. Rate constant of lithium plating

The rate constant of the plating reaction iOP? /st is also locally varied. The different variation cases are
listed in table 5.2. The variation of the plating rate constant only becomes apparent in the cell voltage

(see fig. 5.37(a)) after onset of plating. Increasing the rate constant for the inner region leads to a
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Figure 5.37.: (a) The local variation of the rate constant of the plating reaction has a large impact on
the overall cell voltage. (b) A locally higher or lower plating rate constant can result in
a locally thick plated lithium layer or even in a nearly unplated surface. The inner and
outer value of the homogeneous plating rate and the outer value of the locally decreased
plating rate overlap.

larger cell voltage. The slope of the cell voltage changes and the dominant switch towards constant
value vanishes. The local decrease of the rate constant does not result in a large deviation from the
homogeneous case. Both variations cause a significant variance in the thickness of plated lithium for
the inner as well as the outer region (see fig. 5.37(b)). The inner sector exhibits a three times thicker
average lithium film than the homogeneous case. The outer region shows a halved thickness.Decreasing
the rate constant of the inner part results in a nearly unplated electrode, without an visible impact on
the outer region. It is apparent, that a local variation in reaction rate for intercalation or plating has

an large impact on degradation.

In fig. 5.38 the average thickness of plated lithium in through direction for the three plating rate
variations around 400 nAh are shown. The lithium thickness is largest at the separator interface for all
cases. The lithium plating remains very small in the region of the locally decreased plating constant,
while the outer part of the microstructure still behaves like the homogeneous case. The increase of the
plating rate constant int he inner part result in a four times thicker lithium film at the separator film.
At the same time, the electrode surface close to the current collector is largely free of plated lithium.
The average thickness for the locally increased plating rate is nearly 0.5 pm thick and therefore in the
order of the discretization volume. The simulation can hence only be seen as approximations. A lithium
growth in this magnitude would lead to pore blockage. The change of the plating rate for a fraction of
the total electrode surface also influences the outer part of the electrode. The active surface of the
inner region represents 16.7 % of the total surface area (see table 4.15). These results clearly show,

that local variations can heavily impact the overall cell performance and indicate the importance of
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Figure 5.38.: The spatial distribution of the average thickness of plated lithium at roughly 400 nAh charge
transfered. The variation of the local plating constant leads to a clear inhomogeneous
plating distribution.

electrochemical transport models, which spatially resolve the microstructure. The spatial distribution
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Figure 5.39.: The spatial distribution of plated lithium for the three variations are shown here. The
rate constant of the inner part is (a) smaller (PL-1), (b) equal (PL-2) or (c¢) larger than
the bulk value (PL-3).

of the average lithium thickness around 400 nAh is plotted in fig. 5.39. The color scale is identical for
all three plots. The locally varied rate constant of the plating reaction increases from (a) over (b) to
(c). A smaller reaction rate results in a thinner lithium film in the inner part (see fig. 5.39(a)). For
the case of identical rate constant in the inner and outer region (see fig. 5.39(b)) a homogeneous film
distribution is visible. The comparison to the locally decreased value shows, that the outer region
behaves nearly identical for both cases. This can also be seen in fig. 5.38. The increase of the rate
constant in the inner region (see fig. 5.39(c)) results in a four times thicker lithium film as compared to
the homogeneous case. The largest film thickness can be found at the parts of the inner particles close
to the separator (dark red in fig. 5.39(c)).

The spatial distribution of the current through the electrolyte-solid-interface attributed to the intercala-
tion reaction in fig. 5.40 shows clearly, that the locally increased rate constant of the plating reaction

impacts the surrounding electrode. The local decrease of the plating rate constant can be seen analogous

97



5. Results and discussion
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Figure 5.40.: The fraction of the current through the electrolyte-solid-interface attributed to intercalation
seen from the current-collector side. The rate constant of the inner part is (a) smaller
(PL-1), (b) equal (P1-2) or (c) larger than the outer value (P1-3). The unconnected particle
is visible in red at the lower left in all images.

to the discussion for the reduction of the intercalation rate constant: A decreased local rate constant
corresponds to an increase in local SEI thickness. The local decrease of the rate constant of the plating
reaction, on the other hand, resulted in a lower local lithium deposition. A locally thicker SEI will
hamper the deposition of lithium. Thus protecting the anode from plating. A cracking of SEI or other
processes resulting in a fresh surface between graphite and electrolyte will locally favor lithium plating.
This highlights the complexity of the interplay of the SEI and the plating reaction. The extension of the
plating model to include the growth of SEI, as mentioned earlier, together with the parameterization
of the system on experimental data are sensible next steps (see chapter 6). A local variation of the
plating reaction rate and the intercalation reaction rate and explicit simulations were omitted in this
work. The results of the previous variation simulations indicate, that a locally enhanced or hindered
plating will occure depending on the relation between the rate constants of the plating and intercalation
reaction. A cooperation with experimentalists to parameterize the model system on a defined battery

system with known components is planned [140].

5.7. Plating and stripping during operation

So far only the plating process was investigated with the surface model. In this section the impact of
a local variation of the plating reaction rate during a constant current lithiation and delithiation is
simulated. The switch from lithation to delithiation occurs at t = 730s. The simulation consists of four
regions: Intercalation, plating, stripping and deintercalation. The reaction rate Ng(l)/St,inner is varied
according to table 5.2. The cell voltages are shown in fig. 5.41(a). The insets show magnifications
of the plating and stripping regions. The plating inset shows the same information as fig. 5.37(a).
The cases PL-1 and PL-2 exhibit no large differences for the whole lithiation-delithiation cycle. The
simulation for the PL-3 variation (local rate increase) ends early due to walltime limitations. The
locally increased rate results in a very inhomogeneous plating distribution. This leads to smaller time

steps and thus to a longer calculation duration. The decrease of runtime is a numerical challenge to

be tackled. A possible approach is a domain decomposition. Selected parts of the system would be
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Figure 5.41.: (a) The cell voltages for the constant current charge and discharge with variation of inner
plating rate. The insets show the plating and stripping region. (b) The stripping plateau
of the locally increased reaction rate NPO,?/St seems to exhibit a more sloped behavior.

solved on a shorter timescale than others. Other runtime optimization options exist and need to be
implemented. But the vast changes in the simulation framework needed were beyond the frame of this
thesis. Nevertheless, the plating simulations with locally increased reaction rate allow for first insights.
Figure 5.41(b) shows the cell voltage during the striping plateau. The cases ng?/St = and ng?/St J
exhibit very similar shapes. The difference is a small shift along the x-axis. Part of the shift of the
plateau is caused by small variations in the time steps. The case nglo/St 1 shows a slope right from the
start of stripping. This is in contrast to the constant voltage part of the other two cases. A sloped
stripping plateau is also observed in experiments [141]. This could indicate, that lithium deposition is
usually very inhomogeneous and localized. The combination of dedicated experiments, microstructure

data of the used electrode and plating simulations could allow for a better understanding.

The surface coverage is shown for the outer and inner region in fig. 5.42(a). A complete coverage of

outer region outer

(al —_— —%nner region (bé 150 — — —inner
XX 100 F inner N}’,?/St { = loc. decr,
- : 00 _ ~ ‘ ’
B inner Np, 5t = . equal
Z wl inner Ng?/sr 1 g loc. inc.
£ ‘5 100
: =
“‘q‘)‘ 60 -~

o
Q
& 2
= 40t 2 50}
7 =4
o 2
% 2 } ﬁ /
o .
2 o0
o 0 | % 0 = —_ — =
750 650 700 750 800
time /s time / s

Figure 5.42.: (a) The amount of surface covered by plated lithium for the inner and outer region. (b)
The average thickness of plated lithium in the inner and outer region.

the surface with lithium exists only for the homogeneous rate constant. Roughly 50 % of the inner
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region is covered by lithium for a decreased rate constant Ng?/St J. While the outer region exhibits a
similar behavior as the homogeneous case Np)g, =. The increase of the reaction rate Np}g, T results
in less surface area covered. In combination with the average lithium thickness in the two regions (see
fig. 5.42(b)) it becomes clear, that the local increase leads to a thicker lithium film on less covered
surface. The locally decreased case Ng?/St J exhibits a surface coverage on the inner region with a film

thickness close to monolayer thickness.

Figure 5.43(a) contains the amount of plated lithium expressed as corresponding charge per area of

current collector. The charge transferred during the existence of the stripping plateau of cases N& ;. |
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Figure 5.43.: (a) The amount of plated lithium expressed as corresponding charge per area of current
collector. (b) The contributions of intercalation and plating/stripping to the total current
flux through the battery. A negative fraction during delithiation corresponds to a net
lithiation.

and Ng%ilm' = is indicated through a horizontal line. The amount of plated lithium for the three
cases was calculated using the spatial output of the framework BEST. This output is saved only for
a fraction of the successful time steps, since the size of one snapshot is in the order of GB. For the
homogeneous case the coverage of the surface with plated lithium is already complete at the last output
step (see fig. 5.42(a)). For the constant applied current a linear growth of thickness is expected. It can
therefore be assumed, that the real thickness of the plated lithium film is quite higher than the amount
estimated by the stripping plateau. The distribution of the current flux onto the two relevant reactions
is shown in fig. 5.43(b). A negative current fraction during delithiation indicates, that lithiation is
taking place. A net intercalation during stripping occurs for all simulations. The locally increased
plating rate leads to a net intercalation during the whole stripping phase. A circle current of nearly
50 % of the applied current is occurring during the delithiation for the locally increased plating constant.
This current is flowing between different parts of the porous anode without contributing to the current
flow from negative to positive electrode. A closed loop of current flux generates a magnetic dipole. A
change in magnetic field can be detected using a magnetic field sensor (e.g. hall-sensor). The author is
not aware of any literature regarding the detection of time dependent magnetic fields during battery

operation. The distribution of the current fluxes is quite complex. It is therefor suspected, that the
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overall magnetic field is counterbalanced. Closed loops of current flux inside a lithium-ion battery can

also occur during the relaxation of a blend electrode.

Part of the 3D distribution of the lithium concentration inside the electrolyte is shown fig. 5.44 during

lithium plating close to the current switch towards delithation. The electrolyte domain is split along the

Figure 5.44.: The spatial distribution of the lithium concentration in the electrolyte is split along
1.21mol/l. The rate constant of the inner part is (a) smaller (PL-1), (b) equal (Pl-2) or
(c) larger than the outer value (P1-3).

concentration of 1.21 mol/1. The homogeneous case exhibits a quite even front (see fig. 5.46(b)). The
local increase of reaction rate Ng?/St in the inner part leads to an increased lithium consumption. Thus
lowering the concentration in the electrolyte around the inner region. This pushes the equiconcentration
plane of 1.21 mol/l towards the counter electrode, which is visible as dome in fig. 5.44(c). The inverse
occurs for the local rate decrease NS?/St J. The equiconcentration plane is pulled into the porous phase
and therefor less visible in fig. 5.44(a). The cases of inhomogeneous reaction rate both exhibit a slightly

larger spread in lithium concentration in the electrolyte than the homogeneous case.

The spatial distribution of the lithium concentration in the electrolyte during the stripping of the plated
lithium is shown in fig. 5.45. The locally decreased plating rate Ng?/St 1 (see fig. 5.45(a)) results in an
less active region for the inner part. The lithium concentration is hence lower in the inner region than

for the homogeneous case (see fig. 5.45(b)). The case NS?/St 1 (see fig. 5.45(c)) exhibits a local maxima
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Figure 5.45.: The spatial distribution of the lithium concentration in the electrolyte during delithiation
and stripping. The rate constant of the inner part is (a) smaller (PL-1), (b) equal (P1-2)
or (c) larger than the outer value (P1-3).

in the concentration close to the largest amount of plated lithium. This effect was already seen with
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the volume model (see fig. 5.13). The current flux during stripping can form closed loops, as indicated
by the net intercalation in fig. 5.43(b). The impact of the net intercalation on the lithium concentration
in the electrolyte can be seen in the lower left part of fig. 5.45(c). There is a local minimum in the
concentration, which is in contrast to the local maximum for the other two cases (see fig. 5.45(a) and

fig. 5.45(b)).

The localized change in reaction constant is also visible in the current flux through the cell (see fig. 5.46).

The integral curves (streamlines) of the current density are plotted as two-colored lines for a matrix
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Figure 5.46.: Integral curves (streamlines) of the current density field inside the battery at the last
saved step before switch to delithiation. The rate constant of the inner part is (a) smaller
(PL-1), (b) equal (P1-2) or (c) larger than the outer value (P1-3).

of 10 x 10 starting points opposite the inner region. The blue parts of the streamlines indicate, that
the current flows through a solid phase (active material or current collector). The red parts indicate
electrolyte. The homogeneous case (see fig. 5.46(b)) exhibit parallel streamlines from the counter
electrode towards the porous graphite. The transition of the current flux from electrolyte phase into the
solid phase occurs at various depths in the graphite electrode. The local increase of the reaction rate
(see fig. 5.46(c)) shows a strong focus of the streamlines towards the inner region. The transition from
electrolyte into solid is strongly localized to the region at the separator. The decrease of rate constant
Ng?/St J leads to avoidance of the inner region. The streamlines in the center are redirected towards
the outer region. The streamlines were obtained using the integral curve operator of the visualization

tool VisIt [142].

The homogeneity of the reaction constant of the plating reaction ng?/St has a huge impact on the
spatial distribution of lithium plating. A local variation of the plating rate constant influences the
electrochemical simulation in the complete electrode. The high local thickness of plated lithium can
increase the loss of active lithium due to the growth of SEI at the lithium-electrolyte-interface. The
local variation of the plating rate has a strong impact on the plating onset feature in the cell voltage.

Thorough analysis of experimental measurements could maybe result in the detection of this feature.
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This dissertation introduced a new model, which describes lithium plating in lithium-ion batteries.
The model allows a competition between intercalation and lithium deposition. This is in contrast to
other known models. The plated lithium is included into a thermodynamically consistent transport
theory as an additional surface equation. It was implemented into the simulation framework BEST.
This allowed plating and stripping simulations within spatially resolved microstructures. Other known
models, such as the model of Arora [4], work on the basis of a volume averaged microstructure. The

impact of spatially varying properties on the plating behavior was investigated.

The electrochemical situation, which enables lithium plating, is called plating condition. The time
dependent behavior during charging a full-cell is investigated. The part of the negative electrode close
to the separator is the region, where lithium plating will first occur. The onset of condition, which
favors lithium plating, depends on the applied current and the temperature inside the battery. The
region of possible plating increases from the separator into the electrode as a front. It was shown, that
for higher currents a larger spread of the plating condition occurs. This means, that small regions
experience a higher risk of plating than the majority of the electrode. A lower temperature leads to the

similar spread.

The impact of an existing lithium deposition on the local electrochemical situation and cell behavior
was investigated through a simple model. The simple model includes a dedicated lithium phase. The
phase was distributed throughout an anode microstructure. The plated lithium was stripped in a
half-cell setup. While plated lithium is dissolved, the known stripping plateau can be observed in
the cell voltage. The electrode can exhibit a net intercalation during the presence of plated lithium,
even so the applied current enforces a delithiation. For a given distribution of plated lithium, the net
current can be lithiation or delithiation depending on the value of the applied current. This observation
has consequences on the accuracy of the differential voltammetry (DV). The method is often used to
estimate the amount of plated lithium by determining the length of the stripping plateau. The presence
of a net lithiation or delithiation, depending on the applied current, can result in an underestimation or

overestimation of the amount of plated lithium.

The developed plating model allowed the simulation of lithium deposition during lithiation and the
stripping during delithiation of a graphite electrode. The complete coverage of an electrode by a plated
lithium film results in a constant anode voltage. Simulations in half-cell setup showed a deviation
from the open-circuit dominated cell voltage at the onset of plating. The change in the cell voltage is
relatively small and is therefore probably not noted in the experimental cell voltage. The influence

of localized variations of reaction rates on the lithium deposition behavior were investigated. If the
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6. Summary and outlook

intercalation reaction is hampered, the deposition of lithium plating throughout the electrode occurs
sooner than for a homogeneous intercalation reaction. The rate constant of the plating reaction N& ; =
exhibits a stronger impact on the distribution of the plated lithium. A variation can result in a very
inhomogeneous and strongly localized lithium film. This inhomogeneous film suppresses the constant
anode voltage, since no complete surface coverage occurs. A closer investigation, where the onset of
plating could be seen in an experimental full cell is suggested. The subsequent stripping of plated lithium
was also investigated. The well known stripping plateau can be seen, regardless of the homogeneity of
the plated lithium film. The inhomogeneous film results in a larger slope in the cell voltage during
lithium stripping. A sloped stripping plateau is also observed experimentally. Thus it is suspected,
that the experimental observations indicate a inhomogeneous lithium deposition. The local variations
of the reaction rates can be translated into the influence of a SEI. A local thickness variation of the
SEI can strongly influence the deposition of plated lithium. The combination of the SEI model and the
plating model could help to investigate the SEI growth due to lithium plating.

The 3D spatially resolved simulations need structural data to construct the microstructure of electrodes.
The availability of realistic or real microstructure data is limited due to the high acquisition costs.
Virtual microstructures can also be generated using a computer through stochastic structure models.
The electrochemical similarity of real microstructures and virtual microstructures, which were created
through a stochastic model, was shown. This loosens the 3D spatially resolved simulations from the
dependence on tomography data. The electrochemical validated model could be used to create new
microstructures with defined geometrical parameters, such as porosity and tortuosity. The optimization
of an electrode structure regarding suppression of lithium plating is now possible in combination with

the developed plating model.

The presented model has several possible points for extension. The temperature of a lithium-ion cell
varies during operation. Some experiments indicate, that the onset of lithium plating can result in
a visible change of the local cell temperature [143]. Latz et al. [7] were able to show, that a large
part of the heat production results from the irreversible Joule heat. The source of Joule heat is an
electric current passing a resistance, such as the interface between solid and electrolyte. A change
of the dominant reaction pathway, as shown in this work, should induce a specific feature in the
heat production. Extending the plating model to include thermal feedback would allow for dedicated
simulations with reference to these experimental observations. The thoroughly parameterization of this

transport model [7] as done by Cabanero et al. [140] is an excellent basis for these studies.

The plating model includes only reversible degradation processes. The growth of a solid-electrolyte-
interphase is one of the most important irreversible loss mechanisms. The model of Single et al.
[144] describes the morphology evolution of a SEI on a nanoporous scale. Since the resolution of the
microscopic structure model is larger than the one used in the SEI-model, the reduced growth equation
(see eq. (10) in [144]) could be incorporated into the microscopic transport model and lithium plating
framework. The reduced growth equation depends on the current thickness of the SEI dgg; and the

potential difference between the SEI and the electrolyte A®gc.
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The electrochemical impedance spectroscopy (EIS) is a common technique for health and degradation
estimation of lithium-ion batteries. The electrochemical simulation of an impedance requires the
modeling of the electrochemical doublelayer [145, 146, 147]. The combination of the presented plating
model and a double layer theory would allow for the investigation of impedance spectra of degraded
batteries [75]. Possible candidates are the often used model as presented by Ong et al. [145] and the
thermodynamically consistent model by Liick et al. [35].

The new plating model introduced additional electrochemical parameters, which need to be determined.
The rate constant of the plating reaction Np)q; and of the chemical intercalation NEj 1, are crucial
for a good predictive power of the plating model. Two basic approaches can be used to estimate their

values: Either first principle and molecular dynamics calculations, or specific experiments.

The nudged elastic band method, kinetic Monte Carlo simulations or Density Functional Theory are
candidates to identify the rate constants and the anodic transfer numbers. These methods are already
used in the literature to investigate similar electrochemical questions. The nudged elastic band method
is applied to the lithium diffusion inside the SEI [148]. First principle calculations are used to calculate
the nucleation of lithium on a graphene sheet [149]. Temel et al. [150] employ kinetic Monte Carlo
simulations to calculate parameters of catalytic CO oxidation at solid interfaces. The review by Franco

[151] lists different techniques and approaches.

The small dip and the constant cell voltage after the start of lithium plating is a feature, which is

also reported experimentally [137, 143]. The level of the constant cell voltage depends on the covered

surface, plated by lithium, and the homogeneity of deposition, as was shown in this work. Parametrizing

the electrochemical model using experiments without lithium plating would allow the determination

of the plating rate constant ng?/St with specific plating experiments. Measuring the constant voltage

level during plating and stripping for different applied currents can help to estimate the anodic transfer
P1/St

number o similar to [152]. The chemical intercalation requires a more complex experiment. One

proposed possibility is shown in fig. 6.1. The lithium-graphite cell is held at zero current while the

Voltmeter Ugraphite

current collector
behind graphite

Li éiep rlate

f f
Q 1 1 t
E q;} 1 1
o 4 . . —~ i !
2 Li™ [ lithium | = ] IR
= e source 2 i
E § % =+ : : Uﬁnal
Q g 1 1
bm 1 1
| thickness dg t

Figure 6.1.: Proposed experiment to obtain more information about the rate constant. (left) the
experimental setup consisting of the electrochemical cell and the lithium source is shown.
(right) The expected response function Ugraphite (t) after a pulsed lithium deposition contains
information about the lithium diffusion coefficient inside the graphite and the chemical
intercalation rate.
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6. Summary and outlook

potential difference between the graphite and the lithium Upgpaphite is observed. Lithium is brought
from the right side on the surface of the graphite. Depending on the chemical intercalation rate, the
incoming lithium accumulates on the surface or is immediately intercalated. The concentration gradient
in the graphite results in a diffusion of lithium to the electrolyte interface and hence in a change
of the measured cell voltage Ugrapnite- The lithium is deposited only for a certain time and the cell
voltage is measured as a function of time. A lithium source could be chemical vapor deposition (CVD).
CVD was suggested to be used to create active materials, current collectors, separators or a protective
coating for active materials [153]. It is not clear if CVD can be used in combination with a operating

electrochemical cell.

The implementation of the transport model and the surface plating model should be optimized to
reduce the simulation runtime, the required amount of memory, and increase the numerical stability.
The most promising step to reduce runtime is the change from calculate-everytime-when-needed to
calculate-once-and-remember. The current implementation calculates the conservation equations for
each discretization volume separately. For each volume the lithium and current fluxes, and their
derivatives are calculated. Every discretization volume shares interfaces with other volumes. Therefore
each flux calculation between two neighboring volumes is calculated twice. The suggested step would

calculate the fluxes once and keep them stored in the memory. Thus reducing the calculations needed.
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A. Numerical

The discretization using finite volumes and the approach for the numerical solution of the presented

transport model ist explained with a bit more details.

A.1l. Discretization

In the following the steps involved in the discretization are shown for a simple spatial domain where
only a mass balance equation in the shape of eq. (2.5) needs to be solved. The mass balance of the

concentration ¢ was defined in eq. (3.12):

0c
0=——-VN Al
51 (A.1)
Let the 1D domain consist of two different subdomains §2; and €9, with e, € 2, and ej,e; € 5. The
main domain is discretized by cell centered finite volumes: The spatial domain €2 is divided into a
polygonal mesh (2 = X ,¢;) with each cell e; being a polyhedron. In fig. A.1 the discretization of a

simple 1D domain is shown. The different terms used to describe the discretization process are shown

explanatory in this figure. The discretization cell e; is described by the center z;, the thickness in

Subdomain 4 . Subdomain 9
Domain €2 ﬂ €; @
fij

Figure A.1.: Cell centered finite volumes for a simple 1D domain € (red). The cell e; (grey) is specified by
the center x;, the outer surface de; and the volume |e;|. The interface between neighboring
cells (e.g. e; and e;) is denoted by f;; with the surface normal n,;.

one direction d;, the outer surface de; and the volume |e;|. The interface area between cell e; and a

neighboring cell e; is named f;; and has a surface normal n;;, which points from i into j.

The mass balance equation (eq. (3.12)) is integrated over the volume of a cell e; and the time ¢:

bnt1 dc
0= / / { + VN] dx dt (A.2)
6 e LOT

107
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Using the divergence theorem and expanding the integrals one obtains

t"+1
0 :/ c(x,tyyr)de 7/ c(x,tn)der/ N -np dA dt (A.3)
e €; t Sei

With the definition of the lithium flux, this leads to
tni1
0 2/ e(x, tyt)de —/ c(x, ty)dx —/ DVc-na dA dt (A.4)
e; e; tn de;

The cell e; can share interfaces with cells of different domains, which need a different treatment:
Ode; = Zheﬂl fin + Zj692 fij. Therefore the last integral is split into a part for the interfaces with the

same domain:

same domain
tnt1
0 z/ e(x, tpt1)de —/ c(x, ty)dx —/ / DVc¢-na dA dt
€; €; tn fij,J€Q2

tnt1
Jr/ / N -np dA dt
tn ih,h€Q1

different domains

(A.5)

In the framework BEST a backward Euler method is employed to approximate the time integrals:

0=le| - (C(z) = c(z,tn)) = (tns1 — tn) / DVC -ny dA
fij,J€Q2 (AG)
+(tn+17tn)'/ N -na dA
fin,he

where C' denotes the concentration for the time ¢,,11. If the neighboring cell e; is in the same domain

as e; the surface integral can be approximated by:

(A7)

1) — it
Dvc.nij dA =~ f’L] ~Di+,~w
: Tj — T

fij

The subscript % indicates the weighted harmonic average of the quantity at the interface between cell

i and j. In the case of a diffusion coefficient this would be:

Dews = di/2+d;/2
2T T2 d; /2
D(z;) ' D(z;)

I A8

di-i-dj ( )

d; d;

D(z) T D(y)

with D(x;) the value of the diffusion coeflicient at the center of cell i.

At the interface between two different domains one usually has a discontinuity of the primitive variable
(under the assumption, that selection of domains is physically motivated). The interaction between

these different domains is described using interface conditions. For the example system this interface
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A.1. Discretization

condition can be written as
NQ1 'n:Nﬂz'n:N(cQ1vcﬂz) (Ag)

where the scalar function N defines the exact interaction between the two domains. Hence the surface

integral can be replaced by:

N -nin dA = fin - N (cn, c;) (A.10)
fin
The complete expression is hence:
same D. dif. D.
Clx;) — T, t clx;,t
0= |ei|% Z fzj DZH(J%_% Z fzh Chaci) (A-11>
JEQ heQ

The application of the previously shown steps to the full battery system results in the following more

general discretization of the governing equations egs. (2.4) to (2.7):

0= les] CEI(I'Z CEl Z;) Z £ <KA Cri(z ) Cri(z;) +KE gy (w;) — @El(xi)>

- T — 7
jeEl i J g

+ Z fin - N (Ch, Ci, @, ©;)

heSo

0 — |€z‘ CSO(CCz) CSo(Zﬁz Z fz] <KSO Cso(xj) CSo(l'z)>

jE€So Tg = Ti
+ > fin - N(Cn, Ci, ®p, D)) (A.12)
heEBl
i P (2;) — P (s
-3 gy (gl =Caln | g Bl = Taln))
— X Tj — X4
JEEL
+ Y fin- T (Ch,Ci, @p, ;)
heSo
g (x gy (x;
Z fz] (KSO So( ]) So( ) + Z fih.j(ch’ci’q)h’q)i)
Tj—x;
jESo J heEl
with the factors in the electrolyte
t i+j'(17t 'H»j) o
+, +, HEL
KEI Dz+] 1E+l1 ' : F2 : ( CEI )H_] (A13>
2
b, it
Kpy = rtd, - = (A.14)
= F
K = wt (A.15)
2
(1 - t+ m) o
KD = 2 El) A.16
El F ( CEI itj ( )
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and in the solid

K& = D% (A.17)
Kg, =o% (A.18)
2

A.2. Numerical solution of nonlinear equation system

A.2.1. Linearization

The discretized system in eq. (A.12) is a system of algebraic equations with included nonlinearities in

the form

0 = FuMBE,EI (A.19)
0 = FmBE,so (A.20)
0= Gcep,ml (A.21)
0= Gcc,gl (A.22)

The system is influenced by the strong nonlinear nature of the system and hence a linearization is
applied to the system. The system F' is extended using the first order of the Taylor series around point

ro:

F(x) ~ F(x) + J(x0) - (x — x0) (A.23)

with J(zo) being the Jacobian matrix of the system F (x) = (f1,..., fn) with the unknowns x =

(21, ...,xpn). The Jacobian matrix is defined as:

6F1 8F1

iF [0F OF on 7
J=—= = . . . A.24
dzx [83@1 axn} : ’ : ( )

o Fp 0 Fy

0 x1 O xnp

This linearization scheme is applied to the full set of algebraic equations (egs. (A.19) to (A.22)).

A.2.2. Newton’'s method

The next step is the determination of the solution. The Newton’s method [104] is applied to find the
root of the algebraic equations. In general the initial value for the unknowns xy does not fulfill the
system. Hence the iterative Newton’s method is used. The next solution x; is calculated to satisfy the

following equation:

F(zo) + DF (o) - (x1 — x9) =0 (A.25)
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A.2. Numerical solution of nonlinear equation system

This equation can be solved for the next step solution x; to
x1 = xo — (J (20)) " F (20) (A.26)

After obtaining the next step, the solution is tested if it fulfills the equation system with wished accuracy.
If the wished accuracy is not reached, the same step is repeated, with the previous solution x; as initial

value. This can be repeated until the solution is found or one decides to stop looking for it.
Using eq. (A.26) for obtaining the numerical solution needs the inverse of the Jacobian matrix to be
determined, which is quite computational expensive. Instead the root of the following system is solved:

J () Ax = —F () (A.27)

the Jacobian matrix J () and the vector —F (o) are known. Hence the solution to this equation can

be found efficiently and accurately. With the resulting solution Ax one can estimate the solution via
T =x9 + Ax (A.28)

The calculation of the solution Ax is repeated until a solution x; with an acceptable accuracy is found.

To obtain a time transient solution of a given system these steps are repeated, while increasing the
system time. In fig. A.2(a) the general flow diagram for the solution of the classical system is shown.
After setting all concentrations to their initial values, the pure potential system is solved to obtain a
consistent potential distribution. Now the transient simulation starts with the first time step. Every

time step follows the same rule: Solve eq. (A.27) and test the result for target accuracy.

Solve reduced system (only potential):

. to = 0 (Z = 0)
Solve reduced system (only potential):
to=0(i=0) —> Next timestep: ¢ + +
> Next timestep: ¢ + + Solve at new time: -~ Vs
Yes tiy1 =1t; + At Reduce At ?
Solve full system at new time: k=0 A [No
=t ?
fi1 = ti+ At Reduce A]t\](.) > Solve classical system (c and ®)
No
Solve surface system
No
k
AT Repeat while k < ny
k= Nk
No
Yes
No X
Reached target time ? No Reached target time ?
o ¥ Yes ¥ Yes
Finish simulation e«—-—— | Finish simulation <€——

(a) Flow diagram for the classical and coupled surface (b) Flow diagram for the decoupled surface system.
system.

Figure A.2.: Flow diagram for finding a solution of the system.

111



A. Numerical

Two different tolerances are used to test for convergence:

AZH < Threshold for rel. solution

1. relative difference in solution Azx;;:

2. absolute norm of function F : |F (x;11)| < Threshold for abs. function
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B. Notes

B.1. Color convention

Most of the graphics underlie a certain color convention for the distinct materials. Each element of the
periodic table is assigned to a certain color. The assignment is defined by the Jmol' package, which is
an open-source Java viewer for chemical structures. The molecule color of a structure is obtained by
mixing the color of the underlying atoms according to the chemical composition?. The used colors in

this work are listed in table B.1 with RGB24-representation® in hexadecimal form.

Table B.1.: Color list of used colors in this work.

Material Color Example
Lithium CC8OFF [
Copper c88033 [
Aluminium BFA6A6 [ |
Flourine 90E050 [ |
Phosphorus FF8000 [ ]
Graphite Cg 909090 [
Graphite LiCq 988EA0 [ ]
LMO LiMn,0, DB3D65 [N
LMO LiMn,O, with conductive agent (Cg) C05B74 [
SEI as Li,CO, DB4974 [

One exception is the representation of electrolyte: the color for electrolyte was chosen to be cyan

(OOFFFF [ ) to allow for a contrast between the solid phases and the electrolyte (e.g. in fig. 2.3).

The virtual phase of external boundary conditions (see fig. 2.3) was set to green (008000 [N -

1See http://jmol.sourceforge.net/jscolors
2The mixing can be done with an applet on the web page http://trycolors.com/.
3See https://en.wikipedia.org/wiki/RGB_color_model
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