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interfacial processes and their governing 
chemistries are well known, the mecha-
nism of formation and degradation of the 
SEI on the mesoscale (≈50 nm) remains 
elusive.[6,7] Overall, the SEI is still consid-
ered “the most important but least under-
stood” component of batteries.[4,7,8]

The SEI initially forms on the anode 
during the first few cycles of battery opera-
tion.[9] Many electrolytes for LIBs include 
a salt of Li (e.g., LiPF6 ) dissolved in car-
bonate solvents such as ethylene carbonate 
(EC) and various additives.[10] During the 
first charging of the LIBs, EC is reduced 
and decomposed in presence of Li+ (LiPF6) 
on the anode surface in several steps. The 
reaction products form an SEI layer com-
posed of thin inorganic and organic SEI 
clusters.[7,11] In principle, this reaction 
cycle would continue indefinitely, but the 
reaction products ultimately participate 
in the growth of the SEI, a heterogenous 
film with an inorganic-rich inner layer 

and an organic-rich outer layer,[12] which blocks further reac-
tions. The dynamic evolution of the early-stage inorganic SEI 
proceeds via autocatalytic hydrolysis of electrolytes triggered 
by the reduction of trace impurities (such as H2O, HF, etc.), 
which may lead to continuous growth in thickness etc. during 
cycling.[9,12–14] Presently, the precise structure, composition, 
morphology as well as the mechanisms of SEI remain under 
debate, in particular regarding the mechanism of its growth. In 
recent years, with the development of in-situ characterization 
technologies,[8] including secondary-ion-mass-spectroscopy,[15] 
atomic force microscopy (AFM),[16] electrochemical quartz 
microbalance,[7] etc. the SEI composition as well as the early 
stages of SEI formation could be studied in greater detail. How-
ever, these technologies are still limited in the exploration of 
practical battery interfaces, especially in the long-term cycling 
due to the extreme chemical sensitivity of SEI toward oxygen 
and hydrogen, as well as the specific locations of SEI which are 
difficult to access by present instruments.[17,18]

It is well known that the SEI growth spans multiple time- 
and length-scales. Many theoretical studies have focused on 
the electrochemistry at the molecular level, elucidating the 
thermodynamic and kinetic properties of the solvents at the 
quantum chemistry level.[2,9] These methods explain a variety of 
phenomena, such as why adding vinylene carbonate (VC) in EC 
forms a much better SEI than without VC, and it is due to the 
preferential reactions of additive VC with the EC anion radical 
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1. Introduction

Lithium-ion batteries (LIBs) have been playing a pivotal role 
in portable devices and electric vehicles in modern society.[1–3] 
The solid electrolyte interphase (SEI) between anode and 
electrolyte forms due to the decomposition of the electrolyte, 
as the operating potentials of the anode (≈0.2 V vs Li+/Li) are 
outside the electrochemical stability window of the electrolyte. 
Understanding the formation, growth and stability of the SEI 
is essential for optimizing the operation and degradation of all 
liquid-electrolyte batteries.[4,5] Even though the fundamental 
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to suppress the 2e reduction of EC.[19,20] But, at a larger scale, 
there is little understanding of the consequences of the mole-
cular processes. Molecular dynamics (MD) simulations coupled 
with reactive force field methods could illustrate the growth of 
the SEI on the scale of a few nanometers,[21,22] but the simula-
tion is constrained to the very early stage of SEI formation due 
to the time limitation of MD methods. Beyond the nearly-atom-
istic scale, many phenomenological models mostly employ the 
continuum methods that attempt to elucidate the growth of the 
SEI on a larger scale.[23,24]

However, these methods struggle to resolve the apparent 
growth-paradox of SEI formation: Decomposition of the 
electrolyte requires electrons, which are supplied from the 
anode. There is strong evidence that the tunneling depth 
of the electrons into the organic solvent is only around  
2–3 nm.[25] This means that the products of electrolyte decom-
position form near the anode surface, where their aggregation 
into an SEI layer should eventually block the generation of 
new SEI. In such a scenario, which is termed the near-shore 
scenario,[26] the SEI should not grow significantly beyond the 
scale of a few nanometers. Experimental observations indi-
cate that this is true for the inorganic SEI, but not for the 
organic SEI, which grows to a thickness of 50–100 nm.[27–29] 
Because continuum models cannot resolve the local struc-
ture of the SEI, various mechanisms have been postulated 
to overcome this apparent paradox: Some authors assume 
that the SEI is porous, which would confine the growth of 
new SEI to the pores of the material that has already been 
formed.[30–33] However, this idea fails to solve the paradox; it 
merely transfers it from the total volume near the anode to 
the volume of the pores: As the pores are clogged, the growth 
of the SEI ceases, again on a scale of a few nm. Other authors 
argue that the SEI is electronically conducting, but the micro-
scopic nature of this conduction mechanism remains unclear, 
because the organic SEI forms from electronically insulating 
degradation products of the electrolyte.[32,34,35] Therefore, we 
lack a microscopic understanding of the growth of the SEI on 
the mesoscale, but it is clear that the growth mechanism has 
a significant impact on the nature and mechanical stability of 
the SEI, which limits the lifetime, performance, and safety 
of LIBs.

In order to address this question, we formulate a bottom-
up multiscale approach for the growth of the SEI based on 
system-specific characterization of the microscopic processes 
that lead to SEI formation. Based on reaction rates derived 
from quantum chemical calculations, we systematically 
explore the growth of the SEI in a mesoscopic model with 
molecular resolution. We have developed a kinetic Monte 
Carlo (KMC) protocol that follows the spatiotemporal evolu-
tion of organic and inorganic components of the SEI gov-
erned by a set of chemical reactions, diffusion, and aggrega-
tion with nanometer resolution based on kinetic information 
computed for specific electrolyte-anode chemistries. Because 
the transfer of molecular information to the mesoscale intro-
duces a systematic uncertainty in the result of the simula-
tions at the mesoscopic level, we have systematically varied 
the parameters around the computed values in over 50 000 
KMC simulations and classified the growth and composition 
of the resulting SEI for each set of conditions. We find there 

are three regions in parameter space which can be classified 
as resulting in an inorganic-only, “bad” and “good” SEI, the 
former growing into a very thin, porous, often discontinuous 
organic layer while the latter constitutes a thick, continuous 
organic layer. In all scenarios that result in a “good” SEI, we 
find that the SEI forms via a solution-mediated pathway via 
the nucleation of SEI precursors far away from the anode sur-
face, followed by rapid subsequent growth of the SEI layer. An 
analysis of the key reactions along this process enables us to 
identify the crucial reactions that determine the thickness of 
the SEI, which forms the basis of a rational design of the SEI 
for liquid-electrolyte batteries.

2. Computational Methods

2.1. KMC Model

In order to model the growth of the SEI on the scale of tens of 
nanometers on timescales approaching hundreds of microsec-
onds, we have implemented KMC (Scheme  1) with a resolu-
tion of an individual molecule (≈1 nm). KMC is a variant of the 
Monte Carlo method intended to simulate the time evolution of 
mesoscale processes where the underlying system decomposes 
into spatially and temporally discrete states, which then evolve 
according to a set of transformations, or “reactions”. Here, we 
report results for a 2D model on a square lattice, where space 
is discretized at a scale commensurate with the dimension of 
the molecular components, such as dilithium ethylene dicarbo-
nate (Li2EDC), lithium carbonate (Li2CO3), and C2H4OCOOLi 
(≈1 nm). We performed simulations on 2D square lattices with 
dimensions 50 × 50 or 100 × 100, where one edge of the system 
represents the anode and the opposite edge of the system is 
modeled as an open absorbing boundary condition, that is, all 
components diffusing through this boundary leave the system 
irreversibly. Each site can represent either a solvent-Li com-
plex (EC-Li+ colored white in the plot) or the result of a reac-
tion between adjacent sites, as listed in Table  1. In principle, 
inert sites containing only solvent can be considered, but since 
these are non-reactive they slow the kinetics of the process but 
do not affect the overall morphology of the SEI. The simula-
tion proceeds via a rejection-free kinetic Monte Carlo (rfKMC) 
model known as the BKL algorithm.[36] At each step, the algo-
rithm collects all possible reactions and selects one to transit to 
the next state. The occurrence rate for the transition reaction 
from i to j is calculated according to the transition state theory 
(TST).[37]

( / )r kei j
E k Tb B=→

−  (1)

where k is the frequency of atomic vibration, which is taken as 
6.25 × 1012 s−1, Eb is the energy barrier for the reaction, kB is the 
Boltzmann constant, and T is the temperature.

2.2. Reaction Network

There are a number of reactions that are known to contribute 
to the growth of the SEI (Table S1, Supporting Information): 
The molecular components of the SEI are formed by two 
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consecutive electron reduction reactions of EC molecules that 
coordinate Li+ (EC-Li+).[38,39] Here, we consider only EC-Li+ 
as an active medium for the Li diffusion in solvent-mediated 
pathway. Under the assumption that the SEI is not electroni-

cally conducting these reactions can occur only in regions of 
space where electrons are available, that is, within 4 nm (layers) 
of the electrode surface

Electrode(surf ) EC Li C H OCOOLi2 4+ − →+  (2)

A second reaction then transforms the product of reaction 
1 into inorganic components of the SEI. The generation of 
Li2CO3 can only occur on the anode or on the Li2CO3 surface 
within 4 nm from the anode surface.

Electrode(surf ) C H OCOOLi Li Li CO C H2 4 2 3 2 4+ + → + ↑+  (3)

Li CO (surf ) EC Li C H OCOOLi2 3 2 4+ − →+  (4)

At present, we ignore the gas as it diffuses very fast and 
leaves the simulation box. Reaction 4 generates the molecular 
constituents of the organic part of the SEI.

C H OCOOLi C H OCOOLi Li EDC C H2 4 2 4 2 2 4+ → + ↑  (5)

With the exception of Li2CO3, which we model to spontane-
ously aggregate at the anode to form the inorganic part of the 
SEI, these products of these reactions diffuse in solution.

Li EDC Li EDC (Li EDC)2 2 2 2+ →  (6)

In order to model the formation of the SEI, its molecular 
precursors can aggregate. We model the aggregation in two 
conceptual steps: Two Li2EDC can form a dimer (reaction 5). 
Formation of Li2EDC dimer as the first SEI agglomeration.

Table 1. List of reactions and their associated rates included in the SEI 
model.

Entry Reactants Products Initial  
rate (S−1)

Color of  
product

1 Electrode (surf) + EC-Li+ C2H4OCOOLi 1.26 × 109 Green

2 Electrode (surf) + 
C2H4OCOOLi + Li+

Li2CO3 + C2H4 ↑ 4.43 × 107 Red

3 Li2CO3 (surf) + EC-Li+ C2H4OCOOLi 2.19 × 108 Green

4 C2H4OCOOLi + 
C2H4OCOOLi

Li2EDC + C2H4 ↑ 6.66 × 107 Orange

5 Li2EDC + Li2EDC (Li2EDC)2 4.34 × 103 Blue

6 (Li2EDC)2 + Li2EDC SEI cluster 8.60 × 104 Purple

7 Li2CO3 (surf) + 
C2H4OCOOLi + Li+

Li2CO3 + C2H4 ↑ 3.33 × 104 Red

8 Li2EDC + SEI cluster SEI cluster 1.32 × 105 Purple

9 (Li2EDC)2 + SEI cluster SEI cluster 1.33 × 105 Purple

10 (Li2EDC)2 + (Li2EDC)2 SEI cluster 1.29 × 105 Purple

11 SEI cluster + SEI cluster SEI cluster 1.52 × 105 Purple

The source of the rates is documented in the Supporting Information.[40–42] To illus-
trate the state of the system lattice points in the figures are depicted with different 
color codes for the reaction products as indicated.

Scheme 1. Schematic depiction of the 2D KMC algorithm for the formation and growth of the SEI on the graphite electrode surface. a) Initializing 
the lattice, b) collecting all possible reactions, c) selecting a reaction, 4) executing the selected reaction, updating the simulation time, and the lattice 
configuration. Here, r1, r2 are random numbers, Kp is the rate for the pth reaction, and Ktot is the cumulative rate over all possible reactions at each step.

Adv. Energy Mater. 2023, 13, 2203966

 16146840, 2023, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203966 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2203966 (4 of 13) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

(Li EDC) Li EDC SEI cluster2 2 2+ →  (7)

Li CO (surf ) C H OCOOLi Li Li CO C H2 3 2 4 2 3 2 4+ + → + ↑+  (8)

Li EDC SEI cluster SEI cluster2 + →  (9)

(Li EDC) SEI cluster SEI cluster2 2 + →  (10)

(Li EDC) (Li EDC) SEI cluster2 2 2 2+ →  (11)

SEI cluster SEI cluster SEI cluster+ →  (12)

When three or more Li2EDC are attached to each other we 
label the involved sites as a “SEI cluster”, which is a constituent 
of the organic SEI. There are several molecular attachment 
reactions that lead to the growth of such a SEI cluster (reac-
tion 6, 8–10) and SEI clusters can merge (reaction 11). In the 
present model, formation of these SEI clusters is irreversible. 
In addition to the reactions leading to a transformation of the 
state of adjacent sites into different states, we define “reactions” 
that merely exchange the states of two sites (diffusion) (see 
Supporting Information).[40–42] When particles diffuse across 
the absorbing boundary opposite to the electrode, products irre-
versibly leave the system. This loss of material approximates 
the products of electrolyte decomposition that do not form 
either the organic or inorganic SEI and affects the overall mass-
balance of the battery (see Supporting Information). Table  1 
shows the most important reactions in our KMC model (Table 
S1, Supporting Information contains all reactions).

3. Results and Discussion

The process space of SEI formation in the model is defined 
by the set of reaction rates which we define as the fifteen-
dimensional process space vector (PSV). An initial PSV was 
generated based on rates which were gathered from the lit-
erature (see Supporting Information for sources).[40–42] Given 
the approximations inherent in the model, there is an uncer-
tainty in the value of these parameters when used in the 
mesoscopic model. Therefore, the initial values in Table 1 can 
be considered only an approximation of the PSV that corre-
sponds to the growth of the SEI for any real system. Since the 
realistic PSV is unknown, we employed a statistical method 
to explore the PSV space of the model in the vicinity of the 
approximate PSV in a systematic fashion. We generated a set 
of 50 000 PSV based on a random variation of the initial PSV 
using Latin Hypercube sampling,[43–45] a design of experiment 
(DOE) technique, which allows us to explore the parameter 
space with respect to the properties of the resulting SEI. Each 
PSV generates a spatio-temporal model that can be analyzed 
with respect to the properties and kinetics of the growth of the 
resulting SEI.

3.1. SEI Growth in a Model System

Before we discuss the characteristics of the resulting growth 
regimes of the SEI, it is instructive to analyze the spatio-tem-

poral evolution of a single PSV to illustrate the formation and 
growth of the SEI. Figure  1 illustrates six different snapshots 
of simulations for a representative PSV at different simulation 
times (rates are given in the Supporting Information).[40–42] Note 
that these times should be interpreted as relative, not absolute 
values. At the beginning of the simulation (Figure 1a), the first 
electron reduction reaction of EC-Li+ starts on the electrode sur-
face and generates C2H4OCOOLi (green). These intermediate 
components diffuse and participate in reactions among them-
selves or in a second one-electron reduction reaction at the 
surface of the electrode. As a result of the second one-electron 
reduction at the electrode surface, C2H4OCOOLi (green) trans-
forms to Li2CO3 (red), an inorganic SEI component which is 
observed first around 2 µs of simulation time in the presence 
of excess Li+. This inorganic SEI forms an immobile layer on 
the electrode surface within a very few µs of simulation time 
and reduces further reduction reactions for the decomposition 
of the solvents, because it reduces the availability of electrons in 
the solution. Also, C2H4OCOOLi (green) reacts to form Li2EDC 
(orange), an intermediate precursor for SEI growth. Li2EDC 
(orange) starts to dimerize at around 20 µs of simulation time 
to form (Li2EDC)2 (blue), the most essential intermediate for 
the organic SEI. But, due to the low dimerization rate, the for-
mation of the (Li2EDC)2 is slow.

At around 94 µs (Figure  1b), a large number of interme-
diate components, C2H4OCOOLi (green), react to form Li2EDC 
(orange), and a few dimers (Li2EDC)2 (blue). All three interme-
diate components originate near the electrode surface. Due to 
the high diffusion rate, these SEI precursors diffuse far away 
from the electrode and distribute almost evenly in the simula-
tion box; some diffuse out of the diffusion box. In this simula-
tion only 63% of the precursors remain inside the simulation 
box and participate in nucleation, aggregation and deposition. 
In the representative PSV, the first SEI cluster starts to build 
via nucleation of two dimers ((Li2EDC)2, blue) at 160 µs. We 
find that the nucleation starts not directly at the anode, but 
at a distance ≈20 nm away from the electrode surface. This is 
the first evidence of the solution mediated SEI growth mecha-
nism. There are only two possible nucleation mechanisms for 
the initial SEI clusters (purple); interaction between (Li2EDC)2 
(blue) with either (Li2EDC)2 (blue) or Li2EDC (orange) which 
diffuse through the entire system. Due to the significant reac-
tion rate difference, the first pathway dominates the second. 
As a result, low concentration (Li2EDC)2 (blue) eventually 
nucleates a SEI cluster (purple). Once the SEI clusters (purple) 
is nucleated, it diffuses slowly, but grows rapidly (within 50 µs 
simulation time) inwards from these nuclei (see Figure 1c–e). 
Finally, it touches the surface of inorganic SEI and becomes 
part of a porous immobile layer of SEI. In the final snapshot 
(see Figure 1f) at 2.6 ms, the SEI blocks access to the electrode 
and almost all intermediate components have deposited on 
either the electrode surface or on the thick SEI layer. Because 
educts can no longer reach the electrode, the growth of the SEI 
stops. For this specific choice of PSV, the organic SEI layer 
dominates the inorganic SEI in volume. The formation of  
the thin layer of the inorganic SEI results from the slow rates 
of the second one-electron reduction reactions and the lack of  
electrons on the surface of the inorganic SEI. The results 
of the simulations (Figure  1f) agree qualitatively with  
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experimental observations, where a thin inorganic SEI forms 
on the top of the anode surface, which is covered by a thick 
organic SEI.[46]

To understand the variation of the evolution of the concen-
tration of intermediate components during the growth of the 
SEI, we plot a time series of their concentrations (Figure  2). 
For the representative PSV, we find that the system reaches a 
steady state after about 200 µs and that the growth of the SEI 
proceeds in phases on well-separated time scales. At the start 
of the simulation, one and two-electron reduction products 
form within a few microseconds (represented by green and 
red lines). Immediately, Li2EDC (orange) starts to grow and 
reaches a maximum concentration at about 100 µs. Due to the 
similar rate of formation of C2H4OCOOLi (green) and conver-
sion from C2H4OCOOLi to Li2EDC (orange), the concentration 
of the former stays almost constant throughout the simulation. 
The combination of the concentration and the low dimerization 
results in the formation dimers of Li2EDC, that is, (Li2EDC)2 
after a few tens of microseconds. The dimers diffuse in the 
simulation box and ultimately nucleate into the first SEI cluster 

(purple line). Once the nucleation has occurred, the SEI cluster 
grows fast and reaches a steady state after a few microseconds, 
consuming Li2EDC (orange). After 200 µs, the simulation has 
reached a steady state, and intermediate components are either 
consumed or trapped inside the final products. At this point, all 
reactions cease, and a stable porous organic SEI has formed on 
the anode surface.

Before we discuss the various growth regimes in a system-
atic fashion, we can already draw one conclusion from this 
analysis: despite the complexity of the reaction network, growth 
of an appreciable layer of organic SEI appears to require a large 
concentration of mobile SEI precursors and a nucleation reac-
tion, which needs not be directly at the electrode. When these 
conditions are fulfilled, the SEI will grow rapidly into a porous 
layer that covers the electrode.

To understand the importance of the individual reactions 
for the SEI formation in more detail, we have computed the 
occurrence of each reaction in the KMC simulation for the rep-
resentative PSV (Figure 3a). Figure 3b shows the average time 
needed to complete each step - called the residence time of each 

Figure 1. Different snapshots of the KMC simulation (50 × 50 nm2) for the representative PSV at the indicated time (see the Supporting Information). 
In the simulation box, the graphite electrode layer is implemented at the bottom (black), the absorbing open interface at the top. Initially, all other sites 
are occupied by EC-Li+ (white), the precursor for the SEI formation at the start of the simulation. The reaction intermediates and products, namely 
Li2CO3, C2H4OCOOLi, Li2EDC, (Li2EDC)2, and organic SEI clusters are represented by red, green, orange, blue, and purple sites, respectively (see 
Table 1). During the simulation, a) C2H4OCOOLi (green) and Li2EDC (orange) form rapidly a stable inorganic SEI layer (red), and b) Li2EDC (orange) 
dimerized to form (Li2EDC)2 (blue). SEI clusters (purple) start to grow c–e) away from the electrode presence of (Li2EDC)2 and Li2EDC, and the organic 
SEI deposited f) on the inorganic SEI to form porous immovable SEI.
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reaction. The product of average residence time and occur-
rence of each reaction is the total time spent by each particular 
state (Figure 3c). First of all, we note that the occurrence ratio 
varies over several orders of magnitude, which is a result of 
both the reaction rate and the concentration of educts. We con-
centrate on the occurrence of the reactions that have a critical  
role during the SEI formation. In order of importance, the 
most frequent reactions are the first electron reduction,  
the formation of Li2EDC from two C2H4OCOOLi and all the 
diffusion processes.

Figure 3a shows that the diffusion of the SEI precursors is 
critical for a large part of SEI formation. SEI precursors are 
generated near the electrode-electrolyte interface and diffuse 
away from the surface. Then these precursors ((Li2EDC)2) start 
to nucleate at a distance of about 20 nm. Here, no bar appears 
for reaction number 6, which means in this simulation no reac-
tion was recorded where Li2EDC interacts with (Li2EDC)2 to 
form SEI clusters. In this simulation nucleation occurs via an 
interaction between two (Li2EDC)2.

At the end of the simulation the SEI is approximately  
23 nm thick and very few SEI precursors are trapped within 
the organic SEI. A significant number of vacant lattice points 
are present within the organic SEI, reflecting its porous 
nature. Additionally, due to the stochastic growth of the SEI, 
the surface of the SEI is rough. These characteristics (thick-
ness, porosity, roughness) have a significant role in the 
mechanical and electrochemical properties of the SEI during 
battery operation.

The generated SEI consists of a small inorganic layer at the 
electrode surface, whereas a largest fraction is the organic part 

of the SEI. The thin inorganic part has almost no defects, while 
the organic SEI has a porosity of 29%. Mass transport of the 
precursors of organic SEI away from the surface is a critical 
step for the nucleation and growth of SEI. In the simulation, 
the precursors for the organic SEI form near the electrode sur-
face and diffuse away from the surface. After the nucleation 
reaction, the organic SEI grows from the precursors. Diffusion 
leads to a significant loss (37%) of the SEI precursors, which 
leave the simulation cell.

3.2. Classification of the SEI Regimes Using Machine Learning

We have so far used a single PSV to illustrate the mechanisms 
involved in SEI growth. However, there are many uncertain-
ties that arise from the transfer of electrochemical reaction 
rates computed in idealized environments into a mesoscale 
model, such as the one discussed here. In addition, there are 
assumptions of the model itself, which limit transfer of the 
parameters, for example, not all species considered have the 
exactly the same size. Presently, it is very difficult to predictively 
generate a model by passing parameters from the lower to the 
more coarse-grained scale, due to the assumptions made on 
both scales.

While it may not be possible to determine the parameters 
for a specific chemistry with certainty, we take an alterna-
tive approach here: The rate network of the model describes 
a broad range of chemistries and conditions, each PSV thus 
constitutes a datapoint in a fifteen dimensional parameter 
space, which results in different SEI characteristics. In order 
to obtain a global view on the possible growth scenarios, we 
performed simulations for a dataset of 50 000 PSV using a 
design of experiment approach, which systematically varied the 
parameters to obtain a coverage of this parameter space. For 
each simulation we computed SEI fraction, porosity and thick-
ness as observables, the whole dataset is available for analysis 
in MaterialsCloud.

We clustered the dataset using K-Means clustering[46,47] and 
reduced the dimension using the Uniform Manifold Approxi-
mation and Projection (UMAP) algorithm,[48] which resulted 
in the best separation score of the clusters (around 0.51). Fol-
lowing the clustering, we determined the optimum number of 
clusters using the elbow method[49,50] and silhouette score[51] 
which resulted in just three regions of the 15 dimensional  
parameter space of the model (see Figure S4, Supporting Infor-
mation). PSV in each of these clusters feature fundamentally 
different compositions of the SEI at the end of the simulation 
(see Supporting Information for more detail). Simulations in 
region 1 (21 109 clusters) result only in inorganic SEI, simula-
tions in region 2 (13 554 clusters) result in organic SEI of low 
thickness and high porosity, while simulations in region 3  
(15 337 clusters) result in an organic SEI of appreciable thick-
ness and high density (Figure 4). For future reference, we label 
these regions as “inorganic”, “bad” and “good” SEI.

To quantitatively describe the SEI formed in the three regions, 
we show thickness and porosity in Figure  5. The first row in 
the multipanel figure represents SEI thickness which increases 
from region 1 to region 3. In region 1, mostly thin inorganic SEI 
formed, (mean 3.09 nm). Such a thin SEI layer results from the 

Figure 2. Average concentration of intermediate components and SEI 
products as a function of time (in seconds) during the spatio-temporal 
evolution of the reference sample for a given set of reaction rates in 
the simulation. At the beginning of the simulation, due to electron 
reductions near the electrode, C2H4OCOOLi and Li2CO3 components 
were produced (green and red lines). Both lines rapidly equilibrate (the 
red line is for the stable inorganic SEI, and the green is for reaching a 
steady state) with time and the concentration of Li2EDC rises rapidly. 
After 20 µs of time, (Li2EDC)2 (blue line) starts to form as an essential 
precursor of the SEI cluster (purple line). Once the SEI cluster (purple) 
has been nucleated, it grows rapidly by consuming Li2EDC (orange) 
components. As a result, the Li2EDC concentration falls rapidly, and 
all concentrations reach a steady state indicating completion of the 
SEI formation.
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fast inorganic SEI formation and the reduction of available elec-
trons within 4 nm from the anode surface. In region 2, the mean 
value of SEI thickness slightly increases to around 5.18 nm. In 
this region we find almost an equal contribution of inorganic 

and organic parts of the SEI. Notably there is a large portion of 
the parameter space which results in a thick, albeit porous layer 
of organic SEI with a mean thickness of 12.14 nm. While this 
is still less than experimentally observed it is commensurate  

Figure 3. Fractional occurrence and residence time for the reaction in the model for the representative PSV. Here, C2H4OCOOLi, Li2CO3, Li2EDC, 
(Li2EDC)2, and SEI clusters are colored in green, red, orange, blue and purple, respectively. Yellow and brick red bars represent diffusion within and out 
of the simulation box, respectively. a) Fractional occurrence of each reaction in the simulation. b) Average residence time spent by a particular reaction 
during the simulation. c) Total residence time spent by each reaction throughout the simulation.
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with the size of the simulation cell (50 nm). The PSV in this 
region follows a well-defined Gaussian distribution for the 
SEI thickness.

The clustering of all possible outcomes of the simulations 
offers us the opportunity to analyze the determinants for the 
growth of a thick organic SEI. The mean values of the fractional 
occurrence of the individual reactions for the PSV in region 3 
are shown in Figure 6 (see Figures S5 and S6, Supporting Infor-
mation for region 1 and region 2, respectively). Note that some 
reactions occur very infrequently, that is, reaction numbers 5, 6, 
7, 9, 10, and 11, which results in large error bars. Here, also we 
find that diffusion of all precursors for the organic part of the 
SEI has high occurrences with a large error bar. Though dif-
fusion rates vary significantly from simulation to simulation , 
diffusion is essential for the formation of “good SEI”. This data 
supports the hypothesis that the mass transport of the reaction 
products, especially of the organic SEI ingredients (Li2EDC) 
drives the formation of a thick and dense SEI. Comparing this 
figure with Figure 3a, we note striking similarities, which dem-
onstrate that the PSV we selected to illustrate the processes 
involved in forming the organic SEI is representative for PSV 
that lead to “good” organic SEI formation. Thus, even though 
we cannot determine the exact rates for a particular system, we 
can conclude that “good” organic SEI formation in a model of 
the general structure discussed here involves a solution medi-
ated, rather than a surface mediated growth mechanism of the 
organic SEI.

Another consequence of the mass transport pertains to the 
escape fraction of SEI precursors, defined as the fraction of 
molecules of a particular species that escape the simulation box 
versus those that are produced. Figure 7a–d shows the escape 

Figure 4. Three different regions of the dataset based on reaction bar-
riers and SEI observables within the parameter space (PSV) along the 
two most dominant principal components after Principal Component 
Analysis (PCA) of the clustered dataset comprising (50 000 simulations). 
The PSV labeled in the region colored in red result in trajectories that 
have mainly inorganic SEI and no organic SEI, the PSV in the gray region 
result in thin layers of porous organic and less inorganic SEI. PSV in the 
purple region result in thick, comparatively dense organic SEI and very 
thin inorganic SEI.

Figure 5. Histograms of a) thickness, b) porosity of the SEI for the three regions of SEI growth (occurence in thousands) (see Figure 4). Here, the red 
dotted line shows the mean of the observable in each region. The average thickness of the SEI increases from 3.09 nm to 12.14 nm from region 1 to 
region 3. In contrast, the porosity is similar for all regions.
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fraction histogram plot for C2H4OCOOLi, Li2EDC, (Li2EDC)2, 
and cluster of samples in the region 3 (see Figure S7 and S8, 
Supporting Information for region 1 and region 2, respec-
tively). Around 1% of C2H4OCOOLi escaped out of the system, 
which means 99% participated in the Li2EDC production  
(see Figure 7a). This fraction for Li2EDC is around 22%, which 
corresponds to an irreversible loss of SEI precursors before 
dimerization. For (Li2EDC)2 and mobile SEI clusters, the escape 
fraction is around 1% and 0.2%, respectively; which means 
most of the agglomerated SEI components eventually join the 
organic SEI cluster to form thick SEI.

To understand the relationship between SEI thickness and 
the nucleation distance from the electrode surface in more 
detail, we correlate the distance of the first nucleation event 
with the thickness of the SEI (Figure  8) using the data of 
region 3 in the dataset. A linear regression fit (Figure  8, blue 
line) indicates that the thick SEI forms when the nucleation 
starts far from the surface whenever the thickness of the SEI 
is large. While the random diffusion of the nucleus has little 
effect on the final thickness, the agglomeration of material on 
the nucleus determines the final thickness. The nucleus grows 
into an SEI particle of ellipsoidal shape according to the distri-
bution of precursors, which diminishes with the distance from 
the surface. Figure 8 indicates that there is a linear correlation 
between the distance of this initial nucleation reaction and the 
thickness of the organic layer of the SEI. This behavior results 

from the fact that the growth of the SEI approximately stops 
when the SEI particle touches the electrode, blocking further 
growth. The slope of this line is less than one, that is, the shape 
of the growing SEI cluster is elongated in the direction perpen-
dicular to the surface, due to the concentration gradient of the 
precursors. This data leads us to conclude that the thickness of 
the SEI is essentially predicted by the distance of the first nucle-
ation reaction. Surprisingly, the SEI is thicker and more robust, 
the further away the initial SEI cluster is nucleated. In contrast, 
the porosity of the SEI is similar for all nucleation reactions at 
different distances from the surface (see Figure S9, Supporting 
Information). Rapid nucleation near the surface leads to thin 
layers only (region 2).

This observation offers a simple criterion to control the 
thickness of the organic SEI, which is the control of the nuclea-
tion reactions. Due to computational constraints, we performed 
all calculations reported here on a 50 nm × 50 nm lattice, which 
results in SEI of maximally 25 nm thickness.

Another interesting outcome was the correlation between 
barriers and SEI observables in region 3. Figure 9 is a visualiza-
tion of the table of correlation coefficients for some reactions 
and observables that showed correlations, including the forma-
tion of (Li2EDC)2 and SEI clusters, diffusion of Li2EDC and SEI 
clusters, and SEI observables. According to this plot, there is a 
strong linear relationship between the diffusion of Li2EDC and 
the formation of (Li2EDC)2; and also between the formation of 
(Li2EDC)2 and SEI thickness. This emphasizes the importance 
of dimerization to form the precursor for the nucleation to ini-
tiate the first organic ingredients in the solution-mediated SEI 
growth mechanism.

We finally return to a discussion of the alternative sce-
narios of SEI growth that were discussed in the introduction. 
Neither of these mechanisms were observed to promote SEI 
growth in any of the 50 000 simulations reported here. For 
the pathway involving electron transport through the organic 
SEI, our model simply lacks any constituent that can mediate 
such transport. More importantly, we did not observe any 
growth of organic SEI through “cracks” or “pores” within the 
SEI. To quantitatively demonstrate that such a mechanism 
appears infeasible we performed two additional simulations 
which would favor such a scenario. We first increased the rate 
by which lithiated solvent can exchange with organic compo-
nents. This enables a mechanism where the lithiated solvent 
can reach the surface of the inorganic SEI or anode for the 
Li intercalation or solvent reduction reactions. As Figure S10, 
Supporting Information shows, a thin organic SEI has formed 
9 nm away from the anode surface and grows inward very 
fast and forms a thick organic SEI within 260 µs. Because the 
lithiated solvent can diffuse through the organic SEI, the latter 
cracks and separates into small organic clusters and diffuses 
into the solution. As a result, the organic SEI dissolves, and 
only the inorganic SEI remains. Since we could not observe 
SEI growth via this mechanism, we investigated SEI sta-
bility: we start with a preformed thick organic SEI and subse-
quently increase the rate of solvent-SEI exchange. As shown in 
Figure S11, Supporting Information, we observe a continuous 
degradation of the organic SEI to a thin layer of less than 3 nm 
(4 ms). As a result of these simulations we conclude that many 
diffusive events must take place for a solvent molecule to pass 

Figure 6. Bar plot for the average fractional occurrence of each reaction 
in the KMC simulation for region 3 (represents the region for good SEI, 
see Figure 4). The high mean values for diffusions reflect the necessity 
to make a good SEI. The error bar represents the standard deviation of 
the fractional occurrence of the reactions and diffusions. The small error 
bars are for the frequent fractional occurrence of the reactions, whereas 
it is the opposite for large error bars.
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through a thick SEI to eventually reach the surface, where it 
may react and form a single new constituent of the organic 
SEI. Meanwhile, each of these diffusive events can lead to 

cracking of the SEI, which in the statistical average leads to 
much faster degradation than regrowth.

4. Conclusions

While it is generally acknowledged that the SEI is one of the 
most important components of liquid electrolyte batteries, the 
mechanism of its growth and consequently its structure and 
function remain enigmatic. Explanations and models for the 
growth of the SEI must overcome the paradoxical situation that 
electrons that are required for the electrochemical reactions 
that degrade the electrolyte into the SEI precursors are available 
only within a few nanometers of the electrode surface, while 
the organic SEI in functional batteries is an order of magnitude 
thicker. In this study, we have presented a multi-scale model 
that offers a solution to this paradox by postulating a solution-
mediated pathway for SEI growth. We constructed a reaction 
network for the established microscopic reactions that are 
known to be relevant for the growth of the SEI and obtained an 
initial set of rates based on literature data. Because the trans-
ferability of the microscopic reaction parameters, which are 
obtained under the idealized assumption to our mesoscopic 
model, which in turn makes several assumptions, is limited 
we performed a design-of-experiment study which spanned the 
relevant parameter space of the reaction model by performing 
over 50 000 model calculations, each of which corresponds to 

Figure 7. Histograms of escape fraction of organic SEI precursors a) C2H4OCOOLi, b) Li2EDC, c) (Li2EDC)2, and d) SEI clusters, that is, the fraction of 
precursors that diffuse out of the KMC simulation box for region 3 (see Figure 4). Here, the red dotted line represents the mean escape fraction of the 
precursors. A low mean value of the escape fraction means that more precursors form the organic SEI. Li2EDC has the highest escape fraction among 
these four precursors because competing reactions infrequently occur before nucleation.

Figure 8. Scatter plot of SEI thickness with respect to the distance (Z) of 
the first nucleation (formation of a SEI cluster for organic SEI (purple)) 
from the electrode for the samples in the region 3. The blue solid line 
is the linear regression fit which indicates that the thickness of the SEI 
increases with the distance of the first appearance of the SEI clusters. 
Thicker SEI developed when the nucleation starts far away from the elec-
trode surface, which results from the directional growth through aggre-
gation along a concentration gradient. If the nucleation starts near the 
electrode then the electrode is rapidly blocked.
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a particular set of microscopic parameters. The model was 
chosen to balance the realism in the represented mechanisms 
with the computational feasibility. Analyzing all of these simu-
lations we found that the resulting SEI-outcomes could be clus-
tered in three regions, which we termed “inorganic”, “bad”, and 
“good” SEI.

Only for parameter sets in the latter region, we could observe 
the growth of a thick and stable SEI that eventually covers the 
surface of the electrode. In all of these simulations the SEI grew 
as a consequence of a nucleation reaction of SEI precursors 
that did not occur directly on the surface of the electrode, as  
postulated by most existing models, but far away from the surface  
in a solution-mediated pathway. We find a positive correlation 
between the thickness of the SEI and the distance from the 
electrode, where this nucleation reaction occurred. We con-
clude, surprisingly, that the most stable SEI is grown when 
the nucleation reaction occurs far from the surface. It is a con-
sequence of this solution-mediated pathway that part of the 
degraded electrolyte diffuses far away from the surface and 
is lost for SEI formation. However, the fraction of mass-loss 
hovered around 20% of the degraded electrolyte precursors. 
We could identify the reaction that leads to the formation of 
(Li2EDC)2 as the essential prerequisite for the nucleation reac-
tion, which offers an insight into an experimentally control-
lable reactions to design the properties of the SEI. SEI formed 

by a solution-mediated pathway will have significantly different 
electrochemical and mechanical properties from SEI that is 
grown in a continuous fashion starting at the electrode and pro-
gressing towards the electrolyte. Our model offers the opportu-
nity to investigate these properties by using the outcome of our 
simulations for functional studies of batteries. The SEI depicted 
in Figure 1f can be further analyzed with respect to Li ion dif-
fusion during charging/discharging. The organic SEI is much 
more porous than the inorganic SEI, which has consequences 
for long-term battery operation. With each charging cycle, the 
soft organic SEI is expected to crack which will result in further 
degradation of solvent molecules. The latter process leads to the 
continuous irreversible consumption of active battery materials 
and ultimately limits the lifetime of the battery.

It is interesting to compare our simulation results with 
experimental observation. Presently only qualitative compar-
ison is warranted. Figure 10a, an extreme high resolution scan-
ning electron microscopy (XHR-SEM) image of SEI after 5 min 
of ion etching on graphite electrode,[52] shows the morphology 
(thickness and porosity) of an SEI layer on graphite that is 
commensurate with the morphology of the SEI in region 3 in 
our simulation.

Both in experiment and simulation the morphology of the 
SEI is observed at the scale of about 40 nm (Figure 10b) and it 
comprises a dense inner and a more porous outer zone.[53] This 

Figure 9. Correlation matrix plot of a few barriers (for reaction 5, 6, 9, 13, 15) and observables (SEI thickness and porosity) where 0 is for no linear cor-
relation, and any positive and negative values indicate the positive and negative linear correlation between two variables. The formation of (Li2EDC)2 
has a critical correlation with diffusion of Li2EDC and thickness of the SEI.
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finding is commensurate with the solution-mediated pathway 
scenario because the density of precursors that aggregate into 
the SEI decreases with the distance from the surface. A growth 
mechanism which starts at the surface would not produce a dis-
continuous porosity distribution as shown in Figure 10b. Finally, 
Figure 10c–f shows two examples of SEI representing the growth 
of the SEI under different conditions.[54] Figure 10c,d corresponds 
to a scenario, where only the inorganic SEI is growing, which cor-
responds to region 1 in our SEI landscape (inorganic SEI only), 
while Figure  10e,f corresponds to a scenario, where substantial 
growth of the SEI is observed, corresponding to the region we 
call “good SEI”. At present this comparison is only indicative 
of possible scenarios, but it demonstrates that the mesoscopic 
model discussed here can yield SEI composition and proper-
ties in qualitatively in agreement with experimental observation. 
Future efforts shall try to make this correspondence more quan-
titative. We will also systematically test some of the assumptions 
that we had to make in this study. We will test whether a three-
dimensional model will yield quantitatively different results, but 
we strongly expect that the two-dimensional model can capture 
the qualitative mechanism by which the organic SEI in LIBs is 
growing. While the present study is focused on the mechanism 
of SEI growth in general, future work can address different and 
more complex systems. Here, we see two avenues: where avail-
able we can use ab-initio data for other systems to directly param-
eterize the KMC simulations. Additionally, we can rely on mole-
cular dynamics simulations on smaller time- and length scales as 
an intermediate model to parameterize the KMC.[55] The model 
can be easily extended to account for the presence of additives 
and mixtures of electrolytes. Again, the model will validate with 

experiments (X-ray photoelectron spectroscopy and TEM results 
for the SEI formation on the graphite anode from the BIG-MAP 
partners). Also, the input parameters will provide to refine the 
efficient continuum scale models with high accuracy to predict 
SEI properties along cycling in LIBs.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 10. Images of SEI from experiments using advanced techniques (scanning electron microscopy (SEM), transmission electron microscopy (TEM)). 
a) XHR-SEM image of SEI layer on graphite electrode after 5 min of ion etching. Reproduced with permission.[52] Copyright 2013, Elsevier. b) The TEM 
image and the porosity analysis of the SEI layer. Reproduced according to the terms of the Creative Commons Attribution 4.0 license.[53] Copyright 2015, 
The authors, published by IOP. c,d) Cryo-TEM images of the compact SEI with an approximate thickness of 5 nm. e,f) Cryo-high-resolution transmission 
electron microscopy images of the extended SEI interfaced with carbon black. Reproduced with permission.[54] Copyright 2019, American Chemical Society.
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