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Evidence for multiscale interaction of processes during surface

film growth is provided using a multiscale modeling approach.

The model directly couples a continuum pseudo two dimen-

sional (P2D) battery model and a heterogeneous surface film

growth model based on the kinetic Monte Carlo (kMC) method.

Key parameters have been identified at basic electrochemical

experiments, i. e., open circuit potential (OCP), C-rate tests, and

potential during filmformation. Simulations are in very good

agreement with these experiments. Simulation results are

shown for various formation procedures, i. e., for different

applied C-rates. Interaction between macroscopic transport

processes on electrode scale and elementary reaction steps on

atomistic scale are observed. Results reveal a distinct impact of

the applied procedures on the atomistic structure of surface

films. It can be seen that locally heterogeneous films are formed

with very slow charging rate due to stochasticity of the growth

process, while spatially heterogeneous films are formed with

very fast charging rate due to the spatial heterogeneous

distribution of concentration and potential. Therefore, the

author’s emphasize that in order to identify charging protocols

for optimal film morphology multiscale interactions should be

considered.

1. Introduction

Lithium-ion batteries play a major role in enabling the energy

market to move from fossil fuels to renewable energy sources.

This holds in particular for electromobility. In order to achieve

consumer acceptance, there is a need to reduce cost, ensure

safety, and provide long life times. These targets are often

related to unwanted side reactions and surface film growth at

electrochemical active surfaces within porous electrodes. De-

tailed model based analysis of the final production step during

lithium-ion battery production, namely the formation of a

stable solid electrolyte interface (SEI) film at the negative

electrode during the first cycles will enable one to optimize this

step to achieve a shorter formation time, i. e., reduced

production cost, and more stable films, i. e., increased life time,

capacity, and safety.

In general, the chemical and microstructural properties of

the SEI depend on graphite structure, electrolyte composition,

temperature and electrochemical conditions, e. g., cut-off-

potential and current densities,[1] which has been shown in

many experimental investigations. Märkle et al.[2] showed exper-

imentally using post mortem scanning electron microscopy

that film morphology can be controlled by the current in the

first cycle and has considerable impact on the cycling stability

of the cell. The impact of temperature and upper cut-off-

voltage has been shown by German et al.[3] Further, Antono-

poulos et al.[4] carried out formation experiments with constant

potential and demonstrated a significant impact on the

chemical composition of the SEI as well as the performance of

the cell after formation. The microstructure of the SEI has a

significant impact on the cell performance.[5] It has been

demonstrated that the SEI can have a non-homogeneous

structure, consisting of several SEI microphases.[6,7] Chattopad-

hyay et al.[8] experimentally observed LiF crystals within the SEI

and suggest that their orientation may influence Li+ diffusion

and thus performance of the battery. The formation of clusters

have been also observed by molecular dynamic (MD) simu-

lations.[9] As degradation and cell failure is often triggered by

heterogeneity on nano- and mesoscale,[10,11] it is essential to

study and understand its origin in order to achieve optimal

battery performance.

Within the last decade numerous model based investiga-

tions have been published, which study SEI formation, aging,

reaction mechanisms, transport phenomena and morphology.

In the following, we briefly elaborate on those as well as the

novelty and scope of this paper.

Degradation reaction mechanisms for the decomposition of

ethylene carbonate (EC) were implemented by Safari et al.[12]

and Colcasure et al.[13] These continuum models enable to study

complex reaction networks, film growth and capacity fade, but

do not consider reaction heterogeneity such as the aforemen-

tioned crystal growth[8] or cluster formation.[9] Heterogeneous

reaction mechanisms can be simulated on atomistic scale using

MD[9] or kinetic Monte Carlo (kMC) methods,[14,15] for example.

Molecular simulations are widely used to study certain degrada-

tion reactions in solutions or on surfaces of electrodes,[16–19] but

it is difficult to model full cycles with MD, as such simulations

cover rather ms than several minutes. Moreover, MD and kMC

models do not consider spatial distribution and time depend-

ency of species concentration and potential. In contrast,

continuum models have been used to simulate spatial distribu-
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tion of the SEI thickness due to cycling aging[20,21] and for

evaluation of statistical distributions using population balance

equations.[22] In these aging studies no significant distribution

of thickness has been observed. Since film properties have

been assumed to be homogeneous and no morphological or

structural aspects have been considered, thickness tends to

equilibrate and spatial differences are only visible under

extreme conditions, e. g., high currents or thick electrodes.

Transport processes and growth limiting steps have been

studied frequently with model based approaches[23,24] and

strongly depend on the actual film morphology and molecular

structure as will be discussed in more detail below. To conclude,

single scale models presently do not enable simulation of the

molecular buildup for long time scales in order to evaluate

heterogeneity and spatial distribution of structural properties.

Coupling of continuum models with less detailed molecular

simulations provides a feasible and promising way to cover and

bridge long time and length scales. This can be achieved by

adequate multiscale techniques[25] as has been demonstrated

for several related electrochemical problems.[26,27] In our

previous work we established the required methodology by

detailed investigation of numerical implementations[28] and by

demonstration for heterogeneous EC reduction within a

continuum single particle model.[29] A similar multiscale model

has been introduced by Shinagawa et al.[30] to study film growth

and capacity fade of a battery. However, in these models,

macroscopic transport processes, e. g., charge and mass trans-

port processes inside the electrode, were lumped, with only

diffusion in particles being discretised. This assumption limits

the application to slow formation procedures. Thus, previous

investigations could not reveal distinct multiscale interactions,

which enable to explain experimental observations outlined

above. A discretised, macroscopically parameterizable multi-

scale model for formation would allow to model heterogeneous

film growth dependent on the spatial position within the

electrode.

In this article, we study multiscale interaction for the

buildup of the surface film. Beyond the state of the art, this

includes the impact of the applied current on spatial and

statistical distribution of the film structure on molecular scale.

Parameters of macroscopic processes are identified using

electrochemical experiments. Lumped hypothetical mecha-

nisms on the molecular scale are introduced, while rate

expressions are derived from macroscopic reversible thermody-

namic and kinetic expressions. This enables the identification of

key parameters of the atomistic model and a good agreement

with the electrochemical experiments.

This article is structured as follows. First the experiments

and the model based analysis and parameterization concept is

presented. Afterwards, the continuum model and the kMC

model are provided, while main parameters of the operational

processes and the degradation process are identified, respec-

tively. Based on the parameterized multiscale model, distinct

multiscale effects are revealed by studying the first charge of

the battery with variation of the applied current.

2. Multiscale Analysis

2.1. Experiments

For experimental characterization, electrodes were produced in

the Battery LabFactory Braunschweig. The cell was assembled

and characterized in a three electrode setup using the PAT-cell

format of the EL-cell company. As active materials, commercial

Li(Ni1=3Co1=3Mn1=3)O2 and graphite were used as the positive

electrode (cathode), and the negative electrode (anode),

respectively. Electrodes were produced using carbon black,

graphite, binder (PVDF), and the active material in the

respective ratio 4 : 4 : 2 : 90, for the cathode and 5 : 2 : 2 : 91, for

the anode. The ratio is thereby given in weight-%. Cells were

filled with electrolyte using ethylene carbonate (EC), dimethyl

carbonate (DMC), and ethyl methyl carbonate (EMC) solvents in

the ratio 1 : 1 : 1 with 1 M LiPF6 including 2 % vinyl carbonate

(VC) and 3 % cyclohexyl benzene (CHB).

The cell was characterized electrochemically in two regions,

during the first formation cycles, where significant contribution

of side reactions occur, and after the initial film formation,

where no significant contributions of side reactions are

expected. The experimental data for formation, open circuit

potential and C-rate tests, are used for parameter identification

of the electrochemical model. Formation was performed with

2.15 A m 2. OCP was measured by incrementally discharging in

steps of 0.05 V. The C-rate test was performed for cell discharge

with 4.2, 21.5, and 64.5 A m 2 between 4.2 and 2.9 V. Cells were

tested using a potentiostat (VMP3, Biologic, France) at 25 8C.

2. 2. Concept for Model Based Analysis

In this article, multiscale interaction is studied for the lithium-

ion battery given above doing a model based analysis of

electrochemical measurements. In this section, the multiscale

character of the film growth process is outlined with respect to

the investigated lithium-ion battery cell. With this in mind, the

concept and the scope of the presented model based multi-

scale analysis are given.

In Figure 1 (A), a lithium-ion battery is illustrated on

multiple scales, i. e., electrode scale, particle scale, mesoscale,

and atomistic scale. During the charging process under normal

operation, i. e., after film formation at the anode, electrons enter

the anode. They are conducted through the solid to the active

material particle surface, where they electrochemically react at

the active material/surface film interface with lithium-ions to

form lithium. The lithium then diffuses into the active material

host structure. The lithium-ions required for this reaction are

produced atthe cathode and transported through the electro-

lyte and the surface film.

Side reactions can take place in a similar manner. As they

also consume electrons and lithium-ions at the anode, instead

of inserting lithium in the anode host structure, lithium-ions

electrochemically react at the particle surface with the solvent

components and form a surface film, the SEI. The educts of the

electrochemical degradation reaction are electrons, lithium-ions



and solvent components. This requires that either electrons or

solvents need to pass through the SEI. Assuming the electrons

pass the SEI, the electrochemical degradation reactions take

place at the surface film/electrolyte interface. Assuming solvent

molecules pass the SEI, degradation reactions take place at the

electrode/surface film interface. In either case, the limitations of

the electrochemical side reaction process are different from the

ones for the normal operation, i. e., charging or discharging, of

the battery. Side reactions are always strongly limited by the

surface film and are significantly slowed down during buildup.

Details on the assumptions applied in this work are given in

section 4.1.

The surface film growth is illustrated in Figure 1 (A), marked

in green. On the electrode scale, the growth of the surface film

will decrease the porosity of the electrode and thus impact

diffusion and ion conduction in the electrolyte. On the particle

scale, film growth will decrease ion and electron conduction

through the film. On the mesoscale, heterogeneous film growth

causes blocking or changing of the transport pathways through

the film. On an atomistic scale, the surface film/electrolyte

interface changes, which has an impact on the lithium-ion

transfer between film and electrolyte and the side reactions on

the surface film.

Usually, side reactions can barely be detected electrochemi-

cally in a single charge/discharge cycle. Because measurements

are dominated by the operational processes, their impact can

finally be observed as capacity or power fade in aging experi-

ments. However, at the first charge, i. e., during SEI formation,

side reactions are one of the main reaction processes occurring

at the anode. This is used in this article by applying a two step

parameterization procedure of the model, which is described in

the following. First, the operational processes, intercalation, de-

intercalation, ion and electron transport in solid and electrolyte

are identified using measurements of the open circuit potential

and C-rate tests. As these measurements take place after film

formation, it is assumed that there is no significant contribution

of side reactions to these measurements. In a second step, the

parameters of the side reaction process are identified using the

first charge cycle of the battery. As parameters of the normal

operation after formation have been identified already, a

separation of the influence of the side reaction process and thus

a separate and more reliable parameter identification is enabled.

All models described in the following sections as well as the

model coupling are implemented in MATLAB. Thereby, differ-

ential equations are solved using the adaptive solver ode15 s.

KMC simulations are always carried out with 9 parallel instances

on a 30 � 30 lattice. Simulations are performed on a single CPU

on a desktop PC. Computing time strongly depends on the

particular simulation scenario. Here, it has been approximately

10 h computing time per 1 h simulated time for slow formation

procedures and and even higher for faster procedures. Calcu-

Figure 1. Typical scales within lithium ion battery cell (A), continuum model (B), and kMC model (C).



lation time also strongly depends on the applied coupling

algorithms as has been shown previously in.[28]

3. Macroscopic Scale

3.1. Continuum Model

The continuum model is illustrated in Figure 1 (B). The model is

based on the P2D model as first proposed by Doyle et al.[31]

Additionally, charge balances at electrochemical double layers

and a thin film at the particle surface are included based on

Legrand et al.[32] and Colcasure et al.,[13] respectively.

The partial and ordinary differential equations are given in

Table 1 and cover from top to bottom: mass balance of lithium

in solid including diffusion of lithium in the spherical particles,

species balance of salt within the electrolyte including diffusion

and reaction, balance of dissolved uncharged species in the

electrolyte, charge transport in the electrode including diffusion

and reaction, charge balance in the electrolyte, charge balance at

the electrolrochemical double layer at the solid/surface film (s/

film) interface, charge balance at the electrochemical double

layer at the adsorption site/electrolyte (ads/e) interface, and the

balance of species on the adsorption layer. The time dependent

porosity has been taken out of the time derivative, which is a

feasible approximation in consideration of slowly changing

porosity. The adsorption process of lithium ions from the liquid

electrolyte to the surface of the SEI is treated analogously to an

electrochemical reaction as suggested by Schleutker et al.[33]

Macroscopic and microscopic processes considered at the

interfaces are summarized in Table 2. Process I and XI correspond

to the normal operation of the battery. Decomposition mecha-

nisms, i. e., Equations 42 45, are included with processes II, III, IV,

V, and XII. Further, sorption processes for solvents and

intermediates are included with processes VIII, IX, and X. Surface

diffusion processes are given with XII and XIII. In the continuum

model, only the macroscopic processes are considered. Processes

which are given as microscopic and as macroscopic processes, i.e

processes II, III, IV, and VI, are covered by the kMC model, while

process fluxes q are synchronized with the continuum model as

illustrated in Figure 1. Considered species are given in Table 3,

while species covered by the continuum model are indicated

accordingly. In the following, details about equations and

parameter identification are provided.

The applied current for a 1 C charge is determined as

I1C
cell ¼

CAs
theo

3600
: ð1Þ

The theoretical capacity CAs
theo is hereby defined as

CAs
theo ¼ ca

maxe
a
s Fda ð2Þ

using the anode thickness da, the anode volume fraction ea
s , the

maximal concentration in the anode ca
max, and the Faraday

constant F. The current density caused by processes at the

interfaces is calculated as

jprocess
s;film ¼ asrsFðqI þ qII þ qIII þ qIVÞ ð3Þ

for the interface between solid and film and

jprocess
ads;e ¼ asrsFðqXIÞ ð4Þ

for the interface between electrolyte and adsorption layer. In

these equations, aS is the specific surface area, rS is the roughness

factor, and q are fluxes according to macroscopic processes

given in Table 2. The specific surface area thereby is calculated as

the surface area of spherical particles without roughness as

Table 1. Set of partial and ordinary differential equations of the applied P2D continuum battery model with m being the dissolved species in the electrolyte.

Equation Boundary Condition

DLi
s
@cLi

s ðt;0Þ
@r ¼ 0

DLi
s
@cLi

s ðt;RsÞ
@r ¼ rsqIðt; xÞ

8
<

:

@cLi
s ðt;rÞ
@t ¼

1
r2

@

@r DLi
s r2@cLi

s ðt;rÞ
@r

� �

@csa t
e ðt;0Þ
@x ¼ 0

@csalt
e ðt;LcellÞ
@x ¼ 0

8
<

:
eeðt; xÞ@csa t

e ðt;xÞ
@t ¼ @

@x Dsalt
e;effðt; xÞ@csa t

e ðt;xÞ
@x

� �
þ ð1 tpÞjprocess

ads;e ðt; xÞ

eeðt; xÞ@cm
e ðt;xÞ
@t ¼ @

@x Dk
e;effðt; xÞ@cm

e ðt;xÞ
@x

� �
þ asrsqm

ads;eðt; xÞ @cm
e ðt;0Þ
@x ¼ 0

@cm
e ðt;Lce lÞ
@x ¼ 0

(

ss;eff
@Fsðt;0Þ

@x ¼ Icell

ss;eff
@Fsðt;daÞ

@x ¼ 0

ss;eff
@Fsðt;Lcell dcÞ

@x ¼ 0

ss;eff
@Fsðt;LcellÞ

@x ¼ Icell

8
>>>>><

>>>>>:

0 ¼ @

@x ss;eff
@Fsðt;xÞ

@x

� �
þ jðt; xÞ

0 ¼ @

@x se;effðt; xÞ@Feðt;xÞ
@x sDe;effðt; xÞ@lnðcsa t

e ðt;xÞÞ
@x

� �
jðt; xÞ Feðt; 0Þ ¼ 0

@Feðt;LcellÞ
@x ¼ 0

8
<

:

CDL
s;filmasrs

@DFs;fi mðt;xÞ
@t ¼ jDL

s;filmðt; xÞ
CDL

ads;easrs
@DFads eðt;xÞ

@t ¼ jDL
ads;eðt; xÞ

Ns

os

@qmðt;xÞ
@t ¼ qm

adsðt; xÞ



as ¼
3es

Rs
ð5Þ

using the volume fraction of the solid material eS and the

particle radius RS. The current density of the electrochemical

double layer can be calculated as

jDL
s;film ¼ j jprocess

s;film ð6Þ

and

jDL
ads;e ¼ j jprocess

ads;e ð7Þ

for ads/e and s/film interface, respectively. Here j is the current

density. Calculation of the species’ fluxes through an interface

are shown at the example of the flux of species S1 through the

ads/e interface:

qSI

ads;e ¼ qVII: ð8Þ

Accordingly, the balance for the net flux of S1 at the

adsorption site is applied as

qSI
ads ¼ qVII qII: ð9Þ

Reaction fluxes are determined according to Colclasure

et al.,[34] which is shown in the following for the example of

reaction I, i. e., an electrochemical reaction, and for the example

of reaction VII, i. e., an adsorption process without charge being

transferred between the interface, respectively:

Table 2. Macroscopic and microscopic processes are considered for lithium de /intercalation, degradation, sorption, and surface diffusion. Processes given as
microscopic process are considered by the kMC model, while fluxes are synchronized with the continuum model, displayed as macroscopic processes to the
left.

Nb. Macroscopic Process j Microscopic process

I VðsÞ þ e ðsÞ þ LiþðadsÞ)* LiðsÞ þ VðadsÞ
II LiþðadsÞ þ S1ðadsÞ þ e ðsÞ)* LiS1ðadsÞ þ VðadsÞ 1 LiþðadsÞ þ S1ðadsÞ þ e ðsÞ ! LiS1ðadsÞ þ VðadsÞ

2 LiS1ðadsÞ þ VðadsÞ ! LiþðadsÞ þ S1ðadsÞ þ e ðsÞ
III LiþðadsÞ þ S2ðadsÞ þ e ðsÞ)* SEI2ðfilmÞ þ 2VðadsÞ 3 LiþðadsÞ þ S2ðadsÞ þ e ðsÞ ! SEI2ðfilmÞ þ 2VðadsÞ

4 SEI2ðfilmÞ þ 2VðadsÞ ! LiþðadsÞ þ S2ðadsÞ þ e ðsÞ
IV LiþðadsÞ þ S3ðadsÞ þ e ðsÞ)* SEI3ðfilmÞ þ 2VðadsÞ 5 LiþðadsÞ þ S3ðadsÞ þ e ðsÞ ! SEI3ðfilmÞ þ 2VðadsÞ

6 SEI3ðfilmÞ þ 2VðadsÞ ! LiþðadsÞ þ S3ðadsÞ þ e ðsÞ
V 7 2LiS1ðadsÞ ! SEI1ðfilmÞ þ 2VðadsÞ

8 SEI1ðfilmÞ þ 2VðadsÞ ! 2LiS1ðadsÞ
VI LiS1ðadsÞ)* LiS1ðeÞ þ VðadsÞ 9 LiS1ðadsÞ ! LiS1ðeÞ þ VðadsÞ

10 LiS1ðeÞ þ VðadsÞ ! LiS1ðadsÞ
VII 2LiS1ðeÞ)* SEI1ðeÞ
VIII S1ðadsÞ)* S1ðeÞ þ VðadsÞ
IX S2ðadsÞ)* S2ðeÞ þ VðadsÞ
X S3ðadsÞ)* S3ðeÞ þ VðadsÞ
XI LiþðadsÞ)* LiþðeÞ þ VðadsÞ

XII 11 Horizontal surface diffusion: LiS1ðadsÞ ! LiS1ðadsÞ
XIII 12 Diagonal surface diffusion: LiS1ðadsÞ ! LiS1ðadsÞ

Table 3. Chemical species and their standard state chemical potentials.

Species m0 [kJ] (F 1[V]) method source
anode separator cathode

S1(ads) 0 (0) 0 (0) continuum chosen
S1(e) 0 (0) continuum chosen
S2(ads) 0 (0) 0 (0) continuum chosen
S2(e) 0 continuum chosen
S3(ads) 0 (0) 0 (0) continuum chosen
S3(e) 0 (0) continuum chosen
Li(s) 12.42 ( 0.1287) 375.89 ( 3.8958) continuum fit
Li+(ads) 0 (0) 96.49 ( 1) continuum chosen
Li+(e) 0 continuum chosen
V(s) 0 (0) 0 (0) continuum fit
V(ads) 3.86 ( 0.04) 3.86 ( 0.04) continuum chosen
LiS1(ads) 56.93 ( 0.59) 56.93 ( 0.59) kMC chosen
LiS1(e) 55 ( 0.57) continuum chosen
SEI1(film) 154.38 ( 1.6) 154.38 ( 1.6) kMC fit
SEI2(film) 77.19 ( 0.8) 77.19 ( 0.8) kMC fit
SEI3(film) 57.89 ( 0.6) 57.89 ( 0.6) kMC fit
SEI1(e) 154.38 ( 1.6) continuum fit



os

Ns
qI ¼ kf

I q
VðadsÞaLiðsÞexp bDFa;filmF

RT

� �

kb
I qLiþðadsÞaVðsÞexp �ð1�bÞDFa;filmF

RT

� � ð10Þ

and

os

Ns
qVII ¼ kf

VIIq
S1ðadsÞ kb

VIIq
VðadsÞaS1ðeÞ: ð11Þ

Here, oS is the surface site occupancy number, NS is the

surface site density, qm is surface fraction of species m, am is the

activity of species m, b is the symmetry factor of the reaction,

DF is the electrical potential difference at the interface, R is the

ideal gas constant, and T is the temperature. The surface

fraction of vacancies on the surface is thereby calculated as

qVðadsÞ ¼ 1 qLiþðadsÞ qS1ðadsÞ

qS2ðadsÞ qS3ðadsÞ qLiS1ðadsÞ:
ð12Þ

The non ideal activity of lithium and vacancies in the solid

material is determined as

aLiðsÞ ¼ xLiexp
ð1 xLiÞ2

RT

XN

i 0

ARK
i ð2xLi 1Þi 1þ 2ixLi

2xLi 1

� �� �!

ð13Þ

and

aVðsÞ ¼ ð1 xLiÞexp
ðxLiÞ2

RT

XN

i 0

ARK
i ð2xLi 1Þi 1

2ið1 xLiÞ
2xLi 1

� �� �!

ð14Þ

with ARK
i being Redlich Kister coefficients. The intercalation

fraction xLi is determined as

xLi ¼ cLiðsÞ

cmax
: ð15Þ

Activities of species in the electrolyte are calculated

assuming ideal solution as

am ¼ cm

C0
m

; ð16Þ

with C0 being the standard state concentration.

Forward and backward reaction rate constants are calcu-

lated, as shown at the example of reaction I, as Arrhenius

expressions

kf
I ¼ A exp

EA
I

RT

� �

ð17Þ

and

kb
I ¼ A exp

ðEA
I DG0

I Þ
RT

� �

ð18Þ

with A being the pre-exponential factor, EA being the activation

energy of the forward reaction, and EA DG0 being the

activation energy of the backward reaction. For the sake of

simplicity and as we do not consider T dependency A is chosen

equally for all processes. Thereby DG0 is the standard state

Gibbs free energy of the reaction, which can be determined as

DG0
I ¼ m0

LiðsÞ þ m0
VðadsÞ m0

VðsÞ m0
LiþðadsÞ ð19Þ

using the standard state chemical potential m0 of the involved

species. Applied standard state chemical potentials are sum-

marized in Table 3.

To simulate transport processes in the electrolyte within the

porous electrode, effective diffusion coefficients are determined

as

Dm
e;effðxÞ ¼

eeðxÞ
te

Dm
e

ð20Þ

with Dm
e being the bulk diffusion coefficient of species m, ee

being the electrolyte volume fraction, and te being the

tortuosity of the pores filled with electrolyte. Surface films pose

an additional resistance for lithium-ion transport, but they also

reduce the porosity of the electrode and hinder transport

processes in the electrolyte, as shown by.[35] Therefore, the

electrolyte volume fraction is calculated as

eeðxÞ ¼ 1 es asrsdfilmðxÞ ð21Þ

with dfilm being the average thickness of the surface film. Thus,

increasing the film thickness will reduce the porosity of the

electrode and affect transport processes on the electrode scale.

Diffusion coefficients are assumed to be constant for solvent

and intermediate species and determined as concentration

dependent for lithium, as significant concentration gradients

for lithium salt during operation can be expected. The

concentration dependency is described as a polynomial

Dsalt
e ¼ b1 þ b2csalt

e þ b3 csalt
e

2 ð22Þ

using the coefficients b1–b3. Since no detailed experimental

data for concentration dependency of the diffusion coefficient

is available for this work, the diffusion coefficient is directly

linked to ionic conductivity using Nernst-Einstein relation. We

note that this is usually restricted to dilute solutions. Never-

theless, it is applied here to provide a qualitative feasible

concentration dependency for ionic conductivity and diffusion

coefficient using only experimental data for ionic conductivity

as given in section 3.2. The ionic conductivity se is defined as a

function of the salt diffusion coefficient:



seðxÞ ¼ csalt
e ðxÞ

F2Dsalt
e ðcsalt

e Þ
tpð2 2tpÞRT

: ð23Þ

According to Legrand et al.,[32] the diffusional ionic transport

coefficient is determined as

sDe ¼
2RTðtp

1
2ÞÞ

F
se: ð24Þ

Effective transport coefficients in the solid and electrolyte

phase are determined as

ss;eff ¼ esss ð25Þ

and

se;effðxÞ ¼
eeðxÞ

te
seðxÞ; ð26Þ

respectively. The difference between electrical potential in the

solid and electrolyte phase is determined as

DFs;eðxÞ ¼ FsðxÞ FeðxÞ

¼ DFs;filmðxÞ þ DFads;eðxÞ þ jðxÞRf lmdfilmðxÞ
as rs

ð27Þ

and includes the potential drop at the s/film interface, the ads/e

interface, and ohmic losses within the surface film, which

depends on the current density j, average film thickness dfilm, and

the specific resistance of the film Rfilm.

3.2. Identification of Parameters of Operational Processes

Applied parameters are summarized in Table 5. Most geo-

metrical parameters, i. e., electrode and separator thicknesses,

solid volume fraction, and particle sizes, were measured or

taken from material data sheets. The main thermodynamic and

kinetic parameters were identified as summarized in the

following.

First, the thermodynamic parameters of the main intercala-

tion reaction are determined. The Redlich Kister coefficients and

the standard state chemical potentials of lithium in the solid

m0
LiðsÞ can be identified by measuring equilibrium potential, i. e.,

OCP, of the electrodes against a lithium reference, as given in

Figure 2, and adapting the coefficients to minimize the differ-

ence from the calculated equilibrium potential vs Li metal,

which is

Eeq
ref ¼

m0
VðsÞ þ m0

Li;metal m0
LiðsÞ

F
þ RT

F
ln

aVðsÞ

aLiðsÞ

� �

: ð28Þ

The calculated potential is compared to measured values in

Figure 2. The identified Redlich Kister coefficients are provided

in Table 4 and the identified standard state chemical potentials

of lithium in the solid m0
LiðsÞ is provided in Table 3.

Secondly, transport properties of the electrolyte with

respect to the main processes can be evaluated by measuring

electrical conductivity. To achieve a quantitative agreement of

electrical conductivity, coefficients b1–b3 have been adapted to

achieve a good agreement to a data point taken from Plichta

et al.[36] and to reproduce the typical non-monotonous concen-

tration dependency of lithium-ion battery electrolytes, as

provided in.[37] The applied concentration dependency is shown

in Figure 3. This yields a good quantitative description of the

electrolyte conductivity, which is the main feature of the

electrolyte. However, future work should refine parameter

identification of the electrolyte and include measurement of

the concentration dependency of diffusion coefficient and

transference number in concentrated solutions.

Finally, the main kinetic parameters, i. e., activation energies,

EA;a
1 and EA;c

1 , solid diffusion coefficients, DLi;a
s and DLi;c

s , and

electrical conductivity within the solid, sa
s and sc

s , as well as

unknown geometrical properties such as tortuosity, ta
e and tc

e,

are identified using C-rate test data as shown in Figure 4. It

should be noted that the parameter identification, as shown

here, does not provide proof for the uniqueness of the

Figure 2. Measured and calculated equilibrium potential of anode and
cathode against a lithium metal reference.

Table 4. Redlich Kister coefficients for anode and cathode.

Coefficient Anode Cathode source

ARK
1

3797 29626 fit

ARK
2

5260 13328 fit

ARK
3

7290 7942 fit

ARK
4

8174 4926 fit

ARK
5

3165 6859 fit

ARK
6

45 0 fit

ARK
7

2079 0 fit

ARK
8

2388 0 fit

ARK
9

1644 0 fit

ARK
10

27 0 fit

ARK
11

2230 0 fit

ARK
12

4818 0 fit

ARK
13

7585 0 fit

ARK
14

10439 0 fit

ARK
15

13277 0 fit

ARK
16

16050 0 fit

ARK
17

18709 0 fit



identified parameter set. Moreover, as activation energies have

been parameterized only for one temperature, they only

provide a feasible reaction rate for this temperature but do not

accurately describe actual temperature dependency. However,

good agreement between simulated and measured electrical

potential is achieved.

In the case of the multiscale simulation, the continuum

model relies on kMC input parameters, i. e., qLiS1ðadsÞ, qII , qIII , qIV,

qVI, and dfilm, which is shown in Figure 1. The reaction rate fluxes

q need to be considered if the contribution of side reactions is

significant. This is the case during the first charge/discharge

cycles of the battery. However, single discharge cycles after

formation are assumed to have negligible progress in degrada-

tion, i. e., the degradation state is set to quasi static state. The

assumption has been applied to identify the parameters of the

operational processes, i. e., normal charge/discharge behavior

of the battery. In detail, for parameter identification shown in

this section, we assumed qLiS1ðadsÞ ¼ 0, qII ¼ 0, qIII ¼ 0, qIV ¼ 0,

qVI ¼ 0, and dfilm ¼ 4� 10�8 m, i. e., corresponding to no side

reactions and an assumed film thickness of 40 nm. For the

purpose of this work, the initial guess was sufficiently precise.

However, in future work film thickness can be adapted after

simulation of formation in an iterative process, which would

refine the parameter identification procedure. Identifying

Table 5. Battery parameters.

Parameter Anode Separator Cathode Source

double layer capacitance CDL
s;film [F m 2]

0.1 0.2 chosen

double layer capacitance CDL
ads;e [F m 2]

0.1 0.2 chosen

maximal concentration in solid cmax [mol m 3]
32000 30000 chosen

roughness factor rs [ ]
10 1 chosen

thickness d [m] 55:25� 10 6 20� 10 6 60� 10 6 measured

solid diffusion coefficient DLi
s [m2 s 1] 1:17� 10 13 7:3294� 10 16 fit

diffusion coefficient of S1 DS1
e [m2 s 1] 1� 10 13 chosen

diffusion coefficient of S2 DS2
e [m2 s 1] 1� 10 12 chosen

diffusion coefficient of S3 DS3
e [m2 s 1] 1� 10 14 chosen

diffusion coefficient of LiS1 DLiS1
e [m2 s 1]

0 chosen

coefficients for salt diffusion (b1,b2,b3) [mol,m,s] (2:5� 10 10, 1:63� 10 13, 3:183� 10 17) fit

surface diffusion of LiS1 DLiS1

ads [m2 s 1] 1� 10 14 1� 10 14 chosen

transference number tp [ ] 0.3 chosen

tortuosity te [ ] 13.8918 3.03 2.3041 fit

solid volume fraction es [ ] 0.65 0.5 0.6 measured

solid electrical conductivity ss [S m 1] 672.416 5.4179 fit

electrical resistance surface film Rfilm [W m] 4� 106 chosen

particle radius Rs [m] 5:5� 10 6 11:5� 10 6 material info.

temperature T [K] 300 chosen

site density Ns [m 2] 2:77778 � 1018 chosen

site occupancy number os [mol 1] 6:022� 1023 chosen

grid size DL [m] 6� 10 10 chosen

standard state concentration Li+(e) C0
LiþðeÞ [mol m 3] 1000 chosen

standard state concentration LiS1(e) C0
LiS1ðeÞ [mol m 3] 1000 chosen

standard state concentration SEI1(e) C0
SEI1ðeÞ [mol m 3] 1000 chosen

standard state concentration Sx C0
Sx ðeÞ [mol m 3] 4000 chosen

pre exponential factor A [s 1] 1� 1010 1� 1010 chosen

activation energy EA
I [kJ] (F 1[V]) 2.89 (0.03) 132474.36 ( 1.373) fit

activation energy EA
II [kJ] (F 1[V]) 18.33 (0.19) 18.33 (0.19) chosen

activation energy EA
III [kJ] (F 1[V]) 19.3 (0.20) 19.3 (0.20) chosen

activation energy EA
IV [kJ] (F 1[V]) 20.26 (0.21) 20.26 (0.21) chosen

activation energy EA
V [kJ] (F 1[V]) 1.93 (0.02) 1.93 (0.02) chosen

activation energy EA
VI [kJ] (F 1[V]) 0.96 (0.01) 0.96 (0.01) 0.96 (0.01) chosen

activation energy EA
VII [kJ] (F 1[V]) 33.77 (0.35) 33.77 (0.35) chosen

activation energy EA
VIII [kJ] (F 1[V]) 28.95 (0.3) 28.95 (0.3) chosen

activation energy EA
XI [kJ] (F 1[V]) 28.95 (0.3) 28.95 (0.3) chosen

activation energy EA
X [kJ] (F 1[V]) 28.95 (0.3) 28.95 (0.3) chosen

activation energy EA
XI [kJ] (F 1[V]) 28.95 (0.3) 28.95 (0.3) chosen

specific activation energy Ê
A

film [kJ m 1] (F 1[V m 1]) 8:29� 108 (8:6� 106) 8:29� 108 (8:6� 106) fit
bonding energy EA

bondðLiS1jSEI1Þ [kJ] (F 1[V]) 7 (0.0725) 7 (0.0725) chosen
bonding energy EA

bondðLiS1jSEI2Þ [kJ] (F 1[V]) 3 (0.0311) 3 (0.0311) chosen
bonding energy EA

bondðLiS1jSEI3Þ [kJ] (F 1[V]) 3 (0.0311) 3 (0.0311) chosen
bonding energy EA

bondðLiS1jsolidÞ [kJ] (F 1[V]) 7 (0.0725) 7 (0.0725) chosen
bonding energy EA

bondðSEI1jSEI1Þ [kJ] (F 1[V]) 12 (0.1244) 12 (0.1244) chosen
bonding energy EA

bondðSEI2jSEI3Þ [kJ] (F 1[V]) 4 ( 0.0415) 4 ( 0.0415) chosen



parameters of the operational processes a priori to the analysis

of the first charge cycle, allows the separation of the

contribution of the operational processes during the first

charge cycle and thus enables the parameter identification for

the side reactions.

4. Microscopic Scale

4.1. Kinetic Monte Carlo Model

In order to model the detailed microscopic processes at the

film surface and the heterogeneous film growth, the continuum

model, as shown in the previous section, is directly coupled

with a kMC model. In this article, no details are given about the

numerical coupling of both codes. However, details can be

found in our previous work.[28,29]

In every time step i of the kMC model, the kMC algorithm

performs the following actions:

1. calculate microscopic rate, Gl;j
i for every possible microscopic

process j2{z j z2N, z � nj} on every lattice site l2{z j z2N,

z � nl}.

2. calculate time step, Dt.

3. select one process Ji2{z j z2N, z � nj} and lattice site Li2{z j
z2N, z � nl} according to microscopic rates Gl;j

i (details

below).

4. perform process Ji .

5. if end time of simulation not reached go to 1.

The model is set up as a solid-on-solid, i. e., 2 + 1D, model.

The model structure is illustrated in Figure 1 (C). The state of

the film sites f in a 3D cubic system is defined as

Jfilm
i ðf Þ 2 fsolid; SEI1; SEI2; SEI3;Jlattice

i g: ð29Þ

The bottom row of the 3D film is defined to be filled with

solid, e. g., anode or cathode active material; the other sites can

be either a SEI component, or a lattice site, where species are

adsorbed. Film growth is restricted to vertical growth with

respect to the solidsurface. The lattice site is defined as being

on top of the highest solid component, as illustrated in Figure 1

(C). Microscopic processes on the surface are considered to be

on a 2D lattice, with lattice site l. Neighbors of a given film site f

are indicated as f 0. Horizontal neighbors of a lattice site l are

indicated as l0 and diagonal neighbors are indicated as l00. A film

site corresponding to a lattice site l is indicated as f ðl�Þ, and

film site directly below a lattice site are indicated as f ðlÞ. There

are two lattice site states

Jlattice
i ðlÞ 2 f:LiS1; LiS1g ð30Þ

where LiS1 corresponds to a surface site covered with a LiS1

species, and :LiS1 corresponds to a surface not covered with a

LiS1 species, i. e., possibly covered with other species or being

vacant. The probability that a :LiS1 site is covered with a

species m is determined as

qm
:LiS1
¼ qm

1 qLiS1
: ð31Þ

The direct inclusion of only a few species in the kMC model,

with other species being covered by the continuum model,

enables a long simulation time length for multiscale simulation

and has been shown in detail in [28].

In every kMC step i, the microscopic rate Gl;j
i of every

considered microscopic process j and every lattice site l is

calculated. Considered microscopic processes j are given in

Table 2. The table also shows the corresponding macroscopic

processes. In Table 6 assumed requirements, i. e., for solids and

species on neighboring sites, the performed action in case of

selection, and equations for calculation of the microscopic rates

are given.

Within the kMC algorithm the time step length is calculated

based on a uniformly distributed random number z1 2 ð0; 1Þ as

Figure 3. Electrolyte conductivity as a function of salt concentration and
measurment point taken from Pilcha et al.[36]

Figure 4. Measurement and simulation of a C rate test for anode and
cathode potential versus lithium reference placed in the center of the
separator.



DtkMC
iþ1 ¼

lnðz1Þ
Gtot

i

; ð32Þ

thus the time at the following time step i + 1 can be calculated

with

tkMC
iþ1 ¼ tkMC

i þ DtkMC
iþ1 : ð33Þ

Further, in every kMC step, one of the possible microscopic

processes is selected using a second uniformly distributed

random number z2 2 ð0; 1Þ according to

PLi

k 1

P
Ji�1
j 1 Gk;j

i

Gtot
i

< z2 �
PLi

k 1

P
Ji
j 1 Gk;j

i

Gtot
i

ð34Þ

with Ji being the selected process and Li being the selected

lattice site. The total microscopic rate Gtot
i is calculated as

Gtot
i ¼

Xnk

k 1

XnJ

j 1

Gk;j
i : ð35Þ

A boolean, which indicates the selection of a process j

within a kMC step i can be determined as

Yi
j ¼

1; if Ji ¼ j

0; otherwise

(

: ð36Þ

The single processes and equations for calculating the

corresponding microscopic rates Gl;j
i are given in Table 6. These

rates can depend on thickness of the film and breakage of

bonds to nearest neighbors, as explained in the following.

Several growth limiting steps are assumed in literature, e. g.,

electron tunneling, electron conduction, solvent diffusion or

lithium-interstitial diffusion, which have been studied using

continuum models for aging during battery storage[23] or

formation.[24] Possibly there is a competition of several transport

mechanisms in parallel[38] and a two layer structure with a dense

inner and porous outer layer.[39] Siqi et al. identified detailed

lithium and electron transport properties within Li2CO3 using

DFT simulations, which also indicates that the transport

mechanism depend on various factors, such as molecular

structure, potential, and active material. Tang et al.[24] provided

a detailed study to identify growth limiting steps during

formation, but also conclude that the transport mechanism can

depend on the electrode structure and may differ between

formation and capacity fade.

In this work, the probability of an electron leaking through

the surface film is assumed to exponentially decrease with film

thickness. This is usually associated to electron tunneling, and

Table 6. Microscopic processes j within the kMC model, according to Table 2
and the corresponding lattice and film site states before and after the process.

Microscopic j state at i state at i þ 1 microscopic rate G l j
i

1
Jlattice

i ðlÞ ¼ :LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jlattice

iþ1 ðlÞ ¼ LiS1 kf
II½qLiþ

:LiS1
�½qS1
:LiS1
�pcat

2
Jlattice

i ðlÞ ¼ LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jlattice

iþ1 ðlÞ ¼ :LiS1 kb
II ½qV

:LiS1
�panpbond;f ðl�Þ

3
Jlattice

i ðlÞ ¼ :LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jfilm

iþ1ðf ðl�ÞÞ ¼ SEI2 kf
III½qtext Liþ

:LiS1
�½qS2
:LiS1
�pcat

4
Jlattice

i ðlÞ ¼ :LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jfilm

iþ1ðf ðlÞÞ ¼ Jlattice
iþ1 ðlÞ kb

xtIII ½qV
:LiS1
�2panpbond;f ðlÞ

5
Jlattice

i ðlÞ ¼ :LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jfilm

iþ1ðf ðl�ÞÞ ¼ SEI3 kf
IV½qext Liþ

:LiS1
�½qS3
:LiS1
�pcat

6
Jlattice

i ðlÞ ¼ :LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jfilm

iþ1ðf ðlÞÞ ¼ Jlattice
iþ1 ðlÞ kb

xtIV ½qV
:LiS1
�2panpbond;f ðlÞ

7
Jlattice

i ðlÞ ¼ LiS1

Jlattice
i ðl0Þ ¼ LiS1

( Jlattice
iþ1 ðlÞ ¼ :LiS1

Jlattice
iþ1 ðl0Þ ¼ :LiS1

Jfilm
iþ1ðf ðl�ÞÞ ¼ SEI1

Jfilm
iþ1ðf ðl0�ÞÞ ¼ SEI1

8
>>>><

>>>>:

kf
V

8

Jlattice
i ðlÞ ¼ :LiS1

Jlattice
i ðl0Þ ¼ :LiS1

Jfilm
i ðf ðlÞÞ ¼ SEI1

Jfilm
i ðf ðl0ÞÞ ¼ SEI1

8
>>>><

>>>>:

Jlattice
iþ1 ðlÞ ¼ LiS1

Jlattice
iþ1 ðl0Þ ¼ LiS1

Jfilm
iþ1ðf ðlÞÞ ¼ Jlattice

iþ1 ðlÞ
Jfilm

iþ1ðf ðl0ÞÞ ¼ Jextlattice
iþ1 ðl0Þ

8
>>>><

>>>>:

kb
V½qV

:LiS1
�2pbond;f ðlÞpbond;f ðl0 Þ

9 Jlattice
i ðlÞ ¼ LiS1 Jlattice

iþ1 ðlÞ ¼ :LiS1 kf
VIpbond;f ðl�Þ

10 Jlattice
i ðlÞ ¼ :LiS1 Jlattice

iþ1 ðlÞ ¼ LiS1 kb
VI½qV

:LiS1
�½aLiS1ðeÞ�

11
Jlattice

i ðlÞ ¼ LiS1

Jlattice
i ðl0Þ ¼ :LiS1

(
Jlattice

iþ1 ðlÞ ¼ :LiS1

Jlattice
iþ1 ðl0Þ ¼ LiS1

(

DLiS1

asd
2DL2pbond;f ðl� Þ

12
Jlattice

i ðlÞ ¼ LiS1

Jlattice
i ðl00Þ ¼ :LiS1

(
Jlattice

iþ1 ðlÞ ¼ :LiS1

Jlattice
iþ1 ðl00Þ ¼ LiS1

(

DLiS1

asd

4DL2pbond;f ðl� Þ



has been applied frequently, e. g.[20,22] This assumption provides

good agreement to experiments shown in this work. We note

that as outlined above, the actual mechanism strongly depends

on the SEI composition and structure. Further, we do not

consider limitation of film growth originating from film porosity,

but only consider the impact of reduced porosity on electrode

scale according to Sikha et al.[35] due to equation 21. Identifica-

tion of mechanisms of growth limitation are not within the

scope of this article and thus, actual mechanisms may differ

and can be significantly more complex.

The following equations for cathodic and anodic reactions

are assumed, respectively:

pcat;l ¼ exp
ð1 bÞDFF d̂

filmðlÞ Ê
A

film

RT

!

ð37Þ

and

pan;l ¼ exp
bDFF d̂

filmðlÞ Ê
A

film

RT

!

: ð38Þ

Therein, d̂
filmðlÞ is the film thickness at the lattice site l.

Further, the probability of a bond breakage between two

neighboring sites f and f 0 is calculated according to [40] as

pbond;f ¼ exp

P
f 0 EA

bondðJfilmðf ÞjJfilmðf 0ÞÞ
RT

� �

: ð39Þ

The output of the kMC model, i. e., input parameters to the

continuum model, is provided in the following equations. The

average thickness of the surface film is determined as

dfilm ¼
P

l d̂
film

nl
ð40Þ

and the reaction fluxes q are determined as shown at the

example of reaction II as

qII ¼
P

seq Yj 1
i

P
seq Yj 2

i

DtseqnlDL2Ns
: ð41Þ

Further, the average surface fraction of species LiS1 is

determined. Output data are evaluated within a sequence (seq).

Details about sequences and model coupling can be found in

[28]. Within the multiscale simulations, information is sequen-

tially exchanged between the kMC and the continuum model.

Exchanged data are summarized in Figure 1.

4.2. Identification of Parameters of Degradation Process

The applied experiments are not particularly designed to

identify parameters of complex surface film growth mecha-

nisms, but are rather standard characterization experiments.

Further, presently neither adequate experimental nor theoret-

ical data are available to describe decomposition reactions for

an electrolyte with this complexity. Therefore, instead, we

construct a lumped degradation mechanism, which (i) includes

comprehensive heterogeneity, but at the same time is (ii)

simple enough to generate illustrative results with traceable

multiscale effects, and (iii) enables one to identify parameters

that achieve quantitative agreement with the experimental

data. The presented results do not claim to provide details

about degradation chemistry, but instead demonstrate the

simulation method and provide evidence for multiscale effects.

In the following, the constructed mechanism, motivation for

the assumptions are outlined.

As given in Section 2.1, experiments were carried out using

a tertiary electrolyte with three solvents, i. e., EC, DMC, and

EMC. Components are electrochemically unstable in the applied

potential window and thus at least three different SEI

components can be expected. Thus, for the presented analysis,

a tertiary electrolyte with solvents S1, S2 and S3 is assumed.

Rate constants and decomposition potentials vary for

different solvents.[41] Potentials for decomposition are reported

to be between 0.6–1 V.[1,42] Xu et al.[43] indicate that solvents

have different lowest unoccupied molecule orbitals, which have

a high impact on reaction ability and thus reduction potential.

For instance, they showed that the value of EC is much lower

than the one of EMC, which denotes that theoretically EC

decomposes at higher potentials than EMC. In the presented

experimental data for the first charge cycle, as given in Figure 5,

the decomposition reaction starts at 0.8 V. Thus, the decom-

position potential of SEI1 and SEI2 is chosen with 0.8 V. To

investigate the effect of the outlined variation in decomposition

potential for different solvents, a potential of 0.6 V is chosen in

case of SEI3.

Agabura et al.[5] suggested various mechanisms for solvent

decomposition. For instance, they suggested that EMC may

decompose in a two electron process with two lithium ions to

form lithium carbonate. An et al.[1] suggested that EC possibly

first reacts with e and Li+, and in a second step further

decomposes to form for instance lithium ethylene dicarbonate.

As mechanisms are still under discussion and often several

Figure 5. Potential during first charge, i. e., film formation, of battery with
0.07 C for experiment and 0.07 C, 1 C, and 2 C for the simulation.



possible pathways are suggested, here the following lumped

mechanisms are assumed:

S1 þ e� þ Liþ)* LiS1 ð42Þ

2 LiS1 )* SEI1 ð43Þ

S2 þ e� þ Liþ)* SEI2 ð44Þ

and

S3 þ e� þ Liþ)* SEI3 ð45Þ

As a standard case the most simple possible decomposition

mechanism is chosen, where a solvent reacts with Li+ and e to

form a SEI component. This mechanism is chosen for decom-

position of S2 and S3. For S1 a slightly more complex mechanism

is chosen, where first an intermediate, LiS1, is formed by

reaction of S1 with a Li+ and an e . LiS1 diffuses on the surface

and reacts with neighboring species on the surface to form the

SEI1. With this, the decomposition of S1 includes two reaction

steps. The second step, i. e., Equation 43, does not involve an

electron transfer and thus can also take place within the

electrolyte solution after LiS1 desorption.

Since the mechanism does not include any electrode

specific components, consistency requires consideration for

both electrodes, i. e., anode and cathode. However, due to the

high potential no film formation takes place at the cathode.

As outlined previously, the SEI is often found to have a

heterogeneous structure, which can be caused by crystalline

growth[8] or formation of clusters.[9] In this work, we introduce

according heterogeneity as explained in the following. We

assume that the intermediate LiS1 has stronger binding

energies to its decomposition product SEI1. Further, we assume

that the chemical energy of the SEI1 decreases with increasing

number of bonds. This denotes that large clusters are favorable.

Finally, we assume that SEI2 and SEI3 have repulsive bonds,

which denotes the chemical energy is increased, i. e., activation

energy for reaction is decreased, if they are on neighboring

sites.

In Figure 5, the measured potential during the first charge

of the battery is presented. Further, the simulation results for

this charge process using the continuum model, i. e., only Li

intercalation, is shown as dashed red line. It can be seen that

there is a significant deviation between measurement and

simulation. Since the model is in good agreement with the

experiments after film formation, this deviation can be assigned

to the side reactions, i. e., film formation. It can be seen that at

a certain potential, i. e., approximately 0.8 V, there is a small

potential plateau. Further, the potential at the beginning of

charge is significantly higher. The deviation corresponds to the

electric charge, which is consumed by the side reactions in

addition to the operational process of lithium intercalation.

The height of the observed plateau corresponds to the

Gibbs free energy between educts and products of the single

SEI reaction and thus triggers the respective reactions at

potentials below the corresponding potential. The potential has

been set by choosing respective values for the standard state

chemical potential m0 of the SEI components in the surface film.

The length of the plateau mainly corresponds to the time which

is needed to form a stable initial film, i. e., the first depletion or

desorption of solid SEI components, after which rates of side

reactions are reduced according to Equations 37 and 38. The

slope at the beginning of the first discharge mainly corresponds

to the specific activation energy for electron leakage Ê
A
. Based

on these findings, parameters m0
SEI1ðadsÞ, m0

SEI2ðadsÞ, and Ê
A

have

been selected to achieve agreement between multiscale

simulation and experiment for the first charge of the battery

with 0.07 C, which is shown in Figure 5.

In Figure 5, further, potential is shown for higher C-rates,

i. e., 0.5 C, 1 C, and 2 C. Goers et al.[42] presented experimental

results for formation with variation of the applied current. Their

experiments are qualitatively in agreement with the presented

simulation results for electrode potential during the first charge.

They observed, that the formation plateau “remained almost

constant with varying overall current density” and it “shifted

with increasing current density towards more negative poten-

tials”.

Note that the chosen decomposition mechanisms, i. e.,

Equation 42–45, are lumped and most of the parameters of the

underlying microscopic processes remain unknown. Thus, the

results will not provide details about the actual mechanism

within the analyzed cell. Future work will be needed to refine

the parameterization and allow more detailed kinetic studies.

However, the choice of these mechanisms and parameters fulfill

the conditions i-iii as stated at the beginning of this section.

Key parameters corresponding to the formation process have

been selected to achieve good agreement between the

measured and simulated potential during film formation, which

denotes that the quantity of the side reaction is validated.

Therefore simulation results shown here are valid for an analysis

of general aspects of interaction between main intercalation,

side reactions, and heterogeneous film growth, which is the

scope of this paper and discussed in the following section.

5. Results and Discussion

In the previous sections, the model and a general procedure to

adjust parameters to fit experimental data has been outlined. In

this section, a parameterized model is used to provide evidence

for multiscale effects, which with a high likelihood occur in a

similar manner in real lithium-ion batteries. Simulations are

quantitatively in very good agreement with the presented

experiments. This denotes that the magnitude of SEI compo-

nents produced, as well as the potentials of the decomposition

reactions, are plausible. On this basis, no conclusions about the

actual cell chemistry and film structure can be made, but

instead the general aspects of the multiscale interaction and

their potential impact on film structure can be revealed to

illustrate the current dependence of multiscale effects.

Additionally to the experimentally applied formation proce-

dure, i. e., 0.07 C, 2.15 A m 2, simulations are performed with

1 C, 30.7 A m 2, and 2 C, 61.4 A m 2, which are considerably

faster procedures. In the following, first, the major observations



of the simulations are outlined, and afterwards the multiscale

interaction is discussed.

5.1. Simulation Results

In Figure 6 (A) average thickness, out of 9 simulated kMC

instances, of surface film for formation with 0.07 C at three

different positions x within the electrode is shown, while small

values of x corresponding to positions close to the current

collector. It can be seen, that film thickness monotonously

increases with time. Film growth rate decreases at about 1 �

104 s. This strongly correlates to the potential change at this

time shown in Figure 5. We note that this correlation is mainly

related to the defined electron leakage mechanism given with

Equation 37–38. This is usually associated with electron

tunneling, which should be limited to a few nanometers. With

significantly greater thicknesses than 5 nm the leakage mecha-

nism may change, which could yield a deviating slope. Further,

it can be seen that there is a small difference in film thickness

along the x coordinate with higher film thickness close to the

separator. Further, the values for film thickness of four single

instances of the kMC model are given. It can be seen that there

is a significant fluctuation in thickness of up to approximately

3 nm, which is increasing with time t and which is considerably

larger than the differences along electrode position x.

In Figure 7 (A–C), the corresponding molecular structure of

the surface film after film formation is shown at the same three

positions within the electrode for the four parallel kMC

instances. It can be seen that the assumed decomposition

mechanisms indeed yield significant heterogeneity in film

structures. Moreover, it can be seen that the four parallel

instances deviate due to the stochastic nature of the kMC

model. There is a significant stochastic fluctuation at all three

positions in the electrode, therefore no quantitative deviations

of composition along x axis is given for this low C-rate.

Structures show a SEI1 and SEI2 rich region close to the

electrode surface and region with all three components closer

to the electrolyte. In particular close to the solid and close to

the electrolyte, larger clusters of the SEI1 component can be

found. The formation of clusters can be assigned to the

assumption of strong surface binding of LiS1 to SEI1, as well as

strong binding energies between neighboring SEI1 compo-

nents. Small clusters, i. e., approximately 10 molecules, of SEI2

and SEI3 components can be observed, as they are not

randomly distributed, which is assigned to the repulsive force

assumed between those components.

In Figure 8, the composition of the surface film as a function

of the film height is shown in detail. The fraction of the three

components is shown for the instance to the left of Figure 7

(A–C). Further, the maximum and minimum fraction of SEI1, out

Figure 6. Film thickness at three positions x in the anode for simulation of
formation with (A) 0.07 C and (B) 1 C and 2 C. Further the result for single
kMC instances at characteristic time points are given to elucidate statistical
fluctuations.

Figure 7. Film composition of one kMC instance after formation with 0.07 C at t = 27560 s. Maximum and minimum values of SEI1 fraction out of four kMC
instances are indicated. Further, electrode potential at electrode (s), left and right of film, and electrolyte (e) is shown.



of the four instances shown in Figure 7, is indicated to illustrate

the effect of stochasticity. It can be seen that SEI3 appears only

after a certain height, r RS>10 nm. This observation can be

assigned to the Gibbs free energy of the SEI3 decomposition,

which is at lower potentials, i. e., 0.6 V, as shown in Figure 5.

Further, there is a peak for the fraction of SEI1 at low heights,

r RS = 8 nm and higher heights, r RS = 50 nm. In Figure 7 it can

be seen that those peaks correspond to large clusters of SEI1.

Finally, by indicating the minimum and maximum values for

SEI1 fraction, the statistical fluctuation, as observed previously,

is quantified. It can be seen that fluctuation is rather high and

increases with increasing film thickness. However, the two

peaks in SEI1 fraction are statistically relevant and can be found

for all four instances at all positions.

Results in Figure 7 and 8 show that the chosen hetero-

geneity and parameter assumptions yield a distinct structure of

the surface film.

In Figure 5, the anode potential against a lithium metal

reference is shown for simulation of formation with 1 C and 2 C,

respectively. It can be seen that potentials of the anode are

shifted towards lower potentials with increasing C-rates due to

significant kinetic potential losses. Further, results show a slight

SEI formation plateau for both simulations. The potential shifts

to more negative potentials, as can be also seen in Figure 5.

In Figure 6 (B), the average film thickness at the anode for

formation with 1 C and 2 C is shown at the three positions. It

can be seen that for all simulations, film thickness is continu-

ously increasing at all positions. In general, film thickness is

highest close to the separator, i. e., at position x ¼ 46� 10�6 m.

For simulation of formation with 2 C. The film thickness close to

the separator is more than twice as high as film thickness close

to the current collector. The difference in film thickness

considerably increases with increasing C-rates. In simulation

results shown here, film growth rate increases with increasing

C-rate. For formation with 2 C, the slope of the film thickness

considerably differs by approximately 10 % for different posi-

tions. In contrast, at formation with 1 C, the slope of film

thickness is comparable at all investigated positions. Further,

thickness of four single instances of the kMC is shown. It can be

seen that there is no significant difference between the

instances and the average value. Only for 2 C and small values

for x, a slight fluctuation of thickness can be observed. Results

suggest that with higher formation currents, macroscopic

differences in film thickness along electrode position may be

observed. Differences in local conditions, such as species

concentrations and potentials, affect atomistic processes and

structuring of the film, which is discussed below. In the

following, composition and film structure along the electrode

position are discussed in detail.

In Figure 9 (A–C), surface film composition along film

thickness at the three electrode coordinates x are shown for 1 C

at 269 s. This time is still during the active buildup of SEI, as

seen in Figure 6, but it enables direct comparison with 2 C

formation, where 269 s is at the end of formation. It is

Figure 8. Composition and film structure of a kMC instance at t = 269 s during the first charge with 1 C at position x = 9.2 � 10 6 m (A), x = 27.6 � 10 6 m (B),
and x = 46 � 10 6 m (C). For SEI1 composition, also the maximum and minimum value out of four instances is shown. Further, electrode potential at electrode
(s), left and right of film, and electrolyte (e) is shown.

Figure 9. Composition and film structure of a kMC instance at t = 269 s during the first charge with 2 C at position x = 9.2 � 10 6 m (A), x = 27.6 � 10 6 m (B),
and x = 46 � 10 6 m (C). For SEI1 composition, also the maximum and minimum value out of four instances is shown. Further, electrode potential at electrode
(s), left and right of film, and electrolyte (e) is shown.



furthermore ca. 100x shorter than the time of the structures

illustrated for 0.07 C. In any case, the structures in the film

remain constant with time, as modifications just occur at the

surface, enabling a sound comparison at all times. First, the

difference between film composition and structure between

formation with 1 C and 0.07 C, shown in Figure 7 and 8, is

discussed. As can be seen, the fraction of SEI1 is significantly

larger at lower charging rates. Further, a distinct peak of SEI1

fraction at 10 and 45 nm, as seen with low C-rates, can not be

seen at 1 C formation, but only a slight peak at 8 nm can be

seen. Moreover, the clusters of SEI1 are much smaller at higher

charging rates. No significant difference in composition and

structure can be seen between 0 and 10 nm. At thicknesses

higher than 10 nm, an increasing content of SEI3 can be seen.

This second part is slightly thicker close to the separator. As can

be seen, the statistical fluctuation of SEI1 component is

significantly reduced at 1 C compared to 0.07 C, which denotes

less local heterogeneity. Further, the surface is flatter compared

to 0.07 C. To conclude, increasing the charging rate yields a

much more homogeneous film structure throughout the

electrode compared to the slow film formation shown in the

previous section, because stochastic fluctuation could be

reduced, while spatial differences remain moderate.

The dependency on electrode position is more distinct with

higher C-rates, which is shown in Figure 10 for the same time

as for 1 C formation. Here, close to the current collector, i. e.,

Figure 10 (A), SEI3 components can barely be found. In contrast,

at the other two positions, a SEI3 rich region can be found at

thicknesses larger than about 8 nm. Compared to 1 C forma-

tion, the fraction of SEI1 is lower close to the separator and

higher close to the current collector. Further, at 2 C discharge a

peak of SEI1 can be seen close to the surface. This peak is most

distinct close to the current collector. Concerning statistical

fluctuation of SEI1 components, the trend shown with 1 C

continues and yields statistically reproducible structures. Fur-

ther, it can be seen that statistical fluctuations are higher close

to the current collector. Moreover, significant deviations in

thickness, composition and structure along the x coordinate

can be seen.

The observed dependency between SEI composition and

position x within the electrode can be assigned to macroscopic

transport processes. In Figure 11, the concentration of lithium

and solvent components along the x coordinate is shown for

Figure 10. Composition and film structure of a kMC instance at t = 269 s during the first charge with 2 C at position x = 9.2 � 10 6 m (A), x = 27.6 � 10 6 m (B),
and x = 46 � 10 6 m (C). For SEI1 composition, also the maximum and minimum value out of four instances is shown. Further, electrode potential at electrode
(s), left and right of film, and electrolyte (e) is shown.

Figure 11. Spatial and temporal changes of concentration in the electrolyte for S1, S2, and S3 (A) and concentration of Li+ (C) for formation with 1 C.
Concentration in the electrolyte for S1, S2, and S3 (B) and concentration of Li+(D) at for formation with 2 C.



1 C and 2 C formation, respectively. Concentrations are shown

at t ¼ 42 s and t ¼ 269 s. Comparing Figure 11 (A) and (B), it

can be seen that with higher C-rates, solvent components are

consumed significantly faster, which leads to lower concen-

trations and higher gradients along the x coordinate. This can

be observed likewise for the concentration of lithium-ions,

which is shown in Figure 9 (C) and (D). We note that lithium-

ions are consumed by both, side reaction and lithium-

intercalation. In Figure 9 and 10, the potential between solid

and electrolyte is shown for various positions for 1 C and 2 C

formation, respectively. Similar as has been observed with

concentration gradients, potential gradients along the x

coordinate increase with increasing C-rate. Comparing the

trend in potential along x with the trend of film thickness

reveals a strong correlation between both variables. Thereby,

the significant difference in potential at 2 C can be assigned to

high overpotentials at the electrolyte adsorption site due to

depletion of lithium-ions in the electrolyte. As the macroscopic

states, such as concentration and electrical potential, depend

on x, and gradients increase with increasing C-rates, the input

parameters from the kMC simulations also depend on x, which

leads to the dependencies of composition and structure shown

above.

In summary, the main observations for increasing the C-rate

during film formation are as follows: (I) Fraction of SEI1

components as well as the size of SEI1 clusters decrease with

increasing film growth rates; (II) Film structure is more

homogeneous; (III) Dependency of film composition, structure,

and thickness on the x coordinate increases. These findings

indicate interaction throughout the scales, i. e., between the

electrode and the atomistic scales. Based on the results shown

in this section, in the following section the major aspects of the

underlying processes and their multiscale interactions are

outlined.

5.2. Discussion of the Multiscale Interaction

Increasing the C-rate enforces the increasing film growth rate,

because more electrons need to be transferred at the interface.

With this, mechanism 1 is disadvantaged compared to mecha-

nism 2 and mechanism 3, which is explained in the following.

With faster formation procedures, growing clusters of SEI1 are

rapidly covered by the other decomposition products. This

denotes that there is not enough time for the SEI1 clusters to

establish, even though they are thermodynamically favored. A

single microscopic process, which covers a SEI1 component on

the surface at the beginning of the film formation, may impede

the growth of large clusters at this position and thus can

significantly influence the development of the film locally. This

explains the significant reduction of the SEI1 fraction with

increasing film growth rate. Moreover, this also explains the

high heterogeneity and stochastic fluctuations for slow for-

mation procedures.

If charging rates are very high, as for the simulation of a 2 C

charge, concentrations and electrical potential depend signifi-

cantly on distance to the current collector. Depletion of lithium-

ions close to the current collector leads to very low ionic

conductivity and high overpotentials for lithium adsorption.

Therefore, at this position the reaction rates at the surface are

significantly reduced and yield a slower film growth rate. As

slow growth favors SEI1, this leads to gradient in fractions of

SEI1 along the x coordinates, higher fractions close to the

current collector, due to slow film growth rate, and lower

fractions close to the separator, due to high film growth rates.

Moreover, as film growth slows down, SEI1 clusters are formed

on the surface at all positions. To conclude, with fast charging

procedures, a significant difference in film structure and

composition along the x coordinate can be observed.

The effects of the interaction observed here are strongly

related to the heterogeneous mechanism and parameters we

have chosen. However, it can be expected that a comparable

interaction can be found with the actual decomposition

mechanism, which is much more complex and most certainly

heterogeneous as well, as batteries nowadays use a multi-

component mixture of electrolytes which decompose differ-

ently.

In this paper, for the first time a distinct spatial and

statistical distribution of film structure dependent on the

applied current has been shown. We note that film thickness is

mainly defined by the assumed leakage mechanisms as

discussed in section 4.1. The leakage process was defined as

homogeneous and structure independent, which would lead to

equilibration of the thickness for cycling aging according to

results shown with continuum models.[21] However, the simu-

lated distribution of structural properties can not be simulated

using continuum only models.

Aging of batteries is known to be caused by local

heterogeneity,[10] thus the optimization of the film structure

should aim for a homogeneous film throughout the electrode.

The presented results indicate that local heterogeneity could

be caused by both, too slow charging protocols, as stochastic

effects prevail, and too fast charging protocols, causing spatial

distributions. These findings suggest that there is an optimal

charging rate for a certain electrolyte composition, and that

today’s state-of-the-art slow formation protocols can not

necessarily be considered optimal for long life time. Another

optimization objective could be to achieve certain optimal

properties of the SEI, e. g., mechanical stability or high ionic

conductivity. These are possibly related to the cluster size of

certain SEI components, such as for the SEI1 component of the

example provided here. The presented results indicate that

cluster size can be controlled by the charging procedure. Both

suggested optimization tasks require consideration of the

multiscale effects, as revealed in this article for the first time.

6. Conclusions

In this article, an extension of the P2D model by a heteroge-

neous surface film growth model using the kMC method was

presented. The approach was used for an analysis of multiscale

effects in lithium-ion batteries. Results illustrate multiscale

interaction that can occur during formation protocols with low



and high C-rates. Results clearly reveal multiscale effects. With

low charging rates, a strong impact of stochastic effects leads

to a significant heterogeneity of film structure. With high

charging rates, spatial distribution due to mass and charge

transport on the electrode scale leads to strong dependency of

film structure on position in the electrode.

The main parameters of the model were identified exempla-

rily by experimental data from electrochemical characterization

of formation, OCP measurement, and C-rate tests. It was shown

that the model can quantitatively describe the potential slope

during the formation process. Further, the approach shows how

a consistent model formulation and a step wise parameter

identification can be applied. The identification of detailed

model parameters for the atomistic model however would not

be possible with the given experimental data. To refine para-

metreisation, reaction mechanisms and parameters of elemen-

tary steps in atomistic model should be calculated within future

studies using DFT or MD simulations. The presented approach

would allow to validate the mechanisms on macroscopic

experiments. For detailed validation however, more experimen-

tal data should be involved. This can be realized for instance by

measurement of generated gaseous species, e. g., using differ-

ential electrochemical mass spectrometer as shown for CO

oxidation[44] and batteries,[45] or post mortem analysis of film

composition.

With the presented results, we for the first time provide

evidence for multiscale effects during molecular buildup of the

SEI in lithium-ion batteries. We strongly recommend consider-

ing and researching such effects while optimizing formation

procedures. A powerful methodology for multiscale analysis

and optimization of this process is thereby provided with this

article.

List of Symbols

Latin letters

a activity, –

as specific surface area, m 1

A pre exponential factor, s 1

ARK
e Redlich Kister coefficient, –

c concentration, mol m 3

CAs
theo theoretical capacity, A s m 2

C0 standard state concentration, mol m 3

CDL double layer capacitance, F m 2

dfilm film thickness, m

d̂
film local film thickness, m

D diffusion coefficient, m2 s 1

EA activation energy, J mol 1

Ê
A

specific activation energy, J mol 1 m 1

F Faraday constant, A s mol 1

Icell applied current, A m 2

j current density, A m 3

J microscopic process, –

kf forward reaction rate constant, s 1

kb backward reaction rate constant, s 1

Ns site density, m 2

os site occupancy number, mol 1

p probability,

q flux, mol m 2 s 1

rs roughness factor, –

R ideal gas constant, J mol 1 K 1

r radial space variable, m

Rfilm specific electrical film resistance, W m

Rs particle radius, m

t time, s

tp transference number, –

T temperature, K

x electrode space variable, m

xLi interacalation fraction, –

Greek letters

b symmetry factor, –

d thickness, m

DG0 standard state Gibbs free energy, J mol 1

DF electrical potential difference, V

Dt time difference, s

G microscopic rate, s 1

q surface fraction, –

Jlattice lattice site state, –

Jfilm film site state, –

e volume fraction, –

m0 standard state chemical potential, J mol 1

F electrical potential, V

s electrical conductivity, S m 1

sDe diffusional ionic transport coefficient, V S m 1

t tortuosity, –
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