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ABSTRACT: Lithium metal batteries are one of the promising technologies for future energy storage. One open challenge is the
generation of a stable and well performing Solid Electrolyte Interphase (SEI) between lithium metal and electrolyte. Understanding
the complex interaction of reactions at the lithium surface and the resulting SEI is crucial for knowledge-driven improvement of the
SEL This study reveals the internal species distribution and geometrical aspects of the native SEI during formation by model-based
analysis. To achieve this, a combination of molecular dynamics, density functional theory, and stand-alone 3D-kinetic Monte Carlo
simulations is used. The kinetic Monte Carlo model determines the SEI growth features over a long time and length scale so that the
SEI can be analyzed quantitatively. The simulation confirms the frequently postulated layered SEI structure arising from the
decomposition of an ethylene carbonate/lithium hexafluorophosphate (2 M) electrolyte with lithium metal. These layers are not
clearly separated, which is contrary to what is often reported. The gradient distribution of the species within the SEI therefore
corresponds to a partly mosaic structured SEI at the borders of the layers. At the lithium surface, an inorganic layer of lithium
fluoride and then lithium carbonate is observed, followed by an organic, more porous SEI layer consisting of lithium ethylene
dicarbonate. Simulations further reveal the strong prevalence of corrosion processes of the metal, which provide more than 99% of
the lithium for the SEI reaction processes. The salt contributes less than 1% to the SEI formation. Additionally, SEI formation below
and above the initial interface was observable. The here presented novel modeling approach allows an unprecedented in-depth
analysis of processes during native SEI formation that can be used to improve design for high battery performance and durability.
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1. INTRODUCTION graphite.”* Therefore, lithium metal electrodes are lightweight
(0.534 g-cm™) and have a high specific capacity (3.86 Ah-g™").
To bring secondary batteries with lithium metal electrodes to
the market, scientists continuously investigate methods to
solve severe actual problems like dendrite growth® or poor
cyclability,” which presently prevent their commercial usage.

In order to achieve the goals regarding the prevention of
climate change, sustainable energy technologies are required.
Promising technologies like electric vehicles or electric
airplanes especially depend on advancements of electrical
storage systems. Thereby, one of the important key indicators
is energy density." One promising option is the development of
secondary lithium metal batteries for commercial applications. Received:  August 17, 2022
Lithium as a negative electrode material is very interesting Revised:  February 2, 2023
since it is an element that has an exceptionally low Published: March 1, 2023
electrochemical potential (—3.05 V vs standard hydrogen

electrode in pure form).” In contrast to common lithium-ion

batteries, metal batteries do not require a host material like
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Degradation products from the reduction reactions with or
at lithium metal form the so-called Solid Electrolyte Interphase
(SEI), a layer covering the anode of the battery.” The layer
enhances the battery’s ability to run safely by protecting the
anode’s surface from direct contact with the electrolyte, thus
preventing uncontrollable reduction of the latter. At the same
time, it allows Li-ions to pass.8 The consumption of Li-ions
during its formation causes an irreversible loss of capacity and
it acts as an additional internal resistance that decreases battery
performance.9 In general, the SEI can still be seen as the least
understood component in the battery, yet one of the most
important in terms of extending battery life, leading to a huge
research potential in this topic.'” The challenge to form a
stable SEI is further aggravated by the fact that lithium is plated
on or stripped from the electrode, causing structural changes
during operation.'" Resulting lithium dendrite formation can
lead to a catastrophic failure and degradation up to thermal
runaway, e.g., via a short circuit.* A stable SEI is the most
promising approach to prevent such undesired effects.”*

To tackle those challenges, several experimental and
theoretical studies have been performed to analyze the layer,
e.g, the structure or formation of the SEI on lithium
metal.”'>"*> In particular, the processes behind the SEI
formation are extensively investigated resulting in, e.g., reaction
networks explaining the different SEI forming mechanisms."*
Using continuum models, the autocatalytic effect of HF at
higher temperatures could be identified, which convert Li,CO;
to LiF."> Such investigations of the chemical interactions
between species within the battery are useful to provide
information about, e.g, the optimal choice of electrolyte and
additives'® for a better performing SEI and battery.
Experimentally, electrochemical impedance spectroscopy
(EIS) is most commonly used for operando SEI analysis, for
instance, for resistance and porosity identification.'” The
combination of discharge curves and EIS has been used to
identify with a physical model the thickness, surface roughness,
and other properties of the SEI. Those morphological
properties can be used for an assessment of the batteries
aging process and to develop aging countermeasures.'
Furthermore, a rougher surface of the SEI increases the
probability of losing capacity due to the evolution of dead
lithium or increases the batteries safety due to higher likely
dendrite growth.'”*° More in-depth analysis on the surface
processes at the SEI and aging are obtainable by Nonlinear
Frequency Response Analysis.” The method enables separate
detection of SEI growth and Li plating and, thus, can be used
to mitigate safety-critical plating occurrence.”* Further insights
are obtained by Fourier transform infrared spectroscopy,
infrared absorption spectroscopy, Raman spectroscopy, X-ray
photoelectron spectroscopy, or X-ray absorption near edge
structure.”

Today’s knowledge indicates that the SEI is a porous
mixture of inorganic and organic compounds,”* whereby the
exact composition depends on the electrolyte composition."
Furthermore, the internal structure was proposed to be either
mosaic-like (randomly mixed) or layered,” whereas the exact
distribution of species is hardly described.””*” Various
thicknesses of the SEI, ranging from a few to hundreds of
nanometers, are reported, >*>>>*% as well as a rough structure
and porosity. Despite the large effort, it remains challenging to
determine exact values of those parameters.29 Overall,
experimental studies provide much information, however,
they are hard to perform in situ and cannot measure the fast
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reactions and processes during the initial formation process
itself, which range from femtoseconds to seconds.

Insights into the processes in the first picoseconds have been
gained by simulation approaches such as ab initio molecular
dynamics (AIMD) on the atomistic scale. They focused on the
initial reduction of the electrolyte describing the electrolyte
decomposition on lithium, carbon, and silicon electrodes.>*™**
The studies revealed the electrolyte decomposition as a
function of lithiation, electrolyte solution and salt concen-
tration and other characteristics, in a very small time scale of
picoseconds.’””® Moreover, classical reactive molecular
dynamic simulations have been successful in capturing the
evolution of the interfacial region including lithium oxidation,
penetration of electrolyte molecules, and the initial formation
of SEI products.”* More recently, Ospina-Acevedo and co-
workers used a combined MD/DFT approach to characterize
the nucleation of SEI components such as lithium fluoride
(LiF).”* Despite the tremendous success in characterizing the
SEI via AIMD simulations, the approach is also limited in the
number of molecules in the system as well as simulated time.
The simulated times for AIMD simulations only reach
hundreds of picoseconds at best. Thus, the aggregation of
SEI species to clusters, comparable to crystal growth, is not
observable at time scales covered by AIMD, e.g,, the formation
of lithium fluoride (LiF) clusters. Classical MD** can reach the
order of nanoseconds but requires careful force field
parametrization. Moreover, quantitative morphological analysis
like the SEI thickness or structure is difficult when using MD
simulations. However, physicochemical parameters are ex-
tractable for usage in models of longer time scales. A further
group of SEI models is taking a macroscopic view and use
continuum and mean-field models which do not resolve
stochastic molecular processes but use mean-field ap-
proaches.'®* Clusters or other heterogeneities in the SEI
are not covered bZ such models and thus cannot give an in-
depth perspective.’®

A modeling methodology bridging the scale of molecular
and continuum, i.e, macroscopic modeling, is essential to
understand formation of the heterogeneous SEI structure
including clusters. Mesoscale models like kinetic Monte Carlo
(KMC) allow to close this gap. SEI formation and coverage of
the (carbon) electrode was modeled, including electrochemical
reactions.”’

The method was further extended to model the formation of
an SEI on graphite in a full Li-ion battery including a complex
multistep mechanism.***’ Extension to the full cell level was
thereby achieved with a multiscale 2D+1D model, which
coupled the KMC model for SEI growth with a continuum
model for the battery. In our previous work,*® we could show
with this model not only the evolution of thickness, reaction
rates and composition of the SEI for a full battery charge, but
also that a decrease in graphite particle size leads to
significantly more capacity loss due to more SEI growth. The
model was extended to locally 2D+1D discretized electrodes,
which allowed to see the effect of charging rate on
homogeneity of SEI growth along the thickness;"' whereas
low currents lead to high uncertainty in compositions, high
currents lead to higher SEI thicknesses close to the separator.

Furthermore, hybrid models like the Red Moon method-
ology (a combination of MD and KMC simulation) were also
used successfully to describe SEI formation. It is able to switch
from MD simulations directly to a KMC simulation in one box
such that a higher validity than stand-alone KMC models can

https://doi.org/10.1021/acs.jpcc.2c05898
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be reached.* Using this methodology, Takenaka et al. were
able to describe the first steps of SEI formation with a higher
number of atoms and larger time scale such that chemical
processes of different electrolytes can be analyzed and
compared to each other. For instance, the solvent EC seems
to form a more stable SEI than PC. However, this requires
again much higher computational costs such that the time scale
is smaller than the stand-alone KMC methodology.**

To summarize, the successful application of KMC for
studying the SEI formation in graphite electrodes of Li-ion
batteries clearly demonstrates the potential of KMC for
studying surface changes at long time scales (up to hours) and
length scales (up to micrometers), which cannot be reached by
DFT, AIMD, or similar methods. Yet, our previous 2D+1D
KMC models assumed a flat graphite electrode of unchanged
structure. Modeling of lithium metal, however, would need to
take into account surface changes of lithium due to reactivity.
Further, whereas SEI builds up slowly on graphite electrodes
and only when decreasing potential below 0.05 V vs Li/Li*,**
SEI formation on lithium is a rapid process that instanta-
neously starts upon contact with electrolyte.'*

Here, we present the first stand-alone 3D KMC model to
study the SEI formation on lithium metal in contact with
organic electrolyte, to reach unprecedented time and length
scales, and quantitative information for the species distribution
and morphology. For establishing and demonstrating the
method, we choose a simple, well studied electrolyte, LiPF in
ethylene carbonate (EC) and omit any additives.

Most of the required parameters defining the rates of single
reaction processes were taken from literature or determined by
DFT and AIMD simulations. Using these for KMC simulations
allows us to present insights into the SEI's internal structure
and 3D spatial distribution. Moreover, we are extending the
analysis to larger length and time scales than pure AIMD/MD
simulations. For the first time, therefore, we will give an insight
into the SEI composition regarding structure, especially its
temporal evolution of the species distribution. Moreover,
structural properties like SEI porosity or thickness are analyzed
which are crucial for further battery development.

2. METHODS

2.1. General Reaction Model. First, the general model
setup for both, MD/DFT and KMC is described. MD/DFT
simulations are generally more precise than KMC models
regarding molecular interactions. However, they cannot
provide quantitative information on the products’ long-term
evolution and their spatial distribution due to box size and time
limitations. In contrast, KMC may overcome these restrictions
but requires the input of basic thermodynamic and kinetic
parameters to simulate the SEI growth. Consequentially, by
using the output of the thermodynamic and kinetic parameters
of MD/DFT simulations directly as an input for the KMC
model, both models’ strengths can be combined. A graphical
illustration of the scenario and model approach for the SEI
growth is shown in the graphical abstract.

As the MD/DFT and KMC need to be based on the same
reaction network, the chosen reactions for the simulation have
to be selected first. The modeled scenario is as follows: a pure
lithium metal is dipped into an electrolyte consisting of
ethylene carbonate and 2 M lithium hexafluorophosphate
(LiPF) as salt. Therefore, a native SEI can be formed due to
the thermodynamic instability of the electrolyte. No electric
field is applied, and all reactions are spontaneous. The
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Table 1. Chemical Reactions Considered for the SEI
Growth”

No. reaction

R1 CiH,0; + e~ = CH,0;

R2 C,H,0; + Li* = LiC,;H,0,

R3 2LiC;H,0, = (CH,0CO,Li), + C,H,
R4 C;H,0; + ¢ = CO}™ + C,H,
RS Li* + CO3~ = LiCO;

R6 LiCO; + Li* = Li,CO;,

R7 LiC;H,0; + ¢~ = LiCO; + C,H,
RS$ Li* + PFy + e~ 2 LiF + PF;

RY Li* + PF{ + e~ = LiF + PF,
R10 Li* + PF, + e~ = LiF + PF]
R11 Li* + PF; + ¢~ = LiF + DPF,
R12 Li* + PF; 4+ e~ = LiF + PE~
R13 Li* + PF” + e 2 LiF + P~

R14 LiF + Li* + ¢~ = Li,F

RIS Li,F + Li" + ¢~ = LijF

R16 LiF + Li* + e~ = Li,F

“A graphical illustration is provided in the SI, Scheme SI.

respective chemical equations are summarized in Table 1
and are graphically depicted also in the SI, Scheme S1. The
choice of those reactions is based on the widely accepted
degradation reactions for ethylene carbonate and LiPFq
reported by previous investigations as well as our own MD
simulations.”’* Those reactions can be divided up into two
main SEI-forming paths: The EC-reductive path, reactions
R1—-R7, and the salt-reactions path, reactions R8—R13, see
Table 1.

EC reduction is commonly accepted as being responsible for
a part of the SEI formation.'® In general, it starts with the EC
reduction via an electron, which is considered in reaction R1.
The initial reduction is followed by one of two possibilities:
The first is a reaction of C;H,03 with lithium (reaction R2),
forming LiC3H,O;, which in literature is assumed to be the pre
stage of the reaction to (CH,0CO,Li), (reaction R3).*> The
second one is another follow-up reduction of the one-time
reduced EC to form CO?™ (reaction R4). In this case, reaction
RS with one lithium ion leads to LiCO3, which can further
react via reaction R6 to the second main SEI species, Li,COj;,
as reported in former studies.* Some investigations report the
possibility of LiC;H,O; to react to LiCO3 via a reduction,
which is considered in reaction R7.'#**

The salt reactions start off with the well-known salt
dissociation, which is taken into account via reaction R8.**
However, Martinez de la Hoz et al. reported a further
breakdown of the PF; molecule by releasing fluorine atoms,
which was the reason to consider this process via reactions
R9—R13.% Since recent AIMD simulations showed a further
reaction of LiF, we allowed further association of the LiF
molecule with other lithium atoms up to Li,F, denoted in
reactions R14—R16.** Note that Li,F refers to a coordination
number x of the lithium with one fluorine atom. Even though a
coordination number up to six was reported,24 no parameters

https://doi.org/10.1021/acs.jpcc.2c05898
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Figure 1. (a) Basic KMC box illustration. (b) Modeled processes in the KMC simulation. Reactions: The letters indicate different types of
molecules. Diffusion: Movement of a molecule from one site to another. Clustering: Clusters are marked in (dark) red, nonclustered molecules are

shown in blue.

could be obtained for such high coordination numbers, which
led to the decision to exclude five and six.

The origin of the lithium for the reactions is still under
discussion: It can possibly come from the anode or the
electrolyte, whereas the corrosion of Li metal is mostly
assumed as prevalent.'* Besides the here considered reaction
sequence, other reactions and intermediates have been
postulated or reported but will be not considered in this
study.” This is because the respective species required for the
reactions are either present in smaller traces in the SEI only, or
because they stem from impurities (such as water), or are part
of cathode degradation. Impurities and crosstalk from the
cathode are known to impact the SEI®*’ but impurities are
neglected in this first study and no cathode is present in our
scenario. Also, species not considered include the SEI
molecules Li,O, which is often reported to be formed in
batteries,* as it requires free oxygen atoms to be present in the
system, which are expected at higher salt concentrations.’’

Finally, the following general assumptions regarding the
reactions have been considered:

e The lithium metal consists of pure lithium without any
external impurities due to, e.g., oxidation. The electrolyte
is assumed to have no impurities like water.

e Lithium is always able to be oxidized spontaneously to
Li* + e”. This is assumed since a metal in contact with
an electrolyte always oxidizes to a certain degree
depending on its electrochemical stability.”" This effect
was also shown via MD simulations indicating that the
oxidation barrier for lithium is very low.** Thus, lithium
metal atoms can spontaneously react with species
analogously as Li".

e All reactions occur at 25 °C, since the AIMD parameters
were obtained at the same temperature.

e Gaseous species are not modeled, as they are assumed to
be inert and be removed instantaneously from the
surface into the cell. Similarly, a pressure increase due to
gas evolution is neglected.

e The following species are considered as SEI species:
(CH,0CO,Li),, Li,COs, LisF, and Li,F. Their clusters
are assumed to be in a solid state and are able to be part
of the SEI layer on lithium metal.

2.2. MD/DFT Model. For the MD/DFT part of the model,
the focus lies on the determination of the parameters required
as inputs for the KMC simulation, especially the activation
energy E, and free energy A,G. Energies for the solvent,
reactions R1, R3, and 4R, could be obtained by previous
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investigations, the values for reactions R2 and RS—R7 were
chosen in the range of the ones provided by literature due to
computational restrictions. For the determination of the free
energy A.G of the lithium salt decomposition reactions
R8—R13, the slow-growth approach was used, which is a
constrained AIMD methodology and further described in
section 1.2, SI. For reactions R14—R16, increasing the number
of lithium atoms that are assigned to one fluorine atom
(reactions), the activation energies and free energies were
chosen in the range of the reported ones in ref 24. The
concrete values for all reactions can be found in the SI, Table
SL.

Finally, for the assessment of the percentage of every SEI
species within the KMC-simulated SEI, a volume calculation
for the real molecular sizes were obtained. The methodology is
described in section 1.3, SI, as well as the results in SI, Table
S2.

2.3. KMC Model. Using the molecular modeling methods
of section 2.2, all energy parameters for the reactions in Table
1 were determined and are given in Table S1, SI. In the next
step, the obtained activation and free energies from the DFT
simulations are transferred to the KMC model for simulating
the SEI growth. In the following, the KMC box setup will be
described, cf. Figure la.

Similar to MD simulations, the KMC simulation uses a 3D-
box and it contains a fixed number of cubic cells within a lattice
with length x, width y, and height z. On each lattice site, a
maximum of one molecule may be placed that is a state-of-the
art procedure in KMC simulations.”> Thus, every molecule of
the system requires exactly one site to be placed within the cell.
The distance between two lateral cells, and thus the size of a
single cell, A, is set constant to 0.3443 nm. This is within the
range of the reported values of an optimized lithium bulk
crystal.” Further, this distance is the smallest one in the whole
box.>* Therefore, this distance assures the most compact box
which is possible. Moreover, since geometries of molecules are
not considered, a finer grid supports in-directly the fact that a
nonplanar molecule has always a smaller cross-sectional surface
area than a planar molecule. This leads to the conclusion that
nonplanar molecules are closer to each other supporting the
choice of a small site distance. Box dimensions are I, = 15Al =
5.1645 nm, I, = 1SAl = S5.1645 nm, and I, = 75Al =
25.8225 nm, as the larger dimension of I, permits growth of the
SEI especially in the direction of z, perpendicular to the initial
interface of electrode/electrolyte at height z;, For easier
understanding and assessment of the results, the height can

https://doi.org/10.1021/acs.jpcc.2c05898
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also be expressed with the layer number h = z-Al”' € N. The
dimensions were chosen since they provide enough space for
possible inhomogeneities and quantitative evaluation of the
SEI and do not limit its formation (cf. section 3.1), but are not
larger than required such that computational costs can be
saved. For the initial configuration of the KMC box, all cells
below z; = 10.329 nm constitute the pure lithium electrode.
Consequentially, the initial height of the pure lithium
corresponds to hy = z; - Al™' = 30 layers. The large number
ensures sufficient space for the SEI to grow not only on top of
the initial electrolyte phase (z > z;) but also, via corrosion,
below the initial surface into the metal (z < z).

The electrolyte and conductive salt are placed above the last
initial lithium layer until the top of the box at z = [.. Not every
cell in the electrolyte phase is occupied with electrolyte or salt.
The amount of electrolyte molecules Ny and amount of salt
molecules N, which need to be placed can be calculated via
eq 1:

l\Ti = LNa'Ci'lx'ly'(lz - ZH)J (1)
where i € {EC, Li*, PFg}, N, is the Avogadro constant, and c;
expresses the concentration of either the solvent or a salt ion.
The salt concentration was set to 2 M. We assume a complete
salt dissociation of the LiPF to Li* and PFg. Pure EC equals to
a concentration of 15 M. However, as some sites of the
electrolyte phase are taken by the salt and thus reducing the
concentration of EC within the electrolyte, the concentration
of EC is reduced by the mols of salt and thus is set to 11 M.
Thus, 55.8% of the sites above the lithium metal remain empty
in the initial box. Note that the voids are an artifact of the static
3D KMC grid, as all molecules occupy the same volume of one
site within the KMC box. Finally, the boundary conditions
need to be defined. For the four outer surfaces perpendicular
to the metal—electrolyte interface, i.e, x—zaty =0 and y = ly,
and y—z at x = 0 and x = [,, respectively, periodic boundary
conditions are used. Movement across the planes are not
interfered, and the molecule would appear then at the lateral
plane. This decision was taken since it can be assumed that
next to the modeled box other boxes of the same type are
present. At z = 0, hard-wall conditions are used to account for
Li metal continuing below z = 0 in real systems. Yet, molecules
at z = 0 can move to a different x and/or y coordinate. At the
top of the box (z = ), an open boundary condition is set
where a bulk electrolyte is assumed with a constant
concentration of solvent and salt ions (corresponding to 2 M
LiPFy). This triggers diffusion processes over the boundary,
when species are consumed or produced in the box. Molecules
may leave the box through the top of the KMC box, and fresh
electrolyte (EC, Li*, PFg) may enter without restrictions via
diffusion, as would also occur in real systems. This allows
particles to possibly exchange between the box and the bulk
phase.

As discussed in section 2.1, evolving gaseous species are not
considered. The system itself is operating under open circuit
conditions, thus no potential dependency of reactions is
considered, and no forced (dis)charging reactions, e.g, Li
reduction to Li. Effects of electric fields are also not considered
at this stage as well so that electroneutrality within the box is
not enforced. Implementing electroneutrality will require
significant additional effort in method development by
extending KMC or coupling to a continuum model, as done
in our prior multiscale battery works.***’
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The KMC algorithm (flow diagram see SI, Scheme S2) is
based on a Markov chain approach and uses a variable step size
method,” which works for every time step as follows: First,
transition rates W;; for every possible process j of every
molecule i are determined. If a process requires more than one
site or molecule, the algorithm checks whether the condition of
a site/molecule being present is satisfied. If not, the transition
rate is set to zero. The transition rate is also set to zero for a
void site. A probability  for a process to happen can be
calculated via dividing the sum of transition rates of the process
j for all molecules by the sum of all transition rates of all
processes €:

7). — Zi (I/v;',i) —
! Q

>.(W)
Zj (Z,- (Wj,i)) )

Then, a process is chosen that is going to be executed. This
choice takes place randomly, but considers the probabilities of
the processes and the respective number of molecules. In a
third step, a molecule in the process is chosen that executes the
process. To select the molecule, which executes the chosen
process, a second random number is drawn and used to
determine the respective molecule out of those being capable
of performing the process. If the process requires additional
specifications again this is made randomly. This is used, for
instance, for diffusion to determine in which possible
directions the chosen molecule shall diffuse or for reactions,
if several species next to the chosen molecule are available.
After executing the process at the chosen place, the elapsed
time during this step is calculated. The corresponding time
step size is calculated by dividing the negative logarithm of a
randomly chosen number £ between 0 and 1 by the sum of all
transition rates at the time step:

log(¢)
Q (3)

Other methodologies using sampling are also mentioned in the
literature, whereby some of them incorporate additional
features of the species. However, in order to reduce
computational time as much as possible such that the high
time and length scales can be achieved, a rejection-free
methodology needed to be taken. Furthermore, sampling
methods like transition path sampling require additional
knowledge about the products within their transition states
during reaction. Since such features depend heavily on the
environmental conditions (charges, geometry of molecules
etc.) and thus increase the complexity heavily, this method is
not suitable for being applied on stand-alone KMC systems
like the SEI formation presented here.

The KMC model contains three main microscopic process
categories: reactions, diffusion, and clustering (cf. Figure
1(b)). Reactions follow the reaction network that was
previously introduced in Table 1. Diffusion describes the
movement of molecules from one site to a neighboring site,
whereby horizontal movements in either x, y or z direction,
diagonal movements in xy, xz or yz direction, or 3D-
dimensional movements in xyz are considered. The travel
distance for every type corresponds to the distances in the box
calculated via Pythagoras’s theorem: Al Al Al
\/ZAI and A13D—diagonal = \/3Al

Lastly, clustering of the solid SEI species (CH,0CO,Li),,
Li,COs;, LisF, and Li,F is considered. Clustering describes the
accumulation of solid species by structural reorientation of the

At = —

horizontal = diagonal =
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affected molecules.’® Clusters can either be formed, extended,
or merged together with another one, as displayed in Figure
1b.

In the following, details on the three process categories are
given.

2.3.1. Reaction. Intermolecular reactions are a major part of
the SEI growth since they allow the formation of various new
solid SEI species.® The transition rate W of any of the
considered reactions can be calculated via the respective
reaction rate constant k:

W=k 4)
All reactions can occur in the forward and backward

direction apart from those that require gaseous species. If a

reaction is not equimolar, neighboring void sites are produced

or occupied by a new molecule, respectively. To determine the

reaction rate constant for a forward reaction, k;, and backward

. ey . 57
reaction, kb, transition state theory is used:

ke = o(h)-kye ™/ T (s)

(6)

The activation energies E, and free energies A.G, which were
derived from the DFT calculations, literature or literature-
based chosen (section 2.2 and SI, section 1.2), are used as
input in eqs 5 and 6. Their values are noted in the SI, Table S1.
The frequency factor k, is set constant to 10" s™!, following
the harmonic transition state theory.”® Finally, for reactions
involving electrons, the electron tunneling from the surface of
the lithium metal to a molecule in the electrolyte at height h of
the KMC box is modeled by the electron factor o. It
constitutes the probability of the existence of free electrons at a
given position in the lattice relative to the surface. As several
reactions depend on the presence of electrons (cf. Table 1),
their corresponding rates are sensitive to the electron factor. In
order to model it for the whole KMC box, the electron factor is
defined to depend on the distance from the location to the
initial surface layer of the lithium metal anode grid, h, and is
modeled as follows (derivation see SI, section 1.5):

ky = o(h) ke~ BT, MG/ )

o(h) =
I, h<h;+ 15
In( max) ln(pmax)(h—hﬂ—l)
(hpax — by — 1.5)] elmax—hu=15 — 1le  hmax—hy—15
, h>hy+ 15
In(p_) !
(7)

Thereby, the constant parameters hy and p,,. describe the
position of the initial lithium anode layer at the interface to the
electrolyte-filled layer and the probability for an electron
tunneling up to the layer h,,,, = 34, respectively. Note that the
electron factor ¢ is only applicable for reactions containing an
electron within the reaction equation. For chemical reactions,
where no external electrons are needed, the electron factor is
set to one.

2.3.2. Diffusion. Diffusion is implemented as a stochastic,
spontaneous process, following the concept of Brownian
motion. It can only occur in the liquid phase, i.e., between
sites that do not contain solid species. As this will lead to even
distribution, no further concentration gradient needs to be
considered. The transition rate for diffusion of a molecule to a
new site depends on the distance between the two sites and
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number of unoccupied neighboring sites. The diffusion
coeflicient of all species, D, was set to a constant value of
1.8 - 107" m* s7', which is in the range of reported values for
EC systems.”” Barriers hindering the diffusion in the electrolyte
at surfaces, such as the Ehrich-Schwoebel barrier occurring at
step sites”” were not considered. It is assumed that the increase
of required energy for diffusion at surfaces, which equals to a
lower transition rate, is sufficiently accounted for by the longer
diffusion distance. This leads to the transition rate of diffusion
as defined by®’

D
VV::lh rizontal — Nv id 7 2
noneonts ° (Alhorizontal)z (8)
D
W diagonal = Neoid' 73
,diagona VoI 2
(Aldiagonal) (9)
D
T/Vcl 3D-diagonal = Nvoid'iz
(AZ3D—diag0nal) (10)

with Al as the distance of the two sites’ centers and N4 the
number of void neighbors.

2.3.3. Clustering. Finally, clustering describes the process of
forming solid amorphous or crystalline structures of SEI
species from all possible neighboring solid species of the same
kind which was already observed via MD simulations>’ and
experimentally for, e.g,, LiF.°> It is assumed that clustering
corresponds to an irreversible intramolecular diffusion process,
similar to an internal molecule rearrangement observed in ref
S6. Since a rearrangement optimizes the energy state of the
species to a final configuration, clusters were included in this
study. Only the solid SEI species (CH,OCO,Li),, Li,COs;,
LiF, and Li,F can form clusters. Clusters are defined to consist
of the same kind of species only. Since the process is most
similar to a diffusion process,”® the transition rate for the
clustering of two species was defined by the same equation as

for the diffusion itself:

D
T/V(:I,horizontall = l\Tz Jhorizontal* 2
(Alhorizontal) (1 1)
D
VV;I, diagonal = I\Ii,diagonal. (Al )2
diagonal ( 1 2)
_ D
VVCI, 3D-diagonal — I\Ii,3D—diagonaI' 2
(A13D—diag0nal) (13)

with N; referring to the number of clustered neighbors. Note
that a clustered species cannot diffuse any more, as this would
interfere with its assumed optimized position and energy state.

2.3.4. Implementation and Parameter Set. The chosen
parameter set for the simulation is given in Table 2.

Due to the sequential processing of the KMC algorithm,
computational power is crucial for a fast and detailed
calculation. In our model, the KMC simulation and all related
calculations were implemented in MATLAB R2020b code®*
and executed on an Intel i7-6700K six core processor. The
simulation was stopped after 7.500.000 iterations correspond-
ing to ca. 100 ns. This resulted in a computation time of
roughly 2 days for 7.500.000 iterations of the variable step size
algorithm, which is a long computational time compared to
continuum simulations,® but not to AIMD simulations. To
provide values for statistic uncertainty analysis, the KMC
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Table 2. Set of Parameters of the KMC Simulation

parameter variable value source

diffusion constant in EC D 1.8 - 107 m?s™"  chosen in the
range of*’

diameter of molecule d 0.5 nm chosen

activation energy E, see SI, Table S1 see SI, Table
S1

free energy AG see SI, Table S1 see SI, Table
S1

initial last lithium metal layer 30 (£10.329 nm)  chosen

last significant tunneling Pomax 34 (£11.706 nm)  chosen

layer

reaction rate constant k calculated egs 5 and 6

frequency factor ko 108 7! chosen
(c£5%)

lateral distance of two sites Al 0.3443 nm chosen in the
range 0f53

length of the simulation box I, 5.164S nm chosen

width of the simulation box I, 5.1645 nm chosen

height of the simulation box I, 25.8225 nm chosen

probability of electron at last  p.. 0.01 chosen

significant tunneling layer

temperature T 298.1§ K chosen

transition rate w calculated eqs 4, 8, and
11

electron factor c calculated eq7

simulations were repeated with the same initial setup eight
times.

2.3.5. Evaluation and Interpretation. In the following, we
explain how the simulated data is postprocessed to determine
chemical composition of the resulting SEI as well as the
geometric properties of the SEI morphology.

By definition, molecules are considered as being part of the
SEI if they fulfill two conditions: First, they have to belong to
one of the clustered SEI compounds (CH,0CO,Li),, Li,COs;,
LisF, and Li,F. Second, they are either one layer away from the
electrode or connected to it via other clustered SEI molecules.
The fraction of a compound i in the SEI in layer h, p,, is
determined from the number of molecules of compound i in
this layer N,,; divided by the total number of clustered SEI
molecules in this layer Nj, ¢gp:

o = N,i
hi
N, ser

(14)

The following morphology analysis evaluates (local) height
and porosity of the SEI This can only be a rough estimate, as
we apply some simplifications due to the KMC-typical
assumption of an equidistant grid: each place contains either
one molecule or is void, and all particles, except for clusters, or
sites are assumed to occupy the same molecule size. Taking
into account the differences of real particle sizes would lead to
a distorted grid, with immensely increased complexity and
computation time.

For the morphological analysis, the maximum SEI height
R.x can be obtained by eq 15.

R

max

(15)

It describes the height difference from the layer where the first
SEI molecule appears z,,,ss to the uppermost layer in the
direction z, where an SEI molecule is found, which is still
Zmaxser iN the z-direction, connected to other neighboring SEI
species.

= zmax,SEI - Zmin,SEI + Al
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Moreover, the mean height of the SEI, R is calculated by
using the following equation:

- 1
R=—.

Nh Z (zmax,SEI,(x,y) - zmin,SEI,(x,y) + Al)

(%,y)

(16)

In this formula again, the difference between the lowest
molecule and highest molecule is taken, but here for all sites
with the coordinates (x,y). This sum is afterward divided by
the total number of sites per layer N,

To calculate the volume fraction of the SEI, the outer
boundaries of the SEI need to be defined. The volume fraction
evaluation starts at the first layer, where SEI species occupy at
least 5% of the voxels within a layer. This amount of SEI is
defined to be significant. The last considered layer is the one
which also satisfies the condition and is connected via layers
below to the first one, which also contain at least 5% of SEI
species. All clustered species are counted and divided by the
total number of sites. This method of calculation ensures that
only the SEI-containing layers are considered. This method
might lead to some noise within the graph for layers close to
the 5% boundary.

As the last parameter, the area specific capacity loss Cj joq
due to the consumed lithium metal is calculated. Using the
number of consumed lithium metal atoms Ni; onsumeds Cajoss
can be obtained by the following equation:

l3
.QLi.C

m,Li

consumed” A

Il

Xy

_ Ny

CA,Ioss -

(17)

Here, ¢y; equals the density of pure lithium (0.534 g-cm™) and
C,,1; is the mass specific capacity of lithium (3.86 Ah-g™").

3. RESULTS AND DISCUSSION

In the following, we first will analyze the evolution of the SEI
on the pristine lithium surface to get an insight into the
interaction of processes and the forming of characteristic
phases in the SEIL Subsequently, we analyze the resulting SEI
layer to get information about structure and morphology.

3.1. SEI Growth and Species Distribution. In the
following, the growth of the SEI on a native lithium metal
surface exposed to electrolyte containing EC and 2 M LiPF is
discussed. Focus is on formation of the initial SEI layer.
Snapshots of the distribution of the most relevant species for
the initial configuration and that after 102.8 ns are given in
Figure 2. Illustrations of the KMC boxes with all species can be
found in the SI, Figure SI. During the last 10% of the
simulation time, no further SEI change occurred. This can be
attributed to the stop of reactions creating new SEI which is
caused by blocking of further electrolyte coming sufficiently
close to lithium for reacting (further explanation will be
provided later in this chapter). Thus, the initial SEI formation
can be seen as completed and the simulation was stopped. It is
very probable that further SEI growth and possibly changes in
structure and composition will take place after the initial
formation, but over a much longer time period in the range of
seconds and more. The processes occurring at the longer time
scale are not in the focus of our study, as they are of a different
nature, including further reaction of solid species, as well as
further electron transport processes.”

In the initial state, lithium metal has a thickness of
10.329 nm and is in its upper layer in contact with the
electrolyte, which is composed of EC and the dissociated salt,
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Figure 2. Change of species distribution at the lithium-electrode
interface due to reactions that lead to the build-up of the solid
electrolyte interphase at T = 298.15 K, open circuit potential, using
pure EC and ¢ ;pp, = 2 M. (a) Initial configuration; (b) Configuration

at 102.8 ns.

LiPF4. Only the upmost layer is in contact with the electrolyte,
and species within the electrolyte are homogeneously
distributed. The simulation after 102.8 ns shows at the
interface a ca. 3 nm thick layer composed of clustered Li,CO,
and Li,F and an on-top layer of (CH,0OCO,Li),. Further, it
can be seen that no significant amount of clustered Li;F is
present.

The SEI layer is formed above and below the original
interface at t = 0 due to the following reason: lithium metal is
oxidized by the electrolyte species, leading to a corrosion
effect. The newly observable corrosion of the electrode results
in a formation of the SEI products below the initial surface
position. Further, electrolyte species are reacting at the surface,
leading to decomposition products above the original interface
position. Besides a strong accumulation of reaction products at
the interface, reaction products can be seen to be distributed
widely over the electrolyte. This can be explained by diffusion:
nonclustered SEI products (CH,OCO,Li),, Li,CO;, and Li,F
are produced in the electrolyte at the interface to solid SEI or
lithium. They need to cluster with a molecule of the same
species in order to be part of the SEI and fixed in their position
(cf. section 2.1). This probability depends highly on the
number of clusters of the same species being neighbors. There
is also a probability that they rather diffuse within the
electrolyte. In the electrolyte they may form clusters at higher
layers once they meet other species, often after much longer
time. A similar effect was observed in our prior studies for SEI
formation on carbon,36 where significant portions of SEI
products did not precipitate at the surface, but accumulated in
the electrolyte. The SEI formed at the lithium surface has a
layered structure with a gradient in composition. It starts with
clusters of Li,F at the lithium metal surface, followed by
Li,CO; clusters and finally (CH,OCO,Li), clusters. The
model thus suggests a formation of an inorganic inner SEI
layer, consisting of Li,F and Li,COj; and an outer organic one
consisting of (CH,0CO,Li),, which in general fits to
suggested SEI models in literature.””*® The simulated
distribution confirms the experimental reports of a rather
layered SEI structure of inorganic SEI at the electrode surface
followed by an organic layer. However, the distinction of the
layers is not clear and the species distribution at the edges is
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rather blurred. As the results here refer to very small time
scales, this implies that the SEI species composition reported
in the literature'* is not an effect of SEI aging over longer time
only. Rather, the SEI immediately contains all species, and the
direct pathway from EC to Li,COj; seems to be significant.

Additionally, lithium from the metal is displaced toward the
electrolyte phase during the simulation. It is visible in the final
configuration as shown in Figure 2b: the SEI species are
located above the initial interface between the electrode and
electrolyte. This results from diffusion of lithium atoms into
the electrolyte so that the respective SEI species can be formed
above the initial interface. The mechanism was similarly
reported in the literature.””** The salt’s lithium can also be
part of formed SEI species. However, less than 1% of the
lithium in the final SEI can be attributed to this source in our
simulation. This is the first simulation-based confirmation of
the open question and claim by He et al."* that while most SEI
forming reactions are facultative corrosive, i.e., they might use
Li metal or Li from electrolyte, initial SEI formation on lithium
metal is predominantly a corrosion process. The main reason
for that is the high local availability of lithium metal at the
initial metal/electrolyte interface, where most of the SEI is
formed. After 102.8 ns, the SEI clusters consist of ca. 56%
Li,CO;, followed by approximately 25% Li,F and ca. 19%
(CH,OCO,Li), related to the amount of total SEI molecules.
Unclustered SEI species are present but are less than 1% of the
entire SEI. This implies, that the species tend to cluster rather
than to stay unclustered.

A small number of Li,CO; molecules are present above the
SEI layer at all height coordinates of the box, and especially
close to the top boundary. This can be attributed to the effect
of the top boundary condition: lithium ions of the salt react
with CO3™ at the top of the box, leading to Li,CO; via
reactions RS and R6.

To understand the evolution of the SEI structure, to identify
the main reactions that lead to the observed SEI, and to
determine their contribution throughout the simulated growth
period, we analyze the SEI evolution over time more deeply. In
Figure 3, results for two additional times, 0.4 and 41.4 ns, are
shown. Here, the time 0.4 ns corresponds to the start phase of
SEI formation, and thus, a comparison with the SEI at 102.8 ns
allows the identification of the first reactions. 41.4 ns
corresponds to ca. 40% of total elapsed time and, thus, allows
to see if the build-up of the SEI is still in strong progress or if
composition and growth have already settled.

In Figure 3a,b, the distribution of the selected species within
the KMC box is depicted. The figure shows solid SEI products
and additionally LiCOj3. The visualization containing all
species can be found in the SI, Figure S3. Figure 3¢,d further
gives a quantitative insight into the distribution of clustered
SEI formation products vs height. Here, the number of
molecules of a given species in each layer was multiplied by the
true volume of the respective molecule (see SI, Table S2) to
determine the expected volume fractions of species over
height. This was motivated by the fact that (CH,0CO,Li),
molecules are 94% larger than Li,CO3, and 147% larger than
Li,F. The dashed lines illustrate the observed SEI borders,
which were the outermost layers with at least 5% of SEI species
and the initial lithium metal/electrolyte interface.

In Figure 3a, it can be seen that already after a very short
time a significant amount of SEI and other reactant species
have been formed at the Li—metal/electrolyte interface.
Shortly after the first reduction of EC to EC™, it reacts with
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Figure 3. Progress of the SEI formation process at T = 298.15 K and ¢ ;p, = 2 M after 0.4 ns (left) and 41.4 ns (right). (a, b) KMC with

distribution of selected molecules; (c, d) Volume occupied by the solid SEI species at a given height. The area between the two gray lines
constitutes the solid SEI layer where clustered species are connected; (e, f) Relative occurrence of processes over height. 100% corresponds to the

layer with the highest amount of the total processes occurring.

lithium metal to yield LiC;H,O; within the electron tunneling
range, highlighting the importance of the electron factor
mentioned in section 2.3.1. Subsequently, LiC;H,O; reacts
rapidly to (CH,OCO,Li), (Figure 3a). In parallel, Li,COj is
formed after a second reduction of EC. The additional
reduction step of EC™ to CO3™ possesses a further reaction
barrier. Thus, it makes formation of Li,COj less likely than of
(CH,OCO,Li),, which is indicated by the higher reaction rate
of (CH,0CO,Li), shown in SI, Figure SS. Note that there are
two reaction pathways for the reduction of EC™, which might
form LiCOj: either via CO3™ (reactions R4 and RS) or via
LiCyH,0; (reaction R7). Simulation results reveal that the
reduction reaction of LiC;H,O; (reaction R7) to LiCOj
occurs extremely seldomly (less than one reaction (reaction
R7) every 10 ns), indicating that this reaction is less relevant
for the initial SEI formation. The probability of the second
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reduction of EC™ by reaction R4 is less likely than the
formation of (CH,0CO,Li), via reaction R3. In comparison
to Li,CO; and (CH,0OCO,Li),, lithium fluoride requires a
slightly longer time until it is produced due to a high activation
energy. Thus, there is only little Li,F present after 0.4 ns.
Because the formation of Li,F requires twice the amount of
lithium atoms than the other SEI species, it is mostly formed at
the lithium metal interface where more lithium atoms are
available such that the transition rates of forming Li,F are
much higher.”* To investigate the occurring processes at each
layer, Figure 3e shows the relative occurrence of the processes
per layer. It can be seen that all aforementioned reactive
processes occur close to the interface, where they lead to the
formation of the initial SEI. Thus, prevalence of the reactions
directly at the electrode and not in the electrolyte can be
confirmed. The reason for the dominance of the reactions over
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the diffusion and clustering close to the electrode is caused by
transition rates for reactions, W, being higher than for
diftusion, Wy, and clustering, W. This is illustrated exemplarily
for Nypq = 1.

W, =k = k; = o(h)-kye B/ R =

-1 =1 =1 <
1.10135 l-e 10 kJ-mol™"/(8.314 J-mol™ K™ "-298.15 K) 1 -1

~ 1.77-10" s
D 18107 m%s7!
Wi, =W, . =N_., -1
d,horizontal cl,horizontal void (Alhoﬂzontal)z (03443 nm)Z
~ 1.52:10° s~
As W, > Wyporsonta = Welhorizonway it can be stated that if a

reaction is possible, it is preferred over diffusion and clustering.
Further away from the interface, mostly diffusion occurs as
very few intermediate species are present. Reactions occur
mostly close to the metal/electrolyte interface within the
tunneling range of ca. 14 nm. At the lowermost and
uppermost SEI layer facing Li-metal and electrolyte,
respectively, reaction and diffusion occur, both with diffusion
supplying new reactants. As a consequence, reactions are the
most dominant process, whereas diffusion is the growth
limiting one during the first 0.4 ns. Due to the short electron
tunneling range, the species being formed are quite close to
each other. Thus, clustering already occurs at this early stage.
The higher the number of molecules of the same kind, the
higher the probability for them to cluster. Therefore,
(CH,0CO,Li), can cluster easily compared to Li,CO; and
Li,F.

Whereas (CH,0CO,Li), was the most rapidly formed SEI
component until 0.4 ns, the situation changes afterward. The
formation rate of (CH,OCO,Li), decreases, while the
inorganic amount of the SEI is increasing, cf. SI, Figure SS.
This effect can be explained as follows: After Li,F and Li,COj;
formed on the surface of the electrode, they hamper the
possibility of lithium metal to take part in the reactions. The
SEI hampers transport and reduces the possibility that the one-
time reduced EC™ meets a lithium ion. Consequentially, the
organic (CH,0CO,Li), cluster growth via reactions R2 and
R3 slows down, whereas the growth of Li,CO; and Li,F
continues, since they are slightly closer to the electrode (Figure
3c). The formation of new Li,F at the lower end of the SEI can
also be related to the literature-mentioned bottom-up SEI
growth mechanism, where a growth of the SEI from the
lithium metal anode is proposed.®” A further effect contributes
to the preference of LiCOj; over (CH,0CO,Li), formation
after 0.4 ns: the closer the EC™ molecule is to the initial
surface, the more probable becomes the second EC reduction
via reaction R4, resulting in CO3~ due to the higher value of
the likelihood of electron tunneling (see eq 7).

To conclude, the high availability of electrons and
decreasing mobility of lithium due to the formed SEI are the
reasons why the formation of Li,CO; above the initial metal
surface is generally more favorable than the one of
(CH,0CO,Li),, at 41.4 ns. Finally, as Li,F is located directly
on the metal surface, it can still grow to Li, F since its
reactiveness vs (CH,0OCO,Li), is even less limited by lithium
diffusion. Nevertheless, Li,F has higher energy barriers and
there is an increasing hampering of the PF; diffusion. Thus,
the cluster formation of Li,F decreases with increasing amount
of formed Li,CO;. Note that the effect of building SEI on top
of present layers or filling up pores within the SEI is not in line
with the previously mentioned bottom-up mechanism.'*%
Therefore, we suggest that both mechanisms are occurring
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during the native SEI formation, whereas the bottom-up
mechanism is driven by Li,F formation and the building-up
mechanism by the formation of Li,CO;. We note that Li,F is
only an intermediate species that can be seen for the formation
of LiF nuclei.

The change of circumstances just described is reflected in
Figure 3b,d,f, showing the simulation results after 41.4 ns. As it
can be seen in Figure 3b, Li,COj is the main SEI species at this
time, followed by lithium fluoride. Also, the order of SEI
species over its height is now similar to the one of the final
results (cf. Figure 2b). Since the blockage of lithium diffusion
by Li,CO; at 41.4 ns is very high, the reaction rates of the
(CH,0CO,Li), and Li,CO, formation at the metal/electrolyte
interface decrease significantly (cf. Figure 3f). Thus, diffusion
is the most frequent process at this time frame, and SEI growth
at 41.4 ns and afterward is limited by reactions. In addition, the
diffusion causes the following effects. First, a rearrangement
process in the lithium metal occurs (section 3.2), which did
not exist in the first time frame. Second, the doubly reduced
CO%™ diffuses into the electrolyte and reacts with the salt’s
lithium above the SEI to Li,CO;. Consequentially, Figure 3b,d
and very notably the final SEI in Figure 2b show the resulting
spread of Li,COj in the electrolyte layer ca. 5—10 nm above
the initial interface after 41.4 ns.

Summarizing, the initial SEI forms instantaneously after very
few nanoseconds of contact of electrolyte and lithium, and it
follows a specific species sequence of Li,F, Li,CO; and
(CH,0CO,Li), starting from the metal toward the electrolyte.
This order is consistent with findings using hybrid MD/KMC
methodologies.”” The main source of the lithium for the SEI is
corroded lithium metal. SEI growth is limited by diffusion at
first, which however changes after roughly 41.4 ns to a reaction
limited SEI growth. The blocking of the SEI leads at the end of
the simulation to no further formation of SEI since the lithium
metal and electrolyte are completely separated by the SEI
without any path for the molecules to come close to each other
and react (cf. SI, section 2.5). Future research may focus on a
longer time scale during SEI formation and aging, as well as
what happens with the SEI during operation.

3.2. SEl Structure Analysis. KMC simulations also
provide information regarding the morphology of the SEI,
such as thickness and porosity, which we will analyze in the
following. Yet, we assume a lattice grid with equal space
occupied by each molecule, whereas real molecules have
different sizes. The macroscopic properties resulting from
KMC should thus be seen as indicators of quantitative values.

The first evaluated property is the height of the SEL Figure 4
displays the evolution of the height of the SEI with time; it
shows the maximal height of the SEI, R,,,, as well as the mean
height of the SEI, R, calculated by equations 15 and 16,
respectively. Please note that we only count those solid
molecules as part of the SEI that are clustered and connected
to a solid neighboring molecule at the neighbor site. Solid
products from SEI formation on top of this height, as, e.g,, is
visible in Figure 2b for Li,COj at a distance of 5—15 nm above
the initial lithium layer, are discounted, as they are only loosely
bound to the solid SEI layer.

The maximum SEI height R, increases asymptotically and
monotonously to a value of 3.4 nm at S ns, which is in the
lower range of reported SEI thicknesses'’ but roughly in the
same range as observed in other theoretical studies.*’
Moreover, new insight regarding the mechanisms leading to
this SEI growth can be shown. Especially the geometrical and
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Figure 4. Evolution of maximal and average height of SEI over time
during the SEI formation process for T = 25 °C, 2 M LiPF¢ in EC.

compositional structure still changes after 5 ns: The mean
height of the SEI R indicates a slowing growth of the SEI to a
steady state value of roughly 1.5 nm at 25 ns. Reason for the
longer growth of R vs R, is Li,CO; clustering. Li,CO;
clusters are the largest and fastest cluster-growing species at
25 ns (more detail in the S, section 2.3). The total height does
not increase due to the limitations of the diffusion explained in
section 3.1.

Note that in the simulation electron tunneling was
considered as the only electron transport process, whereby
the probability for a transport at 1.5 nm equals <3%. This can
be calculated via the electron factor 6. Thus, the identified
heights of 1.5 nm for the mean and ca. 3.4 nm for the maximal
height of the SEI corresponds well to the mostly accepted

electron transfer pathway.”® Other electron transport mecha-
nisms have been postulated, e.g., diffusion or migration,“ but
such processes are thought to depend on charge transfer
processes with, for instance, Li-ions or charged fragments.
Since those mechanisms are much slower,”° they do not
influence the native SEI formation in the simulated time frame
of 102.8 ns. They are thus not considered for our studies on
the initial SEI formation. Yet, they may explain the
experimentally observed further SEI growth at much larger
time scales of minutes and days.

The second analyzed parameter is the volume fraction of the
SEL In Figure Sa, the evolution of the overall SEI volume
fraction is shown. According to Figure Sa, the mean SEI
volume fraction increases asymptotically within the first 25 ns
up to 39.5% and it remains constant subsequently. Note that
the high volatility of the volume fraction within the first 10 ns
is caused by new clustered species that get connected to the
main SEI, and thus suddenly count as SEI henceforth.

Figure Sb depicts the heterogeneous volume fraction
distribution of every SEI species as well as the lithium over
height. It can be seen that the SEI volume fraction at each layer
increases over time due to the higher amount of solid SEI
species. Moreover, the spatial distribution of the SEI volume
fraction of the single species highly varies, whereby the
distribution of SEI species corresponds to the layered SEI
structure described in section 3.1. As the mean value stays
constant after roughly 25 ns, Figure Sb implies that SEI volume
fraction changes only locally after 25 ns.

The low porosity at the initial metal/electrode interface also
confirms the previous discussion that reactions slow down due
to limited diffusion close to the layer at z = 10 nm. The LiF
and Li,CO; layers are so dense that only roughly 10% of the
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layer is not occupied by those species at 102.8 ns. Note that
the remaining 10% are mostly closed pores not connected to
the external electrolyte. Electrolyte molecules which are
completely enclosed by nonreactive clustered SEI molecules
are unable to diffuse or participate in any reaction. This is
further elaborated in section 2.5 and especially Figure S6 of the
SI. Overall, the results are in good accordance with literature
reports that suggest a denser inner layer close to the anode and
a more porous outer SEL®%%

As lithium is consumed during the SEI formation, the
volume fraction of lithium decreases heavily in the beginning
of the simulation. Due to the high reaction rate during the first
nanoseconds, much lithium of the lithium metal/electrolyte
interface gets quickly consumed such that further lithium metal
atoms move from the lithium bulk toward the top of the anode.
This leads to the low volume fraction of lithium at 4.1 ns in
Figure S5b. These sites are partially filled with electrolyte
molecules which diffused to the sites. Note that due to the
solid lithium diffusion, the volume fraction of lithium metal
increases afterward over time, leading to the higher volume
fraction of lithium at 102.8 ns than at 4.1 ns. Nevertheless, this
process also leads to vacancies within our simulation which
refer to (temporal) defects within the lithium metal.

Evaluating the difference between the number of initial
lithium metal sites and after 102.8 ns, one can assess the
capacity loss within that time. Using eq 17, the capacity loss
caused by the consumption of lithium due to SEI growth can
be determined to approximately 6.69 % Applied to a typical
battery electrode thickness of 30 ym’’ pure optimized lithium
electrode, this would correspond to a lithium inventory and
capacity loss due to SEI formation of roughly 0.01%.

4. CONCLUSIONS

Using a combination of MD/DFT and 3D-KMC SEI
simulation, our work succeeded in shedding light onto the
initial SEI formation on lithium metal in contact with
electrolyte. The new methodology not only includes reaction
and diffusive processes but also particle clustering leading to an
authentic native SEI formation.

Based on our results, we suggest a build-up of a layered
structure of the SEI via bottom-up and building-up
mechanisms within the first 100 ns, when bringing lithium in
contact with EC/LiPFy electrolyte. The layered SEI species
structure is interdiffusing the layers and has different
compositions, with the majority of species in each layer
being respectively Li,F, Li,CO;, and (CH,0CO,Li),, starting
from the lithium metal toward the electrolyte. The relative
amount of precipitated or formed solid species in the total SEI
after 102.8 ns are 25% for Li,F, 56% for Li,CO; and 19% for
(CH,0CO,Li),. The characteristic distribution of these
species originates from the interaction of reactions and
diffusion during the formation process: It starts off with the
reduction of EC. At this stage, lithium is present next to the
reduced EC, leading to a high reaction rate of forming
(CH,0OCO,Li),, located slightly above the initial interface.
The formation of Li,CO; requires the energetically less
favorable second EC reduction. This reaction process is most
dominant as soon as the Li-ion concentration has been
significantly reduced. For Li,F, the high number of reaction
steps with high energy barriers leads to a low reaction rate in
the beginning. After this initial phase, the continuous
formation of solid Li,CO; and Li,F hampers the diffusion of
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EC™ and lithium, resulting in a decreasing production rate of
(CH,OCO,Li),. As a result, the SEI gets more inorganic over
time. Due to the high lithium consumption when forming Li,F,
Li,F is located below the initial interface. As a high electron
availability is favorable for Li,COj; formation, Li,COj; is in
between (CH,OCO,Li), and Li,F. Analyzing the source of the
lithium for the SEI formation, we reveal that 99% of it can be
attributed to lithium metal corrosion and only a small fraction
to decomposition of salt from the electrolyte. SEI formation on
lithium is thus essentially a corrosion process due to the
electrolyte.

Results from the simulated SEI species distribution may be
used in future to determine the conductivity and thus the
resistance of the SEI. However, the vice versa calculation of
SEI composition from a high frequency resistance value from

impedance spectra is not feasible.'® The consumption of the
mAh

2 .
m

anode leads to a capacity loss of roughly 6.69

Furthermore, the evaluation of the simulated SEI morphology
confirmed that it is a porous layer with porosities of 15—35%.
This can be further subdivided into a dense inner and a more
porous outer layer. Thus, our result supports the by now
widely assumed concept of a layered dense-then-porous SEI
model. The SEI height converges to a mean height of 1.5 nm
and a maximum height of 3.4 nm. The maximum SEI height is
limited first mainly due to the short electron tunneling
distance. Afterward, only the mean height increases via internal
diffusion and clustering until the diffusion of the species from
and to the anode is limited and stops the SEI growth
completely. The further growth may stem from SEI species
within the electrolyte that diffuse through the electrolyte, until
they meet a solid SEI component where they cluster.

The presented work reveals the initial SEI formation during
the first ca. 100 ns and allows an unprecedented quantitative
insight. In this study we used ab initio parameters from
different sources with different assumptions. Accuracy of the
simulation results may be improved when using a consistent
set of ab initio parameters and diffusion coeflicients that reflect
the local environment. This is significantly more work, but as
kinetic parameters may strongly depend on the environment, it
may be rewarding, and we expect possible changes in SEI
properties and prevailing reactions. Additionally, concepts for
maintaining local electroneutrality of the system or ionic
conductivity of the SEI need to be considered for longer time
scales beyond ns.

The here-presented framework and modeling approach may
be extended to analyze further phenomena: for a simulation of
a Li-SEI interphase under operation, the present model would
need to be enhanced toward lithium plating/stripping and SEI
rearrangement. A further extension may comprise simulating a
longer exposure of lithium and the SEI to electrolyte, and thus
long-term growth. Here, further electron transport paths and
reactions may be considered, too.

With our work we would also like to inspire the scientific
community to conduct further KMC simulations of electro-
chemical systems with other salts and solvents. These again
would trigger further tailored MD/DFT simulations.
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Symbol unit, definition

Ah-m™, area specific capacity
Ahog_l, mass specific capacity
mol-L™!, concentration

m, diameter

J/mol, activation energy

J/mol, free energy

layer number (height in z-direction)
s_l, reaction constant

s™!, frequency factor

J-K™, Boltzmann constant

m, box length

m, distance between two lateral sites
number of particles

Avogadro’s number

probability

fraction of a compound in the SEI at a layer height h
probability of an electron tunnelling at the layer iy
J-mol™"K™", gas constant

°C, temperature

s_l, transition rate

m, x coordinate

m, y coordinate

m, z coordinate
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B GREEK SYMBOLS

Symbol unit, definition

kg:-m™":s!, dynamic viscosity
distance variable

random number

g-em™3, density

electron factor
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B SUPERSCRIPTS AND SUBSCRIPTS
Symbol definition

b backward

cl clustering

d diffusion

f forward

11 last lithium layer
r reaction

X x-coordinate

y y-coordinate

Z z-coordinate
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