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Kurzfassung

Angesichts des weltweit fortschreitenden Klimawandels gewinnen die Elektrifizierung unseres
Verkehrs sowie die Energieerzeugung aus erneuerbaren Quellen stetig an Bedeutung. Bei dieser
Transformation nehmen Energiespeicher eine wichtige Schlüsselrolle ein. In den vergangenen
Jahrzehnten wurde die Lithium-Ionen-Batterie als wichtige Energiespeichertechnologie etabliert
und bis dicht an ihre theoretischen Limits optimiert. Eine weitere wesentliche Steigerung der
Energiedichte erfordert daher fundamental neue Zellchemien. Diesbezüglich gelten Lithium-
Metall-Anoden aufgrund ihrer hohen gravimetrischen Kapazität als besonders vielversprechend.
Allerdings wird ihre praktische Verwendung derzeit noch stark durch ihre hohe Reaktivität
gegenüber dem Elektrolyten sowie einer niedrigen Zyklenfestigkeit eingeschränkt. Diese Her-
ausforderung könnte durch die gezielte Ausbildung einer schützenden Solid Electrolyte Inter-
phase (SEI) an der Lithium/Elektrolytgrenzfläche überwunden werden.

In dieser Dissertation werden neuartige ab initio-informierte kinetische Monte Carlo (kMC)
Modelle entwickelt, welche ein mechanistisches Verständnis der SEI-Bildung sowie eine Identi-
fikation makroskopischer Einflussfaktoren ermöglichen und somit zur Stabilisierung der Grenz-
fläche an Lithium-Metall-Anoden beitragen können. Ein besonderer Fokus wird dabei auf die
Erhöhung der erreichbaren Simulationszeit bis in den Sekundenbereich gelegt, sodass die initiale
Phase der Schichtbildung abgedeckt ist. Dies verfolgt insbesondere das Ziel die Lücke zwis-
chen atomistischen Simulationen im Piko- bis Nanosekundenbereich und experimentellen Un-
tersuchungen zu schließen und gleichzeitig eine molekulare Auflösung beizubehalten. Ein weit-
erer methodischer Schwerpunkt liegt darüber hinaus auf der Implementierung elektrostatischer
Wechselwirkungen zur Sicherstellung der lokalen Elektroneutralität. Dazu werden geeignete
Transportgleichungen aus der Literatur abgeleitet und Methoden zur Berücksichtigung des Ein-
flusses der Solvathülle, zur Vermeidung des Selbstwechselwirkungsfehlers sowie zur Wahl
geeigneter Randbedingungen entwickelt und diskutiert. Basierend auf einem Vergleich ver-
schiedener Modellansätze wird schließlich der 1D-Poisson Ansatz als bester Kompromiss hin-
sichtlich Genauigkeit und Effizienz für den Einsatz in den entwickelten SEI-Modellen identi-
fiziert. Die kMC-Modelle werden angewendet, um die spontane SEI-Bildung in dem weit ver-
breiteten Elektrolytsystem aus Ethylencarbonat, Kohlensäureethylmethylester und LiPF6 sowie
den Einfluss des Additivs Vinylencarbonat zu untersuchen. Die Ergebnisse der Studien zeigen,
dass sich eine erste Passivierungsschicht an Lithium-Metall sehr schnell innerhalb der ersten
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Mikrosekunde nach dem Kontakt mit dem flüssigen Elektrolyten einstellt. Ohne Additiv bildet
sich in dieser Zeitspanne eine mehrere Nanometer dicke, geschichtete anorganische SEI aus
Li2CO3 und LiF aus. Diese lässt sich insbesondere durch eine Variation der Salzkonzentra-
tion innerhalb der Löslichkeitsgrenzen beeinflussen, wobei höhere Konzentrationen zu einer
schnelleren Passivierung, einem höheren LiF-Anteil und einer insgesamt dünneren SEI führen.
Zusätzlich wird gezeigt, dass die Kinetik der Schichtbildung und die resultierende Struktur und
Zusammensetzung maßgeblich von der lokalen Solvatationsumgebung und Li+ Konzentration
beeinflusst werden. Diese initiale Schichtbildung wird durch das Additiv Vinylencarbonat (VC)
kaum beeinflusst. Allerdings führt VC innerhalb weniger Millisekunden zur Ausbildung einer
darüber liegenden Polymerschicht. Da die Ausbildung dieser Schicht im Gegensatz zur übrigen
SEI-Bildung hauptsächlich chemisch verläuft, wird die Oberfläche dadurch ohne den kontinuier-
lichen Verbrauch von aktivem Lithium, Lösungsmittel und Leitsalz passiviert. Eine Änderung
der VC-Konzentration wirkt sich vor allem auf die Geschwindigkeit der Passivierung sowie
auf die Additivmenge aus, welche nach der initialen Schichtbildung im Elektrolyten verbleibt.
Es wird erwartet, dass sich dies im späteren Betrieb der Zelle auf Reparaturmechanismen der
Passivierungsschicht und somit auf die Lebensdauer der Zelle auswirkt.

Insgesamt trägt diese Arbeit essentiell zur Erweiterung des mechanistischen Verständnisses
der spontanen SEI-Bildung an Lithium-Metall-Anoden sowie zur Identifikation makroskopis-
cher Einflussfaktoren bei. Darüber hinaus werden innovative Simulationsmethoden entwickelt,
welche sich auch über die durchgeführten Fallstudien hinaus auf zahlreiche weitere Elektrolyt-
systeme und Zellchemien übertragen lassen. Diese Arbeit schafft somit wichtige Grundlagen für
das zukünftige modellbasierte Design der SEI und erleichtert somit die Entwicklung stabilerer
Lithium-Metall Batterien.
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Abstract

As global climate change progresses, the electrification of our transport sector and the transition
to renewable energy sources are becoming increasingly important. Energy storage systems play a
key role in this transformation. Over the past decades, today’s state of the art lithium-ion batteries
have been optimized close to their theoretical limits. A further significant increase in energy
density thus requires new cell chemistries. In this regard, lithium metal anodes are considered
particularly promising due to their high gravimetric capacity. However, their practical application
remains severely limited by their high reactivity with the electrolyte and low cycle stability. This
challenge could be addressed by the targeted design of a protective solid electrolyte interphase
(SEI) at the lithium metal/electrolyte interface.

In this dissertation, novel ab initio-informed kinetic Monte Carlo (kMC) models are developed
to provide a mechanistic understanding of SEI formation and to identify macroscopic influencing
factors, thus contributing to the stabilization of the interface at lithium metal anodes. Particular
emphasis is placed on extending the accessible simulation timescales into the second range, to
enable the investigation of the initial phase of layer formation. This approach specifically aims
to bridge the gap between atomistic simulations in the pico- to nanosecond range and exper-
imental investigations, while keeping a molecular resolution. Another methodological focus is
the implementation of electrostatic interactions to ensure local electroneutrality. For this purpose,
consistent transport rate equations are derived from the literature, and methods for accounting for
solvation effects, preventing the self-interaction error, and selecting suitable boundary conditions
are developed and discussed. Based on a comparison of different electrostatic interaction models,
the 1D-Poisson approach is identified as the best compromise between accuracy and efficiency
for implementation in the developed SEI models. The kMC models are applied to study spon-
taneous SEI formation in an electrolyte system consisting of ethylene carbonate, ethyl methyl
carbonate and LiPF6, as well as the influence of the film-forming additive vinylene carbonate.
The results show that a first passivation layer on lithium metal forms very quickly within the first
microsecond after contact with liquid electrolyte. In the additive-free electrolyte, a layered inor-
ganic SEI composed of Li2CO3 and LiF with a thickness of several nanometers forms within this
time frame. Its formation can be particularly influenced by a variation in salt concentration within
solubility limits, with higher concentrations resulting in faster passivation, increased LiF content
and an overall thinner SEI. Furthermore, the kinetics of layer formation, as well as the resulting
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structure and composition of SEI are shown to be significantly influenced by the local solvation
environment and Li+ concentration. The initial layer formation is not significantly affected by
the additive vinylene carbonate (VC), but leads to the formation of an overlying polymer layer
starting within a few milliseconds. Unlike the remaining reduction-driven SEI formation pro-
cesses, this polymerization process is predominantly chemical, passivating the surface without
continuous consumption of active lithium, solvent, or conductive salt. A change in the VC con-
centration mainly affects the polymer growth rate and the amount of additive remaining in the
electrolyte after initial layer formation. This is expected to affect the repair mechanisms of SEI
during operation and hence the overall lifetime of the cell.

Overall, this dissertation significantly advances the mechanistic understanding of spontaneous
SEI formation on lithium metal anodes and identifies key macroscopic influencing factors. In
addition, it introduces innovative simulation methods that are applicable to a wide range of elec-
trolyte systems and cell chemistries beyond the examples studied in this work. These contribu-
tions provide a sound foundation for future model-based SEI design, facilitating the development
of more stable lithium metal batteries.
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1 Introduction1,2

1.1 Motivation

According to the recent publication from the Copernicus Climate Change Service of the Eu-
ropean Union [3], 2024 was the first year in which the global temperature exceeded a 1.5 ◦C
increase compared to pre-industrial levels and hence surpassed the target which was set in the
Paris Agreement of 2015 [4]. This development underlines the importance of climate protection
measures and of the rapid reduction of greenhouse gas emissions. A key step in this direction
is the European Green Deal [5], which aims at reducing the greenhouse gas emissions by 2030
by 55% compared to the level of 1990 and making Europe the first climate-neutral continent by
2050. As of today, already more than 50% of the electricity in Germany is generated from re-
newable sources such as wind and solar power [6]. However, as these energy sources are subject
to strong fluctuations, efficient energy storage solutions such as stationary batteries or hydrogen
are required to ensure a reliable power supply, while simultaneously further increasing the share
of renewable energy in the electricity mix [6]. Additionally, the transport sector, accounting for
22% of greenhouse gas emissions in Germany [7], offers significant potential for emissions re-
duction. Here, one important strategy is the transition from combustion engine vehicles towards
fully electric vehicles that promise significant reduction of greenhouse gas emissions over their
entire lifecycle [8]. This transition, however, as well requires reliable and secure energy storage
systems with a high energy density.

The current state-of-the art battery technology is the lithium-ion battery (LIB), which is applied
in both, stationary energy storage systems and battery electric vehicles [9, 10]. Modern LIB
cells can provide gravimetric energy densities of around 250 Wh kg-1, which is very close to
their theoretical limit [11]. Consequently, applications such as battery electric propulsion in
aviation, which would require a minimum of 500 Wh kg-1, are still out of reach [12] and a

1 During the preparation of this dissertation, the generative language model ChatGPT was applied in order to improve
readability and language of the manuscript. The author has thoroughly reviewed and edited the content and takes
full responsibility for the final version of this dissertation.

2 Parts of this chapter have been published in J. Wagner-Henke et al., Nat. Commun. 14, 6823, 2023 [1], licensed
under CC BY 4.0. Further parts of this chapter have been published in J. Wagner-Henke et al., Energy Storage
Mater. 81, 104434, 2025 [2], licensed under CC BY 4.0.
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further increase of gravimetric energy density in existing applications is limited. The ’holy grail’
in terms of energy density are lithium metal anodes [9]. They combine a specific gravimetric
capacity of 3860 mAh g-1, which is ten times more compared to conventional graphite anodes,
with a very low electrode potential of -3.04 V against the standard hydrogen electrode (SHE)
[11]. Depending on the applied cathode material these properties allow for a significant increase
in accessible practical energy densities compared to LIB [11].

1.2 Current State and Objective

When it comes to application, the high reactivity of lithium metal causes challenges that prevent
its widespread application in rechargeable battery cells. It makes the lithium metal/electrolyte in-
terface difficult to control and may cause uncontrolled electrolyte degradation including thermal
runaway, ongoing loss of active material and dendrite growth [13, 14]. One important strategy
to solve this is the control and stabilization of the interfacial layer between the lithium metal
electrode and the liquid electrolyte. Introduced by Peled [15], this Li-ion conductive layer is
usually referred to as solid electrolyte interphase (SEI). In order to prevent uncontrolled SEI and
dendrite growth, the SEI needs to show a wide range of properties: Electrical insulation and
simultaneously good ionic conductivity, low thickness to prevent cyclable Li and capacity loss,
prevention of the direct contact of lithium metal and electrolyte, and good mechanical stability
to accommodate the large volume changes of the metal electrode [11, 14]. The targeted design
of such a beneficial SEI requires a detailed understanding of the fundamental formation mecha-
nisms and the resulting chemical SEI composition and morphology, depending on the electrolyte
composition.

In the past both, experimental and theoretical characterization techniques have been applied to
study the SEI on the lithium metal/liquid electrolyte interface [16]. Spectroscopy and microscopy
techniques provided detailed descriptive insights into the chemical SEI composition and mor-
phology [13, 14, 17]. However, since the spontaneous SEI formation on lithium metal begins
immediately upon contact with the liquid electrolyte and many formation processes occur within
fractions of seconds, it remains difficult to experimentally determine the underlying formation
mechanisms [14, 18, 19]. Atomistic simulation techniques, such as density functional theory
(DFT) and (ab initio) molecular dynamics (MD), have provided valuable insights into reaction
mechanisms, kinetics, and the initial stages of SEI formation [20–23]. However, they are too
computationally expensive to model phenomena on extended length- and timescales above a few
nanoseconds, as envisioned in this work. On the other end of the scale, continuum models al-
low to study long-term SEI growth and its impact on cell performance during cycling [24–27].
However, they often lump the SEI formation kinetics and cannot predict the nanomorphology
and detailed chemical composition of the SEI.

2



1.3 Scope and Structure of this Work

Kinetic Monte Carlo (kMC) models are a promising mesoscale simulation technique for bridging
the gap between atomistic and continuum simulations, as they allow to access larger timescales
while keeping detailed molecular information [28]. Simple kMC models for SEI formation on
graphite electrodes have been developed since 2011 [29]. Afterwards, the complexity and accu-
racy of these models continuously increased. Advancements included for example the coupling
with continuum models [30–32] and the input of ab initio-informed reaction mechanisms and ki-
netics [33]. However, none of these models can yet model the three-dimensional spontaneous SEI
formation on lithium metal on a molecular resolution above the nanosecond timescale. Hence,
the governing processes on the mesoscale of SEI formation on lithium metal remain poorly un-
derstood.

This thesis aims to develop and apply ab initio-informed kinetic Monte Carlo models which are
specifically tailored for the simulation of spontaneous SEI formation on lithium metal. By ap-
plying these models, a detailed mechanistic understanding of the underlying formation processes
up to technologically relevant timescales shall be established. Additionally, the work intends to
reveal how the molecular SEI composition can be influenced by macroscopic properties, such as
electrolyte composition. Based on these insights the thesis aims to contribute to a knowledge-
driven design of the SEI on lithium metal electrodes.

1.3 Scope and Structure of this Work

The following work is structured in five chapters. First, the relevant fundamentals and the current
state of research are summarized in Chapter 2. The chapter begins with the very general funda-
mentals of lithium-based batteries, including their operating principles, as well as the advantages
of lithium metal anodes and the challenges associated with them. It then provides an overview
of the main characterization methods used to study the SEI, and concludes with a deep-dive into
the fundamentals of the kinetic Monte Carlo method and its application in SEI research.

Subsequently, Chapter 3 presents the model development and application on the example of the
well-established electrolyte system ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
with LiPF6 as conductive salt. Here, particular emphasis is on ensuring local and global elec-
troneutrality, parameterizing the considered reaction mechanisms based on DFT calculations, and
extending the accessible timescales into the microsecond range. Based on the developed model,
the time evolution of SEI composition and morphology are studied. This allows to identify lim-
iting processes as well as the effects of electrolyte composition and local Li+ ion concentration
on SEI formation.

In the following Chapter 4, the effect of the widely used additive vinylene carbonate (VC) on
SEI formation is investigated. For this purpose, the previously developed model is extended
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to include polymerization processes. Moreover, the accessible timescale is further extended
to the second range, enabling the investigation of SEI formation on technologically relevant
timescales. The study provides insights into the main underlying processes of SEI formation in a
VC-containing electrolyte and reveals how VC plays its role as film-forming additive on lithium
metal anodes.

Eventually, in Chapter 5 the focus is moved towards the methodological analysis of electrostatic
interactions in kMC models for liquid electrolytes. Different electrostatic interaction models are
implemented and compared in terms of accuracy and efficiency. Based on this evaluation, the
most promising approach is selected and implemented into the SEI model presented in Chapter 4.
Finally, the results of both models are compared to assess the impact of electrostatic interactions
on the predicted SEI formation.

The thesis concludes with a short summary of the key findings and the discussion of potential
directions for future research in Chapter 6.
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2 Fundamentals

The following chapter provides an overview of the fundamental concepts on which this work is
based. It begins with a general introduction to the operating principles of lithium-based battery
cells (cf. Section 2.1.1) before focusing on lithium metal anodes and their historical development
(cf. Section 2.1.2). Building on this, the chapter delves into the current state of research regarding
instabilities at the lithium-electrolyte interface (cf. Section 2.1.3), which constitutes the primary
focus of the present work. Subsequently, common experimental (cf. Section 2.2.1) and theoreti-
cal methods (cf. Section 2.2.2) for characterizing this interface are summarized. Finally, special
attention is given to the basic principles (cf. Section 2.3.1) of the kinetic Monte Carlo method
and its application in the investigation of the solid electrolyte interphase (cf. Section 2.3.2).

2.1 Lithium-Based Batteries

2.1.1 Operating Principles

The term "lithium-based batteries" serves as an umbrella for various battery technologies that
utilize lithium as their primary electrochemically active element. They all have in common that
they are electrochemical energy storage systems that store energy chemically and convert it into
electrical energy on demand. They can be classified into primary and secondary cells. In pri-
mary cells the conversion of chemical to electrical energy is irreversible. In contrast, secondary
cells can be recharged, which means that electrical energy can be converted back into chemical
energy [34]. The most well-known and widely used representative of secondary lithium-based
batteries is the lithium-ion battery. Based on this example, the following section first explains
the fundamental working principle of rechargeable lithium-based batteries. The focus then shifts
to lithium metal batteries (LMB), which are the main subject of this work.

The basic structures of a LIB and a LMB are illustrated in Figure 2.1. In both cases, the key
components are the negative and positive electrodes, which store and release lithium; the liquid
electrolyte composed of one or more solvents, a conducting salt, and optional additives, which
acts as ionic conductor between the electrodes; and the electronically insulating separator that
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prevents short circuits between the electrodes. Both electrodes are furthermore connected by an
external electric circuit.

Figure 2.1: Scheme of structure and operating principle of a) Lithium-ion battery cell and b) Lithium metal battery cell
adapted with permission from [35]. Copyright 2013, American Chemical Society.

During discharge two separate half cell reactions take place at the two electrodes: (1) At the
negative electrode, which is also called anode, an oxidation reaction occurs and (2) at the positive
electrode, which is also called cathode a reduction reaction takes place. For the example of a
conventional LIB with a graphite anode and a LiCoO2 cathode this leads to the following half
cell reactions [34]:

Anode half cell reaction:
LiC6 ⇌ Li++ e−+6 C (2.1)

Cathode half cell reaction:

2 Li0.5CoO2 +Li++ e−⇌ 2 LiCoO2 (2.2)

Once a Li+ ion was released by the anode half cell reaction, it is solvated in the liquid electrolyte.
Driven by concentration and potential gradients it is subsequently transported to the cathode.
Simultaneously, the released electron is transferred through the anode current collector into an
external circuit where it may power an electrical load and is further transferred to the cathode.
Eventually, the cathode half cell reaction takes place at the cathode surface and the Li+ ion
is stored in the cathode crystal structure. All of these processes, including the polarity of the
electrodes, are reversed during charging.

For all the mentioned cell components, a wide range of materials is used in state-of-the-art bat-
tery cells. A comprehensive overview on this topic can be found in the textbook "Lithium-Ion
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Batteries: Basics and Applications" [34] and the reviews by Nitta et al. [36] (electrode mate-
rials), Luo et al. [37] (separator materials) and Liu et al. [38] (liquid electrolytes). However,
since this thesis focuses specifically on the interfaces at lithium metal anodes, the following will
address negative electrode materials exclusively.

Modern LIBs predominantly use graphite as anode material [9]. Graphite electrodes belong to
the so-called intercalation electrodes, meaning that Li+ ions can be reversibly inserted and stored
between the graphite layers without being reduced to elemental lithium as illustrated in Fig-
ure 2.1. As already pointed out in the anode half cell reaction in Equation 2.1, up to one Li+

ion can be intercalated per six carbon atoms in graphite. This results in a theoretical gravimetric
capacity of graphite anodes of 372 mAh g-1 [39]. Overall, graphite combines several advanta-
geous properties, such as high cycling stability and a low electrode potential. Additionally it is
readily available and cost-effective [39, 40]. However, its performance has already been pushed
very close to the theoretical limits [11]. For instance, Shi et al. [41] reported a synthetic graphite
achieving a gravimetric delithiation capacity of up to 369 mAh g-1 depending on the discharge
current. Hence, to fulfill the market requirements for higher energy density for applications such
as long-ranging vehicles or electric propulsion in aviation new anode materials for secondary
battery cells need to be considered.

Figure 2.2: Comparison of typical anode materials with respect to potential and theoretical gravimetric capacity, repro-
duced from [42], licensed under CC BY 3.0.

A comparison of different anode materials in terms of their potential vs Li/Li+ and their theo-
retical specific capacity is provided in Figure 2.2. This shows that among the anode materials,
graphite offers a favorable low potential but also has a relatively low gravimetric energy density.
In contrast, lithium metal exhibits the lowest electrode potential at -3.04 V vs. SHE, paired with a
very high theoretical gravimetric capacity of 3860 mAh g-1, more than ten times that of graphite
[11]. These properties make lithium metal a very promising candidate for high-energy density
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anodes. As visualized in Figure 2.1 b), the lithium metal anode, unlike conventional intercalation
electrodes, does not require a host structure. Instead, metallic lithium is directly plated onto the
copper current collector during charging. Consequently, the anode half cell reaction transitions
to the direct lithium oxidation/reduction reaction as outlined in Equation 2.3.

Lithium metal half cell reaction:
Li(0) ⇌ Li++ e− (2.3)

Despite its positive characteristics, the practical implementation of lithium metal in secondary
battery cells still faces significant challenges such as dendrite growth, low Coulombic efficiency,
and uncontrolled SEI formation [11] (cf. Section 2.1.3). In the following, the historical devel-
opment and application of LMB is discussed in Section 2.1.2 and a detailed overview on the
challenges related to interfacial instabilities and SEI formation is provided in Section 2.1.3.

2.1.2 A Short History of Lithium Metal Batteries

The development of battery cells utilizing lithium metal anodes dates back to the 1970s [11, 43].
Early advancements focused on primary battery cells with a variety of cathode chemistries [44].
Examples include lithium-iodine (Li/I2) cells and lithium-manganese dioxide (Li/MnO2) cells,
which are used to this day due to their high specific energy densities in the order of 210 to
270 Wh kg-1 and long storage capabilities [44, 45]. Typical applications are medical devices
such as pacemakers, implantable defibrillators, and electromechanical hearing systems, as well
as consumer products like watches and calculators [43–45].

The first secondary LMB was developed only shortly thereafter. By 1972, the general concept
of intercalation electrodes on the cathode side was developed [43]. In the late 1970s Exxon
Mobil produced the first rechargeable LMB containing a titanium disulfide intercalation cathode
developed by Stanley Whittingham [11, 43, 44]. However, the commercialization of this cell
was hindered due to uncontrolled dendrite growth (cf. Section 2.1.3) on the lithium metal anode
[43]. In the late 1980s the first secondary LMB, combining the lithium metal anode with a
molybdenum disulfide (MoS2) cathode, was commercialized by Moli Energy Ltd. However, the
cell had to be withdrawn from the market due to safety concerns stemming from cell fires caused
by dendrite formation [11, 44].

With the development and commercialization of graphite as an anode intercalation material by
Sony in 1991, safety concerns were effectively addressed, leading to the replacement of lithium
metal anodes by graphite electrodes in secondary battery cells [11, 43]. Therefore, in the follow-
ing years the research focus shifted away from lithium metal anodes towards the optimization
of the novel lithium-ion batteries, which can nowadays reach specific energy densities of around
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250 Wh kg-1 [11]. However, as previously noted, practical LIBs are approaching their theoreti-
cal limits [14]. Consequently, the requirement of high-energy-density battery cells has renewed
interest in lithium metal as anode material over the last decade [11, 13, 14, 46].

In addition to combining lithium metal anodes with modern intercalation cathodes, which can
increase the overall energy to approximately 440 Wh kg-1 [11, 47], a special focus of recent
research was set on the application in lithium-sulfur and lithium-air batteries [11, 48]. Both
promise significantly higher energy densities. In the case of lithium-sulfur batteries the theo-
retical energy density reaches 2567 Wh kg-1 [49] and the practical energy density is estimated
between 600 Wh kg-1 and 650 Wh kg-1 [47, 48]. In this cell, sulfur is utilized as the active
cathode material supported by a carbon-based host structure [48]. The cell chemistry is already
applied in drones due to its comparatively low weight [48]. Nevertheless, its cycling stability is
still low compared to LIB, and challenges such as the poly-sulfide shuttle effect still need to be
resolved [44, 48]. The practical energy density of lithium-air batteries is estimated to be even
higher with 950 Wh kg-1 [11]. In this case, the cathode is usually a porous carbon-structure
which is open towards the surrounding atmosphere. During discharge, oxygen is reduced to
Li2O2 or Li2O which is reversed during charging [50]. However, this cell chemistry also faces
numerous challenges such as complex reaction kinetics, electrolyte stability, safety concerns due
to interfacial instabilities on the anode side and poor rate capability [44, 49, 50].

To address the remaining challenges of lithium metal anodes, a significant focus has been placed
on electrolyte development with the aim to stabilize interfacial processes and to suppress den-
drite growth (cf. Section 2.1.3). In this context also solid-state electrolytes, consisting either of
inorganic ceramics or of solid polymers gained increasing interest [11]. They offer a number of
advantages such as higher mechanical stability, which could suppress dendrite growth and higher
thermal stability [11, 51]. Nevertheless, they come with their own challenges, including potential
contact loss between the anode and the solid electrolyte, comparatively low ionic conductivity
and instabilities against lithium metal [52]. More details are discussed in the recent review by
Janek et al. [51]. In contrast, liquid electrolytes offer high ionic conductivities and better ac-
commodate the large volume changes of the lithium anode during cycling [13]. Therefore, a
variety of approaches have been pursued in recent years to improve the performance of LMB
with liquid electrolytes. These include the utilization of electrolyte additives, ether-based elec-
trolytes, high-concentrated and locally high-concentrated electrolytes as well as the addition of
fluorinated compounds [19]. Based on this, the Coulombic efficiency was increased to more than
99% [53]. Further research efforts were put into the development of protecting surface films, also
known as artificial SEI and the design of 3D electrode structures which are supposed to increase
the anode surface area and hence reduce local current densities [11, 13].

Nevertheless, secondary LMB still do not meet the requirements for widespread commercializa-
tion. In particular, long-term cycling with a capacity retention of 80 to 90 % after 1000 cycles
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would require Coulombic efficiencies clearly above 99.95, which remains challenging for cur-
rent systems [53]. This is primarily due to interfacial instabilities of lithium metal, which lead
to SEI formation and dendrite growth, causing a continuous loss of active lithium and significant
safety concerns. A detailed understanding of these interfacial processes, and how they can be in-
fluenced by macroscopic properties, is therefore crucial for further advancing LMB. The details
of interfacial instabilities and SEI on lithium metal are discussed in the following Section 2.1.3.
In Chapters 3 to 5 of this work, novel kinetic Monte Carlo models will be developed and ap-
plied, providing a mechanistic understanding of the spontaneous SEI formation at lithium metal
anodes.

2.1.3 Interfacial Instabilities and Solid Electrolyte Interphase

As outlined in the previous Section 2.1.2, the low Coulombic efficiency of LMB can be mostly
attributed to interfacial instabilities of the lithium metal anode, such as dendrite growth and
uncontrolled SEI formation. These issues represent the most critical barriers to the widespread
commercialization of LMBs [46]. The following section explains these challenges in greater
detail, with a particular emphasis on the role and current advancements in understanding the
SEI.

Figure 2.3: Illustration of interfacial processes on lithium metal anodes leading to ongoing SEI formation, dendrite
growth and dead lithium adapted with permission from [11]. Copyright 2017, Springer Nature.

Because of the low electrode potential of -3.04 V vs. SHE which lies below the electrochemical
stability window of most electrolyte components (cf. Figure 2.4), spontaneous (electro-)chemical
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electrolyte degradation reactions occur upon the contact between the lithium anode and the elec-
trolyte [11, 54]. Subsequent precipitation of degradation products leads to the formation of a
protective surface layer [14]. This layer is also called solid-electrolyte interphase and was first
described by Peled [15]. During cycling, the SEI undergoes further growth and aging, which
is strongly related to the lithium stripping and plating behavior as illustrated in Figure 2.3 [11]:
Upon charging, lithium is plated onto the anode, which drastically increases the anode’s vol-
ume. If the SEI lacks sufficient stability and flexibility to accommodate this expansion, cracks
can form in the passivating layer, exposing fresh reactive lithium metal to the liquid electrolyte
(step 1). This triggers further electrolyte decomposition, leading to the loss of active lithium and
promotes inhomogeneous nucleation, which might cause subsequent dendrite growth [11, 13].
Over time dendrites might penetrate the separator and cause hazardous electrical short circuits
[54]. In addition, this non-homogeneous plating increases the lithium metal surface, resulting in
additional electrolyte decomposition reactions (step 2) [54]. During discharge, lithium is stripped
from the lithium metal anode. If lithium is stripped from the bottom of the dendrites, parts of
the lithium metal may lose electrical contact with the anode, making it unavailable for further
cycling (step 3). This encapsulated lithium is also called ’dead lithium’ and drastically decreases
the capacity of the cell [11, 13, 54]. It is currently believed that this process is the primary reason
for insufficient Coulombic efficiency in LMB [13, 46]. Over the course of many cycles, these
processes can result in a highly porous lithium metal anode, also referred to as mossy lithium
(step 4) [13]. This porous structure exhibits a highly increased lithium metal surface with a thick
SEI and an accumulation of dead lithium [11]. While an initially increased lithium surface area
may temporarily even decrease overpotential, the final porous lithium anode causes a significant
increase in overpotential caused by slow Li+ ion transport [13, 14, 54].

An important strategy to overcome the described challenges is the design of a functional SEI that
ensures homogeneous nucleation and plating and effectively prevents the growth of dendrites
[13]. To achieve this, the ideal SEI must fulfill a comprehensive list of requirements [11, 14]:

• Electrical insulator to prevent ongoing reduction of electrolyte components

• High ionic conductivity to allow for a fast and homogeneous Li+ ion transport and reduce
internal cell resistance

• Low thickness to reduce the loss of active lithium and ensure low internal cell resistance

• Homogeneous composition to prevent heterogeneous nucleation and dendrite growth

• Mechanical stability and flexibility to accommodate the large volume changes of the
metal electrode upon cycling
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Figure 2.4: Schematic overview of typical SEI species and formation side products derived from various liquid elec-
trolyte components, including solvents, conducting salts, contaminants, and additives. Reproduced from
[13], licensed under CC BY-NC 3.0 .

These properties are governed by the chemical composition and morphology of the surface film
[13, 16]. Since the SEI originates from the (electro-)chemical decomposition of electrolyte com-
ponents, including solvents, conducting salts, additives and contaminants, its composition di-
rectly depends on the electrolyte chemistry [13, 16, 19]. As illustrated in Figure 2.4, there is
a large variety of possible SEI species as well as liquid or gaseous by-products, which depend
on the specific reactivity of the electrolyte components. Typical SEI components include in-
organic species such as lithium fluoride (LiF), lithium carbonate (Li2CO3) and lithium oxide
(Li2O), as well as organic compounds like alkyl carbonates (ROCO2Li) and polymeric species
[13, 14, 16, 19]. As indicated in Figure 2.4, these species can be classified into ’favorable SEI’
species that are associated with more uniform lithium deposition and a higher mechanical stabil-
ity of the SEI and ’weak SEI’ species, which tend to result in less stable films [13]. However,
it should be noted that the mechanistic understanding of the performance of SEI components
remains poorly understood [13, 18, 19]. Overall, SEI composition and thus performance can
be effectively manipulated by the choice of electrolyte chemistry. However, investigating the
correlation between electrolyte composition and SEI properties is particularly challenging due
to the extremely thin nature of this interphase on the nanometer scale and its ultrafast formation
kinetics. As a result, this topic has already occupied researchers for over 40 years.

As mentioned above, the first SEI model was proposed by Peled in 1979 [15]. In this work,
the SEI was described as an electronically insulating and ionically conductive layer that sponta-
neously forms on lithium metal. This layer was depicted as consisting of crystals of various sizes,
with Li+ ion transport occuring via a Schottky vacancy hopping mechanism. In the following
years, pioneering work regarding the composition of SEI in a wide range of different electrolytes
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Figure 2.5: Comparison of suggested SEI models from literature. a) Multilayer model by Aurbach [55]. Reproduced
with permission from [55]. Copyright 2000, Elsevier. b) Mosaic model by Peled et al. [16, 56]. Reproduced
from [16] and [56] by permission of IOP Publishing Ltd., ©The Electrochemical Society. All rights reserved.
c) Plum-pudding model. Reproduced with permission from [19]. Copyright 2021, John Wiley & Sons.

and corresponding lithium morphology was conducted by the research groups of Aurbach [55]
and Kanamura [57–59]. Based on their in-depth XPS studies, Aurbach et al. eventually sug-
gested the multilayer SEI structure as illustrated in Figure 2.5 a). According to this model, the
SEI consists of an inner compact layer, mostly consisting of a mixture of components with low
oxidation state and an outer porous layer, rather consisting of a mixture of components of higher
oxidation state [16, 55]. Around the same time Peled et al. updated their original SEI model [15]
and introduced the mosaic SEI model [56] as illustrated in Figure 2.5 b). In this model, the SEI
is described as a heterogeneous mixture of pure mircophases of various insoluble degradation
products [16, 18, 19, 56]. Li+ ion transport is proposed to occur predominantly along the grain
boundaries between these microphases [16, 18, 56]. Consistent with the multilayer model of Au-
rbach [55], the model further suggests a higher concentration of stable, inorganic microphases
near the electrode surface and a higher number of less stable, organic microphases closer to the
electrolyte [16, 56, 60]. Only recently, Wu et al. [19] introduced the novel "plum pudding" SEI
model which is illustrated in Figure 2.5 c). Based on cryogenic transmission electron microscopy
measurements they conclude that the SEI mainly consists of amorphous rather than crystalline
phases and that only some crystalline microphases are either dispersed within the amorphous SEI
or accumulated on the outer layer of the SEI [19].

Overall, the exact structure of the SEI is still under discussion [19]. Although, there is a compre-
hensive knowledge about the possible degradation products of many different electrolyte systems
[13, 16, 18, 19], a full mechanistic understanding of SEI formation is still missing [14, 18, 19].
In particular, a general relationship between the structure, composition and property of the SEI
still needs to be established [18, 19]. This knowledge is crucial for the targeted design of an op-
timized SEI that fulfills all aforementioned requirements and could hence enhance the safety and
extend the lifetime of modern LMB. Consequently, SEI research remains a highly relevant field.
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The next section provides a brief overview of the most important experimental and theoretical
methods that are used for SEI investigation.

2.2 Characterization of Solid Electrolyte Interphase1

2.2.1 Experimental Techniques

A wide range of experimental methods is applied to characterize the SEI under a variety of
experimental conditions [16]. This section is meant to provide a brief overview of the most
important experimental analysis techniques. For more details the reader is referred to the reviews
of Verma et al. [17] and Xu et al. [61].

Performance and lifetime data of secondary LMB are comparatively well accessible by cycling
experiments, static methods, e.g. differential voltage analysis [62], and dynamic characteriza-
tion, e.g. via impedance measurements or nonlinear-frequency response analysis [24, 63]. In
particular, impedance measurements allow to obtain valuable information on the SEI such as the
imposed cell resistance and ionic conductivity. These experiments are non-destructive and can
be performed on full battery cells.

In contrast, it is more intricate to investigate the SEI’s chemical composition or morphology
experimentally, due to its low thickness and high reactivity towards the atmosphere [17, 19]. For
the purpose of studying the chemical composition of the SEI, mostly spectroscopy techniques are
applied. The two most common techniques are the X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FTIR), which have both been applied since the 1990s
[18, 19, 60, 64]. XPS allows the analysis of all elements with the exception of H and He [17, 18].
It mainly characterizes the outermost SEI layers, due to its limited penetration depth of up 10 nm
[17, 18]. To obtain information on deeper layers, in-depth XPS can be performed by combining
XPS measurements with surface sputtering [16, 18, 60, 64]. However, this approach is inherently
destructive and may alter the original chemical composition of the SEI [17]. XPS predominately
provides information on inorganic compounds [61]. Complementary, FTIR is particularly useful
to identify organic compounds [61]. The technique is capable of identifying functional groups
and the type of chemical bonds [17, 18] and also allows in situ characterization [13, 61]. Further
techniques that can be applied to investigate the SEI chemistry comprise Raman spectroscopy,
Auger electron spectroscopy, nuclear magnetic resonance and time-of-flight secondary ion mass

1 Parts of this section have been published in J. Wagner-Henke et al., Nat. Commun. 14, 6823 (2023) [1], licensed
under CC BY 4.0.
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spectrometry [18, 60, 61]. A combination of these techniques enables a good characterization of
SEI chemistry [18].

The analysis of the surface morphology is primarily conducted using microscopy techniques [13].
In this context, morphology comprises properties such as SEI thickness and structure as well as
the characteristics of deposited lithium, including porosity and deposition in form of whiskers or
dendrites. The most commonly applied methods include optical microscopy, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM), listed in order of increasing
resolution, with TEM providing sub-nanometer precision [13, 18, 19]. In general, both surface
images and cross-section images provide valuable insights into the nature of lithium deposition
and SEI morphology. A recent advancement, is the application of cryogenic TEM (cryo-TEM),
which allows to study the morphology of electrochemically deposited lithium and the corre-
sponding SEI with great detail in different electrolyte solutions [19, 65, 66]. Another technique
is atomic force microscopy (AFM). This method provides insights on the three-dimensional sur-
face structure as well as mechanical properties, such as the Young’s modulus [18, 61].

In recent years, increasing efforts have been made to develop methods specifically designed for
investigating the spontaneous SEI formation on lithium metal. Kühn et al. [67] introduced a
novel cutting technique that enables the reproducible study of SEI formation on pristine lithium
metal, eliminating native passivation layers. Additionally, von Holtum et al. [68] developed
an approach that periodically disrupts the spontaneously formed SEI, thereby increasing the SEI
species concentration in the solid, liquid and gaseous phases. This enables a qualitative and quan-
titative chemical analysis of the SEI compounds, as well as of the liquid and gaseous byproducts
of SEI formation.

Overall, experimental techniques allow comprehensive descriptive insights into the chemical SEI
composition and morphology. However, they struggle to identify and understand the underlying
mechanisms of SEI formation. It is therefore essential to complement these experimental tech-
niques with theoretical calculations, which will be introduced in the following Section 2.2.2.

2.2.2 Theoretical Techniques

Theoretical calculations allow a complementary and detailed resolution of the governing pro-
cesses inside a battery, enabling a targeted virtual optimization or tracking of the state of the
battery and its components [69, 70]. Battery processes occur across a wide range of temporal
and spatial scales, spanning from entire battery packs to individual cells, electrodes, particles,
material structures and down to the atomistic level [71]. Due to this large variety, a number
of different modeling approaches as well as multiscale models are required to cover the entire
system dynamics of a battery cell [71, 72]. A comparison of different approaches with respect
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to their typical scales is depicted in Figure 2.6. Models at each scale can be applied either as
stand-alone tools, or integrated into a multiscale framework [71, 72]. Multiscale approaches
can generally be categorized into sequential and iterative schemes [71]. In sequential multiscale
modeling, the output of a lower-scale model – such as reaction energies from quantum chemical
calculations – is used as input for a higher-scale model, e.g. a mesoscale or continuum simula-
tion. Iterative models, on the other hand, involve a two-way coupling between different models,
where the output of one model is iteratively fed into the other and vice versa [71].

Figure 2.6: Comparison of length- and timescales of different simulation techniques adapted with permission from [73],
Copyright 2022, John Wiley & Sons.

In the analysis of phenomena at the electrode/electrolyte interface, including SEI formation,
growth and aging, the scales from the cell level downwards are of particular importance. Con-
tinuum cell models like Single Particle models [74] or Newman-type pseudo two-dimensional
models [75] allow to understand the limiting processes during the cycling of a battery cell. In
order to incorporate the effect of the SEI on cell performance with respect to ionic conductiv-
ity, thickness and cell resistance, there are some examples in the literature where these models
were extended by a mechanistic model for the anodic surface layer [24, 25, 76]. These models
also allow identifying SEI properties such as thickness or ionic conductivity, and thus SEI and
cell diagnosis, after parametrization to discharge and impedance spectra. Further macroscopic
surface models containing a SEI mainly focus on the long-term growth regime and the related
charge transport through the SEI. They can predict macroscopic properties such as SEI thickness
or porosity depending on applied potential or storage time [26, 77, 78]. Additionally, continuum
models can also predict SEI degradation and reformation at elevated temperatures or during the
thermal runaway [79, 80]. All of these continuum models have in common that they cannot pre-
dict the detailed chemical composition of the SEI or its nanomorphology and mostly neglect or
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lump the details of the underlying kinetic processes. These challenges have been partially ad-
dressed by the recently published SEI formation model of Weddle et al. [27]. In this sequential
multiscale approach, a large ab initio-informed reaction network is directly incorporated as input,
which allows the prediction of SEI formation and composition on Silicon with a 1D resolution.
However, the lack of spatial resolution still prevents the model to predict SEI nanomorphology
or to account for local heterogeneities. Moreover, the model requires a constant electrode/SEI
surface and can hence not be easily transferred to spontaneous SEI formation on a dissolving
lithium metal anode.

On the contrary, atomic-scale theoretical approaches like DFT, ab initio MD (AIMD) and
ReaxFF MD provide a fundamental understanding of the initial steps of SEI formation. DFT
is an ab initio method that approximates the solution to the Schrödinger equation by making use
of the Hohenberg-Kohn theorem [81] that states that "The ground-state energy from Schödinger’s
equation is a unique functional of the electron density" [82]. A typical investigated system con-
sists of up to a few hundred atoms and can represent, for example, molecules or crystalline
materials [71, 82]. The method enables the calculation of the total energy of the system for a
given atomic configuration [82]. Based on the comparison of the energies of different config-
urations, the reactivity of chemical species such as electrolyte components, as well as relevant
decomposition mechanisms and their related reaction energy profiles can be predicted [83]. Since
this is of particular interest for the mechanistic understanding of SEI formation, a large number
of DFT studies on the decomposition of electrolyte components including solvents [21, 22, 84–
90], salts [91, 92] and additives [21, 22, 84, 89, 93, 94] have been reported in literature. These
studies provide valuable mechanistic insight into the large variety of SEI formation mechanisms.
However, the method is limited to the investigation of elementary reaction mechanisms and can
not predict layer formation in larger systems.

To partly overcome this limitation DFT can be coupled with MD. This is a simulation technique
that describes the motion of atoms according to classical mechanics, following Newton’s laws of
motion [82]. When DFT and MD are iteratively coupled, the resulting method is referred to as
AIMD. In this approach DFT is used to compute the potential energy after each MD time step,
which then serves as the basis for updating the atomic positions in the subsequent MD iteration
[82]. Applied to SEI formation, AIMD enables the prediction of electrolyte decomposition re-
actions and the very initial stages of layer formation in multi-molecular system. However, due
to the high computational cost of the frequent DFT calculations, these simulations are typically
limited to timescales of up to approximately 20 ps [71]. Despite this constraint, the approach has
been successfully applied to a wide range of electrolyte components, including organic [23, 95]
and ether-based [96, 97] solvents, conducting salts [23, 96–98], and additives [23, 95, 98].

A more computational efficient approach is the sequential coupling of DFT and MD through the
development of reactive force fields. In this approach, force fields are trained based on DFT
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calculations to capture not only interatomic interactions but also bond breaking and formation,
enabling the simulation of chemical reactions [71, 99]. Since this method, that is commonly
referred to as ReaxFF MD, is not directly coupled to ab initio calculations, it requires com-
plex, system-dependent parameterization of the force fields and is less accurate than AIMD [20].
However, it significantly extends the accessible timescales up to the nanosecond range and al-
lows to study larger systems as demonstrated in various SEI formation studies [100–102]. A
promising hybrid approach that aims to combine the accuracy of AIMD with the efficiency of
ReaxFF MD is the recently developed hybrid ab initio MD combined with reactive force fields
(HAIR) method [97, 103]. This approach allows to increase the simulation time by one order
of magnitude compared to AIMD while maintaining higher accuracy than ReaxFF MD, and has
yield SEI compositions and structures for different electrolyte systems [97, 103].

Although the wide range of atomistic simulation techniques already covers multiple scales and
provides valuable insights into early SEI formation and relevant degradation mechanisms, these
methods remain too computationally expensive to access more practically relevant scales, as en-
visioned in this work. Nevertheless, their predicted reaction mechanisms and associated energies
can serve as valuable input for higher-scale modeling approaches within the framework of se-
quential multiscale simulation [71, 72]. Their output data can either be directly used as input for
continuum models, as demonstrated by Weddle et al. [27] or applied to parameterize mesoscale
models [72]. As highlighted by previous publications [28, 71] and illustrated in Figure 2.6 the
kinetic Monte Carlo method is a key mesoscale approach to bridge the gap between atomistic and
continuum scales. This stochastic approach overcomes the scale limitations of atomistic simula-
tions, while keeping detailed molecular information [28]. Beyond their applications in sequential
multiscale frameworks with DFT-derived input data, kMC models can also be iteratively coupled
with continuum-level models. This bidirectional coupling allows to additionally investigate the
interplay of macroscopic properties such as electrode design or charging rates and microscopic
film growth across scales [30, 31, 72, 104].

Details on the fundamentals of the kMC method and published kMC models for the simulation of
SEI are discussed in the following Section 2.3. For more details on the fundamentals of atomistic
and continuum simulation techniques interested readers are directed to the following literature:
"Density Functional Theory: A Practical Introduction" by Sholl and Steckel [82] and "Density
Functional Theory: An Advanced Cours" by Engel and Dreizler [105] for DFT, " Understand-
ing Molecular Simulation" by Frenkel and Smit [106] and "Statistical Mechanics: Theory and
Molecular Simulation" by Tuckerman [107] for MD and "Electrochemical Systems" by Newman
and Balsara [108] for continuum cell modeling.
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2.3 The Kinetic Monte Carlo Method

As previously discussed, the kMC method is a powerful mesoscale simulation technique that
effectively bridges the gap between detailed atomistic simulations and length- and timescales of
practical relevance. This section aims to provide a general overview of the method and previous
applications in the context of SEI research. Readers seeking more detailed insights into the
fundamentals of the kMC approach are directed to the works of Jansen [109], Andersen et al.
[110] and Kratzer [111]. The section is divided into two parts: First, the fundamental principles
of the kMC technique and the derivation of rate constants from transition state theory are briefly
summarized (cf. Section 2.3.1). Second, existing literature on kMC models for SEI formation
simulations is reviewed, highlighting key findings, recent methodological advancements, and
remaining challenges (cf. Section 2.3.2).

2.3.1 Theoretical Fundamentals

The kMC approach, like all Monte Carlo techniques, is a stochastic simulation method that mod-
els the behavior of chemical systems based on random numbers. Its unique feature lies in its
ability to describe the dynamic evolution of a system over time, rather than predicting thermo-
dynamic properties at equilibrium such as conventional Monte Carlo approaches [110, 111]. To
achieve this, the kMC method models time-dependent processes that move the system from one
state of locally minimized energy on the potential energy surface (PES) to the next. In contrast
to atomistic simulation techniques such as MD or AIMD, these processes only comprise com-
paratively slow and rare events. This excludes processes that only result in fluctuations around
the same local minimum such as e.g. fast atomic vibrations. This coarse-graining approach
allows the kMC method to reach significantly larger length- and timescales while maintaining
detailed spatial resolution at the molecular or atomic level [110]. Each of the considered rare
events requires a predefined transition rate, which depends on the local configuration of the sys-
tem. Based on these transition rates, a series of randomly selected processes is carried out with
only one event occurring at a time. The waiting time between two consecutive events defines the
respective time step of the simulation. Overall this approach results in a Markov process, where
each event depends solely on the current configuration of the system and is independent of any
previous processes or configurations [111].

A mathematical formulation of this Markov process is given by the so-called master equation
(cf. Equation 2.4). This describes the time-evolution of probability Pα to find the system in a
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configuration α as a function of the sum of all transition rates of processes that would leave Γαβ

or enter Γβα this configuration. [109, 110, 112].

dPα(t)
dt

=− ∑
β ̸=α

Γαβ Pα(t)+ ∑
β ̸=α

Γβα Pβ (t) (2.4)

In principle this gives a finite system of differential equations with the number of states cor-
responding to the number of possible configurations. Since a configuration describes the kind
and position of molecules at all locations within the simulation domain, the complexity scales
quickly with the number of considered species and the size of the simulation domain, making an
analytical solution infeasible [110]. Instead, the stochastic kMC algorithm aims at a numerical
solution of this master equation. It starts at an initial configuration and then follows a sequence
of randomly selected processes from one configuration to another leading to a stochastic trajec-
tory of the system through time [112]. To further reduce the complexity of the calculations, the
investigated physical systems are often mapped onto a lattice with predefined discrete sites that
specify the possible locations for all modeled particles [113]. This approach allows to determine
the transition rates based on a finite number of possible local configurations [112] and is applied
in this thesis.

Figure 2.7: Schematic illustration of kinetic Monte Carlo algorithm. a) Flow chart of the Variable Step Size algorithm.
b) Selection of process and site following the list-based algorithm of Schulze [114].

For the implementation of the kMC approach, several algorithms have been developed, compris-
ing null-event and rejection-free algorithms, with the latter being usually more efficient and more
commonly used in kMC simulations [113, 115]. A widely used rejection-free algorithm is the
Variable Step Size Method [109], which goes back to Bortz et al. [116] and Gillespie [117] and
is illustrated in Figure 2.7 a). Its main steps can be summarized as follows [31, 109, 110]:
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Variable step size algorithm:

1. Initialization of simulation box, set up of initial configuration and precalculation of all
transition rates Γi,l for all possible events i on all lattice sites l for given state

2. Computation of process rates Γi = ∑l Γi,l and overall rate Γtotal = ∑i Γi

3. Drawing of first random number ζ1 ∈ (0,1], calculation of time step ∆t =− ln(1−ζ1)
Γtotal

[118]
and update of clock

4. Drawing of second random number ζ2 ∈ (0,Γtotal] and selection of process m and site k,
such that ∑

m
i=1 ∑

k−1
l=1 Γi,l < ζ2 ≤ ∑

m
i=1 ∑

k
l=1 Γi,l

5. Execution of selected process

6. Update transition rates Γi,l

7. If stop condition is not fulfilled (e.g. tKMC < tend) go back to 2, else stop

In this algorithm, especially the process selection in step 4 and the updating of transition rates
in step 6 can be computationally expensive. Therefore, a wide range of efficient searching and
updating algorithms has been suggested in literature [113–115]. One example, which is applied
in this thesis to accelerate the process selection in step 4, is a list-based algorithm according to
Schulze et al. [114]: Usually, the selection process requires two binary searches - one to select a
process and a second to select the site on which the process is to be conducted. In case of only a
limited number of distinct transition rates the second binary search can be eliminated by precom-
puting all possible processes on all sites and sort them into lists corresponding to their distinct
rates. Once a process with a distinct rate is selected, the site can be directly calculated based on
the random number, as the process occurs with equal probability at all sites (cf. Figure 2.7 b)).
This is particularly useful if the number of distinct rates is small, as the remaining binary search
can then be carried out over a correspondingly short list. Moreover, instead of updating all tran-
sition rates in step 6 (global update), it is common to only update the transition rates of all sites,
which are affected by the last executed event (local update). Since most transition rates only
depend on the next-neighbor configuration of the respective site, this significantly reduces the
number of rates that need to be updated in every single kMC iteration [113].

Although, the above kMC algorithm is theoretically exact, its practical accuracy highly depends
on the quality of its input parameters. The selection of relevant processes to be considered and
the determination of the corresponding transition rates is hence a crucial task when it comes to
setting up a kMC model and requires a priori knowledge of the investigated system. In prin-
ciple, processes, which comprise transport and (electro-)chemical reactions, and their rates can
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be determined experimentally or theoretically. Experiments are particularly useful in determin-
ing transport rates, which can be calculated based on diffusion coefficients as derived by Jansen
[109]:

ΓD =
D

∆L2 (2.5)

Moreover, they can be used to obtain a general idea of the governing macroscopic reactions in the
investigated system. However, it is usually difficult to identify and separate elementary reaction
steps in experiment [109]. Therefore, elementary reactions and corresponding transition rate
constants are usually derived theoretically [110]. Ab initio molecular dynamic calculations can be
applied to identify relevant reaction pathways. Transition rates can subsequently be determined
using Transitions State Theory (TST) as proposed by Eyring [119]. According to this theory,
rates can be calculated by the following expression [110]:

Γ
TST =

Q‡

Qα

kBT
h

exp
(
−∆G‡

kBT

)
(2.6)

Thereby, Q‡ and Qα are partition functions at transition state and at initial state, ∆G‡ is the acti-
vation barrier, T represents the temperature and kB and h stand for the Boltzmann and Planck’s
constant, respectively.

Figure 2.8: Schematic illustration of Transition State
Theory.

The general idea of the TST is illustrated in Fig-
ure 2.8. Both, the initial and final states correspond
to local minima on the PES. These states are sepa-
rated by an energy barrier that must be overcome to
move from one state to the other. The saddle point
between these two states represents the transition
state (TS), and the energy difference between this
transition state and the initial state defines the acti-
vation barrier ∆G‡. The transition state is assumed
to be in quasi-equilibrium with the initial state.

The activation barrier is typically calculated using
DFT. While the prefactor can theoretically also be
calculated, its computation is often avoided due to
the high computational cost. Instead, it is commonly approximated as a fixed prefactor k0 within
the range of 1012 s−1 to 1013 s−1 [110]. This assumption simplifies Equation 2.6 to the following
expression:

Γ = k0 exp
(
−∆G‡

kBT

)
(2.7)
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When calculating the activation energy, the following aspects should be considered: First, it is
important to note, that there may be multiple possible TS for a given set of initial and final states.
Accurate rate determination requires identifying the energetically most favorable TS, which can
be challenging to identify. Furthermore, the calculated Gibbs Free energies are highly sensitive
to interactions with the surrounding environment, including coordination with neighboring ions
and molecules, interactions with surfaces (e.g. electrodes) and the electrolyte. Additionally, the
applied level of theory can significantly impact the computed results. Due to these complexities,
calculated reaction energies should always be considered as approximations. To ensure mean-
ingful results, it is important to maintain a consistent framework for the calculation of energy
values.

2.3.2 State of the Art: SEI Formation in kMC Simulations2

In terms of battery research, kMC models were already applied to a number of different systems
[28] such as conventional lithium-ion batteries [29, 31] and next-generation lithium-sulfur [120–
122] or lithium-air [123, 124] chemistries. A comprehensive summary of kMC models applied
to all different kind of battery processes is given in the review by Gavilan-Arriazu et al. [28].
The focus of the following section is more specific, concentrating on literature that applies kMC
models to simulate the formation of the solid-electrolyte interphase.

The application of kMC models to study SEI formation is a relatively novel technique. The
first study in this field was published by Methekar et al. and dates back to 2011 [29]. In their
study, they apply a two-dimensional kMC model to investigate SEI formation on a graphite an-
ode during cycling. Their considered processes include adsorption, desorption, surface diffusion
and a generic SEI formation reaction. All processes are parameterized based on experiment and
continuum simulation. This approach allows them to draw conclusions on surface coverage and
capacity fade in lithium-ion batteries, but did not allow to get insight on SEI properties such as
thickness, porosity or chemical composition. Based on this work Röder et al. [30, 31] developed
enhanced multiscale models that couple 2D+1 kMC models with macroscopic Newman-type
battery cell models. These models were subsequently applied to evaluate the interplay between
molecular growth of the SEI and macroscopic properties. For instance, the impact of particle
radius and C-rates on SEI thickness and chemical composition were investigated. The consid-
ered reaction networks were relatively simple, considering either EC degradation to Li2CO3 and
(CH2OCO2Li)2 [30] or generic SEI formation mechanisms [31]. The required parameters were

2 Parts of this section have been published in J. Wagner-Henke et al., Nat. Commun. 14, 6823 (2023) [1], licensed
under CC BY 4.0.
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either sourced from literature or estimated within plausible ranges. A similar approach was re-
ported by Shinagawa et al. [32], who applied a 2D+1 kMC model coupled with a Single Particle
Model to study the evolution of SEI thickness and the capacity fade of a battery cell over the
course of several hundred charging cycles as well as the impact of surface defects. Thereby, they
considered Li2CO3 formation from the EC solvent as the only SEI forming reaction and could
hence not draw conclusions on the details of chemical SEI composition.

In parallel, also kMC stand-alone models have further been reported. Ramos-Sanchez et al. [125]
developed a coarse-grained 3D kMC model to study the formation of (CH2OCO2Li)2 surface
films on graphite. They were particularly interested in how the interplay of the reduction rate
and the (CH2OCO2Li)2 formation rate impacts SEI formation and concluded that EC reduction
limits the SEI growth. Additionally, Hao et al. [126] reported on a kMC model predicting
capacity fade caused by a generic SEI formation reaction on graphite anodes. Based on this, they
demonstrated that SEI formation is highly affected by the Li+ ion diffusion kinetics through the
SEI and that the SEI thickness increases as a square-root function of time.

More recently, an increasing number of kMC models that include more complex SEI formation
reaction networks, which are at least partly derived from first principles calculations have been re-
ported. Spotte-Smith et al. [33] presented a homogeneous spatially not resolved kMC model that
incorporates an extensive computational reaction network for EC degradation, which was iden-
tified and parameterized using ab initio calculations and machine learning methods [127]. This
model was used to study the competition between different SEI-forming reactions at graphite
electrodes during cycling as well as the impact of CO2 impurities. The approach succeeded to
reproduce the often reported SEI structure with an inorganic inner and an organic outer SEI layer
[16]. Esameilpour et al. [128] further investigated the root-cause of such layered SEI struc-
tures by applying a 2D kMC model which discretizes the graphite anode surface as well as the
electrolyte phase. Their simulations suggest that the outer organic SEI forms through a ’solution-
mediated pathway’ in which intermediate species diffuse into the electrolyte, where they form
clusters, which eventually result in a porous outer SEI. The kinetic parameters in this study were
mostly taken from first principles calculations from literature and were partly estimated.

Further recent studies focused on the investigation of SEI formation in next-generation batteries:
Gerasimov et al. [129] introduced the first full 3-dimensional kMC model covering the sponta-
neous SEI formation in an EC/LiPF6 electrolyte on lithium metal. The model includes the solvent
and salt degradation reactions. The corresponding kinetic parameters were partly derived from
first principles calculations and partly estimated based on literature values. The study identified
the SEI structure and chemical composition with a full spatial resolution within the first 100 ns
after immersion. Another study on SEI formation and lithium deposition dynamics on lithium
metal was reported by Perez-Beltran et al. [130]. In this work the authors focused on the ef-
fect of a novel fluorinated-ether-based electrolyte with LiFSI as condcuting salt. The considered
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reaction pathways and energies were fully derived by first principles calculations in a previous
study [92]. Eventually, Hankins et al. [131] studied the SEI formation on hard carbon for Na-ion
batteries. In this study as well, the reaction mechanisms and energies were fully derived from
first principles. Additionally, the study introduced a novel method for the calculation of the local
potential that drives SEI formation and demonstrated the impact of electrolyte composition and
external current on the SEI structure and composition.

This literature review reveals the shortage of kMC models for SEI formation on lithium metal,
with only two having been developed recently. It is important to note that in contrast to other
cell chemistries, SEI formation on lithium metal occurs spontaneously due to its high reactivity
and low potential. Moreover, the absence of a stable electrode surface complicates modeling,
as the lithium metal anode partially reacts and dissolves during SEI formation. To date, only
one model [129] explicitly addresses spontaneous SEI formation, but is limited to a timescale
of 100 ns. Key remaining challenges include extending accessible timescales, ensuring both
local and global electroneutrality, and expanding the scope of investigated reaction networks and
electrolyte chemistries based on first principles calculations.
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3 Solid Electrolyte Interphase
Formation on Lithium Metal1

3.1 Introduction

This chapter aims at the development and application of an advanced ab initio-informed ki-
netic Monte Carlo model to reveal the underlying mechanisms of spontaneous SEI formation
on lithium metal, as well as its chemical composition and macroscopic influencing factors. As
previously discussed (cf. Section 2.1.3), this knowledge is vital to enable a targeted design of
beneficial SEI layers that can stabilize the lithium metal/electrolyte interface and effectively sup-
press dendrite growth and capacity loss upon cycling.

The presented model builds upon the recently published work of Gerasimov et al. [129]. In their
study they published the first 3-dimensional kMC model simulating the spontaneous SEI forma-
tion on lithium metal. This study provided a proof-of-concept and identified the SEI structure and
chemical composition with a full spatial resolution within the first 100 ns after contact of lithium
metal and liquid electrolyte. However, the applied reaction kinetics in this study were only partly
derived from first principles and the model could not ensure electroneutrality inside the simu-
lation box. This chapter introduces several significant extensions to this model, substantially
improving its predictive capabilities and the accuracy of the results. Additionally, the accessi-
ble simulation timescale is extended into the microsecond range. This allows for sound physical
conclusions on the SEI formation and represents a first step towards more realistic timescales. As
presented in Figure 3.1 these extensions include a multiscale concept, in which the kMC model
is coupled with a continuum model after the example of Röder et al. [104] for guaranteeing
electroneutrality as well as the use of a consistent set of DFT-based energy parameters of solvent
degradation. In this study, an electrolyte consisting of EC, EMC and LiPF6 is chosen as the
model system. Due to its widespread application in LIB this electrolyte system is comparatively
well studied, simplifying model development while providing insights into SEI formation in a
highly relevant electrolyte system.

1 Parts of this chapter have been published in J. Wagner-Henke et al., Nat. Commun. 14, 6823, 2025 [1], licensed
under CC BY 4.0.
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The presented simulations explicitly track the spatial distribution of electrolyte components, re-
action intermediates, SEI components and lithium metal. From this, the time-resolved morphol-
ogy and chemical composition of the SEI is analyzed and conclusions on the limiting processes
of its formation are drawn. This modeling approach allows to take unprecedented steps towards
the model-based design of SEI structures by predicting the effect of (local) concentration changes
of the liquid electrolyte components EC and LiPF6. This promotes the understanding of the ori-
gin of different SEI structures, and enables the suggestion of strategies for the knowledge-driven
design of the SEI.

3.2 Methods

The multiscale methodology applied in this study consists of three main parts and is depicted
in Figure 3.1: First, DFT calculations are used to identify the energetics of the SEI formation
reactions, which are then used as input parameters for the higher-scale models. Second, a three-
dimensional kMC model is established, which models the formation processes and the resulting
chemical composition of the SEI. This stochastic model is, thirdly, directly coupled with a con-
tinuum model to ensure global electroneutrality within the simulation box. The mentioned kMC
model is based on a prior work of Gerasimov et al. [129]. Here this model is extended to improve
the physical reliability in terms of electroneutrality, ionic conductivity of the SEI and solid-state
behavior of the lithium metal anode and incorporated into a multiscale modeling framework. In
the following section, first the kMC model is introduced, followed by a description of the cou-
pling to the continuum model. Afterwards, the model initialization and details on the performed
DFT calculations are discussed.

3.2.1 KMC Model

As previously discussed in Section 2.3.1, the comparatively high efficiency of the kMC modeling
approach primarily originates from the simulations on a molecular instead of an atomic level.
Thereby, rare events such as reactions or diffusions are considered while the vibrational motions
of atoms are neglected [110]. All considered rare events must be provided as a model input along
with their kinetic parameters. Based on this, transition rates for each process are calculated, and
the algorithm then stochastically chooses the process to be performed in a random fashion. In
this work, an algorithm based on the Variable Step Size Method (cf. Figure 2.7) [109, 111] was
applied. It was further modified with the structured list approach suggested by Schulze [114] to
increase its efficiency further. Thereby, all possible transition rates are calculated at the start of
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Figure 3.1: Schematic modeling idea of SEI formation on lithium metal. Left: Chemical system under investigation.
Right: Multiscale kMC/continuum modeling approach with DFT input. DFT provides the Gibbs free en-
ergies ∆RG and activation energies ∆G‡ of the considered reactions for the kMC model. The kMC model
passes the reaction constants kred and kox to the continuum model and the continuum model returns the po-
tential ∆Φconti.

the simulation and updated after every time step. More details on the general algorithm can be
found in Section 2.3.1 in the Fundamentals.

The overall kMC modeling idea is shown in the middle of Figure 3.1. A section of 5.165 nm
× 5.165 nm of the lithium metal surface in contact with the liquid electrolyte is represented in
the kMC box with a height of 25.823 nm. This modeling domain is divided into a fixed three-
dimensional cubic lattice. Each lattice site can either be vacant or occupied by a molecule or ion.
In this way, the lattice predefines all possible configurations. Based on the occupied and vacant
sites in the simulation output, the average SEI thickness dSEI in the z-direction can be calculated
as follows:

dSEI =
1

nx ·ny

(
∑
(x,y)

(
z(x,y)max, SEI− z(x,y)min, SEI

)
+∆L

)
(3.1)

Thereby, zmax, SEI and zmin, SEI represent the height of the highest and lowest layer in the kMC
box occupied by a SEI species, nx and ny stand for the number of lattice sites in x- and y-direction
and ∆L describes the edge length of the single voxels which is set to 0.3443 nm based on the size
of a lithium metal atom [129].

Further, the boundary conditions of the simulation box are defined to be periodic at the lateral
walls to allow for free diffusion of species. The top of the box is an open boundary which is
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3 Solid Electrolyte Interphase Formation on Lithium Metal

connected with a bulk electrolyte phase of constant composition, and the bottom boundary is
closed, so that no species can leave or enter the box through this wall.

For this study, three different types of events were considered: Diffusion of species in the elec-
trolyte with the rate ΓD,i, reactions in the solid and liquid phase with the rate ΓR,i and clustering
of SEI species to form larger agglomerates with the rate ΓCl,i. In the following sections, their
implementation and the respective transition rates are presented. A list of all model parameters
can be found in Table A.1 in the appendix.

3.2.1.1 Transport of Species and Charge

The diffusion rate is represented by ΓD and is implemented for all liquid components. This
includes electrolyte species and dissolved electrolyte decomposition products. In general, species
can hop to vacant sites in their next neighborhood. In order to allow for Li+ conduction through
the SEI, Li+ is additionally enabled to hop to the next neighbors, which are occupied by clustered
SEI species. Next neighbors are connected with the current lattice site with their face (horizontal
diffusion), their edge (diagonal diffusion), or their corner. Since diffusion in solid phases such as
in lithium metal and in SEI clusters is comparatively slow, it is not expected to have a significant
influence on the SEI composition and morphology and is therefore neglected. The respective
transition rates for the diffusion in the liquid phase are calculated with the following equations,
which are based on Röder et al. [30]2:

ΓD,face =
D j

2(∆L)2 (3.2)

ΓD,edge =
D j

4(∆L)2 (3.3)

ΓD,corner =
D j

6(∆L)2 (3.4)

D j represents the macroscopic diffusion coefficient of species j. It is assumed to be the same con-
stant value of 2.27 · 10−10 m2 s-1 for all considered species, which is in the range of previously

2 The transition rates for diffusion used in this chapter are directly adopted from [30]. For the following Chapters 4
and 5 the transition rates were newly derived for a cubic lattice, following the derivation by Drews et al. [132].
The full derivation can be found in Section B.1.2 of the appendix. As confirmed by a comparative simulation (cf.
Section A.2.1 in the appendix), the revised rates only have a minor effect on the results presented in this chapter and
do not alter the overall conclusions.
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reported values for EC systems [129, 133]. Equation 3.2 is further applied to calculate the tran-
sition rate of the clustering processes of SEI species, which were introduced by Gerasimov et al.
[129]. These clustering processes describe the precipitation of SEI components from the liquid
phase on crystalline or amorphous solid SEI species of the same kind. The underlying driving
force is that during the formation of the solid phase, a structural reorientation of neighboring SEI
species reduces the total energy of the system, as observed in [134].

The transport of charged species is not purely diffusive, but also depends on the electrostatic
forces, which arise from the interaction of all charged species within the simulation box. A full
calculation of these interactions is computationally expensive, since the electric field – and con-
sequently the transport rates of all charged species – would need to be updated after every change
in the charge carrier configuration within the kMC box [135]. To ensure local electroneutrality
while simultaneously enabling efficient simulations and the access to longer simulation times, a
simplified approach to model the electrostatic interactions was applied in this chapter. Thereby,
only the repelling forces based on the local charge distribution on the next-neighbors of each
charged species are considered. Additionally it is assumed that all charges behave like point
charges. After the example of Pippig et al. [135], the local electrostatic energy En is calculated
based on the next-neighbor charges as follows:

En =−
NA

4πε0εr∆L
ql ∑qnn (3.5)

Here, ql represents the charge of the species on the current site l, and qnn stands for the charges of
the species on the neighboring sites. Furthermore, ε0, εr and NA describe the vacuum permittivity,
relative permittivity and Avogadro constant, respectively. Based on this, the transport rate of
charged species ΓD/C is given by the applicable diffusion rate ΓD,dir (see Equations 3.2 - 3.4) and,
in case of repelling local forces, an exponential dependency on the local electrostatic energy as
follows:

ΓD/C =

{
ΓD,dir · exp

(
− En

RT

)
for En < 0

ΓD,dir for En ≥ 0
(3.6)

Thereby, dir stands for the respective direction of diffusion, e.g. face, corner or edge. kB repre-
sents the Boltzmann constant, and T the temperature. A comparative analysis on more advanced
electrostatic interaction models is provided in Chapter 5. Additionally, the impact of the consid-
eration of electrostatic forces on the predicted SEI formation is discussed there (cf. Section 5.4).
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3 Solid Electrolyte Interphase Formation on Lithium Metal

3.2.1.2 Reactions

In the kMC model, one or two reactants can form up to two products per reaction process. There-
fore, reactants have to be present on neighboring sites, as can be seen in the middle of Figure 3.1,
and products are placed on the reaction site or vacant next neighbor sites. It is assumed that
gaseous products are volatile, insoluble and are instantaneously transported away from the sur-
face. Hence, all related reverse reactions are neglected. The transition rate of the chemical
reaction process i is calculated based on TST (cf. Section 2.3.1), as shown in Equation 3.7.

ΓRi = k0,i exp
(
−

EA,i

RT

)
(3.7)

EA,i,forw = ∆G‡
i (3.8)

EA,i,rev = ∆G‡
i −∆RGi (3.9)

EA,i represents the energy barrier defined by Equations 3.8 and 3.9 for forward and reverse reac-
tions, respectively. Thereby, ∆G‡

i represents the activation energy, and ∆RGi stands for the free
energy of the respective reaction i. The energy values applied in this study have been derived by
first principles methods (cf. 3.2.4) and are summarized in Table 3.1. Furthermore, k0,i stands for
the frequency factor, which is usually in the range of 1012 s-1 to 1013 s-1 [110] and was chosen to
be 1013 s-1 , corresponding roughly to kBT/h, for all reaction processes in this study. Eventually,
R describes the ideal gas constant, which is defined as the product of the Boltzmann constant kB

and the Avogadro constant NA and T the temperature, which is set to be 298.15 K in accordance
with the DFT calculations throughout this study. The total activation energy of the oxidation
of the only solid reactant lithium metal E total

A,R1
accounts in addition for the binding energy Ebond

A
between the lithium metal atoms:

E total
A,R1,forw = EA,R1,forw +Ebond

A ·nLi
nn (3.10)

Here, nLi
nn stands for the number of directly neighbored lithium metal atoms. A similar approach

was e.g. chosen by Callejas-Tovar et al. [136].

The transition rates of electrochemical reactions further depend on the electrical potential ∆ΦKMC.
Here the electrochemical transition rates as reported by Röder et al. [30, 104] are applied:
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ΓR,ox = k0,i exp
(
−

EA,i

RT

)
exp
(

α∆ΦKMCF
RT

)
(3.11)

ΓR,red = κ(z)k0,i exp
(
−

EA,i

RT

)
exp
(
− (1−α)∆ΦKMCF

RT

)
(3.12)

This Galvani potential is calculated by the continuum model and transferred to the kMC model
as an input in each sequence. Furthermore, α stands for the symmetry factor and F represents
the Faraday constant.

Since the movement of single electrons is too fast to be directly considered in the kMC model,
an electron transport factor κ(z) is defined as a macroscopic approximation for the availability
of electrons for reduction reactions (cf. Eq. (12)) depending on the distance ∆z = z− zLi,max to
the lithium metal anode in z-direction:

κ(z) =


1 for z≤ zLi,max +∆L

exp
(

ln(pe− )
ze− ,max

·∆z
)

for zLi,max +∆L < z≤ zLi,max +∆L+ ze−,max

0 for z > zLi,max +∆L+ ze−,max

(3.13)

Thereby, pe− describes the electron probability at the maximum electron tunneling distance
ze−,max, and zLi,max stands for the height of the kMC-box initially occupied by lithium metal.
For this study, pe− was chosen to be 0.01 according to [129], and ze−,max was set to be 2 nm
which is a typical range for electron tunneling already used in previous simulation studies [137].
A detailed derivation of the electron factor is provided in Section A.1 in the appendix.

3.2.2 Continuum Model

Local electroneutrality was already accounted for in the kMC model by Equations 3.5 and 3.6.
However, if used as a standalone model, this does not include any control of global electroneu-
trality. Hence, oxidation and reduction processes can occur independently without consideration
of the availability of excess or lack of electrons. Therefore, here the 3-dimensional kMC model
is coupled to the following macroscopic charge balance following the MPA2 coupling algorithm
developed by Röder et al. [104]:

CDL d∆ΦConti

dt
= I− velF (3.14)
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As shown in Figure 3.1, it is assumed, that the potential drop ∆ΦConti between the electrode and
the liquid electrolyte behaves like an electrochemical double layer over the electrode/electrolyte
interface with a capacitance CDL, which is set to 0.2 F m-2 [104]. Thereby, only one electron
is transferred per electrochemical reaction step. Furthermore, I represents the applied current,
which is set to be 0 A m-2 in this study. vel refers to the total rate of electrochemical reactions in
the system. It is calculated as the difference between the total reduction and oxidation rates vel =

vred−vox which depend on the output of the kMC model according to the following correlations:

vox = kox exp
(

α∆ΦContiF
RT

)
(3.15)

vred = kred exp
(
− (1−α)∆ΦContiF

RT

)
(3.16)

The reaction constants kred and kox are derived from the kMC output by Equations 3.17 and 3.18
for each sequence.

kox =
∑Ψox

t∆L2nxnyNA
· 1

exp
(

α∆Φ
seq
KMC F

RT

) (3.17)

kred =
∑Ψred

t∆L2nxnyNA

1

exp
(
− (1−α)∆Φ

seq
KMC F

RT

) (3.18)

In these equations, ∑Ψred/ox describes the number of reduction/oxidation processes that were
performed in the kMC model since time t = 0, t is the time simulated by the kMC model, nx and
ny are the number of lattice sites in x and y direction, and NA stands for the Avogadro constant.
The charge balance in equation 3.14 is solved in each continuum model sequence, which is called
after every 1000 kMC iterations, by using the ode15s solver of MATLAB. The resulting potential
at the end of the sequence is fed back to the kMC model by ∆ΦKMC(seq) = ∆ΦConti(tseq). After
computing the next 1000 kMC steps with this potential value, the final number of electrochemical
reactions and the simulated time are again transferred to the continuum for determining the next
potential.

3.2.3 Choice of reaction network

As a stochastic, mesoscale approach, the kMC model used in this study requires the input of a
predefined reaction network as well as the related activation energies ∆G‡ and free energies ∆RG
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(cf. Figure 3.1). The considered reaction network was determined based on literature information
and DFT calculations. Thereby, the focus is on electron transport reactions instead of adsorption
reactions. This is due to the high reactivity of lithium metal which quickly leads to lithium
oxidation and the loss of a distinct lithium metal surface on which electrolyte molecules could
adsorb.

The considered reaction network of SEI formation is summarized in Table 3.1 and graphically
displayed in Figure 3.2. On the pure lithium metal surface, the lithium atom acts as electron
donor, i.e. is oxidized, which promotes reductive electrolyte degradation. The rapid oxidation of
Li is reflected in the low electrode potential and is the driving force for the rapid SEI formation
on lithium metal. In this study, the electrolyte consists of EC + EMC and LiPF6. Since the degra-
dation of EMC on lithium metal is known to be significantly slower than EC or the conductive
salt [89] and is too slow for the maximum simulation time of 1 µs, the degradation of EMC is ne-
glected in this study. In terms of the electrolyte solvent EC, the SEI species LiEDC and Li2CO3

are known as the main degradation products since the early work of Aurbach et al. in the 1990s
[64, 138, 139]. The related reaction pathways were extensively studied by ab initio calculations
[87, 88]. The two pathways considered in this chapter were extracted from the paper of Wang
et al. [87] and were recently confirmed by the study of Spotte-Smith et al. [33]. Both pathways
start with the electrochemical ring-opening of EC, denoted as R2. In a second reduction step,
R4, one ethene can be released. The remaining carbonate ion undergoes the chemical reaction,
R5, forming Li2CO3 with Li+ from the solution. Alternatively, two ring-opened (Li+)EC•− can
react in R3 to form the organic species LiEDC. Thereby, one ethene molecule is released.

In the absence of water or other contaminants, LiF is considered to be the main degradation
product of the conductive salt LiPF6 [100, 139, 140]. Based on the observations of ab initio and
reactive force-field (ReaxFF) MD calculations from the literature [98, 100] it is assumed that
each salt molecule can almost simultaneously release up to three fluoride anions. In order to
ensure compatibility with the kMC algorithm, this is divided into the elementary reactions R6-
R8, which are summarized in Table 3.1 and have a maximum of two reactants and two products
per reaction step. Additionally, the electrochemical nature of these reactions ensures that the
degradation processes occur only in the vicinity of the anode surface. Overall, this means that
from each salt anion close to the lithium surface, three LiF can be formed. The corresponding
reaction energies are adopted from Gerasimov et al. [129], where they were determined using
the slow-growth approach.
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3 Solid Electrolyte Interphase Formation on Lithium Metal

Figure 3.2: Reaction network considered in the multiscale kMC model. It consists of lithium metal oxidation, solvent
degradation and salt degradation. Full equations of reactions R1 – R8 are given in Table 3.1.

3.2.4 Density Functional Theory Calculations3

Since the accuracy of the model and the predicted system dynamics highly depend on good qual-
ity kinetic input data, DFT calculation were performed to identify consistent energy values for
the EC degradation under the local conditions at the lithium metal anode. A summary of all reac-
tion energies is shown in Table 3.14. The reaction energies of the salt degradation were already
determined in the publication of Gerasimov et al. [129] and were adopted for the reactions R6 -
R8. The DFT calculations were conducted with the Gaussian16 package. All the chemical struc-
tures were optimized to their local minimum at the B3PW91 level of theory with 6-311G(3df)
basis sets [141, 142]. The free energy values were converted from the default 1 atm condition to
the standard state of 1M. An implicit solvation model based on density (SMD) was implemented
to emulate the solvation environment in cyclic-carbonate-based electrolyte [143]. More details
on the performed DFT calculations can be found in Table A.3. It was found that the lithiation
relaxation energies vary from species to species. To prevent this phenomenon from influencing
the reaction thermochemistry calculation, each elementary reaction step was evaluated based on
the electronic energy difference from TS or product to reactant with proper thermal energy cor-
rections to obtain the free energy barrier/change from the total electronic energy value of each
species.

In the case of R2, which describes the ring-opening reaction of EC, no unique parameter set
could be identified. It was recently shown by Kuai et al. [22], that the activation energy of this

3 The DFT calculations were performed by Dacheng Kuai, formally Texas A&M University.
4 For better comparability with the study by Kuai et al. [22], the reaction energies in this thesis are reported in

kcal mol-1. All values were converted to the SI unit J mol-1 for the conducted computations.
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Table 3.1: Summary of implemented reaction processes and corresponding Gibbs free energies ∆RG and activation en-
ergies ∆G‡. TS represents the transition states. Reaction energies for R2 are given for two cases: with (w/)
and without (w/o) lithium coordination of EC.

N0 Reaction ∆RG / ∆G‡ /
kcal mol-1 kcal mol-1

R1 Li ⇌ Li+ + e− -70.22a 1.9a

R2

w/o Li+

-30.43b 0c

w/ Li+

-39.17b 12.05b

R3 -56.5b 2.93b

R4 -90.83b 0c

R5 -54.72b 0c

R6 Li+ + PF−6 + e−⇌ LiF + PF−5 -0.454d 3d

R7 Li+ + PF−5 + e−⇌ LiF + PF−4 -0.454d 3d

R8 Li+ + PF−4 + e−⇌ LiF + PF−3 -0.454d 3d

a Assumed energies.
b Energies calculated by DFT.
c Activation energy manually set to 0 kcal mol-1 since the DFT calculations suggested negative values.
d Energies adopted from [129]

process is significantly impacted by lithium coordination. When coordinated with one Li+ ion,
the energy barrier was calculated to be 12.05 kcal mol-1. As previously shown in literature [94]
this barrier is mostly independent of the exact coordination ratio of EC and Li+, and also applies
if several EC-molecules are coordinated with one Li+-ion. However, Kuai et al. [22] showed
that the ring-opening barrier is significantly different for uncoordinated EC and becomes even
negative. Similar declining energy surfaces are found in reactions R4 and R5. To transcribe
this into the kinetic information, the activation energies ∆G‡ of the corresponding reactions are
assumed to be 0 kcal mol-1. Since the lithium coordination of EC and solvation are evolving

37



3 Solid Electrolyte Interphase Formation on Lithium Metal

dynamic processes in the electrolyte system, the energy barrier of the EC ring-opening process
R2 is not clearly identifiable from the DFT calculations.

3.2.5 Model Initialization

The simulation box is initialized with a clean and pristine lithium metal surface which comes
into contact with the pure electrolyte solution without any contaminants being present in the
electrode or electrolyte. The first 30 bottom layers of the kMC simulation box, starting from
z = 0 and ending at zLi,max, are initially completely filled with lithium metal atoms to represent
the lithium metal anode. The remaining lattice sites, i.e. z > zLi,max, are randomly occupied by
electrolyte molecules or vacant. Thereby, the number of species n j depends on the chosen salt
concentration and solvent composition, which is 1.2M of LiPF6 in EC in the standard case and
can be calculated by Equation 3.19.

n j =
⌊

NAc j∆L3nxny

(
nz−

zLi,max

∆L

)⌋
with j ∈ {EC,PF−6 ,Li+} (3.19)

The concentrations c j are varied for the modeling studies on the effect of salt and solvent con-
centrations. After placing the molecules, all possible events and transition rates are determined
and saved in the structured lists according to Schulze et al. [114]. In the last step, the elec-
trical potential for the first kMC sequence ∆ΦKMC(seq = 1) = ∆ΦConti(t = 0) is calculated by
minimizing Equation 3.20 in order to balance out the probability of oxidation and reduction pro-
cesses. Thereby, the index iel stands for the implemented electrochemical reaction processes, and
l represents the lattice sites in the kMC box.

min
∆Φ

(∣∣∣∣∣∑l
∑
iel

Γ
red
iel,l(∆Φ)−∑

l
∑
iel

Γ
ox
iel,l(∆Φ)

∣∣∣∣∣
)

(3.20)

The presented multiscale model was implemented in MATLAB, and all simulations were per-
formed using MATLAB Version 2021a. The calculations were performed on an i7-8700 CPU
with 16 GB RAM.
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3.3 Results and Discussion

3.3.1 Parameter Estimation and the Effect of Local Li+

Concentration

As previously discussed in Section 3.2.4, the kinetics of the ring-opening reaction of EC (R2)
highly depend on the Li+ coordination and local solvation environment, which are highly dy-
namic close to the lithium metal surface. Hence, the energy barrier of R2 could not be clearly
identified. To estimate the effect of the ring-opening barrier on the resulting SEI structure and to
choose a meaningful ring-opening energy for further investigations, a parameter study of the en-
ergy barrier ∆G‡ of the EC-ring opening reaction R2 was performed. The parameter was varied
in the DFT-proposed parameter range between 0 and 12.05 kcal mol-1 (cf. Table 3.1). Thereby,
each parameter set represents a different stochastic average of the availability of uncoordinated
vs. Li+-coordinated EC molecules close to the reaction site. Hence, lower energy barriers corre-
spond to a lower and higher energy barriers to a higher local availability of Li+ ions.

The results are shown in Figure 3.3. In Figure 3.3 a), the final kMC box configurations after a
simulated time of 1 µs are shown for different ring-opening energy barriers between 0 kcal mol-1

and 12.05 kcal mol-1. In Figure 3.3 b) the corresponding composition of the resulting SEI is plot-
ted. From this, it is observed that the ring-opening energy, and hence the local Li+ concentration,
has a strong effect on the resulting SEI composition and morphology. Low energy barriers lead to
a SEI with an inorganic phase close to the lithium metal anode and an organic phase above, closer
to the electrolyte phase. The inorganic phase is composed of Li2CO3 and LiF, which are arranged
in a mosaic-like manner, and the organic phase consists of (CH2OCO2Li)2 (LiEDC). Moreover,
Li2CO3 is strongly dispersed over the SEI, and reaches inside the electrolyte. Relatively higher
ring-opening barriers lead to a shift towards more LiF species in the increasingly layered in-
organic phase. Moreover, both the organic phase and the dispersed Li2CO3 phase become less
distinct until they entirely disappear when the ring-opening barrier reaches 12.05 kcal mol-1.

These observations can be explained based on the reaction network shown in Figure 3.2. Since
the kinetics of R2, which is the first reaction step of the EC degradation, were tuned in this pa-
rameter study, it is reasonable that faster kinetics lead to more solvent-degradation-related prod-
ucts, which include both the inorganic Li2CO3 and the organic LiEDC. Vice versa, the increase
of LiF quantities with slower EC degradation kinetics follows a complex interplay of diffusion
and reaction limitations which is analyzed in detail in Section 3.3.2. In brief, since fewer EC
degradation products are formed, the passivation of the lithium metal is slower, which allows
the reduction of salt over a longer period of time. From a practical point of view, a high local
Li+ concentration close to the electrode surface stabilizes many EC molecules and consequently
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Figure 3.3: SEI composition and structure 1 µs after the initial contact of EC + 1.2M LiPF6 and lithium metal for varying
EC ring-opening energies ∆G‡. a) Resulting species distribution in kMC box. b) Number of SEI molecules
over the height. The dashed lines represent the initial lithium metal surface (left) and the maximum electron
transport distance (right).

leads to less EC degradation products such as LiEDC or Li2CO3 and a layered inorganic initial
SEI layer. In contrast, a low local Li+ concentration increases the availability of uncoordinated
EC molecules and thus – due to the negligible barrier for uncoordinated EC – facilitates EC
degradation. The resulting SEI contains more EC degradation products with a more mosaic-like
morphology. These local properties could vastly differ depending on the working conditions.
Therefore, SEI formation on pure lithium metal under OCV conditions could be different from
e.g. SEI formation during lithium plating or SEI formation on intercalation electrodes in LIB.
This could also partly explain the different SEI structures reported in literature (cf. Section 2.1.3)
and could be exploited for a rational tuning of the SEI.

In order to better understand which parameter set represents best the conditions at the initial in-
terface between lithium metal and liquid electrolyte, the simulation results are in the following
compared with the data of the recent MD study of Ospina-Acevedo et al. [100]. These authors
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applied reactive MD simulations with ReaxFF to model the first 20 ns of SEI formation in dif-
ferent electrolytes – among others, the EC + LiPF6 electrolyte, which is considered in this study.
Since MD and kMC are very different simulation paradigms, which were applied to the same
chemical system with identical time and temperature, the comparison is a good approach for val-
idating and benchmarking the modeling approach in this study. Moreover, comparison shows the
low computational costs of the multiscale kMC/continuum approach: According to the authors
of the comparative MD study [100] their calculations ran for a couple of weeks on high perfor-
mance computer clusters in order to reach 20 ns. In contrast the here presented kMC/continuum
model only took 29.2 minutes on a personnel computer with an i7-8700 CPU and 16 GB RAM
to reach the same time on a 32 times larger length scale.

The comparison of the resulting MD box and the kMC/continuum simulation with a ring-opening
energy of 12.05 kcal mol-1 after 20 ns is shown in Figure 3.4. Despite the difference in length and
timescale of the MD and the kMC/continuum simulations, a qualitative comparison can be made
by using a representative section of the lithium metal surface in the kMC box after a simulated
time of 20 ns.

Figure 3.4: Comparison of SEI structure in EC + LiPF6 from kMC-continuum for a ring-opening energy of 12.05 kcal
mol-1 (left) and ReaxFF MD (right) after 20 ns. The dimensions of both boxes are 2.07 nm x 2.07 nm x 4.96
nm, each. The kMC result is taken as a representative sample from the large-scale simulations of 5.165 nm
x 5.165 nm x 25.823 nm. The MD simulations were provided by Ospina-Acevedo et al.[100].
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First of all, the MD simulation suggests a layered inorganic SEI. Thereby, below the initial
interface carbonate, ethene, LiOx, PF3 and CO2 can be found. Above the initial interface, a LiF
layer can be observed. Moreover, no organic species were formed within the simulated time
period. It should be noted that in the study of Ospina-Acevedo et al. [100] the salt was initially
placed close to the lithium metal surface while it was evenly distributed in the here presented
kMC/continuum study. In any case, both the layered structure and the absence of organic SEI
components are qualitatively similar to the results of the kMC/continuum model for high EC
ring-opening energies of 10 or 12.05 kcal mol-1.

For a more quantitative comparison, the number of released ethene molecules was identified as
a good indicator for the EC degradation kinetics. Since it can only be produced as a side product
of the EC degradation, it is directly related to the number of reduced EC molecules and can be
quantified by the tracked number of the ethene forming reactions R3 and R4. In order to en-
sure comparability between both simulation approaches, the released gas in the kMC/continuum

simulations was scaled by the scaling factor ν =
ninit

EC,MD
ninit

EC,KMC
, which relates the number of initial

EC molecules in the MD ninit
EC,MD simulation box to the number of initial EC molecules within a

distance of 2 nm above the lithium metal in the kMC simulation box ninit
EC,KMC. In Figure 3.5, the

result is plotted over the simulated time. Thereby, only the ethene production for the parameter
set with an EC ring-opening energy of 12.05 kcal mol-1, which corresponds to the ring-opening
energy with Li+ coordination, is in the same order of magnitude as the ethene production in the
MD simulation. However, the ethene release for this parameter set is still slightly higher than
observed from the MD calculations. This effect could have multiple reasons. First of all, all
salt ions were placed close to the lithium metal surface in the MD simulation. This could lead
to an overestimated LiF production, which quickly passivates the surface and hinders fresh EC
molecules from reaching the lithium metal surface. Moreover, the kMC/continuum simulation
has an open upper boundary connected with a bulk electrolyte phase, while in the MD simula-
tion box all considered molecules are placed in the initial box. This means that in the case of the
kMC/continuum simulation a higher amount of fresh EC is available to be transported towards
the lithium metal surface and subsequently decompose.

Overall, the comparison with the MD simulation clearly indicates that the kMC/continuum sim-
ulation using the highest EC ring-opening barrier of 12.05 kcal mol-1, which corresponds to
strong influence from local Li+, best reproduces the local conditions at the lithium metal surface
within the first 20 ns after contact. Since the lithium metal anode acts as a source of Li+ ions,
which are the cause for the EC ring stabilization, this result is reasonable for the investigated cell
chemistry. Therefore, for the following detailed SEI analysis, including the influence of salt and
solvent concentration on the SEI, an EC ring-opening barrier of 12.05 kcal mol-1 is applied.
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Figure 3.5: Comparison of the number of released ethene molecules over time for varying EC ring-opening energies
∆G‡ with MD simulation performed by Ospina-Acevedo et al. [100]. The number of ethene molecules for
the multiscale kMC/continuum simulation is calculated from occurrence of the gas-forming reactions R3 and
R4 and is scaled to the amount of EC molecules in the initial MD simulation box.

3.3.2 Temporal Analysis of SEI Formation

The following analysis of the temporal evolution of the SEI formation allows an in-depth under-
standing of the limiting processes and process interactions which cause the final SEI composition
and thickness. The general trends of SEI formation over time are presented in Figure 3.6 which
shows several snapshots of the kMC box along with the development of the average SEI thick-
ness over time. Thereby, the SEI thickness shows an asymptotic growth to 5.3 nm, where 50%
and 90% of the height is reached after approximately 100 and 200 ns, respectively.

1 ns after the initial contact of lithium metal with the liquid electrolyte, the first intermediate
products and SEI species form within 1 nm from the initial surface. This shows the high reac-
tivity of pure lithium metal, which was already described by He et al. [14]: As reduced lithium
with a very low open circuit potential is present from time t = 0, the SEI formation starts im-
mediately after contact of the electrolyte with the electrode material and does not require any
external current. After 10 ns, some more SEI species were formed, and the initiation of the
layering of the inorganic phase, with a Li2CO3 layer below a LiF layer, can be observed. The
two layers of the inorganic phase can be clearly distinguished after 100 ns. It is interesting to
note that LiF mainly forms above the initial solid-liquid interface at the height of approximately
10 nm. In contrast, Li2CO3 grows into the former lithium metal phase, and is mainly present
below the initial interface. In comparison with the SEI after 1 µs, both observed phases are still
very porous, and solvent molecules are still present close to the lithium metal surface. Eventu-
ally, after 1µs all EC molecules below the newly formed SEI layer are consumed. Moreover, the
LiF and the Li2CO3 layer became less porous and thicker. Thereby, the LiF layer mainly grows
towards the electrolyte, while the Li2CO3 layer further grows into the lithium metal phase below
the initial interface. As already described above, even after 1 µs, no formation of organic species
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Figure 3.6: Temporal evolution of SEI formation on lithium metal in EC + 1.2M LiPF6 electrolyte. a) Resulting species
distribution in kMC box at selected times and b) development of SEI thickness over time. Energy values
comprise the case for EC reduction in the presence of Li+.

can be observed for this parameter set. This suggests that the experimentally observed organic
SEI species [14] form only on larger timescales and require an initial inorganic passivation of the
lithium metal surface. The same SEI formation and chemical SEI composition were observed
when smaller inhomogeneities were introduced to the lithium metal surface, as shown in Fig-
ure A.2. This shows the low sensitivity of the SEI layer on structural inhomogeneities. Detailed
experimental studies on the initial SEI formation on lithium metal and its resulting composition,
especially with a sub-µm resolution, are scarce in literature [14, 19]. To the best of the authors
knowledge, there is no experimental study, yet, which was able to reveal the here observed lay-
ering of the inorganic SEI. Future advancements in experimental methods may allow to reach a
similar resolution and thus provide an experimental validation.
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In addition, it is interesting to note that, in comparison to the first nanosecond, the SEI growth
within the subsequent 9 ns slowed down significantly. This can also be seen in the thickness
evolution in Figure 3.6 b). After a sharp increase within the first ns, the SEI growth continuously
slows down until it reaches a maximum thickness of 5.3 nm after approximately 700 ns. This
deceleration is caused by the increasing surface passivation constituted by the previously formed
SEI species. After 700 ns, the surface becomes completely passivated to further electron tunnel-
ing, which is considered the only electron transport process in the presented model. Indeed, this
does not mean that no further growth of the SEI is possible. Additional electron transport pro-
cesses such as solvent diffusion, electron conduction through the SEI or Li-interstitial diffusion
[21, 144] or SEI dissolution [131, 145–147] could lead to ongoing SEI growth on significantly
larger timescales. These are not considered in the presented model since they are not expected to
have a substantial effect during the first µs of SEI formation. Moreover, the cycling current will
also lead to changes in and further growth of the SEI. Lastly, the developing electrical double
layer could affect the SEI formation. Its effect on the simulation results is analyzed in Section
A.2.3 in the appendix.

The obtained Li2CO3-LiF-layered SEI partly differ from the observations made in the work of
Gerasimov et al. [129]. Despite a reported layered SEI, the order of the inorganic species was
different, and a very fast formation of organic species within the first 100 ns after the initial
contact of lithium metal and the liquid electrolyte was observed, which cannot be confirmed here.
These differences can be mainly attributed to the overestimation of the reaction rate of the EC
degradation in [129]: The activation barrier of the EC ring-opening reduction was estimated at
2.7 kcal mol-1, while this work found a barrier of 12.05 kcal mol-1 by considering the stabilization
effect of Li+ ions on the EC-ring. This is why the previously predicted SEI is more similar to
the here presented results with lower EC ring-opening energies of 0 or 4 kcal mol-1, which can
be found in Figure 3.3 on the very left. Another crucial difference is that the more detailed
energetic calculations in this work have found that the energy barriers of the possible subsequent
degradation reactions are the reverse of what was assumed by the previous study. While in
this work the formation of inorganic carbonates was found to be more likely in an electron-rich
environment due to lower energy barriers of the carbonate-forming reaction R4 compared to the
organic-forming reaction R3, the formation of organic LiEDC was energetically preferred in the
former study of Gerasimov et al. [129]. Overall, the inclusion of electroneutrality, including
multiscale coupling, the reparameterization and further model extensions done in this work lead
to a significant improvement in the accuracy and predictive power of the modeling approach.

In order to understand the underlying processes governing SEI formation, a detailed analysis
of the temporal changes in the distribution of reactants and SEI products is presented in Fig-
ure 3.7. Since the salt concentration is comparatively low, for better visualization, it is plotted
in a separate figure with a zoomed-in y-axis. From these figures, it is well visible that the salt
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Figure 3.7: Temporal evolution of the species distribution over the height of the kMC box. The first row shows the
reactant distribution and second row shows the SEI products distribution at selected time points. The dashed
lines represent the initial lithium metal surface (left) and the maximum electron transport distance (right).
Energy values comprise the case for EC reduction in the presence of Li+.

concentration within the electron transport zone (between the dashed lines) quickly drops to 0
within 1 ns. This results from the rapid salt degradation kinetic with an energy barrier of only
3 kcal mol-1 (cf. Table 3.1). Since this process is approximately one order of magnitude faster
than the salt diffusion, all available salt ions are reduced at their current position. Hence, the
degradation product LiF is evenly distributed throughout the electron transport layer at this time
point of the simulation. Subsequent diffusion of PF−6 from the neighboring electrolyte layers to
the electrochemically active reaction zone leads to a concentration gradient into the electrolyte
zone, as visible for 10 and 100 ns. This indicates that all salt which reaches the electrochemically
active zone is immediately consumed. The development of the LiF concentration over time con-
firms this observation since it develops an increasing concentration peak at the upper end of the
electron transport layer. Overall, this shows that the transport rate of the reactant PF−6 is slower
than its decomposition. Hence, it is concluded that LiF production is a diffusion-limited process.

At the end of the simulation, after 1 µs, the concentration gradient above the electron transport
zone mostly vanished. This matches the observation made in Figure 3.6 b) that the interphase
is thicker than the electron tunneling zone, which blocks the electron tunneling to a negligible
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probability. Hence, no new salt above the formed SEI is consumed after 1 µs. The consumption of
EC, which is approximately 11 times more numerous in the electrolyte solution, is much slower
in comparison. This can be especially observed in the EC concentration profiles. Even after
100 ns, solvent is still present within the electron transport layer. Moreover, it should be noted
that EC molecules even exist below the initial interface after 10 and 100 ns. This relatively high
stability of EC can be traced back to the energy barrier of the first EC ring-opening step. This
barrier was determined to be 12.05 kcal mol-1, which is high compared to the energy barrier of
only 3 kcal mol-1 for the salt decomposition (cf. Table 3.1). Additionally, in contrast with the salt
concentration profiles, no EC-concentration gradient develops above the electron transport layer.
From this, we can conclude that the first step of electrolyte degradation is reaction-limited. With
regard to the presented mesoscale calculations, this means that the EC molecules have enough
time to approach the lithium metal surface without being immediately reduced. This further
allows the formation of the Li2CO3 peak closer to the lithium metal surface and below the LiF
layer.

The reason why Li2CO3 is preferably produced over LiEDC can be explained by comparing the
kinetics of both EC degradation pathways in R2-R4. As previously pointed out by Yu et al. [88],
the second EC reduction step R4 which reduces (Li+)EC•− to LiCO−3 is faster than the first EC
reduction step R2, which reduces EC to the ring-opened (Li+)EC•−. This is also reflected in the
kinetic parameters (cf. Table 3.1), in which the activation barrier of R2 is 12.05 kcal mol-1, and
the barrier for R4 is 0 kcal mol-1. Hence, as long as electrons are readily available, which they
are close to the Li surface, newly formed (Li+)EC•− can quickly undergo a subsequent reduc-
tion reaction via reaction R4, leading to low (Li+)EC•− concentrations and significant LiCO−3
production. In contrast, two (Li+)EC•− at neighboring sites are required to produce LiEDC (cf.
R3). As the (Li+)EC•− concentration is low, this makes LiEDC production unlikely close to the
surface. Hence, the production of LiEDC could only occur in an electron-deficient environment,
which prevents the second reduction step. One possibility to obtain this environment is a first
passivation layer at the surface which significantly slows down the electron leakage from the
lithium metal anode. This explains why the organic SEI species are often observed at the top of
the SEI: They require a first passivation layer to be formed. Therefore, the formation of organic
species such as LiEDC would be mostly expected on larger timescales.

Meanwhile, Figure 3.7 also answers the question of why the surface is fully passivated against
electron tunneling at the end of the simulation. From the reactant distribution after 1 µs, it can
be observed that the number of vacancies drops to zero at the upper electron transport limit,
i.e. at the interface to the electrolyte. This means that the surface is fully occupied with SEI
species. Hence, solvent and salt molecules in the electrolyte phase cannot pass the outer SEI
surface and thus are not close enough to the lithium metal to be reduced by electron tunneling.
Further, at 1 µs, all reactants inside the electron transport range are consumed. Therefore, no
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further SEI formation is possible. Transferring this insight to the actual physical system of 1.2M
LiPF6 in EC/EMC, it can be expected that this initial passivation significantly slows down further
SEI growth, which could continue only by other, slower transport paths, such as interstitial Li
diffusion or electron conduction [21, 144].

3.3.3 Influence of Salt and Solvent Concentration

Having revealed the SEI composition and related governing processes of the SEI formation on
lithium metal in EC with 1.2M LiPF6, the model is in the following applied to study how the
resulting SEI can be modified by tuning macroscopic properties. An intuitive approach is to
vary the concentration of the conductive salt in the electrolyte. Therefore, the SEI formation
is studied for four different LiPF6 concentrations from 1M to 2M5. In doing so, the same set
of kinetic parameters is applied for all salt concentrations and hence possible salt concentration
effects on the reaction kinetics are neglected. The results are presented in Figure 3.8.

Overall, the SEI keeps its layered structure across all investigated salt concentrations. Thereby
the changes of the salt concentration have only a minor effect on the distribution and quanti-
ties of LiF, while the amount of the EC degradation product Li2CO3 decreases at higher salt
concentrations. Considering the previously analyzed governing processes of the SEI formation,
this observation can be explained as follows: We learned that the salt degradation process which
produces LiF is diffusion-limited, and that PF−6 anions which reach the electron transport layer
are almost immediately consumed. An increased salt concentration in the electrolyte automati-
cally results in a higher initial salt concentration in the electron transport zone (cf. Table A.2) .
These salt species are almost immediately reduced and thus increase the LiF concentration in the
electron transport layer. Moreover, the transport of additional salt species from the electrolyte
solution towards the lithium metal surface is more frequent in systems with higher salt concen-
trations. Overall, this leads to a faster production of LiF and hence to a quicker passivation of
the lithium metal surface. As a consequence, fewer solvent molecules can approach the electron
transport layer before the complete passivation of the surface. This can be confirmed by the ratio
of initially present to overall consumed EC, which is summarized in Table A.2 for all parameter
sets. This ratio increases from 0.3 for 1M LiPF6 to 0.46 for 2M LiPF6 and hence indicates that
fewer EC molecules diffuse to the electron transport zone for high salt concentration. Moreover,

5 In the original publication [1], salt concentrations of up to 4M LiPF6 were considered for theoretical comparison.
However, concentrations of 2M and above exceed the solubility limit of LiPF6 in pure EC and are therefore to be
regarded as hypothetical (cf. Figure A.4). In this dissertation, the concentration range is limited to 1-2M LiPF6
in order to reflect more physically realistic conditions. Salt concentrations between 1M and 1.5M LiPF6 are well-
established in the literature [68, 101, 148–150]. At 2M first salt precipitation is observed under ambient conditions
(cf. Figure A.4). It is hence included as an extreme case, in which the solution remains liquid, although the solubility
limit is already exceeded.

48



3.3 Results and Discussion

Figure 3.8: Variation of the salt concentration between 1M and 2M LiPF6 in 100 wt.% EC. a) Resulting species distri-
bution after 1 µs. b) Number of SEI molecules after 1 µs over height. The dashed lines represent the initial
lithium metal surface (left) and the maximum electron transport distance (right). c) SEI porosity after 1 µs
over height. d) SEI thickness evolution within 1 µs

the number of consumed EC molecules decreases from 1686 in the 1M LiPF6 electrolyte to 937
in the 2M LiPF6 electrolyte. This results in the observed reduced amount of the EC degradation
product Li2CO3. Furthermore, it leads to increased porosity of the inner SEI, which can be seen
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in Figure 3.8 c). The described faster passivation of the SEI surface can also be observed in Fig-
ure 3.8 d), which compares the SEI thickness evolution for the investigated salt concentrations.
Higher salt concentrations lead to steeper growth of the initial SEI layer. At the same time, the
final mean SEI thickness decreases with the salt concentration. From the final kMC boxes, which
are shown in Figure 3.8 a), it can additionally be concluded that less lithium metal is consumed
for the fast formation of this first passivation layer in the case of higher salt concentrations. All of
these trends are consistent with those reported in the original publication [1], but less pronounced
due to the narrower concentration range considered here.

Overall, by modifying the salt concentration in the electrolyte, the ratio of Li2CO3 and LiF in the
inorganic layer of the SEI, the thickness of the inorganic layer and the loss of cyclable lithium
can be purposefully tuned. From this, it is concluded that higher concentrations of the conducting
salt lead to a faster passivation and an increased LiF content, which in turn is reported to improve
the self-protection of the SEI and mechanical stability [13, 151].

EC is usually mixed with further, more chemically stable solvents such as EMC or DMC [89,
152]. The effect of adding such a more stable solvent compound to the electrolyte, is in the
following investigated with the presented model. For this study, EMC is exemplarily used as
the second electrolyte solvent, which dilutes the EC concentration. As discussed in more detail
in Section 3.2.3, EMC is not expected to undergo a significant number of degradation reactions
within the first microsecond. For this reason, no related degradation reactions were considered.
It is further assumed that the second solvent does not have a significant impact on the considered
reaction and transport processes and does not chemically interact with the salt or co-solvent in the
investigated period of time. Under these assumptions, the following results, which are presented
in Figure 3.9, are valid for all electrolyte solvents with a higher or similar chemical stability as
EMC on lithium metal.

The simulation results show the following effect of a decreased EC concentration: The LiF dis-
tribution in the formed SEI does not change significantly while the amount of formed Li2CO3

decreases. Overall, the inorganic SEI keeps a layered structure. Moreover, the thickness of the
SEI decreases with decreasing EC concentration. These observations can be mainly attributed
to the lower amount of EC molecules initially present close to the lithium metal surface at de-
creased EC concentrations (cf. Table A.2). Additionally, the transport of fresh reactants towards
the electron transport layer is decelerated since fewer EC molecules are available in the elec-
trolyte solution. As a consequence, less Li2CO3 can be formed before the surface becomes fully
passivated by LiF. In addition, from Figure 3.9 c), it can be observed that the porosity of the inner
SEI increases with decreased EC concentrations.

Although these observations seem similar to the effect of the salt variation, it should be noted
that in contrast to the sensitivity to salt concentration, the speed of the passivation cannot be
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Figure 3.9: Variation of the EC concentration between 30 wt.% and 100 wt.% of the solvent with 1.2M LiPF6. a) Re-
sulting species distribution after 1 µs. b) Number of SEI molecules after 1 µs over height. The dashed lines
represent the initial lithium metal surface (left) and the maximum electron transport distance (right). c) SEI
porosity after 1µs over height. d) SEI thickness evolution within 1 µs.
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tuned by adjustment of the EC concentration. This important difference can also be observed in
Figure 3.9 d), which shows that the SEI thickness evolution is consistent for all solvent concentra-
tions within the first nanoseconds. Afterwards, it becomes first limited for low EC concentrations
since fewer fresh EC molecules are available in the electron transport zone.

This difference between the effect of the salt and solvent concentration can have some important
implications in real systems. In general, real experimental systems are usually more complex
than the ideal assumptions in the presented model. Neither the lithium metal anode nor the elec-
trolyte components are perfectly clean. Therefore, impurities within the electrolyte and lithium
metal or the often-reported initial surface layer on lithium [153] may cause additional effects
and modify the outcome. Furthermore, EMC may also degrade, though slower, leading to ad-
ditional degradation products. Hence, fast passivation of the lithium metal surface is preferable
since it leads to a more controllable SEI formation and could decrease the amount of unwanted
side products from impurities. The simulations suggest that faster passivation can be achieved
by increasing the salt concentration. However, solubility limits as well as potential downsides,
such as slower ion transport, high viscosity and cost need to be considered in order to identify
the optimal electrolyte composition.

3.4 Concluding Remarks

Within this chapter a novel kMC/continuum multiscale modeling approach was developed and
applied to obtain detailed insight into the procedure of SEI formation on a 50 times larger
timescale and a 32 times larger length scale than comparable ReaxFF MD simulations [100].
Thereby, the presented approach is able to track the time-evolution of SEI formation on a molecu-
lar resolution and to reveal details of the SEI composition and morphology and on the underlying
formation mechanisms, which are presently inaccessible by experiments [14, 19].

During the initial SEI formation, the transport was identified to be the limiting process for the
degradation of the conductive salt LiPF6, whereas the decomposition of the electrolyte solvent
EC is limited by its reaction kinetics. In this context, the carbonate electrolyte solvent can main-
tain its chemical integrity for a sub-microsecond timescale when approaching the lithium metal
surface. Overall, a complex interplay of electrolyte diffusion, electrolyte degradation and con-
sumption of the lithium metal electrode was revealed, which results in a layered inorganic SEI
on the lithium metal surface. Thereby, a Li2CO3 layer was observed close to the lithium metal
surface and a LiF layer above.

Additionally, it was demonstrated that the Li+ concentration and solvation environment has a
vast impact on the morphology of the formed SEI due to its stabilization effect on the EC sol-
vent [22]. High Li+ concentrations, which are related to slow EC degradation kinetics, lead to a
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layered inorganic SEI. In contrast, low local Li+ concentrations relate to fast EC degradation ki-
netics resulting in a more mosaic-like inorganic SEI and a higher amount of organic SEI species.
This finding explains parts of the ambivalent literature on the SEI structure and could allow the
rational tuning of the SEI based on the local Li+ concentration. Further analyzed options of SEI
tuning included the variation of salt and solvent concentration. In contrast to solvent concentra-
tion, increasing the salt concentration led to accelerated surface passivation and a simultaneous
increase in the LiF content of the SEI. These trends highlight the potential of salt concentration
as a design parameter, provided that solubility limits and potential drawbacks, such as reduced
ionic transport and increased viscosity, are carefully considered. In order to reveal the relation
between the predicted SEI structures and its performance, in future the predicted structures could
either be tested experimentally or by an additional performance model.

Overall, the presented modeling approach gives interesting new insights into the SEI formation
on the µs timescale, which is challenging to obtain by MD simulation or in situ characterization.
It is suitable for studying the mesoscale processes, which bridge the experimental studies and
atomistic calculations. The presented model is therefore an important first step towards theo-
retical prediction of SEI composition and morphology and model-assisted SEI design. In the
following Chapter 4 this model is further extended to investigate the impact of vinylene carbon-
ate and polymerization on SEI formation, and to increase the accessible simulation timescale to
the order of seconds.
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4 Effects of the Film-Forming Additive
Vinylene Carbonate1

4.1 Introduction

As already introduced in Section 2.1.2, one strategy to stabilize the lithium metal/liquid elec-
trolyte interface is the use of interphase forming electrolyte additives. These can positively
alter the properties of the SEI, e.g. making it thinner, more electrically passivating or more
mechanically stable against electrode volume changes [13, 61]. A popular additive for both,
lithium-ion batteries and LMB is vinylene carbonate [61, 154]. It is well-known to improve
the cyclic efficiency of lithium metal batteries [19, 66, 155] and is reported to form a mechani-
cally stable polymeric surface film, which may also increase the internal resistance of the LMB
cells [66, 154–156]. In recent years, advanced cryo-transmission electron microscopy (cf. Sec-
tion 2.2.1) studies could reveal that VC in carbonate-based electrolytes leads to a mosaic-like SEI
on electrochemically deposited lithium, consisting of inorganic species embedded in amorphous,
organic SEI layers [66]. Furthermore, it was demonstrated that VC has a substantial impact on
the initial SEI formation on lithium metal before any external potential is applied, causing an
enhanced passivation of the electrode surface and an overall thinner SEI [157]. However, to gain
a mechanistic understanding of the specific influence of VC on SEI formation, theoretical studies
are required. To date, most contributions in this field apply first principles density functional the-
ory (DFT) and have focused on identifying possible degradation and polymerization pathways
[21, 22, 84, 93–95, 158]. Notably, Kuai et al. [22] recently conducted an in-depth DFT investi-
gation of VC decomposition and polymerization in an EC-based electrolyte close to the lithium
metal surface. This study provides reaction activation barriers and reaction energies along with
possible degradation and polymerization mechanisms and provides a good understanding of the
molecular-level interactions between VC, EC and Li+ ions. However, due to the high compu-
tational cost, first principles studies are inherently limited to short timescales and small system
sizes. As a result, they cannot capture the full evolution of the SEI layer.

1 Parts of this chapter have been published in J. Wagner-Henke et al., Energy Storage Mater. 81, 104434, 2025 [2],
licensed under CC BY 4.0.
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To address these limitations, the kMC model introduced in the previous Chapter 3 is particularly
well-suited. The mechanistic insights gained from the DFT study of Kuai et al. [22] serve as
valuable input for the kMC model, enabling a more comprehensive and computationally efficient
investigation of SEI formation under realistic conditions. So far, this model as well as other
kMC models from the literature (cf. Section 2.3.2) have primarily focused on relatively simple
electrolyte systems and did not consider the effect of additives. Since VC is well known to form
polymers [16, 154, 159], an extension of the existing kMC framework by polymerization is re-
quired to study its effect on SEI formation. There are examples from polymer-science in which
kMC approaches were applied to study different polymer properties such as chain length distri-
bution or the order of copolymers [160–164]. In many cases, the focus was on bulk-phase poly-
merization, which is why off-lattice approaches were chosen that do not save any configurational
information [160–162]. However, some works also focused on surface-initiated polymerization
and applied lattice-based kMC approaches [163, 164].

Inspired from these approaches, in this chapter polymerization processes are integrated into the
previously developed kMC framework (cf. Chapter 3), leading to the first kMC model of SEI
formation that explicitly accounts for polymerization reactions. This allows to reveal the im-
pact of the electrolyte additive VC on the SEI formation on lithium metal beyond elementary
reaction steps. The study provides new insights into how VC plays its role as an SEI-forming
additive, how it causes a better cycling efficiency and what the major processes of the polymer
film formation are. Additionally, the timescale accessible by the kMC model is further extended
to seconds, which allows to bridge the scales from the ns range of DFT and MD simulations to
more macroscopic scales.

4.2 Methods

4.2.1 Kinetic Monte Carlo Model

For this study an extended version of the previously introduced 3D-kMC model from Chapter 3
is applied. While details of the modeling approach can be found in Section 3.2 of the previous
chapter, in the following the main model equations with a focus on the model extensions are
briefly summarized. The kMC model is based on the Variable Step Size Method [109, 111] and
a structured list approach according to Schulze [114]. Details on the algorithm can be found in
Section 2.3.1.

The rare events considered in the presented model are (electro-)chemical reactions, polymeriza-
tion, transport and clustering processes. The respective rate equations of all processes are sum-
marized in Table 4.1. The description of all symbols may be found in the list of symbols. The
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considered radical polymerization processes consist of electrochemical initiation and chemical
propagation and termination reactions. The corresponding rates are hence calculated following
the rate equations for electrochemical and chemical reactions, respectively. In contrast to the im-
plemented non-polymeric species, polymer species can occupy multiple voxels with each subunit
occupying one voxel. The same holds for dimers such as LiEDC. Once a macromolecule covers
more than one voxel, its transport is neglected since it is considered to be slow compared to the
transport of smaller molecules in the electrolyte. Moreover, radical polymer species are assumed
to be only reactive at their active chain end. Hence, further propagation and termination reactions
can only occur on the voxel, which was added last to the polymer and therefore represents the ac-
tive site. This approach is very similar to previous kMC polymerization studies such as the work
of Arraez et al. [163, 164], who also applied lattice-based kMC models to investigate surface-
initiated polymerization processes. Further assumptions regarding the polymerization processes
are that terminated chains cannot be reactivated and that propagation reactions are irreversible.

Table 4.1: Summary of rate equations for all types of implemented rare events.

Process Rate Equation

Chemical reactiona ΓR,i = k0,i exp
(
−EA,i,dir

RT

)
∏ j p j

Electrochemical reactiona Γox,i = k0,i exp
(
−EA,i,dir

RT

)
exp
(

αFη

RT

)
∏ j p j

Γred,i = κ(z)k0,i exp
(
−EA,i,dir

RT

)
exp
(
− (1−α)Fη

RT

)
∏ j p j

Transportb ΓD = 3
13

D
l2 exp

(
− En

RT

)
exp
(
−Ebond

A
RT

)

Clustering ΓCl,i = k0,i exp
(
−EA,i

RT

)
a With dir = {forw, rev}
b The derivation of the prefactor 3

13 can be found in Section B.1.2 of the appendix.

In the following, further details on the input parameters of the rate equations are provided: The
electron transport from the lithium metal anode to the site of reaction in the electrolyte is modeled
using an electron transport factor κ(z):

κ(z) = exp(−β · (z− zLi,max)) , for z > zLi,max (4.1)
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Here, β represents the decay factor, zLi,max is the highest position in the kMC box in which
lithium metal is present and z is the height variable of the kMC box. This means, once one
layer of lithium metal is entirely consumed, the electron transport factor κ(z) is updated, since
zLi,max decreases. In literature, exponential decay functions are very common to model electron
tunneling [30, 33, 165]. However, electron tunneling does not reach further than a few nanome-
ters [137, 166], and is hence not sufficient to explain experimentally observed SEI thicknesses.
Therefore, a number of further electron transport mechanisms through SEI such as electron con-
duction [78, 167], neutral lithium diffusion [21, 168] or solvent diffusion through SEI pores is
under discussion [77, 166]. For simplification, the exponential decay function in Equation 4.1 is
assumed to empirically account for all electron transport processes across the SEI. In contrast to
the previously introduced model (cf. Chapter 3), no cutoff distance for the exponential decay is
defined in this study.

In the transport rate equation ΓD (cf. Table 4.1), l represents the diffusion length which equals
the size of the lattice sites ∆L in case of face-directed diffusion,

√
2 ·∆L in case of edge-directed

diffusion and
√

3 ·∆L in case of corner-directed diffusion. The choice of ∆L depends on the size
of the smallest explicitly considered species in the simulation box. Its derivation is discussed
in Section B.1 in the appendix. Furthermore, the electrostatic energy En accounts for repul-
sive coulombic forces between like-charged neighboring species as given in Equation 3.5, which
ensures local electroneutrality. Attracting forces are neglected for the sake of computational ef-
ficiency and to prevent numerical artefacts which would be caused by the missing long-range
interactions of this approach. Hence, En is set to 0 if En ≥ 0. In addition, global electroneutral-
ity throughout the entire simulation box is further ensured by coupling each reduction process
with the oxidation of lithium metal and the corresponding release of one Li+ ion. Additionally,
the second exponential term in the transport rate equation accounts for an additional energy bar-
rier Ebond

A due to adsorption effects of intermediate species on neighboring solid SEI species.
Thereby, the local energy barrier is calculated based on the number n j, type j and binding energy
Ebond

A, j of direct neighbors as shown in Equation 4.2.

Ebond
A = ∑

j
n jEbond

A, j (4.2)

As an extension to Chapter 3, the accessible timescales of the presented calculations are sig-
nificantly increased. In order to achieve this, the following new assumptions are made: First,
implicit electrolyte species are introduced, which are assumed to be homogeneously distributed
over the empty voxels of the simulation box, for times beyond 2 µs. This is justified as dif-
fusion is significantly faster than reaction at this timescale (cf. Figure B.4 a) and b)). These
species are not explicitly placed on individual voxels in the simulation box, but can still take part
in (electro-)chemical reactions. They may be present on each empty voxel with a probability
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p j which is based on their bulk concentration c j and the lattice site volume ∆L3 as shown in
Equation 4.3.

p j = c j ·∆L3 ·NA (4.3)

If implicitly considered species are formed by a reaction, they are not placed in the simulation
box, since their concentration is considered to be constant. For explicitly considered species j, p j

is 1 for voxels which are occupied by a molecule of species j, and 0 for voxels which are empty
or covered by another species. In addition, the lithium oxidation process is implicitly considered
by assuming that the solid transport of lithium atoms in the lithium metal bulk phase is fast
enough to fill voids that arise by lithium oxidation. This assumption is based on the self-diffusion
coefficient of solid lithium which is reported to be in the range of 4.82 to 7.78 x 10-15 m2 s-1 for a
temperature of 298 K [169]. Furthermore, it is assumed that electrolyte decomposition products
that are located more than 5 nm away from the upmost layer containing clustered SEI species
or lithium metal are dissolved. They are hence removed from the simulation box in order to
reduce the number of modeled transport steps of electrolyte decomposition products within the
bulk electrolyte phase and to further increase the computational efficiency of the model. This
is justified, since interactions with the electrode or SEI surface are not expected beyond this
distance.

The long-time calculations are further initialized with a primary, simplified SEI layer. This layer
can be adjusted to represent the initial passivation due to the SEI formed within the first mi-
crosecond and/or further native or artificial passivation layers. It consists of dense LiF, which was
chosen, since it constitutes the topmost layer of the primary inorganic SEI (cf. Figure 4.3). The
Li2CO3 layer below is hence not expected to impact follow-up reactions at the SEI/electrolyte
interface (cf. Figure B.6). The porosity of the primary passivation layer is set to zero, since
the short-term calculations indicated a very high density of the LiF-layer in the primary SEI (cf.
Figure 4.3 b)). Detailed information on the selection of all parameters is provided in Section B.1
in the appendix.

4.2.2 Identification of Electrolyte Degradation Reactions

This study focuses on the effect of the electrolyte additive VC on the SEI formation in the base-
line electrolyte EC + 1.2M LiPF6. Since all electrolyte species may in principle contribute to SEI
formation, the major degradation pathways were identified for each electrolyte component based
on literature data and DFT calculations. The degradation reactions as well as the related kinetic
parameters for the electrolyte solvent EC and the conductive salt LiPF6 were already identified
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in the previous Chapter 3 and are kept for this study2 (cf. Table B.2). The current literature
on the degradation of VC on anode surfaces suggests multiple degradation and polymerization
mechanisms. The two major possibilities which are frequently reported are the ring-opened
polymerization of VC [94, 158, 170] and the polymerization without ring-opening which would
lead to the formation of poly(VC) [171–175]. Products of both reaction pathways have been
experimentally identified as components of VC-derived SEI layers on graphite anodes [176].

In order to clarify, which mechanism is kinetically preferred, Kuai and Balbuena [22] recently
conducted an extensive DFT study for both VC polymerization mechanisms as well as for EC
polymerization and EC/VC cross-polymerization between both species and identified the corre-
sponding Gibbs free energies and energy barriers. Based on their results, the suitable VC degra-
dation reactions for this study were selected as follows: First, reasonable reaction mechanisms
are expected to have a negative Gibbs free energy ∆RGi to ensure thermodynamic favorability.
Second, the corresponding activation energy ∆G‡

i should be sufficiently low to allow the reac-
tion to proceed in an accessible time. As illustrated exemplarily for a chemical reaction with
k0,i = 1013 s−1 and p j = 1 in Figure B.2, the average reaction time until a process occurs is still
well below 1 s for an energy barrier of 15 kcal mol-1, significantly increases when it approaches
a barrier of 20 kcal mol-1 and hits a reaction time of 1000 s for about 21.8 kcal mol-1. Since no
simulation times of up to 1000 s are reached in the presented kMC simulations, all reactions with
an energy barrier above 21.8 kcal mol-1 are neglected. Kuai and Balbuena [22] demonstrated that
the ring-opening mechanism of VC has to overcome a very high energy barrier of at least 38.48
kcal/mol. Similarly, both the self-polymerization of EC and its reaction with VC-derived radicals
have been reported to exhibit high energy barriers of more than 50 kcal/mol, respectively. This
significantly exceeds the previously defined cutoff energy barrier of 21.8 kcal mol-1. Therefore,
these mechanisms were not considered in the kMC model. In contrast, the calculated energy
barriers for the poly(VC) formation mechanism (cf. Scheme 4.1 a)) were determined to be well
below 21.8 kcal mol-1 which makes this reaction mechanism suitable to be studied with the pre-
sented kMC framework (cf. Table 4.2). The same holds for the cross-polymerization mechanism
(cf. Scheme 4.1 b)), which is induced by an EC-radical species attacking a VC monomer and
followed by subsequent VC polymerization without ring-opening.

Kuai and Balbuena [22] additionally showed that the energy barriers of monomer reduction,
initiation and polymerization significantly depend on Li+ coordination (hereafter referred to as
’lithiation’ or ’lithiated’) of the monomer and polymer species. Since this lithiation heavily de-
pends on the bulk electrolyte composition (cf. Figure B.5), two different parameter sets were

2 A recent study [91] suggests more complex salt degradation pathways, strongly depending on local Li+ coordination
and the electrolyte’s dielectric constant. Since this chapter focuses on the effect of VC, the previously established
salt degradation pathways and parameters are maintained. Future studies could investigate the impact of the new
results on salt degradation and SEI formation in greater detail.
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Scheme 4.1: Considered polymerization mechanisms with optional Li+-coordination shown in blue. a) poly(VC)-
formation mechanism. b) Cross-polymerization mechanism with EC radical as initiator.

extracted from their study as input for the kMC simulation studies to account for low and high
Li+ concentration scenarios. The first one considers all monomers to be coordinated with one
Li+ ion and the second accounts for the case without Li+ coordination. As demonstrated in the
previous Chapter 3, the assumption of lithiated electrolyte molecules aligns well with the local
conditions on the lithium metal surface during the initial SEI formation on the nanosecond to mi-
crosecond scale. Therefore, the lithiated parameter set is applied for all short-term calculations
in this study. In case of the long-time calculations, a homogeneous bulk electrolyte phase is con-
sidered. Hence, the amount of lithiated and non-lithiated electrolyte molecules can be estimated
(cf. Figure B.5). This calculation shows that in a single-solvent EC electrolyte with 1.2M LiPF6

and 5 wt.% VC a high number of non-lithiated electrolyte species exists. Since these are more
prone to react compared to their lithiated counterparts (cf. Table 4.2), the non-lithiated parameter
set is used for this case. In contrast, most solvent and additive molecules are coordinated with at
least one Li+ ion in case of a mixed EC:EMC (3:7 by wt.) electrolyte with either 1.2M or 3M
LiPF6 and 5 wt.% VC (cf. Figure B.5). Therefore, the lithiated parameter set is applied for the
corresponding calculations.

The summary of the extracted energy barriers can be found in Table 4.2. Thereby, the energy
barriers of the reaction steps I1, I2, P1, P2, P4 and P5 have been directly calculated by DFT.
Moreover, all of these steps have negative Gibbs free energies and hence are thermodynamically
favorable. Due to computational limitations, the energies for propagation of longer polymer
chains (P3 and P6) are not easily accessible by DFT. For this reason the simplifying assumption
is made that the energy barriers of propagation steps, forming chains longer than three monomers,
are independent of the exact chain length and configuration of the polymer species. Hence, the
energy barriers of the corresponding polymerization reactions P3 and P6 are set to the next integer
values of the respective second propagation steps (P2 and P5). Since all barriers except of the
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non-lithiated case of P5 are close to 14 kcal mol-1, this energy barrier is set for all long-chain
propagation steps. In order to assess the possible impact of this assumption the sensitivty of
the simulation results towards this parameter was analyzed (cf. Section B.2.6). This shows that
neither the chemical composition or morphology nor the growth dynamics are highly affected
by the exact energy barrier of the long-chain propagation. However, the parameter significantly
influences the duration of layer formation, which hence should be interpreted with caution.

Table 4.2: Activation energies in kcal mol-1 for VC and EC degradation (I), VC polymerization, cross-polymerization
(P) and termination reactions (T) for the lithiated and non-lithiated case. All energies are derived from first
principles calculations. The optional Li+ coordination is shown in blue.

∆G‡
i / kcal mol-1

N0 Reaction Lithiated Non-
lithiated

I1 (Li+)VC + e- ←→ (Li+)VC•− 0c,e 0c,e

I2 (Li+)EC + e- ←→ (Li+)EC•− 12.05b 0b

P1 (Li+)VC- + (Li+)VC→ (Li+)poly(VC)•−2 9.97c 0c,e

P2 (Li+)poly(VC)•−2 + (Li+)VC→ (Li+)poly(VC)•−3 13.54c 13.63c

P3 (Li+)poly(VC)•−n-1 + (Li+)VC→ (Li+)poly(VC)•−n 14d 14d

P4 (Li+)EC•− + (Li+)VC→ (Li+)poly(EC/VC)•−2 13.42c 14.31c

P5 (Li+)poly(EC/VC)•−2 + (Li+)VC→ (Li+)poly(EC/VC)•−3 14.1c 6.09c

P6 (Li+)poly(EC/VC)•−n-1 + (Li+)VC→ (Li+)poly(EC/VC)•−n 14d 14d

T1 (Li+)VC•− + (Li+)VC•− → (Li+)poly(VC)2 0a,e 0a,e

T2 (Li+)VC•− + (Li+)EC•− → (Li+)poly(EC/VC)2 3.97a 3.97a

T3 (Li+)poly(EC/VC)•−m + (Li+)poly(EC/VC)•−n →
(Li+)poly(EC/VC)m+n

17.83a 17.83a

T4 (Li+)poly(EC/VC)•−n-1 + (Li+)EC•− → (Li+)poly(EC/VC)n 16.59a 0a,e

T5 (Li+)poly(EC/VC)•−n-1 + (Li+)VC•− → (Li+)poly(EC/VC)n 16.78a 0a,e

a Original DFT calculations
b Adopted from Wagner-Henke et al. [1]
c Adopted from Kuai and Balbuena [22]
d DFT calculations for different Li+ coordinations were averaged and rounded
e Manually set to 0 kcal mol-1 since the DFT calculations suggested negative values

Besides the aforementioned initiation and propagation mechanisms, termination reactions are an
important step of each polymerization process. Based on the radical species present in the studied
electrolyte system, namely (Li+)VC•−, (Li+)EC•−, (Li+)poly(VC)•−n , (Li+)poly(EC/VC)•−n , the
following five recombination processes to be added to the reaction network were identified: The
recombination of two VC radicals (T1), the recombination of a VC radical and an EC radical
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(T2), the recombination of two active chain ends (T3), the recombination of an active chain
end with an EC radical (T4), and the recombination of an active chain end with a VC radical
(T5). Additionally, the recombination of two EC radicals is accounted for by the LiEDC forming
reaction (R3), which has already been parameterized as part of the previous Chapter 3. The
kinetic parameters of the considered termination reactions (cf. Scheme 4.2) could not be found
in literature and were hence calculated using DFT as part of this study (cf. Section 4.2.3). Due to
computational limitations of DFT, the termination of the active polymer chains is approximated
using the values for the corresponding dimers. Thereby, it is assumed that the results are also
representative for longer polymer chains and that the type of initiator does not have a significant
impact on the termination kinetics. All energies were again calculated for a lithiated and a non-
lithiated case. The resulting parameters are summarized in Table 4.2. Details on the calculations
can be found in the following Section 4.2.3.

Scheme 4.2: Considered termination reactions with optional Li+-coordination shown in blue.
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4.2.3 Density Functional Theory Calculations3

DFT was used to calculate the reaction free energy ∆RGi and the energy barriers ∆G‡
i of the

polymer termination reactions (cf. Section 4.2.2). These kinetic parameters were then provided
as an input for the subsequent kMC calculations. The molecular modeling was carried out with
Gaussian16 [142] in accordance with the previous publication of Kuai and Balbuena [22]. The
B3PW91 level of theory with 6-311g(3df) basis sets [141] was used to optimize all structures.
Solvation effects were evaluated based on the SMD. The catalytic effects of lithium metal were
neglected, as direct contact with the electrolyte phase is limited to the initial few nanoseconds
of the simulation. Grimme dispersion corrections were included in the calculations. All the free
energy values were converted to the standard state of 1M.

4.3 Results and Discussion

4.3.1 Primary SEI Formation on the Microsecond Timescale

To analyze the effect of the VC additive on the primary SEI formation on lithium metal in a 1.2M
LiPF6/EC electrolyte, 5 wt.% of VC were added to the electrolyte in the initial simulation box. In
the previous Chapter 3, it was demonstrated that during the initial SEI formation on the nanosec-
ond to microsecond scale, the assumption of Li+ coordinated electrolyte molecules aligns well
with the local conditions on the lithium metal surface. Consequently, for the subsequent calcu-
lations, the parameter set for the lithiated case was applied, which has been primarily extracted
from the work of Kuai and Balbuena [22] (cf. Section 4.2). It should be further noted that in the
following analysis for simplicity, the term ‘polymer’ refers to all macromolecules composed of
at least two VC and/or EC monomers. Moreover, all simulated parameter sets may be found in
Table B.5 and are subsequently referred to as cases.

The SEI formed 2 µs after the initial contact of lithium metal and the liquid electrolyte phase
is displayed in Figure 4.3. Figure 4.3 a) and b) show the overall species distribution and SEI
composition for the electrolyte without (left) and with (right) VC, respectively. The correspond-
ing temporal evolution of SEI composition may be found in Figure B.7 in the appendix. As
already revealed in the previous Chapter 3, the primary SEI formed in EC + 1.2M LiPF6 within
the first 2 µs is inorganic and consists of two layers: A Li2CO3-layer closer to the lithium metal
surface and a LiF-layer above. In the VC-containing electrolyte, the additional formation of an
organic/polymeric layer above the inorganic SEI is observed. Interestingly, the formed inorganic

3 The DFT calculations were performed by Dacheng Kuai, formally Texas A&M University.

64



4.3 Results and Discussion

Figure 4.3: SEI formation in carbonate-based electrolyte with (case 1) and without (case 2) 5 wt.% VC after the first
2 µs. The results in a) are based on a single kMC run and the results in b)-d) display the average of three runs
with the same parameter set. Deviations from the average are represented as shadings around the average in
b) and c). In d), they are illustrated using error bars. a) SEI composition and morphology without (left) and
with (right) VC. b) SEI species distribution over height without (left) and with (right) VC. The dashed line
represents the upmost layer in which metallic lithium is present after 2 µs. c) Evolution of SEI height up to
2 µs for both cases. d) Polymer chain length distribution in SEI formed in VC-containing electrolyte after
2 µs.

layer barely differs from the layer formed in the additive-free electrolyte. The only significant
effect is that the LiF peak in Figure 4.3 b) is slightly decreased for the VC-containing electrolyte
case. From this it can be concluded that VC suppresses the salt degradation during the initial SEI
formation to a certain extent. Figure 4.3 c) further shows the height evolution of the SEI for the
electrolyte compositions with and without VC within the first 2 µs. The overall trajectory of the
SEI growth is very similar in both cases with a steep increase of the SEI height within the first
nanoseconds and a continuous deceleration of the SEI growth afterwards, which can be attributed
to the increasing passivation of the lithium metal surface. However, over time, an increasing
spread between the SEI height evolution of both systems is observed, with the VC-containing
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electrolyte leading to a slightly thicker primary SEI than the VC-free electrolyte. This can be at-
tributed to the formation of the additional polymer layer. 2 µs after the contact of electrolyte with
lithium, the average height of the SEI results in 5.18 nm with VC and in 4.64 nm without VC in
the electrolyte. At first glance, this result is not as expected since it contradicts the experimental
findings by Weber et al. [157], who investigated the SEI thickness evolution on lithium foil in
1M LiPF6 in EC:EMC (1:1 v/v) with and without 5% VC and found a thicker SEI in the VC-free
electrolyte. The authors attribute this to the formation of decomposition species that are only
loosely associated with the electrode surface and thus only provide limited surface passivation.
However, it is important to note that these experimental measurements were conducted on signif-
icantly longer timescales, ranging from minutes to hours and are hence not directly comparable
to the presented simulation results on the microsecond timescale. The observed discrepancies
may arise from slow processes such as the dissolution of electrolyte decomposition products and
secondary reactions of dissolved intermediates, which are likely to contribute to the experimental
observations but only occur on longer timescales and are thus not yet captured by the simulation
model.

A more detailed analysis of the polymeric layer formed in the VC-containing electrolyte is pre-
sented in Figure 4.3 d), which displays the chain length distribution of the polymer species in the
VC-containing case. It reveals that the observed organic layer does not consist of actual macro-
molecules. Instead, within the considered time frame, only dimers have formed. The explanation
of this observation is twofold. First, the pristine lithium metal surface, which is present at the
beginning of the simulation, is very reactive. This favors many reduction reactions and hence the
formation of many VC radicals, which can act as initiators for the subsequent polymer propaga-
tion. Yet, due to the high reactivity, the local concentration of these radical species is high, which
leads to quick recombination and hence to the formation of inactive dimers. Second, the energy
barriers of the propagation reactions P1 – P6 in the lithiated parameter set range between 9.97
and 14.1 kcal mol-1 (cf. Table 4.2). This translates to average reaction times of 2 µs up to 2.2 ms,
which is higher than the here investigated timescale. It is therefore expected that a significant
number of propagation reactions can only be observed on a considerably larger timescale.

Overall, VC only has a minor effect on the SEI formation on the µs-timescale. The slight sup-
pression of salt decomposition and the formation of an additional organic layer might not be
sufficient to justify the performance improvement of lithium anodes which is observed experi-
mentally. Furthermore, the observation of an even thicker SEI formed from the VC-containing
electrolyte compared to the VC-free electrolyte and the exclusive formation of dimers contradicts
experimental findings. It is therefore concluded that the key effects of the VC additive become
apparent only on significantly longer timescales. Therefore, in order to understand the actual
working principles of the VC additive, an increase of the investigated timescale is required and
conducted in the following section.
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4.3.2 SEI Formation beyond the Microsecond Timescale

Simulation of SEI growth up to milliseconds or seconds with the same approach as in Chapter 3
and the previous Section 4.3.1, would cause prohibitively high computational costs, and thus
runtime. Therefore, in order to reach simulations at much longer timescales and acceptable run-
times, the kMC time steps may be increased by identifying quasi-steady state processes that can
be removed from the kMC simulations. The subsequent simulations take advantage of the fact
that after the first microsecond, the electrolyte species are homogeneously distributed above the
densest SEI layer (cf. Figure B.4 c) and d)). Hence, the further SEI formation is not transport-
limited and transport processes can be considered to be quasi-stationary. As a consequence, for
timescales exceeding 2 µs all electrolyte species (EC, LiPF6 and VC) are considered implic-
itly, i.e. through a residence probability derived from their respective bulk concentrations (cf.
Equation 4.3). Moreover, in contrast to the short-term calculations, the long-time calculations
are further initialized with a reduced initial SEI consisting of a dense LiF-film of varying thick-
nesses, to represent the primary passivation layer that has been formed upon the first contact of
lithium metal with the electrolyte. Details on the assumptions for the long-time calculations may
be found in Section 4.2.1 and in Section B.1.6. Overall, this allows to increase the simulation
time from the microsecond- up to the second-timescale and above.

Figure 4.4 a) shows the temporal evolution up to 1 s of the SEI composition and morphology in
the VC-containing electrolyte EC + 1.2M LiPF6 + 5 wt.% VC. Here, the thickness of the initial
passivation layer is set to 3.57 nm. This corresponds to the observed distance between the upmost
metallic lithium and the densest layer of the primary SEI after 2 µs (cf. Figure 4.3 b)). For any
electrochemical reaction to occur after 2 µs, electrons need to bridge at least this distance. The
first box shows the configuration after a total time of 3 µs after the initial contact between lithium
and the electrolyte, since the initially placed LiF-layer represents the primary SEI after 2 µs
(cf. Subsection 4.3.1). On the microsecond-scale the formation of a comparatively dense layer
consisting of a mixture of LiEDC, Li2CO3 and different polymeric species and the formation of
small Li2CO3 clusters above the surface inside the electrolyte phase is observed. The polymer
chain length distribution in Figure 4.4 b) demonstrates that up to 3 µs no chain formation with
more than three units occurs. This finding is well in line with the previous observation made
in the short-term kMC simulation (cf. Subsection 4.3.1). The composition of the dense layer
differs from the short-term simulations as a consequence of the comparatively low local Li+ ion
concentration in the bulk phase of the electrolyte. This leads to changed reaction kinetics and the
additional formation of the organic LiEDC.

Up to 1 ms, the dense organic layer has slowly grown. Moreover, additional short chains with a
chain length up to 3 have formed. Overall, the vast majority of oligomer species still has a chain
length of 2 or 3, and only few longer chains with a maximum chain length of 5 – 10 units are
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Figure 4.4: Temporal evolution of SEI growth on lithium metal in EC + 1.2M LiPF6 + 5 wt.% VC until 1 s after formation
of an initial 3.57 nm thick, dense LiF-based SEI at 1 µs (case 3). a) Spatial morphology and composition of
the formed SEI at different times. b) Corresponding chain length distribution of the formed polymer species.

present. The picture changes when further increasing the timescale to multiple ms. 10 ms after
the first contact of lithium and electrolyte, an increase in polymeric species can be clearly seen
in Figure 4.4 a). Moreover, the corresponding chain length distribution in Figure 4.4 b) indicates
the formation of an increasing number of longer chains with more than 10 units. This trend
persists on larger timescales. At 0.1 s it becomes apparent that the polymer species have signif-
icantly grown towards the electrolyte phase and thereby form a porous polymer layer on top of
the initial SEI with increased chain length. The developing polymer layer consists of a mixture
of poly(VC) species and poly(EC/VC) species. In the latter, an EC radical species has acted as
initiator. Overall, the EC-radical based polymers constitute the majority of the polymeric SEI.
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Interestingly, the previously formed Li2CO3 clusters close to the surface are gradually encapsu-
lated by the growing polymer phase. This observation aligns well with cryo-TEM measurements
reported in literature, which show the formation of inorganic species embedded within organic
SEI layers [66].

1 s after the initial contact of lithium and electrolyte, the surface is completely covered with
a thick polymer layer consisting of both, poly(VC) and poly(EC/VC) chains. In contrast, the
Li2CO3- and LiEDC-based SEI layer has not further grown and remains unchanged in its prop-
erties. This can be attributed to the passivating and protective properties of the formed polymeric
layer. It prevents continuous reductive decomposition of electrolyte components (cf. Figure 4.5)
and loss of active lithium, while it itself is formed through a purely chemical process. Moreover,
it can be observed that the number of shorter polymer chains with up to 10 units almost remained
constant, i.e. they were not reactive and only few chains have grown into long polymer chains
with several hundred up to more than 1000 units. An explanation on this phenomenon is provided
below in the discussion on Figure 4.6 and Figure 4.7. It can further be concluded that the poly-
mer growth is still ongoing and that, for times longer than 3 µs, the chain propagation represents,
by far, the most prevalent process, accounting for over 99% of the occurrences (cf. Figure B.13).
As the growth has not yet stopped, it is not possible to conclude on the final thickness of the
VC-based SEI. However, the average height of the formed SEI after 1 s can be observed to be
quite large with 72.2 nm, which is in the range of experimentally observed SEI thicknesses in
VC-containing systems [157] or slightly above [66]. Uncertainties in this result may occur due to
the hard-to-determine long chain propagation kinetics. While minor alterations in this rate do not
affect the system dynamics in a way that the observed SEI composition or morphology changes,
it influences the duration of layer formation (cf. Figure B.16). Hence, while the observed trends
are robust, the time-dependent thickness should be interpreted with caution.

A deeper understanding of how VC impacts the SEI formation is gained by comparing the long-
time formation in the VC-containing and in the VC-free electrolyte. Figure 4.5 a) shows the
formed SEI after 1 s in the VC-free electrolyte. It can be observed that the formed SEI mostly
consists of the organic LiEDC mixed with some clusters of Li2CO3. Overall, the layer is signif-
icantly thinner than the SEI that has formed within the first second in the VC-containing elec-
trolyte (cf. Figure 4.4). The major reason for this is the missing polymer layer. This observation
contradicts previous experimental literature, which reported that the VC-containing electrolyte
leads to a significantly thinner SEI than the VC-free electrolyte [157].

A closer examination of electrolyte consumption and the number of dissolved species provides a
better understanding of these differences between simulation and experiment and the effect of the
VC additive. First, Figures 4.5 b) and c) show that a significantly higher amount of the electrolyte
solvent EC is consumed within the first second in the VC-free compared to the VC-containing
electrolyte. A similar but less distinct trend is observed for LiPF6. Moreover, the consumption
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Figure 4.5: Comparison of long-time SEI formation in VC-free (case 4) and VC-containing (case 3) electrolyte. a) SEI
composition and morphology in VC-free electrolyte after 1 s. b) Comparison of consumed EC molecules
over time. c) Comparison of consumed salt molecules over time. d) Number of dissolved electrolyte de-
composition products over time in VC-free electrolyte. e) Number of dissolved electrolyte decomposition
products over time in VC-containing electrolyte.

of EC is still ongoing in the VC-free electrolyte case, whereas it has stopped after approximately
0.2 s in the VC-containing electrolyte. A similar trend may be observed in Figure 4.5 d) and
e), which show the number of dissolved electrolyte decomposition products over time. Here a
dissolved species is defined as a species that either leaves the kMC box through its open upper
boundary or that has moved more than 5 nm away from the highest SEI (cf. Section 4.2.1). It
should be noted that this does not include the dissolution of previously deposited and clustered
SEI species, which is due to the short timescale below 1 s not considered in the presented model.
It might, though, play a significant role at much longer times [131] – this holds especially for the
VC-free electrolyte. Instead it only refers to not yet deposited electrolyte decomposition prod-
ucts that stay and diffuse in the electrolyte, rather than deposit and cluster on the surface. In
both, the VC-free and VC-containing electrolyte, dissolved Li2CO3, LiF and (Li+)EC•− can be
observed. However, a significantly higher amount of LiF and (Li+)EC•− stays in solution in the
case of the VC-free electrolyte, while the overall number of dissolved Li2CO3 molecules after
1 s is similar. The number of dissolved molecules still increases in the VC-free electrolyte after
1 s, while it remains constant after a few milliseconds in the VC-containing electrolyte. The
dissolved electrolyte decomposition products may undergo further subsequent reactions and/or
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form solid clusters, which are only loosely connected to the surface. Thus, they could form a
porous layer which is still part of the SEI but does not adequately passivate the surface to pre-
vent further reduction of the electrolyte. Similar mechanisms have been previously proposed by
other kMC studies for graphite anodes [30, 128] and hard carbon anodes for Na-ion batteries
[131]. SEI dissolution on lithium metal anodes has also been observed experimentally for dif-
ferent electrolyte chemistries [145–147]. Although the observed number of dissolved molecules
does not quantitatively explain the difference between simulation within the first second and the
experimental observations of Weber et al. [157], the simulation results suggest the following
qualitative explanation: The VC-free electrolyte does not passivate the lithium metal surface in a
way that sufficiently suppresses ongoing electrolyte reduction and dissolution of electrolyte de-
composition products. This irreversibly consumes active lithium and electrolyte components. In
contrast, VC quickly passivates the surface against ongoing electrolyte decomposition within the
first 0.2 s after contact. Importantly, this primarily occurs through chemical propagation rather
than electrochemical reactions and hence consumes significantly less active material, i.e. lithium.
It is further hypothesized that the formed polymer chains constitute a comparatively stable SEI,
which does not dissolve to a significant extent.

Further insights into the effect of the additive VC are subsequently provided by the analysis of the
spatial chain length distribution and height-depending porosity of the polymeric SEI. Thereby,
the thickness of the initial passivation layer is varied to study the effect of varying degrees of
initial passivation, which can e.g. be caused by different native or artificial passivation layers
on the lithium metal surface [153, 177–179]. Figure 4.6 a) depicts the height-dependent poly-
mer chain length distribution for a varying thickness of the initial LiF layer between 3.57 and
5.95 nm. Interestingly, many short chains closer to the electrode and a constant increase of the
chain length towards the electrolyte phase can be observed independent of the thickness of ini-
tial passivation. Thereby, the polymeric phase in close proximity to the lithium metal consists
exclusively of dimers. This effect is most distinct for thinner initial passivation layers and dimin-
ishes the thicker the initial layer gets. Figure 4.6 b) further shows that this dimeric part of the
SEI is completely dense without any porosity. Together with the initial LiF-layer this leads to
an overall dense passivation layer with a thickness of approximately 6.55 nm for all investigated
cases. Above this height, the porosity of the SEI gradually increases with the distance to the
lithium electrode. From this, it is concluded that a minimum passivation of the lithium surface is
required before longer polymer chains can form and that the subsequent polymer layer is more
porous. The reason is that without sufficient passivation the rate of electron transport through
the SEI and subsequent reduction of electrolyte and additive species to radicals is still higher
than the propagation rate. Hence, close to the surface the local concentration of radicals is high,
which favors recombination reactions and therefore the formation of dimers. It should be noted
that the thickness of this dense layer depends on the electron transport through the formed SEI –
a better passivating SEI will lead to a thinner dense layer and vice versa.
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Figure 4.6: Polymeric SEI layer formed after 1 s for varying thicknesses of the initial LiF passivation layer between
3.57 nm and 7.14 nm (cases 3, 5, 6, 7, 8, 9, 10). a) Spatial polymer chain length distribution (cases 3, 6, 8).
b) SEI volume fraction over height (cases 3, 5, 6, 7, 8, 9, 10). The dashed line represents the lithium metal
surface and the dashed-dotted line the highest completely dense passivation layer.

The previous explanation on spatial polymer chain length distributions is supported by the anal-
ysis of the spatial and temporal evolution of radicals and reactive chain ends (summarized as
radical species). Figure 4.7 a) displays the number of free and blocked radicals and their sum for
an initial passivation layer with a thickness of 3.57 nm. The term ‘blocked radicals’ describes
radical species which are fully embedded inside the polymer layer and hence have a low chance
to get in contact and react with fresh monomer species or other radical species. In the presented
simulation a radical species is interpreted as blocked, if all neighboring sites are occupied by
SEI species. In contrast ‘free radicals’ refers to radical species which are still capable to further
propagate as electrolyte can reach the respective sites.

Most radicals are formed early within the first 0.2 s after the contact with the electrolyte. Subse-
quently, the total amount of radical species remains almost constant with only minor fluctuations.
The reason for this is twofold. First, the increasing surface passivation due to polymer growth
limits the number of electron transfer reactions and hence the ongoing electrolyte degradation
which would be required for the formation of new radical species. Second, only very few termi-
nation reactions occur that could decrease the overall amount of radical species. This is because
the number of free radicals steadily decreases over time and slowly approaches zero, while the
number of blocked radicals increases and approaches the overall number of radical species. Free
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radicals are thus converted into blocked ones, which can no longer reach other radical species
and can hence not undergo termination reactions.

The distribution of radicals over height after 1 s in Figure 4.6 b) further reveals that most radical
species are located relatively close to the electrode surface, where they were formed through
reduction reactions. Only few radical species can be found further away from the electrode. This
correlates well with the previous observation that only few long polymer chains grow into the
electrolyte phase (cf. Figure 4.6). The major reason for this is that most radicals or reactive chain
ends get encapsulated within the polymer phase and hence get shielded from fresh monomer
species and from further propagation reactions. Similar effects have been previously reported in
studies from polymer-science focusing on surface-induced polymerization [163, 164, 180–184].
They are usually known as confinement effects that shield or hinder initiators [180–182] and
reactive chain ends [163, 164, 181] from propagation. Here, to the best of the authors knowledge,
this effect is observed for the first time in relation to SEI. This confinement effect leads to an
increased number of termination reactions between confined radical species within the polymer
layer [180]. In the presented simulations, polymers and thus reactive chain ends cannot move
towards each other to recombine. Yet, similarly as the terminated polymers, the hindered chain
ends do not participate in further propagation reactions. Thus, the simulation indeed reproduces
the shielding effect. Overall, the shielding effect significantly slows down the SEI growth over
time (cf. Figure B.13 b)) and hence acts as a major limiting factor of polymer propagation and
thus SEI growth.

Figure 4.7: Number of radicals and reactive chain ends over time and height for an initial SEI thickness of 3.57 nm
(case 3). a) Number of free and blocked radicals, and total number over time. b) Distribution of radicals
over the distance from the electrode after 1 s. The dashed line indicates the lithium metal surface. The solid
line represents the average of three independent kMC runs with the same parameter set and corresponding
shading show the maximum observed deviation within these runs.
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Based on this analysis on extended timescales, it can be concluded that VC polymerization pri-
marily occurs on timescales starting from milliseconds. As discussed before, it does not affect
the very early inorganic SEI formation. However, with increasing surface passivation, the rate
of electron transport and subsequent reduction reactions declines, and after approximately 6 ms,
polymer propagation reactions become more likely than reduction reactions (cf. Figure B.13 a)).
From there on, the further passivation of the surface is mostly chemically driven via propagation
instead of electrochemically driven via electrolyte reduction reactions. The major advantage of
this is that the chemical propagation does neither consume further lithium nor electrolyte species
and hence prevents ongoing capacity loss in the cell. Furthermore, polymeric layers were re-
ported to have beneficial properties such as a higher flexibility, which might better accommodate
the large volume changes of the lithium metal anode in comparison with non-polymeric SEIs
[66, 154].

4.3.3 Impact of Electrolyte Composition

After discussing the passivating role of the VC additive on SEI formation in the previous sec-
tions, it is subsequently analyzed if and how the SEI formation is sensitive to the electrolyte
composition and could thus be optimized by tailoring the concentrations of the electrolyte.

First, the SEI formation up to 1 s in the standard electrolyte consisting of EC, 1.2M LiPF6 and
5 wt.% VC is compared with the binary electrolyte EC:EMC (3:7 by wt.) with 1.2M or 3M LiPF6

and 5 wt.%, respectively. As discussed in Section B.1.6, in this binary electrolyte most EC and
VC molecules are expected to be coordinated with at least one Li+ ion, even at the moderate salt
concentration of 1.2M. Therefore, in contrast to the standard electrolyte, the lithiated parameter
set (cf. Table 4.2) is applied for the corresponding calculations. Moreover, EMC is assumed to
not significantly contribute to SEI formation.

Figure 4.8 illustrates how the chemical composition of the formed SEI changes with the elec-
trolyte composition. As discussed before, in the single-solvent EC electrolyte with 1.2M LiPF6

and 5 wt.% VC, a dense layer of LiEDC with few Li2CO3, poly(VC) and poly(EC/VC) species,
followed by poly(EC/VC) mixed with fewer poly(VC) and some Li2CO3 is observed. In contrast,
in the mixed EC:EMC electrolyte with 1.2M LiPF6 and 5 wt.% VC, the formed SEI mostly con-
sists of poly(VC) with very few LiF embedded in the polymer phase close to the surface. Notably,
no EC-derived degradation products such as LiEDC, Li2CO3 or poly(EC/VC) are observed above
the initial passivation layer. This is primarily attributed to the increased ring-opening barrier of
lithiated EC species (cf. Table 4.2, I2), which is applied to all EC molecules in the simulations.
It should be noted, that in real systems, a fraction of EC may temporarily remain uncoordinated
with Li+, potentially enabling alternative reaction pathways. An increase of salt concentration
from 1.2M to 3M LiPF6 does not significantly alter the chemical SEI composition but leads to a
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Figure 4.8: Impact of electrolyte composition on SEI formation above the initial LiF passivation layer of 3.57 nm within
1 s. Comparison of EC + 1.2M LiPF6, EC:EMC (3:7 by wt.) + 1.2M LiPF6 and EC:EMC (3:7 by wt.) +
3M LiPF6, each containing 5 wt.% of VC (cases 3, 17, 18). a) Spatial SEI composition and morphology. b)
SEI composition over height. Solid lines represent the average of three independent kMC runs with the same
parameter set, and corresponding shadings show the maximum observed deviation within these runs.

slightly higher amount of the salt-derived product LiF, which is embedded in the polymer phase
close to the electrode surface.

Interestingly, the polymer properties and formation dynamics that have been discussed for the
standard electrolyte (cf. Section 4.3.2) are very similar in both mixed electrolytes (cf. Figure B.8
– B.11): Longer polymer chains just start to form above the millisecond timescale, shorter chains
may be found closer to the lithium metal surface, and only few longer chains grow into the
electrolyte phase. Moreover, the porosity of the polymeric layer increases with height, and the
majority of radical species is found near the anode surface. Across all investigated electrolyte
systems, a VC-based polymeric layer forms that passivates the surface and suppresses further
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electrolyte degradation. These results suggest that VC plays its role as film-forming additive
independent of the exact electrolyte composition.

Finally, the impact of varying VC content in the electrolyte is analyzed. The overall structure
of the SEI, i.e., a compact inner layer consisting of dimers and Li2CO3, followed by an outer
polymeric layer, remains qualitatively unaffected by VC concentration. The corresponding three-
dimensional SEI composition and morphology can be found in the appendix (cf. Figure B.12).
However, a number of quantitative differences in SEI composition and growth behavior are ob-
served: First, as displayed in Table 4.3 the number of EC-derived polymers and oligomers in-
cluding LiEDC decreases with VC concentration and the volume fraction of poly(VC) within the
total polymer phase increases from 5.1% for a VC content of 2.5 wt.% to 16.39% for a VC con-
tent of 10 wt.%. Moreover, the VC concentration impacts properties such as the overall number
of polymers, the average polymer chain length and the average SEI thickness. These properties
are presented as a function of time and concentration in Figure 4.9. For all concentrations, the
number of polymers increases steeply within the first milliseconds and stays constant afterwards.
Since new polymers are formed only via an electrochemical reduction process (cf. I1 and I2), this
clearly shows the quick passivation of the electrode surface within the first few 100 ms. Interest-
ingly, with higher VC concentrations formation of new polymers stops earlier, which indicates a
faster surface passivation. This also manifests in the final number of observed polymers after 1 s
which is decreasing with VC concentration.

The average polymer chain length after 1 s of contact between lithium and electrolyte shows the
opposite trend and increases with VC concentration. This observation can be attributed to the
smaller overall number of polymers present in the SEI as well as to the increased propagation rate
due to the higher availability of monomers. This higher propagation rate also causes the higher
SEI thickness after 1 s. It can be additionally observed that both, the increase in average polymer
chain length and SEI thickness, slow down over time for all analyzed concentrations, which
is well in line with the previous analysis of the decreasing number of free radical chain ends.
Overall, these results show that changing VC-concentration only slightly affects the formation of
the spontaneous SEI layer. The faster surface passivation in case of high VC concentration could
be an advantage, since it suppresses unwanted side reactions and reduces the consumption of
electrolyte species and active lithium. However, the resulting increase in SEI thickness may also
contribute to higher resistance, as already previously reported for VC-based SEI layers [66, 154–
156] and could thus lead to a worse cell performance.

The presented simulation further allows to estimate the proportion of VC that was consumed
within the first second. Assuming a specific electrolyte volume of roughly 8.6 µl cm-2 (cf. Sec-
tion B.1.7) between 0.27% (for 10 wt.% VC) and 0.56% (for 2.5 wt.% VC) of the initial VC
molecules have been consumed within the first second (cf. Table 4.3). Hence, only a small frac-
tion of the additive was consumed within the observed timespan. Since a deceleration of polymer
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Figure 4.9: Impact of VC concentration on SEI formation and properties (cases 7, 11, 12, 13, 14). a) and d): Number of
formed polymers over time and VC concentration. b) and e): Average polymer chain length over time and
VC concentration. c) and f): Average SEI thickness over time and VC concentration. Solid lines represent
the average of three independent kMC runs with the same parameter set and corresponding shadings show
the maximum observed deviation within these runs. Concentration dependent properties are shown after 1 s.
Data points indicate the average of three independent kMC runs with the same parameter set and error bars
show the maximum observed deviation within these runs.

Table 4.3: Impact of VC concentration on SEI composition and proportion of consumed VC after 1 s. All values repre-
sent the average of three independent runs.

VC concentration / wt.% 2.5 5 7.5 10

Number of Li2CO3 / - 6 28.67 27.67 20

Number of LiEDC / - 768.33 624.33 555 474.33

Volume fraction poly(VC) / % 5.1 10.52 11.09 16.39

Consumed VC after 2 µs / % 0.56 0.39 0.35 0.26

propagation is already observed within this time, it can be expected that a significant proportion
of the additive remains in the electrolyte, which aligns well with previous reports for graphite
anodes [185, 186]. The remaining additive will then be slowly consumed during cell operation
and can quickly repassivate the surface if fresh lithium comes into contact with the electrolyte
due to e.g. SEI cracking or dendrite growth. Once all additive has been depleted, this repair
mechanism would cease to function, leading to a deteriorating coulombic efficiency and to the
end-of-life of the cell. It is therefore anticipated that the VC concentration could play a crucial
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role during cycling, particularly towards the end of the cell’s life, although other events such as
plating and stripping may substantially modify the scenario [130]. A higher VC concentration is
expected to contribute to a longer lifespan, as the additive is depleted more slowly. This hypoth-
esis aligns with experimental reports of extended cycle stability at increased VC concentration
[155, 187] and may offer a mechanistic explanation for these findings. However, elevated VC
concentrations may also lead to an increase in cell internal resistance [66, 156, 176, 187], which
could adversely affect rate capability and overall cell performance. This trade-off suggests the
existence of an application-dependent optimal VC concentration, which should be subject of
future studies.

4.4 Concluding Remarks

In this chapter the previously introduced ab initio-informed kMC modeling framework was ex-
tended to include polymerization processes and to increase the accessible timescale up to sec-
onds. Based on this the impact of VC on the SEI formation was studied with a molecular res-
olution and it was elucidated how VC plays its role in enhancing SEI performance and battery
lifetime.

It was shown that the addition of VC has only minor impact on the formation of the initial
inorganic SEI within the first microsecond. This is attributed to the initial high reactivity of the
lithium metal surface which favors electrochemical reactions and the formation of a high number
of dimers over the comparatively slow chemical polymerization process. Only at timescales
beyond 1 ms longer polymer chains form. Active chain ends get blocked inside the polymer
phase, which slows down the SEI growth over time. The presented model further reproduced the
experimental finding [66] that inorganic SEI clusters get embedded in the evolving polymeric
phase. These SEI formation dynamics were demonstrated to only slightly be impacted by VC-
concentration and electrolyte composition. However, mixed electrolytes favor the formation of a
polymer layer that solely consists of poly(VC) chains with embedded LiF clusters, while single-
solvent EC with 1.2M LiPF6 result in a mixture of poly(VC) and poly(EC/VC) chains with
embedded Li2CO3 and a dense LiEDC-rich layer close to the anode surface.

Based on the presented findings, the experimentally reported positive impact of VC on SEI and
cell performance is attributed to a combination of the following factors: First, apart from the
initial radical formation, VC-polymerization is a purely chemical process. Therefore, the passi-
vation layer formation in a VC-containing electrolyte proceeds without continuous consumption
of solvent, conductive salt or active lithium. The formed polymeric SEI further prevents ongo-
ing dissolution of electrolyte decomposition products which might further react and cluster in
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the electrolyte and eventually result in a porous and poorly passivating SEI. Moreover, the ob-
served polymeric SEIs are expected to be more flexible and hence better accommodating towards
the drastic volume changes of the lithium anode during operation [66, 154, 188]. Finally, since
only a small fraction of VC is initially consumed, the remaining additive may quickly repair the
SEI once new lithium surface becomes exposed to the electrolyte during operation due to e.g.
dendrite growth or SEI cracks. In this regard, higher additive concentrations could extend cell
lifetime due to slower additive depletion. However, potential increases in internal resistance at
elevated concentrations may counteract performance gains, indicating that an optimal balance
must be identified in future studies.

The extended model presented in this chapter successfully bridges the gap between isolated ab
initio reaction mechanisms and their dynamic interplay on technologically relevant timescales in
the order of seconds, and provides unique insights into SEI formation dynamics under the influ-
ence of the electrolyte additive VC. The governing VC polymerization processes are suggested
to only start to occur above the millisecond timescale, whereas atomistic simulation techniques
are limited to the nanosecond-scale and below. Once again, this highlights the importance of
mesoscale models for understanding the multiscale nature of SEI formation and its interplay
with macroscopic properties such as electrolyte composition. Quantitative experimental valida-
tion remains challenging due to the molecular resolution and relatively short timescales accessed
in the simulations. Nevertheless, the simulation results show qualitative agreement with key ex-
perimental trends such as the formation of polymers in VC-containing electrolytes and a layered
SEI with more inorganic SEI species close to the electrode and an increasing number of organic
species above. To further enhance the predictive power of the presented approach, tailored exper-
iments to specifically validate the predicted SEI structure, e.g. in terms of polymer chain length
distribution, would be beneficial.

Overall, the ab initio-informed kMC framework developed in Chapter 3 and 4 represents a pow-
erful tool to allow for knowledge-driven SEI design and to pave the way towards the safe ap-
plication of rechargeable lithium metal batteries with liquid electrolytes. To further enhance its
predictive accuracy, the following Chapter 5 focuses on refining the ionic transport in liquid elec-
trolytes by discussing the accurate and efficient consideration of electrostatic interactions within
the kMC framework.
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Electrostatic Interaction Models

5.1 Introduction

In the SEI formation models in the previous chapters, electrostatic interactions between ions
were described in a simplified manner, solely considering the repulsion between charge carri-
ers on next-neighbor sites. The same applies to other kMC studies of liquid electrolyte systems
reported in literature: Their application ranges from the investigation of local electrochemistry
and transport in cathode pores of lithium-O2 batteries [124], through the mesostructural evo-
lution of carbon/sulfur cathodes [121] and the formation of the solid-electrolyte interphase in
different cell-chemistries [30, 129, 131], to ionic transport in high-concentration electrolytes
[189]. However, in all of these models, electrostatic interactions are either fully neglected
[30, 31, 121, 124, 129, 131] or represented in a highly simplified manner, limited to nearest-
neighbor interactions [189].

A major reason for this is the long-range nature of these interactions which causes a substantial
number of additional computations and significantly increases the computational cost. How-
ever, electrostatic interactions have a significant impact on the ionic transport. Neglecting these
interactions can substantially affect the simulation results, particularly with regard to transport
limitations and ionic distribution. Moreover, modeling electrostatic interactions is inevitable to
describe the formation of an electrical double layer. Hence, its accurate and efficient implementa-
tion in kMC simulations of liquid electrolytes is the prerequisite of directly considering electrical
double layers in kMC simulations.

The consideration of electrostatic interactions in kMC models is significantly more wide-spread
in the field of charge transport in solids. KMC models are e.g. commonly employed to describe
the transport of electrons and holes in organic semiconductors [135] for applications such as
organic field effect transistors [190, 191], organic photovoltaic [192–196] and organic light-
emitting displays [197]. Moreover, they have been applied to study ionic conductivity in oxygen
ion conductors [198] as well as ionic transport in solid oxide fuel cells [199–202] and garnet
solid electrolytes [203]. Common approaches to compute the potential energy resulting from
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electrostatic interactions are cutoff methods [135, 192–195, 198, 202, 204, 205] or the solution
of the Poisson equation [190, 191, 196, 197, 206]. Moreover, techniques such as the Ewald sum
for periodic systems [135, 193] or the Fast Multipole Method [207, 208] have been applied by a
few studies.

Building on this foundation, this comparative study aims to identify efficient and accurate elec-
trostatic interaction models for kMC simulations of liquid electrolyte systems. Furthermore, the
respective advantages and limitations of different approaches are discussed to facilitate the choice
of the most suitable interaction model depending on the application. Additionally, a special fo-
cus is placed on the definition of transport rate equations based on local potential differences
as well as on specific characteristics of liquid electrolyte systems. This includes the impact of
solvation shells and the comparatively high charge carrier concentration, as well as the definition
of accurate boundary conditions. The investigated electrostatic interaction models are examined
and discussed with respect to an exemplary EC/EMC + 1M LiPF6 electrolyte system.

To conclude, the most suitable electrostatic interaction model for the previously developed kMC
models for SEI formation (cf. Chapters 3 and 4) is selected and integrated into the full SEI model.
This step aims to assess the impact of electrostatic interactions on SEI formation, thereby linking
the methodological advancements of this study to their practical application in the context of this
thesis.

5.2 Methods Development

The method development for considering electrostatic interactions in kMC simulations of liquid
electrolyte systems is twofold. First, consistent rate equations need to be established, which allow
to calculate the transport rate as a function of the local potential difference caused by electrostatic
interactions. This is presented in Section 5.2.1. Second, model approaches need to be developed
that enable the efficient and accurate computation of the local coulomb potential based on the ion
distribution inside the simulation box. For this purpose, five different approaches are introduced
in Section 5.2.2. Subsequently, they are compared based on an example system introduced in
Section 5.2.3 and discussed in Section 5.3 of this chapter.

5.2.1 Potential Dependent Rate Equations

The conventional diffusion rate equation is expressed as follows [109]:

ΓD =
D

∆L2 (5.1)
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It solely depends on the diffusion coefficient D and the edge length of the sites ∆L and is in-
dependent of the local potential energy difference (cf. Equation 5.5). Hence, it is not capable
of accounting for electrostatic interactions between dissolved ions. In contrast, kMC studies on
the charge transport in organic semiconductors frequently account for electrostatic interactions
between electrons and holes. For this purpose, the applied rate equations are commonly either
based on the Miller-Abraham approach [190, 191, 193, 194, 197, 206, 209, 210] or Marcus the-
ory [194, 204–206, 210–212]. However, both have been derived predominantly for electronic
transport and are not directly transferable to the here considered ionic transport in liquid elec-
trolyte systems. Instead, in the following the potential energy dependent transport rate equations
developed by Lee et al. [213] are discussed and transferred to electrostatic interactions between
ions in liquid electrolytes. The general idea is, that an average effective drift velocity v∗ can be
calculated for a given potential difference, which then allows to calculate the average transport
rate by migration ΓM based on Equation 5.2.

ΓM =
v∗

∆L
ê (5.2)

Here, ê represents the unit vector in the direction of one box dimension. The drift velocity can
be expressed in terms of the ionic mobility µ j and the electric field E and, by applying the
Nernst-Einstein equation, in terms of the diffusion coefficient D j as follows:

v∗ = µ j ·E =
D jq j

kBT
·E (5.3)

where q j is the charge of the moving ion, kB the Boltzmann constant and T the temperature.

The product of the electric field and the direction vector can be discretized in each direction as
shown in Equation 5.4 for the example of the x-direction.

êx ·E = E =
−dϕ

dx
≈−∆ϕlk

∆L
(5.4)

Here, ∆ϕlk = ϕk − ϕl represents the local potential difference between two direct neighbors,
which may arise from electrostatic particle interactions or external fields. Based on this local
potential difference, the local potential energy difference Ulk can be calculated as follows:

∆Ulk = q j∆ϕlk (5.5)
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Substituting Equations 5.3, 5.4 and 5.5 into Equation 5.2 yields the following expression for
the overall transport rate between two sites l and k as a function of the local potential energy
difference Ulk:

ΓM =−
D j

kBT
∆Ulk

∆L2 (5.6)

In the case of kinetic Monte Carlo simulations, distinct forward (along decreasing potential en-
ergy difference) and reverse (along increasing potential energy difference) rates need to be de-
fined. Their sum must equal the overall transport rate (cf. Equation 5.7 ). Moreover, the equi-
librium between both rates must follow Equation 5.8 in order to ensure microscopic reversibility
[213, 214].

Condition 1: Γ
forw
M −Γ

rev
M = ΓM (5.7)

Condition 2:
Γforw

M
Γrev

M
= exp

(
−∆Ulk

kBT

)
(5.8)

Based on these conditions the following expressions for the forward transport rate Γforw
M and

reverse transport rate Γrev
M can be derived [213]:

Γ
forw
M = ΓM

exp
(
−∆Ulk

kBT

)
exp
(
−∆Ulk

kBT

)
−1

(5.9)

Γ
rev
M = ΓM

1

exp
(
−∆Ulk

kBT

)
−1

(5.10)

Figure 5.1 shows both rates as a function of the local potential energy difference for an exem-
plary diffusion coefficient of 1.5×10−10 m2 s−1, which corresponds to the transport of Li+ ions
in EC/EMC 3:7 by wt. [215] and an edge length ∆L of 0.8 nm, representing the solvation shell
(cf. Section 5.2.4.3). For comparison, the corresponding diffusion rate ΓD, which is independent
of the potential energy and based on Equation 5.1 and the same parameters is depicted. The
figure illustrates clearly that the forward and reverse transport rates diverge for increasing poten-
tial energy differences, but converge toward the diffusion rate as the potential energy difference
decreases. Hence, they approach Brownian dynamics for small energy differences:

lim
∆Ulk→0

Γ
forw
M = ΓD = lim

∆Ulk→0
Γ

rev
M (5.11)
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Furthermore, it is shown that numerical instabilities occur for very small potential energy differ-
ences on the order of 10−35 J and below. Hence, for energy differences below this threshold, the
forward and reverse transport rates are set to the diffusion rate according to 5.1.

All derived rate equations account for the total transport along a single dimension of the cubic
kMC box. In each direction they may move towards the face, edge and corner neighbors. The
total rate is therefore distributed among nine neighboring sites in each direction leading to a
distance-depending scaling factor of 3

13 for direct, 3
26 for diagonal and 1

13 for corner neighbors
[132].

Figure 5.1: Forward and reverse transport rates as a function of the local potential energy difference and in comparison
with the potential independent diffusion rate.

5.2.2 Definition of Electrostatic Interaction Models

After the derivation of potential energy dependent transport rates, the next step is to calculate the
local potential energy based on coulomb interactions between charged particles in the electrolyte
solution. According to Equation 5.5 this energy difference directly depends on the local potential
difference ∆ϕlk between two neighboring sites l and k. In the following, different approaches to
calculate the local potential based on coulomb interactions are introduced. These approaches are
subsequently compared and discussed in Section 5.3.
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In general, the coulomb potential ϕm caused by a point charge m can be calculated based on the
following equation:

ϕm(r) =
1

4πε0εr
· qm

r
(5.12)

where ε0 represents the permittivity of the vacuum, εr the dielectric constant of the solvent, qm

the charge of the considered point charge and r the distance to the considered point charge.

Figure 5.2: Schematic illustration and comparison of electrostatic interaction models. a) Brute force. b) Simple Cutoff.
c) Augmented Cutoff. d) 1D-Poisson. e) 3D-Poisson.

Since the superposition principle applies to Coulomb interactions, the most straightforward ap-
proach is to sum up the potential contribution of all charge carriers m for each individual lattice
site according to Equation 5.13.

ϕtotal(r) =
ncc

∑
m=1

1
4πε0εr

· qm

|r− rm|
(5.13)

In this approach the contribution of each charge carrier within the simulation box or its periodic
image is considered once based on the shortest distance. All other periodic images are neglected.
Moreover, the self-contribution of the charge carrier present at the site itself is excluded to prevent
divergence due to self-interaction (cf. Section 5.2.4.1). The concept of this modeling approach
is visualized in Figure 5.2 a). It will hereafter be referred to as ’Brute force’ approach. The
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computational cost of this approach increases rapidly with the size of the kMC box and the
number of charged species, making it very computationally expensive for larger systems.

To save computational time, it is therefore common in literature to apply a cutoff radius rcut

[135, 192–195, 198, 202, 204, 205]. As shown in Figure 5.2 b), in this case, only charged
species which are present within the predefined cutoff radius |r− rm| < rcut are considered for
the local potential calculation. This reduces the computational cost, but neglects the long-range
electrostatic interactions and hence also reduces the accuracy of the result. Typical cutoff radii
vary between 1 - 1.5 nm in molecular dynamic simulations [193] and between 10 - 16 nm in
kMC simulations of charge transport in organic semiconductors, where they are usually chosen
to be larger than twice the Debye length [135, 193–195, 204]. Due to the higher ionic strength
of the concentrated liquid electrolytes investigated here, the Debye length is only 0.135 nm. The
cutoff radius can hence be chosen smaller than in the solid-state kMC models. To ensure that it
remains significantly larger than the size of the single lattice sites it is set to 4.5 nm by default
for this study. This approach is in the following referred to as ’Simple Cutoff’.

More recently, Pippig et al. [135] introduced a variation of this approach called ’Augmented
Cutoff’. In contrast to the Simple Cutoff approach, they define a common cutoff for the origin
and destination site. This way the potential difference between origin and destination site is
evaluated based on the same charge carriers, which significantly improves the accuracy of the
calculated potential differences. For this study, this common cutoff is defined as the union of
the cutoffs around the origin site l and the destination site k (cf. Figure 5.2 c)). To ensure good
comparability with the Simple Cutoff, the cutoff radius around each individual site is chosen such
that the union of both cutoff volumes encloses the same volume as in the Simple Cutoff case.
This leads to an individual cutoff radius of 4.31 nm. It should be noted, that in this approach the
calculated potential of the sites depend on the direction of move. Hence, for each lattice site on
the cubic lattice used in this study, local potentials must be calculated for all 26 neighboring sites
accessible via hopping.

Another approach that, in contrast to the Cutoff approaches, allows to consider long-range forces
is to directly solve the Poisson equation:

∆ϕ(r) =−ρ(r)
ε0εr

(5.14)

In literature numerous kMC studies have employed one-dimensional discretizations of the Pois-
son equation or similar planar approximations following the work of Pornprasertsuk et al. [200].
These approaches have been applied primarily in the context of solid-oxide fuel cells [199–
201] and organic semiconductors [196, 216]. The 1D-Poisson approach is particularly effective
when the charge gradient is expected predominantly along the discretized dimension. The gen-
eral modeling idea is depicted in Figure 5.2 d). Its implementation is based on the approach of
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Pornprasertsuk et al. [200]. First, the areal charge density per layer ρA
p is calculated following

Equation 5.15.

ρ
A
p =

1
nx ·ny ·∆L2

nx·ny

∑
k

qk (5.15)

Based on this, the electric field Ep induced by each layer p can be calculated following Gauss’s
law:

Ep =
ρA

p

2ε0εr
(5.16)

Eventually, the local potential of each layer is calculated by the summation of the contributions
of the individual electric fields of each layer:

ϕp(z) =
nlayers

∑
i=1
−Ei · |z− zi| (5.17)

Few studies in literature also apply the solution of 2D-Poisson approaches [190, 191, 206]. How-
ever, in the here investigated 3D-system the x- and y- direction equally contribute to the local
potential. Hence, a 3D-discretization is more appropriate, and the last considered approach is the
solution of the 3D-Poisson equation (cf. Equation 5.18) by the finite difference method.

∂ 2ϕ

∂x2 +
∂ 2ϕ

∂y2 +
∂ 2ϕ

∂ z2 =−ρV (x,y,z)
ε0εr

(5.18)

This approach is illustrated in a simplified manner in two dimensions in Figure 5.2 e). To the
best of the authors knowledge, the 3D-discretized Poisson equation is being coupled with kMC
simulations for the first time in this work. The local volumetric charge density ρV

l is calculated
individually for each lattice site by Equation 5.19.

ρ
V
l =

ql

∆L3 (5.19)

The corresponding boundary conditions are set to periodic boundaries in x- and y-direction. In
order to represent a connection to an electroneutral bulk phase at both boundaries in z-direction,
two different sets of boundary conditions are implemented and tested. The first set of boundary
conditions (BC1) sets the potential at z = 0, i.e. at the lower boundary, to 0 V (ϕ(x,y,0) = 0 V)
and the electric field on the upper boundary to 0 V m-1 (ϕ(x,y,nz +1) = ϕ(x,y,nz)). The second
set of boundary conditions (BC2) follows the publications of Koster et al. [216] and Meng et al.
[196] and defines ϕ(x,y,nz+1)=∆ϕext and ϕ(x,y,0)= 0 V with the external potential difference
∆ϕext set to 0 V.
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In literature further approaches to treat electrostatic interactions in kMC such as the Ewald sum
[135, 193] or the domain-based Fast Multipole Method [208, 211] have been reported. How-
ever, due to the expected high computational cost of the Ewald sum [135, 193, 211] and the
computational complexity of the Fast Multipole Method they are not part of this comparative
study.

5.2.3 Example System and Performed Simulations

To test and compare the previously introduced approaches, they are applied to a physical model
system within the scope of this study. This model system is the common battery electrolyte
EC/EMC 3:7 by wt. with dissolved LiPF6 which has already been studied in Chapter 3. Here,
only the dissociated salt ions are treated explicitly in the kMC model and no electrode surface
and reaction processes are considered. Transport properties such as the diffusion coefficients of
PF−6 and Li+ and the dielectric constant of the studied EC/EMC mixture are parameterized based
on literature values (cf. Table 5.1). The MD-derived diffusion coefficient is adjusted as DKMC =
DMD
1−θ

, where θ =
ncc,init
ntotal

represents the fraction of occupied sites in the kMC simulation box. This
correction accounts for the reduction of molecular transport caused by physical blocking from
other molecules, which is already accounted for in the MD derived diffusion coefficient. Thus,
it prevents underestimation of transport rates in the applied kMC model, where transport into
occupied sites is prohibited. Additionally, the degree of salt dissociation α is newly introduced
in this chapter and set to 50 %, which falls within the range of values reported in the literature
[217, 218]. The dimensions of the 3-dimensional box are set to 15 × 15 × 25 cubic sites with an
edge length of 0.8 nm, respectively and the boundary conditions of the simulation box are set to
be periodic in the x- and y-directions.

Figure 5.3: Schematic illustration of the applied test scenarios.
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Table 5.1: Summary of physical parameters of the LiPF6 in EC/EMC 3:7 by wt. model system.

Parameter Description Value Unit

csalt Salt concentration 1 a M
DPF−6 , MD Diffusion coefficient PF−6 1.8 x 10−10 b m2 s-1

DLi+, MD Diffusion coefficient Li+ 1.5 x 10−10 b m2 s-1

εEC/EMC Relative permittivity 18.5 c [-]
α Degree of dissociation 50 d %
nx No. of sites in x-direction 15 a [-]
ny No. of sites in y-direction 15 a [-]
nz No. of sites in z-direction 25 a [-]
∆L Distance of lattice sites 0.8 a nm
T Temperature 300 a K

a Chosen
b Parameter value adopted from Ringsby et al. [215]
c Parameter value adopted from Hall et al. [219]
d Chosen in the range of reported literature values [217, 218]

To evaluate the feasibility, accuracy and computational effort of the various methods, they are
compared as follows: Three different test scenarios are defined and tested for each of the intro-
duced electrostatic interaction models. An overview of the scenarios is provided in Figure 5.3.
In scenario 1, two parallel layers extending in the x- and y-directions are completely filled with
either positively (for z = 9.2 nm) or negatively (for z = 14 nm) charged ions, resulting in the
placement of 225 positive and 225 negative charge carriers, respectively. In this case, closed
boundaries are applied in z-direction preventing ions to enter or leave the simulation box. This
initialization corresponds to the charge distribution in a parallel-plate capacitor and is used to
qualitatively test and demonstrate the capability of the investigated models to account for elec-
trostatic interactions and ensure local electroneutrality. In scenario 2, the impact of the different
models on a homogeneous electrolyte system with a salt concentration of 1M is tested. The dis-
sociated ionic species are initially randomly distributed in the simulation box. Moreover, open
boundary conditions are applied in z-direction, connecting the simulation domain to an electri-
cally neutral bulk phase on both sides. This test case is used to quantify the effects of the different
electrostatic interaction models in a realistic electrolyte system and to evaluate their associated
computational cost. Eventually, in scenario 3 an external field Eext of 18 MV m-1 is applied in
z-direction to the homogeneous electrolyte system, to verify the predictive capability of the mod-
els for ionic mobility. The external field is chosen such that the resulting potential differences
are of a similar magnitude to those induced by Coulomb interactions (cf. Section C.1.1). For
comparison, all defined test cases are also calculated using the conventional kMC transport rate
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equation which does not account for electrostatic interactions (cf. Equation 5.1). This approach
is in the following referred to as ’Diffusion only’ case.

5.2.4 Strategies for Addressing Systematic Modeling Errors

A direct implementation of the electrostatic interaction models and potential energy dependent
transport rate as introduced in Sections 5.2.1 and 5.2.2 might lead to unexpected and nonphys-
ical results. This arises from several numerical challenges that require careful consideration.
Specifically, these include self-interaction errors, the choice of kMC boundary conditions and
the treatment of the solvation shell. This section discusses each of these aspects in detail along
with appropriate strategies to mitigate their impact.

5.2.4.1 Handling of the Self-Interaction Error

The self-interaction error refers to the artificial influence of the electric field generated by a
charge carrier on its own transport rate. Both, the potential at the origin and destination site, are
directly affected by the electric field of the moving particle itself and change due to the transport
process. This leads to nonphysical effects, where the moving ion interacts with itself, resulting
in an overestimation of the transport rates.

This error has been previously addressed by Li et al. [191] in the context of organic semicon-
ductors. They reported that the error increases with the dimensionality of the discretization and
observed deviations of up to 400 % in their modeled current compared to the exact solution.
Furthermore, they suggested efficient strategies to prevent this systematic error. In the following,
their so-called ’Exclusion method’ is applied in which the potential contribution of the ion mov-
ing from site l to site k is removed from the calculation of the local potential energy difference
∆Ulk following Equation 5.20.

∆Ulk = q · [(ϕk−ϕ
(l)
k )− (ϕl−ϕ

(l)
l )] (5.20)

In this notation ϕl and ϕk represent the overall electric potentials at sites l and k, respectively
and the terms ϕ

(l)
l and ϕ

(l)
k refer to the potential contribution of the ion located at site l on the

respective overall potential. These terms are precalculated and depend on the chosen electro-
static interaction model. In case of all Coulomb-based approaches (Brute force, Simple Cutoff
and Augmented Cutoff), the correction factor ϕ

(l)
k is calculated based on Equation 5.12 with

r = {∆L,
√

2∆L,
√

3∆L} depending on the distance between the neighboring sites (face, edge,
corner). The self-contribution of charges to the local potential at the same site has already been
excluded in the definition of the Brute force and Cutoff approaches (cf. Section 5.2.2). Hence,
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ϕ
(l)
l is set to 0 for these approaches. For the 1D-Poisson approach, the electric field caused by

a single charge Esc is calculated according to Equations 5.15 and 5.16. Based on this, the cor-
rection factor for site k is computed as ϕ

(l)
k =−Esc ·∆L. In contrast, the self-contribution to the

potential on site l is automatically excluded, since the distance |z− zi| is zero. Hence, ϕ
(l)
l is set

to 0 for this approach, too. In case of the 3D-Poisson approach, Equation 5.18 is initially solved
for all possible configurations of only one point charge in the entire system and for the same
boundary conditions. The resulting correction factors are applied in the computation of the local
potential energy difference following Equation 5.20 during runtime.

5.2.4.2 KMC Boundary Conditions at the Bulk Electrolyte Interface

Where required, boundary conditions for the potential calculation of the electrostatic interaction
models have been defined in Section 5.2.2. Additionally, in the case of open boundary conditions
in z-direction, transport processes from and to the electroneutral bulk electrolyte phase must be
considered. For simplicity, these processes are in the following referred to "disappear" (towards
the bulk-phase) and "appear" (towards the simulation domain). The most straightforward ap-
proach to implement these boundary transport processes is to define a potential for each bulk
phase and to calculate the boundary transport processes according to Equations 5.9 and 5.10
based on the local potential energy difference. In order to consider an electroneutral bulk phase,
a simplistic approach would be to define the bulk potential as the average potential of the first or
last kMC-layer, respectively (cf. Equations 5.21 and 5.22). This results in no potential difference
between the bulk phase and the boundary layer on average and thus leads to purely diffusive
transport across the boundary.

ϕ(x,y,0) =
∑

nx
ix=1 ∑

ny
iy=1 ϕ(ix, iy,0)

nxny
(5.21)

ϕ(x,y,nz +1) =
∑

nx
ix=1 ∑

ny
iy=1 ϕ(ix, iy,nz)

nxny
(5.22)

The quality of these kMC boundary conditions was tested for all electrostatic interaction models
as well as for the Diffusion only case for a homogeneous electrolyte with randomly distributed
charges, which is connected to an electroneutral bulk phase through open boundary conditions in
the z-direction (test scenario 2, cf. Section 5.2.3). In this scenario, proper boundary conditions
should ensure that the overall ion concentration remains consistent with the bulk concentration
over time. Therefore, Figure 5.4 a) compares the ion concentration as a function of the number
of iterations for all investigated models. This representation is more consistent than physical
time in this context due to varying time step sizes across the different approaches. For reference,
the corresponding data plotted against physical time is provided in Figure C.2 in the appendix.
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The results clearly show that the ion concentration significantly increases over the number of
iterations for all approaches except for the 1D-Poisson model and the Diffusion only case. This
indicates that the boundary conditions for the 3D-Poisson approaches, the Cutoff approaches and
the Brute force method are poorly defined.

Figure 5.4: Comparison of the impact of different boundary conditions on the number of charged particles in the simula-
tion domain over 50,000 time steps. a) Simplistic implementation without correction for lateral interactions.
b) Advanced implementation with correction for lateral interactions.

The major reason for this is, that the ionic transport in these 3D approaches is decelerated by
lateral electrostatic interactions, that are not considered in the bulk phase. Therefore, on average
the appear process is faster than the disappear process. To mitigate this artifact, the boundary
conditions of these approaches must include the average electrostatic interactions within the
simulation box. These average interactions can be effectively quantified through the resulting
average local energy differences. Based on this idea, an alternative advanced approach for the
boundary condition, i.e. modeling the appear and disappear processes, can be defined as follows:
After a predefined number of kMC iterations which is here set to 100, the direction-dependent
appear and disappear rates are updated to match the latest average transport rates within the
simulation box. For this purpose, in a first step, the local coulomb potential energy differences
∆Uclb

lk between all sites covered with ions and their free neighboring sites are computed following
Equation 5.20. Next, all direction-dependent overall potential energy differences are computed
as the sum of Coulomb and external potential energy differences caused by e.g. external electric
fields:

∆Ulk = ∆Uclb
lk ±ql ·Eext ·∆L (5.23)
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Based on all local potential energy differences, the average positive (⟨∆U⟩ j,dir,z±
+ ) and negative

(⟨∆U⟩ j,dir,z±
− ) potential energy differences are calculated separately for each ionic species j, trans-

port direction z± (along or opposite to z-direction) and neighbor-type dir (face, edge, corner)
according to Equations 5.24 and 5.25.

⟨∆U⟩ j,dir,z±
+ =

1
n+

∑
∆U j,dir,z±

lk >0

∆U j,dir,z±
lk (5.24)

⟨∆U⟩ j,dir,z±
− =

1
n−

∑
∆U j,dir,z±

lk <0

∆U j,dir,z±
lk (5.25)

Here, n+ and n− represent the number of positive and negative potential energy differences, re-
spectively. The resulting average positive and negative potential energy differences are used to
calculate the corresponding average forward and reverse transport rates, as described by Equa-
tions 5.9 and 5.10 for each considered ionic species, direction and neighbor-type. The respective
overall average transport rate is calculated by a weighted average of the corresponding average
forward and reverse rates:

Γ
j,dir,z±
M =

n+ · ⟨Γrev
M ⟩ j,dir,z± +n− · ⟨Γforw

M ⟩ j,dir,z±

n++n−
(5.26)

Based on this, the average transport rates of each ionic species in the positive (z+) and negative
(z-) z-directions are calculated by summing all relevant transport contributions in the respective
direction. The contributions are weighted by the respective number of neighbors in z-direction
(1 face neighbor, 4 edge neighbors, 4 corner neighbors).

Γ
j,z±
M = Γ

j,face,z±
M +4 ·Γ j,edge,z±

M +4 ·Γ j,corner,z±
M (5.27)

Depending on the direction of motion across the boundary, the appear rate on an empty boundary
site is subsequently defined as Γ

j
ap = Γ

j,z±
M ·NA ·∆L3 · c j and the total disappear rate of an ion on

a boundary site is defined as Γ
j
dis = p0 ·Γ j,z±

M with p0 = 1−NA ·∆L3 ·∑ j c j. This accounts for the
probability of coverage of the bulk site depending on the bulk concentrations c j. In the appear
process this is explicitly accounted for by the ions in the simulation box.

Figure 5.4 b) demonstrates that the application of these boundary conditions for the Brute force,
Cutoff and 3D-Poisson approaches effectively mitigates the artifact. The advanced boundary
conditions are especially well defined for the Brute force, Augmented Cutoff and 3D-Poisson
BC1 approaches, while there is still a slight increase of charge carriers in the other approaches.
This could potentially be improved by further tuning the boundary conditions, for example
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through more frequent updates of the boundary rates. For this study the kMC appear and disap-
pear rates are defined following the advanced approach outlined in this section.

5.2.4.3 Consideration of Solvation Effects

The third important aspect that needs to be accounted for to ensure accurate results is the shield-
ing of charges by the solvation shell. In a liquid electrolyte system, this refers to the layer of
solvent molecules that surrounds ions and stabilizes them. It further shields ions of opposite
charge from each other, keeps them at a certain distance and therefore prevents frequent recom-
bination and strong coulombic interactions. Since the solvation shell is not explicitly modeled in
kMC, it has to be implicitly accounted for to prevent overestimation of the electrostatic interac-
tions. This is done by setting the lattice site distance ∆L to the average distance of the considered
ionic species in the investigated electrolyte chemistry. In the case of LiPF6 in 3:7 EC/EMC, this
distance was reported to fluctuate around 0.8 nm [220]. Hence, ∆L is set to 0.8 nm in the fol-
lowing analysis. The strong effect of this parameter on the simulation results has been revealed
at the example of the 3D-Poisson BC2 approach. The results can be found in Figure C.1 in the
appendix.

5.3 Assessment of Electrostatic Interaction Models

This section presents a qualitative and quantitative comparison of the previously introduced elec-
trostatic interaction models. The analysis focuses on model accuracy without (cf. Section 5.3.1)
and with (cf. Section 5.3.2) the influence of external fields, as well as on computational cost
(cf. Section 5.3.3). In conclusion, the advantages and limitations of each method are discussed,
and the most suitable approach for implementation into the previously discussed SEI models
presented in Chapter 3 and Chapter 4 of this thesis is identified (cf Section 5.3.4).

5.3.1 Model Accuracy without External Fields

To highlight the similarities and differences between the modeling approaches, Figure 5.5 com-
pares their resulting electrostatic potentials under the predefined initial conditions (cf. Sec-
tion 5.2.3). The potential is plotted along the z-dimension of the kMC simulation box, with
each data point representing the average potential within a z-layer. The configuration in Fig-
ure 5.5 a) corresponds to scenario 1 (cf. Section 5.2.3), featuring two oppositely charged planes
in a parallel-plate capacitor setup.
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Figure 5.5: Comparison of average electrostatic potential per layer in z-direction (x-y plane) for two different initial
charge distributions observed for the different electrostatic interaction models. a) Two parallel and oppositely
charged planes (test scenario 1). b) Random distribution of ions (test scenario 2).

The 1D-Poisson and 3D-Poisson BC1 models yield a potential profile that matches the analytical
solution for an ideal parallel-plate capacitor, with a linear potential drop between the charged
planes and a constant potential outside. The two profiles of the 1D-Poisson and 3D-Poisson BC1
approaches are vertically offset due to the definition of 0 V at the lower boundary in the 3D-
Poisson approach. However, the potential difference across the z-direction is identical, which
results in the same accelerated ion transport between the planes and purely diffusive behavior
outside.

The Simple Cutoff, Augmented Cutoff, Brute force and 3D-Poisson BC2 methods as well show
a parallel-plate capacitor-like drop with reduced magnitude in the interplane region. However,
towards the system boundaries they predict a potential decay towards 0 V, leading to overall
potential profiles with pronounced extrema at the locations of the charged planes. In the case of
the Brute force and the Cutoff approaches, this behavior results from the localized point-charge
representation and the neglect of periodic images in x- and y-direction, causing the field strength
to decrease with distance. For the cutoff-based methods, the potential reaches 0 V beyond the
cutoff radius, as expected. In case of the 3D-Poisson BC2 method the potential is forced back to
0 V at the boundaries due to the applied boundary conditions. This effectively corresponds to an
opposed electric field in the bulk phase that neutralizes the potential.

Overall, only the 1D-Poisson and the 3D-Poisson BC1 approaches reproduce the potential dis-
tribution of a parallel-plate capacitor in a physically consistent manner, while the remaining
models exhibit artifacts under this configuration. However, since this scenario represents an ex-
treme case that is unlikely to occur in a realistic electrolyte system, the other models may still
provide sufficient accuracy for practical applications.
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In scenario 2 (cf. Section 5.2.3), which is presented in Figure 5.5 b), the positively and nega-
tively charged ions are randomly distributed throughout the box, representing a homogeneous
electrolyte system. Overall, the potential profiles for all approaches have a similar shape. The
profiles for the 1D-Poisson and 3D-Poisson BC1 models are again identical except for an off-
set: Both show a potential increase with height, which is a result of the specific random charge
distribution and is not observed in the output of the other approaches. Moreover, it can be ob-
served that the potential curves of the Brute force and the 3D-Poisson BC2 method are flatter
than those of both Cutoff approaches. The resulting larger potential energy differences in case of
the Cutoff approaches cause larger ionic transport rates and hence a comparatively strong impact
of electrostatic interactions.

The effect of the different potential calculations on the distribution of charge carriers after 40 ns is
presented in Figure 5.6. In order to qualitatively evaluate the ability of the different approaches
to achieve local electroneutrality, all simulations were initialized with two oppositely charged
planes, analogous to a parallel-plate capacitor, following test scenario 1 as described in Sec-
tion 5.2.3. An additional Diffusion only case without electrostatic interactions is considered to
represent purely diffusive behavior for comparison. The corresponding results are presented in
Figure 5.6 a) and d). The model reproduces the expected diffusive behavior, with charge carriers
spreading uniformly in all directions without compensating for the charge difference. Hence,
after 40 ns there are still two distinct peaks observable at the initial positions of the charged
planes (cf. Figure 5.6 d)), and local electroneutrality is not ensured. In contrast, all implemented
electrostatic interaction models lead to a thorough mixing of the charged species after 40 ns.
Instead of two separate concentration peaks for positive and negative ions, only one peak in the
middle between the initially charged layers has formed. Moreover, the number of both charge
carriers over height is identical with only small statistical deviations. Overall, this shows that all
implemented electrostatic interaction models succeed in ensuring local electroneutrality over the
height of the box within the first 40 ns.

However, there are some important differences to note: First, spreading of the charge carriers
along the height varies depending on the applied electrostatic interaction model. This indicates
varying ionic mobility in z-dimension, which is further evaluated in Section 5.3.2. In the tested
approaches, the 1D-Poisson shows the broadest charge distribution, which is similar to the Dif-
fusion only case. This can be explained by the neglected electrostatic interactions in the x-
and y-directions. Hence, once electroneutrality in z-direction is reached, the ionic transport re-
sembles diffusive behavior since it is not affected by local attractive or repulsive forces. The
Augmented Cutoff approach exhibits a similarly broad distribution, despite accounting for elec-
trostatic interaction in the x- and y-directions. This behavior results from the chosen cutoff
radius, which is smaller than the distance between the charged layers. As a consequence, the
charge carriers initially distribute uniformly and quickly in all directions without an impact of
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Figure 5.6: Qualitative comparison of electrostatic interaction models for initialization with two parallel and oppositely
charged planes (scenario 1). (a) – (c) and (g) – (j) Box configuration after 40 ns. (d) – (f) and (k) – (n)
Species distribution over the height of the box after 40 ns. The results represent the mean values from three
simulations conducted with identical parameter settings. The shaded areas indicate the deviations observed
among the individual runs.

mutual attraction. Only once local electroneutrality is achieved, the transport slows down due
to local attractive forces. In comparison, the charge distributions of the remaining approaches
are less broad and are similar in their characteristics. Additionally, it should be noted that in the
Simple Cutoff case (cf. Figure 5.6 c)), artifacts in the form of periodic patterns start to form.
This becomes particularly evident at longer simulation times, which can be found in Figure C.3
in the appendix. These patterns can be interpreted as the formation of charged clusters within

98



5.3 Assessment of Electrostatic Interaction Models

the electrolyte phase. Since this is not observed in any other approach and not expected in the
studied electrolyte system [221], it can be concluded that the Simple Cutoff approach with the
chosen cutoff radius of 4.5 nm overestimates the local electrostatic attraction between the charge
carriers. Similar cluster formation is observed for all investigated cutoff radii up to 5.5 nm (cf.
Figure C.5). Thus, significantly larger cutoff radii would be required to achieve a physically
meaningful representation of the electrostatic interactions. However, this would substantially in-
crease the simulation time. Overall, based on this analysis the Brute force and the 3D-Poisson
BC1 and BC2 seem most accurate, since they slow down the transport in z-direction due to ionic
attraction, while not promoting artifical cluster formation.

For a quantitative comparison of the electrostatic interaction models three quality measures are
used: The first measure is the average potential energy per ion based on coulombic interactions
of all charge carriers. This metric provides insight into the electrostatic stability of the system
configuration resulting from the different approaches. Lower values indicate stronger ionic inter-
actions and a more energetically favorable configuration, whereas higher values suggest that the
ions move more independently within the electrolyte phase. This measure is defined by Equation
5.28, where ncc denotes the total number of charge carriers.

Uion =
1

ncc

ncc−1

∑
m=1

ncc

∑
n=m+1

1
4πε0εr

qmqn

rmn
(5.28)

Secondly, the standard deviation of the charge per layer along the z-direction is evaluated to
assess the homogeneity of the charge distribution resulting from the investigated approaches.
A smaller standard deviation indicates a more uniform distribution of charge across the layers
and hence a higher degree of local electroneutrality. The standard deviation is defined following
Equation 5.29 with nz being the number of layers in z-direction, Qp denoting the overall charge
of layer p and Q representing the average charge of all layers along z-direction.

σ =

√√√√ 1
nz

nz

∑
p=1

(Qp−Q)2 (5.29)

The third quality measure is the radial distribution function g(r), which quantifies the density
of positively charged ions around a negatively charged ion as a function of distance. This pro-
vides insights into the ionic structure induced by the different electrostatic interaction models.
For the investigated liquid electrolyte, a pronounced first peak, is expected representing short-
range ordering due to electrostatic interactions [221]. In contrast, no long-range ionic order is
anticipated, and thus no additional peaks at larger distances are expected. The radial distribution
function is defined by Equation 5.30. Thereby, n+(r) represents the number of positively charged
species at a distance r to any negatively charged ion in the box, V (r) describes the shell volume
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of the respective discrete element, n− is the total number of negatively charged ions, and ρ0,+

denotes the average density of positively charged ions in case of an ideal gas. In order to avoid
double-counting of ions due to periodic boundaries, g(r) is evaluated up to a maximum distance
of 5.33 nm in 21 discrete elements in this study.

g(r) =
n+(r)

n−V (r)ρ0,+
(5.30)

The quantitative evaluation of the electrostatic interaction models is carried out for test scenario 2
(cf. Section 5.2.3), which represents a homogeneous electrolyte system. For each electrostatic
interaction model, the simulation is executed for 50,000 iterations. The potential energy per ion
and the standard deviation of charge are shown as a function of iteration count in Figure 5.7 a)
and b). Due to differing time step sizes among the approaches, this representation offers a better
comparability than the time-dependent representation, which is provided in the appendix (cf.
Figure C.4). Based on both quality measures, it can be observed that all modeling approaches
reach equilibrium within less than 20,000 iterations. Accordingly, the radial distribution function
is evaluated at 30,000 iterations for all approaches, as equilibrium is reliably established by this
point. The results are presented in Figure 5.7 c).

The analysis of the results reveals that the Brute force, Augmented Cutoff and 3D-Poisson meth-
ods exhibit very similar behavior across all evaluated quality measures. They quickly reduce the
average potential energy per ion within approximately 4000 kMC iterations and subsequently
equilibrate at similar magnitudes between -0.05 and -0.06 eV, which is significantly lower than
the potential energy of the Diffusion reference case (cf. Figure 5.7 a)). Thereby, the equilibrium
potential energies of the 3D-Poisson methods lie slightly below those of the Brute force and Aug-
mented Cutoff approaches. Overall, this suggests that all of these approaches promote an initial
rearrangement of charge carriers, leading to an energetically more favorable configuration com-
pared to the Diffusion only case. The resulting configurations are thus dominated by attractive
particle interactions. Similarly, in case of the Brute force, Augmented Cutoff and 3D-Poisson
approaches, the standard deviation of charge quickly drops below the value of the Diffusion only
reference case within the first few thousand iterations. Subsequently, the respective standard
deviations remain constant, aside from statistical fluctuations (cf. Figure 5.7 b)). This demon-
strates, that all of these approaches induce a quick initial charge compensation in z-direction and
then maintain the achieved level of local electroneutrality throughout the remaining simulation.
The respective radial distribution functions (cf. Figure 5.7 c)) peak at a distance of 0.8 nm, which
corresponds to the shortest distance between two sites. This peak is slightly larger in case of the
3D-Poisson approaches. With increasing distance, the radial distribution functions of the Brute
Force, Augmented Cutoff and both 3D-Poisson methods converge toward the radial distribution
function of the Diffusion only case, which represents a random particle distribution throughout

100



5.3 Assessment of Electrostatic Interaction Models

Figure 5.7: Quantitative comparison of electrostatic interaction models. a) Average coulomb potential energy per ion.
b) Standard deviation of charge per layer. c) Radial distribution function of PF−6 ions around Li+ ions after
30,000 kMC iterations.

the cubic lattice. Beyond a distance of 1.87 nm, no significant deviation from this random par-
ticle distribution is observed. This suggests that all of these methods induce a short-range ionic
order within up to 1.87 nm around a charge carrier but do not result in a long-range ionic order
beyond that distance. This effect is slightly more pronounced for the 3D-Poisson approaches.
Overall, the Brute force, Augmented Cutoff and 3D-Poisson methods all reproduce the expected
behavior of charge carriers in liquid electrolytes.

In contrast, the 1D-Poisson approach differs particularly in the average potential energy per ion
and the radial distribution function. It does not exhibit a substantial initial drop in potential en-
ergy per ion and thus its equilibrium energy is significantly higher than in the other approaches
and close to the values of the random distribution of the Diffusion only case (cf. Figure 5.7 a)).
Hence, the 1D-Poisson approach leads to a significantly less energetically favorable ion configu-
ration. This can mainly be attributed to the fact that electrostatic interactions in this approach are
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considered only along one of the three spatial directions. The same limitation causes that the ra-
dial distribution function of the 1D-Poisson approach equals the Diffusion only case. This means
that this approach does neither induce a short-range nor a long-range ionic structure and that no
increase in next-neighbor interactions compared to a random ion distribution may be observed.
This differs from the expected behavior of ions in a liquid electrolyte. The standard deviation
of charge exhibits a similar behavior as for the previous approaches but reaches slightly smaller
values. It can thus be concluded that the 1D-Poisson approach successfully ensures a uniform
charge distribution in z-direction but underestimates local interparticle interactions due to its 1D
approximation.

The Simple Cutoff method behaves differently compared to the other electrostatic interaction
models. It requires more time steps to reduce the average potential energy per ion as well as the
standard deviation of charges per layer, indicating a longer time to reach local electroneutrality.
At the same time, the final values of both metrics are smaller compared to the other approaches.
This indicates a more energetically favorable ionic configuration and a better charge compensa-
tion in z-direction. The radial distribution function of the Simple Cutoff approach exhibits the
highest peak of all approaches at the next-neighbor distance of 0.8 nm. This reveals a strong local
interparticle interaction, which results in a pronounced short-range ionic order. Additionally, it
is the only approach that deviates from the random distribution beyond 1.87 nm and does not
fully match the random distribution up to the maximum investigated distance of 5.33 nm. This
suggests a long-range regular ionic structure, which aligns well with the previously observed
periodic patterns (cf. Figures 5.6 c) and C.5). However, such formation of long-range ionic
structure is not expected in the studied liquid electrolyte system [221]. Hence, the Simple Cutoff
approach with the applied cutoff radius of 4.5 nm fails to reproduce realistic ionic transport in
the investigated liquid electrolyte. The same is true for further investigated cutoff radii up to 5.5
nm (cf. Figure C.5).

5.3.2 Model Reliability for Ionic Mobility Prediction

Subsequently, an external field Eext is applied according to test scenario 3 (cf. Section 5.2.3)
to evaluate the predictive reliability of the electrostatic interaction models with respect to ionic
mobilities. According to the Nernst-Einstein equation µ = q

kBT D and the diffusion parameters
given in Table 5.1, the expected ideal mobilities of the Li+ and PF−6 ions are in the order of
5.8 × 10-9 m2 V-1s-1 and 7 × 10-9 m2 V-1s-1, respectively. Since the Nernst-Einstein equa-
tion describes an ideal, diluted electrolyte solution without interparticle interactions, these val-
ues should be considered as an upper limit for the expected mobilities, which are reduced by
electrostatic interactions. In literature, mobility values are reported in a similar range. Exper-
imental studies for Li+ ions suggest mobilities in the range of 3.6 × 10−9 m2 V-1s-1 in a gel
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electrolyte [222] to 7.2 × 10−9 m2 V-1s-1 in ethylene carbonate/diethyl carbonate [223]. More-
over, molecular dynamic calculations reported Li+ mobilities ranging from 2 × 10-9 m2 V-1s-1

in EC/EMC [215] to 5.4 × 10-9 m2 V-1s-1 in pure EC [101] and PF−6 mobilities of 3.6 × 10-9

m2 V-1s-1 in EC/EMC [215]. Since the electrolyte and salt concentration in the study of Ringsby
et al. [215] match the conditions applied in this chapter, their results serve as a reference for
subsequent comparisons.

The mobilities predicted by the investigated electrostatic interaction models are calculated using
Equation 5.31. Here, Ψ j,z+ and Ψ j,z− describe the number of performed transport steps of species
j in and against the z-direction, respectively. t represents the simulated time and n j is the number
of species j in the simulation box.

µ j =
(Ψ j,z+ −Ψ j,z−) ·∆L

t ·n j
· 1

Eext
(5.31)

The resulting mobilities are presented in Figure 5.8 and compared to the ideal values according to
the Nernst-Einstein equation (solid lines) and the literature values of Ringsby et al. [215] (dashed
lines). In all cases the absolute mobility of PF−6 is predicted to be larger than that of Li+, which is
in accordance with the higher diffusion coefficient of the negatively charged ion (cf. Table 5.1).
Moreover, all predicted mobilities are in the range of the previously discussed literature values
and the ideal mobilities suggested by the Nernst-Einstein equation. Nevertheless, the magnitude
of the computed mobility values varies between the approaches.

Both, the 1D-Poisson approach and the Diffusion only approach predict mobilities that are very
close to the ideal mobilities. This is as expected, since both approaches neglect lateral electro-
static interactions in x- and y- directions, and hence approximate the ideal case without local
coulombic interparticle interaction, which would otherwise reduce ionic mobility. All other ap-
proaches predict Li+ mobilities smaller than the ideal value, appropriately capturing the hindering
effect of local interparticle interactions on ionic mobility. The predicted Li+ mobilities decrease
in the following order: Brute force, 3D-Poisson BC1, Augmented Cutoff, 3D-Poisson BC2,
Simple Cutoff, with the Simple Cutoff prediction being close to the literature value reported by
Ringsby et al. [215]. With the exception of the 3D-Poisson BC1 approach the same sequence
holds for the PF−6 mobility, with the Simple Cutoff approach again yielding the lowest value,
which is below the corresponding literature value. The comparatively low mobilities predicted
by the Simple Cutoff approach are likely to be an artifact resulting from the previously discussed
overestimation of local interparticle interactions, which also result in the nonphysical long-range
ionic structure observed in Figure 5.6 c) and Figure 5.7 c). In contrast, the 3D-Poisson BC1
approach predicts a PF−6 mobility that exceeds the ideal value and is significantly higher than the
Li+ mobility. Since this behavior is not observed for the 3D-Poisson BC2 approach, it is assumed
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Figure 5.8: Comparison of predicted mobilities for Li+ ions (red) and PF−6 ions (blue) for different electrostatic interac-
tion models for a 1M LiPF6 in EC/EMC 3:7 by wt. electrolyte. The columns represent the absolute values
of the average from three independent kMC runs with the same parameter set. The error bars indicate the
maximum deviation among these runs. The dashed lines represent the results of Ringsby et al. [215] and the
solid lines indicate the ideal mobilities following the Nernst-Einstein equation for comparison.

to be an artifact introduced by the applied boundary conditions, resulting in an overestimation of
the PF−6 mobility.

Overall, the Brute force, Augmented Cutoff and 3D-Poisson BC2 methods yield plausible
estimates of the mobilities for both ion species. Their predicted Li+ mobilities range from
3.3× 10-9 m2 V-1s-1 (3D-Poisson BC2) to 4.75× 10-9 m2 V-1s-1 (Brute force) and the predicted
PF−6 mobilities range from 4 × 10-9 m2 V-1s-1 to 5.6 × 10-9 m2 V-1s-1. These values are below
the ideal mobilities as expected but exceed the literature values reported by Ringsby et al. [215].
A key reason for this deviation may be that only interactions between dissociated salt ions are
considered in this study, whereas in real electrolyte systems, additional interactions with solvent
molecules and associated ions could further reduce ion mobility. In contrast, the 1D-Poisson ap-
proach tends to overestimate mobility due to the lack of lateral interactions in x- and y-direction
and the Simple Cutoff approach seems to underestimate the mobility due to an overestimation of
local interactions. In case of the 3D-Poisson approach it is important to note that the boundary
conditions highly impact the predicted mobility values. They should hence be carefully selected
with respect to the investigated physical system.
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5.3.3 Evaluation of Computational Cost

The selection of a modeling approach should not be based solely on the accuracy of the results.
Computational efficiency is an equally critical factor for the applicability of any electrostatic
interaction model in kMC, as it ensures reasonable computation times. To evaluate the computa-
tional cost of the electrostatic interaction models, each approach was executed three times for a
minimum of 1 ns and for at least 1000 kMC iterations. The evaluation was conducted using test
scenario 2, since it represents a realistic, homogeneous electrolyte system, which is comparable
to the conditions under which a SEI on lithium metal commonly forms (cf. Section 5.2.3). All
tests were executed on a computer with a Intel(R) Core(TM) i7-8700 processor with 3.20 GHz
and 6 cores and 16 GB RAM using MATLAB 2024b. The resulting computational cost is then
estimated as average computation time per kMC iteration and is summarized in Table 5.2.

Table 5.2: Comparison of computation time per iteration in ms.

Diffusion
only

Brute
force

Simple
Cutoff

Augmented
Cutoff

1D-
Poisson

3D-
Poisson

BC1

3D-
Poisson

BC2

1.3 299.2 75.7 1145.1 3.1 183 189.5

The results demonstrate that the calculation of electrostatic interactions in kMC is associated
with high computational cost – a challenge that has been previously discussed in the literature
[135, 193, 206, 210]. The three-dimensional approaches including the 3D-Poisson, Brute force
method and Cutoff approaches are particularly computationally expensive due to the high num-
ber of discrete elements caused by the three-dimensional discretization. Since a local potential
needs to be calculated for each lattice site, the computation time per iteration is increased by sev-
eral orders of magnitude compared to the Diffusion only case. The Augmented Cutoff approach
is most computationally expensive, as it requires the calculation of separate local potentials for
each combination of a lattice site and its immediate neighbors. Hence, in the investigated cubic
lattice it requires the calculation of 26 different local potentials for each lattice site, which further
increases the computational cost. In contrast, the 1D-Poisson approach exhibits a computational
effort within the same order of magnitude as the Diffusion only case, increasing the simulation
time by only a factor of 2.4. This comparatively low cost can be attributed to the reduced number
of discrete elements resulting from the one-dimensional rather than three-dimensional discretiza-
tion. Consequently, significantly fewer local potentials need to be computed and updated in each
iteration.
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5.3.4 Discussion

As a basis for the final discussion of the investigated electrostatic interaction models, Table 5.3
provides a summary of the performance of all models with respect to all previously discussed
evaluation metrics. The symbols indicate the relative performance of each model in terms of
either accuracy or computational efficiency: a “+” denotes good performance (e.g. high physical
accuracy or low computational cost), “◦” represents moderate performance (e.g. limited accuracy
or average cost), and “-“ reflects poor performance with respect to the respective metric.

This overview reveals a clear trade-off between physical accuracy and computational efficiency.
In terms of accuracy, the Augmented Cutoff, 3D-Poisson and Brute force approaches exhibit the
best overall performance, with only minor limitations. A shared drawback of the Brute force,
Augmented Cutoff and 3D-Poisson BC2 methods is their inability to fully reproduce parallel-
plate capacitor behavior. However, since this represents an artificial test scenario that is not
expected to occur in real electrolytes, this limitation is not considered critical. In contrast, the 3D-
Poisson BC1 approach successfully replicates parallel-plate capacitor behavior but introduces
artifacts in the predicted PF−6 mobility due to its boundary condition implementation. A major
disadvantage of all these methods is their high computational cost, exceeding the Diffusion only
case by two to three orders of magnitude.

In contrast, the 1D-Poisson approach is the most computationally efficient method evaluated,
increasing the cost by only a factor of 2.4 compared to the Diffusion only case. It captures
electrostatic interactions and maintains local electroneutrality along the z-direction comparably
well, leading to similar standard deviation of charge in this direction as observed in the more

Table 5.3: Comparison of electrostatic interaction models with respect to all evaluated metrics.

Metric Brute
force

Simple
Cutoff

Augmented
Cutoff

1D-
Poisson

3D-
Poisson

BC1

3D-
Poisson

BC2

Reproduction of parallel-
plate capacitor - - - + + -

Electroneutrality in z-
direction + + + + + +

Realistic potential energy + ◦ + - + +
Realistic ionic structure + - + ◦ + +
Mobility Prediction + ◦ + - - +
Computational Cost - ◦ - + - -
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accurate methods. However, since lateral interaction in x- and y-direction are neglected, short-
range ionic structuring is underestimated and ionic mobility is overestimated, which limits the
overall accuracy of this approach.

The Simple Cutoff approach employing a cutoff radius of 4.5 nm is the second most efficient
method in terms of computational cost. However, it performs worst with respect to physical
accuracy. The cutoff of electrostatic interactions leads to an overestimation of local attractive
forces, resulting in nonphysical long-range ionic structuring. While increasing the cutoff radius
could partially mitigate these inaccuracies, it would also substantially raise the computational
cost and thus eliminate the method’s main advantage. As a consequence, the Simple Cutoff
approach is not recommended for modeling electrostatic interactions in liquid electrolyte systems
due to its poor physical reliability.

Overall, the 1D-Poisson approach represents a good compromise between accuracy and com-
putational efficiency, particularly in cases where charge gradients predominantly occur in only
one spatial direction and moderate overestimation of ionic mobilities is acceptable. For appli-
cations that require higher accuracy, the 3D-Poisson approach is the best alternative, since it is
the fastest among the more physically accurate approaches. If this approach is selected, careful
consideration must be given to the choice of appropriate boundary conditions and to an efficient
implementation strategy.

In case of the 3D-kMC models for SEI formation which have been introduced in Chapter 3 and
Chapter 4 of this thesis, a charge gradient is mostly expected in z-direction of the simulation
box. This is since the lithium metal anode is initially placed in the bottom of the simulation
box, while the top is connected to an electroneutral bulk phase. Therefore, the main transport
direction of reactant and product species is in z-direction. Moreover, these models aim to increase
the reachable timescale at molecular resolution, which requires high computational efficiency.
Therefore, the 1D-Poisson approach is considered a good compromise for these models. It is
thus selected for integration into the SEI model, which was previously presented in Section 4.3.1
in order to investigate the effect of different electrostatic interaction models on SEI formation in
the following section.
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5.4 Impact of Electrostatic Interaction Model on SEI
Formation

In the SEI formation models introduced in the previous Chapters 3 and 4, electrostatic interac-
tions were incorporated in a simplified manner using a next-neighbor approach. This approach
accounts only for repulsive interactions, thereby avoiding the overestimation of local interactions
and cluster formation, similar to what was previously observed for the Simple Cutoff method in
Section 5.3. This simplification raises the question if and to what extent the choice of the electro-
static interaction model impacts the predicted SEI formation. To address this question, the SEI
model from Chapter 4 was modified by replacing the transport equation in Table 4.1 with the
selected 1D-Poisson approach for all charged species. Subsequently, the simulation of the pri-
mary SEI formation in an EC electrolyte with 1.2M LiPF6 was repeated with the modified kMC
model. The results of the original model from Chapter 4 and the extended model are compared
in Figure 5.9.

The comparison of the SEI species distribution in the kMC boxes after 2 µs in Figure 5.9 a) shows
no significant difference in the resulting SEI composition and morphology. This is confirmed by
the comparison of the height dependent species distribution in Figure 5.9 b), which only exhibits
slight deviations: The 1D-Poisson approach causes a minor shift of the maximum concentra-
tion of species towards the lithium metal anode. Thereby, the shape and height of the respective
peaks remain largely unaffected. The temporal evolution of the SEI thickness in Figure 5.9 e)
indicates that the 1D-Poisson approach leads to a slightly slower initial SEI growth compared to
the simplified approach. However, the SEI thicknesses of both approaches converge over time
and result in a very similar thickness after 2 µs. This suggests that the initial differences in growth
dynamics have a limited impact on the long-time SEI formation. More significant differences are
observed in the charge distribution over height after 2 µs in Figure 5.9 c) and in the temporal
evolution of the potential energy per ion in Figure 5.9 d). In the original model, a surplus of
positive charge is observed within the SEI between heights of 8 and 14 nm. In contrast, the
1D-Poisson maintains charge neutrality, with the charge per layer fluctuating around zero across
the entire height of the simulation box. This indicates that the 1D-Poisson approach effectively
enforces local electroneutrality along the z-direction, which is not achieved by the next-neighbor
approach. Moreover, the 1D-Poisson approach leads to a significantly lower potential energy per
ion, which remains constant over time and indicates an energetically favorable ionic configura-
tion. In contrast, the potential energy in the next-neighbor coulomb approach increases over time
and becomes largely positive, suggesting an unstable ionic configuration and underestimation
of electrostatic interaction. This demonstrates the superior capability of the 1D-Poisson method
to ensure consistent local electroneutrality throughout the simulation. However, this improved
accuracy comes at the cost of a runtime increase of approximately 89 %.
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Figure 5.9: Impact of the 1D-Poisson approach on SEI formation in EC + 1.2M LiPF6 up to 2 µs. a) SEI composition and
morphology resulting from the next-neighbor Coulomb approach (left) and the 1D-Poisson approach (right)
after 2 µs. b) SEI distribution over height after 2 µs. c) Charge distribution over height after 2 µs. d) Coulomb
potential energy per ion over time. e) SEI thickness over time. Dash-Dotted lines indicate results based on
the 1D-Poisson approach and solid lines refer to results based on the next-neighbor Coulomb approach. The
results presented in b) to e) are the average of three independent kMC runs with the same parameter set, and
corresponding shadings in c) to e) show the maximum observed deviation within these runs.

Overall, while the simplified next-neighbor Coulomb approach does not fully maintain local
electroneutrality, this does not appear to significantly affect the final SEI composition or mor-
phology in the investigated scenario. To verify that this also holds for higher salt concentrations,
the same comparison was made for an EC:EMC (3:7 by wt.) electrolyte with 3M LiPF6. The
corresponding results are presented in Figure C.6 in the appendix. As in the low-concentration
case presented in Figure 5.9, no significant effect on the SEI formation is observed. However, the
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1D-Poisson approach again significantly improves local electroneutrality along the z-direction.
Thus, it can be concluded that there is only a minor effect of the simplified electrostatic in-
teraction model on the results presented in the previous Chapters 3 and 4. Nevertheless, the
1D-Poisson approach enables a more physically accurate representation of electrostatic inter-
actions. This could lead to more accurate SEI predictions in other scenarios, e.g. if external
potential is applied. Additionally, the efficient and precise consideration of electrostatic inter-
actions in kMC models provides the foundation for resolving phenomena such as the electrical
double layer between the electrode and the SEI, and between the SEI and the electrolyte in future
kMC models.

5.5 Concluding Remarks

The presented work discussed the implementation of electrostatic interactions into kMC models
of liquid electrolytes, focusing on suitable rate equations, electrostatic interaction models and
numerical challenges. First, consistent potential-energy-dependent transport rate equations were
successfully transferred from external potential energies in fluid dynamics to electrostatic inter-
actions in liquid electrolytes. The derived transfer rates ensure that the total drift rate is main-
tained, while also preserving microscopic reversibility. In terms of numerical aspects, the study
identified three potential challenges: The self-interaction error, the kMC boundary conditions
and the impact of the solvation shell. All three issues were thoroughly analyzed and discussed.
Furthermore, effective solution strategies were proposed and successfully implemented, ensuring
accuracy in the kMC simulation of electrostatic interactions for liquid electrolyte systems.

Eventually, the study compares five electrostatic interaction models, ranging from the Brute force
consideration of all interparticle interactions to Cutoff methods and the solutions of the 1D- and
3D-Poisson equation. These models are benchmarked against a Diffusion only reference case
without electrostatic interactions, using an electrolyte composed of 1M LiPF6 in 3:7 EC/EMC
as example system. This investigation identifies the Brute force method, the 3D-Poisson and the
Augmented Cutoff method as the most accurate approaches in terms of all investigated prop-
erties. However, at the same time they proved to be very inefficient, increasing the simulation
time by two to three orders of magnitude. Moreover, in case of the 3D-Poisson approach, it was
demonstrated that the careful selection of boundary conditions is crucial to ensure a high model
accuracy. In contrast, the Simple Cutoff method proved to be comparatively efficient. However,
the neglect of long-range electrostatic interactions resulted in an overestimation of local interac-
tion effects, leading to unexpected ion clustering within the electrolyte phase. As a result, this
approach was unable to maintain a homogeneous electrolyte phase for the investigated cutoff
radii. The 1D-Poisson approach was identified to be by far the most efficient electrostatic in-
teraction model. It provides a good representation of electrostatic interactions in the discretized
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z-direction, ensuring accurate charge distribution along this dimension. However, due to its ne-
glect of interactions in the x- and y-directions, it is slightly less accurate compared to the three-
dimensional approaches. This is particularly reflected in the overestimation of mobility due to a
lack of local interparticle interactions. Nevertheless, for applications in which charge gradients
are mostly expected in one dimension, the 1D-Poisson approach offers the best trade-off between
accuracy and computational cost. In case of the SEI model introduced in Chapter 4, the approach
does not significantly impact the predicted SEI composition and morphology, proving the sim-
plified interaction model applied in Chapters 3 and 4 to be sufficient for the investigated cases.
Nevertheless, this could differ for further physical systems, e.g. if external potential is applied.

Overall, this comparative methodological study paves the way for reliably and efficiently ac-
counting for electrostatic interactions in kMC simulations of liquid electrolytes. In the future,
this could enable the explicit description of the electrical double layer in kMC models and allow
for the prediction of ionic mobilities.
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The presented dissertation investigated the spontaneous formation of the SEI on lithium metal
anodes. The stabilization of this interfacial layer is still an open challenge, but crucial to achieve
sufficiently high Coulombic Efficiency and safety for the widespread adoption of the high energy-
density lithium metal batteries. A targeted stabilization of the SEI requires a detailed understand-
ing of its structure, the underlying formation mechanisms and macroscopic influencing factors.
However, due to its low thickness in the nanometer range and fast formation processes that occur
within timescales well below one second, a purely experimental characterization could not lead
to a full understanding of spontaneous SEI formation on lithium metal, yet. Hence, advanced
theoretical methods are required to complement experimental research and uncover underlying
mechanisms of SEI formation. In this context atomistic simulation methods provide valuable in-
sights, but are limited to simulation times of only a few nanoseconds. Thus, there is the need for
mesoscale modeling approaches that bridge this gap between atomistic and macroscopic meth-
ods and enable a detailed understanding of the underlying mesoscale processes of SEI formation
to allow for a knowledge-driven SEI design in future.

This work has therefore focused on three main objectives:

1. Development and application of ab initio-informed kMC models for spontaneous SEI for-
mation on lithium metal.

2. Bridging the gap between atomistic simulations and technologically relevant timescales
with a molecular resolution.

3. Mechanistic understanding of SEI formation on lithium metal and effect of macroscopic
properties such as electrolyte composition on SEI formation.

Chapter 3 of this dissertation addressed all of these objectives. Building upon existing liter-
ature, an ab initio-informed kMC model of spontaneous SEI formation on lithium metal was
developed (objective 1). This model accounts for specific characteristics such as the absence of
a fixed anode surface and the spontaneous SEI formation, occurring without the application of
external current. The physical plausibility of the model was ensured by a DFT-based parametriza-
tion, implementation of approaches to maintain local and global electroneutrality, and validation
against ReaxFF MD simulations. Additionally, the accessible timescales were extended from
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the nanosecond to the microsecond range, marking a first step towards objective 2 of reaching
technologically relevant timescales. The model was subsequently applied to study the SEI for-
mation in the standard electrolyte EC/EMC + LiPF6, contributing to objective 3. The performed
simulation studies predicted the formation of a layered inorganic SEI within the first microsec-
ond after contact between lithium metal and liquid electrolyte, with the inner layer consisting
of Li2CO3 and the outer layer consisting of LiF. Moreover, it was revealed that the local Li+

ion concentration and the solvation environment have a significant impact on the SEI compo-
sition and morphology, potentially explaining ambivalent literature results. Ultimately, it was
shown that, within solubility limits, the SEI formation is particularly affected by a variation in
salt concentration, with higher concentrations resulting in faster passivation and a thinner SEI
with increased LiF content.

The following Chapter 4 applied and extended the previously developed kMC model in order to
investigate the impact of the film-forming additive VC. For this purpose, polymerization pro-
cesses were added to the model. Moreover, the accessible timescales were increased up to
the seconds range, thus meeting objective 2 of this work of achieving technologically relevant
timescales. The application of the extended model revealed that VC does not significantly al-
ter the very initial formation of the inorganic SEI layer close to the lithium metal. However,
starting from the millisecond timescale, it leads to polymer formation. In contrast to the re-
maining SEI-forming reactions, which are based on the reduction of electrolyte components, this
polymerization is, except for the initiation, a purely chemically driven process. This results in
the formation of a passivating layer without the ongoing consumption of active lithium. The
formed polymer layer further prevents the continuous degradation of solvent and conductive salt
as well as the dissolution of SEI and intermediate products within a few hundred milliseconds.
This overall mechanism is only hardly influenced by changes in the VC concentration or elec-
trolyte composition. However, lower additive concentrations decelerate the polymer growth, and
a larger proportion of the additive is consumed during the initial layer formation. Consequently,
less additive remains in the electrolyte and is available for the formation of new passivation lay-
ers during operation. Hence, cell life could be extended by increased additive concentrations.
Overall, these simulations provided important mechanistic insights and revealed how electrolyte
composition may affect SEI formation, addressing objective 3 of this dissertation.

Chapter 5 took a step back and deep-dived into the consideration of electrostatic interactions in
kMC models of liquid electrolytes, contributing to objective 1 of this dissertation. These long-
ranging forces not only affect direct neighbours but in principle the transport rates of all charge
carriers in the simulation box. For this reason, the complete consideration of all electrostatic in-
teractions in kMC calculations is very computationally expensive and was drastically simplified
in the previously developed SEI formation models. This chapter therefore investigated how these
interactions can be efficiently incorporated into the kMC approach while still achieving accurate
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results. Moreover, it was studied how the accurate consideration of electrostatic interactions
impacts the predicted SEI formation. In a first step, consistent transport rates that consider the
local potential difference were derived from literature. Subsequently, three obstacles were iden-
tified and discussed that must be considered during implementation to ensure accurate results,
namely the self-interaction error, boundary effects and the impact of the solvation shell. Even-
tually, based on a comparison of five different electrostatic interaction models, the 1D-Poisson
approach was selected as the most efficient and sufficiently accurate interaction model to be im-
plemented in the previously developed SEI formation model. A comparison of the model output
demonstrated that the 1D-Poisson approach succeeds in improving the local electroneutrality
along the z-dimension of the simulation box. However, the predicted SEI does not significantly
change, proving the previously applied simplified approaches to be sufficient in the investigated
cases.

Overall, this dissertation accomplished to address the three defined objectives. All chapters con-
tributed to the development and extension of the ab initio-informed kMC approach (objective 1),
progressively increasing its functionality and accuracy. As a result, this thesis provides a kMC
modeling framework for studying the spontaneous SEI formation on lithium metal based on
atomistic input data. The developed framework allows to predict the time evolution, morphology
and chemical composition of the SEI with three-dimensional resolution at the molecular level.
Moreover, it succeeds to access technologically relevant timescales of seconds (objective 2). The
application of the developed model on the example electrolyte system EC/EMC with LiPF6 as
conductive salt and VC as film-forming additive provided new mechanistic insights into SEI
formation, including the identification of limiting processes and the operating principles of the
film-forming additive. Moreover, the impact of changes in the electrolyte composition on the
molecular SEI composition were revealed through parameter studies (objective 3).

These results represent an important step towards model-assisted SEI design and motivate a wide
range of future research on model development and application. Promising research directions
in terms of model development include the incorporation of more advanced electron-transport
processes through the SEI. Replacing the lumped exponential decay function by the separate
consideration of single electron transport processes could further enhance the model predictions.
Additionally, based on the electrostatic interaction models presented in Chapter 5, the electrical
double layer could be explicitly implemented into the kMC framework, allowing for a more
accurate prediction of ionic concentrations close to the interface. In order to predict the long-term
stability of the SEI during cycling, it would be of high interest to additionally extend the model
to cover the effect of externally applied current. Eventually, experimental validation remains a
critical step to assess the accuracy of the model predictions and should be an important focus of
future research.
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6 Conclusion and Outlook

In terms of application, the developed modeling framework can be adapted to a wide range of
electrolyte chemistries beyond those investigated in this dissertation. This would allow to predict
the effect of different electrolyte solvents, conductive salts, film-forming additives or impurities
on SEI formation and to gain fundamental mechanistic insight into the underlying layer forma-
tion processes. Of particular interest are advanced electrolyte formulations, such as ether-based
electrolytes, which are known for their potential to enhance lithium metal battery performance
[53]. However, the greatest bottleneck in extending the model to new electrolyte systems is
the limited availability of high-quality input data, as all relevant mechanisms and their kinetic
parameters must be explicitly provided. Currently, these mechanisms are selected based on liter-
ature, ab initio MD simulations and manual DFT calculations, requiring an extensive and tedious
search for transition states. An acceleration of this process could enable the modeling framework
to serve as an electrolyte screening tool, quickly predicting SEI composition and morphology.
When combined with an improved understanding of the relationship between SEI structure and
cell performance [20], this approach promises to significantly advance model-assisted electrolyte
design for LMB. First promising approaches in this direction apply chemical reaction networks
combined with neural networks, in order to predict extensive reaction networks and related reac-
tion energies [33, 127, 224, 225]. A combination of these approaches with the modeling frame-
work developed in this work would be an exciting future research direction and might eventually
pave the way to comprehensive model-derived design recommendation for the electrolyte of
LMB. Apart from this, the developed modeling framework is not limited to SEI formation on
lithium metal, but could also be adapted and applied to further battery systems. This could be of
particular interest for next-generation batteries such as sodium-ion batteries, in which as well the
interface is not yet fully understood and stabilized. In the long term, kMC models could serve
as a fully integrated mesoscale link within multiscale modeling frameworks that bridge atomistic
simulations and continuum cell models. This would allow for a consistent prediction of SEI for-
mation across different scales and could be applied to optimize electrolyte composition as well
as formation strategies and cell design for specific applications. Such approach could lead to an
accelerated knowledge-based development of durable, safe and cost efficient battery cells.
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clb Coulomb

corner Corner neighbor

cut Cutoff

D Diffusion

D/C Transport of charged species

dir Direction of reaction/transport

dis Disappear

edge Edge neighbor

el Electrochemical

ext External

face Face neighbor

forw Forward

init Initial condition

ion Per ion

KMC Kinetic Monte Carlo

layers kMC layer in z-direction

long Long timescale simulation

M Migration

max Maximum

MD Molecular Dynamics

min Minimum

ox Oxidation

R Reaction

red Reduction

rev Reverse

salt Conductive salt
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List of Symbols and Abbreviations

sc Single charge

SEI Solid Electrolyte Interphase

seq Sequence

short Short timescale simulation

top Top layer/direction

total Total

TST Transition state theory

V Volumetric

x In x-direction

y In y-direction

z In z-direction

z+ Along z-coordinate

z− Against z-coordinate

Abbreviations

AFM Atomic force microscopy

AIMD Ab-initio molecular dynamics

BC1 Boundary condition 1

BC2 Boundary condition 2

cryo Cryogenic

DFT Density functional theory

EC Ethylene carbonate

EDL Electrical double layer

EMC Ethyl methyl carbonate

FTIR Fourier transform infrared spectroscopy

KIT Karlsruhe Institute of Technology

kMC Kinetic Monte Carlo

LIB Lithium-ion battery

LiEDC Lithium Ethylene Dicarbonate

LMB Lithium metal battery

MD Molecular Dynamics

PES Potential energy surface
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ReaxFF Reactive force-field

SEI Solid Electrolyte Interphase

SEM Scanning electron microscopy

SHE Standard hydrogen electrode

SMD Solvation model based on density

TEM Transmission electron microscopy

TS Transition state

TST Transition state theory

VC Vinylene carbonate

w/ With

w/o Without

XPS X-ray photoelectron spectroscopy
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A.1 Model Development and Parametrization

Derivation of electron transport factor κ:

• Probability of electrons is 1 in and directly on lithium metal surface. This leads to z =
1, for z≤ zLi,max +∆L

• There is no electron transport above the maximum electron transport distance ze−,max.
Therefore holds z = 0, for z≥ zLi,max +∆L+ ze−,max

• The electron probability at the maximum electron transport distance ze−,max is pe− . An
exponential decay in the form of κ(z) = exp(−β ·∆z) of the electron probability is as-
sumed between the lithium metal surface and the maximum electron transport distance.
Substituting pe− and ze−,max into this equation gives: pe− = exp(−β · ze−,max). Rearrange-

ment leads to β =
ln(pe− )
ze− ,max

. Substituting this into the exponential decay equation yields

κ(z) = exp( ln(pe− )
ze− ,max

·∆z)

1 Parts of this chapter have been published in the supporting information of the following article: J. Wagner-Henke et
al., Nat. Commun. 14, 6823 (2023) [1], licensed under CC BY 4.0.
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Table A.1: List of further model parameters in Chapter 3.

Parameter Description Value Source

α Symmetry factor 0.5 Chosen

k0 Frequency factor 1013 Chosen according to lit-
erature [110]

D Diffusion coefficient 2.27 ·10−10 m2 s-1 Chosen according to lit-
erature [129, 133]

∆L Distance of lattice sites 3.443 ·10−10 m Literature value [129]

CDL Double layer capacitance 0.2 F m-2 Chosen according to lit-
erature [104]

T Temperature 298.15 K In accordance with DFT
calculations

pe−

Eelctron probabilty at maxi-
mum electron transport dis-
tance

1 % Chosen

zLi,max
Maximum height of lithium
layers 10.33 ·10−9 m Chosen

ze−,max
Maximum electron transport
distance 2 ·10−9 m Literature value [137]

R Ideal gas constant 8.314 J mol-1 K-1 -
F Faraday constant 9.648 ·104 C mol-1 -
kB Boltzmann factor 1.38 ·10−23 J K-1 -
NA Avogadro constant 6.022 ·1023 mol-1 -

Ebond
A

Binding energy lithium
metal 436.8 kJ mol-1 Chosena

nx
Number of sites in x-
direction 15 Chosen

ny
Number of sites in y-
direction 15 Chosen

nz
Number of sites in z-
direction 75 Chosen

εr Relative permittivity of EC 90.36 Literature value [226]
a The binding energy is chosen in such a way that the oxidation probability of a lithium atom embedded in a smooth
surface is 5 % compared to a lithium metal atom without lithium neighbors
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A.2 Additional Results

A.2.1 Impact of Updated Transport Rates on SEI Formation

To evaluate the impact of the newly derived transport rates (cf. Section B.1.2) on the results
presented in Chapter 3, the SEI formation in EC + 1.2M LiPF6 was recalculated using the new
transport rates. The temporal evolution of SEI formation within the first microsecond is shown
in Figure A.1, and is compared to the original results in Figure 3.6. Overall, the SEI formation
dynamics are not significantly impacted by the updated transport rates. In both cases, the sim-
ulations predict the development of a layered SEI structure with Li2CO3 forming close to the
lithium metal anode and LiF forming above. This structure becomes apparent after 10 ns and
the layers can be clearly distinguished after 100 ns. No organic species are formed within the
simulated time. The models further consistently predict a rapid initial SEI formation within the
first nanosecond, followed by continuous decrease of the growth rate. Moreover, the SEI den-
sity increases over time. The modified transport rates result in a slower transport of electrolyte
species towards the electrode surface. Therefore, the updated model predicts a slightly slower
SEI growth, which does not reach a constant thickness within the first microsecond and is slightly
thinner. Despite these differences, the key mechanistic insights and structural characteristics of
the predicted SEI remain consistent between both models.
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Figure A.1: Temporal evolution of SEI formation on lithium metal in EC + 1.2M LiPF6 electrolyte for updated transport
rates as derived in Section B.1.2. a) Resulting species distribution in kMC box at selected times and b)
development of SEI thickness over time. Energy values comprise the case for EC reduction in the presence
of Li+.

A.2.2 Impact of Monolayer Step in the Lithium Metal Crystal
Structure

In order to evaluate the effect of smaller inhomogeneities of the lithium metal surface morphol-
ogy on the initial SEI formation, a monolayer step in the initial lithium metal crystal structure was
introduced. Apart from this, the simulation was performed with the same parameters which were
used for the results in Figure 3.6. The comparison between the final configuration after 1 µs with
the monolayer step in Figure A.2 and without the monolayer step in Figure 3.6 demonstrates that
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Figure A.2: SEI formation on a non-uniform lithium metal surface with an implemented step in the initial lithium metal
crystal structure. Left: Initial kMC-box with step in the crystal structure in 2D. Center: Initial kMC-box
with step in the crystal structure rotated in 3D. Right: Final kMC-box showing the SEI structure after 1 µs
of simulated time.

there is – apart from stochastic variations – no significant difference in the formed SEI. In both
cases, a Li2CO3-layer forms below the initial surface with a denser and thinner LiF-layer above.
Moreover, the overall thickness of the initial SEI remains the same. Overall, the model suggests
no major impact of small surface inhomogeneities on the investigated scale on the formed SEI
within the first microsecond after the initial contact between the liquid electrolyte and the lithium
metal anode.

A.2.3 Effect of the Electrical Double Layer on the SEI
Formation in the Multiscale kMC/Continuum Model

The electrical double layer (EDL) has multiple effects on the formation of the SEI on lithium
metal. First of all, it influences the ion distribution in the liquid electrolyte and hence the local
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concentration of salt and Li+ ions as well as charged intermediate species. Thereby, it impacts
the availability of these species for reduction reactions. At the same time, the EDL is affected by
the formed SEI, and therefore it is constantly changing during SEI formation [227]. Once stable
SEI layers have formed, double layers are expected to form at the interface between electrode
and SEI, as it is an ion conducting layer, and between SEI and liquid electrolyte - which has a
different ion concentration as the SEI. Such a model with two double layers was able to reproduce
experiments in Li-ion batteries including the two time semicircles in impedance spectra [24]. In
addition, typical times for EDL charge/discharge in batteries are in the order of milliseconds to
seconds [69], which is far beyond the here considered timescale.

The presented model considers electrostatic interactions in a simplistic way by considering the
charge of the direct environment in the rate calculation of the transport of charged species (cf.
Equation 3.6). Moreover, since the lithium metal atoms from the anode are oxidized during
the simulation, there are many positively charged Li+ ions available close to the surface. These
implemented phenomena result in the accumulation of positive charges close to the lithium metal
surface similar to an EDL within the first 100 ns as can be seen in Figure A.3. This vanishes after
the first inorganic SEI has formed due to charge distribution and a decreasing number of lithium
oxidation reactions. Hence, on larger timescales a more elaborate consideration of the EDL
including the effect of the SEI might be required. A first important step in this direction has been
done in Chapter 5 of this thesis, in which different electrostatic interaction models, which also
include long-ranging interactions are compared.

Figure A.3: Charge accumulation during SEI formation as function of height and time, showing the build-up of a double
layer like charge distribution at the Li surface, which subsequently vanishes with SEI formation.
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A.2.4 LiPF6 Solubility in EC

Figure A.4: Photographic documentation of LiPF6 solutions in EC at room temperature for concentrations of 2M, 3M
and 4M. Partial precipitation is visible at 2M, while complete solidification occurs at 3M and 4M. Measure-
ments were performed by Leon Schmidt, IAM-ET, KIT.

A.3 Additional Tables

Table A.2: Summary of number of initially present EC molecules (nEC,init) and salt molecules (nsalt,init) in the electron
transport zone, number of overall consumed EC molecules (nEC,total) and salt molecules (nsalt,total) and the
respective ratio of initially present and overall consumed molecules for all conducted simulations.

Simulation ninit
EC ntotal

EC
ninit

EC
ntotal

EC
nsaltinit ntotal

salt
ninit

salt
ntotal

salt

1M LiPF6 505 1686 0.3 38 329 0.116
1.2M LiPF6 534 1526 0.35 39 330 0.118
1.5M LiPF6 534 1340 0.399 46 333 0.138
2M LiPF6 431 937 0.46 78 353 0.221
30 wt.% EC 147 476 0.31 48 335 0.143
60 wt.% EC 264 832 0.32 51 324 0.157
100 wt.% EC 534 1526 0.35 39 330 0.118
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Table A.3: Electronic energetics of structures in Table 3.1, computed at B3PW91/6-311G(3df) level of theory with SMD
implemented. C, M represents the charge and multiplicity of the corresponding species, Pot. E. describes the
potential energy, H, S and G stand for the enthalpy, entropy and free energy, respectively. The G1M column
stands for the free energy value converted from 1 atm to 1 M at standard condition. All energy values are in
hartree.

Structure C, M Pot. E. H S G G1M

Li+ 1,1 -7.42082 -7.41846 31.798 -7.43357 -7.43055
EC 0,1 -342.389 -342.309 69.277 -342.342 -342.339
EC−[a] -1,2 -342.434 -342.357 71.809 -342.391 -342.388
TS-R2 (w/o Li+)[a] -1,2 -342.437 -342.362 77.868 -342.399 -342.396
EC-R[a] -1,2 -342.475 -342.400 81.669 -342.439 -342.436
[EC-Li]+ 1,1 -349.838 -349.755 75.223 -349.791 -349.788
[EC-Li]+ + e− 0,2 -349.894 -349.811 80.678 -349.849 -349.846
[EC-Li]0 0,2 -349.911 -349.829 80.333 -349.867 -349.864
TS-R2 (w/ Li+) 0,2 -349.888 -349.81 80.947 -349.848 -349.845
LiEC 0,2 -349.948 -349.87 88.085 -349.912 -349.909
C2H4 0,1 -78.5769 -78.522 52.297 -78.5468 -78.5438
TS-R3 0,3 -699.911 -699.753 132.139 -699.816 -699.812
LiEDC 0,1 -621.421 -621.313 112.859 -621.366 -621.363
[LiEC]− -1,1 -350.026 -349.952 75.253 -349.987 -349.984
TS-R4 -1,1 -350.121 -350.044 92.141 -350.088 -350.085
LiCO−3 -1,1 -271.502 -271.482 63.81 -271.513 -271.51
Li2CO3 0,1 -279.02 -278.995 74.181 -279.03 -279.027

[a] Energies adopted from Kuai and Balbuena [22].
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B.1 Model Development and Parametrization

B.1.1 Size of Lattice Sites

The edge length of the voxel differs between the short and long scale simulations. In the short
scale simulations, neutral lithium and Li+ ions are explicitly considered and hence represent the
smallest considered species. Therefore, to ensure a correct numerical representation for the short
timescale simulations, the edge length of the voxels is set to 0.3443 nm, which stands for the
average distance between two lithium atoms in a lithium metal crystal structure. In the longterm
calculations, Li+ is only implicitly considered. Hence, the voxel size is chosen based on the
average size of the electrolyte molecules, which also allows a better size representation of the
formed polymers. Thereby, the size of the lattice sites is calculated by an approach reported by
Arraez et al. [164]. The EC, VC and LiPF6 molecules are assumed to be perfect spheres that are
closely adjacent to each other. The diameter of these spheres corresponds to the edge length of
∆L and can be calculated based on the molecular mass M j and the density ρ j of the respective
species j according to Equation B.1.

∆L
2

= 3

√
3
4

M j

πρ jNA
(B.1)

Table B.1 summarizes these properties and the resulting diameters of the electrolyte compo-
nents. Since EC and VC are the two components with the smallest diameters, the edge length
for simulations beyond the µs-scale is set to the concentration-weighted average diameter of both
molecules, which is 0.595 nm.

1 Parts of this chapter have been published in the supporting information of the following article: J. Wagner-Henke et
al., Energy Storage Mater. 81, 104434, 2025 [2], licensed under CC BY 4.0.
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Table B.1: Calculation of lattice size for simulations on extended timescale according to Equation B.1.

Species M / g mol-1 ρ / g cm−3 ∆L / nm

EC 88.06 1.32 (40◦C) 0.596
VC 86.05 1.355 (25◦C) 0.586
LiPF6 151.91 1.5 (20◦C) 0.685

B.1.2 Derivation of Direction-Dependent Diffusion Rates

The following section extends the derivation of the diffusion rate equation for a two-dimensional
square lattice by Drews et al. [132] to a three-dimensional cubic lattice as applied in this work.
cp denotes the concentration of a species in layer p of the kMC box along the z-direction, ∆L is
the distance between two lattice sites and D is the diffusion coefficient. According to Fick’s law,
the particle flux J between to adjacent layers 1 and 2 is given by:

J =−D
∂c
∂ z

= D
(c1− c2)

∆L
(B.2)

On a cubic kMC lattice this particle flux is represented by the sum of transport processes to the
face , 4 edge and 4 corner neighbors along z-direction. This gives the following expression for
the flux from layer 1 to 2:

J = (c1− c2)(ΓD,face +4ΓD,edge +4ΓD,corner)∆L (B.3)

The combination of Equations B.2 and B.3 leads to the following expression:

D = (ΓD,face +4ΓD,edge +4ΓD,corner)∆L2 (B.4)

The distance traveled in a single transport step is ∆L for face-directed transport,
√

2∆L for edge-
directed transport and

√
3∆L for corner-directed transport. Since all transport steps contribute

equally to the mean squared displacement over time, this gives the following relation between
the direction-dependent transport rates:

ΓD,face = 2 ·ΓD,edge = 3 ·ΓD,corner (B.5)
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Solving Equations B.4 and B.5 for the direction-dependent transport rates gives the following
expressions:

ΓD,face =
3

13
D

∆L2 (B.6)

ΓD,edge =
3

26
D

∆L2 (B.7)

ΓD,corner =
1

13
D

∆L2 (B.8)

B.1.3 Electron Decay Factor β

The electron decay factor β is estimated based on literature data on the electron current at 2 V
over the thickness of the SEI component LiF as published by Benitez et al. [228] and reproduced
in Figure B.1 (left).

Figure B.1: Parameterization of electron decay factor based on literature data for LiF. Left: Original data on current vs.
thickness (blue curve) [228]. Right: Fitting results of electron transport factor κ . Blue crosses represent the
probabilities derived from literature data. Dashed line shows the fitting result.

Based on this, the current at the SEI-thickness of 0 nm is defined to correspond to a probability
of 1. The remaining data points are relatively related to this maximum value. Thus, an exponen-
tial decreasing probability of electron transport at discrete SEI thicknesses is obtained (cf. Figure
B.1, right). In order to obtain a continuous electron transport factor κ(z), the exponential decay
function in Equation B.9 is fitted to the literature data.

κ(z) = exp(−β · (z− zLi,max)) (B.9)
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Here, z represents the height variable of the kMC box, zLi,max is the highest position in the kMC
box in which metallic lithium is present and β is the electron decay factor which determines
how fast the electron transport probability declines. For the fitting purpose zLi,max is set to 0 nm.
Based on this, the electron decay factor is estimated to be 4.81 nm-1.

B.1.4 Considered Reaction Processes

Only those chemical reactions are considered for kMC, which have a certain probability to hap-
pen during the simulated time. To identify reactions that are too slow to occur and can hence be
neglected, the reaction time of chemical reactions is estimated as the inverse of its reaction rate.
The corresponding rate equation is given in Table 4.1 in Chapter 4. Figure B.2 shows the inverse
of the chemical reaction rate depending on the energy barrier for k0,i = 1013 and p j = 1. Since an
energy barrier above 21.8 kcal mol-1 results in reaction times of 1000 s and above, which are not
reached by the kMC calculations in this work, all possible reaction pathways with higher energy
barriers are neglected.

Figure B.2: Reaction time of chemical reactions depending on the reaction energy barrier.
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B.1.5 Implemented Reaction Network

Figure B.3: Abstracted reaction network considered for kMC calculations subdivided into electrolyte degradation, salt
degradation and additive degradation including polymerization mechanisms. Gaseous products are in green,
electrons and Li+ ions in orange and dark blue, respectively. Electrolyte components are in light blue,
intermediate products in gray and radical species in red.

B.1.6 Assumptions for Long-Time Simulations

Mean-field approach: Figure B.4 a) and b) show the sum of the process frequencies of all trans-
port and reaction processes for the VC-free and VC-containing electrolyte. In the vast majority
of kMC steps, transport processes are selected instead of reaction processes. This effect even
amplifies over the simulated time due to an increasing passivation of the surface. After 2 µs
almost all selected processes are transport processes. Additionally, the reactant fraction over the
height of the kMC box after 2 µs is shown in Figure B.4 c) and d). It corresponds to the ratio
of the number of the respective electrolyte molecule per layer in the kMC box to the number
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of free voxels per layer that are available to be occupied by electrolyte molecules. Above the
densest SEI layer, there are still many voxels covered by SEI species. Hence, fewer free voxels
are available, which causes the peak in EC reactant probability close to this layer. The reactant
probabilities in the remaining electrolyte phase can be observed to be fluctuating around the bulk
probability which shows a homogeneous distribution of the electrolyte phase. Consequently, a
mean-field approximation can be applied to the electrolyte solvent, salt and additive, significantly
reducing the computational cost, since electrolyte transport steps that move the system from one
homogeneous electrolyte distribution to another are excluded.

Figure B.4: Summary of observations that allow abstraction via mean field approach. Process frequency for all trans-
port and reaction processes over time for a) VC-free (case 4) and b) VC-containing electrolyte (case 3),
respectively. Reactant probability of electrolyte molecules over the height of the kMC box for c) VC-free
(case 4) and d) VC-containing (case 3) electrolyte after 2 µs. The dashed lines represent the highest avail-
able metallic lithium (left) and the densest SEI layer (right), respectively. Solid lines represent the average
of three independent kMC runs with the same parameter set and corresponding shadings show the maximum
observed deviation within these runs.
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Reaction energies: The proportion of non-lithiated EC and VC molecules in the bulk electrolyte
phase is calculated under the assumptions of an ideal mixture, complete salt dissociation, a ho-
mogeneous electrolyte phase and an usual solvation shell of four coordinated solvent or additive
molecules per Li+ ion [95, 229, 230] according to Equation B.10.

pEC/VC =
(cEC + cVC−4 · cLiPF6)

cEC + cVC
(B.10)

The resulting average share of non-lithiated EC/VC in a single-solvent EC electrolyte with
5 wt.% VC and for salt concentrations ranging from 0 to 4M is presented in Figure B.5 a).
This demonstrates that, in the standard electrolyte used throughout Chapter 4 (1.2M LiPF6 in EC
+ 5 wt.% VC), the majority of EC and VC molecules remain non-lithiated. Since non-lithiated
species are significantly more prone to react according to the identified kinetic parameters (cf.
Table 4.2) the SEI formation is expected to follow the dynamics of the non-lithiated parameter
set for the standard electrolyte with a salt concentration of 1.2 mol l-1.

Figure B.5: Estimated proportion of unlithiated EC and VC molecules depending on the salt concentration (cf. Equa-
tion B.10. a) Single-solvent EC electrolyte. b) EC:EMC mixture (3:7 by wt.)

It should be noted, that the proportion of non-lithiated EC and VC molecules is strongly depen-
dent on the electrolyte composition. In commercial electrolytes, EC is typically blended with
other solvents such as EMC [152]. It has been reported that in EC:EMC (3:7 by wt.) mixtures,
Li+ ions preferentially coordinate with EC rather than EMC [220]. The share of non-lithiated
EC and VC molecules in the mixed electrolyte is thus estimated based on the assumption of
four coordinated EC or additive molecules per Li+ ion following Equation B.10. The results are
presented in Figure B.5 b) and indicate a significantly lower fraction of non-lithiated EC and
VC molecules in the mixed electrolyte, which reaches zero at salt concentrations slightly above
1M. Consequently, the lithiated parameter set appears more appropriate in this case, particularly
for highly-concentrated electrolytes. It has hence been applied to all simulations of the mixed
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EC:EMC (3:7 by wt.) electrolyte with 1.2M and 3M LiPF6 and 5 wt.% VC throughout the study
presented in Chapter 4.

Simplified initial passivation layer: Figure B.6 shows an exemplary long-time calculation with
direct input from the previous short-term calculations (cf. Figure 4.3). For this, the initial SEI
structure and composition, the x- and y-dimensions of the kMC box as well as the size of the
lattice sites were kept from the short-term calculation (case 1). Apart from this, the simulation
represents the same case as the standard long-time parameter set (case 3) presented in Figure 2,
including the average initial SEI thickness and electrolyte composition. Comparison between the
results of both simulations demonstrates, that the exact composition of the initial SEI does not
significantly affect the predicted long-time SEI growth, morphology and composition. In both
cases the formation of an additional approximately 2 nm thick and dense passivation layer mostly
consisting of dimers and trimers and some Li2CO3 clusters above on the sub ms-timescale is
observed. Afterwards, one can observe that the actual polymerization starts on the ms-timescale
and that a thick polymer layer grows up to 1 s. Importantly, the predicted overall thickness of
the SEI after 1 s differs between both approaches, with the polymer layer being significantly
thinner in the case presented in Figure B.6. This can be attributed to the smaller voxel size in the
short-term input case. As discussed in Section B.1.1, due to the explicit consideration of Li+ ions
in the short-term calculations, the voxel edge length is set to the size of this smallest considered
species. However, this approach underestimates the volume that the larger electrolyte and SEI
species occupy and hence the thickness of the formed polymer layer. Moreover, the smaller
voxel size leads to a smaller volume of the next neighborhood of a reactive chain end and hence
reduces the monomer availability which slightly slows down the propagation rate and hence leads
to shorter polymer chains after 1 s. Overall, in this study a simplified initial passivation is applied
instead of the input of the actual predicted structure in the long-time calculations, since it allows
for a better size representation of the formed SEI. Moreover, it allows to flexibly increase the
studied dimensions of the kMC box and vary the thickness of the initial passivation to account
for effects such as native or artificial passivation layers.
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Figure B.6: Temporal evolution of SEI formation on lithium metal in EC + 1.2M LiPF6 + 5 wt.% VC with direct input
from short-term calculation (cf. Figure 4.3 a)). a) Spatial morphology and composition of the formed SEI at
different times. b) Chain length distribution of the formed polymer species.

B.1.7 Estimation of Specific Electrolyte Volume

To estimate the amount of consumed additive the surface specific electrolyte volume is approxi-
mated as follows: Based on the study of Chen et al. [231], the example cell with the lowest ap-
plied electrolyte volume for lithium metal based coin cells is considered. This way, the amount of
consumed additive rather tends to be over- than underestimated. In the selected case the authors
used a capacity specific mass ṁel of 3 g electrolyte per Ah in coin cells with a cross sectional area
of 1.27 cm2 and a specific capacity CA of 3.8 mAh cm-2. Based on the density ρEC of EC (cf.
Table B.1), the specific electrolyte volume VA is calculated to be roughly 8.6 µl cm-2 following

VA =
ṁEC ·CA

ρEC
(B.11)
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B.1.8 Further Model Parameters

Table B.2: Gibbs free energies and energy barriers of considered solvent and salt degradation without polymerization
processes.

Nr. Reaction ∆RG / kcal mol-1 ∆G‡ / kcal mol-1

I1a Li+VC + e−⇌ Li+VC•− -36.34b 0b,d

I1b VC + e−⇌ VC•− -18.5b 0b,d

I2a Li+EC + e−⇌ Li+EC•− -39.17a 12.05a

I2b EC + e−⇌ EC•− -30.43a 0a

R3 2 Li+EC•−→ (CH2OCO2Li)2 + C2H4 -56.5a 2.93a

R4 Li+EC•− + e−→ LiCO−3 + C2H4 -90.83a 0a

R5 LiCO−3 + Li+ ⇌ Li2CO3 -54.72a 0a

R6 PF−6 + Li++ e−⇌ LiF + PF−5 -0.454a 3a

R7 PF−5 + Li++ e−⇌ LiF + PF−4 -0.454a 3a

R8 PF−4 + Li++ e−⇌ LiF + PF−3 -0.454a 3a

Cl1 LiF + (n)LiF→ (n+1)LiF - 6.92c

Cl2 Li2CO3 + (n)Li2CO3 → (n+1)Li2CO3 - 6.92c

Cl3 (CH2OCO2Li)2 + (n)(CH2OCO2Li)2 →
(n+1)(CH2OCO2Li)2

- 6.92c

a Adopted from Chapter 3 (cf. Table 3.1)
b Adopted from Kuai et al. [22]
c Adopted from Esmaeilpour et al. [128]
d Manually set to 0 kcal mol-1 since the DFT calculations suggested negative values

Table B.3: Summary of binding energies between SEI intermediate species and solid SEI components. Energies are
based on Röder et al. [30]. Binding energies of (Li+)VC•− and (Li+)EC•− are assumed to be identical.
Binding energies with clustered LiF and polymer species are chosen. All energies are given in kJ mol-1.

Species Clustered LiF Clustered
Li2CO3

Clustered
(CH2OCO2Li)2

Polymer

(Li+)VC•− 10 8 27 8
(Li+)EC•− 10 8 27 8
LiCO−3 10 27 3 27
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Table B.4: Summary of further model parameter.

Parameter Description Value Unit Source

α Symmetry factor 0.5 [-] Chosen
k0 Frequency factor 1013 [-] Chosen according

to literature [110]
D Diffusion

coefficient
2.27×10−10 m2 s−1 Chosen according

to literature for EC
[129, 133, 232]

∆Lshort Distance of surface
sites

3.443×10−10 m Literature value
[129]

∆Llong Distance of surface
sites

5.95×10−10 m cf. Section B.1.1

T Temperature 298.15 K In accordance with
DFT calculations

εr Relative
permittivity of EC

90.36 [-] Literature value
[226]

η Potential difference -0.4 V Chosena

β Electron decay
factor

4.81×109 m−1 Fitted (cf.
Figure B.1)

a This assumption is discussed in Section B.2.5
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B.1.9 Simulated Parameter Sets

Table B.5: Summary of performed simulations.

Case Nr. Electrolyte Initial SEI
thickness /

nm

VC concen-
tration /

wt.%

Salt concen-
tration /
mol l-1

∆G‡
P3,P6 /

kcal mol-1

1 EC (explicit) 0 5 1.2 14
2 EC (explicit) 0 0 1.2 14
3 EC (implicit) 3.57 5 1.2 14
4 EC (implicit) 3.57 0 1.2 14
5 EC (implicit) 4.17 5 1.2 14
6 EC (implicit) 4.76 5 1.2 14
7 EC (implicit) 5.36 5 1.2 14
8 EC (implicit) 5.95 5 1.2 14
9 EC (implicit) 6.55 5 1.2 14
10 EC (implicit) 7.14 5 1.2 14
11 EC (implicit) 5.36 0 1.2 14
12 EC (implicit) 5.36 2.5 1.2 14
13 EC (implicit) 5.36 7.5 1.2 14
14 EC (implicit) 5.36 10 1.2 14
15 EC (implicit) 5.36 5 1.2 13
16 EC (implicit) 5.36 5 1.2 15
17 EC:EMC

(implicit)
3.57 5 1.2 14

18 EC:EMC
(implicit)

3.57 5 3 14
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B.2 Additional Results

B.2.1 Temporal Evolution of SEI Formation on the
Microsecond Timescale

Figure B.7: Temporal evolution of SEI composition and morphology on lithium metal up to 2 µs. a) SEI formation in
EC + 1.2M LiPF6 (case 2). b) SEI formation in EC + 1.2M LiPF6 + 5 wt.% VC (case 1).
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B.2.2 Extended Timescale Results for the Mixed EC:EMC (3:7
by wt.) electrolytes

Figure B.8: Temporal evolution of SEI formation on lithium metal in EC:EMC (3:7 by wt.) + 1.2M LiPF6 + 5 wt.% VC
after formation of an initial 3.57 nm thick, dense LiF-based SEI at 2 µs (case 17). a) Spatial morphology
and composition of the formed SEI at different times. b) Chain length distribution of the formed polymer
species.
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Figure B.9: Temporal evolution of SEI formation on lithium metal in EC:EMC (3:7 by wt.) + 3M LiPF6 + 5 wt.% VC
after formation of an initial 3.57 nm thick, dense LiF-based SEI at 2 µs (case 18). a) Spatial morphology
and composition of the formed SEI at different times. b) Chain length distribution of the formed polymer
species.
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Figure B.10: Comparison of polymeric SEI layers formed after 1 s in the following electrolytes: EC + 1.2M LiPF6,
EC:EMC (3:7 by wt.) + 1.2M LiPF6 and EC:EMC (3:7 by wt.) + 3M LiPF6, each containing 5 wt.% of
VC (cases 3, 17, 18). a) Spatial polymer chain length distribution. b) SEI volume fraction over height. The
left dashed line represents the lithium metal surface and the right dashed line the highest completely dense
passivation layer.
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Figure B.11: Number of radicals and reactive chain ends over time and height for an initial SEI thickness of 3.57 nm in
EC:EMC (3:7 by wt.) + 5 wt.% VC with 1.2M LiPF6 and 3M LiPF6, respectively (cases 17, 18). a) and
c) Number of free and blocked radicals, and total number over time. b) and d) Distribution of radicals over
the distance from the electrode after 1 s. The dashed line indicates the lithium metal surface.
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B.2.3 Variation of VC Concentration

Figure B.12: Comparison of spatial chemical composition and morphology after 1 s for a variation of VC concentrations
between 2.5 wt.% and 10 wt.% (cases 12, 7, 13 and 14).
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B.2.4 Additional Results on Extended Timescales

Figure B.13: Further properties of SEI formation in EC + 1.2M LiPF6 + 5 wt.% VC (case 3). a) Frequency of polymer
propagation reactions P3 and P6 and reduction reactions over time. Peaks at 0.01 s, 0.1 s and 1 s are
computational artifacts due to intermediate saving of the results. b) Average SEI thickness over time. The
maximum observed deviations from the average value are shown as blue shading.

B.2.5 Impact of Reduction Potential

In this study a uniform overpotential of SEI formation of -0.4 V was assumed for all electro-
chemical reactions. According to Equation B.12, this value results from the difference between
the lithium electrode potential Φa of 0 V vs Li/Li+ and a reduction potential of SEI formation
Φred of 0.4 V vs. Li/Li+, which is consistent with values used in similar models [29, 32].

η = Φa−Φred (B.12)

In order to estimate the impact of this assumption on the predicted SEI formation, species-
dependent reduction potentials are in the following derived from literature. In general, reported
reduction potentials are very diverse, ranging between 0.21 V and 0.9 V vs. Li/Li+ for EC
[159, 233–236], 0.23 V and 1.4 V vs. Li/Li+ for VC [159, 234] and are well above 1 V vs Li/Li+

for LiPF6 [159, 234]. Nevertheless, the following general order of reduction potentials is usually
observed: Φred,LiPF6 > Φred,VC > Φred,EC [159, 233, 234]. Based on this, the reduction potentials
were chosen within the reported ranges as Φred,EC = 0.6 V, Φred,VC = 0.8 V and Φred,LiPF6 = 1 V
and exemplarily applied to all reduction reactions of the respective species. Thereby, Φred,LiPF6

was chosen slightly smaller than reported to avoid unrealistically high reaction rates. It should be
noted, that this is still a very rough estimate of the respective reduction potentials, but allows to
assess the general impact of the reduction potential on SEI formation within the first microsecond
and beyond.
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Figure B.14 shows the results of SEI formation within 1 µs with the modified reduction potentials.
Overall, the results are very similar to the predicted SEI with uniform reduction potentials in
Figure 4.3. Both parameter sets predict a layered SEI consisting of Li2CO3 and LiF in the VC-
free case and an additional organic/polymeric layer in the VC-containing electrolyte. In the case
of the modified parameter set, a slightly higher amount of Li2CO3 is formed, and the mixing
of the LiF and polymer phase is slightly increased. Additionally, the predicted SEI is slightly
thicker, and the difference in SEI thickness between the VC-free and VC-containing electrolytes
is less pronounced. The prediction of polymer chain length and number of polymer species is
not significantly affected.

Figure B.14: Impact of reduction potential on SEI formation in carbonate-based electrolyte with and without 5 wt.%
VC within the first µs. The results in a) are based on a single kMC run and the results in b)-d) display
the average of three runs with the same parameter set. Deviations from the average are represented as
shadings around the average in b) and c). In d), they are illustrated using error bars. a) SEI composition
and morphology without (left) and with (right) VC. b) SEI species distribution over height without (left)
and with (right) VC. The dashed line represents the upmost layer in which metallic lithium is present after
1 µs. c) Evolution of SEI height up to 1 µs for both cases. d) Polymer chain length distribution in SEI
formed in VC-containing electrolyte after 1 µs.

The impact on SEI growth beyond the microsecond timescale is shown in Figure B.15. It may
be observed that the polymer chain growth dynamics are very similar in both cases: Up to the
millisecond timescale only very short oligomer species may be observed. Subsequently, longer
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polymer chains form and grow a thick polymer layer consisting of a mixture of poly(EC/VC)
and poly(VC) molecules after 1 s. The modified potentials shift the composition of this polymer
layer from predominantly poly(EC/VC) polymers to a higher number of poly(VC) polymers. The
most significant difference between both simulation results lies in the composition of the dense
SEI close to the lithium anode. Since the modification of reduction potentials significantly favors
salt decomposition over solvent decomposition, the composition of this layer is shifted from a
mixture of solvent and additive decomposition products to a mixture of the salt decomposition
product LiF and additive decomposition products.

Figure B.15: Impact of reduction potential on temporal evolution of SEI growth on lithium metal in EC + 1.2M LiPF6
+ 5 wt.% VC until 1 s after formation of an initial 3.57 nm thick, dense LiF-based SEI at 1 µs. a) Spatial
morphology and composition of the formed SEI at different times. b) Corresponding chain length distribu-
tion of the formed polymer species.

Overall, the short term SEI formation is only slightly impacted by the modified reduction po-
tentials. On larger scales, the modified potentials lead to a shift from solvent to salt based SEI
components. However, the conclusions on the impact of VC on SEI formation remain unchanged
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independent of the used set of reduction potentials. Nevertheless, this case study shows that in or-
der to refine the model and to further enhance its predictive power, future studies should focus on
the DFT-based calculation of individual reduction potentials for each considered electrochemical
reaction along with the other reaction energies.

B.2.6 Sensitivity Analysis of Propagation Barriers

The energy barriers of the long-chain propagation processes P3 and P6 could not be directly
calculated from DFT. This is due to the high number of atoms in these large molecules and the
corresponding high computational cost. Therefore, these parameters have been estimated based
on the energy barriers of the short-chain propagation processes P2 and P5. In order to evaluate
the effect of this assumption, a sensitivity analysis of the effect of these parameters on the SEI
formation was performed. Figure B.16 a) demonstrates, that the decrease or increase of the
barrier by 1 kcal mol-1 accelerates or slows down the SEI growth rate by multiple times. E.g. in
the case of the decreased barrier, an average SEI thickness of 80 nm is reached after only 0.31 s,
while it takes 8.53 s in the case of the increased barrier. From this it is concluded, that the time-
dependent SEI thickness highly depends on these estimated parameters and their absolute values
should hence be interpreted with caution. The analysis of the chemical SEI composition and the
SEI morphology of the formed SEI-layers with an average thickness of 80 nm, is presented in
Figure B.16 b). It reveals, that these properties are not highly affected by the variation of the
propagation barriers. In all cases, a thin dense layer consisting of LiEDC, Li2CO3 and some
polymeric species close to the initial LiF-layer and an increasingly porous polymer layer above
can be observed. Thereby, this polymer layer consists of a mixture of poly(VC) and poly(EC/VC)
with a greater proportion of poly(EC/VC) independent of the applied propagation barrier. The
minor variations between the formed SEI layers are within the range of stochastic deviation.
Based on this, it is concluded that although the overall growth rate is significantly affected by
the tested parameters, the observed SEI characteristics are insensitive to the propagation barriers
in the tested range. Hence, the estimated propagation barriers only cause uncertainties in the
timescale but do not impact the presented results on the general effect of VC on SEI formation
on lithium metal.
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Figure B.16: Sensitivity analysis on the effect of the energy barriers of propagation (P3 and P6) on SEI formation. Bar-
riers are varied between 13 and 15 kcal mol-1, with 13 kcal mol-1 (case 15) being the fast, 14 kcal mol-1

(case 7) the standard and 15 kcal mol-1 (case 16) the slow polymerization. a) Comparison of time de-
pendent SEI thickness for all investigated propagation barriers. Solid lines represent the average of three
independent kMC runs with the same parameter set and corresponding shadings show the maximum ob-
served deviation within these runs. b) SEI composition and morphology with an average SEI thickness of
80 nm for all investigated propagation barriers.
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C.1 Model Development

C.1.1 Choice of External Potential

In order to reduce the fluctuations in the predicted mobilities (cf. Figure 5.8), the applied external
potential was chosen in a way that the induced potential difference between two neighbors in z-
direction is of a similar magnitude like the potential differences that results from the Coulomb
interactions. The applied external field Eext leads to a potential difference of:

∆ϕlk,ext = Eext ·∆L = 0.0144 V (C.1)

A single elementary charge induces a potential difference of:

∆ϕlk,clb =
1

4πε0εr
(

e
∆L
− e

2∆L
) = 0.0486 V (C.2)

As shown in Figure 5.8, this choice of electric field strength results in a good reproducibility of
mobility values.

C.1.2 Impact of Lattice Site Dimensions

In order to account for the average distance between dissolved Li+ and PF6
− ions, the lattice site

distance was set to ∆L = 0.8 nm (cf. Section 5.2.4.3). Figure C.1 demonstrates the impact of
this parameter choice by comparing the results of a lattice site distance of 0.8 nm and 0.5 nm.
After 50,000 kMC iterations the charge carriers are well distributed throughout the simulation
box with the larger site distance (cf. Figure C.1 b)). In contrast, in the case with the smaller site
distance (cf. Figure C.1 a)), a clustering of charges is observed. Moreover, the peaks in the radial
distribution function are significantly more pronounced for ∆L = 0.5nm Overall, this suggests
an overestimation of the local attractive forces due to the unrealistically small distances between
the charge carriers.
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Figure C.1: Effect of the choice of the lattice site size ∆L on the example of the 3D-Poisson BC2 approach and an
initialization with two charged planes (scenario 1). a) Final ion distribution after 50,000 kMC iterations for
∆L = 0.5 nm. b) Final ion distribution after 50,000 kMC iterations for ∆L = 0.8 nm. c) Comparison of
radial distribution functions after 50,000 kMC iterations for ∆L = 0.5 nm and ∆L = 0.8 nm.
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C.2 Additional Results

Figure C.2: Comparison of the impact of different boundary conditions on the number of charged particles in the sim-
ulation domain as a function of time. a) Comparison of electrostatic interaction models with simplistic
implementation without correction for lateral interactions up to 100 ns. b) Comparison of electrostatic in-
teraction models with advanced implementation including correction for lateral interactions up to 100 ns. c)
Full simulated time for Simple Cutoff approach with simplistic implementation without correction for lateral
interactions. d) Full simulated time for Simple Cutoff approach with advanced implementation including
correction for lateral interactions.
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Figure C.3: Comparison of final ion distributions after 50,000 kMC iterations for initial conditions according to sce-
nario 1 (parallel charged layers).

Figure C.4: Quantitative comparison of electrostatic interaction models over time. a) Temporal evolution of average
coulomb potential energy per ion. b) Temporal evolution of standard deviation of charge per layer.
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Figure C.5: Effect of different cutoff radii, ranging from 4 to 5.5 nm in the Simple Cutoff approach, on charge distribu-
tion in an initially homogeneous electrolyte phase (scenario 2). a) Final ion distribution after 50,000 kMC
iterations. b) Radial distribution functions after 30,000 kMC iterations.
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Figure C.6: Impact of the 1D-Poisson approach on SEI formation in EC:EMC (3:7 by wt.) + 3M LiPF6. a) SEI com-
position and morphology resulting from the next-neighbor Coulomb approach (left) and the 1D-Poisson
approach (right) after 1 µs. b) SEI distribution over height after 1 µs. c) Charge distribution over height
after 1 µs. d) Coulomb potential energy per ion over time. e) SEI thickness over time. Dash-dotted lines
indicate results based on the 1D-Poisson approach and solid lines refer to results based on the next-neighbor
Coulomb approach. The results presented in b) to e) are the average of three independent kMC runs with the
same parameter set, and corresponding shadings in c) to e) show the maximum observed deviation within
these runs.
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