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situated and the thesis was written.
This is a cumulative dissertation. As such, it contains a concise summary of
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below. They are referred to as Paper I - Paper V throughout this document.
For each publication, summary and discussion can be found in a dedicated section
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Abstract and Summary
The primary research focus of this thesis is the Solid Electrolyte Interphase (SEI).
This is a thin lm covering the surface of negative electrodes in many electrochemical cells such as modern lithium-ion batteries. The SEI has an essential
protective function in the battery as it stabilises the electrode interface with the
liquid electrolyte. At low potentials, pristine electrodes reduce the electrolyte and
SEI is formed from solid products of these reduction reactions. Once established,
SEI passivates the electrode and electrolyte reduction is mostly suppressed. However, the slow rate at which these reactions continue to proceed cause sustained
SEI growth during battery life. This process leads to irreversible loss of cyclable
lithium and reduces the capacity of modern lithium-ion batteries. The main part
of this work is about models that describe this long-term growth. These models
share the same overall objective, which is to identify the underlying mechanism
responsible for this eect. The nal part of the thesis is about an electrochemical
impedance model. It predicts the impedance signal of a symmetric cell with two
metal Li-electrodes that are coated with SEI layers. As a physics-based model,
it is designed to improve the reliability and consistency of impedance spectra
interpretation in comparison to commonly used equivalent circuits.
Previous theoretic studies about long-term SEI growth are almost entirely
based on the assumption of transport-limited growth. This concept considers
a homogeneous surface lm and models SEI thickness evolution by assuming
that the rate of the formation reaction is limited by the availability of a single
precursor. Said precursor can reach the reaction interface because an unknown
mechanism allows it to cross the SEI. Below, this mechanism is referred to as the
long-term growth mechanism (LTGM). Prominent examples studied in previous
literature include electron migration, electron tunnelling, and solvent diusion.
However, each of these LTGMs results in a qualitatively similar prediction for the
long-term evolution of SEI thickness. Therefore, previous studies have not been
able to identify the LTGM conclusively. Only Tang et al. addressed this issue
by studying multiple mechanisms and the corresponding potential dependence of
SEI formation [2]. SEI growth models developed and studied in this thesis follow
a similar approach. Some extend the rate-limiting idea and aim to predict additional SEI features that can be validated with experiments while others consider
additional dependencies to identify the LTGM.
The rst such model is published in Paper I. It assumes electron conduction
as the LTGM and utilises a novel continuum description of the growing SEI.
This enables the model to predict SEI morphology in addition to the growth
behaviour. In the basic version, the model predicts that the SEI has a non-zero
porosity which is constant throughout the lm. The model shows how these
pores are established by the competition between two counter-moving transport
mechanisms. Paper I also reports how a dual-layer SEI can be formed when two
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distinct SEI formation reactions are considered. Specically, the model predicts
that the SEI features a dense inner layer and a porous outer layer if co-solvent
reduction is considered.
Paper II is based on the same model and includes the theory and results of the
rst publication. In comparison, these parts are more detailed and comprehensive.
Additionally, two new model modications are presented. Firstly, the model is
extended with solid convection to describe mechanical deformation of the SEI.
This truly allows lm growth to occur at the electrode/SEI interface or within the
SEI itself. In this way, the model can be used to describe SEI growth with solvent
diusion acting as the LTGM as well. However, it predicts an unstable SEI growth
rate if this mechanism facilitates SEI growth. The rate of solvent diusing through
the SEI is orders of magnitudes more sensitive to porosity uctuations of the SEI
than any other mechanisms. Local porosity uctuations occur during charge
and discharge of a battery and would lead to an inhomogeneous distribution of
SEI thickness. This is not observed in experiments and suggests that solvent
diusion cannot be the LTGM. Secondly, Paper II is the rst publication that
uses the diusion of neutral lithium-interstitials through the SEI as the LTGM
in an SEI growth model. As suggested in previous theoretical studies, neutral
lithium-interstitials exist at interstitial sites in Li2 CO3 [3]. Their concentration in
the solid SEI matrix depends on the potential and is multiple orders of magnitude
smaller than the concentration of lithium-ions. Using lithium-interstitial diusion
as the LTGM (instead of electron migration) does not result in a dierent growth
behaviour of the surface layer. The mechanism also produces qualitatively similar
SEI morphologies. Therefore, other SEI properties or dependencies need to be
considered for conclusive identication of the LTGM.
This approach is used in the subsequent publication, Paper III. It was inspired
and enabled by a publication of Keil et al. who published a comprehensive study
on capacity fade in commercial lithium-ion batteries with a long-term storage
experiment [4] . They showed that capacity fade depends strongly on the state of
charge (SOC) at which the battery is stored. In Paper III, the storage experiment is modelled with the assumption that long-term SEI growth is the primary
degradation mechanism. The potential dependence of capacity fade produced by
four dierent LTGMs is compared to experimental data. Solvent diusion shows
no such dependence at all. Both electron tunnelling and electron conduction
do produce a potential dependence; however, it is not consistent with the experiment. Only assuming lithium-interstitial diusion as the LTGM results in a
quantitative agreement with experiment. In conclusion, the comparison suggests
once again that solvent diusion cannot be the mechanism that causes long-term
SEI growth. In turn, the diusion of neutral lithium-interstitials emerges as a
new prominent LTGM candidate.
These results motivated Paper IV, a review paper on previous and current
theoretic studies on SEI. It comprehensively summarises results from multiple
computational methods that have been used to study dierent aspects of the
SEI. This includes results from Paper I−Paper III which are discussed in the
context of other publications on this subject.
In the nal part of this thesis, the focus shifts from models that describe SEI
growth to models that can be used for SEI characterisation. To this aim, an
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impedance model for a symmetric lithium cell with planar electrodes has been
developed. Both lithium electrodes are covered by surface lms that are considered by the model. The model is published in Paper V and features two
improvements over other similar models. Firstly, it is based on a comprehensive theory of lithium-ion transport in the SEI and the electrolyte phase. The
theory uses a well-dened set of transport parameters and considers convection
with the centre-of-mass reference frame. Secondly, the model is fully analytical
and reveals the complete parameter dependence of the complex impedance signal. Measurements by Wohde et al. [5] are used for model validation. With
this experiment, parameter identication is not completely unambiguous because
individual impedance features overlap. This is a common problem for electrochemical impedance measurements of complex systems. Nonetheless, the model
suggests that lithium-ion transport through the SEI has a transference number
of nearly one. Therefore, lithium-ion transport in the SEI has solid electrolyte
character and is most likely facilitated by the solid phase of the SEI. The full
potential of the model could be utilised with a well-tailored experiment, e.g., by
designing the system such that the overlap of dierent resonances is minimised.
Apart from these results, the impedance model also reveals the complex parameter dependence of the nite-length Warburg impedance, which is produced
at very low frequencies in the symmetric cell. This complexity emerges at high
salt concentration and necessitates the consideration of convection in the electrolyte. Convective motion must be described with a well-dened reference frame
and all transport parameters must be adapted accordingly. In this context, the
model is suited for consistent determination of electrolyte transport parameters
in a complete theoretical framework.

vii

Contents
1 Introduction and Motivation
1.1
1.2
1.3

Experimental Techniques used for SEI Characterization
Experimental Understanding of SEI . . . . . . . . . . .
Theoretical Understanding of SEI . . . . . . . . . . . .
1.3.1 Atomistic Studies . . . . . . . . . . . . . . . . .
1.3.2 Continuum SEI growth Models . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

Transport Theory . . . . . . . . . . . . . . . . . . . . . .
2.1.1 Transport in Porous Media . . . . . . . . . . . . .
2.1.2 Dilute Solution Theory . . . . . . . . . . . . . . .
2.1.3 Constraints in Liquid Mixtures . . . . . . . . . .
2.1.4 Binary Electrolyte . . . . . . . . . . . . . . . . .
Electrochemical Kinetics . . . . . . . . . . . . . . . . . .
Finite Volume Method Discretisation . . . . . . . . . . .
Parabolic and Logarithmic Growth . . . . . . . . . . . .
2.4.1 Electron Tunnelling based SEI Growth Model . .
2.4.2 Diusion or Migration based SEI Growth Models

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

Dynamics and Morphology of SEI . . . . . . . . . . . . . .
3.1.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . .
3.1.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . .
3.1.3 Results and Discussion . . . . . . . . . . . . . . . .
3.1.4 Explanation of own Contribution . . . . . . . . . .
Revealing SEI Morphology . . . . . . . . . . . . . . . . . .
3.2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . .
3.2.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.3 Results and Discussion . . . . . . . . . . . . . . . .
3.2.4 Explanation of own Contribution . . . . . . . . . .
Identifying the Mechanism of Continued Growth of the SEI
3.3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.3 Results and Discussion . . . . . . . . . . . . . . . .
3.3.4 Explanation of own contribution . . . . . . . . . . .
Review on multi-scale Models of SEI Formation . . . . . .
3.4.1 Explanation of own contribution . . . . . . . . . . .
Theory of Impedance Spectroscopy for Lithium Batteries .
3.5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . .
3.5.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

2 Theory
2.1

2.2
2.3
2.4

3 Cumulative Part
3.1

3.2

3.3

3.4
3.5

1

5
8
19
20
23

29

29
30
33
35
36
36
37
40
42
43

47

49
49
51
54
55
57
58
58
61
64
67
67
68
69
72
73
73
75
75
76

ix

Contents

3.5.3
3.5.4

Results and Discussion . . . . . . . . . . . . . . . . . . . .
Explanation of own Contribution . . . . . . . . . . . . . .

78
84

4 Conclusion and Outlook

85

Bibliography

91

Attached Publications
111
Paper I: Dynamics and Morphology of SEI . . . . . . . . . . . . . . .
Manuscript . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Electronic Supporting Information . . . . . . . . . . . . . . . . . .
Paper II: Revealing SEI Morphology . . . . . . . . . . . . . . . . . . .
Manuscript . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Paper III: Identifying the Mechanism of Continued Growth of the SEI
Manuscript . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Electronic Supporting Information . . . . . . . . . . . . . . . . . .
Paper IV: Review on multi-scale Models of Solid-Electrolyte Interphase
Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Manuscript . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Paper V: Theory of Impedance Spectroscopy for Lithium Batteries . .
Manuscript . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Electronic Supporting Information . . . . . . . . . . . . . . . . . .

x

113
119
121
135
141
147
157
175

1 Introduction and Motivation
In late 2019, the Nobel prize of chemistry was awarded to John Goodenough,
Stanley Whittingham, and Akira Yoshino for their simultaneous invention and
live-long work on the lithium-ion battery technology [610]. This boosted public attention and recognition of battery research in general. Although batteries
are an integral part of nearly every secondary (rechargeable) device, the technology has only recently been perceived as a driver of innovation and change.
Instead, other technologies, for example, computer technology or machine/deep
learning were and are more widely regarded as the key to smarter devices and
future applications. However, most of these devices would not exist without a
reliable and performant battery technology in the rst place. Maybe modern
battery technology is already taken for granted, similar to conventional stationary electricity which has long become part of the mundane. Alternatively, this
perception could be explained by the rate at which these technologies improve.
Consider, for example, computing power which has always been increasing exponentially. In contrast, lithium-ion batteries have only been improving slowly
in comparison. Their core technology has undergone no fundamental changes in
recent time. Instead, several small, almost cosmetic alterations have been introduced. However, these changes have, in combination with steady improvements in
manufacturing, caused a continuous improvement of battery performance. Most
notably, this improvement has been accompanied by a signicant drop in the cost
per stored energy. Recently, lithium-ion batteries have become good and cheap
enough to spark the emergence of numerous new applications. Battery packs are
now widely used to store solar energy in detached houses. Even larger systems
can be employed to stabilise moderately sized power grids. Finally, it has become
apparent that electric vehicles (EVs) will ultimately be a credible alternative to
conventional combustion engine cars.
All these applications result in an unprecedented demand for lithium-ion cells,
sparking a debate about the ecological footprint of lithium-ion batteries technology. The debate itself is not unfounded. First of all, a large amount of energy is
consumed by the production of lithium-ion batteries alone. Secondly, several common battery materials, second to none cobalt, have a substantial ecological impact
and remain controversial. However, unlike a vehicle with a combustion engine, a
battery-powered one can be charged with power from clean and zero-emission energy sources. In this way, the environmental sustainability of a battery-powered
vehicle improves over time. Unfortunately, this improvement is limited because
today's lithium-ion batteries still suer from degradation. Although the batteries
themselves do not just stop working, they eventually degrade until they no longer
meet the requirements demanded by their application. For instance, the battery
of an electric vehicle is considered obsolete after it looses more than 20% of its
original capacity. Consequently, batteries have a limited lifetime which eventu-
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Figure 1.1: Cross-section through the negative electrode on the left, the SEI,
and the electrolyte on the right. Lithium ions are present in all three phases and
can move unhindered. (a) Initial SEI formation, rapid electrolyte reduction on
a pristine electrode forms particles that precipitate and form a solid lm. (b)
Established SEI, long-term SEI growth caused by a mechanism that transports
negative charge to the SEI/electrolyte interface. (c) Established SEI, long-term
SEI growth is caused by electrolyte that diuses towards the electrolyte/SEI
interface. Reproduced from reference [11], Copyright (2020), with permission
from Elsevier.
ally limits their potential positive environmental impact. Of course, old cells can
be recycled or used in other applications, e.g., in stationary power storage. However, the prospect of periodically replacing the battery of an electric vehicle does
not seem economically feasible at this moment. Therefore, an improvement of
battery life can be considered as a decisive hurdle for the breakthrough of electric
vehicles.
To extend battery lifetime degradation processes in the battery must be eliminated or minimised. Several distinct processes that depend on the specic battery
chemistry cause degradation. However, typically, processes that revolve around
the solid electrolyte interphase (SEI) amount to the most considerable contribution. The SEI is a surface lm that covers the negative electrode, typically
graphite, in modern lithium-ion batteries. Common organic electrolytes are not
stable at the working potential of this electrode. At low potentials, organic solvent molecules are reduced on the pristine graphite surface, as shown in g. 1.1a.
The reaction products are solid and eventually precipitate on the electrode. This
forms a surface lm which kinetically stabilises the electrolyte. Rapid solvent
reduction continues until the SEI completely covers the negative electrode. The
initial formation of the surface lm is relatively fast and a good SEI can be formed
within the rst few cycles of a new battery. These formation cycles are an indispensable step of the battery manufacturing process because a well-formed SEI is
a requirement for a stable battery with long a lifetime.
The importance of the SEI for the battery system overall is further illustrated
in g. 1.2. Lithium-ion batteries consist of two dierent electrodes which are sep-
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arated by a separator. Separator pores are lled with liquid electrolyte which allows ionic charge transport between the electrodes. Typically, one is restricted to
electrode materials that operate within the stability window Eg of the electrolyte.
Therefore, theoretically, the maximum theoretic cell voltage U is restricted by Eg .
However, SEI kinetically stabilises the electrolyte outside the stability window
and enables the use of low-voltage anode materials such as graphite.
Note that it is possible to create batteries with a negative electrode that operates within the stability window of common electrolytes. Lithium titanate
(LiTi5 O12 ) is a prominent electrode material with a stable electrode/electrolyte
interface [12]. This allows nano-sizing of the material which increases its active
surface, minimising the resistance of the interface reaction. At the same time, the
slow diusion of lithium in the electrode does not have a detrimental eect on
achievable charging rates as diusion pathways are short. This allows LiTi5 O12
electrodes to be operated at very high currents which results in high power densities at the cell level. However, the average cell voltage of these batteries (2.4 V
for LiTi5 O12 /LiMnO4 ) results in low specic energy densities of 30-110 Wh/kg.
Therefore, creating batteries without SEI is only an option for niche applications
for which high power density is more critical than high energy density.
Reactions that form SEI are irreversible and consume lithium from the lithium
inventory of the battery. Consequently, SEI growth always causes a capacity
reduction. Usually, one dierentiates between three dierent SEI growth stages
and processes.
 The initial formation of the surface lm on a pristine electrode, see g. 1.1.
 Rapid reformation of the surface lm after damage, i.e., damage by cracks
or lm delamination. Typically, damage is caused by mechanical stress from
electrode expansion during battery cycling.
 Continued lm growth during battery life, long-term SEI growth. Even
a good SEI does not entirely suppress electrolyte reduction. Instead, reduction reactions continue at a slow rate, causing a slow but never ceasing
increase of SEI thickness.
Today, the rst two contributions can be controlled relatively well. Electrolyte
additives facilitate a more ecient SEI formation while creating elastic surface
lms. These lms accommodate the volume expansion of the electrode and do
not rupture under stress. Additionally, surface treatment of graphite electrodes
reduces the capacity loss from initial SEI formation. In contrast, no engineering
solutions exist that disable long-term SEI growth. This is a signicant problem
for battery lifetime because long-term growth proceeds at the fasted rate if the
battery is stored fully charged. Unfortunately, this is the most convenient storage
state for many applications, including electric vehicles.
To summarise, using inherently stable battery chemistries enables improved
rate performance, improved power density, and better lifetime for lithium-ion
batteries. Current electrolytes only allow this by compromising energy density
which conversely increases the cost per stored energy. Both are key performance
gures for batteries in most applications. Therefore, graphite electrodes have
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Figure 1.2: Energy landscape of a lithium-ion battery. The positive electrode
(left) operates at low energies or high potentials whereas the negative one operates
at high energies/low potentials. The electrolyte (middle) is only stable at intermediate potentials, preventing the use of low voltage anode materials. However,
the stability window can be extended by surface lms (SEI), which kinetically
stabilize the electrolyte. Typically, stable SEI do not form on the cathode side.
Adapted from reference [11], Copyright (2020), with permission from Elsevier.
become the established negative electrode material in lithium-ion batteries. Although this electrode operates outside the stability window of the electrolyte,
its electrode/electrolyte interface is semi-stabilised by SEI as elaborated above.
Consequently, further improvements to SEI stability are the most direct way to
improve performance and long-term capacity retention of lithium-ion batteries.
Therefore, tuning the electrolyte composition and modifying the graphite surface
has become an active eld of research.
The lack of an engineering solution that mitigates long-term SEI growth to an
acceptable level can be partially attributed to the incomplete understanding of
this phenomenon. Without a thorough fundamental understanding, most of the
corresponding research is not specically targeted. Today, the only established
fact is that long-term SEI growth is a transport-limited process. This means that
the rate of long-term SEI growth is not determined by the kinetics of its formation
reaction but by the transport process that fuels it. However, this insight alone is
vague and multiple plausible transport processes remain as a possible cause. One
such option is shown in g. 1.1b where negative charge passes through the solid
SEI towards the SEI/electrolyte interface. Other similar mechanisms are electron conduction, electron tunnelling and diusion of neutral lithium-interstitials.
Another popular alternative is shown in g. 1.1c. Here, solvent molecules diuse
through SEI pores towards the electrode surface. In each case, the throughput
of the transport mechanism determines the rate at which the lm growths. That
is why this mechanism is called long-term growth mechanism (LTGM) in this
thesis. So far, numerous studies have explored this concept and multiple dierent
LTGMs have been suggested in SEI literature. These mechanisms are tested in
simple models that predict the long-term thickness evolution of the SEI. How-
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ever, all these mechanisms result in near-identical predictions. On the one hand,
this prediction agrees with experimental data, conrming the transport-limited
nature of long-term SEI growth. On the other hand, the real mechanism cannot
be determined because each LTGM predicts the correct thickness evolution of the
surface lm. Thus, each mechanism has a justied place in the ongoing scientic
discussion and the actual mechanism causing long-term SEI growth has not been
identied yet.
In conclusion, better fundamental knowledge about long-term SEI formation is
the key to rational optimisation of capacity retention. Therefore, identifying the
mechanism that causes long-term SEI formation is one of the main goals of this
thesis. This objective is pursued in three dierent steps. The rst step was to develop a new theoretic description of long-term SEI growth. This model predicts
new observable SEI characteristics in addition to the growth behaviour. Most
notably, it can predict SEI porosity and the SEI dual-layer structure (Paper I
and Paper II). Then, as the second step, conventional growth models were used
to study how long-term SEI formation depends on the electrode potential. A
dierent potential dependence emerges for each LTGM and a comparison with
experimental data allows further conclusions to be made (Paper III). The development of a new impedance model was the focus in the last step. This model
was designed to predict the electrochemical impedance signal of a simple cell
with SEI. It is used with experimental impedance data to analyse ionic charge
transport through this surface lm (Paper V).

1.1 Experimental Techniques used for SEI
Characterization
This section contains a list of dierent experimental techniques that are used for
SEI analysis. In this way, abbreviations which are used throughout the document are introduced. The methods are described briey, and eventual drawbacks
or challenges with respect to SEI characterisation are addressed. References to
studies that employ a given method for SEI analysis are also listed. Results of
these studies are summarised and discussed in section 1.2.
 Electroanalytical methods [1318]
Coulometry and voltammetry are the two most commonly used techniques
to study SEI. They can be used to determine the onset potential of SEI formation as well as the overall charge consumed by its formation. Their evaluation is straight forward on inert electrodes and if no other electrochemical
reaction is taking place. For intercalation electrodes such as graphite, one
can determine the irreversible capacity consumed by SEI formation with
the dierence between discharge and charge capacity.
 Fourier-transform infrared spectroscopy (FTIR) [13, 14, 16, 1939]
This method can be used to identify the molecular composition of a probe
by comparing its infrared absorption spectrum with that of known samples.
It is primarily sensitive to dierent functional groups. This constitutes a
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challenge for SEI analysis as several SEI compounds and the electrolyte
share the carbonate group. One advantage of this method is that it can
be used to study surface lms in-situ with the internal reectance mode as
pioneered by Goren and Aurbach [14, 40, 41].
 X-ray photoelectron spectroscopy (XPS) [14, 15, 1820, 32, 3437, 42
48]
Measures the number of electrons emitted by the probe at dierent energies
of incoming X-rays. Electrons are emitted when the energy of incoming
radiation is larger than their binding energy. The method is surface sensitive
because electrons can only escape from a few nanometres inside the probes.
This spectrum can be used to obtain the quantitative elemental composition
of the probe's surface. XPS measurements take place in vacuum and SEI
samples must be prepared, i.e., rinsed with a volatile solvent such as DMC.
XPS depth proles of EC and DMC derived SEI were measured by Weber
et al. in reference [18].
 X-ray absorption spectroscopy (XAS) [14]
Measures the amount of radiation that is absorbed by the probe as a function of X-ray energy/frequency. X-rays are adsorbed when they excite inner
electrons. There are two method variants, depending on the X-ray energies
used. X-ray absorption near edge structure spectroscopy (XANES) reveals
information about unoccupied molecular orbits from which the chemical
composition of the probe can be inferred. Here, only energies near an edge
are considered. Extended X-ray absorption ne structure (EXAFS) can be
used to study the amount and distance of neighbouring atoms.
 X-ray diraction (XRD) [14, 27, 34, 49, 50]
Diraction patterns emerge when waves or wave-like particles interact with
structures of similar size to their wavelength. Therefore, XRD can be used
to study structures of crystalline phases. Narzi et al. pioneered the in-situ
application of this method to study surface lms on lithium electrodes [49].
The diraction pattern produced by dierent compounds in the sample can
be reconstructed and identied with a so-called Rietveld renement.
 Raman Spectroscopy [28, 51]
Raman scattering is an inelastic interaction between molecules and light.
They re-emit photons with a small energy shift after excitation. This emission spectrum contains information about crystallinity and composition of
the probe. An image of this information can be created by scanning the
probe with a focused laser beam (Raman microscopy or Raman mapping).
 Nuclear magnetic resonance (NMR) [30, 32, 33, 3639, 5254]
NMR has been used to study SEI composition and the solution structure of
the electrolyte. Radio waves can induce nuclear magnetic resonance when
the probe is placed in a strong magnetic eld. The resonance produces radio
waves at a frequency that is highly characteristic for specic compounds
and chemical environments. It only exists in samples that contain atoms
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with non-zero nucleus spin. This includes 1H, 6Li,
measurements are possible.
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F. In-situ

 Mass spectroscopy [17, 20, 29, 30, 44, 46, 47, 55]
Mass spectroscopy measures the weight of ionic species. There are dierent
methods to extract ions from the probe; the most popular one is the use
of an ion beam. Secondary ions are ejected from the probe by targeting
it with high energy primary ions. The combination is called secondary ion
mass spectroscopy (SIMS). This technique is used to measure depth proles
as the secondary ion beam slowly removes material. However, correctly
calibrating the absolute depth is dicult because the removal rate might
change as the composition of the SEI changes. Electrospray ionisation mass
spectroscopy (ESI-MS) can be used to analyse ions from solutions [29, 30].
Quantitative reconstruction of SEI composition is not possible with this
mass spectroscopy. Many SEI compounds are similar such that several
ionic fragments cant be assigned to a single compound.
 Electrochemical impedance spectroscopy (EIS) [14, 16, 17, 27, 47,
5660]
Measures the response (resistance) of an electrochemical cell to external
signals at a given frequency. Individual contributions of the overall cell
resistance resonate at dierent frequencies. For instance, the ionic resistance
of the SEI typically resonates in the ∼kHz range. Ideally, it can be separated
from the interface resistance that is often found in the ∼Hz range. As an
in-situ technique, EIS is suited to study the increase of ionic SEI resistance
during its formation [60].
 Transmission electron microscopy (TEM) [15, 27, 36, 37, 50, 59, 61]
High resolution imaging technique which uses an high energy electron beam
that penetrates probe. The resolution is determined by the electron energy
which ranges from 80 keV to 400 keV and can be below 1 Å. Beam damage
constitutes a signicant problem when imaging SEI with this technique,
especially at high energies and during long exposures. Requires high vacuum
and images from SEI are created ex-situ.
 Scanning electron microscopy (SEM) [13, 2123, 43, 44, 47, 55, 62, 63]
Surface imaging technique which uses a low energy electron beam to scan the
probe (8 keV to 30 keV). The image is constructed from reected (backscattered) and secondary electrons emitted by the probe. Resolutions between
1 and 2 nanometres are possible. Requires vacuum and all images of SEI
created with this method are taken ex-situ.
 Atomic force microscopy (AFM) [51, 6466]
AFM uses a needle with a thin tip to scan the height prole of the probe.
The needle is in direct contact with the probe and the height prole information is collected by adjusting the position of the tip (constant force) or
by measuring the force exerted on the cantilever. Alternatively, Scanning
Tunnelling Microscopy (STM) can be used if instead if the probe is electronically conductive. For STM, no direct contact between the tip and the probe
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is needed as the electron tunnelling current between them is used to determine their distance. Both methods can be used in a liquid environment.
In-situ observation of SEI evolution is possible with AFM as demonstrated
by Steinhauer et al. [65] Scanning Electrochemical Microscopy (SECM) is
another variant of this technique that uses a shuttle current between probe
and tip. This can be used to create a map of the passivating ability of the
SEI [66].
 Neutron-Reectometry (NR) [65, 6769]
Method to study the surface and thin layers of an extremely at sample
with a highly collimated beam of neutrons. The intensity of reected radiation as a function of angle or neutron wavelength is called the NR prole.
This prole is reconstructed by nding/tting the scattering length density
prole. It can be used to study the SEI in-operando; however, it only works
with planar electrodes.
 Electrochemical quartz crystal microbalance (EQCM) [14, 70]
 Gas chromatography / On-line electrochemical mass spectrometry (OEMS) [7174]
Analysis of the gases created during SEI formation. This can be used to
study the SEI formation reaction as well as the transient evolution of initial
SEI formation.
 Isotope Labelling 1H [53, 75], D2 18O [70], 7Li [47, 55, 59], 11B [55], 13C
[53, 71, 74, 75], and 19F [53, 54]
Labelled isotopes can be detected with mass spectroscopy or NMR. This
can be used to study reaction pathways [53, 54, 70, 71, 75] or the porosity
prole of the SEI [55].
 Redox shuttles [57, 66, 76, 77]
SEI is called a passivating layer because it stops the reduction reaction of
the electrolyte. However, SEI is known to be a selective interphase, meaning
that some species can traverse it quite easily. The most prominent example
of this are lithium-ions. Redox shuttles can be used to test the passivating
ability of the SEI if both the reduced and oxidised form of a redox-couple
can traverse the SEI reasonably well. Tang et al. used ferrocene/ferroncium
to study SEI properties in several studies [57, 76, 77]. Krueger et al. used
DBDMB/DBDMB+ in a scanning electrochemical microscopy (SECM) experiment to map the passivating ability of SEI on a lithium electrode [66].

1.2 Experimental Understanding of SEI
Historically, the term solid electrolyte interphase was introduced by Peled in 1979
[78]. His work was inspired by a series of seemingly contradicting experiments,
summarised in table 1.1. Thermodynamically, the electrochemical deposition of
Al or Fe is favoured in these experiments; however, in some solvents, the deposition of the alkali/alkaline earth metal is observed instead. Peled suggested that
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No.

Electrolyte

Solvent

Deposited
metal

1

AlBr3 + LiBr

Toluene

Al

2

AlCl3 + LiCl + LiAlH4

Diethyl ether

Al

3

AlCl3 + LiCl + LiAlH4

Tetrahydrofuran

Al

4

AlCl3 + LiCl

Thionyl chloride

Li

5

AlCl3 + LiCl

Propylene carbonate

Li

6

FeCl3 + MgCl2

Thionyl chloride

Mg

Table 1.1: Electrolysis experiments used by Peled to conclude the existence of
the SEI (taken from [78]). Neither lithium nor magnesium deposition is thermodynamically favoured in experiments 4-6. A surface lm that is passive
to lithium/magnesium, while being electronically insulating, explains this behaviour.
alkali/alkaline earth metals are always covered by a surface layer when in contact
with non-aqueous (organic) electrolytes. This surface layer is a solid electrolyte, a
conductor of the respective alkali/alkaline earth cation. At the same time, it is not
electronically conductive. Therefore, it prevents reduction/deposition/plating of
other metal ions if it is dense, stable, and covers the entire electrode. In addition, Peled states the properties of an ideal SEI for battery applications. Good
SEIs have a cation transference number (t+ ) close to one whereas t− should be
zero. At the same time the electronic transference number should be as small as
possible, ideally zero. Small electronic conductivities would cause continued lm
growth which is undesirable. Alternatively, in the absence of conventional electron conduction, lm growth could also be caused by the diusion of free electrons
through the SEI. Both mechanisms would cause electron leakage as sketched in
g. 1.1b. Peled formulated an SEI growth model based on each mechanism. Surprisingly, both models predict the same thickness evolution for the surface lm;
specically, SEI thickness is proportional to the square-root of time. This growth
law is the expected
√ result of the transport-limited assumption and is referred to
as parabolic or t-like growth.
Peled continued research on the SEI in the following years. He studied Li,
Mg and Ca deposition on alkali/alkaline earth metals and stainless steel electrodes [7881]. Selim and Bro [82] demonstrated somewhat reversible deposition and stripping of Li in 1974 using a LiClO4 solution in propylene carbonate
(PC). In contrast, Peled used a LiClO4 solution in thionyl-chloride (SOLl2 ) or a
lithium/polysulde solution in tetrahydrofuran (THF) in his studies on Li deposition and stripping. These electrolytes resulted in poor stripping eciency and
already hinted at the diculties of realising metallic lithium anodes for secondary
use.
An alternative (negative) electrode was found in 1983 by Yazami and Touzain
[83], who demonstrated the reversible intercalation of lithium in graphite. This

9

1 Introduction and Motivation

was not possible with liquid electrolytes at the time, specically PC. Instead,
a polymeric solid electrolyte was used to stabilise the electrode. This discovery
clearly illustrated the potential of graphite as an electrode material for secondary
lithium-ion batteries. It initiated a series of studies that attempted to achieve
reversible lithium intercalation into graphite by electrochemical means. As mentioned above, PC, fails to do so. This seemed counter-intuitive because PC forms
a relatively stable SEI on metallic lithium which allows reversible cycling to some
degree [82]. Takada et al. [84] found that the perchlorate ion (ClO−
4 ) partially
co-intercalates into graphite along with the lithium cation. It is now known that
co-intercalation ultimately causes exfoliation, the shedding of lithium layers which
slowly dissolves the graphite and prevents the formation of a stable SEI.
The use of graphite as an anode material for lithium-ion batteries was patented
by Akira Yoshino in 1985 who worked for Asahi Kasei at the time. The improved
cycling stability of this anode was demonstrated by Dahn et al. [85] in 1990.
His group used a lithium hexauoroarsenate (LiAsF6 ) solution in an ethylene
carbonate (EC)/PC mixture. This electrolyte produces a stable interface and
resulted in capacity retention of 90% after 100 cycles. They explained this with
the high reduction potential of EC. It is higher than the reduction potential
of PC and lies above the potentials at which lithium intercalation in graphite
occurs. Consequently, during the rst negative polarisation of the anode, EC is
reduced before the intercalation begins. This forms the SEI before the onset of
lithiation. Therefore, co-intercalation does not take place when the lithiation of
the electrode begins. It also implies that the SEI formed in the formation cycle
consists mostly of EC reduction products.
The overall quality of EC as an SEI forming additive was further demonstrated
by Aurbach in 1991 [23]. Adding EC to electrolytes based on PC or 2-methyl-THF
improved the cycling eciency of metal lithium electrodes [23]. Aurbach had
studied surface lms on this electrode extensively and realised that the use of
active additives to modify the SEI could yield considerable improvements [13].
To this aim, he studied lm formation from a myriad of dierent organic solvents,
see g. 1.4. These solvents were used in dierent mixtures and combined with
several lithium salts. The most common salts in his early studies were lithium
perchlorate (LiClO4 ) and lithium hexauoroarsenate (LiAsF6 ). However, after
1995, mostly lithium hexauorophosphate (LiPF6 ) and lithium tetrauoroborate
(LiBF4 ) were used. Additionally, Aurbach considered the eect of common electrolyte contaminants such as water, oxygen, CO2 and nitrogen [13, 21].
Aside from a few exceptions [86], lithium-metal electrodes are still not used
in secondary applications today. Lithium deposition is highly dendritic and the
coulombic eciency of lithium-metal electrodes is not good enough for this eld
of use [87]. However, Aurbach's work proved to be essential for the current understanding of SEI on other electrodes, including graphite. Aurbach did not only use
standard electrochemical techniques to measure the inuence of the surface lms
on cycling eciency. He also studied their composition by using surface characterisation techniques such as Fourier-transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), and
other methods. These techniques were systematically employed to identify SEI
compounds formed by dierent solvents, additives, salts, and possible contami-
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nation species. Most notably, Aurbach used in-situ FTIR in studies after 1991 by
using the internal reectance mode [40]. In-situ experiments on SEI are desirable
because surface lms are not stable under air. Generally, SEI reacts with oxygen
or CO2 and is easily damaged during cell disassembly or transfer. Even if air
exposure is avoided, the pretreatment of the test specimen often includes rinsing
and drying. This can alter the surface lms as well and complicates the use of
most experimental procedures used to analyse SEI, for instance, XPS and SIMS.

11

1 Introduction and Motivation

a)

−−→
PC

e

−−→

−−→

2

x
−−→

−−→
lithium propyl carbonate (LiPC)
trace H2 O

lithium methyl-ethylene dicarbonate (LiMEDC)
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lithium ethylene dicarbonate (LiEDC)

Figure 1.3: Formation of lithium alkyl carbonates and Li2 CO3 from PC and EC
as suggested by Aurbach [19].
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The reduction of PC on the lithium metal electrode has already been studied in the early 1970s. It was found that the main reaction product is Li2 CO3
which ultimately forms the surface lm [91]. Therefore, Li2 CO3 had been suggested as the main SEI compound in all organic carbonate solvents until Aurbach
proposed a dierent SEI composition in 1987 [19]. His measurements indicated
the presence of lithium alkyl carbonates in SEI from PC-based electrolytes. He
proposed that if Li2 CO3 is an SEI compound at all, it would only be found a
few monolayers directly on top of the electrode. Furthermore, the continuous
formation of Li2 CO3 is regarded as unlikely because the two-electron reduction of
PC is only relevant on a pristine electrode. Instead, he suggested single-electron
reduction of PC which forms a relatively stable radical, shown in g. 1.3a. Different radical terminations can then result in the formation of various lithium
alkyl carbonates. A similar mechanism was later proposed for EC, as shown in
g. 1.3b. This mechanism has been proposed and conrmed by other researchers
as well [16, 33, 38, 70]. It was also explored and conrmed in several theoretical
studies with DFT and MD simulations [9295]. Linear carbonates, as shown in
g. 1.4, are reduced in a similar fashion. Electron transfer to the lithium-ion
coordinated to the carbonate group leads to C-O bond cleavage. This leads to
the formation of lithium propyl carbonate (LiPC) and lithium ethyl carbonate
(LiEC) from DMC and DEC respectively [38]. Both species are also found as
reduction products of EMC [26]. Aurbach attributed the presence of Li2 CO3 in
earlier studies [49, 96] to further reduction of lithium alkyl carbonates, facilitated
by electrolyte contamination like trace water. This has recently been conrmed
in NMR experiments where Li2 CO3 was not found [53]. The studied used binderfree electrodes that have almost no water contamination. Another study by Kitz
et al. used D2 18O to further conrm the connection between trace-water content
and Li2 CO3 [70]. With sucient contamination, an Li2 CO3 -rich SEI is formed in
EC-based electrolytes at potentials between 1.7 V and 2.4 V vs Li/Li+ . If there
is sucient contamination, a suciently passivating SEI can be formed in this
way. Then, the formation of lithium carbonates typically form at potentials at
approximately 0.8 V is no longer observed in the initial formation cycle.
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Ethers

Esters

dimethoxyethane (DME)
[20, 23]

methyl formate (MF)
[24]

Cyclic Ethers

tetrahydrofuran (THF)
[13, 20, 23, 41, 42, 88]

2-methyl-THF

[23]

1,3-dioxolane (DN)
[22]

Cyclic Carbonates

propylene carbonate (PC)
[13, 19, 23, 41, 88, 89]

ethylene carbonate (EC)
[23, 25, 42]

γ -butyrolactone (BL)

[13, 21, 41, 90]

Linear Carbonates

dimethyl carbonate (DMC)
[42]

ethyl-methyl carbonate (EMC)
[26]

diethyl carbonate (DEC)
[19, 25, 42]

Figure 1.4: Organic solvents studied by Aurbach and colleagues between 1987
and 1999.
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+ CO
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−−→
LiEDC

Figure 1.5: Formation of lithium alkoxides from EC and THF [19, 97].
Ether based solvents such as DME and THF form an SEI that also consists of
lithium alkoxides [20]. Their formation is initiated by an ether bond cleavage as
shown in g. 1.5b. Cleaving a C  O bond of the carbonate group leads to the
formation of lithium alkoxides as well, see g. 1.5a. This mechanism competes
with the direct formation of lithium alkyl carbonates. More recent studies show
that SEI in EC based electrolytes consists mostly of LiEDC, indicating that the
formation of lithium alkyl carbonates is favoured over the formation of lithium
alkoxides [25, 31, 87]. Additionally, lithium alkoxides can react with CO2 to form
lithium alkyl carbonates, potentially further increasing their content in the SEI
[19].
A critical aspect of the reduction schemes discussed above is that the solvent
molecule is initially coordinated to a lithium-ion, see g. 1.3 and g. 1.5. Generally, more polar solvent molecules have stronger or preferred coordination to ions
in solution. This makes them more likely to be part of the lithium-ion solvation
shell. The coordination energy between lithium-ions and solvents has been studied extensively in the literature [52, 93, 98]. It is found that a Li-PC coordination
is energetically favoured, closely followed by EC and VC. Linear carbonates have
lower binding energies than their cyclic counterparts. Therefore, lithium is mostly
coordinated to EC in mixtures of EC and linear carbonates. Consequently, SEI
consists mainly of EC-reduction products in these mixtures, at least for standard
salt concentrations of ∼1.0 mol/l. Solvent coordination numbers of lithium-ions
range from 2 to 5 for LiTFSI, LiPF6 , LiBF4 , and LiClO4 , solutions in PC or DMC
[39]. Generally, low salt association and large coordination number of lithium-ions
promote the participation of solvent molecules over salt anions in SEI formation.
The choice of lithium salt also has a large impact on SEI formation, which is
illustrated in g. 1.6. It shows how much current is transferred in a small voltage
interval during the rst charge and discharge of a graphite anode. This data is
taken from a study by Xiao et al. [35] who prepared and characterised binderfree anodes. Graphite intercalation and extraction occurs mostly below 0.5 V;
therefore, the negative peaks shown in the gure correspond to charge consumed
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Figure 1.6: First lithiation and delithiation of a binder-free graphite electrode,
data taken from [35]. Typically, initial SEI formation in EC-mixtures takes place
between 0.7 V and 0.9 V vs Li/Li+ . However, the exact potential of the formation reaction and the amount of charge consumed during initial SEI formation
depends on the salt used. The reduction peaks around 1.7 V are associated with
an impurity in the salts.
during initial SEI formation. It is evident that the salt anion changes the potential
at which SEI formation takes place. At the same time, the total amount of charge
consumed by initial SEI formation (area above the peak) is inuenced by the salt
as well. Note that the peaks at approximately 1.7 V correspond to the reduction
of the oxalate ligand in LiBOB and LiF2 BC2 O4 respectively [99, 100]. Evidently,
the salt anion does at least participate passively in the solvent reduction. Nie et
al. studied SEI formation in LiPF6 , LiBF4 , LiTFSI, LiFSI, and, LiDFOB in EC
electrolyte [36]. They observe dierences in the SEI composition and conclude
that salt reduction products are important SEI compounds as well. The most
frequently observed salt reduction product is LiF. It is found in salts containing
uorine such as LiPF6 and has been detected by Aurbauch and other researches
[14, 101103]. LiPF6 reduction has been studied by D.P. Abraham et al., who
proposed that LiPF6 is reduced and eventually forms LiF and OPF3 [35]. Nie also
reports that LiF is another main SEI compound in LiPF6 containing electrolytes
while lithium oxyurophosphates (Lix PFy Oz ) are present in low quantities [15].
Weber et al. used XPS depth proling to study the composition of SEI on HOPG.
They nd high LiF concentrations throughout the complete SEI prole while
lithium oxyurophosphates are mostly found at the solution-side of the SEI [18].
The decomposition of LiPF6 can also be induced thermally in the presence of
trace water or alcohol [104]. In this case, reaction products include HF which can
further react with lithium alkyl carbonates, as summarized in [105]. The complex
LiPF6 decomposition process was investigated by Campion and Lux [104, 106].
Abraham et al. [35] also found LiF in SEI formed from LiBF4 and LiF2 BC2 O4
solutions. Peled et al. studied SEI formation on dierent graphite substrates,
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including Highly Ordered Pyrolytic Graphite (HOPG) with LiPF6 , LiAsF6 , and,
LiTFSI solutions [46]. His XPS and TOF-SIMS measurements suggest that SEI
on the graphite edge plane consists mainly of salt reduction products, mostly
LiF. In contrast, SEI on the basal plane is thinner and consists of polymeric and
organic solvent reduction compounds. Finally Seo et al. report that the anion
association tendency for dierent lithium salts increases in the order CF3 CO2  >
CF3 SO3  > BF4  > ClO4  ≥ TFSI  > PF6  [107]. As mentioned above, higher
salt association increases the amount of anion reduction products in the SEI.
This eect is extremely pronounced in the limit of super concentrated electrolytes
[108, 109]. These electrolytes have lower ionic conductivities than conventionally
used dilute electrolytes with salt concentrations of ∼1 M. Despite this, they
improve the rate performance of graphite electrodes which is attributed to a
much smaller SEI resistance. In these electrolytes, SEI is almost entirely anion
derived [110]. Petibon et al. studied highly concentrated LiFSI ethylacetate cells
with EIS and reports reduced interface resistance of the graphite anode [58]. A
dierent but similar trend is the move towards ionic liquids. These electrolytes
also create surface lms with dierent chemistry, as shown by Kim et al. [48] for
a Li-TFSI based ionic liquid.
Super concentrated electrolytes and ionic liquids open up an additional avenue
of SEI research. However, this is a relatively new eld and the vast majority
of studies on SEI focuses on organic solvents with relatively dilute salt concentrations. Here, studies of simplied systems, i.e., binder-free electrodes have
improved our understanding of SEI composition [34]. This progress is also due
to the use of novel experimental techniques such as solid state NMR and TEM
[53, 111]. These studies examine SEI from LiPF6 /organic carbonate mixtures on
graphite and silicon anodes. They conrm that SEI in EC containing solvents
is primarily composed of lithium ethylene dicarbonate ((CH2 OCO2 Li)2 , LiEDC).
Poly-ethylene oxide is also found as a major product of EC reduction. Reduction of linear carbonates such as dimethyl carbonate (DMC) is also found to form
lithium alkyl carbonates, such as lithium methyl carbonate (CH3 OCO2 Li, LiMC).
These compounds play a minor role when EC is in the solvent mixture. This is
linked to the solvation shell of lithium-ions which are preferably coordinated to
EC [52, 111]. Furthermore, EC has a higher reduction potential [112]. Li2 CO3 is
not present or only found in small quantities in recent studies [35, 53, 111]. Its
presence in several older studies is now believed to originate from water and CO2
contamination.
It has also been found that SEI properties depend on the underlying substrate/electrode. This complicates SEI research because results obtained with
good model systems such as HOPG or copper cannot be transferred to electrodes
of interest such as graphite. Bar-Tow and Peled illustrate this in separate studies for the basal and edge plane of graphite [43, 44]. They nd that the graphite
basal plane is covered by an SEI layer that consists mostly of organic compounds.
This layer is three to ve times thinner than the SEI on the graphite edge plane.
The latter is also made up of salt reduction products. This is evidenced with
depth-proling techniques such as time of ight secondary ion mass spectrometry (TOF-SIMS). Kostecki et al. found that SEI thickness is directly correlated
with an increasing concentration of graphite edge plane and lattice defects of the
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underlying electrode [51]. Weber et al. correlate the defect concentration on a
HOPG electrode to the rate of initial passivation [18]. Specically, formation
takes more than three cycles if the electrode is defect-free, i.e., smooth and well
dened. In contrast, passivation is completed after the rst cycle on a defective
electrode.
Solvent decomposition on dierent lithium conversion alloys also proceeds differently from solvent decomposition on graphite [113]. Electrode materials that
exhibit large volume change such as silicon can fail to form a stable SEI entirely.
SEI needs to be exible to accommodate volume changes of the underlying substrate without damage by cracking or rupture. It is believed that polymeric SEI
compounds can provide or improve these properties. SEI is mostly comprised
of polymeric compounds when FEC is used as a solvent or additive [15]. Early
indications on the existence of polymeric SEI compounds have been found with
in-situ XRD [49]. More recently, NMR experiments have shown that SEI from
EC based electrolytes contains large amounts of poly-ethylene oxides [53]. They
coexist with the lithium carbonates shown in g. 1.3, i.e., LiEDC, LiEC and
Li2 CO3 . Other NMR studies nd that FEC and VC, both popular SEI forming
additives, mainly produce polymeric SEI species as well [54, 75].
The notion that the SEI consists of a porous outer layer (solution side, i.e.
neighbouring the electrolyte) and a dense inner (electrode side, i.e. close to
the electrode) layer is often encountered in literature. Peled et al. draw this
conclusion in a study about SEI formed on the graphite basal plane. He nds
that solution-side composition of the surface lm contains a large amount of
organic remnants that are not present in layers below [44]. Harris and Lu used
TOF-SIMS to nd evidence of a dual-layer SEI morphology with depth proles
of labelled isotopes [114]. This is conrmed in a theoretical study by Shi et al.
[3] which reproduces said prole explained with a dual-layer SEI model. Harris
and Lu also nd dierent chemical composition of these layers in other studies
[47, 55]. Solid-state NMR studies also suggest that SEI is at least partially porous
[53], supporting the porous outer layer theory. Tang et al. successfully used a
dual-layer model to explain ferrocene redox-shuttle experiments [57, 76]. This
molecule can be reduced electrochemically on an electrode that is covered by
an SEI. However, the passivating ability of the SEI impedes this process. Tang
nds that a dual-layer model describes her transient measurements well if SEI on
HOPG or on the graphite basal plane is studied. For SEI formed on the graphite
edge plane, a more complicated behaviour is observed that could involve frequent
SEI dissolution and reformation [77].
More recent studies reveal a strong dependence of the SEI formation rate [115]
on the direction of applied lithium-ion currents. SEI is found to grow faster when
a large current is applied that charges (lithiates) the underlying electrode.
In summary, there is a general understanding of SEI composition and morphology for a few specic systems. Surface lms on graphite electrodes in organic
solvents have been studied and optimised for battery performance in several studies. This vast amount of information creates the elusive conclusion that SEI is well
understood. However, there are still some key aspects concerning SEI that lack
sucient understanding. Firstly, the mechanism of lithium-ion transport through
the SEI is still under debate. This is an essential aspect of battery operation and
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understanding the nature of lithium-ion transport in the SEI could help to reduce
the ionic resistance of the surface lm. In this way, one could increase the power
and rate performance of lithium-ion batteries. Secondly, there is an ongoing discussion about the mechanism that causes long-term SEI growth. As mentioned
above, the surface lm does not stop electrolyte reduction reactions completely.
Instead, these reactions continue throughout battery life and slowly reduce a batteries capacity [4, 116]. This could be caused by several dierent mechanisms,
for example, electron leakage through the surface lm. Alternatively, a porous
SEI would enable through-lm solvent diusion, which could cause electrolyte
reduction as well. As summarised in section 1.3, multiple such mechanisms are
discussed in SEI literature. Finding or identifying the correct mechanism can
show an avenue to tailor SEI and reduce capacity fade. This could also enable
the development of operating strategies that mitigate long-term capacity fade in
lithium-ion batteries.
The lack of understanding of these key questions can be attributed to several
reasons. There are many variables which inuence SEI properties and complicate
a systematic investigation. The choice of solvent, salt, and salt concentration, but
also the choice of electrode material and its surface treatment similarly inuence
SEI formation and properties [117]. Initial SEI formation is strongly aected by
temperature, potential, as well as the duration of formation cycles. It is known
that temperature and potential also aect the long-term growth [2, 4, 118]. SEI
chemistry is known to be sensitive to air exposure which can occur during sample
transfer. Additionally, SEI probes are often rinsed with DMC or EMC. This
can damage or alter the surface lm before its characterisation. Damage can
also be caused by electron beams that are used for imaging. SEI chemistry is
diverse; however, several dierent SEI compounds have similar functional groups
and atomic bonds. An example of this is the carbonate group which is found in
all lithium carbonates and all common solvents, as shown in gs. 1.3 and 1.4. It
is therefore dicult to accurately or quantitatively determine SEI composition
with techniques such as FTIR and XPS. All this makes analysing and comparing
dierent studies and their results dicult. This does, in turn, complicate the
identication of universal SEI properties and mechanisms.

1.3 Theoretical Understanding of SEI
The amount of experimental studies on SEI comes as no surprise considering its
pivotal importance for further development of the lithium-ion battery technology.
These experimental eorts are accompanied by numerous theoretical studies and
considerations which try to predict SEI properties and complement or explain
experimental results. However, the diversity of relevant length and time scales
that govern SEI formation constitutes a fundamental theoretical challenge. It is
essential to distinguish between initial SEI formation, which takes places in seconds to hours, and continued long-term SEI growth. Relevant timescales for the
latter range from days to years. SEI chemistry is determined by electrochemical
reactions between select atoms and molecules. These are aected by molecular
environments while transport through the SEI determines the availability of reac-
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tants. A single method cannot capture this complexity alone. Therefore, a large
variety of methods is used to describe isolated aspects of SEI surface lms. Below,
results from dierent theoretic studies are summarised briey. They are grouped
into two categories. Section 1.3.1 reviews results from atomistic methods which
are based on quantum chemistry. Note that a more comprehensive summary of
these results can be found in literature [110, 119121]. Atomistic methods describe individual atoms and molecules. These simulations are restricted to short
time scales and small system sizes. In contrast, multi-scale models can describe
SEI as a whole over longer scales. Results from such models are summarised in
section 1.3.2 and Paper IV.

1.3.1 Atomistic Studies
Atomistic studies use quantum chemistry methods such as density functional theory (DFT) and molecular dynamics (MD) or DFT/MD hybrid/derivative methods. These include monte marlo molecular dynamics (MCMD), reactive forceeld (ReaxFF), density-functional tight-binding (DFTB), molecular dynamics
[122], and ab-initio molecular dynamics (AIMD) [123]. Each method is computationally expensive and limited in system size and time span. For example, AIMD
simulations can describe ∼10-100 particles for femto- and up to picoseconds.
In contrast, MCMD methods can describe ∼105 particles for few nanoseconds
[110]. Many studies consider a simplied molecular environment because of the
limited system size of these methods. Idealised conditions include calculations
at zero Kelvin or omitting ions, co-solvents and impurities. Nonetheless, these
simulations provide otherwise inaccessible insights into a broad range of SEI phenomena. This includes optimal and preferred arrangements of molecules as well
as the enthalpy and activation energy of various SEI formation reactions. As
mentioned above, MD methods can simulate the transient evolution of a large
number of particles for several nanoseconds. The initial SEI formation phase is
much longer such that a full simulation of this process is not possible. However,
these simulations can capture short extracts of this process which is sucient to
study critical mechanisms. Some MD methods are capable of describing diverse
chemical environments due to the large number of particles they can support.
This can be used to study transport mechanisms in amorphous structures and
solutions. Such simulations are often performed at elevated temperature if slow
transport processes are studied.
 Transport in the SEI
In regular structures, diusion coecients can also be determined with DFT
by calculating energy barriers of optimal diusion pathways. Shi et al. use
this method to nd the diusion coecient of lithium-ions, vacancies and
other defects in a Li2 CO3 host lattice [3]. They also calculated the formation
energy of these defects from which their concentration can be inferred. The
publication also reports a nite concentration of neutral lithium-interstitials
and its potential dependence. This result is picked up in Paper II and
Paper III of this thesis. These publications investigate the diusion of Liradicals as the long-term growth mechanism of SEI formation. Generally,
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defect concentrations are found to depend strongly on the potential. This
is considered in a follow-up study where the potential dependence of the
ionic conductivity is elucidated further [124]. At potentials below 1 V vs
Li/Li+ , lithium-ion conduction is facilitated by lithium-ion interstitials with
a repetitive knock-o mechanism. The same mechanism has also been found
by Borodin et al. in MD simulations [125]. In contrast, at potentials above
4 V, lithium-ion vacancies become the dominant charge carrier in Li2 CO3 .
Both charge carriers facilitate lithium-ion transport at potentials between
these values at which the conductivity is small (10−15 S/cm).
This value is too small and would almost prevent lithiation and delithiation
of the underlying electrode in this potential range. However, it would be
possible if the inorganic layer of the SEI is only a few nanometres thick,
a conclusion that aligns with the common assumption SEI is composed of
a thin (inner, electrode-side) inorganic and a thick (outer, solution-side)
organic layer. The latter is partially porous and has notably higher ionic
conductivity. However, investigations by Zhang et al. reveal that such a
small conductivity could also be possible if the inorganic SEI layer is thicker
[59]. He studied the interface between LiF and Li2 CO3 , two common SEI
compounds, and reports a high vacancy concentration in this region. This
could also enable fast lithium-ion transport such that high ion mobility
in the bulk of individual SEI grains is not needed. Bedrov et al. used
an MD-Monte Carlo (MC) algorithm to study Li-diusion in ordered and
amorphous layers of LiEDC and Li2 BDC [126]. At room temperature, both
materials and structures behave as a single ion conductor, meaning only
cations are mobile. It is also found that ordered structures result in higher
ion mobility. It is rationalised that slow SEI growth favours the formation
of ordered phases. Therefore, the prediction is consistent with the experimental observation that slow formation cycles result in better battery performance. Lithium-ion diusivity in LiF, Li2 O, and Li2 CO3 has also been
studied by Benitez et al. with classical MD [127]. These simulations nd
lithium-ion diusion coecients between 4 · 10−17 and 4 · 10−16 m2 /s.

Lin et al. calculated electron tunnelling barriers and probabilities for thin
layers of Li2 CO3 , LiF and Li3 PO4 [128]. The tunnelling rates are relevant
up to SEI thickness between 16 and 30 Å which is consistent with TEM
images [61]. This implies that electron tunnelling plays an essential role in
the initial phase of SEI formation. The concept of a thin inorganic layer
that limits SEI growth is also suggested by Li et al. [129] and is further
discussed in section 1.3.2.

 Electrolyte decomposition
Multiple authors study reaction paths of solvent molecules, salt anions and
SEI compounds. Quantum chemistry investigations can highlight which
mechanism is kinetically or thermodynamically favoured. Yu et al. studied
the interaction of excess electrons with (EC)n  clusters using static and
dynamic DFT calculations [130]. He nds that this electron is localised on
a single molecule which leads to reduced energy barrier for breaking the
C-O bond that opens the EC ring. Note that this is the initial step of
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most EC decomposition reactions, see g. 1.3b. Theoretical studies on the
two-electron reduction of EC have been summarised by Leung et al. see
reference [131]. This reduction path was found to be energetically favoured
[132]. It is therefore inferred that it plays an important role during initial
SEI formation. However, after the formation of a thin SEI layer, the electron
tunnelling rate becomes smaller and a single electron (or two-step) reduction
processes become dominant. Ring-opening reaction products are found to
be CO and OC2 H4 O2  (de-protonated ethylene glycol). While the former
is found in experiments, the latter further reacts to form LiEDC with trace
CO2 . In the absence of CO2 , its decomposition products are proposed to
include CO, CO3 2  , C2 H4 , and even oligomers. If the second electron is not
supplied quickly compared to the ring-opening reaction, the formation of
C2 H4 and CO3  are predicted instead. The latter can react further to form
Li2 CO3 .
Similar studies have been performed for the decomposition of FEC [133].
Here, the main reduction product is found to be LiF while gaseous byproducts include CO2 and CHOCH2 . Another study by the same author
is dedicated to the thermodynamic stability of standard SEI components
on a metallic Li electrode [134]. Such reactions include the reduction of
Li2 CO3 and LiEDC to form Li2 O. They are expected to take place at the
electrode-side of the SEI where a thin layer of Li2 O is predicted.
Electrolytes in battery applications consist of multiple solvent species, salt
and additives. Studies on reduction pathways often omit this complex chemical environment. This can lead to surprising discrepancies between theoretic predictions and experimental observations. According to reduction
potentials, LiPF6 should be the preferred or even the only species reduced
in common electrolytes mixtures of EC, DEC, and VC. Ab-initio MD simulations by Leung et al. predict that PF6  reduction plays a major role at
low electrode potentials [135]. However, AIMD simulations by Martinez et
al. show that competition for active Li sites on the surface can prevent this.
This competition leads to the reduction of mostly solvent molecules [123].
Additionally, in common electrolytes, solvent molecules outnumber salt anions at ratios of 13 to 1 which increases their likelihood to participate in SEI
formation reactions. Borodin et al. explain the preferred reduction of EC
in mixed carbonate electrolytes [136]. EC has a higher reduction potential
than DMC [112], but its preferred reduction is also caused by other factors.
Adsorption of EC on existing SEI compounds is energetically favoured over
DMC adsorption. Furthermore, dierent studies show that the solvation
shell of lithium-ions consists mostly of EC molecules at common salt concentrations [52, 98]. This is due to the high dipole moment of EC and also
true for other linear carbonates. In another study Chapman et al. also
reports solvent coordination numbers of lithium ions range from 2 to 5 for
LiTFSI, LiPF6 , LiBF4 , and LiClO4 , solutions in PC or DMC [39]. Generally, low salt association and large solvent coordination numbers promote
the participation of solvent molecules over salt anions in SEI formation.
Theoretic studies by Sodeyama show that sacricial TFSA− reduction pre-
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vents the decomposition of acetonitrile solvent molecules at very high salt
concentrations [137]. This is desirable in a battery because it does not
reduce the reversible lithium inventory of the system.
 SEI formation
The mechanism shown in g. 1.1a was proposed by Ushirogata et al. [138].
He performed DFT calculations of solubility and adhesion energies of SEI
compounds and suggests that direct precipitation of newly formed SEI is
unlikely. Instead, reduction products rst diuse away from the electrode
and aggregate to form larger clusters. These clusters then precipitate on
the electrode to form the passivating surface lm. Ushirogata argues that
this mechanism is needed to explain surface lms that are up to several
tens of nanometres thick. These SEIs are found on graphite after the rst
lithiation [37]. Details of the initial SEI formation mechanism are still
subject to debate. Electron tunnelling only enables the SEI to become 2-3
nanometres thick [128]. First principle calculations by Soto et al. propose
that radical species are responsible for SEI growth beyond this limit [139].
In this case, the transient evolution of SEI thickness can be described with
multi-scale models, see section 1.3.2.
 High throughput screening
Multiple dierent methods are used simultaneously in so-called high throughput screening studies [112, 140142]. These study several key properties of
solvent and salt candidates for battery applications. This also includes the
stability window of the species in question. Currently, oxidative stability is
of more importance due to the recent trend towards high voltage cathodes.
However, stability against reduction is often considered as well.
In conclusion, predictions by atomistic theories converge for standard carbonatebased solvents and the most common additives, i.e., FEC and VC. The reduction
mechanism of these molecules is well understood. However, quantitative predictions of SEI composition are not possible because the formation is also inuenced
by the solution structure of the electrolyte as well as a competition for adsorption sites between dierent solvent species. Additionally, the eciency of lm
formation and SEI composition could be determined by the adhesion energies of
dierent SEI compounds. The nature of lithium-ion transport through the SEI
remains debated. Diusion of lithium-ions is possible in all relevant SEI compounds; however, ion transport along grain boundaries could play an important
role as well. This also applies for lithium-ion movement in SEI pores. Electron
tunnelling through the SEI is likely to play an important role in its initial formation. In contrast, long-term lm growth could be caused by the diusion of
neutral lithium-interstitials.

1.3.2 Continuum SEI growth Models
In contrast to atomistic models, continuum SEI growth models describe SEI formation in a simplied way and try to elucidate universal properties. Therefore, they typically omit a detailed description of the SEI formation reaction and
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instead rely on the core assumption that the SEI formation reaction proceeds
rapidly. This means that the rate of SEI formation is determined by the availability of precursors. Usually, depletion of a single SEI precursor is assumed at
one of the SEI interfaces (SEI/electrode, SEI/electrolyte). By implication, this
is the interface at which the lm formation reaction takes place. Then, all dynamics of electrolyte decomposition are determined by the transport process that
moves this precursor through and across the SEI. Here, this transport process
is referred to as the long-term growth mechanism (LTGM). This name is used
because these models are well suited to describe SEI growth for longer time scales
which can span days and years. These timescales are one of the main dierences
to atomistic models which are restricted to describe the initial SEI formation
phase. Experimentally, long-term SEI growth can be probed with capacity fade
experiments [50, 116, 143145]. These studies record the capacity fade in full-cells
or integrate the irreversible capacity of each cycle in half-cells. In these cells, the
loss of cyclable lithium inventory is directly correlated to SEI growth if no other
ageing mechanisms are present. Usually, capacity fade slows down with as the
number of cycles and time increases.
Individual models that use the rate-limiting assumption can dier signicantly
depending on which precursor and transport mechanism they use. Nonetheless,
all of them can predict the transient evolution of SEI growth in accordance with
experiments. All conceivable varieties of the rate-limiting approach can be deduced by considering a general SEI formation reaction

sS + kLi+ + ne− −−→ SEI.

(1.1)

Here, s, k, and n are stoichiometric coecients and S is a solvent molecule or salt
anion. Lithium-ions can traverse the SEI rapidly so that only the solvent/anion,
as well as the electron, remain as potential rate-limiting precursors. If this reaction takes place at the solution side of the SEI, electrons become the rate-limiting
species, see g. 1.1b. They could be moved to the reaction site by electron conduction or tunnelling. However, they do not have to be directly available to
enable this reaction. Negative charge could also be provided by anions or radicals such as lithium atoms. Alternatively, solvent molecules or salt anions can
become the rate-limiting species if they can diuse through SEI pores. Then,
the SEI formation takes place at the electrode side of the SEI, as illustrated in
g. 1.1c. Multiple potential rate-limiting precursors and transport mechanisms
are discussed in literature. The reason for this variety is the fact that experimental information on SEI remains vague in this specic regard. This motivates
researchers to probe dierent scenarios.
 Electron conduction [2, 78, 146152]
The notion of this assumption is that at least one solid SEI component has
a small electronic conductivity. This creates a leaking current that feeds
the SEI formation reaction at the SEI/electrolyte interface. The electronic
current is driven by a potential gradient across the SEI. Peled suggested
this type of model in his original publication on the SEI [78]. Since then,
multiple authors have used it in similar growth models. Notably, Christensen et al. coupled electron migration to the transport of other charged
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species in the SEI host lattice [146]. In this way, the model can describe SEI
growth during charging of the underlying electrode. He reports that SEI
growth is faster when the underlying electrode is lithiated. Christensen also
uses this continuum model to describe the initial SEI formation. However,
if the SEI is thin, deviations from the parabolic growth can be found as
the reaction becomes restrained kinetically. Broussely et al. study dierent
capacity fade experiments to validate their model [143]. They report an
Arrhenius like temperature dependence of capacity fade between 10°C and
90°C. Colclasure et al. consider an intricate SEI formation scheme with
dierent intermediate species that occupy SEI surface sites and eventually
react to form Li2 CO3 and LiEDC [147]. Röder et al. use the same solid
SEI compounds and a similar surface site model with a kinetic Monte Carlo
algorithm. Their model can simulate the formation of a heterogeneous SEI
on a regular 3D lattice [149]. [152] use a power law to couple the electronic
conductivity to the concentration of lithium ions in the SEI. This results in
the asymmetry of capacity fade between charging and discharging that is
observed in recent experiments [115].
 Electron tunnelling [2, 128, 129]
As mentioned in section 1.3.1, Lin et al. calculated electron tunnelling
probabilities and rates in of common SEI compounds [128]. They use these
results in a simple transient model to obtain critical (nal) lm thicknesses
between 2 and 3 nm. Thicker SEIs can be explained with a dual-layer model
as proposed by Li et al. [129]. They assume that most of the electrons that
tunnel through the inner layer react to form organic SEI constituents that
increase the thickness of the porous outer SEI layer. This layer does not
aect the SEI growth rate, which is solely determined by the thickness
of the inner layer. The latter grows much slower such that the overall SEI
formation rate slowly decreases. In either case, assuming electron tunnelling
as the LTGM results in a logarithmic growth law. Similar to parabolic
growth law, this result agrees reasonably well with experimental capacity
fade data.
 Radical diusion [3, 139, 150, 151]
Radicals have been proposed as potential carriers of negative charge to the
SEI/electrolyte interface. Soto et al. have proposed the formation of organic
radicals which allow electron leakage through the outer organic SEI layer
[139]. Neutral lithium atoms are another prominent charge carrier. Shi et
al. ran ab initio calculations which suggest the presence of neutral lithiuminterstitials in a Li2 CO3 host lattice [3]. They are mobile and their diusion
causes electron leakage through the SEI. This mechanism has a distinct
potential dependence. In contrast to the electron conduction or tunnelling
mechanism, its throughput does not increase because the driving force of
the transport mechanism becomes stronger at low potentials. Instead, it
grows because the concentration of interstitials increases. The resulting
potential dependence of long-term SEI formation agrees with experiments
as shown in Paper III. Recently, this research has been continued by my
co-workers and extended to battery cycling [153].
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 Solvent/Anion diusion [2, 144, 154, 155]
Alternatively, one can assume that electrolyte species such as solvent molecules or salt anions can diuse through the SEI. Then, this diusion process
becomes the rate-limiting mechanism. Its throughput must be small to slow
down SEI growth to a reasonable rate. This does imply that SEI porosity
must be small because typical diusion coecients in the electrolyte are
too large. Note that, dierent from all mechanisms discussed above, SEI
formation takes place at the electrode/SEI interface if this mechanism is assumed. Pinson and Banzant couple their growth model to a battery model
and study the eect of SEI growth on cell capacity and voltage [118]. They
also consider an Arrhenius temperature dependence of the diusion coefcient, resulting in good agreement with experimental capacity fade data.
Tahmasbi et al. consider the inhomogeneity of SEI thickness by modelling
the evolution of its thickness distribution [154]. The heterogeneity of SEI
is also considered by Hao et al. [155]. His 3D model describes SEI growth
and considers multiple SEI compounds.
 SEI failure and reformation [2, 156]
SEI will rupture if in-plane stresses exerted by the underlying electrode are
larger than its tear resistance. This increases SEI porosity or creates cracks,
either of which will expose the electrode to the electrolyte. Then, solvent
molecules are reduced rapidly, and newly formed SEI compounds quickly
seal these gaps and stop SEI formation. Many continuum models consider
this mechanism together with one of the other LTGMs listed above. Most
capacity fade experiments are designed such that the battery/cell is cycled
repeatedly. Then, capacity fade from SEI reformation consumes an almost
constant amount of lithium in each cycle. Continuum models simplify this
by dening a constant rate at which this mechanism consumes lithium. In
this way, the nal prediction for capacity fade becomes a superposition of
linear and parabolic growth or logarithmic growth.
SEI failure and reformation play a secondary role on graphite electrodes
which experience a relatively small volume change during lithiation and delithiation of ∼ 10%. The expansion of conversion alloy anodes such as silicon
can be as large as ∼ 320%. Repeated SEI failure and reformation is the
main cause of capacity fade in these electrodes. Tanaka et al. demonstrate
this by simulating structural failure of the SEI on silicon [156]. Dendritic
plating of lithium also causes signicant SEI failure, ultimately preventing
the use of metal lithium electrodes in secondary applications.
Most of these models assume homogeneous SEI thickness and morphology. This
results in a simple ODE that can be solved analytically if innitely fast reaction
kinetics and stationary conditions are assumed. Its solution is a parabolic growth
law. Only the tunnelling models predict a logarithmic time dependence of SEI
thickness. An analytic solution is not possible if the kinetics of the SEI formation reaction are considered, e.g. with a Butler-Volmer type rate expression. In
this case, one nds a notable deviation from the analytic solution if SEI thickness is small. This is expected because SEI formation is limited by the reaction
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kinetics in this situation. However, at long timescales, every model will eventually transition to the long-term growth behaviour predicted by the analytic
solution. Christensen summarises these dierent growth regimes in detail [146].
Von Kolzenberg et al. also discuss dierent SEI growth phases in a more recent
publication [153]. This model considers lithium-interstitial diusion and electron
migration at the same time which results in an additional very-long time growth
regime.
Some researches have created more complex models to study SEI heterogeneity.
Many studies couple the SEI growth model and common battery models to study
the distribution of SEI thickness throughout the cell [157]. Other researches
simulate SEI formation in three dimensions with a semi-atomistic Monte-Carlo
approach [149, 155, 158]. These models suggest that the SEI thickness is not
evenly distributed; however, the relative thickness variations they predict are
small. Tahmasbi et al. use a population balance model to capture this eect
[154]. He nds that variations of SEI thickness become smaller with time.
The common issue of continuum SEI growth models is that they almost unanimously predict the parabolic growth law. Only the models that consider electrontunnelling predict logarithmic growth. However, timescales considered by experimental capacity fade studies are not long enough to condently identify either
candidate. Therefore, rate-limiting models cannot be validated with capacity fade
experiments alone. This was recognised by Tang et al. who considered multiple
models and investigated how SEI growth depends on other factors [2]. These
experiments show that SEI formation on glassy carbon electrodes consumes more
charge at lower potentials. Therefore, the authors conclude that the LTGM must
involve a charged species. They also report that SEI formation consumes more
charge in a spinning rotating disk electrode. This implies that transport from the
bulk electrolyte has a slowing eect on SEI formation. However, it can also be
explained with the near-shore aggregation mechanism suggested by Ushirogata
et al. [138]. Alternatively, damage to the outer and fragile SEI layer by friction
would also lead to less ecient SEI formation.
Tang and colleagues also used Ferrocene redox shuttles in several studies to
probe the passivating ability of SEI [57, 76, 77]. Surprisingly, relatively large
redox-shuttle currents can be drawn even after the SEI has been formed. These
currents are up to ve orders of magnitude larger than the leaking current that
drives long-term SEI growth [76]. They are aected and impeded by the SEI, and
dierent limiting currents can be reached depending on the stage of SEI formation.
Tang explains these measurements with a continuum model that assumes a duallayer SEI. The thin and dense inner layer passivates the electrode. At the same
time, a thicker porous outer layer impedes the shuttle current with the formation
of a diuse barrier. This model describes the experiments on HOPG electrodes
well. However, a more complicated behaviour is observed for SEI formed on the
graphite edge plane, which could involve frequent dissolution and reforming [77].
In summary, continuum models can accurately predict the SEIs long-term evolution. These models are based on one out of a handful of dierent long-term
growth mechanisms of which the actual mechanism could not yet be determined.
An essential result of this dissertation is anticipated at this point. Only the
diusion of neutral lithium-interstitials reproduces the experimentally observed
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potential dependence of long-term SEI growth. Dierent extensions of this mechanism can further pronounce the asymmetry of long-term SEI growth that is
observed between lithiation and delithiation of the underlying electrode. Finally,
models that assume a dual-layer SEI structure correctly predict and describe
dierent phenomena revolving around this surface layer.
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This chapter on theory addresses the main principles used by the models developed in this thesis. These include the SEI growth models developed in Paper I,
and Paper II, as well as the impedance model from Paper V. They are all based
on a one-dimensional description of mass and charge balance. Therefore, the rst
section of this chapter is about transport theory. It explains the mass balance
equation, which is the central building block of the models mentioned above.
Transport in porous media and dilute solution theory are also summarised. Concentrated solution theory is not addressed here; however, a comprehensive derivation can be found in the electronic supplementary information of Paper V. SEI
formation and lithium intercalation are electrochemical reactions. They can be
modelled with the Butler-Volmer equation which is discussed in section 2.2. Note
that the content of these sections is part of the standard literature for electrochemical systems [159].
All models developed in this thesis have been analysed with numerical simulations. This also applies to the impedance model, which is solved analytically
in Paper V. In this case, the numeric solution was used to validate the analytic
calculation. Section 2.3 explains the nite-volume discretisation method that was
used to perform these simulations.
Finally, section 2.4, compares the two growth laws that are associated with
SEI growth. In lithium-ion batteries, the capacity loss becomes slower with time.
Both parabolic and logarithmic growth of the SEI layer can describe this trend.
This section explains why neither of the growth laws can be conclusively identied
with available experimental data. It also discusses the physical origin of these
growth laws in the context of SEI growth.

2.1 Transport Theory
As mentioned above, all models developed in this thesis rely on a one-dimensional
description of mass and charge balance. Accordingly, the central component of
these models is the mass balance equation. A general mass balance equation describes the temporal evolution of a quantity variable φ. This can be an absolute
number of particles, energy, or entropy or the corresponding density (concentration, energy density, or entropy density). Due to the reduction to one dimension,
φ(x, t) depends on the position along the primary axes x, and time t. The corresponding mass balance equation reads

∂φ
= −div ξ φ + ṡφ .
∂t

(2.1)
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Here, ξ φ is the current density of the quantity φ in the direction of the primary
axes. The source term ṡφ adds or removes the corresponding quantity. This term
can be used to model chemical reactions or dissipation. Both, ξ φ and ṡφ depend
on the physics that describe the quantity φ in the corresponding phase.
 In this thesis, eq. (2.1) is mainly used to describe the evolution of molar
concentrations. This includes the concentration of solvent molecules, specic ions, or the salt concentration in the liquid electrolyte phase. The
concentration of neutral lithium-interstitials in the solid SEI phase is considered in specic models. SEI growth models developed in Paper I and
Paper II use dilute and ideal solution theory to describe the transport of
these species. This means that each species moves independently and does
not interact with other species in the solution. The source term accounts
for their consumption by the SEI formation reaction. Concentrated solution theory is only used in the impedance model developed in Paper V. In
either case, diusion, migration, and convection are the relevant transport
mechanisms.
 The SEI growth models in Paper I and Paper II use a mass balance
equation to describe the evolution of the solid SEI itself. To this aim, the
solid volume fraction of each SEI compound i is considered as a quantity
variable. In this case, the rate of the corresponding SEI formation reaction
determines the source term ṡi . In Paper I, solid SEI species do not move so
that their current density is zero. However, in Paper II, solid convection
is introduced to model displacement of the SEI within the model domain.
 Principally, anion and cation concentration are independent variables in a
binary salt solution. The charge density % = F (z+ c+ + z− c− ) is a superposition of these concentrations with units of C/m3 . This variable is non-zero
in Paper V. Here, the Poisson equation is used to solve for the electronic
potential, see eq. (2.8). All other models in this thesis assume electroneutrality, i.e., % = 0. Then, the general mass balance equation for % is no
longer a partial dierential equation. It becomes an implicit equation that
is used to determine the distribution of the electronic or electrochemical
potential.
In summary, mass balance equations can be used to describe the temporal evolution of dierent physical quantities within a model domain. The charge-balance
equation can be used to solve for the electronic or electrochemical potential if
electroneutrality is assumed. These are the key building blocks for the models
developed in this thesis. They typically consist of multiple balance equations that
describe the evolution of the primary variables. These variables and are used to
calculate the ux densities and the rate of electrochemical reactions within the
model domain.

2.1.1 Transport in Porous Media
Mass balance equations can also be used to describe the evolution of quantity
variables in a porous geometry. Naturally, the geometric intricacies of a porous
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Figure 2.1: Dierent examples of porous structures and the corresponding tortuosity. Tortuosity is dened between two parallel planes (plane A - red and plane
B - green). Figures 2.1a to 2.1c show the same regular structures where tortuosity
is calculated analytically for dierent orientation. In contrast, gs. 2.1a to 2.1c
show similar structures with decreasing porosity (ε1 > ε2 > ε3 ). The tortuosity of the porous phase increases correspondingly , i.e., which is in line with the
increasing arrow length (τ1 < τ2 < τ3 ).

structure cannot be considered directly in a one-dimensional framework. However, it is possible to modify the mass balance equation and the ux expression so
that they account for the porous structure in an eective way [159]. This theory
is used in Paper I, Paper II, and Paper V to describe transport in the porous
SEI. The modied version of eq. (2.1) becomes

∂εφ
φ
= −div ξeff
+ ṡφ .
∂t

(2.2)

Here, ε is the volume fraction of the phase that φ is associated with. The eect of
the porous structure on transport is considered with the eective current density.
It relates the eective current in the porous medium with the expected ux density
in a pure medium
φ
ξeff
=

ε φ
ξ .
τeff

(2.3)

The eective current is reduced by porosity ε ≤ 1 and the eective tortuosity
τeff ≥ 1. Both of these quantities are dimensionless. Generally, tortuosity relates
the eective path length two parallel planes through a porous medium with their
actual distance. Below, these planes are referred to plane A and plane B. The
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concept of tortuosity is illustrated in g. 2.1, where one of these planes is red
whereas the other one is green. Tortuosity is anisotropic for most structures,
see gs. 2.1a to 2.1c. In this thesis, it always refers to the direction along the
primary dimension. This is the through-lm direction in case of the SEI. There
are multiple denitions of tortuosity that are dierent from each other.
 The geodesic tortuosity is a good measure of the shortest path length
through a porous structure. It is calculated by determining the distribution of the shortest distance Lmin between a random sample point on plane
A and plane B. The geodesic tortuosity is the mean of this distribution,
normalised by L, the distance between both planes

τgeo =

hLmin i
.
L

(2.4)

This denition does not take the size of individual pores into account. It is
not a good measure for mass transport through a porous structure for this
reason.
 The pore size is considered by the eective tortuosity. This tortuosity variant considers all paths that connect plane A and B through a porous structure. It uses eq. (2.3) as its denition and can be calculated for a given
geometry. To this aim, a simple expression is used for the current density
ξ φ ∝ ∇φ. Formulating the corresponding mass balance equation results in
a Poisson equation for φ (∆φ = 0) This equation which needs to be solved
in the pore phase. Without loss of generality, the boundary conditions can
be chosen as

 φ = 0 on plane A,
 φ = 1 on plane B, and
 ~n · ∇φ = 0, zero normal derivative on all other boundaries.

The eective tortuosity can then be calculated with eq. (2.3)
R
~n · ∇φ dA
.
τeff = ε · L · A∩PR
dA
A

(2.5)

These integrals calculate the eective current between plane A and B. Here,
φ
is calculated with an integral over the porous phase on plane A (P refers
ξeff
to the porous volume of the 3d structure). The corresponding integral over
ξ φ has been simplied.
The models developed in this thesis only consider the eective tortuosity. They
use it for the description of transport in the porous SEI. Unfortunately, tomographic SEI data is not available so that a direct calculation of τeff is not possible.
Therefore, τeff is an unknown parameter in these models. However, the models
can be used to determine and estimate reasonable ranges for this parameter. This
allows some conclusions to be drawn about the otherwise inaccessible morphology
of the SEI.
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2.1.2 Dilute Solution Theory
This short section on dilute solution theory is meant to introduce the essential
concepts of ionic charge transport in a uid medium. Note that no model developed in this thesis actually use dilute solution theory in this context. Charge
transport in the electrolyte is not relevant for the description of long-term SEI
growth during stationary storage. Lithium-ions are fairly mobile in the electrolyte
and in the SEI itself. Therefore, both SEI growth models developed in Paper I
and Paper II assume that the concentration prole of charged species is in equilibrium. These models only use dilute solution theory to describe the mixture of
solvent and co-solvent. Concentrated solution theory is used in the impedance
model developed in Paper V. This theory is derived in the corresponding electronic supplementary information, see section 4.5.2. More information on concentrated solution theory can also be found in standard literature [159] and recent
publications [160].
This summary of dilute solution theory considers a liquid mixture that consists
of N dierent species α = 1, ..., N with charge number zα . The electrochemical
potential of species α is dened as

µ̃α = µ0,α + RT · ln a + zα F Φ.
This denition combines the conventional chemical
potential µα with electrostatic

∂G
is a function of the Gibbs
energy contributions. Note that µα = ∂nα
T,p,nβ6=α

Free Energy G. Here, Φ is the electric eld, R is the universal gas constant, T
is the temperature, and F is the Faraday constant. The reference concentrations
c0,α determine the reference potentials µ0,α which are constant. Generally, the
activity a is equal to γα · cα /c0,α , where γα is the activity coecient which may
itself depend on the concentrations and satises γα (c0,1 , ..., c0,N ) = 1.

Dilute solution theory simplies the interaction between dierent species. It is
an approximation that can be used if all concentrations, except for one, are very
small. Here, without loss of generality, this solvent role is assigned to species α =
1. Then, all other concentrations satisfy cα6=1  c1 . Because of this concentration
mismatch, the chemical environment of every species α 6= 1 only consists of
solvent molecules. Therefore, the corresponding inner energy does not depend
on the concentration. Additionally, interactions between dierent non-solvent
species are rare and can be neglected. In this case, the Gibbs Free Energy only
consists of conguration entropic contributions so that γα6=1 = 1.
This is also true in an ideal solution where the individual concentrations do
not need to be small. Instead, the interactions between dierent species need to
be identical. This implies that the enthalpy of mixing is zero. Common battery
electrolytes use of cyclic (EC, VC) and linear carbonates (DMC,EMC,DEC) as
solvents. These species are chemically similar so that corresponding mixtures
could feature near ideal solution behaviour.
A gradient of µ̃α causes a force that acts on all particles of species α. This
causes them to move. The resulting molar ux density is obtained by considering
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the mobility uα and the corresponding concentration cα

Nα = −uα cα ∇µ̃α
= −uα RT ∇cα − uα cα zα F ∇Φ
σα
= −Dα ∇cα −
∇Φ.
zα F

(2.6)

Here, Dα = uα RT is the diusion coecient and σα = uα cα zα2 F 2 is the conductivity of species α. Individual particles move by diusion and migration. In an ideal
solution, diusion is only driven by congurational entropy maximisation. It is
straight forward to extend this ux expression to account for other interactions,
i.e., magnetism or convective motion.
Summing over all charged species gives the total electric current density

J =

N
X

zα F Nα
α=1
N
X

=−

α=1

zα F D∇cα −

N
X
α=1

σα ∇Φ.

Here, the electrolyte conductivity can be identied in the absence of concentration
gradients

σ=

N
X
α=1

σα = F

2

N
X

uα cα zα2 .

α=1

Liquid electrolytes satisfy Ohm's law in the absence of concentration gradients.
This can be used to dene the transference number (or ion transport number) of
species α

tα =

σα
uα cα zα2
.
= PN
2
σ
β=1 uβ cβ zβ

The ion transport number denotes the relative contribution of species α to the
total ionic current in the absence
PN of concentration gradients. These numbers
are dimensionless and satisfy
α=1 tα = 1, which makes them popular transport parameters. However, in real systems, these parameters are not as easy to
use as they appear to be. Incomplete dissociation of salts or the formation of
ion-pairs can signicantly complicate their dependence on fundamental transport
properties (Dα or uα ). Additionally, convective eects cannot be neglected in
concentrated solutions. This drastically aects the interpretation of transference
numbers which depend on the reference frame that is chosen. The relation between apparat transference numbers in the resting frame and the centre of mass
frame is derived in Paper V and in the corresponding electronic supplementary
information, see section 4.5.2
Using the ux expression eq. (2.6) in a mass balance equation eq. (2.1) results
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in the Nernst-Planck equation [161]


∂cα
σα
= ∇ · Dα ∇cα +
∇Φ .
∂t
zα F

(2.7)

All N equations of these type form a closed set of equations together with the
Poisson equation for electrostatics

E∆Φ = −

N
X
α=1

(2.8)

zα F cα = −%,

where E = E0 ER is the permittivity of the mixture.

2.1.3 Constraints in Liquid Mixtures
The SEI growth models developed in Paper I and Paper II, as well as the
impedance model in Paper V consider a liquid electrolyte. This electrolyte is
a salt solution, meaning that there is a single anion and cation species. Only
lithium ions are considered as the cation species in this thesis whereas PF6  and
TFSI  are considered as anions. The solvent itself can be a mixture of several
species. Common battery electrolytes are mixtures of EC and a linear carbonate,
i.e. DMC, EMC, and DEC. The impedance model also considers a tetragylme
(G4) solvent.
Technically, the concentration cα of each electrolyte species α = 1, ..., N is an
independent variable when modelling the electrolyte. However, constraints can
be used to eliminate some of these variables. This reduces the model complexity.
The two commonly used constrains are
N
X

α=1
N
X

να cα = 1,
zα cα = 0.

να =



∂V
∂nα



,

(2.9a)

T,p,nβ6=α

(2.9b)

α=1

Here, να is the partial molar volume of species α and zα is the corresponding
charge number. Note that any partial molar quantity satises a relation similar
to eq. (2.9a) [162]. Equation (2.9b) is the mathematical formulation of electroneutrality. Electrostatic interactions are strong and eectively prevent the
separation of charges in a solution [159, 163]. This approximation holds true
for length scales that are larger than the Debye length λD and timescales larger
than λ2D /Dsalt . Here, Dsalt is the salt diusion coecient of the liquid electrolyte,
see section 2.1.4. The Debye length species the distance over which charges
are separated and thus electric elds are generated. A dedicated section on this
quantity is included in the electronic supplementary information of Paper V,
see section 4.5.2.
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2.1.4 Binary Electrolyte
The binary electrolyte refers to a solution of a dissociated salt. In this case,
the stoichiometry of the salt determines the total amount of cations and anions.
Specically, the valences nα and the charge numbers zα of both salt components
satisfy z+ n+ + z− n− = 0. Assuming electroneutrality relates their concentrations
according to eq. (2.9b). This motivates the introduction of the salt concentration

csalt =

c−
c+
=
.
n+
n−

This variable simultaneously describes the distribution of anions and cations.
Now, the temporal evolution of each ionic concentration can be described with
a mass balance equation. Dierent liner combinations of these equations result
in

∂csalt
= ∇ · Dsalt ∇csalt ,
∂t
0 = ∇·J,

(2.10a)
(2.10b)

if electroneutrality is assumed. Equation (2.10) describes the transient evolution
the salt concentration and the corresponding potential distribution. Note that
these equations can also be derived with concentrated solution theory. However,
the following expressions are only valid for dilute solution theory

J =

N
X
i=1

zα F · Nα = −σ∇Φ − (D+ − D− ) z+ n+ F ∇c,

D+ D− (z+ − z− )
Dsalt =
,
z+ D+ − z− D−

F 2 csalt 2
2
σ=
z+ n+ D+ − z−
n− D− .
RT

They are dierent if concentrated solution theory is used. This is shown in the
electronic supplementary information of Paper V, see section 4.5.2

2.2 Electrochemical Kinetics
Electrochemical kinetics is the branch of electrochemistry that investigates the
rate at which electrochemical reactions proceed. This rate depends on the current
system conguration at the reaction site. That includes the concentration of any
species that participates in the reaction, as well as the electrochemical potential
of the electrolyte and the electric potential of the electrode.
The most prominent rate expression for electrochemical reactions is the ButlerVolmer equation. It is derived in standard literature for electrochemistry [159]
and multiple publications [164, 165]. A partial derivation is also included in Paper II. Other rate expressions include the Marcus-Hush-Chidsey and the Marcus
rate expression [166]. These expressions describe reactions with outer-sphere electron transfer. However, they align with the Butler-Volmer rate expression unless

36

2.3 Finite Volume Method Discretisation

the overpotential η becomes large. This is illustrated in reference [166], where
deviations between the dierent models only appear when |η| > 3RT /F ≈ 75 mV
(n = 1, αa = αc = 1/2). That is the reason the Butler-Volmer equation was used
in this thesis. The overpotential of the SEI formation reaction is expected to be
small because of the transport limited nature of long-term SEI growth. This is
conrmed in the SEI growth models of Paper I and Paper II. These simulations
always transition to transport limited growth and feature with small overpotentials, even if the overpotentials are articially increased by reducing the exchange
current density. Overpotentials are also small for lithium plating/stripping reaction in impedance model of Paper V. During an impedance experiment, the
total cell voltage should be much smaller than the 75 mV mentioned above.
A general electrochemical reaction is considered to describe the Butler-Volmer
equation
X
X
Eα + n · e− ←−→
Pα .
α

α

The educts Eα are reduced on the electrode to form the reaction products Pα
or vice versa. At the same time, the electrode supplies or consumes n electrons,
depending on the reaction direction. The corresponding Butler-Volmer rate expression is given by

 αa nF η
αc nF η
jBV = i0 · e RT − e− RT
This expression is the sum of two exponentials, one describing the anodic and
one describing the cathodic reaction direction. The reaction rate is determined
by the overpotential η and the exchange current density i0 . η is the driving
force of the reaction. It is proportional to the total change of the electrochemical
potential that the participating experience species when undergoing the reaction.
Other parameters are the dimensionless transfer coecients αa and αc . They
are dicult to determine and often assumed to equal 1/2. The exchange current
density i0 , scales the rate of the interface reaction. Typically, i0 depends on
the concentration of precursors and reaction products as well their stoichiometry.
However, more complicated expressions can emerge for processes such as lithium
intercalation in graphite [165].
The Butler-Volmer equation can be linearised at small overpotentials which
a +αc )
· η . On the contrary, one of the exponential terms
means that jBV ≈ i0 nF (α
RT
can be omitted for large values of |η|. In this case, the Butler-Volmer expression
aligns with the Tafel equation.

2.3 Finite Volume Method Discretisation
Discretisation is a central aspect when it comes to the numerical solution of partial
dierential equations. Specically, the simulation domain must be discretised
in space and time. Temporal discretisation is usually performed by the solver.
Therefore, only the spatial discretisation scheme is summarised in this section.
Similar to before, a one-dimensional system is considered. This simulation
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∆xi−1

∆xi
δxi−1

xmin
x̄1

xi−1
x̄i−1

∆xi+1
δxi

xi
x̄i

xmax x

xi+1
x̄i+1

x̄i+2

x̄N +1

Figure 2.2: The one-dimensional model domain spans from xmin to xmax . It is
partitioned into N volume elements. Circles mark the centre point of the corresponding volume element. Distances between centres are denoted δxi whereas
distances between volume boundaries are denoted ∆xi . Centre positions are denoted xi whereas the position of boundaries are denoted x̄i . This labelling is also
used for quantities that are evaluated at the corresponding position. Inspired by
reference [167].
domain spans from xmin to xmax . It is partitioned into N disjunct intervals by
introducing N +1 boundary positions x̄i (i = 1, ..., N +1). These positions satisfy
x̄i < x̄j for all j > i. Naturally, x̄1 = xmin and x̄N +1 = xmax . The control element
i spans from x̄i to x̄i+1 . After dening the boundaries of each volume element,
the following positions and distances can be introduced. They are also illustrated
in g. 2.2.
 The centre position of element i is denoted xi = (x̄i + x̄i+1 )/2, where i =
1, ..., N .
 The size of element i is equal to ∆xi = (x̄i + x̄i+1 )/2, where is i = 1, ..., N .
 The distance between two neighbouring centre points is given by δxi =
(x̄i+2 − x̄i )/2, where is i = 1, ..., N − 1.
A typical model consists of K system variables that are dened in the simulation domain. They are continuous functions of space and time φα (x, t), where
α = 1, ..., K . A corresponding mass balance equation describes the temporal evolution of each variable. To transition to a discretised description, each variable
φα (x) is approximated by a series of N discrete values
Z x̄i+1
1
φ(x) dx.
φi =
∆x x̄i
From the mass balance perspective, this corresponds to the average value of φα (x)
within the control volume i. The goal of the discretisation process is to formulate
N · K independent equations. They approximate the continuous set of equations
that describe the temporal evolution of each system variable at a given time.
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An individual equation is obtained by integrating one of the K mass balance
equations, see eq. (2.1), over one of the N volume elements. This results in

Z x̄i+1
α
ξ¯iα − ξ¯i+1
∂φαi
1
=
+
ṡα dx,
∂t
∆xi
∆xi x̄i
|
{z
}

(2.11)

≈ṡα
i

¯ are evaluated
after division by ∆xi . Similar to positions, expressions with a bar
at the corresponding boundary. Typically, ṡαk is a function of several system
variables. The integral over this term is approximated by evaluating it with the
average values within the control volume
Z x̄i+1
1
α
ṡα (φ1 (x), ..., φα (x)) dx ≈ ṡα (φ1i , ..., φK
i ) = ṡi
∆xi x̄i
Next, the ux densities need to be approximated on the boundaries of each volume element. Diusion and migration are the most frequently used transport
mechanisms in this thesis. Their ux expression has the same mathematical
structure

ξ(x) = Γ(φ1 (x), ..., φα (x)) · grad φ(x).
Below, this expression is used for ξ α to illustrate the discretisation procedure.
Additionally, α is xed and this index is omitted below for clarity. To evaluate
eq. (2.11), uxes need to be evaluated at the boundaries of the volume element.
This creates ambiguity because the uxes depend on variables that are dened
in each neighbouring control volume. Therefore, a new rule must be created to
evaluate ξ¯i , the ux density on the boundary. This rule must guarantee consistent
evaluation of this expression. Otherwise, the discretised system of equations will
not conserve the corresponding variable. It is reasonable to assume that Γ is
constant within each control element. This suggests that

Γi

∂φ
∂x

= Γ̄i+1
x̄i+1 −

∂φ
∂x

= Γi+1
x̄i+1

∂φ
∂x

,
x̄i+1 +

where, ± denote left and right hand side dierentiation. Approximating with
nite dierences results in the following relations

φ̄i+1 − φi
φi+1 − φi
= Γ̄i+1
,
∆xi
δxi
φi+1 − φ̄i+1
φi+1 − φi
2Γi+1
= Γ̄i+1
.
∆xi+1
δxi
2Γi

(2.12a)
(2.12b)

The left and right hand side dierentiation approximate φ(xi ) with φi . This
produces the factor 2 and is exact for a rst-order approximation of φ(x) within
the control volume. Equation (2.12) is used to eliminate φ̄i+1 and solve for Γ̄i+1 .
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This results in

Γ̄i+1 =

Γi Γi+1
,
βΓi + (1 − β)Γi+1

(2.13)

∆xi
where β = ∆xi +∆x
and i = 1, ..., N − 1. β is equal to 12 if both control elements
i+1
have the same size. Then eq. (2.13) becomes the harmonic mean of Γi and Γi+1 .
Equation (2.13) is used to approximate ξ(x) on all internal boundaries with nite
dierences. Boundary conditions determine the ux expression on the edge of
the simulation domain (i = 1 and i = N + 1). This is straight forward if VonNeumann type boundary conditions are used. Then, ξ¯1 or ξ¯N +1 are specied and
available. In contrast, Dirichlet-type boundary conditions specify φ̄1 or φ̄n+1 . In
conclusion,

φi − φi−1
ξ¯i ≈ Γ̄i
δxi
φ1 − φ̄1
ξ¯1 ≈ 2Γ1
∆x1
φ̄n+1 − φN
ξ¯N +1 ≈ 2ΓN
∆xN

i = 2, ..., N,

(2.14a)

if Dirichlet at xmin .

(2.14b)

if Dirichlet at xmax .

(2.14c)

These expressions can be used in eq. (2.11) and complete the discretisation.

2.4 Parabolic and Logarithmic Growth
Generally, a growth law describes how a quantity increases in time. This concept
can be applied to various phenomena. In this thesis, it is most often used to
describe the evolution of SEI thickness. In the logarithmic case, this increase
is proportional to the logarithm of time. Parabolic growth refers to a squareroot of time like evolution. Mathematically, these growth laws are fundamentally
dierent. However, they are both associated with long-term SEI growth. The
reason for this is that both growth laws describe the capacity loss of batteries
suciently well. In this context, parabolic and logarithmic growth cannot be
distinguished with experimental data. Figures 2.3a to 2.3c illustrate this by
comparing a shifted and scaled logarithm function to the natural square-root.
Both functions are similar very similar. The mean absolute dierence between
them depends on the range over which they are compared. This illustrates that
any capacity fade experiment needs to be very accurate in order to identify one of
these growth laws decisively. Such experiments are shown in gs. 2.3d and 2.3e.
Figure 2.3d shows experimental capacity fade data measured by Broussely et
al. [143, 145]. This experiment used prismatic cells to study stationary storage at
dierent temperatures. Cells labelled Industrial were produced on an industrial
pilot line and used a LiCoO2 cathode. Cells which are labelled Prototype used a
LiNix My O2 cathode and were produced on a smaller scale. These cells experience
signicantly more capacity fade. This shows that the cathode chemistry and
the manufacturing method can have a strong impact on capacity fade. Dotted
lines show square-root functions with a dierent amplitude. They t well to the
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lithium-loss evolution of each cell.
Smith et al. measured the capacity fade of graphite half-cells [116]. These
results are shown in g. 2.3e. Here, the lithium-loss is calculated by calculating
the cumulative dierence between charge and discharge capacity. Note that the
so-called formation cycles are also included in the data which explains the large
lithium-loss of the rst measurement point. For this reason, it is not possible to
align a square-root function that goes through the origin to the plot. SEI growth
is not transport limited during the initial formation. The data by Smith et al.
shows rapid lithium-loss, which is typical for lithium graphite half-cells. Smith
attributes this to a large carbon black quantity in the graphite electrodes. This
increases the electrodes surface area, which increases the area covered by SEI and
therefore, capacity fade as well. Another reason for fast lithium-loss in graphite
half-cells is the metal lithium electrode. Chen et al. show that the surface of this
electrode undergoes signicant morphological changes during cycling [168]. This
publication also shows that cycling of lithium electrodes causes the formation of a
porous layer of SEI remnants. This layer is several tens of micrometres thick and
increases the apparent resistance of the lithium surface. In this way, the half-cell
capacity is also reduced kinetically by the lithium electrode.
In conclusion, most capacity fade experiments are subject to slight errors. Additionally, not all capacity fade can be attributed to long-term SEI growth, further complicating the interpretation of the experimental capacity fade data. This
makes it impossible to identify either of the two growth laws conclusively. Experimental errors are usually not caused by measurement equipment. Instead, these
errors originate from variations between dierent test cells. These variations are
even present in cells manufactured with industrial tools and procedures. They
are more pronounced if the test cells are produced in laboratories on a small
scale. Cell manufacturing is a multi-step process, consisting of slurry preparation, electrode coating, electrode compaction and the nal cell assembly, which
includes wetting. Smallest deviations in any of these steps can propagate to large
variations in performance at the cell level.
However, the larger problem for the identication of either growth law is the
uncertainty mentioned above. Capacity fade is rarely caused by long-term SEI
growth alone. Typically, several dierent mechanisms can change the lithium
inventory of a cell. Ideally, long-term SEI growth is by far the largest contributor;
however, this is not always the case.
 Many ageing experiments do not focus on stationary storage but cycle the
cells continuously. This accelerates SEI growth, especially at high C-rates
[115, 153].
 In full cells, capacity is usually measured by charging and discharging the
test cell. The cycling procedure often stops the charging or discharging
phase at a certain voltage or once a specic current is reached. This condition is reached earlier if the resistance of any cell component increases. Such
an increase will always cause apparent capacity fade, especially if current
density during the measurement is high.
 Several cathode materials, specically layered-oxide materials such as NMC
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or NCA, are also subject to degradation. This is often registered as capacity
loss because most full-cells are designed to be cathode limited. Degradation
of layered oxides takes place when much too lithium is extracted from the
structure. This can lead to structural rearrangements and the formation
of a surface phase. In the bulk electrode material, these rearrangements
can form a disordered spinel phase has reduced capacity. At the surface of
the particles, oxygen release can even result in the formation of a rock-salt
phase. Both eects cause a permanent capacity reduction of the electrode;
however, they do not reduce the cyclable lithium-inventory of the cell [169].
 Degraded surface layers with rock-salt structure are bad lithium-ion conductors. This increases the kinetic resistance of the electrode, further reducing
its apparent capacity [169].
 Individual electrode particles may lose electronic contact to the current
collector or the electronically conductive network of the electrode [170].
This permanently traps any lithium inside the particle and reduces cyclable
lithium inventory. The cell capacity is reduced as well if this happens on
the limiting electrode of the cell.
In full cells, cathode side degradation can lead to a situation where the cyclable
lithium inventory is larger than the actual (or apparat) cell capacity. Irreversible
lithium-loss cannot be detected in this situation (if capacity is measured with
the charge or discharge capacity). In conclusion, long-term SEI growth can only
be studied with a capacity fade experiment, if ageing from all other degradation
mechanisms is reduced to negligible levels. This can be achieved by choosing the
cell chemistry and the cycling procedure of the ageing experiment accordingly.
However, the remaining uncertainty remains too large in order to identify either
growth law conclusively.

2.4.1 Electron Tunnelling based SEI Growth Model
Electron tunnelling lengths through common SEI compounds have been calculated by et Lin et al. in reference [128]. Depending on the material, thin layers
between 2 nm to 3 nm eectively block this process. Therefore, Li et al. propose
a dual-layer SEI in their tunnelling based model for long-term SEI growth [129].
Electrons only tunnel through the inner layer, which is thin and compact. The
thickness of this layer, L, determines the SEI growth rate. The porous outer layer
can be much thicker and does not aect the tunnelling current directly.
The probability of an electron to tunnel through the compact layer can be
calculated with quantum mechanics. To this aim, one has to solve the stationary
Schrödinger equation for a potential wall of corresponding thickness. This allows
the calculation of the complex transmission coecient T . It is a function of
the energy of incoming electrons, the height of the potential wall, and L. Its
amount square gives the probability for the electron to cross the compact layer.
The corresponding derivation can be found in standard literature for quantum
mechanics [171]. Li et al. outline a similar procedure in the derivation of their
SEI growth model [129].
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For suciently small transmission rates, the transmission coecient can be
approximated. Its dependence on the thickness of the compact layer is then
given by

T ∝ e−a·L .
Here, a is the (positive) inverse tunnelling thickness. At this point, one can
use the assumption that long-term SEI growth is transport limited. This means
that the SEI formation reaction will instantly consume each electron that passes
the compact layer. The tunnelling leakage current is proportional to |T |2 which
results in the following ODE for L

∂L
∝ e−2a·L .
∂t
Its solution is the logarithmic growth law


L(t) ∝ ln 2a(t − t0 ) ,

(2.15)

where t0 is an integration constant and t is time.

2.4.2 Diusion or Migration based SEI Growth Models
All long-term growth mechanisms (LTGMs) aside from electron tunnelling produce parabolic growth. This includes diusion and migration based processes.
Mathematically, the ux expressions for diusion and migration share the same
structure

N = −D · ∇c,
J = −σ · ∇φ.
Here, N is the diusion ux density according to Fick's law and J is the electronic
current density according to Ohm's law. The diusion coecient D and the
conductivity σ are the corresponding transport coecients. Each mechanism is
driven by the gradient of concentration or potential. This is the so-called driving
force for diusion and migration.
It is now assumed that long-term SEI growth is transport-limited by one of
these mechanisms. No formation reaction takes inside the SEI, which means that
N or J are constant at a given time. Considering constant transport coecients
implies that the driving forces are constant within the SEI as well. They can be
calculated with the SEI thickness, and the value of the corresponding variable at
each side of the surface lm

c+ − c−
,
L
φ+ − φ−
∇φ ≈
.
L
∇c ≈

Here, the ± subindex represents the left and right-hand side interface of the SEI.
The interface where the SEI formation takes place is called the reaction interface.
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The concentration must be zero at this interface because of the transport limited
assumption. Similarly, for a migration based growth model, the potential must
equal to the equilibrium potential of the SEI formation reaction. The value of
c and φ on the other side of the SEI will depend on the physics of the specic
mechanism. It can be assumed that these boundary conditions are constant in
time. This assumption is reasonably accurate for stationary storage as shown in
Paper III, see g. 3.7.
Considering the assumptions above, it is evident that N ∝ L−1 and J ∝ L−1 .
This proportionality also applies to the SEI growth rate because of the ratelimiting assumption

1
∂L
∝ .
∂t
L
Solving this ODE results in the parabolic growth law
√
L(t) ∝ t − t0 ,

(2.16)

where, t is time and t0 is a constant.
The accuracy of the approximations used above is validated in Paper I and
Paper II. They hold true if SEI formation inside the SEI is technically possible,
as shown in g. 3.2c. Additionally, they can be transferred to dual-layer SEIs.
Deviations from this growth law only are only observed in the very beginning of
the SEI formation. In this scenario, lm growth can be limited by the formation
reaction for a short period of time.
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Figure 2.3: (a), (b), and (c) compare parabolic and logarithmic
growth. Time
√
is dimensionless in each of these images and Lpara = t. In contrast, Lln =
a · ln(1 + Rt), where a is dierent in each image. This coecient is chosen to
t
minimize 0 max ∆L dt in the respective interval, ∆L = |Lpara − Lln |. The mean
relative dierence h∆L/Lpara i is equal to 10% in each case. However, the mean
of the absolute dierence increases as the dimensionless time-interval increases.
(d) shows experimental capacity fade data of dierent full cells. Data is taken
from references [143, 145]. The dotted lines show scaled square-root functions
for comparison. (e) shows experimental capacity fade data of lithium-graphite
half-cells. Data taken from by Smith et al. [116].
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The following sections summarise and discuss the peer-reviewed articles which I
have authored during my dissertation. Typically, each brief report is split into
three subsections. The model, its core assumptions, and the theories that it is
based on are summarised in the Theory section. Next, Results and Discussion
section briey describes and interprets the results of the corresponding publication. Finally, my own contribution to each publication in question is outlined in
the Explanation of own Contribution.
The order of the ve publications below is primarily chronological, i.e. in order
of their publication date. At the same time, there is also a superior directive.
Generally, the focus shifts from a microscopic description to a macroscopic description from one publication to the next. In the case of SEI, macroscopic properties are experimentally accessible and their prediction eases or enables model
validation. Paper I and Paper II present and analyse a newly developed model
which describes long-term SEI growth. The distinguishing feature that sets it
apart from previous similar models is the prediction of SEI morphology. Specifically, the models predict the prole of SEI porosity in through-lm direction.
This microscopic description of SEI morphology is omitted in Paper III. Here,
more simplied models are used to describe the potential dependence of SEI
growth. Comparing this dependence to experimental data enables drawing rm
conclusions concerning the long-term growth mechanism (LTGM). As mentioned
above, Paper IV is a review paper. It includes the results of the three previous
publications and places them in the overall context of theory-based literature on
SEI growth. The nal publication of the thesis, Paper V, introduces a physicsbased impedance model of a simple electrochemical cell. Initially, this model was
designed to identify and measure SEI properties with electrochemical impedance
spectroscopy (EIS). It is based on a consistent physical description of lithium-ion
transport in all phases of the cell. This also results in novel insights that enable
a more consistent determination of electrolyte transport parameters with EIS.
These results are especially relevant for highly concentrated electrolytes.
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3.1.1 Abstract
We develop a novel theory for the continuous electrochemical formation of
porous lms to study the solid electrolyte interphase (SEI) on lithium ion
battery anodes. Existing SEI studies model a homogeneous morphology and
a single relevant transport mechanism. Our approach, in contrast, is based
on two transport mechanisms and enables us to track SEI porosity in a spatially resolved way. SEI thickness evolution agrees with existing studies and
is validated with experiments. This consistent approach is unprecedented
in SEI modeling. We predict a non-zero SEI porosity and the dependence
of morphology on transport properties. Additionally, we capture dual-layer
chemistry and morphology. Analytic expressions which describe the parameter dependence of all key properties are derived and discussed.
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Figure 3.1: Cross-section through the SEI in a plane perpendicular to a graphite
electrode surface (top). The SEI formation reaction occurs at the SEI/electrolyte
interface. These reactions are fuelled by solvent molecules (such as EC), lithiumions and electrons. Electrolyte molecules diuse through the pores, whereas electrons are mobile in the solid SEI phase. Lithium-ions are mobile in both phases.
The projection at the bottom shows the spatial dependence of the averaged volume fractions (in planes parallel to the electrode surface) of dierent SEI compounds. The model describes the temporal evolution of these volume fractions.
Image reproduced from reference [150] under the terms of the Creative Commons
Attribution 4.0 License, https://creativecommons.org/licenses/by/4.0/.
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3.1.2 Theory
This summary is meant to be concise and illustrate all relevant concepts of model
presented in the paper. More complete derivations can be found in the publication
and the references therein. The model describes long-term SEI growth, i.e. lm
formation over timescales ranging from days to months. It captures the evolution
of SEI porosity ε at any given distance x from the electrode surface as shown in
g. 3.1. To this aim, transport of dierent species is considered in two phases.
 Electrons (grey) migrate from the electrode surface through the solid SEI.
 Solvent molecules (blue, EC and DMC) diuse in the electrolyte and SEI
pores.
The electronic current density and the ux densities of solvent species i are given
by Ohms and Ficks law

jE = −κeff ∇Φ,
ND,i = −Di,eff ∇cEC ,

i = EC, DMC.

(3.1)
(3.2)

Here, the electronic ux density jE is given in A/m2 whereas the Ni is given in
mol/sm2 . The electrolyte is assumed to be a binary solvent mixture consisting
of EC and DMC. Lithium ions are assumed to be present and mobile in both
phases. They are more mobile than other species due to the time-scales considered. Therefore, the Li+ concentration is assumed constant. This means that
electrons and solvent molecules fuel the formation reactions. In this study, a
single reduction reaction is considered for each solvent species, each producing
dierent solid SEI compound

2 EC + 2 Li+ + 2 e− −−→ LiEDC,
DMC + Li+ + e− −−→ LiMC.

(3.3)
(3.4)

SEI formation takes place at the interface between solid SEI and electrolyte. This
includes interfaces inside the porous structure.
The porosity ε = 1 − εSEI = 1 − εLiEDC − εLiMC determines the eective transport properties. Bruggeman's law is used for this purpose, i.e., Di,eff = εβ Di0 ,
0
and κeff = ε1.5
SEI κ . Note that the standard literature value of 1.5 is chosen as
the Bruggeman coecient for the solid SEI phase. At the same time, β , the
Bruggeman coecient in the electrolyte is a model parameter and its inuence is
a subject of this study.
The model is based on a set of partial dierential equations which balance
mass, charge, and volume within the model domain. SEI is assumed to be suciently homogeneous such that averaging the porous structure in planes parallel
to the underlying electrode surface is justied. This results in a one-dimensional
simulation domain which spans from x = 0 to x = xmax as shown in g. 3.1. Mass
balance is used to describe the temporal evolution of the co-solvent concentration
(EC) in the electrolyte phase

∂εcEC
= −∇ · (NEC + vcEC ) − 2ṡLiEDC .
∂t

(3.5)
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Due to volume conservation, only a single mass balance equation is needed to
describe the evolution of both solvent concentrations. Here, ṡLiEDC is the compound production rate of of LiEDC according to reaction 3.3. The factor 2 stems
from the stoichiometry of the SEI formation reaction. The convective velocity v
is solved for with volume balance in the electrolyte phase with the assumption
of incompressibility. Charge balance and the assumption of electro neutrality is
used to solve for the electric potential in the solid SEI phase

X
∂ε%
= 0 = −∇ · jE + F
ni ṡi .
∂t
i

(3.6)

Reaction kinetics are described with the Butler-Volmer equation. It is used
to express ṙi , the frequency of reaction i = LiEDC, LiEC at a single reaction
site with the concentration of participating species, the overpotential, and the
activation energy. The compound production rate ṡi is given by the product of
the volume-specic surface area A, the surface site density (mol/m2 ) and the
reaction rate ṙ. The volume-specic surface area is a function of SEI porosity


a20 ∂ 2 ε
6
.
(3.7)
A = ε εi +
a0
6 ∂x2
This expression is derived from the assumption that the SEI is made from cubes
with base length of a0 . Transitioning to a continuous description results in the
appearance of the second derivative term. This term is crucial as it enables the
SEI grow into the electrolyte phase, i.e. actually become thicker. At the same
time, the common factor of ε reduces A when all pores are closed. A more detailed
derivation of eq. (3.7) is found in Paper II.
Finally, volume balance of solid species is used to describe the evolution of the
volume fraction of each SEI compound i

∂εi
= V̄i ṡi .
∂t

(3.8)

Here, V̄i is the molar volume of SEI species i. In one model case, only the
reduction of EC is considered. This simplies the evaluation of all central model
predictions. Two SEI formation reactions are considered simultaneously in a
dierent scenario, specically, to study the dual-layer SEI specically.
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e

f

Figure 3.2: asd (a) evolution of εLiEDC (x) with inert co-solvent. (b) Thickness
evolution of the SEI, comparison of the model, eq. (3.9), and a capacity fade
experiment [116]. (c) spatial dependence of the electric potential Φ(x) inside the
solid SEI. (d) Dependence of the average solid SEI volume fraction ε∗SEI on the
conductivity κ0 and the Bruggeman coecient β , comparison of the model and
eq. (3.10). (e) Dual-layer SEI if the co-solvent reduction is considered. (f) Thickness evolution of the dual-layer SEI and an illustration of how the system reacts
to dierent perturbations at t = t0 . The inset shows the corresponding evolution
of R. Image reproduced from with permission of the Royal Society of Chemistry
from reference [148], permission conveyed through Copyrigth Clearance Center,
Inc.
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3.1.3 Results and Discussion
Most theoretic studies on long-term SEI growth in previous literature describe
the evolution of SEI thickness. They use a single transport mechanism and state
its throughput at a given SEI thickness with the rate-limiting assumption. This
rate is then coupled to the evolution of SEI thickness with a dierential equation
which can be solved analytically. As described in section 2.4, the solution is a
parabolic growth law for diusion and migration mechanisms. In the case of
electron tunnelling, the growth law is logarithmic; however, this is qualitatively
similar.
In contrast, this model predicts the evolution of SEI morphology while describing its growth. Dierent to previous models, this model considers two transport
mechanisms (electron conduction and solvent diusion). However, model simulations show that electron conduction emerges as the sole mechanism with the
rate-limiting role. Curiously, if the co-solvent is assumed inert, SEI formation inside the SEI stops before pores are entirely closed. This is illustrated in g. 3.2a
where the LiEDC volume fraction attains the same value everywhere inside the
SEI. Below, this stationary property is referred to as ε∗SEI . The constant SEI
volume fraction infers a constant eective conductivity inside the SEI. Therefore,
similar to previous models, the throughput of electrons can be approximated
with the rate-limiting assumption. As described above, this results in an analytic
expression for the SEI thickness
q
√
∗1/2
(3.9)
L(t) = εSEI κ0 (Φ0EC − Φfinal ) νLiEDC /F · t.
Here, L is the thickness of the SEI, Φ0LiEDC is the equilibrium voltage of the
SEI formation, and Φfinal is the potential of the electrode. This is the parabolic
growth law that is common for the rate-limiting approximation. Equation (3.9) is
compared to the thickness evolution predicted by the complete model in g. 3.2b.
There, it is also compared to an estimation of SEI thickness evolution inferred
from a capacity fade experiment from [50, 116].
Technically, the model allows reduction reactions inside the SEI pores. Reactions are only forced to stop when the SEI volume fraction reaches one as this
causes A to become zero. Values observed for ε∗SEI are below this threshold, see
gs. 3.2a and 3.2d. It is found that further lm growth is suppressed because
pores inside the SEI are lled with inert co-solvent. Theoretically, active solvent molecules can diuse inside the SEI pores where they would be reduced.
However, this does not happen as these solvent molecules get reduced as they
cross the moving SEI front. This can be formulated into an implicit equation
that is used to solve for the predicted SEI porosity ε∗


F 2 c2EC 1
ε∗SEI
κ0 ε∗1.5
SEI
=
+β ∗ .
(3.10)
D0 ε∗β
RT
2
ε

Figure 3.2d shows that this equation correctly predicts SEI porosity for a large
parameter range. Full quantitative agreement is not expected as some simplications are used in its derivation.
Note that the model does not consider mechanical deformation or displacement
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of the SEI (such an extension is added to the model in Paper II). Because of
this, actual lm growth can only happen at the SEI front. Reduction reactions
inside the SEI can occur, but this will always increase SEI density. Therefore,
electron-conduction is expected to emerge as the rate-limiting mechanism.
Co-solvent reduction is considered in the discussion below. The reduction potential of DMC is assumed lower than the reduction potential of EC. Therefore,
DMC reduction occurs inside the SEI, forming LiEC. The reaction is stopped once
the SEI pores are closed as the specic surface area becomes zero. This results
in a dual-layer SEI with a dense inner layer (spanning from x = 0 to x = Ldense )
and an outer layer with the constant porosity ε∗SEI as shown in g. 3.2e. DMC
reduction only takes place close to the electrode is due to the spatial distribution
of the electric potential (see g. 3.2c).
Numeric simulations of the model show that SEI thickness evolution still follows
a square-root of time dependence. Again, the thickness evolution of the model
can be approximated with the rate-limiting assumption. The analytic result
also predicts the square-root of time growth law if a second reduction reaction is
considered. However, the parameter dependence of the corresponding expressions
is more complex and eq. (3.9) is no longer valid. Model simulations show that
the ratio Rstat = L/Ldense always attains a constant value, illustrated in g. 3.2f.
This does not depend on the specic initialization of the system and is also true if
the system is perturbed. Physically, such perturbations represent damage of the
outer layer by SEI rupture or mechanical deformation from electrode expansion.
In conclusion, the relative thickness of the inner layer to the total SEI thickness
appears to be a uniform property. Therefore, this prediction is highly suitable
observable for experimental model validation. It could be conrmed with neutron
reectometry experiments. Similar studies have already been performed for the
initial SEI formation [65, 172].

3.1.4 Explanation of own Contribution
The basic concept of the SEI growth model has been developed by Birger Horstmann,
Erkmen Karaca [1, 173]. Their model describes the lithium-ion concentration in
the electrolyte and omitted the solvent. I have added this solvent species to the
SEI growth model presented in this publication and changed the reaction kinetics accordingly. Additionally, I added a second SEI phase to study the dual-layer
SEI. Development of eq. (3.10) was also done in close collaboration between Birger
Horstmann and myself. Although the text of this publication was entirely written
by myself, B. Horstmann contributed in a signicant way through discussions and
corrections.
The following contributions have been made by myself alone
 text of the section: Abstract, introduction, model description, discussion of
results, and conclusion
 numeric model development and implementation (includes all code)
 model simulations and evaluation of the result
 analytic analysis of thickness evolution for single and dual-layer SEI
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Paper II explores the same long-term SEI growth model that is presented
in Paper I. However, the rst publication is written in communication format
and relatively concise. In contrast, Paper II contains a more comprehensive
derivation of theory and discussion of results. Numerics, regularization, and initialization of the model are also addressed. The basic framework of the model
remains the same as in Paper I; however, two new changes or model extensions are introduced in this publication. Firstly, electron conduction is replaced
with a dierent transport mechanism. Secondly, solid convection is introduced to
describe mechanical deformation of the SEI. This allows a more thorough investigation of dierent LTGMs as well as the dual-layer structure of the surface lm.
These results motivate a more detailed analysis of the assumptions made in the
model and resulting implications for its validity. Finally, SEI thickness evolution,
as predicted by the model, is compared to a dierent capacity fade experiment
by Broussely et al. [143].
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3.2.1 Abstract
In this article, we present a novel theory for the long term evolution of
the solid electrolyte interphase (SEI) in lithium-ion batteries and propose
novel validation measurements. Both SEI thickness and morphology are
predicted by our model as we take into account two transport mechanisms,
i.e., solvent diusion in the SEI pores and charge transport in the solid SEI
phase. We show that a porous SEI is created due to the interplay of these
transport mechanisms. Dierent dual-layer SEIs emerge from dierent electrolyte decomposition reactions. We reveal the behaviour of such dual layer
structures and discuss its dependence on system parameters. Model analysis enables us to interpret SEI thickness uctuations and link them to the
rate-limiting transport mechanism. Our results are general and independent of specic modelling choices, e.g., for charge transport and reduction
reactions.

3.2.2 Theory
The rst signicant addition to the model is the implementation of mechanical
SEI deformation. These eects are described in phenomenological fashion such
that the model retains its simplistic form. To this aim, solid convection is considered in the mass balance equation for each SEI volume fraction. Next, the solid
convective velocity ṽ is introduced as a variable. The equation used to solve for
ṽ is derived from two extreme cases. In the rst case, the solid products of SEI
formation reactions precipitate locally and increase the density of the porous lm.
This is similar to before. In the second case, ṽ is dened such that the SEI density
remains constant at the location where SEI formation reactions occur. Instead,
the surface lm expands and pushes the outer part of the SEI further away from
the electrode. Mathematically, these cases result in the following equations

εSEI ∇ · ṽ = 0,
X
i
εSEI ∇ · ṽ =
V̄SEI
ρi ṙi .

(3.11a)
(3.11b)

i

The equation used to determine ṽ is obtained by superimposing these cases with
a smooth, monotone transition function α(εSEI )
X
i
εSEI ∇ · ṽ = α(εSEI )
V̄SEI
ρi ṙi .
(3.12)
i

As shown in g. 3.3a, a simple transition function is used. Multiple test simulations showed that the precise shape of this function only plays a secondary role.
The only parameter with a pronounced impact on the model result is εcrit , the
volume fraction at which α becomes one. This parameter marks the highest SEI
volume fraction that can be attained. It could be explained by a certain shape
or morphology of SEI precipitates. These could determine in a densest possible
packing, similar to the greatest fraction of space occupied by spheres.
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Electron conduction is often called into question in the context of long-term
SEI growth because SEI is known to contain Li2 CO3 and LiF in most common
electrolytes. Both of these compounds are not electronically conductive. Therefore, the model is modied such that the diusion of neutral lithium-interstitials is
considered instead of electron conduction. DFT studies by Shi et al. suggest that
these interstitials are present in Li2 CO3 , albeit at very low concentration [3]. Neutral radicals could reduce solvent molecules if they diuse to the SEI/electrolyte
interface. Technically, eq. (3.6), the equation used to determine the potential
is removed from the model. It is replaced by a mass balance equation for the
lithium-interstitial concentration cLiI . Transport of interstitials is described with
Fick's law, NLiI = −DLiI ∇cLiI . Additionally, both the rate expression and the
overpotential for the SEI formation reaction are modied. This is necessary because it is now of chemical instead of electrochemical nature.
It should be noted that lithium-interstitial diusion is only studied in a simple
model version without solid convection (or with α = 0). All other results are
obtained with electron conduction instead. However, these methods and results
can be transferred qualitatively.
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Figure 3.3: a) three dierent parametrizations of the transition function of
α(εSEI ). b) spatial dependence of α(εSEI (x)) in a simulation with an example
SEI prole. c) SEI growth with solid convection if electron conduction and solvent diusion are equally fast. The relative location of the reaction interface R̃
(red/yellow) depends on the throughput of each mechanism. Reproduced from
reference [150] under the terms of the Creative Commons Attribution 4.0 License,
https://creativecommons.org/licenses/by/4.0/.
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3.2.3 Results and Discussion
Paper II is the rst publication that studies lithium-interstitial diusion in the

context of long-term SEI growth. The model shows that exchanging electron conduction with this mechanism does not inuence its key predictions. SEI thickness
still evolves with the square root of time and SEI porosity is constant inside the
surface lm. In fact, the SEI volume fractions proles predicted with each mechanism are nearly identical (shown in g. 4a of Paper II). This illustrates once
more that the LTGM cannot be identied by considering lm thickness evolution alone. However, the result also suggests that these mechanisms cannot be
distinguished if SEI morphology was found to be similar to the model prediction.
As already shown in Paper I, adding a second reduction reaction and SEI
compound results in the formation of a dual-layer SEI. Considering co-solvent
reduction results in the double-layer shown in g. 3.4a. This is similar to the duallayer structure presented in Paper I. Because of solid convection, the model can
now consider the reduction of solid SEI compounds. To this aim, the formation
of LiO2 from LiEDC is considered according to [134]

0.1LiEDC + Li+ + e− −−→ 0.6 LiO2 + 0.4 C.

(3.13)

In this case, the shape of the dual-layer SEI depends on the parameter εcrit . Two
dierent scenarios are shown in gs. 3.4b and 3.4c. Experimentally, Li2 O is found
close the electrode surface, i.e. in the layer close to the electrode [44, 47]. This
aligns with the model prediction.
Similar to Paper I, the ratio of inner over the total SEI thickness is found to
attain a constant value quickly. An analytic representation of this ratio is derived
for the new dual-layer scenario as well. Although the behaviour is qualitatively
similar to before, repair of the SEI is slower for the conversion-reaction duallayer. Formation of the inner layer by conversion requires the reduction of 80-90
% volume LiEDC. This consumes more charge than lling the pores (10-20%
volume) with solid precipitates from co-solvent reduction.
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Figure 3.4: SEI dual-layer prole prediction for dierent assumptions and reaction types. a) Co-solvent reduction and temporal evolution of SEI thickness, b)
conversion reaction of LiEDC with εcrit > ε∗SEI , c) conversion reaction of LiEDC
with εcrit < ε∗SEI . Reproduced from reference [150] under the terms of the Creative
Commons Attribution 4.0 License, https://creativecommons.org/licenses/
by/4.0/.
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Other eects of the solid convection mechanism are discussed without considering a second reduction reaction. Generally, solid convection has no eect on
the simulation if εcrit is larger than ε∗SEI . In this case, the SEI does not reach the
density required for mechanical eects to come into play. Choosing εcrit smaller
than ε∗SEI results in a dierent result. Now, solvent molecules can diuse to the
electrode/SEI interface at a high rate. Reduction of the solvent occurs at this
interface where the SEI grows by being pushed away from the electrode. This
means that solvent diusion has become the LTGM. It is possible to parametrize
to model such that it displays a reasonable SEI growth rate with this mechanism.
SEI thickness evolves with the square-root of time with this mechanism as well,
typical for diusion-limited lm growth.
Additionally, there exists a small parameter region in which both transport
mechanisms are equally fast. This is the case when εcrit is approximately equal
or slightly below ε∗SEI . Then, SEI growth can occur inside the SEI, as illustrated
in Figure 3.3c. In this gure, R̃ denotes the relative location of the reaction
interface inside the SEI. To summarise, there are three regimes of lm growth
that the model can reproduce. Film growth is limited by
 electron conduction if εcrit > ε∗SEI

(R̃ ≈ 1),

 both mechanisms if εcrit / ε∗SEI

(0<R̃ < 1), and

 solvent diusion if εcrit  ε∗SEI

(R̃ ≈ 0).

The parameter ε∗SEI can be used to transition the model between these regimes in a
smooth way. The general dependence of R̃ on the model parameters is illustrated
in g. 3.5. It depends on the two eective transport properties κ∗ and D∗ . These
parameters do in turn depend on κ0 , D0 , β and eventually on ε∗SEI as well.
Figure 3.5 also illustrates how dierently the SEI react to small porosity uctuations in each regime. Dynamic porosity changes of the surface lm are expected
on metal or intercalation electrodes that experience volume change during cycling. To study this quantitatively, the relative change of the SEI growth rate is
calculated in the two dierent regimes. The growth rate barely changes if electron conduction is the LTGM. It suggests that long-term SEI growth with this
mechanism is relatively stable and not inuenced by porosity uctuations. The
relative change in the SEI growth rate is several orders of magnitude times larger
for solvent diusion mechanism. Therefore, SEI grows signicantly faster (or not
at all) when its porosity is slightly changed if solvent diusion is the LTGM.
In summary, analytical analysis reveals that the SEI growth rate is unstable
if solvent diusion is the LTGM. Electrodes that experience moderate volume
expansion upon cycling should show that SEI thickness is distributed inhomogeneously. Consider graphite electrode particles with highly isotropic expansion
behaviour. On these particles, the degree of deformation exerted on the surface
lm depends strongly on the orientation of the underlying crystalline structure.
This orientation would be strongly correlated with SEI thickness if solvent diusion is the LTGM. Dierent SEI thicknesses are reported on basal and edge plane
of graphite. However, the above-mentioned correlations would suggest even more
extensive heterogeneity of the SEI thickness. Such variations are not observed,
suggesting once more that solvent diusion is not the LTGM.
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3.2.4 Explanation of own Contribution
The original concept of the model presented in this publication was developed
by Birger Horstmann and Erkman Karaca, see references [1, 173]. As already
elaborated in section 3.1.4, I have added substantial further developments their
model version. In this publication, I have developed and added the physics of
"solid convection" as well as the lithium-interstitial diusion mechanism. Equation 34 in Paper II was derived in close collaboration between Birger Horstmann
and myself. Abstract, Conclusion, and parts of the Discussion section were also
written in collaboration between me and Birger Horstmann. However, as listed
below, the majority of the manuscript was entirely written by myself. Here,
Birger Horstmann contributed with discussions and corrections.
The following contributions have been made by myself alone
 text of the section: Introduction, Model, Model Implementation, Simulation
Results, and Conclusion
 solid convection theory development
 numeric model development and implementation (includes all code)
 simulations and evaluation of results
 analytic analysis of thickness evolution for single and dual-layer SEI, as well
as the calculations for the sensitivity analysis in chapter Charge vs. solvent
transport
 all gures
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Figure 3.5: Dependence of R̃ on eective transport parameters D∗ and κ∗ . Two
red lines mark combinations of κ∗ and D∗ that result in one of two SEI growth
rates. These rates have been chosen to align with experimental data (for low and
elevated temperature, taken from [143]. As an example, two specic parameter
combinations are marked (yellow cross) to represent SEIs in the electron conduction and solvent diusion regime. The dashed lines show how the eective
transport parameters of these SEIs change when the porosity is changed slightly.
They end in yellow circles where the growth rate is double or half the original
one. In the electron conduction regime, this line moves close to the red line
meaning that the growth rate is nearly constant. In the solvent diusion regime,
the black line moves almost perpendicular to the red line. Therefore, the growth
rate changes a lot if the porosity is changed slightly. Reproduced from reference [150] under the terms of the Creative Commons Attribution 4.0 License,
https://creativecommons.org/licenses/by/4.0/.
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The dening feature of SEI growth models developed in Paper I and Paper
II is that they are capable of predicting SEI morphology. However, as shown
in Paper II, SEI porosity does not depend on the long-term growth mechanism
(LTGM) of the SEI. Therefore, these predictions cannot be used to determine
the correct LTGM. Paper III tries to remedy this by focusing specically on the
potential dependence of dierent LTGMs. Here, simplied zero dimensional
models are used that do not describe the evolution of SEI morphology. Both
previous publications have illustrated that this complexity is not needed when
modelling SEI growth only.

3.3.1 Abstract
Continued growth of the solidelectrolyte interphase (SEI) is the major reason for capacity fade in modern lithium-ion batteries. This growth is made
possible by ay et unidentied transport mechanism that limits the passivating ability of the SEI towards electrolyte reduction. We, for the rst
time, dierentiate the proposed mechanisms by analyzing their dependence
on the electrode potential. Our calculations are compared to recent experimental capacity-fade data. We show that the potential dependence of
SEI growth facilitated by solvent diusion, electron conduction, or electron
tunneling qualitatively disagrees with the experimental observations. Only
diusion of Li-interstitial results in a potential dependence matching the
experiments. Therefore, we identify the diusion of neutral radicals, such
as Li-interstitial, as the cause of long-term SEI growth.
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Figure 3.6: Sketch of long-term SEI growth on graphite facilitated by four different rate-limiting mechanisms (LTGMs). Arrows indicate the movement of the
rate-limiting species. Yellow/red lines show where the SEI formation reaction is
taking place in each scenario. a) Solvent diusion, b) electron tunnelling through
a compact and thin inner SEI layer, c) electron conduction/migration through
the SEI, d) diusion of neutral lithium interstitials towards the SEI/electrolyte
interface. Copyright (2020) Wiley. Reproduced with permission from reference
[151].

3.3.2 Theory
Simple SEI growth models are used to describe capacity fade of commercial
lithium-ion batteries during stationary storage. It is assumed that capacity fade
is only caused by SEI growth. This is true for all but the highest state of charges
(SOCs) of the commercial battery that the model is designed to describe. At
high SOCs, the cathode potential is high enough for electrolyte oxidation which
also aects the lithium inventory (capacity) of the battery.
The model is designed in a way that SEI growth can be described with dierent
LTGMs, all of which are summarised in g. 3.6. During stationary storage, two
coupled dierential equations describe the evolution of SEI thickness L and anode
SOC

V̄
∂L
=
· jSEI ,
∂t
2F
∂ SOC
AjSEI
=
+ γ.
∂t
Qtot

(3.14a)
(3.14b)

Here, Qtot is the capacity and A is the surface area of the graphite electrode.
Additionally, the dimensionless degradation rate γ is introduced. The SOC is
used to determine the potential of the negative electrode U with the open-circuit
voltage (OCV) of graphite.
Capacity fade from SEI growth is described with jSEI . This is the current
density of the long-term SEI formation which is dierent for each LTGM. It can
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be a function of L and U (SOC). Fick's law is used to describe diusion type
LTGMs. At the same time, electron conduction is modelled with Ohm's lawl. If
the electron tunnelling mechanism is used, eq. (3.14a) is replaced. This LTGM
is described with a model by Li et al. from reference [129] which has a slightly
dierent but qualitatively similar equation structure. It requires to describe the
thickness evolution of the thin inner SEI layer to determine jSEI .
Boundary conditions must be specied at each end of the SEI for each LTGM.
For the electron conduction mechanism, the potential equals the equilibrium potential of the SEI formation reaction at SEI/electrolyte interface. It is equal to
U at the electrode/SEI interface. This is similar to the boundary conditions used
in Paper I and Paper II. For diusion type mechanisms, the concentration of
the rate-limiting species is zero at the reaction interface. This concentration is
equal to the bulk solvent concentration of the electrolyte at the other interface.
The concentration of lithium-interstitials at the electrode/SEI interface is derived
next. Lithium is assumed to be in thermodynamic equilibrium between the graphite anode and a thin SEI layer close to the electrode. Therefore, intercalated
lithium has the same electrochemical potential as lithium-interstitials in the SEI
within this region. Considering that the concentration lithium-interstitials in the
SEI is small, their activity is assumed ideal

µLi
Lix C6 = µLiI = µLiI ,0 + RT ln
Using µLi
Lix C6 = −F U then results in

cLiI (x = 0) =

c0LiI ,ref

cLiI

.

(3.15)



FU
· exp −
,
RT

(3.16)

cLiI ,ref

where, cLiI ,ref is the interstitial concentration when the electrode potential is equal
to 0.0 V vs Li/Li+ . The concentration of these defects depends exponentially on
the electrode potential. This dependence is similar to the one suggested by Shi
et al. in reference [3]. In conclusion, the potential does not alter the driving
force or the transport parameter of lithium-interstitial diusion. Instead, the
concentration of neutral interstitials changes with the potential.

3.3.3 Results and Discussion
As stated multiple times in previous sections, the prediction of SEI long-term
growth is insucient to identify the underlying mechanism. For this reason, new
models have been developed and introduced in Paper I and Paper II. They
predict SEI morphology, specically porosity and dual-layer structure, in addition to long-term lm growth. In-depth model analysis in Paper II suggests that
solvent diusion is not the LTGM because it inherently results in unstable SEI
growth. At the same time, the publication demonstrated that two dierent LTGMs (electron conduction and lithium-interstitial diusion) produce identical SEI
morphology. Therefore, to identify the LTGM, long-term growth models need to
consider even more dependencies. Tang et al. have identied this problem in reference [2] and studied how SEI growth depends on the electrode potential. They

69

3 Cumulative Part

a)

100

L 0 = 15 nm
90

b) 10

125

60

SoC / %

RC / %

95

20

58

115

56
105

54
0

2

4

6

8

10

Anode Potential / mV

L / nm

30

12

Storage time / months

Figure 3.7: Simulation of the storage experiment by Keil et al. [4, 174]. a)
Evolution of the SEI thickness during the experiment (blue, left) and the relative
capacity of the cell (red, right). b) Evolution of the state of charge during the
experiment (blue, left) and the corresponding electrode potential (red, right).
Jumps in b) are caused by measurement cycles which reset the SOC. The SOC
does reset to the initial value because a static denition for the SOC is used. Dashdotted lines indicate how the corresponding quantities evolve if the changing SOC
is not considered during ageing (i.e., if SOC and electrode potential are assumed
constant). Copyright (2020) Wiley. Reproduced with permission from reference
[151].
studied SEI growth on a glassy carbon electrode at ve select potentials between
0.1 and 0.9 V vs Li/Li+ . Then, dierent SEI growth models were compared to
the emerging potential dependence of SEI formation, see section 1.3.
Paper III reuses the approach by Tang et al. with an experiment by P. Keil
et al. published in references [4, 174]. These publications contain a comprehensive study on long-term ageing of commercial lithium-ion batteries. Specically,
ageing is investigated for storage at dierent sate of charge (SOC). The SOC
can be directly correlated to the electrode potential in lithium-ion batteries with
graphite anodes (on timescales larger 10 min). This makes the experiment ideal
to study the dependence of long-term SEI growth on the electrode potential. The
fact that the experiment considers stationary ageing makes it ideal for this purpose as well. Dierent from most ageing studies, cells were not cycled repeatedly
during the experiment. Therefore, battery degradation was not measured as a
function of the cycle number. Instead, cells were only cycled once in 2-3 months
to measure the decreasing cell capacity. Figure 3.8b shows the relative capacity
of NCA cells after 9.5 months of storage at elevated temperature. Figure 3.6
illustrates four dierent LTGMs that are compared to this experiment.
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Figure 3.8: a) Charge (dotted) and discharge (dash-dotted) potential of the Ligraphite cells measured by Keil et al. at C/20 [4, 174]. The mean between these
curves (blue line) is used to determine the electrode potential for a given SOC.
The curve is stretched and shifted to align with cell capacity, which is smaller than
the capacity of the negative electrode. b) (Crosses) Capacity fade of commercial
NCA cells after 9.5 months of storage at elevated temperature, also measured by
Keil et al. [4, 174]. 16 Cells were stored at dierent SOC. Lines show the relative
capacity as predicted by the simulation with for dierent LTGMs, see g. 3.6.
Copyright (2020) Wiley. Reproduced with permission from reference [151].

The solvent diusion mechanism does not depend on the electrode potential.
Therefore, the same level of cell degradation is predicted for all potentials/SOCs.
Such a dependence emerges for any of the three other mechanisms. However,
only lithium-interstitial diusion shows good qualitative agreement with the experiment. Note that there is no model parameter that can adjust the potential
dependence of this mechanism. In contrast, the potential dependence of electron
migration and tunnelling can be adjusted by changing the equilibrium potential
of the SEI formation reaction. This parameter can be used to obtain better qualitative agreement; however, the corresponding equilibrium potential is not reasonable. Therefore, lithium-interstitial diusion emerges as a prominent LTGM
candidate.
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3.3.4 Explanation of own contribution
This manuscript was almost entirely written by myself. Birger Horstmann wrote
some parts of the abstract, the introduction and the conclusion section. However,
he further contributed with corrections and insightful discussions in all other
sections.
The following contributions have been made by myself alone
 the text of sections "Capacity fade model", "Results and Discussion"
 development of the base-model for the simulation of the capacity fade experiment (all three dierent model types)
 numerical implementation of the model as well as all simulations and their
evaluation
 derivation of the analytic solution of the dierent models in the "Simplied
solutions" section
 all gures
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Paper IV is a review paper. It contains a brief summary of results from theo-

retic studies on SEI that use atomistic methods which is similar to section 1.3.1.
However, the main focus of this publication are results from continuum-type SEI
growth models. Paper IV also contains results of Paper I−Paper III. They
are discussed in the context of previous and more recent literature. Note that
these publications are also summarised in section 1.3.2.

Abstract
Electrolyte reduction products form the solid-electrolyte interphase (SEI)
on negative electrodes of lithium-ion batteries. Even though this process
practically stabilizes the electrodeelectrolyte interface, it results in continued capacity-fade limiting lifetime and safety of lithium-ion batteries.
Recent atomistic and continuum theories give new insights into the growth
of structures and the transport of ions in the SEI. The diusion of neutral
radicals has emerged as a prominent candidate for the long-term growth
mechanism, because it predicts the observed potential dependence of SEI
growth.

3.4.1 Explanation of own contribution
This manuscript was mostly written by Birger Horstmann who is the lead author of the publication. Parts of section 1 (Introduction) have been written in
collaboration between myself and Birger Horstmann. Furthermore, I have also
contributed to the literature research needed for this review as well as several
technical discussions. The publications also uses some gures that I have created
for dierent publications. The following contributions have been made by myself
alone for this publication specically.
 Literature research for section 1 (Introduction)
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 Literature research for section 3 (Continuum models and long-term SEI
growth)
 Figure 1 and gure 2
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Experimental characterization of the SEI constitutes a signicant challenge as
discussed in section 1.2. One of its dicult aspects is the fact that SEI is not
stable in normal atmosphere and easily damaged during sample transfer. SEI
samples need to be rinsed with DMC for preparation and cleaning before beeing
characterised with most ex-situ methods. This step can also damage or alter the
surface lm. In-situ techniques such as impedance spectroscopy are not aected
by this issue, making them especially desirable for SEI characterization.

3.5.1 Abstract
In this article, we derive and discuss a physics-based model for impedance
spectroscopy of lithium batteries. Our model for electrochemical cells with
planar electrodes takes into account the solid-electrolyte interphase (SEI)
as a porous surface lm. We present two improvements over standard
impedance models. First, our model is based on a consistent description
of lithium transport through electrolyte and the SEI. We use well-dened
transport parameters, e.g., transference numbers, and consider convection
of the center-of-mass. Second, we solve our model equations analytically
and state the full transport parameter dependence of the impedance signals.
Our consistent model results in an analytic expression for the cell impedance
including bulk and surface processes. The impedance signals due to concentration polarizations highlight the importance of electrolyte convection
in concentrated electrolytes. We simplify our expression for the complex
impedance and compare it to common equivalent circuit models. Such simplied models are good approximations in concise parameter ranges. Finally, we compare our model with experiments of lithium metal electrodes
and nd large transference numbers for lithium ions. This analysis reveals
that lithium-ion transport through the SEI has solid-electrolyte character.
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3.5.2 Theory
Impedance spectroscopy measures the complex electronic resistance of the probe
over a wide frequency range. The impedance signal Z(ω) is recorded by applying
an electrical current or voltage signal to the cell. Then, the transient response
of voltage or current is measured. If the signal is sinusoidal, one can calculate
the impedance with Ohm's law after considering a complex representation of
the phase shift between input and response. Alternatively, one can calculate Z
with Fourier transformation if the input signal is composed of all frequencies of
interest.
The drawback of impedance spectroscopy lies within measurement interpretation. In most cases, this is done with equivalent circuit models. These models
are sucient for simple systems. However, they are prone to assign features incorrectly if the system is more complex and features multiple resonances. Therefore, physics based models are a prerequisite for using impedance spectroscopy
to determine parameters. Their formulation requires information about geometry, structure, and processes of the system in question. Parameter identication
can still be ambiguous even if a physical model is available. This can happen if
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Figure 3.9: Sketch of the symmetric cell described by the model. Electrolyte,
SEI and the solid electrode constitute the three phases that are considered. L0
and L are the distance of the SEI and the electrode to the symmetry plane.
The SEI thickness is given by L̂ = L − L0 . Ion transport through the cell is
described in one dimension along the x-axis. The symmetry plane is located at
x = 0. U and Icell are cell voltage and cell current. I is the current density. In
the gure, each phase contains the variables that need to be solved to describe
transport and the interface reaction rate. The latter takes place between the SEI
and the electrode (marked orange). All variables in the electrolyte, all variables
in the SEI phase, and cS are resolved spatially whereas ϕ+
S is assumed constant
for simplicity. Electric potentials of the left and right electrode are dened by
+
boundary conditions and symmetry (φ−
S = −φS ). Reprinted (adapted) with
permission from reference [175], Copyright (2020) American Chemical Society.
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dierent features and resonances of the impedance signal overlap. However, this
problem is often caused by the ambitious attempt of identifying several parameters at once. Physical impedance models do help in these situations as they can
provide reasonable limits for most of their parameters. In this way, misinterpretation of impedance features can be circumvented. If the amount of ambiguity
remains too high, physical parameters can oer the option to be measured in a
separate experiment. In conclusion, physical impedance models can improve the
reliability of impedance measurements and their interpretation. For this reason,
a physical impedance model has been developed in Paper V. It is designed to
improve the reliability and consistency of SEI impedance measurements.
The model describes the impedance response of a symmetric cell with two
planar metal lithium-electrodes which is illustrated in g. 3.9. This system was
chosen because of its simplicity and because recent experimental studies were
available for model validation [5, 176]. It consists of a total of ve dierent phases,
two of which can be omitted due to symmetry. This leaves only one electrode,
one SEI, and the electrolyte phase. Due to the high electronic conductivity, the
electric potential in the electrodes is not spatially resolved and assumed constant.
The lithium-ion concentration in the electrode cS only needs to be modelled if
intercalation type electrodes are considered. All other model variables (shown
in each phase in g. 3.9) are resolved spatially. Concentrated solution theory is
used to describe lithium-ion transport in the electrolyte and the SEI. Note that
electroneutrality is not assumed and Poisson's equation is used to solve for the
electric potential instead. In this way, charged double-layers at interfaces can be
resolved such that charge accumulation at interfaces occurs naturally. Therefore,
interface capacities do not have to be added manually. The interested reader is
referred to the supporting information of Paper V where this transport theory
is derived from basic physical assumptions. As discussed in section 1.3.1 (see
transport in the SEI), the mechanism of lithium-ion transport in the SEI is
still under debate. Here, it is assumed that lithium-ions move through pores in
the SEI which are lled with electrolyte. Note that porous concentrated solution
theory is equivalent to that of a single ion conductor if the transference number
t+ is chosen as one. Therefore, a dierent set of transport parameters is chosen
for the SEI phase. All variables and parameters that are related to the SEI phase
are labelled with a . Solid ion conduction through the SEI can therefore be
reproduced by choosing t̂+ ≈ 1.
Linearised Butler-Volmer kinetics are used to describe the interface reaction
at SEI/electrode interface. Determining the physical quantities that drive this
reaction constitutes a signicant challenge in the non-neutral system. Typically,
the reaction is driven by the electrochemical potential and the salt concentration
at the interface. However, if the double-layer is spatially resolved, neither of these
quantities are well dened as they depend strongly on the distance to the interface
at which they are evaluated at. Additionally, the concept of salt concentration
no longer exists because both cation and anion concentration become independent
variables. This is solved by introducing a new approach that is specically suited
for this calculation. It simplies the analytical solution of the model and aligns
with the neutral theory. Furthermore, it does not require the introduction of new
parameters to describe the interface kinetics.
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An analytic solution of the model useful because fast model evaluation is important for parameter identication. It is possible because impedance measurements
are performed when the cell is in equilibrium. Only a small perturbation is added
to this reference state during the impedance measurement. Therefore, all equations can be linearised around the reference state which results in a set of coupled
linear ODEs. These can be solved analytically in frequency space. The convective velocity is eliminated as a variable in the linearised system which greatly
simplies these calculations. Convective motion is considered from within the
centre-of-mass frame. This implies that transport parameters such as diusivities and transference numbers are chosen with this reference in mind.
In Paper V a total of four dierent impedance models are considered. First,
the impedance of the cell without SEI is calculated. This is done with and without
the assumption of electroneutrality and then repeated for the cell with SEI. In
this way, model complexity is increased progressively and analytic sub-results
can be identied more easily. Depending on the specic model, the predicted
impedance signal consists of a subset of the following features
 Ionic resistance of the electrolyte: RE /ZE
 Ionic resistance of the SEI: RSEI /ZSEI
 Resistance of the interface reaction: RI /ZI
 Diusion resistance of the SEI: ZD,SEI
 Diusion resistance of the electrolyte: ZD
Here, impedance contributions labelled Ri are real and constant. They have no
frequency dependence and appear only in electroneutral models. In contrast,
impedance contributions labelled Zi depend on the frequency ω . In this context,
Ri refers to the amplitude or diameter of Zi . The impedance response of each
individual model is shown in g. 3.10a.

3.5.3 Results and Discussion
Electroneutral models only predict a frequency dependency for diusion-type processes as shown in gs. 3.10a and 3.10c. ZD and ZD,SEI are so called nite-length
Warburg impedance signals (Warburg Short). They correspond to the formation
of salt concentration gradients in the electrolyte and in the SEI. Impedance contributions such as the electrolyte resistance RE , the resistance of the SEI RSEI ,
and the interface resistance RI are constant if electroneutrality is assumed. They
show no frequency dependence because charge cannot accumulate at the interfaces. However, their frequency dependence is revealed in non-neutral models.
The analytic expression of the diusion impedance of the electrolyte is given
by

−N M L
ZD =
∗
z+ z− F 2 Dsalt
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where
dependence is given by the complex eigenvalues k = (1 −
p the frequency
∗
i) ω/2/Dsalt
. N is determined by the stoichiometry of the salt. The factor
M = ρ2 /ρN ρ̃N is determined by the density of the electrolyte ρ and the extrapolated density of salt and solvent (a denition of these densities can be found
in the ESI of Paper V). Two main dierences are found when comparing this
to expressions to literature [177]. Both of these dierences arise from the fact
convection is considered in this model. The transference number t− is shifted by
ρ+ /ρ. For Li-salts this shift is small because of the low mass fraction of lithiumions. The expression is also scaled by the factor M. This factor does not appear
in literature and can have signicant impact on the amplitude this resonance
as shown in g. 3.11. Both of these corrections vanish for low salt concentrations (ρ+ → 0, M → 1) when transitioning to dilute solution theory. However,
M is approximately equal to 2.0 in the the 2.5 molar LiTFSI solution used by
Wohde et al. This demonstrates the importance of convective eects for highly
concentrated electrolytes which have recently become an active eld of research
[108110]. These salt solutions have low ionic conductivity and high viscosity but
feature surprisingly good rate performance and stability when used in lithium-ion
cells. The former is due to reduced SEI resistance [58] whereas the latter is attributed to mitigated transition metal dissolution from the cathode material [178].
This impedance model illustrates that concentrated solution theory is necessary
to describe the dynamics of these electrolytes. Additionally, convective eects
cannot be neglected and special care must be taken when choosing or measuring
transport parameters, especially transference numbers. They must be dened in
the correct reference frame. Equation (3.17) can be used to determine Dsalt and
the transference number in the centre of mass frame with a single low frequency
EIS experiment if the thermodynamic factor and the partial molar volume of the
salt are known.
Figure 3.10c shows the equivalent circuit for each of the four models. These
circuits are derived from the corresponding analytical solution. It is found that
the resonance frequencies of ZE and ZD are vastly dierent for reasonable model
parametrizations. In this case, it is possible to decouple these components as
indicated by the green circuit. This simplies the corresponding impedance expression. The same thing is true for ZSEI and ZD,SEI . However, this is not true
for the interface resistance. Here, both RI and ZW need to be considered together
and cannot be separated.
Finally, g. 3.12 shows how the non-neutral model with SEI aligns with an
impedance experiment. The diusion resistance of the electrolyte can be identied
clearly at the low-frequency end of the measurement (∼mHz). It is the only
feature that depends on the distance between the electrodes. The resistance of
the electrolyte phase RE depends on L0 as well, however, it has been subtracted
from the data such that all four curves align. Two additional resonances can be
identied in the experiment. There is a depressed semicircle is located at the
high frequency end of the measurement (∼kHz). The last resonance with has a
small amplitude and is found in the intermediate frequency range (∼Hz). A total
of three features remain according to the model, namely ZSEI , ZI , ZD,SEI . These
features cannot be assigned with certainty because too many model parameters
are unknown. Therefore, two dierent parameter sets are proposed
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 In the main parametrization ZSEI and ZI overlap to form the depressed high
frequency semi-circle. Then, the resonance at intermediate frequencies is
produced by ZD,SEI alone.
 In the alternative parametrization, ZI is assigned to the intermediate frequency feature whereas ZSEI is solely responsible for the high frequency one.
It is assumed that the amplitude of ZD,SEI is small and that the feature is
not resolved in the experiment because of insucient data point density
and the measurement accuracy.
Either parametrization ts well to the experiment as shown in g. 3.12. However,
the alternative one requires large values for dielectric constant in the SEI in order
to get the resonance frequencies correct. It also does not reproduce the depression
of the high-frequency semi-circle. Interestingly, the amplitude of ZD,SEI is small
in both parametrizations. This can only be achieved by choosing t̂+ close to
1 − ρρ+ ≈ 1, because RD,SEI scales approximately with (1 − t̂+ − ρρ+ )2 . If dierent
∗
), either the amplitude
parameters are changed to scale this amplitude (L̂ or D̂salt
of RSEI or the resonance frequency fD,sei does not match to the experiment. In
the case of t̂+ ≈ 1, lithium-ion transport in the SEI is only driven by potential
gradients. Concentration gradients do not form across the bulk SEI and both ionic
concentrations become constant in the SEI (deviations only occur in the doublelayer). This means diusive motion is not taking place. In conclusion, the model
suggests that SEI is a single ion conductor of lithium-ions. At least, lithium-ion
transport through the SEI has the characteristics of a solid ion conductor which
means that anions are immobilized.
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Figure 3.10: (a) schematic impedance response predicted for the simple cell without SEI, (b) schematic impedance response predicted for the cell with SEI. Each
plot contains the impedance of the model with the assumption of electroneutrality (dashed-red). The non-neutral model version produces the blue impedance
signal. Red crosses mark the resonance frequency of each individual feature. (c)
Simplied equivalent circuit models of the four model scenarios (top to bottom:
Neutral without SEI, neutral with SEI, non-neutral without SEI, non-neutral
with SEI). Green circuits are good approximations that replace the physically
correct dotted circuits. White elements have a constant ohmic impedance contribution. Reprinted (adapted) with permission from reference [175], Copyright
(2020) American Chemical Society.
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Figure 3.11: Dependence of the dimensionless factor M on the salt volume fraction and the fraction ρ̃salt,0 ρ̃−1
salt,0 . This factor scales RD , the amplitude diusion
impedance (nite-length Warburg, or Warburg-short), which is given in eq. (3.17).
The two marked values correspond to the electrolytes used by Wohde et al., see
reference [5]. Reprinted (adapted) with permission from reference [175], Copyright (2020) American Chemical Society.
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Figure 3.12: Comparison of the model (lines) and an impedance experiment by
Wohde et al. (crosses) [5]. This experiment was performed with dierent distances between the electrodes. Data and model are shifted by the electrolyte resistance RE that scales with L. In this way, all results align. Not all model parameters can be determined unambiguously with this model. Therefore, two dierent
parameter sets are identied. The inset shows the same data and the model with
the second parameter set. Note that this only aects the high-frequency part of
the impedance signal. Reprinted (adapted) with permission from reference [175],
Copyright (2020) American Chemical Society.
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3 Cumulative Part

3.5.4 Explanation of own Contribution
Birger Horstmann provided the idea of an analytic impedance model which is
solved in frequency space. He also provided valuable feedback in discussions for
further development of the model which was primarily done by myself. This includes calculations such as the linearisation of the transport theory, calculation
of eigenvectors, derivation of the reaction rate expression, and the nal calculation of the solution. The text was written by myself with the exception of the
abstract and the conclusion. These sections were written by in collaboration between Birger Horstmann and myself. He also contributed by proofreading the
manuscript and with feedback on the content and structure of the publication.
The transport theory of concentrated mixtures was originally derived by Max
Schammer and Birger Horstmann [160]. It has been adapted for the binary salt
and is presented in the supporting information of this publication.
Furthermore, the following contributions have been made by myself alone
 text of the following sections: introduction, theory, theory of impedance
spectroscopy, discussion, and validation with experiments
 analytical calculations (by hand and with Mathematica)
 numerical calculations (Matlab)
 parameter identication and model calibration with experiment
 all gures and plots
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This thesis's primary goal was the identication of universal solid electrolyte
interphase (SEI) properties. First and foremost, this refers to identifying the
long-term growth mechanism (LTGM) that causes continued SEI formation and
capacity fade in lithium-ion batteries. However, other aspects such as the morphology of this surface lm have been of interest as well. To this aim, a new model
has been developed to describe long-term SEI growth. In contrast to similar previously existing SEI growth models, this model can also predict the evolution of
SEI morphology. It is also designed to test the eect that dierent LTGMs have
on SEI morphology and SEI growth.
As shown in Paper I and Paper II, the model predicts the expected parabolic
growth law for the evolution of SEI thickness. This result aligns with previous
literature and experiments. Additionally, the model predicts a non-zero porosity
for the outer SEI layer for dierent LTGMs, i.e., electron conduction and lithiuminterstitial diusion but not for solvent diusion. It arises from a competition
between two transport mechanisms that move SEI precursors to the SEI front
where the formation reaction takes place. Another condition for this prediction
is that one electrolyte species has a lower reduction potential than the other
one. At the SEI front, porosity decreases until the stable species becomes almost
immobilised inside SEI pores. Then, the porosity inside the SEI stays constant
because the rate of active solvent moving past the SEI front into the porous
layer becomes slower than SEI growth itself. As shown in Paper II, this process
does not take place if solvent diusion is assumed to be the LTGM. For this
mechanism, porosity becomes a model parameter.
The model also predicts the dual-layer structure of the SEI and the porosity
of the outer layer. These predictions depend on the chemical reactions at play
and the eective transport parameters in each phase. The original intent was to
conclude the LTGM with these predictions. However, this has not been possible
because of two reasons. Firstly, direct quantitative observation of SEI porosity
has not been possible yet in experiments. Most experimental evidence for the
dual-layer structure is indirect. The corresponding methods cannot measure the
porosity or the thickness of individual SEI layers. Imaging methods that could
achieve this require high beam energies at the resolution required for this observation. However, the organic outer SEI layer is susceptible to beam damage and
also believed to be aected by the ex-situ nature of TEM experiments. Secondly,
as shown in Paper II, all morphology predictions do not depend strongly on the
LTGM. Lithium-interstitial diusion produces a porous outer layer just as well
as electron conduction. Therefore, determining the exact morphology of the SEI
cannot be used to dierentiate between these LTGMs.
However, as shown in Paper II, the possibility to simulate SEI growth with different LTGMs could still be used to draw meaningful conclusions. To this aim, the
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model framework was used to study how SEI responds to small porosity changes.
In real batteries, such porosity uctuations occur when the underlying electrode
expands or shrinks during cycling. As shown by the comparison of dierent LTGMs, only the solvent diusion mechanism responds strongly to these changes. If
this LTGM causes SEI growth, small deviations in lm porosity can change in the
SEI growth rate by several orders of magnitude. In this case, porosity uctuations
would temporarily but repeatedly lead to fast and uncontrolled formation of the
surface lm. In comparison, the SEI growth rate is barely aected by porosity
uctuations if either electron conduction or lithium-interstitial diusion causes
its long-term growth. The expansion that crystalline graphite particles experience during lithiation is distributed inhomogeneously over the particle's surface
because the expansion of graphite during lithiation is anisotropic. If SEI growth
were to be this porosity sensitive, SEI thickness would be distributed heterogeneously on these particles. Experimentally, this is not observed to the predicted
degree, which can be considered as evidence against the solvent diusion mechanism.
More evidence for this hypothesis is given in Paper III. The experiments by
Keil et al. clearly illustrate that long-term SEI growth depends on the electrode potential [4, 174]. This cannot be reproduced if diusion of a neutral
solvent species through SEI pores is used as the LTGM. Long-term SEI growth
is accelerated at low electrode potentials as shown by the experiment. Then,
the electrode would then attract cations by electrostatic interactions. Aside from
lithium-ions, other cations can be present in the electrolyte, i.e., due to transition
metal dissolution of high-voltage cathodes such as NCA and NMC. However, the
same potential dependence is also observed in cells with lithium-iron-phosphate
cathodes where such cations are not present. Tang et al. also observed a similar
potential dependence in a 2012 publication [2]. She concluded that a charged
species must be the rate-limiting one. This is not necessarily true, as shown in
Paper III. Low potentials can also increase the concentration of the rate-limiting
species. In this way, SEI growth is accelerated even if the rate-limiting species
itself is neutral, as in the case of neutral lithium-interstitials.
Amongst the four LTGMs studied in Paper III, the potential dependence
predicted by the lithium-interstitial diusion mechanism agrees best with the
experimental data. Electron conduction and tunnelling produce a potential dependence as well; however, the agreement is not as good. Additionally, this
dependence is highly dependent on secondary parameters such as the equilibrium potential of the formation reaction in the case of electron conduction. The
electron tunnelling model by Li et al. [179] depends strongly on the activation
energy of the tunnelling process. Furthermore, it is sensitive to the SEI's exact
dual-layer structure, which is a model parameter. In contrast, it is not possible
to adjust the potential dependence produced by the lithium-interstitial diusion
mechanism with any model parameter. This is an almost necessary feature of a
universal SEI property that is produced by dierent SEIs.
Recent experiments by Attia et al. [115] show that SEI growth depends on
the direction of the lithium intercalation current. Specically, SEI growth is
accelerated during lithiation of the underlying electrode. Lithium-interstitial diffusion reproduces this asymmetry naturally because lithiation of the anodes takes
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placer at low potentials. This increases the interstitial concentration according to
eq. (3.16) and accelerates SEI growth. Similarly, delithiation requires high electrode potentials which, in turn, reduce the rate of long-term SEI formation. Von
Kolzenberg et al. show this in a recent publication [153]. In another publication,
Das et al. couple the lithium-interstitial concentration to the concentration of
lithium-ions inside the SEI [152]. This further pronounces the charge/discharge
asymmetry of SEI formation observed by Attia et al.
In conclusion, Paper III presents strong evidence that lithium-interstitial diffusion is the LTGM. Other researchers of the SEI modelling eld have already
started to use this result, and their top priority is no longer the identication
of the LTGM. Instead, understanding the interaction between lm growth and
through-lm current has become the next challenge of SEI modelling. The models developed in Paper I and Paper II can easily be extended to consider this
as well. In this way, one could use them to study how ionic currents in the SEI
aect its morphology.
The model framework developed in this thesis can describe the formation and
growth of porous surface lms in general and can be utilised in other scenarios
and applications. For example, it would be well suited to describe the cycling of
a metal lithium electrode. Plating and stripping of lithium are highly irreversible
as shown by Chen et al. in reference [168]. Lithium deposition is dendritic and
causes the formation of a porous lithium surface layer. Unlike SEI, this layer
can be several tens of micrometres thick. It is removed when lithium is stripped
electrochemically. However, any SEI that has formed in the porous lithium layer
is left behind which leads to the formation of a porous and inert layer of SEI remnants. This layer forms in front of the electrode and is labelled dead-lithium
layer by Chen et al. It can reach thicknesses of over ∼ 100 µm after multiple
cycles and at this point, it constitutes signicantly to the overall cell resistance.
These eects are not considered in standard electrochemical models of lithium
half-cells or lithium-sulphur batteries [180, 181]. Instead, a Butler-Volmer type
rate expression is used to model the kinetics of the lithium metal electrode. This
description does not capture the substantial increase of the specic surface area
due to the formation of the porous lithium layer. Also, it does not consider the
growing dead lithium layer either. An accurate lithium electrode model would
improve the accuracy of these simulations signicantly. In this application, the
model would be similar to previous models of zinc [182] and magnesium [183]
anodes in metal-air batteries. However, the description of solid convection introduced in Paper II would be necessary to describe the cyclic displacement of the
dead lithium layer. In conclusion, the SEI growth model developed in this thesis
has excellent potential to be adapted for dierent applications in electrochemistry
and lm growth in general.
A completely dierent approach is taken in Paper V to investigate SEI further. This publication presents a new impedance model for a symmetric cell with
planar electrodes which are covered by a surface lm. The model is entirely analytical and physics-based. Its analytical nature allows quick calculation which
is essential for parameter calibration with experimental data. It also produces
mathematical expressions for each impedance feature which reveal their com-
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plete parameter dependence. The model itself is derived from a physics-based
description of transport in all phases of the electrochemical cell. Use of the Poisson equation creates the double-layer capacity of dierent interfaces naturally.
Nonetheless, the model shows excellent agreement with simpler equivalent circuit
models. It was also used to identify parameter combinations and ranges at which
this agreement breaks down.
For validation, the impedance model was compared to an experiment by Wohde
et al. [5]. The agreement between model and experiment is excellent; however,
unambiguous identication of all model parameters is not possible. There are
too many unknown parameters in the rst place, and frequency overlap of some
resonances complicates parameter identication as well. Nonetheless, some key
parameters can be identied with sucient accuracy so that some conclusions
can be made. The rst one is about the SEI aspect of the model. All impedance
models with SEI show that the porous surface lm adds two features to the simple
cell's impedance response. This includes the expected semi-circle that represents
the conventional SEI resistance. However, the assumption of a porous SEI also
directly creates a second diusion type impedance (nite-length Warburg). This
feature cannot be identied clearly in the impedance experiment. Therefore, the
feature either does not exist or its amplitude is small. The analytical solution of
the model implies that the transference number in the SEI is approximately one
in both cases. By implication, SEI is a single ion conductor and ionic transport
through the SEI is likely to happen in its solid phase. It is not possible to rule
out ion transport through SEI pores; however, anions would have to be immobilised in these pores. Consequently, these results suggest that ion transport in
the SEI has solid-ion conductor character. The model/experiment comparison
also reveals results that concern electrolyte transport in general. Wohde et al.
used a highly concentrated Li-TFSI tetraglyme solution electrolyte [5]. This solution creates a large diusion impedance feature (nite-length Warburg), i.e., a
resistance increase at very low frequencies due to the formation of salt concentration gradients across the cell. The analytic expression for this feature reveals
that its correct amplitude can only be produced if the model considers convective
eects. This clearly demonstrates the importance of convection in these types
of solutions. Similarly critical is a consistent description of electrolyte transport which means that transport parameters such as the diusion coecient and
transference numbers must be determined in the correct reference frame. An accurate description of charge transport in the electrolyte is of pivotal importance
for accurate simulations of electrochemical cells. This is especially true for high
current density, where large concentration gradients aect the conductivity of the
electrolyte signicantly. Porous electrodes further magnify this eect and reach
the limiting current of the electrolyte even earlier. So far, the standard theory for
electrolyte transport in lithium-ion batteries often omits convection in the electrolyte [184, 185]. This is, among other things, because convective eects are not
as pronounced for commonly used salt concentrations of 1-1.2 M, as illustrated
for the prevalent LP30 electrolyte in g. 3.11. However, this gure also shows
that convection leads to large deviations for super-concentrated electrolytes and
ionic liquids.
Further development of the impedance model is possible and a logical step
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would be the addition of a second SEI layer. The resulting model could be used
to study the eect of a dual-layer SEI on impedance measurements. However,
the current model already has too many parameters, of which some could not
be identied unambiguously. Therefore, such an addition would only be reasonable if a well-tailored impedance experiment was available. To further improve
the experiment by Wohde et al., this experiment would have to use a planar intercalation electrode. As mentioned above, lithium electrodes quickly develop a
complex surface morphology which can severely change the interface resistance of
the electrode between dierent measurements [168]. Using an intercalation type
electrode would allow for repeated impedance measurements at dierent ages of
the surface lm. Changes in amplitude and resonance frequency of individual
features could then be used for their unambiguous identication. Note that a
more stable electrode is a prerequisite to perform comparable measurements at
dierent times. Steinhauer et al. have performed similar experiments for the
initial SEI formation on carbon electrodes [60]. Long-term studies of this kind
would be indispensable for a better understanding of long-term SEI growth. To
further improve the experimental results, one could some adjust parameters such
as the salt concentration, electrode distance, or electrode particle size (for intercalation electrodes). In this way, one could avoid frequency overlaps between
dierent resonances to some degree. In conclusion, currently, the model would
benet more from an improved experiment than from further development of its
SEI aspect.
However, this is not true for the electrolyte transport aspect of the model. The
underlying theory for electrolyte transport could be reformulated with a dierent
reference frame for convection. Alternative reference frames are the centre of
volume or the solvent velocity. This would result in relations that can transform
electrolyte transport parameters between dierent reference frames and relate
them to conventionally measured ones. Further development of this kind could
establish low-frequency electrochemical impedance spectroscopy as a tool for the
consistent determination of electrolyte transport parameters, i.e., salt diusion
coecients, transference numbers, and thermodynamic factors.
The eld of battery research is in constant movement and simultaneously
branching o into multiple directions. For instance, the lithium-ion battery technology moves towards high voltage cathode materials and solid electrolytes that
may eventually stabilise metal lithium anodes. Lithium alloy anodes such as
silicon or tin are also prominent candidates for additional improvement of energy density [186]. At the same time, potential alternatives to lithium-based
systems are being studied. These include other alkali/alkaline earth metals such
as sodium and [187189] and magnesium [190]. All these technologies share the
common problem of insucient interface stability, which is currently preventing their breakthrough. The most promising strategy forward in most of these
cases is rational electrolyte design. These eorts are not necessarily aimed at
creating electrolytes with larger stability windows. Instead, they are focused on
electrolytes that form better surface lms. For instance, metal-sodium electrodes
have highly inecient passivation because of dendritic deposition [188]. This can
be improved by using alloying tin electrodes which typically also suer from in-
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stability because they experience large volume change during cycling. However,
improved stability is realised in 1M NaPF6 -glyme based electrolytes, which form
a polymeric and compact SEI [189]. A dierent example of electrolyte optimisation are electrolyte additives. These can also stabilise the cathode interfaces
where surface lms can similarly from the oxidation of electrolyte species. LiPF6
derivatives such as dimethyl uorophosphate and diethyl uorophosphate have
been shown to form eective cathode/electrolyte interphases [191]. They improve cycling stability and Coulombic eciency of high-voltage NMC cells. At
this point, highly concentrated electrolytes and should be mentioned as the nal
example for rational electrolyte design [109]. These electrolytes could also enable
high voltage cathode materials in lithium-ion based systems. They are known to
mitigate transition metal dissolution and stabilise the aluminium current collector at high voltages [108]. Currently, sucient stability of this current collector
is only achieved with LiPF6 and EC based electrolytes. However, highly concentrated electrolytes are found to mitigate aluminium corrosion at high potentials
[192]. These electrolytes form SEIs that are almost entirely anion derived [110].
This is similarly true for ionic liquids [48, 193] and eectively opens up a new
and high dimensional control parameter for SEI formation which has yet to be
fully explored.
In conclusion, SEI research remains a central component of lithium-ion and post
lithium-ion battery development. Many future SEI studies will focus on surface
lms formed with new salts and higher salt concentrations. These feature a different composition compared to SEIs formed from LiPF6 -carbonate electrolytes,
which are well understood. This research will result in several new SEI chemistries
that have promising performance. Whether the models developed in this theses
can be used to describe these surface lms depends on two factors. Most importantly, the SEI in question must also feature parabolic long-term growth.
Additionally, it must be suciently homogeneous so that the one-dimensional
description is accurate. Then, most predictions from Paper II will also apply
because they only depend on the specic SEI chemistry quantitatively. Qualitative results such as the predictions for SEI porosity and the notion that a solvent
diusion is unlikely to be the LTGM will apply as well. However, whether the
diusion of neutral lithium-interstitials is the LTGM instead will depend on the
specic SEI chemistry. Another theoretic comparison of dierent LTGMs similar
to Paper III in conjunction with a new experiment that measures capacity fade
during storage at dierent potentials, similar to reference [4], could answer this
question. Theoretic studies that use atomistic methods can also provide additional clues on the LTGM in these SEIs. Quantum chemistry will also play a
substantial role in predicting the chemical composition of these surface lms and
in revealing the corresponding reaction mechanisms. Either way, it is foreseeable
that great leaps in SEI research will continue to be made, especially by combining
experimentation with theory-based research.
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We develop a novel theory for the continuous electrochemical formation of porous films to study the solid electrolyte interphase (SEI) on
lithium ion battery anodes. Existing SEI studies model a homogeneous
morphology and a single relevant transport mechanism. Our approach,
in contrast, is based on two transport mechanisms and enables us to
track SEI porosity in a spatially resolved way. SEI thickness evolution
agrees with existing studies and is validated with experiments. This
consistent approach is unprecedented in SEI modeling. We predict a
non-zero SEI porosity and the dependence of morphology on
transport properties. Additionally, we capture dual-layer chemistry
and morphology. Analytic expressions which describe the parameter
dependence of all key properties are derived and discussed.

The formation of a stable interfacial layer, the so-called solid
electrolyte interphase (SEI), on graphite anodes has enabled the
success of Li-ion batteries (LIBs).1 In these batteries, electrolyte
solvent is unstable at typical working potentials.2,3 Solvent
reduction products form a thin layer separating anode and
electrolyte, the SEI. A well-formed SEI significantly slows down
further electrolyte reduction, resulting in the excellent cycling
stability of LIBs. However, electrolyte reduction and SEI formation
are never fully suppressed and remain the major cause for longterm capacity fade.4–6
This critical role has led to numerous experimental and
theoretical studies of the SEI. Experimental results are summarized in review articles and systematic studies.7–14 Recently,
isotope tracer experiments demonstrated the potential-dependent
dual-layer structure of the SEI.15–17 It is generally accepted that
the SEI consists of a dense inner layer close to the electrode and
a porous outer layer. Several long-term measurements find that
a
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capacity fade scales with the square root of time,18–20 a strong
indication that SEI formation is a transport limited process.
This observation is explored in numerous theoretical studies
which use a single rate determining transport mechanism to
describe SEI growth. SEI formation controlled by solvent diffusion is assumed by Pinson and Bazant21 and Ploehn,4 whereas
electron conduction mechanisms are considered by Peled,22
Christensen,23 Li24 and Lin.25 Most studies describe the evolution
of a homogeneous SEI layer with a sharp interface and do not
attempt to account for spatial heterogeneity. Only a few models
consider a spatially resolved interface with the electrolyte or an
inhomogeneous SEI.26,27
Despite substantial diﬀerences in the chosen rate-limiting transport mechanism, all available models predict SEI thickness evolution in agreement with experiments. Thus, they remain inconclusive
with respect to the rate limiting process. Conclusions require
further observable predictions with respect to SEI morphology,
e.g., porosity and dual-layer structure. For this reason, we
develop a theory for the growth of a porous and inhomogeneous
layer. Our model studies the dynamics of film porosity in one
dimension, perpendicular to the substrate surface. This is
possible because the transport of all film precursors within
the porous structure is taken into account.
In this work we formulate and parameterize our model
specifically to describe SEI evolution, as depicted in Fig. 1.
We apply the popular porous electrode theory to the nanoporous SEI. To this aim SEI composition and morphology are
averaged in slabs parallel to the anode surface. Thus film
growth is modeled along a single coordinate x, see Fig. 1(b).
Within the simulation domain we trace the transport of all
species involved in SEI formation. Here we assume electron
conduction in the SEI material.23 In the electrolyte, solvent
molecules diﬀuse towards the electrode.21 The electrochemical
potential of lithium ions is assumed to be constant at all times
and does not result in inhomogeneous reaction rates. This
assumption is justified because lithium ion transport in the
SEI28 is very fast compared to SEI growth, i.e., SEI growth
consumes small amounts of lithium and transport quickly
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coupled to sink terms from SEI formation with mass balance
equations


@eci
¼ div jD;i þ jC;i  n i s_i ;
@t

(3)

P
where e ¼ 1  ei is the local porosity and nEC = 2/nDMC = 1 are
stoichiometric coeﬃcients. According to Fick’s law, diﬀusion is
driven by concentration gradients jD,i = Digradci. Convection
is determined by the velocity v of the electrolyte jC,i = civ.
By treating the mixture as an incompressible fluid, we use the
P E
volume constraint
V ci ¼ 1 to eliminate the co-solvent
i

concentration.34 Because v is the center-of-mass velocity, we
require DDMC = DECMECVDMC/(MDMCVEC) with molar masses Mi.
Volume constraint and mass balance eqn (3) together determine the convective velocity35,36
divv ¼
Fig. 1 (a) Cross section through graphite electrode, SEI and electrolyte
depicting all relevant species: solvent molecules EC, lithium ions Li+, and
electrons e. EC and e move in opposite directions (single headed
arrows). (b) Profile of the averaged SEI volume fraction along the axis
perpendicular to the electrode surface.

restores local equilibrium. SEI is formed when reactions between
charge moving away from the electrode and solvent moving
towards the electrode occur. In summary, we model diﬀusion
of solvent and conduction of electrons. Therefore, electronic
conductivity and solvent diﬀusivity are key parameters.
The bulk electrolyte phase is a binary mixture of ethylene
carbonate (EC) with co-solvent dimethyl carbonate (DMC), i.e.,
EC:DMC 3:7. As we focus on morphology, SEI chemistry is
further simplified by neglecting the salt anion. Because ionic
species are neglected, double layer eﬀects29 cannot be included
in our model. Only a single representative reduction reaction
per solvent species is considered
2EC + 2Li+ + 2e - Li2EDCk + RECm,

(1a)

DMC + Li+ + e - LiMCk + RDMCm.

(1b)

We choose lithium ethylene dicarbonate (Li2EDC) as a product
of EC reduction30,31 and lithium methyl carbonate (LiMC) from
DMC reduction.32 Gaseous reaction byproducts Ri are neglected.
Hereinafter, indices i refer to i = EC, DMC or i = Li2EDC, LiMC
depending on the phase (electrolyte/SEI) of the corresponding
variable/parameter.
:
The production rate si of each SEI compound drives the
evolution of the volume fraction ei
@ei
S
¼ V i s_i ;
@t

(2)

where V% Si is the molar volume of SEI compound i. This means a
solvation/precipitation mechanism33 is not considered. Solvent
molecules move through the electrolyte phase via diﬀusion
and convection. The evolution of solvent concentration ci is
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X


S
E
E
V i  n i V i s_i þ V EC divðDEC  DDMC ÞgradcEC :
(4)

Conservation of ‘‘electronic charges’’ is ensured via
:
:
0 = div jE + F(2sLi2EDC + sLiMC),

(5)

where the electron current depends on the electric potential F
through Ohm’s law jE = k gradF. We solve eqn (2)–(5) for the
spatially-resolved dynamics of eLi2EDC, eLiMC, cEC, F, and v within
the simulation domain [0,xmax].
Volume-averaged transport parameters Di and k contain the
eﬀects of porosity and tortuosity. The Bruggeman ansatz relates
them to their bulk values using the local porosity and SEI
volume fraction eSEI = 1  e,
Di = ebD0i

and

0
k = e1.5
SEIk ,

(6)

where 1.5 is the standard Bruggeman coeﬃcient for conduction37
in porous media. For simplicity, we choose the same electronic
bulk conductivity k0 for all SEI compounds. We use large values
of b B 20 in our model, representing the diﬃculty of electrolyte
transport in nano-pores.
:
:
The compound production rates si = AiGri depend on specific
:
surface areas Ai, surface site density G, and reaction rates ri. The
latter are given by a symmetric Butler–Volmer expression,38,39


 n i
1 kB T ci 2
EA
FZ
sinh i ;
r_ i ¼
exp
2 h c0i
kB T
RT

(7)

where solvent reduction is driven by the overpotentials
 

 RT
ci
ln 0 :
Zi ¼  F  F0i þ
F
ci

(8)

Reduction reactions are in equilibrium when potential and
concentrations are F0i and c0i , respectively. The activation
barrier of the reaction EA is twice the desolvation energy of
Li+ in EC.40,41 We represent the irreversibility of these reactions
:
by setting ri = 0 for negative Z, i.e., we disregard the oxidation
(SEI components are oxidized at F E 3.25 V42).
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A continuous expression is used for the specific surface area.
As derived in the ESI,†


6
a02 @ 2~ei
Ai ¼ e ~ei þ
; ~ei ¼ ei þ einit :
(9)
6 @x2
a0

Published on 13 June 2016. Downloaded by Universitat Ulm on 21/02/2018 16:20:42.

This smoothes the porosity profile and distributes growth such
that the SEI front has finite thickness. Additionally it enables
propagation of SEI into the electrolyte as well as numerical
convergence.
Simulation details, such as initialization, boundary conditions and parameters are discussed in the ESI.†
Inert co-solvent
We start our discussion with the special case of an inert
:
co-solvent, i.e., we disable co-solvent reduction (rDMC = 0) and
study the growth of an SEI with homogeneous chemistry. A
typical evolution of SEI volume fraction is depicted in Fig. 2(a).
We find that growth is concentrated at the SEI front whose
spatial width lies in the order of a0. Thus, electron conduction
through the SEI becomes the rate limiting process in our
model. The porosity inside the SEI attains a nearly constant
value eðxÞ  e ¼ 1  eSEI which we explain below. On closer
inspection we find that SEI volume fraction increases slightly
with distance from electrode.
In our model the SEI thickness grows with the square root
of time in agreement with experiments (see Fig. 2(b)). It has
been shown previously that this can be rationalized based on a
single rate limiting transport process.4,21 Therefore, we obtain
SEI conductivity by fitting the simulated thickness evolution to
experimental data. With capacity fade measurements of Liu
et al.19 and an estimate for the electrode surface area by Pinson
et al.21 we find k0 = 0.3 pS m1 at T = 15 1C and k0 = 4.5 pS m1
at T = 60 1C (with b = 25). These low electron conductivities

Communication

ensure good passivation and are below the ones for artificial
SEIs.43 The microscopic mechanism underlying this conductivity
is still under investigation. Besides conventional conduction,
successive electron tunneling25 or neutral lithium interstitial
diﬀusion28 are potential mechanisms.
In Fig. 2(c) we show that the potential increases linearly
from the value Ffinal at the electrode to F0EC at the SEI front.
The linearity demonstrates that crystallization inside the SEI
is negligible. A potential drop over the SEI interface is absent
because the formation reaction is fast. For a constant porosity
e* and a linear potential F(x,t) we can approximate the electric
current through the bulk SEI phase and calculate the thickness
evolution
S
S
1=2
@L
jE V Li2 EDC eSEI k0 DFEC V Li2 EDC 1
¼
;


@t
L
2F eSEI
2F

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
S
1=2
eSEI k0 DFEC V Li2 EDC pﬃﬃ
) LðtÞ ¼
 t:
F

(10)

(11)

We note that SEI growth is essentially governed by the potential
diﬀerence DFEC = F0EC  Ffinal. Fig. 2(b) proofs the excellent
agreement between experiment, simulation and eqn (11).
We derive an expression for the nearly constant SEI porosity
e* in this SEI layer. Our approach traces the SEI formation rate
in the frame co-moving with the SEI front
deðL; tÞ @e @e @L
¼ þ
:
dt
@t @L @t

(12)

With few assumptions, i.e., no convection and infinitely fast
reactions, we find that e(L,t) in eqn (12) has a stationary
solution e*. This means that in time, the porosity in the comoving frame tends towards this stable value. An implicit
expression for e* can be derived from eqn (12)


F 2 c0EC 1
1  e
kðe Þ ¼ Dðe Þ
þb 
:
(13)
RT 2
e
Our simulations show that eqn (13) gives an excellent estimate
for the dependence of the porosity e* on the transport parameters. Very good quantitative agreement is observed for small
EC concentrations, see Fig. 2(d). It can be seen that b is the
parameter with the highest influence on film porosity. The film
porosity is a direct consequence of an interplay between solvent
species crossing the moving SEI front and SEI expansion. As the
film becomes denser, solvent transport into the film is slowed
down. Eventually further growth is distributed such that the
film expands and the density no longer increases. As shown in
Fig. 2(d), large values of b are needed to see this eﬀect. At b = 10,
film density is nearly one, eSEI  0:98.

Fig. 2 Results with inert co-solvent. (a) Temporal evolution of the SEI
volume fraction eLi2EDC + einit (k0 = 0.3 pS m1, b = 25, T = 15 1C). (b) SEI
thickness evolution from experiment19,21 (dots), simulation (dashed) and
eqn (11) (lines). (c) SEI potential distribution at diﬀerent stages of SEI
evolution, corresponding to (a). (d) Influence of b and k0 on eSEI , analytic
results from eqn (13) (dashed lines) compared to simulation results (dots).
The values were obtained by averaging eSEI(x) between 2 nm and 55 nm
after simulating the growth of a 60 nm thick layer.

17812 | Phys. Chem. Chem. Phys., 2016, 18, 17810--17814

Reactive co-solvent
In the following, we discuss simulations with simultaneous
solvent and co-solvent reduction. Fig. 3(a) depicts the corresponding evolution of both SEI volume fractions. Next to the
electrode, LiMC grows ‘‘on top’’ of the Li2EDC phase. This
forms a dense inner layer with eSEI(x) E 1 while the porous
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Fig. 3 (a) Temporal evolution of the SEI volume fraction with two
reduction reactions (k0 = 4.5 pS m1, b = 25, T = 60 1C). (b) Same simulation,
evolution of total and dense SEI layer thickness (lines) compared to
numerical solutions of the analytical approximation eqn (14a) (dashed).
Additional numerical solutions with diﬀerent Ljdense(t0) ( j = 1,. . .,10) indicate,
how SEI growth continues when R a Rstat (thin grey lines). The inset in the
bottom-right corner shows the corresponding evolution of R j =L j/Ljdense.

outer layer with eSEI ðxÞ  eSEI remains. At F0EC = 0.8 V EC starts
to create a SEI layer with pores containing DMC as shown in
Fig. 2(a). When the potential drops below F0DMC = 0.3 V, DMC is
reduced to form LiMC. Consequently the dense layer appears
near the electrode where the potential is lower. This dual-layer
structure agrees with experimental observations.17 Similar to
co-solvent reduction, it would emerge from a conversion of the
primary SEI compound at low potentials.44 Because the reduction
potential of EC is higher than the one of the co-solvent (see
Borodin et al.45,46), SEI mostly consists of EC reduction products,
as recently validated by Grey et al.47
We compare the evolution of total SEI thickness L and the
thickness of the dense layer Ldense in Fig. 3(b). Both quickly
attain their asymptotic values corresponding to square root like
growth. Analogous to eqn (11), SEI growth is driven by potential
diﬀerences
@L
¼
@t

S
3=2
V Li2 EDC k0 eSEI
DFdiff
;

2eSEI F L  Ldense

S
3=2
@Ldense V LiMC k0 DFDMC eSEI DFdiff

¼

@t
2e F
Ldense
L  Ldense

(14a)
!
(14b)

with DFdiﬀ = F0EC  F0DMC. For simple notation, this equation
holds for reversible reactions only. Numerical solutions for a
slightly modified system, viable for irreversible reactions are
shown in Fig. 3(b). Both systems are identical, when qtLdense
as written in eqn (14b) is positive. The inset in Fig. 3(b)
shows that independent of initialization, the ratio R = L/Ldense
quickly approaches a stationary value Rstat stated as quadratic
expression


DFDMC
DFDMC
3=2
Rstat 2 
þ eSEI Rstat
DFdiff
DFdiff
S
p
ﬃﬃﬃﬃﬃﬃﬃﬃ
V
Li EDC
¼ e eSEI S2
:
(15)
V LiMC
Eqn (15) relates system parameters to the ratio of total SEI
thickness over the thickness of the dense layer. We suggest to
design the SEI and increase the ratio Rstat by adjusting electrolyte composition. This would increase its overall elasticity and
allow it to withstand volume changes of electrode particles.48,49
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It allows the validation of our model and/or an estimate of
unknown reaction properties from observable SEI properties.
In conclusion, we formulate a novel SEI growth model which
extends the common approach of transport limited models. Our
theory predicts long-term SEI thickness evolution in agreement
with previous models and experiments, i.e., we retain square-root
like growth. Additionally, we present the first continuum model
which predicts properties of SEI structure. The competition
between two counter-moving transport mechanisms, i.e., electron
conduction and solvent diﬀusion, leads to a non-zero SEI porosity.
This is a novel insight into porous film growth beyond the standard
case of SEI formation on graphite anodes. Two distinct formation
reactions result in a dual-layer structure with a dense inner layer
and a porous outer layer. Porosity is constant within each layer.
We can understand these properties and derive formulas for
SEI thickness, SEI porosity, and thickness of the dense layer.
Long-term in situ experiments, similar to ref. 50 and 51, should
allow to test and refine our predictions. We hope that this kind of
modeling can be extended to lithium transport through the SEI
and the eﬀect of electrochemical double layers. This would
allow better understanding of SEI impedance spectra.
This work was supported by the German Federal Ministry
of Education and Research (BMBF) in the project Li-EcoSafe
(03X4636A). The authors would like to thank Erkmen Karaca for
fruitful discussions. Further support was provided, by the bwHPC
initiative and the bwHPC-C5 project through associated compute
services of the JUSTUS HPC facility at the University of Ulm.
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Morphology of Solid Electrolyte Interphase (SEI)†
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similar species as well as initial SEI, i.e. ε̃ = εi + εinit. . The initial
SEI profile is needed to start the simulation, providing a nucleation seed.

Boundary Conditions and Initialization

Fig. 1 Scheme for the derivation of eq (9). SEI is assumed to be constructed from cubes with volume a30 . The surface area for growth in slice
(n) (dashed) is marked red and depends on the occupation probabilities
of slice (n) as well as on occupation probability of the neighbouring slices
(n − 1) and (n + 1).

Specific Surface Area
We derive an expression for the local specific surface area from
the assumption that SEI consists of cubes with edge length a0 , as
shown in Figure 1. All cubes in one slice (n) are occupied with the
(n)
same probability, the local SEI volume fraction εSEI = 1 − ε (n) . In
this way, the surface area in slice (n) also depends on the porosity
of the neighbouring slices. This is approximated with the second
derivative of ε


a2 ∂ 2 ε̃
6
Ai = ε ε̃ + 0 2 ,
a0
6 ∂x
where ε̃ is the volume fraction of SEI compounds whose surfaces
can facilitate SEI formation. We assume that SEI forms only on

Corresponding Author: birger.horstmann@dlr.de
German Aerospace Center (DLR), Institute of Engineering Thermodynamics, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany
b
Helmholtz Institute Ulm (HIU), Helmholtzstraße 11, 89081 Ulm, Germany
c
Ulm University, Institute of Electrochemistry, Albert-Einstein-Allee 47, 89069 Ulm,
Germany
† Main file available: [Enter DOI].
‡These authors contributed equally to this work’

∗

a

We initialize the system in equilibrium at t = 0. Thus, solvent
concentration and electric potential equal the reference and equilibrium values c0EC and Φ0EC in the whole simulation domain. Both
SEI volume fractions and the convective velocity are zero initially. A smooth initial profile εinit serves as nucleation seed for
SEI growth (see Figure 2(a)). Its thickness of 2 nm is interpreted
as the electron tunneling depth through several SEI compounds 1 .
Note that εinit is zero for x > 2 nm. The electrode potential Φ(0,t)
is determined by the state of charge (SOC) dependent potential
of graphite electrodes 2 . We perform an initial charge at the rate
C/20 from Φ0EC to Φfinal corresponding to a linear ramp of SOC.
Then SOC and potential Φ(0,t) on the left boundary are kept constant. The boundary conditions jE (xmax ) = 0, jD,i (0) = v(0) = 0
prevent electrons from leaving the simulation domain and solvent
molecules from flowing into the electrode.

Parameters
If not stated elsewhere, parameters used in figures and the results discussed are listed in Table 1. We use the partial molar
volumes V̄iE of the pure solvents 3 . Γ was calculated from V̄Li2 EDC
by assuming a cubic primitive cell. Initial concentrations c0EC are
chosen to represent a 3:7 mixture by volume. Equilibrium potentials are chosen to be 0.8 V 4 for EC and 0.3 V for DMC. This value
is used because inorganic species are found below this voltage 5 .
It is also close to the value of 0.25 V at which Zhang et al. found
a transition in SEI properties 6 . The diffusion coefficient is chosen in the same order of magnitude as self-diffusion coefficients
measured by Hayamizu et al. 7 .

Methods
The system of equations (2)-(5) is solved in MATLAB using the
implicit ODE15i function. All equations are discretized with the
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Table 1 List of simulation parameters, all potentials relative to the Li/Li+
reduction pair.

Parameter

Description

Φ0EC
Φ0DMC
Φfinal

EC reduction potential
DMC reduction potential
electrode potential during
simulation
EC molar volume
DMC molar volume
Li2 EDC molar volume
LiMC molar volume
EC diffusion coefficient
EC concentration in bulk
electrolyte
pore-size and size of SEI particles
suface site density
transition state energy

E
V̄EC
E
V̄DMC
S
V̄Li
2 EDC
V̄LiMC
D0EC
c0EC

a0
Γ
EA

Value
0.8
0.3
0.1
66.7
84.2
56.8
60.0
10−6
4.5

Unit
V8
V8
V
cm3 /mol 3
cm3 /mol 3
cm3 /mol 9
cm3 /mol 9
cm2 /s 7
mol/l

1.0

nm

4.0
1.0

µmol/m2 9
eV 10,11

finite volume method. If κ vanishes (εSEI = 0), eq (5) cannot be
used to solve for the potential. For this reason, we add a small
regularization parameter ∆κ = 0.05 · κ 0 to the effective conductivity in eq (6), mimicking electron jumps into the electrolyte. The
spatial resolution used in our simulations is 0.5 Å which realizes
the continuum limit.
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Revealing SEI Morphology: In-Depth Analysis of a Modeling
Approach
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In this article, we present a novel theory for the long term evolution of the solid electrolyte interphase (SEI) in lithium-ion batteries
and propose novel validation measurements. Both SEI thickness and morphology are predicted by our model as we take into account
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porous SEI is created due to the interplay of these transport mechanisms. Different dual layer SEIs emerge from different electrolyte
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In the near future, automotive and mobile applications demand
power storage with large energy and power density. Currently, lithiumion batteries (LIBs) are the technology of choice for devices with these
demands. They operate at high cell potentials and offer high specific
capacities while providing long lifetimes. The latter is a consequence
of the stable chemistry of modern LIB systems. A significant part of
this stability can be attributed to the passivation ability of the solid
electrolyte interphase (SEI). This thin layer forms between the negative electrode and the electrolyte. Hence contact between these phases
is prevented and the continuous reduction of electrolyte molecules is
suppressed. These reduction processes occur because the operating
potential of the negative electrode lies well below the stability window
of the electrolyte.1 They are suppressed because reduction products
quickly form the SEI during the first charge of a pristine electrode.
The self passivating ability is one of the most important distinctions
between a well and a badly performing lithium-ion battery chemistry.
It is of such importance because the reduction reactions consume
lithium-ions, directly reducing battery capacity. However, a real SEI
is not perfectly passivating and electrolyte reduction is never completely suppressed. Consequently, the lifetime of a battery is directly
related to the long-term passivating ability of the SEI.
Numerous studies on SEI have been conducted since Peled reported on this correlation in 1979.2 Most of these studies are experimental, investigating cycling stability as well as SEI impedance and
composition. Theoretical studies are scarce in comparison, despite established methods such as DFT and DFT/MD derivatives. This can be
partially explained with the chemical diversity of SEI, which has been
investigated by Aurbach et al. for decades. Results are summarized
in Refs. 3, 4 and include the study of SEI formation on graphite electrodes in organic solvent mixtures. The most significant finding of this
time is that ethylene carbonate (EC) forms a stable SEI on graphite as
opposed to propylene carbonate (PC). Another focus of early studies
is the SEI composition, which has been probed by FTIR and XPS and
other techniques. Lithium carbonate (Li2 CO3 ) and lithium alkyl carbonates have been reported as products from the reduction of organic
carbonates.
Studies of simplified systems, i.e., binder-free electrodes have improved our understanding of SEI composition only recently.5 This
advance is also due to the use of novel experimental techniques such
as solid state NMR and TEM.6,7 The focus of these studies are the standard LiPF6 /organic carbonate mixtures on graphite and silicon anodes.
z
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They find that SEI in EC containing solvents is primarily composed
of lithium ethylene dicarbonate ((CH2 OCO2 Li)2 , Li2 EDC). Polyethylene oxide is also found as a major product of EC reduction. Linear
carbonates like dimethyl carbonate (DMC) are reduced to lithium alkyl
carbonates, such as lithium methyl carbonate (CH3 OCO2 Li, LiMC).
These compounds play a secondary role when EC is in the solvent
mixture. This is linked to the solvation shell of lithium-ions which are
preferably coordinated to EC.6,8 Furthermore, EC has a higher reduction potential.9 Li2 CO3 is not present or only found in small quantities
in recent studies.6,7,10 Its presence in several older studies is believed
to correlate to water and CO2 contamination.
The electrolyte salt has a large impact on SEI composition and
performance. It can shift the onset potential of SEI formation and
influence the total irreversible capacity during the first cycle.10,11 In
LiPF6 solutions, LiF is another major SEI compound while lithium
oxyflurophosphates (Lix PF y Oz ) are present in low quantities.12 The
complex LiPF6 decomposition process is investigated by Campion
and Lux.13,14
Additionally, SEI composition depends on the electrode material.
Solvent decomposition reactions proceed differently on graphite and
lithium storage alloys.15 Electrode materials exhibiting large volume
change, i.e., silicon, fail to form a stable SEI. SEI needs to be flexible
to accommodate volume changes of the underlying substrate without
damage by cracking or rupture. It is believed that these properties can
be, to some degree, provided by polymeric SEI compounds as found
when FEC is used as solvent or additive.12 Harris and Lu16,17 show,
that SEI consists of a porous outer layer and a dense inner (close
the the electrode) layer by using isotope tracer and depth profiling
techniques such as TOF-SIMS. Evidence for a dual-layer structure
is found in the chemical composition of the film. Solid state NMR
studies also suggest that SEI is at least partially porous.7
To summarize, there is a general understanding of SEI composition and morphology for few specific systems. Especially SEIs on
graphite electrodes in organic solvents are studied and optimized for
battery performance in several studies. This vast amount of information creates the elusive conclusion that SEI is well understood.
However, several key questions about basic SEI mechanisms have
yet to be answered. Most striking is the fact that the mechanism for
lithium-ion transport through the SEI is still debated. Shi et al. propose a ”knock-of” diffusion mechanism for lithium-ion interstitials in
Li2 CO3 .18 Diffusion of lithium-ions through Li2 EDC is modeled by
Borodin et al.19 At the same time Zhang et al. suggest that lithium-ions
diffuse and migrate along boundaries between different SEI species.20
Another open question is the process of initial SEI formation where
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nucleation and precipitation could play an important role. Ushirogata
et al. have recently suggested a “near-shore aggregation” mechanism
of electrolyte decomposition products.21 This is supported by the fact
that the occupation of the lithium-ion solvation shell seems to have
a large impact on SEI properties,6,8 which suggests that reduction reactions occur in solution. Alternatively, solvent molecules could be
reduced when adsorbed to the electrode. In this case, reduction products could attach to the electrode immediately. Finally, there is an
open discussion about the mechanism driving long term SEI growth.
The passivation of the SEI is not perfect and irreversible reduction
reactions continue throughout the battery life.22,23 This could be enabled by several different mechanisms, for example electron leakage
through the SEI. However, a porous SEI allowing slow solvent diffusion through the film is equally plausible. In this scenario, solvent
molecules would reach the electrode if the SEI is porous or ruptured
by the “breathing” of the underlying electrode.
The lack of information on these issues can be attributed to several
reasons. The results of many common experimental techniques are
to some degree ambiguous. Interpretations of FTIR and XPS spectra
are difficult because many SEI compounds are similar to each other
and to residual electrolyte within the sample.24 Rinsing the sample of
excess electrolyte before the measurement is common, but known to
selectively damage SEI. Therefore, SEI is difficult to access experimentally. Furthermore, too many variables influence SEI properties
significantly, preventing a systematic investigation. Not only the solvent/salt combination but also the electrode material and its surface
treatment influence SEI formation and properties.25 Formation can
take place at different potentials, cycling rates and temperatures. Finally, SEI chemistry is known to be sensitive to air exposure which
often occurs during sample transfer. All this makes analyzing and
comparing different studies and their results difficult. Especially the
identification of universal SEI properties and mechanisms becomes
complicated.
Continuum theories describe SEI formation in a simplified way
and elucidate such universal properties. In this way, they circumvent
specifying the reaction kinetics of the SEI formation reaction. Instead,
the formation rate is limited and determined by the throughput of the
so called “rate-limiting” transport mechanism. These models assume
one such mechanism as the cause for long-term SEI growth, i.e., electron conduction26,27 and tunneling28,29 or solvent/salt diffusion.30,31
However, independent of the assumed mechanism, all of these models predict similar long-term SEI thickness evolution. Therefore, even
a successful measurement of this prediction cannot be used to confirm
the underlying assumptions.
In conclusion, theoretical models based on transport through the
SEI should predict additional measurable properties and dependencies. Tang et al.32 approach this task by comparing experiments with
different models, each based on a single rate-limiting mechanism.
Because of the dependence of SEI growth rate on electrode potential, they finally conclude that electron conduction rather than solvent
diffusion is rate-limiting.
For this reason, we extend the standard approach, using two potentially rate-limiting transport mechanisms at the same time and
modeling a dynamic SEI porosity. This is done in a one dimensional
framework. We describe the evolution of SEI thickness and morphology along the axes perpendicular to the electrode surface. The overall
objective of this work is to make new observable predictions which
allow to test and validate our assumptions. Besides thickness evolution, our model can predict the formation of a porous SEI and explain
several dual-layer scenarios. These results are obtained for two different rate-limiting transport mechanisms namely electron conduction
and diffusion of neutral lithium interstitials. Additionally, solvent diffusion through the SEI pores can become the rate-limiting transport
mechanism. In fact we can smoothly transition the rate-limiting role
from the solid phase transport mechanism to solvent diffusion. This
reveals an intermediate regime where both transport mechanisms influence the formation rate.
The model and its numerical implementation are discussed in the
Model and Model implementation section. We then proceed to study
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Figure 1. (a) Cross section through the graphite electrode (left, x < 0), and a
SEI with dual layer structure (right, x > 0). Solvent, Li-ions and electrons are
mobile species and move as indicated by the corresponding arrows. Reduction
reactions (indicated red), consume these species and facilitate SEI growth. (b)
SEI volume fraction gained by averaging the structure above in planes parallel
to the electrode surface.

different sets of model scenarios, in the Simulation results section. In
this way, we show how measurable SEI properties depend on specific
assumptions and allow their experimental verification. First, we study
our reference scenario, a SEI formed by a single reduction reaction.
Then, the impact of an additional SEI formation reaction is studied.
This slightly more complex SEI chemistry results in the observed duallayer structure of the SEI. At the end of the results section we evaluate
the effect of material laws dictating a minimum value of the SEI
porosity. We find that solvent diffusion can become the rate-limiting
transport mechanism under this assumption. We conclude the Simulation results section by illustrating for which parameter set solvent
diffusion in the electrolyte or charge transport in the SEI are ratelimiting. We elaborate how these mechanisms can be distinguished
by experiments. Finally, we discuss and summarize our results in two
dedicated sections.

Model
As mentioned above, experimental studies suggest that the SEI
is at least partially porous. We want to capture this property in our
model. Therefore, we average the SEI density in planes parallel to the
electrode surface. This results in the volume fraction profile of the SEI
εSEI , as depicted in Fig. 1. Our model describes the temporal evolution
of this profile within the simulation domain [0, xmax ] which reaches
from the electrode surface at x = 0 into the bulk electrolyte phase.
We capture the local formation of each individual SEI compound
i = Li2 EDC, LiMC, ... which changes the corresponding volume
fraction εi
∂εi
i
= V̄SEI
ṅ i ,
∂t

[1]

i
where ṅ i is the production rate of SEI compound i and V̄SEI
is the
corresponding partial molar volume. The total SEI volume fraction
equals the sum of solid phase volume fractions εi . It is directly related
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to porosity ε
εSEI =



εi ,

εSEI = 1 − ε.

i

SEI is formed when solvent or salt species are reduced. Reduction
processes are driven by local quantities such as the electronic potential and the concentration of active species. These quantities are
traced within the simulation domain as they determine the reduction
rates. Therefore, mass balance equations are solved for all relevant
electrolyte species
∂εci
[2]
= −div( jM,i + jD,i + jC,i ) + ṅ i ,
∂t
where div denotes the divergence, div j = ∇ · j. Migration of charged
species ( jM,i ) and diffusion ( jD,i ) are the microscopic processes which
transport particles inside the electrolyte. Together with convection
( jC,i ) they determine the evolution of ci , the concentration of electrolyte species i = EC, DMC. A source term ṅ i couples the concentrations to consumption by reduction reactions, see Eq. 11. The local
porosity ε appears on the left-hand side as we use porous electrode
theory to describe the mass balance within the nano-porous SEI.33
As mentioned in the introduction, SEI chemistry is complex and
highly dependent on the lithium-ion battery chemistry. Our framework
is capable of modeling this chemistry in detail for each system individually, however such a realization requires many parameters which
are not readily available. Large amounts of parameters for transport
and reaction kinetics would make the identification of qualitatively
significant results difficult. We simplify SEI chemistry and consider
only one or two representative reduction reactions.
Reduction reactions take place at the interface between solid SEI
material and the liquid electrolyte. SEI products precipitate immediately. Furthermore, the influence of charged species within the electrolyte is simplified. We assume that the electrochemical potential
of lithium-ions is in equilibrium and constant. Lithium consumption
due to SEI growth does not perturb the concentration locally because
Li+ mobility inside the SEI is very high compared to the rate of SEI
formation. Furthermore the salt anion is neglected as an active species.
To summarize, solvent molecules are the only electrolyte species
considered in our simulation. Assuming a binary mixture of solvent
and co-solvent, two mass balance equations of type Eq. 2 are solved.
Fickian diffusion and convection are the relevant transport processes
for these species
jD,i = −Di ∇ci ,

jC,i = ci v,

jM,i = 0,

[3]

where Di is the effective diffusion coefficient and v the convection
velocity in the center of mass frame. One mass balance equation can
be eliminated with the constitutive relation34


i
i
V̄Elyte
V̄Elyte
1=
ci , yielding 0 =
∇ci .
[4]
i

i

i
Here, we assume that partial molar volumes V̄Elyte
are constant and
independent of concentration. By summing all mass balance equations
i
, we obtain
(see Eq. 2) multiplied with V̄Elyte

div v = div



∂ε
i
V̄Elyte
Di ∇ci −
∂t

=

∂ε
EC
div(DEC −DDMC )∇cEC − .
V̄Elyte

∂t
[5]
In the second line, we applied Eq. 4 to a binary solvent mixture of
EC and DMC specifically. This definition of the convection velocity
ensures that all pores are filled with an incompressible electrolyte.35,36
Because v is the center of mass velocity, the diffusive mass fluxes in
the electrolyte add up to zero

Mi jD,i = 0,
[6]
i

i

where Mi is the molar mass of solvent species i. Thus, in the biDMC
nary mixture, both diffusion coefficients are related, MEC DEC V̄Elyte
=
EC
MDMC DDMC V̄Elyte
.

In the solid SEI phase, we take a second transport mechanism
into account. This mechanism needs to transport a reduced species
or electrons from the electrode/SEI interface through the SEI. As
discussed in the Simulation results section, our results do not depend
on the specific transport mechanism chosen. This is important because
several different mechanisms seem plausible. For simplicity, we use
electron conduction inside the solid SEI phase in our reference case.
According to Ohm’s law, the electronic current is driven by a potential
gradient
jE = −κ∇,

[7]

where κ is the effective electronic conductivity, assumed equal for all
SEI compounds. jE is an electron leakage current through the SEI
which fuels SEI formation and is much smaller than the lithium-ion
intercalation current. Charge conservation is modeled by coupling the
current to the reaction rate of each individual reaction

n jr j.
[8]
0 = −div jE + F
j
j

Here, n r j is the rate of electron consumption of reduction reaction j.
We consider faradaic surface reactions. Each reaction j is of the
general type


 j
 j
s̃i Si + n j Li+ + e− →
s k Sk ,
[9]
i
j
s̃i

k
j
si

where and and are the stoichiometric coefficients. The sums include all electrolyte species and SEI compounds. In our simplified SEI
chemistry each solvent reacts to a single SEI compound. Therefore, we
use the solvent precursor as the reaction index j = EC, DMC. Reaction rates r j , see Eq. 8, are determined with symmetric Butler-Volmer
expressions, see recent works by Latz and Bazant,37,38 or standard
literature, e.g.,33,39

  s̃2i

−E A  ci
kB T
n j Fη j
exp
,
rj =
sinh
0
h
kB T
RT
c
i
i

[10]

where E A is the energy difference between the initial and the transition
state.
The overpotential η j is the driving force of reaction j and will be
discussed below. Oxidation of SEI compounds is only possible at high
voltages (>3.25 V, see ref. 40) which are not met in normal battery
operation. Generally, anodic reactions do not occur in our simulations
because we always polarize the electrode below the onset potential of
SEI formation. However, we need to actively prevent anodic reactions
if a second SEI compound is considered. This is achieved by using
η̃ j = max(0, η j ) for these reactions.
Source terms ṅ i in Eqs. 1 and 2, consist of the sum over all reduction
reactions

 j
j
si − s̃i ρ j r j ,
[11]
ṅ i =
j

where ρ j is the reaction site density which depends on the type of
j
the reaction j. It equals ε j /V̄SEI for bulk reactions in the solid SEI
phase. For solvent reduction reactions which occur at the interface
between solid SEI material and the liquid electrolyte, ρ j equals the
product  A, where A is the specific surface area and  is the surface
site density. A is a function of porosity, as discussed below, while 
is assumed constant.
SEI formation reactions.—As mentioned above, every reaction
considered in our model introduces additional parameters. Therefore,
we simplify SEI chemistry. We study all reactions listed below in
different combinations, namely I, I + II and I + III. This means we
consider up to two reactions at a time.
We assume a single reduction reaction for solvent and co-solvent
2EC + 2 · (Li+ + e− ) → Li2 EDC + R,

[I]
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[II]

Gaseous by-products R are neglected in our simulation, as they
quickly escape the simulation domain. Given the potential  and
the concentration of each electrolyte species, we can express the overpotential for these reactions.


cEC
1 RT
0
[12a]
ln 0 ,
ηEC = EC −  +
2 F
cEC

ηDMC = 0DMC −  +



cDMC
1 RT
,
ln 0
4 F
cDMC

[12b]

where i0 is the reduction onset potential of solvent species i and ci0
is the corresponding reference concentration.
It is known that SEI species are to some degree unstable, especially at low potentials.41 Therefore, aside from solvent molecules,
SEI compounds can be reduced as well, forming new compounds
and by-products. Lithium oxide (Li2 O) has been reported as SEI
compound which is mostly found close to the electrode surface.17,42
Therefore, we assume the formation of Li2 O by successive reduction
of Li2 EDC41
0.1Li2 EDC + Li+ + e− → 0.6Li2 O + 0.4C,

[III]

where C denotes carbon. We have normalized this reaction to one
lithium-ion, i.e., electron respectively. We calculate the kinetics of
this reaction with Eq. 10. The overpotential of conversion reactions
has no concentration contribution
ηLi2 EDC = 0Li2 EDC − .

[13]

Solid convection.—Independent of the specific conversion reaction chosen, a volume mismatch between the educts and products is
typical. This volume mismatch creates an “excess volume” when the
reaction is ongoing. Excess volume can be accommodated by a porosity change or by a displacement of the whole SEI such that porosity
remains constant at the location of the reaction. We consider a mixture of both mechanisms by adding solid convection to the model and
defining a suitable solid convection velocity ṽ. Convective fluxes need
to be considered in Eq. 1, which is therefore modified
∂εi
i
= V̄SEI
ṅ i − div εi ṽ.
∂t

[14]

In two extreme cases, the solid convection velocity is given as
εSEI divṽ = 0,

εSEI divṽ =



[15a]

j

V̄SEI ρ j r j ,

[15b]

j=conv
j

where the sum includes all conversion reactions. V̄SEI is the excess
molar volume of the reaction. When the porosity is high, volume
changes of individual SEI particles do not induce solid convection,
as established by Eq. 15a. In Eq. 15b, the convection velocity is
defined such that SEI porosity remains unchanged locally. Therefore,
the SEI expands in response to SEI formation. Such a behavior can be
expected when the porosity is almost zero and SEI cannot become any
denser.
We model a smooth transition from local accumulation to SEI
expansion as the SEI becomes denser. The solid convection velocity
is calculated from

j
V̄SEI ρ j r j ,
[16]
εSEI divṽ = α(εSEI )
j=conv
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Figure 2. (a) α(εSEI ) as a function of the SEI volume fraction for εcrit
SEI =
0.99, 0.75 and 0.5, see Eq. 17. The location of the critical value is indicated
for α3 (εSEI ). (b) Spatial dependence of α for a given SEI volume fraction εSEI .

where α(εSEI ) models a smooth transition between Eqs. 15a and 15b.
This transition is performed in a linear way
⎧
εSEI ≤ εcrit
⎨0
SEI − α,
εSEI ≥ εcrit
α(εSEI ) = 1
[17]
SEI ,
⎩
ε −εcrit
1 + SEIα SEI otherwise.
Here α is the width of the transition, chosen to be 0.1. The
influence of the empirical parameter εcrit
SEI on SEI formation will be
studied in the Simulation results section. It is one unless mentioned
otherwise. It constitutes the greatest volume fraction that the SEI
material can reach. Several versions of α(εSEI ), differing in the choice
of this parameter are shown in Fig. 2a.
Transport in porous media.—The local porosity ε determines the
phase distribution in our simulation domain. Pure electrolyte and SEI
phase are represented by ε = 1 and ε = 0, respectively. If ε is between
zero and one, both electrolyte and SEI phase are present, arranged in a
porous structure. As each transport mechanism is restricted to a single
phase only, the corresponding transport parameters have to depend on
the porosity. They decrease with the volume fraction of the phase they
belong to. We use the Bruggeman ansatz to describe this behavior,
i.e., we use a power law to relate these parameters at a given porosity
to their bulk values. Bruggeman coefficients encode the structural
information of the porous structure which is lost when averaging to
obtain a one dimensional system. High values of β correspond to large
tortuosity. The effective diffusion coefficient depends on the porosity
Di = εβ DiBulk ,

[18]

where the Bruggeman coefficient β is a parameter in our model whose
influence will be part of our study. Analogously, electron conduction
scales with the SEI volume fraction
Bulk
κ = ε1.5
.
SEI κ

[19]

We have chosen 1.5 as the Bruggeman coefficient for transport in the
solid SEI phase because it is the standard value. Percolation effects
are not considered by this description. Therefore transport through a
phase remains possible until the phase disappears completely, i.e., if
ε = 0 or εSEI = 0.
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Specific surface area.—Solvent reduction and SEI formation take
place at the interface between solid SEI material and the liquid electrolyte. Consequently, the source term of solvent reduction reactions
is directly proportional to the specific surface area A (see Eq. 11).
The specific surface area depends on the local porosity. We derive
an approximation for this dependence from the assumption that SEI
particles and pores are arranged on a cubic lattice with edge length a0 .
This parameter corresponds to the average particle and pore size of
the SEI. We consider a large volume V  a03 in which all sub-cubes
are randomly assigned to SEI/pores with uniform probability εSEI /ε.
The total surface area in V can be approximated as
Atotal ≈

V
· 6 · a02 · εεSEI ,
a03

[20]

where V a0−3 is the number of cubes. Every cube has six surfaces, each
with an area of a02 . The probability of a cube being empty while a
neighboring cube is filled equals the product εεSEI . Here, surfaces on
the edge of V have been neglected. Then the specific surface area of
V reads
6
[21]
A = Atotal /V = εεSEI .
a0
We need to adjust this expression because we study porosity profiles,
this means porosity changes in one direction. To this aim, we study
a slice V with the thickness of a single cube a0 . Now, surfaces on
the edge of V can no longer be neglected and have to be taken into
account. Therefore, we use the SEI volume fraction of the neighboring
slices

ε
A=
4εSEI + εSEI (x − a0 ) + εSEI (x + a0 ) .
a0
Using a second order Taylor expansion for εSEI (x ± a0 ) we find


6
a02 ∂ 2 εSEI
A(ε) ≈ ε εSEI +
.
[22]
a0
6 ∂x2
In comparison to Eq. 21, an effective, non-local SEI volume fraction
replaces the local value. This modification enables growth into the
pure electrolyte phase where εSEI , and thus A according to Eq. 21, is
zero.
This approximation is good, when the porosity changes slowly in
space relative to a0 , i.e., |∂x2 ε| < 2a0−2 . If ε(x) has a larger curvature,
the Taylor expansion is not valid and Eq. 22 can become negative.
However, these situations are averted in our simulations and the small
quantitative errors do not influence our main results.
Regularization.—During our simulation SEI is formed and εSEI
increases. When εSEI reaches unity at a certain location, a pure SEI
phase would be formed. Pure phases are numerically difficult because
transport equations for the absent phase become ambiguous. To avoid
such problems, we implement two regularizations.
We prevent the formation of a dense SEI with vanishing porosity.
This is achieved by modifying the specific surface area such that
ε < 1 − ε is guaranteed at all times



6
a02 ∂ 2 εSEI

ε − ε εSEI +
Ã(ε, εSEI ) =
,
[23]
a0
6 ∂x2
where ε = 0.001 is small. Mass balance equations, see Eq. 2, are
guaranteed to be well defined with this modification.
In a pure electrolyte phase, equation Eq. 8 cannot be used to solve
Bulk
for the potential as κ = ε1.5
is zero. This can be alleviated by
SEI κ
using
2
Bulk
,
κ = ε1.5
SEI +  exp(−εSEI /) κ

[24]

which is equal to the Bruggeman relation at small porosities and attains
 · κBulk as ε → 1. This numerical procedure is necessary because
our classical continuum theory cannot describe microscopic quantum
effects. We describe here the spatial extend of the reaction process

as the microscopic cause for SEI expansion. Therefore, the small
conductivity in the electrolyte enables SEI growth into the electrolyte
phase. We choose  = 0.05, quite large compared to ε. Hence,
charge transport into the electrolyte phase is a negligible barrier and
does not affect our simulation results. At the same time, we make
sure that the electron current does not reach beyond a few Å into the
electrolyte.
Model Implementation
Initialization and boundary conditions.—We begin our simulations at t = 0. Initially the system is in a stationary state, which means
that all reactions are in equilibrium. Consequently, the initial potential
and concentration are chosen such that all overpotentials are zero, i.e.,
0
. Thus, both convection velocities
(x, 0) = 0EC and cEC (x, 0) = cEC
vanish, v = ṽ = 0. The volume fraction of Li2 EDC is zero apart from
a small region next to the electrode εLi2 EDC (x > 2 nm, 0) = 0. An
initialization profile serves as nucleation seed

5

4

3
3
εLi2 EDC (x < 2 nm, 0)
15 x
5 x
x
=−
+
−
+1.
1 − ε
16 nm
16 nm
4 nm
[25]
where x is the distance from the electrode. The volume fraction
changes smoothly from 1 − ε ≈ 1 to zero, as shown in Fig. 4a.
It represents the roughness of the electrode surface and adsorption
layers of SEI formed at voltages above 0.8 V. The thickness correlates
to the critical thickness SEI can reach by electron tunneling, as predicted by Lin et al.29 The volume fraction of the second SEI compound
considered is zero initially.
The simulation domain spans from the electrode surface at x =
0 into the bulk electrolyte at x = xmax . We choose our boundary
conditions such that they describe the contact to these phases. While
the electrode is a “reservoir” for the electronic current it acts as an
impenetrable boundary for the electrolyte. Therefore diffusive and
convective fluxes vanish at this interface. Solvent can be drawn from
the right-hand side boundary at which electronic currents must vanish.
(0, t) = OCV (t),
jD,EC (0, t) = 0,
v(0, t) = 0,

jE (xmax , t) = 0,

0
cEC (xmax , t) = cEC
,

ṽ(0, t) = 0,

where OCV (t) is determined from the state of charge (SOC) of a
graphite electrode taken from Ref. 43. SOC is ramped linearly such
that the electrode potential (t) decreases from 0EC at t = 0 to the
final electrode potential E in 20 hours. Then SOC and potential
remain constant, representing storage conditions. We stop the simulations shortly before SEI growth reaches xmax . In this way we make
sure that the right boundary does not influence the results.
Parameterization.—All parameters used, for example, to create
the data for figures and the results discussed, are summarized in
Table I. They are listed in four groups according to their type.

 The molar volume of each SEI species determines the evolution
rate of the corresponding SEI volume fraction, see Eq. 1. The molar
volumes of electrolyte species define the amplitude of convection
velocities induced by volume mismatch during reduction reactions in
Eq. 5 and Eq. 16.
 Bulk diffusivity and conductivity in solvent and SEI are needed
to calculate the electron and solvent flux. The Bruggeman coefficient is
used to calculate the effective diffusion coefficient in the nano-porous
SEI, see Eq. 18.
 Reaction rates are determined by a couple of parameters, e.g.
the transition energy E A and the pore size of the SEI structure a0 . The
latter determines the area available for reactions, see Eq. 22.
 The equilibrium of each reaction is characterized by an equilibrium potential and a reference concentration, see Eq. 12.
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Table I. List of simulation parameters, all potentials relative to the
Li/Li+ reduction pair.
Parameter

Description

Value Unit

EC
V̄Elyte
DMC
V̄Elyte
Li EDC
V̄SEI2
LiMC
V̄SEI
LiEC
V̄SEI
Li O
V̄SEI2

EC molar volume

66.7 cm3 /mol 44

DMC molar volume

84.2 cm3 /mol 44

Li2 EDC molar volume
LiMC molar volume
LiEC molar volume

96.2 cm3 /mol 45
58.1 cm3 /mol 45
58.1 cm3 /mol

Li2 O molar volume

14.9 cm3 /mol 45

κBulk
D Bulk
β
εcrit

Conductivity of all SEI compounds
EC diffusion coefficient
Bruggeman coefficient for solvent diffusion
Critical (lowest possible) SEI porosity

1 pS/m
10−10 cm2 /s 46
20 0.8, 0.9 -

a0

EA

Pore-size and size of SEI particles
Surface site density
Transition state energy

1.0 nm
4.0 μmol/m2
1.0 eV

0
cEC
0EC
0DMC
0Li2 EDC

EC concentration in bulk electrolyte
EC reduction potential
DMC reduction potential
DMC reduction potential

4.5 mol/l
0.8 V 16
0.3 V 16
0.3 V 16

Electrode potential during simulation

0.1 V

E

45

We assume that LiEC has the same partial molar volume as LiMC
due to the similarity between both molecules. The Bruggeman coefficient β = 20 is chosen to describe the slow effective mesoscopic
transport of solvent within the SEI nano-pores, whose microscopic
mechanism is not understood. Furthermore, large values of β lead to
larger porosities and allow easier illustration, e.g., in Fig. 4a.
Note that the other relevant symbols are listed and described in
Table AI.
Numerical implementation.—Numerical methods.—We solve
equations 2, 5, 8, 14, and 16 on a static and equidistant grid spanning from 0 to xmax . All equations are solved for the primary variables
εi , cEC , , v, and ṽ in the whole domain at all times. The domain size
in this work is 60 nm. All equations are discretized with the finite volume method which ensures continuity of mass and charge. Convective
currents, e.g. jC,EC = cEC v are calculated on the boundaries between
discretization units. To calculate these currents we use the concentration of the left or right neighbor volume, depending on the sign of
the velocity. This is done for solid convection as well. All simulations
were performed in MATLAB with the implicit solver ODE15i.
SEI front properties.—In our simulations, we observe no SEI formation reactions inside the pores of the SEI or at the electrode/SEI
interface.
Instead, reactions take place at the interphase separating the inner,
homogeneous SEI from the pure electrolyte phase. This interphase has
a width of roughly 1 nm and is called SEI front below. The porosity
increases over the SEI front until it reaches unity, marking the end of
the SEI and the beginning of the electrolyte phase, shown in Fig. 3.
It is of vital importance that transport and reaction kinetics are solved
with the necessary precision at the SEI front. We find that this is only
possible, when the discretization is sufficiently fine, i.e., when a high
resolution grid is used. The necessary resolution depends on the form
of the front, which in turn depends on the small set of parameters and
model assumptions




activation energy E A , see Eq. 10,
specific surface area A(ε, ε ), see Eq. 22,
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Figure 3. Specific surface area at the SEI front (a), see Eq. 22 (upper part
scaled logarithmically) and the corresponding SEI volume fraction (b). Both
plots show simulation results which differ only in the kinetic rate scale factor kf
in Eq. 26. The region we refer to as SEI front is marked gray for the simulation
with k f = 10.0. The inset shows how the front width depends on kf .

These parameters influence the shape of the SEI front and the
distribution of SEI formation within this region. They impact the
thickness evolution and SEI porosity, two important results of our
model. We therefore want to dedicate this subsection to discuss how
the front shape is affected by these parameters. To do so, we have to
go far afield.
Because of the boundary condition jE (xmax ) = 0, all electronic
charge transported through the SEI must be consumed at the front.
Consequently, the overpotential η will adjust itself such that electron
consumption by SEI formation reactions at the front balances the
incoming current jE (x = 0). In the following, we speak of slow
reactions, when this overpotential is large (η > 10 mV). Reactions
are fast, when the overpotential is small (η < 1 mV). Note that the
total reaction turnover at the front is almost the same in both cases,
only the necessary driving force is different.
To probe the difference between SEI formation in the slow and in
the fast regime, we introduce the scale factor kf . This factor is only
used in this section and modifies the reaction rate

  s̃2i

−E A  ci
kB T
n j F η̃ j
exp
.
[26]
sinh
r j = kf
0
h
kB T
RT
ci
i
When we increase kf , the overpotentials decrease and reactions become fast. In return overpotentials become larger as we decrease kf
and we enter the slow regime.
As shown in Fig. 3b, the shape of the SEI front changes significantly with kf . When reactions are slow, the front is wide and smooth.
It becomes thinner as the reaction rate increases. At the same time,
the specific surface area changes with the front shape, see Fig. 3a. It
becomes smaller in the region where the porosity increases. Furthermore, we observe the formation of a singularity which emerges if the
front width L is smaller than a0 . As explained in the Model section, our expression for A (see Eq. 22) is derived for a slowly varying
porosity. This is not the case when reactions are fast and the front
width is below a0 (see inset of Fig. 3b). To avoid this we adjusted our
kinetics such that the width of the SEI front is wide (L > a0 ) during
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our simulation by choosing E A accordingly. Therefore the scale factor
kf is not used below (kf = 1).
Whether reactions are fast or slow depends on the overpotential at
the front. This overpotential does not remain constant during the evolution of the SEI. It decreases because the electronic current through
the SEI decreases as the SEI becomes thicker, see Eq. 27. The reactions
become slower due to the decreasing influx of electrons. Therefore,
the SEI front becomes wider during SEI formation.
Numeric convergence.—We find that the grid resolution necessary
to obtain well converged simulations depends on the shape of the SEI
front. Any “kink” in this profile (such as visible in Fig. 3b for kf = 10
at x ≈ 0), needs to be resolved sufficiently well. If not, the specific
surface area will have an almost singular point because it is a function
of the second spatial derivative of the porosity profile, see Eq. 22. Not
only is this situation costly to solve numerically, it also influences the
SEI porosity and growth rate by a few percent. However, we observe
a directed and fast convergence of these quantities when the grid
parameter becomes small enough. For example, when comparing two
porosity profiles of the same simulation, performed with different grid
parameters (2 and 0.66 pm), the largest difference inside the SEI is
approximately 10−5 .
Simulation Results
This section contains four subsections which address potential
scenarios of SEI formation. We begin with our reference scenario,
the formation of a chemically homogeneous SEI before discussing
growth scenarios with higher complexity. Then, we study dual-layer
SEIs obtained by adding a second SEI formation reaction. We proceed by taking mechanical properties of the SEI into account so that
solvent diffusion can become rate-limiting. Finally, we discuss how
the form of the rate limiting transport mechanism affects observable
quantities. In this way, we increase the model complexity step-by step
and systematically predict SEI properties based on specific sets of
assumptions.
Single-layer SEI.—In this section, we study SEI formation assuming an inert co-solvent. This means that SEI formation is represented
by a single reduction reaction, i.e., the reduction of EC to Li2 EDC,
see Reaction I. We are able to derive analytic expressions for our
primary results in this reference scenario. Our simulations start with a
nearly uncharged graphite electrode which is charged to E = 0.1 V
in the first 20 hours of the simulation. The electrode potential is then
kept constant, simulating long-term storage under open-circuit condition. Fig. 4a shows the temporal evolution of the corresponding SEI
volume fraction. We observe the formation of a porous film which
gradually becomes thicker in our simulations. SEI formation occurs
at the SEI front, shown in Fig. 3, indicating that electron conduction is
the rate-limiting transport mechanism. No reactions take place inside
the SEI where porosity remains constant in time. Both, the rate of SEI
growth and the SEI porosity depend on the simulation parameters. We
study this parameter dependence below, where we refer to the average
porosity of a specific simulation as ε∗ = 1 − ε∗SEI .
Thickness evolution.—The formation of SEI species is located at
the front of the film and thus causes lateral growth. Therefore electron
conduction is limiting the rate of SEI growth. This is reflected in the
SEI potential which increases linearly from E to 0EC at any given
time, shown in Fig. 4b. The electronic current jE within the SEI is
constant and electrons are transported from the electrode to the SEI
front. We use this observation to approximate the electronic current
jE through the SEI
jE (x) = −κ(εSEI (x))∇(x) ≈ −κ∗
≈ −κ∗

0EC − E
,
L

(L) − (0)
,
L
[27]

Figure 4. (a) SEI volume fraction εSEI (x, t) at various times of the simulation.
Note the different scaling of the x-axes to highlight the initial SEI profile. The
dashed line is a profile from a simulation where neutral lithium interstitial
diffusion has been used as the rate-limiting transport mechanism. (b) Potential
0
(x, t) and, (c) relative solvent concentration cEC (x, t) (cEC
= 4.5 mol l−1 ).

Bulk
where κ∗ = ε∗1.5
. We can couple this current directly to the
SEI κ
evolution rate of the SEI thickness L,

V̄ Li2 EDC 1 (− jE )
∂L
= SEI
,
∂t
2
ε∗SEI F

[28]

where the first fraction takes the density of the SEI material and the
stoichiometry of the formation reaction into account. The second fraction factors in film porosity. Finally, the Faraday constant F converts
the current density into a particle flux density.
Using approximation 27 in Eq. 28 results in a first order differential
equation for L. The solution
L(t) =

Li2 EDC
√
κ∗ EC V̄SEI
t,
∗
εSEI F

[29]

depends on the mean film porosity ε∗ , which is not a parameter but
a result of our simulation. The parameter dependence of this value
is very √
complex and will be discussed later. Eq. 29 has the well
known t dependence of transport limited growth. We observe this
time dependence of SEI thickness in our simulations, see Fig. 5a.
The expression agrees well with simulation results as shown on the
right side of this figure. Small derivations can be linked to the offset
between (L) and 0EC . However this error is in the order of few mV
and small compared to EC = (L) − 0EC ≈ 700 mV.
As seen in Eq. 29, only a few parameters influence the growth rate
directly. These are the conductivity κBulk , the molar volume of Li2 EDC
and the applied potential E . Other parameters, such as β and D Bulk
can influence the average SEI porosity ε∗ , which in turn affects the
thickness evolution. However, as shown in Fig. 5a, the influence of
ε∗ on the growth rate is small. Consequently, assuming an inaccurate
porosity in Eq. 29 only leads to minor quantitative errors.
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centration of the active solvent (EC) is too low and pores are filled
with inert co-solvent, see Fig. 4c. Diffusion fluxes of active solvent
into the pores are suppressed by the small effective diffusion coefficient D ∗ = ε∗β D Bulk . The formation reactions are distributed over the
front and cease on its left edge, where porosity equals ε∗ . Here solvent
cannot be supplied at the same rate at which electrons reach the front,
forcing the SEI to expand laterally. Consequently, the porosity observed in our simulations depends on the transport parameters of the
0
). All parameters appearing in Eq. 29 determine
electrolyte (D, β, cEC
the speed of SEI expansion and influence porosity as well.
We derive an analytic expression to understand the dependence
of the mean SEI porosity ε∗ on these parameters. This requires to
apply some simplifications to the model equations. First and foremost,
reaction kinetics are assumed to be infinitely fast. This has almost no
influence on our results because SEI growth is limited by transport and
not by reaction kinetics. When the reactions are sufficiently fast, the
overpotential η is small enough to justify the approximation ηEC = 0
which implies (see Eq. 12a)
0
e
cEC = cEC

√
Figure 5. (a) SEI thickness in nm over time t (left) and t (right) to illustrate
the square root of time dependence. The porosity dependence of L(t) is shown
on the left side, on the right the simulation is compared to Eq. 29 (dashed line).
(b) SEI volume fraction dependence on transport parameters κ (left) and D
(right). Crosses mark points measured in simulations, lines show predictions
by Eq. 34.

The charge which is irreversibly consumed by SEI formation is
equal to
Q irr. (t) =

2ε∗SEI F Elec.
A L(t) = 2AElec.
total
V̄SEI total

ε∗SEI Fκ∗ EC √
Li2 EDC
V̄SEI

t,

[30]

where AElec.
total is the total electrode surface area. We use this expression, to estimate the electron conductivity κBulk by comparing it to
capacity fade measurements by Broussely et al.47 For this compari2
31
and assume ε∗SEI = 0.8.
son we use AElec.
total = 173 m , taken from
As shown in Figure 6, we obtain values of κBulk = 0.1 pSm−1 to
κBulk = 0.65 pSm−1 for T = 30o C and T = 60o C respectively. These
values agree with our previous parameterization.26 The corresponding
SEI thicknesses equal 50 and 125 nm after 450 days of storage.
SEI porosity.—As mentioned above, porosity inside the SEI remains constant in time. Further EC reduction stops because the con-

F(−0
EC )
2RT


, cEC,x
=

cEC F 
 ,
2RT x

[31]

where X y denotes the partial derivative ∂∂Xy . Secondly, we simplify our
principal equations by neglecting convection. This yields
∂ε
Li2 EDC
= −V̄SEI
ArEC ,
∂t

[32a]

∂
∂εcEC

=
DcEC,x
− 2ArEC ,
∂t
∂x

[32b]

∂ κ 
 + 2ArEC .
[32c]
∂x F x
Finally, we analyze Eq. 32b in the stationary regime (∂t εcEC ≈ 0)
because porosity and concentration changes in time are small. By

summing Equations 32b and 32c while using Eq. 31 to express cEC,x
with x , we obtain


κ
∂ cEC F D
+
x .
0=
∂ x  2RT
F
  
0=

D̃

κ̃

Integration yields an expression for x , relating it to the local transport
parameters
D̃ + κ̃ε  
D̃c cEC 2x
ξ
εx x −
,
, resulting in,  = − ε
D̃ + κ̃
D̃ + κ̃
D̃ + κ̃ 2RT
where ξ is an integration constant. When the SEI is sufficiently thick,
we can neglect terms scaling with 2x because x is proportional to
L −1 . Using this approximation in Equation 32c after inserting 32a
yields
 =

∂ε
V̄ Li2 EDC ∂
= SEI
κ̃x
∂t
2
∂x

V̄ Li2 EDC   
κ̃x x + κ̃x x
= SEI
2
Li2 EDC
D̃ κ̃ε − κ̃ D̃ε  
V̄SEI
εx x .
2
D̃ + κ̃
We now trace the porosity at a point co-moving with the left edge of
the SEI front, see Fig. 3. Here the porosity changes in time according
to


∂ε
V̄ Li2 EDC εx x
κ̃
∂L
D̃ κ̃ε − κ̃ D̃ε
dε(L(t), t)
= εx
+
≈ SEI
+
,
dt
∂t
∂t
4
εSEI
D̃ + κ̃
[33]
where the approximation for the thickness evolution Eq. 29 is used.
The porosity at this location has an attractive point. This means that

=

Figure 6. Capacity fade according to Eq. 30 (lines) compared to experimental
data (circles and crosses).47
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ε will converge toward this value in time. This stationary solution
equals the mean SEI porosity ε∗ which satisfies
κ̃∗
κ∗ 2RT
1 βε∗
= ∗
= + SEI
.
2
∗
D cEC F
2
ε∗
D̃

[34]

We compare this expression to simulation results in Figure 5b. It
describes the dependence of porosity on the transport parameters κBulk ,
D Bulk and β extremely well. There is a small offset between the SEI
porosity determined by the simulation and the analytic prediction.
We attribute this to the simplifications made in the derivation of Eq.
34. As we neglect electrolyte convection, the porosity predicted is
slightly too low. Much better agreement is found, when the active
solvent concentration is low and the influence of solvent convection
is small.
In summary, we predict a finite SEI porosity which we propose
to measure in appropriate in-situ imaging studies. This prediction
assumes long-term storage, consequently all samples need to be stored
for an appropriate time span before the measurement. Unfortunately,
we cannot quantitatively predict ε∗ because it depends strongly on β,
an unknown parameter, see Fig. 5b. Assuming Bruggeman coefficients
between β = 5 and β = 20 results in porosities between ε∗ = 0.002
and ε∗ = 0.2.
Neutral lithium interstitial diffusion.—In the simulations discussed
above, electron conduction is the rate-limiting transport mechanism.
Electron conduction is the most prominent among several transport
mechanisms in the solid SEI phase suggested in the literature.18,27,28
The findings for the reference scenario discussed in this section, however, are independent of the specific charge transport mechanism. In
the following, we demonstrate this by replacing electron conduction
with diffusion of neutral lithium interstitials. The latter mechanism is
proposed as a potentially rate-limiting mechanism by Shi et al.18
We add a mass balance equation for the neutral lithium interstitial
concentration cLi
∂εSEI cLi
= −div jD,Li + ṅ Li ,
[35]
∂t
where the diffusive flux jD,Li has the same porosity dependence as
the migration flux in our standard case, see Eq. 19. This transport
equation replaces Eq. 8, which describes electron conduction. In this
way, we exchange the rate-limiting transport mechanism.
SEI profiles obtained using this mechanism share the same features as those generated with the conduction type mechanism, see
Fig. 4a. Again, we observe the formation of a layer with nearly con√
stant porosity. Similar to above, the thickness evolution follows a t
law. Analytic expressions for the thickness evolution and the porosity can be derived analogously to Eq. 29 and Eq. 34, respectively.
In conclusion, SEI thickness evolution and porosity are not sufficient
to distinguish between these two charge transport mechanisms in the
solid SEI phase. Therefore, we study further SEI quantities in next
sections.
Additionally, we find that the interstitial concentrations found by
Shi et al.18 are insufficient to drive SEI formation at a reasonable rate.
For the simulation depicted in Fig. 4a we have used the proposed ≈ 107
interstitials/cm3 . To obtain reasonable growth rates we used an the
extremely high bulk diffusion coefficient of 0.002 cm2 /s. Alternatively,
we obtain reasonable diffusion coefficients for a higher interstitial
concentration. Such a concentration would correspond to a smaller
interstitial formation energy, approximately 200–300 meV below the
value from Shi et al.18
Dual-layer SEI.—It is well-known that the SEI is not chemically
homogeneous. Therefore, as the next step, we extend the reference
scenario by taking a second SEI compound into account. This compound is either produced by co-solvent reduction (II) or by conversion
of Li2 EDC (III). The onset potential for these reactions is chosen as
0DMC = 0Li2 EDC = 0.3 V and is below the reduction potential of EC
of 0.8 V. In these scenarios, dual-layer structures emerge, as shown
in Fig. 7. Depending on the reaction type, the two layers differ in

Figure 7. (a) SEI volume fraction evolution with active co-solvent. (b) and
(c) show the SEI volume fraction of a dual layer SEI formed with inert cosolvent and unstable Li2 EDC. These simulations differ in the choice of εcrit
SEI , see
Fig. 2.

chemistry, morphology, or both. The total SEI thickness evolves as
in the reference scenario. Both layers grow simultaneously and each
layer has its own front where the corresponding formation reaction
takes place.
Co-solvent reduction.—The volume fraction evolution of a simulation with reacting co-solvent is shown in Fig. 7a. EC reduction
proceeds as described in our reference scenario, creating a porous
layer of Li2 EDC (see Fig. 4). Additionally, co-solvent is reduced at
the front of the inner layer, filling the pores of the outer layer with
LiMC. Co-solvent reduction stops when the layer is dense. It is suppressed because the specific surface area vanishes when ε → 0, see
Eq. 21. Therefore, a dense layer forms next to the electrode while the
outer layer remains porous. Li2 EDC and LiMC are both present in the
dense layer.
Volume mismatch between the products and reactants of the second
reduction reaction induces a convective flow of the electrolyte. This
flow carries additional solvent across the SEI front. In turn, the mean
porosity of the outer layer ε∗ decreases and the SEI becomes denser
compared to simulations with inert co-solvent, see Fig. 4a. Therefore,
our analytic expression for the porosity Eq. 34 does not predict the
porosity of the outer layer as accurately as before.
Conversion Reaction.—The SEI remains to be composed of two
layers if co-solvent reduction (II) is replaced with the conversion
reaction (III), see Figure 7b and 7c. Again, the outer layer is porous
and consists of Li2 EDC. The inner layer is created by the conversion
of Li2 EDC and constantly grows at its front. In this case, each layer
consists of the products of a single reaction. Compared to simulations
with active co-solvent, products of different reduction reactions are
no longer mixed in the inner layer.
The porosity of the inner layer depends on the choice of α(εSEI )
(see Eq. 16) or εcrit
SEI specifically. As described in the Model section,
εcrit
SEI determines how dense the SEI can become from accumulation
of excess volume by conversion reactions. Here we can distinguish
two cases. In Fig. 7b the critical SEI volume fraction εcrit
SEI exceeds
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Otherwise, we have to take into account the irreversibility of SEI
formation and demand jE,I = jE,O .

−1


L O κBulk
+ E .
[39]
(L I ) = EC − E 1 +
L I κ∗
(L I ) is the maximum of 0DMC and this modified expression. To
conclude, Eq. 36 together with Eq. 37 is a coupled ODE for L and L I
which describes the thickness evolution of each layer.
According to Eq. 36, the growth rate is determined by the same
parameters as in simulations with inert co-solvent. These are the coni
and the
ductivity κBulk , the molar volumes of SEI compounds V̄SEI
applied potential E . Additionally, the porosity of the outer layer ε∗SEI
appears as an indirect parameter which has to be assumed or measured.
Fig. 8a compares the thickness evolution from numerical solutions
of Eqs. 36 (dashed) to a simulation of the full model (solid lines). The
figure shows several solutions with different initializations i.e. L I (t0 )
is varied while L(t0 ) is fixed. When the initial values match the full
simulation,
very good agreement is observed and both layers grow
√
with t. The other curves show how the dual layer system reacts to a
different initialization. Fig. 8b shows how the ratio of the inner to the
total SEI thickness
Figure 8. (a) Thickness evolution of the inner and the outer layer in a simulation with active co-solvent (solid lines) compared to numerical solutions
of Eqs. 36 (dashed lines). The latter are initialized at t0 = 30 d with different values of L I (t0 ). (b) Evolution of (t) for both simulation and numerical
solutions.

the volume fraction of the outer layer. Therefore, excess volume of
the conversion reaction can accumulate locally until the SEI volume
fraction has reached this value εcrit
SEI . Further conversion reactions only
induce solid convection, thus increasing the thickness of the inner
layer and displacing the outer one. The porosity profile shown in Fig.
7c is created when εcrit
SEI is smaller than or equal to the volume fraction
of the outer layer. In this case, both layers have the same porosity.
Thickness evolution.—We now discuss the thickness evolution of
the dual-layer films. In Fig. 8a, we plot the thickness of the inner
layer and the total SEI thickness against the storage time (solid lines).
Both layers grow with the square-root of time. In this figure and the
subsequent discussion, the inner layer is formed by products of cosolvent reduction (II). For conversion reactions (III), the situation is
qualitatively identical.
Analogously to Eq. 29, we derive analytic expressions for the
thickness evolution of the dual-layer system. The derivation below is
performed for a system with active co-solvent and the index I/O is
used for the inner/outer layer respectively, (L I + L O = L). We couple
the electronic current in each layer to its growth rate,
V̄ Li2 EDC
∂L
= − SEI
jE,O ,
∂t
2ε∗SEI F

[36a]


V̄ LiMC 
∂ LI
= − SEI
j
.
[36b]
−
j
E,I
E,O
∂t
ε∗ F
We proceed to solve these equations by deriving simple expressions
for the current densities in both layers jE,i . To this aim, we discuss the
shape of the electric potential (x) in the SEI. As explained above,
reactions occur at the layer fronts only and (x) increases linearly
in each layer. Additionally, porosity and conductivity are constant in
each layer. We hold the electrode potential constant (x=0) = E .
At the SEI front, the potential is given by (L) ≈ 0EC .
We use this to approximate jE,i , similar to Eq. 27
0EC − (L I )
(L I ) − E
, jE,I = −κBulk
.
L − LI
LI
If the inner layer grows, it holds
jE,O = −κ∗

(L I ) = 0DMC .
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[37]

[38]

(t) = L I (t)/L(t),

 ∈ [0, 1],

evolves in time. This ratio quickly attains the stationary value stat and
then remains constant for the rest of the simulation. In a real battery,
 can deviate from this stationary value if the electrode potential is
varied or if the SEI is physically damaged. As illustrated in Fig. 8b,
stat is a stationary point of (t) and satisfies
∂t L I
L I ∂t L !
∂
=
−
= 0 → L∂t L I = L I ∂t L .
∂t
L
L2
With Eqs. (36) we can rearrange this condition into a quadratic equation in stat


Li2 EDC
V̄SEI
DMC
DMC
∗ 2
ε stat + 1 + ∗1.5
= 0.
[40]
stat + ∗1.5
LiMC
2V̄SEI
εSEI diff
εSEI diff
stat is the positive solution of this expression. It depends most
strongly on the electrode potential E and the onset potential i0
of each reduction reaction.
The stationary value is attained after long-term storage with constant electrode potential. When the electrode potential is changed, 
will deviate from the new stationary ratio. Then, further SEI growth
will be distributed such that this new stationary value stat is attained.
This process is fast (1–2 days) when  < stat as illustrated in Fig.
8b. In this case, the inner layer needs to become thicker. The rate at
which  converges toward stat is slow, when  > stat because
the inner layer cannot decrease its thickness. Instead, the outer layer
needs to grow to restore stat . This takes longer, in part due to the stoichiometry of both reduction reactions. Furthermore, electrons need
to traverse a longer distance to reach the front of the outer layer.
By using the relation L I = stat L, we can solve Eq. 36a and obtain
an analytical expression for the thickness evolution
L(t) =

Li2 EDC
diff √
κ∗ V̄SEI
t.
∗
εSEI F 1 − stat

[41]

Most formulas in this section are not valid if the inner layer is
formed by a conversion reaction. For this system, a few changes need
to be made in the derivation above. However, these changes do not
alter the results in a qualitative way. This means that all results above
can be transferred. Eq. 41 remains valid if the correct value of stat
is used. The only noteworthy quantitative difference is the rate at
which (t) converges toward the stationary value. This process is
now slower when  < stat because more electrons are needed to
expand the inner layer.
We highlight that the SEI dual-layer structure should be observable
in long-term storage experiments, e.g., in neutron-scattering imaging.
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Charge vs. solvent transport.—In the preceding sections, we discuss scenarios in which charge transport in the solid SEI is the ratelimiting transport mechanism. Even though we model solvent diffusion through the SEI pores, electrolyte transport does not become
rate-limiting. This is due to the low porosity of the SEI formed in
our simulations which makes solvent diffusion slower than charge
transport. Now we discuss how structural properties may prevent the
formation of a dense SEI. In this scenario, solvent diffusion inside
the SEI becomes faster, potentially making solvent diffusion the ratelimiting transport mechanism. Hence we can study how SEI grows
for different rate-limiting transport mechanisms.
Structural properties can emerge from surface tensions in the
porous structure which can influence SEI morphology and porosity. In
this way, the interplay of surface energy and packing structure results
in a minimum porosity. Alternatively, small SEI particles could have
a certain tightest packing. In both cases SEI will accumulate locally
until this porosity is reached, then reactions will displace existing
particles instead of further decreasing the porosity. This effect is reminiscent of the solid convection defined in the Model section. Note
that it requires deeper insights into the chemistry and structure of the
composite solid SEI material to accurately determine the minimum
porosity.
Similar to our reference scenario, we consider the reduction of EC
and assume that the co-solvent is inert. This reaction is coupled to the
solid convection velocity
Li2 EDC
·  A · rEC .
εSEI divṽ = α(εSEI ) · V̄SEI

[42]

Here, α(εSEI ) models a smooth transition from local accumulation
to SEI displacement, see Fig. 2a. As elaborated on in the Model
section, this transition takes place at the SEI volume fraction εcrit
SEI , a
new parameter of our model. Therefore, Eq. 42 will prevent the SEI
volume fraction to exceed εcrit
SEI .
Now, charge transport and solvent transport compete. The mean
solid volume fraction ε∗SEI inside the SEI determines the rate-limiting
transport mechanism. We distinguish two cases by comparing εcrit
SEI
with the stationary solution εstat
SEI of Eq. 34.
1.

2.

˜ ≈ 0.4. The reacFigure 9. Schematic of self-shaping SEI growth with 
tion interface (marked red) is inside the SEI and the reaction is “fueled” by
an electronic current jE and a diffusion current of solvent jD,EC . SEI compounds which form at this interface do not decrease the porosity, because
˜
α(εSEI (L))
= 1. Instead, they induce the convection velocity ṽ which causes
SEI growth.

We can approximate each flux by assuming constant porosity and a
linear progression of potential and concentration within the SEI
κ∗ EC
F D ∗ cEC
κ∗ EC
˜ =
, →
.
[43]
≈
∗
˜
˜
D FcEC + κ∗ EC
(1 − )L
L
˜ is independent of SEI thickness L. It quantifies the relative
The ratio 
share of electron conduction on the rate-limiting role. Fig. 10 shows,
˜ depends on the effective transport parameters κ∗ and D ∗ .
how 
˜
 ≈ 1 if electron conduction is the rate-limiting transport mechanism,
κ∗ EC  D ∗ FcEC (top-left). Solvent diffusion is the rate-limiting
˜ ≈ 0, κ∗ EC
D ∗ FcEC (bottom-right).
transport mechanism if 
The intermediate regime spans from the bottom-left to the top-right.
Here, both transport mechanisms are roughly equally fast, κ∗ EC ≈
D ∗ FcEC .
The transition from electron conduction to solvent diffusion limited
stat
growth occurs when εcrit
SEI becomes smaller than εSEI . Based on the

stat
For εcrit
SEI > εSEI , i.e., large SEI volume fractions, SEI formation is
not disturbed and proceeds exactly like in our reference scenario.
In this case, electron conduction is rate-limiting and the porosity
establishes itself through a balance between growth and transport
at the SEI front, see Eq. 34. Our model does not allow for a denser
structure for a given parameter set.
stat
For εcrit
SEI < εSEI , i.e., small SEI volume fractions, solid convection
(42) limits the SEI volume fraction. In this case, the mean SEI
volume fraction is decreased ε∗SEI = εcrit
SEI and the SEI porosity is
increased. Therefore, solvent diffusion through the SEI pores is
accelerated and can become rate-limiting.

In summary, structural properties can only increase the mean
porosity ε∗ and accelerate solvent diffusion.
Our extended model captures the two growth mechanisms studied
in the literature. SEI can form at the electrode/SEI interface limited
by solvent/salt diffusion through the SEI.30,31 Additionally, SEI can
form at the SEI front limited by charge transport through the SEI.26–29
Below we will proof this correlation between rate-limiting transport
mechanism and reaction interface position. We are the first to find an
intermediate regime where the reaction interface is located inside the
SEI as depicted in Fig. 9. In this case, both mechanisms contribute
to the formation rate and the SEI is divided by the reaction interface
(marked red). In the inner region, electrons migrate away from the
electrode, whereas solvent molecules diffuse toward the electrode in
the outer one.
˜ = L reaction /L of this
Now, we calculate the relative location 
interface. Electron and solvent transport to this location are balanced
and supply the reaction
2 jE = 2F jD,EC .

˜ depending on the
Figure 10. Relative position of the reaction interface 
effective transport parameters D ∗ and κ∗ according to Eq. 43. The red lines
show parameter sets with identical SEI growth rates and satisfy Eq. 45. Dashed
black lines show how two parameter sets D ∗ /κ∗ (marked with yellow crosses)
move when porosity is changed but κBulk is fixed. The lines end in yellow
circles where the formation rate is double (right) or half (left) of the original
growth rate.
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values discussed earlier, we conclude that 0.8 < εcrit
SEI < 0.998 would
be necessary for solvent diffusion limited growth.
Growth rate analysis.—Let us now evaluate the SEI growth rate
for this general, mixed growth scenario (see Fig. 9). Based on the
dependence of the growth rate on the material parameters, we discuss
how observable SEI properties depend on the underlying rate-limiting
mechanism. We obtain an analytical expression for the thickness evo˜ in the derivation of
lution of these SEIs, by exchanging L with L
Eq. 29
L(t) =

=

Li2 EDC
√
κ∗ EC V̄SEI
t,
˜
ε∗SEI F 
Li2 EDC 
√
V̄SEI
κ∗ EC + D ∗ FcEC t.
ε∗SEI F

[44]

Comparison to Eq. 29√
reveals that adding solvent diffusion accelerates
SEI formation. The t-growth law is still valid as SEI growth is
limited by reactant transport.
Naturally, only a subset of the combinations of D ∗ and κ∗ yields
reasonable SEI growth rates. A good measure for the growth rate is

∂ L2
V̄ Li2 EDC  ∗
= L˙2 = SEI∗
κ EC + D ∗ FcEC
∂t
FεSEI

[45]

which is constant in time for square-root like growth. In Fig. 10 the
red lines correspond to growth rates observed at T = 15/60 o C.26,30,48
˜ increases monotonically
When moving along one of these lines, 
from 0 to 1. SEI growth is limited by a single transport mechanism, unless both effective transport parameters, D ∗ and κ∗ , are finely attuned
˜ ≈ 1 and 
˜ ≈ 0) are recovered, when
to one another. These cases (
one of the effective transport parameter vanishes. If D ∗ is small, electron conduction determines the growth rate and κ∗ converges toward
the values found in.26 If κ∗ is small, solvent diffusion is rate-limiting
and D ∗ converges toward values found in Refs. 30,31
At this point, we want to draw first conclusions with respect to the
rate-limiting transport mechanism. As discussed earlier, SEI porosity
will attain a small value (0.002 to 0.2) in our reference scenario, where
electron conduction is the rate-limiting transport mechanism. Therefore, the SEI volume fraction is approximately one and the growth
rate does not depend strongly on the porosity and the Bruggeman coefficient. Instead it is mostly determined by κBulk . This is different if
solvent diffusion is the rate-limiting. In this case the effective transport
parameter scales with ε (to the power of β) which is close to zero. This
means that D ∗ depends strongly on three parameters, namely εcrit
SEI , β
and D Bulk . SEI formation is a common phenomenon in lithium-ion
batteries, occurring in many different systems. The different growth
rates of these SEIs lie within two orders of magnitude, even when the
SEI chemistry is not comparable. This would imply that εcrit
SEI and β are
correlated in some way. However, we cannot find any reason why this
should be the case. Therefore, it appears unlikely for solvent diffusion
to be the rate-limiting transport mechanism.
We now study this difference from another perspective. To this
aim, we use the growth rate L˙2 and the relative location of the reac˜ as parameters to label SEIs (instead of κ∗ and D ∗ ).
tion interface 
The variation of the SEI growth rate with respect to small porosity
fluctuations ε∗SEI is equal to


˜
˜
∂ L̇ 2
˙2 1.5 − 1 − β(1 − ) .
=
L
[46]
∂ε∗SEI
ε∗SEI
1 − ε∗SEI
We now evaluate and compare the relative variation in the growth rate
from a small porosity change ε


˜
→0
˙2
ε
˜ → 0  L ≈ 1 + βεSEI
,

˜
˜
→0
L˙2
1 − ε→0
ε
SEI
SEI
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˙2
˜ → 1  L ≈ 1 ε .

2
˙
2 εstat
L
SEI
This variation is much larger if solvent diffusion is the rate-limiting
˜ → 0) because either β or (1−ε∗SEI )−1 is large.
transport mechanism (
We illustrate this in Fig. 10 where two combinations of D ∗ and κ∗
are marked with a yellow cross. Both SEIs have the same growth rate
because they are located on the same red line. The difference between
these films is the rate-limiting mechanism facilitating the growth. One
˜ ≈ 1) whereas solventis solely governed by electron conduction (
˜ ≈ 0). We now apply a small
diffusion is limiting the other one (
perturbation ε to the porosity of each film. This changes the effective
transport parameters κ∗ and D ∗ according to the Bruggeman relation
Eq. 18 and Eq. 19 (κBulk is kept constant). The new combination is
located on the dashed line in Fig. 10 and has a different growth rate
according to Eq. 45. The black lines end in yellow circles where the
growth rate is twice or half as large as the original one. It can be
seen that the growth rate is hardly influenced by porosity fluctuations if electron conduction is the rate-limiting transport mechanism
˜ ≈ 1). Here, the dashed line remains close to the red one for small
(
perturbations. Therefore, large porosity fluctuations are necessary to
observe a significant change in the growth rate. If solvent diffusion is
˜ ≈ 0), however, the dashed
the rate-limiting transport mechanism (
line is almost orthogonal to the red one. Here, SEI formation is far
more susceptible to porosity changes and small fluctuations can alter
the growth rate by a factor of two.
Finally, we propose to probe the sensitivity to porosity fluctuations
in an experiment and identify the rate-limiting transport mechanism.
SEI is deformed during cycling due to volume changes of the electrode
particles. These deformations change the porosity which in turn affect
the growth rate. This results in systematic variations of SEI thickness
when the electrode material deforms anisotropically, e.g., on HOPG.
We predict notable thickness differences correlating with the atomistic
orientation of the electrode surface.
This could be observed in the imaging experiment proposed earlier in this section. Alternatively, information about the rate-limiting
transport mechanism could be obtained in a different experiment. We
propose to add additional, marked (e.g. isotopically, see Ref. 7) solvent/electrolyte to a cell with a well-established SEI. The location
of newly formed SEI can then be determined with depth profiling
techniques after a long storage period.
Discussion
The quality of theoretical studies depends on reliable parameter
choices and model assumptions. In this section, we discuss the validity of our choices. To this aim, we justify our assumptions and discuss
the dependence of our predictions on them. Our model relies on two
important assumptions. Firstly, we assume that the SEI is homogeneous parallel to the electrode surface and develop a one dimensional
model. Secondly, we choose a specific dependence of transport parameters on porosity. Besides these assumptions, we make use of physical
restrictions such as mass, volume, and charge conservation.
Most obvious, SEI thickness, see Eq. 29, and porosity, see Eq. 34,
strongly depend on transport parameters (κBulk , D Bulk , β) as discussed
above. SEI porosity, for example, is governed by the Bruggeman coefficient β of the electrolyte. Thermodynamic parameters, such as
the density of SEI compounds and the onset potential of reduction
reactions influence our results as well. However, unlike transport parameters we know these parameters reasonably well. Therefore, an
inaccurate choice of these thermodynamic parameters does not influence our results in a significant way. The kinetics of the fast reduction
reactions characterized by the activation energy E A are not critical as
well. The only exception is the onset potential of the second reduction
reaction. This parameter strongly influences the thickness of the inner layer. Nevertheless, the qualitative observations of the dual-layer
systems remain unchanged.
An assailable model assumption is the use of conventional electron
conduction in SEI compounds. It is known that several common SEI
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compounds have large bandgaps, i.e. Li2 EDC,21 Li2 CO3 18 and LiF.49
Corresponding conductivities are well below the values which are necessary to drive long term SEI formation at realistic rates. Nevertheless,
SEI composition is diverse and a conduction like mechanism could
emerge. This could be due to defects or band-bending on grain boundaries inside the SEI. Interface effects on such boundaries can promote lithium-ion and potentially electron mobility as shown by Zhang
et al.20 We highlight that the specific transport mechanism used does
as demonstrated by replacing conduction with neutral lithium interstitial diffusion. Any mechanism which transports charges though the
SEI for the reduction of the solvent at the SEI/electrolyte interface will
produce qualitatively similar results. The only requirement is that the
mechanism decreases linearly with SEI thickness and that the transport occurs in the solid SEI.
Our assumption of homogeneity parallel to the electrode surface is
seemingly contradicted by TEM images of fluctuating SEI thickness.6
Such measurements, however, typically relate to initial molecular layers of the SEI which our model does not describe. Furthermore, our
model offers three explanations for fluctuations in thickness. Fluctuations in the initial SEI composition might locally affect the conductivity. Alternatively, different electrode surfaces, e.g., the basal/edge
planes on graphite, can yield different electron injection rates into the
SEI. Lastly, SEI thickness fluctuations are expected if solvent diffusion is the rate-limiting process. Our model remains to be applicable
locally if these fluctuations occur on a length scale comparable to the
SEI thickness. If SEI is exposed to large mechanical stress, e.g., on
silicon electrodes,12 local properties dominate SEI evolution and our
model cannot be applied.
Finally, we keep our model simple and clear on purpose and neglect a couple of details. For example, we do not take into account
dissolution of SEI species4 which competes with SEI growth. A nucleation and precipitation process for SEI formation has been proposed
by Ushirogata et al.21 Nucleation and growth of larger SEI particles
in solution might be essential during the formation of the initial SEI.
Modeling this process would delay the reaction and the precipitation
process, which would not influence the long time SEI growth. We neglect this mechanism because we focus on long-term SEI formation.
SEI material lost by diffusion into the bulk electrolyte phase could be
accounted for by using an effective stoichiometry for the reduction
reaction.

In scenarios where two reduction reactions are considered, we observe an additional inner SEI layer close to the electrode. The two
layers have different chemical compositions and may also exhibit different morphologies. These properties can be observed and employed
to identify the type of the second reduction reaction. We find that the
ratio of the inner layer thickness to the total SEI thickness tries to attain a stationary value. This value depends on the electrode potential
and will be attained after the electrode potential remained constant
for a longer period of time (≈ 60 days). It does not change when the
SEI ages and is restored when the SEI is physically damaged. Observing such a connection between the thicknesses of inner and the
outer layer would suggest electron conduction to be the rate-limiting
transport mechanism.

Conclusions
In this article, we discuss a new model to describe long-term SEI
growth on negative electrodes. Our model is the first to capture SEI
morphology in a spatially resolved way. Explicitly, we explain the
growth of a SEI with finite porosity. We can model different ratelimiting transport mechanisms in the solid SEI phase. Additionally,
we can adjust SEI porosity and enable solvent diffusion through the
pores to be the rate-limiting transport mechanism. This enables us to
predict SEI properties which are unique to each mechanism. These
predictions are observable in suitable experiments and should allow
to draw conclusions with respect to the rate-limiting transport mechanism for SEI growth. To this aim, we propose in-situ imaging studies
of well-established SEI, e.g., with TEM or neutron reflectometry.
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Appendix

Summary
In this work, we discuss a novel one-dimensional model which
describes long-term SEI growth.26 We study several plausible scenarios and predict observable SEI properties depending on the respective
assumptions. In all scenarios, SEI thickness evolves with the square
root of time because SEI growth is limited by the transport of SEI
precursors through the SEI.
In our reference scenario structural properties do not prevent the
formation of a dense SEI. Then electron conduction is the rate-limiting
transport mechanism. Our model predicts the formation of a porous
SEI. SEI porosity is almost constant throughout the film and does
not change in time. It is the result of an interplay of two transport
processes, electron conduction away from the electrode and solvent
diffusion toward the electrode. Therefore, porosity depends solely on
the parameters characterizing these processes.
Solvent diffusion is the rate-limiting transport mechanism if structural properties prevent the formation of a dense SEI. We find that
the growth rate of the SEI is very susceptible to porosity fluctuations
in this case. Therefore, we predict an inhomogeneous thickness distribution of SEI on electrodes with anisotropic volume expansion. If
solvent diffusion is the rate-limiting transport mechanism, such fluctuations will be observable in a suitable imaging experiment such as
those proposed in the Simulation results section.
Replacing electron conduction with diffusion of neutral lithium
interstitials only alters the aforementioned predictions quantitatively.
This illustrates that they are universal and independent from the specific transport mechanism in the solid SEI.

Table AI. Nomenclature and description of frequent quantities.
Parameters are described and given in Table I.

ε/εSEI
c
cLi

v/ṽ
jE
rj
A
L/L I

˜

α(ε)
ε∗ /ε∗SEI
D∗
κ∗
EC
DMC
diff

Description

Unit

Porosity/volume fraction of the SEI
Main solvent (EC) concentration
Neutral lithium interstitial concentration
Electronic potential (solid SEI)
Electrolyte/solid convective velocity
Electronic current in the solid SEI phase
Turnover of reaction “ j → k”
Specific surface area of the porous SEI
Thickness of the SEI / inner SEI layer
Ratio of L I and L,  = L I L −1
Location of the reaction interface relative
to L
Transition function between local
accumulation and SEI expansion
Average SEI porosity/volume fraction
Solvent diffusion coefficient at average
SEI porosity D ∗ = ε∗β D Bulk
SEI conductivity at average SEI volume
Bulk
fraction κ∗ = ε1.5
SEI κ
0EC − E
0DMC − E
0EC − DMC

mol m−3
mol m−3
V m−1
m s−2
A m−2
mol s−1 m−3
m−1
nm
m2 s−1
S m−1
V
V
V
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Identifying the Mechanism of Continued Growth of the
Solid–Electrolyte Interphase
Fabian Single,[a, b] Arnulf Latz,[a, b, c] and Birger Horstmann*[a, b]
Continued growth of the solid–electrolyte interphase (SEI) is
the major reason for capacity fade in modern lithium-ion batteries. This growth is made possible by a yet unidentified
transport mechanism that limits the passivating ability of the
SEI towards electrolyte reduction. We, for the first time, differentiate the proposed mechanisms by analyzing their dependence on the electrode potential. Our calculations are compared
to recent experimental capacity-fade data. We show that the

potential dependence of SEI growth facilitated by solvent diffusion, electron conduction, or electron tunneling qualitatively
disagrees with the experimental observations. Only diffusion of
Li interstitials results in a potential dependence matching the
experiments. Therefore, we identify the diffusion of neutral
radicals, such as Li interstitials, as the cause of long-term SEI
growth.

Introduction
Despite all recent advances, lithium-ion batteries still suffer
from continued capacity fade, which ultimately limits battery
lifetime. A multitude of processes contribute to the capacity
fade. These mechanisms depend on operating conditions as
well as on battery chemistry. However, generally, anodic side
reactions are found to be the main contributor to capacity
fade.[1, 2] These reactions reduce electrolyte components, for example, ethylene dicarbonate (EC), while irreversibly consuming
cyclable lithium and proceed rapidly on a pristine electrode
until they are suppressed by the solid–electrolyte interphase
(SEI). SEI is a thin film that covers the electrode surface and
consists of insoluble products of anodic reactions.[3–8]
Atomistic simulation methods cover the short-term SEI formation occurring during the first few battery cycles (see
Bedrov et al.[9]). After this formation stage, the long-term SEI
growth rate is limited by the rate at which SEI precursors cross
the SEI. The transport mechanism enabling this flux is referred
to as the long-term growth mechanism (LTGM). Even though
numerous publications discuss long-term SEI growth,[10–22] the
LTGM has not been identified. Several different LTGMs are sug-

gested and studied using continuum models as depicted in
Figure 1.
a)
b)
c)
d)

Diffusion of solvent/salt molecules/anions through nanosized SEI pores.[10–12, 16, 17]
Electron tunneling through a dense, inner layer of the
SEI.[12, 13]
Electron conduction through the SEI.[12, 14–18]
Diffusion of neutral radicals such as lithium interstitials
(LiI).[17, 22, 23]

Importantly, these four mechanisms predict a similar evolution of long-term capacity fade. Besides electron tunneling, all
pﬃﬃ
mechanisms directly result in the experimentally observed t
p
t dependence of capacity fade. Electron tunneling predicts a
pﬃﬃ p
lnt dependence that fits reasonably well with the t t behavior if another contribution linear in time is added.[14, 24] Such
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Figure 1. Schematic of four different transport mechanisms suggested to
cause long-term SEI growth. a) Solvent diffusion through small SEI
pores.[10–12, 16, 17] b) Electron tunneling through a thin and dense inner SEI
layer.[12, 13] c) Electron conduction through the SEI.[12, 14–18] d) Diffusion of neutral LiI through the SEI. The SEI formation reaction takes place at different interfaces depending on the mechanism, marked yellow/red.[17, 22, 23]
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a term can be attributed to multiple processes, which we will
discuss below.
Therefore, additional dependencies must be studied to identify the correct mechanism (or to rule out others). For this
reason, we have introduced a SEI model predicting SEI morphology in previous studies.[16, 17] If SEI porosity and thickness is
measured, for example, with neutron reflectometry,[25] our
model offers an alternative feature to compare and validate SEI
theory with experiments. Furthermore, we used our models to
compare different LTGMs and their response to small porosity
fluctuations. Based on this comparison, we concluded that solvent diffusion is unlikely to be the LTGM.[17]
In this paper, we identify the LTGM by comparing the rate of
SEI formation at different electrode potentials to experimental
capacity-fade data. This dependence has already been used by
Tang et al. to rule out solvent diffusion as a possible LTGM.[12]
We, however, perform a more comprehensive comparison
based on more recent experimental data provided by Keil
et al.[1, 2] Especially, our comparison includes LiI diffusion.
The capacity fade of commercial nickel cobalt aluminum
oxide (NCA) cells has been measured during long-term opencircuit storage.[1, 2] Individual cells were stored at one of 16 different states of charge (SoC), each corresponding to a specific
anode potential. These cells were stored for 9.5 months at
50 8C. As capacity fade during open-circuit storage leads to
self-discharge, checkup sequences were regularly performed.
After these sequences, the SoC referenced to the current cell
capacity reached its initial value. The complete measurements
are presented in Figure 8 of Ref. [2]. They provide a unique opportunity to compare all plausible LTGMs with respect to the
emerging potential dependence.
To this aim, we formulate a model and simulate the evolution of the irreversible capacity (Qirr) and the SoC of a single
battery during the experiment. In our previous studies, we
considered SEI porosity and dual-layer structure with a novel
and extended model.[16, 17] Here, we employ a complexity-reduced approach to describe SEI formation. Our method relies
on a single effective parameter and allows a consistent comparison of several mechanisms. A sample simulation is presented in Figure 2. During storage, the SEI thickness increases
while the relative capacity of the cell decreases, see Figure 2 a.
In Figure 2 b we show the corresponding evolution of the SoC,
which decreases smoothly. Note that herein we reference the
SoC to the capacity of a fresh cell. With this definition, the SoC
increases during the periodically performed checkup sequences but does not reach its initial value. Also shown is the corresponding potential of the negative electrode (U). We determine this potential for a given SoC using the open-circuit potential (OCV) measured by Keil et al. shown in Figure 3 a.[1]
Next, we derive the capacity fade model for each LTGM individually. A simplified summary of our models is presented in
Equation (8). Detailed model knowledge is not necessary for
the subsequent results section in which we compare the potential dependence of each LTGM to an experiment. The interested reader finds additional information in the Supporting Information where we discuss the so-called overhang capacity
and elaborate on our parameter choices.
ChemSusChem 2018, 11, 1950 – 1955
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Figure 2. Simulation of a storage experiment with 60 % initial SoC and four
checkup cycles (LiI diffusion as the LTGM). a) Evolution of SEI thickness L and
the relative capacity of the cell. b) Evolution of the SoC referenced to the
original cell capacity and U, the corresponding anode potential vs. Li/Li + .
Jumps in SoC and U correspond to checkup sequences that were part of the
experimental procedure. The dash-dotted lines show the evolution of these
quantities if the SoC and electrode potential are assumed to be constant.

Figure 3. a) OCV of the negative electrode obtained by averaging the lithiation and delithiation voltages (half cell, cycled at C/20). b) Experimentally obtained relative capacity (RC) after 9.5 months of storage (crosses) compared
to that predicted by four different LTGMs (lines).

Capacity Fade Model
In our model we assume that the irreversibly lost capacity (Qirr)
lin
is the sum of two distinct contributions, Qirr ¼ QSEI
irr þ Qirr . The
first part QSEI
includes
the
amount
of
lithium
that
is
irreversibly
irr
consumed by SEI formation during the storage experiment. It
is directly coupled to the SEI thickness and its change (@t QSEI
irr )
can strongly vary with the anode potential, depending on the
LTGM assumed. For the second part Qlin
irr ¼ g ? t we assume no
such dependence (g is a rate constant and t is time). This contribution is assumed to increase at a constant rate with regard
to time and factors in various mechanisms, for example, rapid
reformation of SEI caused by cracks and delamination of the
existing film. Cracks and delamination of the SEI occur during
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the periodic checkup sequences. Such physical stress also
causes electrode particles to lose contact to the current collector, which causes an irreversible loss of lithium.

SEI formation
We first derive the capacity-fade model, which assumes neutral
LiI diffusing towards the SEI–electrolyte interface as the cause
of long-term SEI growth. Li ions take up an electron, forming a
neutral radical that diffuses towards the SEI–electrolyte interface and reduces solvent molecules. Note that the following
derivation applies to alternative (neutral) radical carriers of
negative charge as well. However, it has been suggested that
only small radicals such as LiI are mobile enough in a dense
SEI.[22, 26] We assume that the SEI is a homogeneous film that
spans from x = 0 (electrode–SEI interface) to x = L (SEI–electrolyte interface). SEI-thickness L is directly related to QSEI
irr through
Equation (1),
L¼

V QSEI
irr
þ L0 ,
s AF

ð1Þ

where V is the mean partial molar volume of the SEI and s is
the mean stoichiometric coefficient of LiI in the SEI formation
reaction. L0 is the SEI thickness at the start of the experiment,
and A is the surface area of the negative electrode.
Continued SEI growth is caused by the LTGM. The correði Þ
sponding flux density (jSEI ; [A m@2]) increases the amount of
charge lost to SEI formation according to
ðiÞ
@t QSEI
irr ¼ :A ? jSEI :

ð2Þ

Here, the sign has to be set for each mechanism [(i) =
S, e@ , LiI (solvent diffusion, electron conduction, LiI diffusion)] individually. It is chosen such that the right-hand side of Equation (2) is positive to account for the flux direction and the
ði Þ
sign of its charge carriers. jSEI can be approximated as now illustrated for LiI diffusion. We express the LiI diffusion flux with
Fick’s laws as shown in Equation (3),
LiI
jSEI
¼ @FDLiI ? rcLiI

& @FDLiI ?

ð3Þ

cLiI jx¼L @ cLiI jx¼0
:
L

Here, cLiI is the LiI concentration in the SEI and DLiI is the corresponding diffusion coefficient. F is the Faraday constant. The
approximation in the second line is possible because the SEI is
homogeneous and reactions take place at the SEI–electrolyte
interface only. This is also true if the SEI has nanosized pores,
as we have shown in previous studies.[16, 17] Note that we do
not specify the diffusion pathway. Interstitials could diffuse
through the bulk SEI, pass through a selected SEI compound,
or move along nanosized SEI pores. The three equations above
can be merged into a differential equation for QSEI
irr [Eq. (4)]:
ChemSusChem 2018, 11, 1950 – 1955

www.chemsuschem.org

@t QSEI
irr ¼

A2 sF 2 D cLiI jx¼0 @ cLiI jx¼L
?
,
SEI
V
QSEI
irr þ Qirr;0

ð4Þ

where QSEI
irr;0 ¼ sAL0 F=V is the capacity corresponding to L0.
Next, we determine the LiI concentration at x = 0 and x = L.
At the electrode–SEI interface, interstitials are injected into the
SEI. We assume that injection is a fast process and that graphite is in thermodynamic equilibrium with the SEI across the interface. This means that the electrochemical potential of Li in
graphite equals the one of LiI in the SEI
mLiLix C6 ¼ mLiSEII
I
¼ mLiSEI;0
þ RT ln

ð5Þ

cLiI jx¼0
:
cLiI ;max

I
cLiI ,max is the maximal interstitial concentration and mLiSEI;0
is a
(constant) reference value that can be determined using DFT
methods. This has been performed by Shi et al. for a Li2CO3
host lattice.[23] R is the ideal gas constant and T is the temperature [K]. The electrochemical potential of Li in the electrode is
equal to @FU.[27, 28] Thus, we can express the interstitial concentration at the interface with Equation (6),

.
cLiI jx¼0 ¼ cLiI ;0 exp

@FU
,
RT

ð6Þ

where cLiI ,0 is the interstitial concentration at U = 0 V. cLiI ,0 is a
model parameter and absorbs all constant contributions in
Equation (5). At the SEI–electrolyte interface lithium interstitials
do not accumulate. Instead, they are consumed by the fast SEI
formation reaction, that is, cLiI jx¼L ¼ 0. This is the assumption
of transport-limited growth.
Differential equations similar to Equation (4) can be derived
for the electron-conduction and solvent-diffusion mechanisms.
To this aim, the flux density of the corresponding LTGM is expressed as a function of L and inserted into Equation (2). This
is done by applying the same approximations as above to the
flux expression. For solvent diffusion we approximate Fick’s
laws in Equation (7),
S
jSEI
¼ @FDEC ? rcEC & @FDEC ?

cEC;0
,
L

ð7Þ

where cEC is the EC concentration in the SEI pores and DEC is
the corresponding diffusion coefficient. cEC is assumed to be
zero at the reaction interface (x = 0). It is assumed to equal the
concentration of the active solvent (EC) in the electrolyte, cEC,0
at x = L. For the electron-conduction model we approximate
Ohm’s law in Equation (8),
@

e
jSEI
¼ @k ? r@ & @k ?

F0 @ U
:
L

ð8Þ

Here, f is the electric potential inside the SEI and k is the
(electronic) conductivity. The potential is assumed to equal the
onset potential of SEI formation (F0) at the reaction interface
and U at the electrode–SEI interface (see Table SI-2).
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We use a model developed by Li et al. to describe SEI formation caused by electron tunneling.[13] It assumes a thin inner
SEI layer, approximately 2 nm thick, and a much thicker porous
outer layer. Electrons tunnel across the inner layer and reduce
electrolyte at the interface between these layers. We refer to
the original article for a full model description.[13] To simulate
this LTGM we replace Equation (2) with Equation (29) in
Ref. [13]. It states a differential equation in “QstSEI ”, which is
equivalent to the variable QSEI
irr in our notation.
Simplified solutions
Equation (4) and the equivalent equations for the other LTGMs
can be solved analytically in the simplified case of constant
electrode potential (equivalent to constant SoC). We illustrate
the accuracy of this assumption in Figure 2. Note that we solve
our full model numerically without it. The corresponding solutions in the order solvent diffusion [Eq. (9a)], e@ tunneling
[Eq. (9b)], e@ conduction [Eq. (9c)], and LiI diffusion [Eq. (9d)]
are
QSEI
irr ¼ AG

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
FDEC cEC t þ t @ QSEI
irr;0 ,

ð9aÞ

QSEI
irr ¼ A ? aðSoCÞ ? ln½1 þ bðSoCÞt A,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
QSEI
kðF0 @ UðSoCÞÞ t þ t @ QSEI
irr ¼ AG
irr;0 ,
QSEI
irr

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ FUðSoCÞ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ AG FDLiI cLiI ;0 e@ 2RT t þ t @ QSEI
irr;0 :

ð9bÞ
ð9cÞ
ð9dÞ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Here, G equals 2sF=V and t is determined by the initial SEI
thickness (L0(QSEI
irr;0 )) through the requirement Qirr(t = 0) = 0.
Equation (9 b) is the electron-tunneling model derived by Li
et al. (see Equation (30) in Ref. [13]). We list all model parameters in Table SI-2 in the Supporting Information.[29–32]
These expressions highlight another way in which electron
tunneling differs from the other LTGMs. It is the only mechanism for which time dependence and SoC dependence cannot
be separated. This means that QSEI
irr cannot be written in the
form f(SoC)·g(t) [see Equation (9 a–d)]. Therefore, for electron
tunneling, the qualitative shape of the predicted relative capacity in Figure 3 b depends on the time it is evaluated at. This
behavior is not observed in the experiment.[1]
We emphasize that for most mechanisms, all parameters
appear as products, forming
one effective
parameter (after
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
specifying
L
).
Specifically,
A
D
c
s=V
for
solvent
diffusion,
0
EC
EC
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A DLiI cLiI s=V for LiI diffusion, and A kF0 s=V (assuming U !
F0) for electron conduction. Therefore, fitting these theories to
the experimental data is a one-dimensional problem. Only a
single effective parameter determines the amplitude of capacity fade. This eliminates uncertainties in several parameters.
Note that this is not true for the electron-tunneling model.
SoC evolution
Although the SoC of each cell is kept at a relatively constant
level during the experiment, we model its evolution for a more
accurate description. In this work SoC is referenced to Q0, the
ChemSusChem 2018, 11, 1950 – 1955
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capacity of a fresh cell. During storage, the SoC of each cell decreases due to irreversible reactions
@t SoCðt Þ ¼ @@t Qirr ðtÞ=Q0 :

ð9Þ

Equation (9) is used to describe the temporal evolution of
the SoC with the initial condition SoC(t = 0) = SoC0. Open-circuit storage is only interrupted for checkup sequences, which
are performed periodically in the experiment. They are used to
capture the evolution of the cell capacity [Qactual(t) = Q0@Qirr(t)].
After a checkup sequence, the cells are recharged to their initial SoC (SoC0). Note that Keil et al. reference their SoC to the
current cell capacity [Qactual(t)] for this step.[1] Using Q0 as the
reference, the cells are recharged to
SoCðtk Þ ¼ SoC0 ? ð1 @ Qirr ðtk Þ=Q0 Þ,

ð10Þ

at all times tk at which checkup sequences are performed.
To summarize, during open-circuit storage Equation (9) is
used to describe the continuous evolution of the SoC. Equation (10) is used to reset (increase) the SoC after each checkup
sequence. Now, both Qirr and the SoC can be integrated simultaneously. Such a simulation is shown in Figure 2. Jumps in the
SoC and U correspond to the checkup sequences. It can be
seen that the anode potential increases by almost 20 mV
during the storage experiment. This affects the rate of SEI formation significantly, depending on the LTGM assumed.

Results and Discussion
We now simulate the storage experiment using different initial
SoCs with each of the SEI formation mechanism mentioned
above. The capacity fade from these simulations is compared
to the experimentally measured one in Figure 3 b. The SoC dependence of the relative capacity is evident, and a correlation
to the potential of the negative electrode (shown above) can
be clearly observed. Capacity fade significantly increases at
SoCs larger than 60 %, which correlates to the potential step in
the OCV. Furthermore, capacity fade remains nearly constant in
SoC regions that correspond to the voltage plateaus of graphite.
As elaborated above, we split capacity fade into two contributions. During storage every cell loses the same amount of
lin
charge to processes summarized in Qirr
. This contribution is independent of the SoC and serves as a baseline for the relative
capacity in Figure 3 b (dotted line). In addition, QSEI
irr is lost to
continued SEI formation. This contribution depends on the
LTGM assumed and features a SoC dependence.
It is evident that SEI formation facilitated by solvent diffusion does not depend on the potential and cannot reproduce
the experimental data. Both, electron conduction and electron
tunneling lead to a potential dependence which does not correlate with experimental data. These mechanisms fail to reproduce the pronounced change of the relative capacity at 60 %
SoC. Instead, they predict a high potential sensitivity at SoCs
between 0 and 20 %.
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LiI diffusion is the only LTGM that predicts capacity fade in
excellent agreement with experimental data. This agreement is
attributable to the exponential dependence of capacity fade
on electrode potential [see Equation (9 d)]. LiI diffusion correctly describes the capacity fade increase between 10 and 30 %
SoC as well as the one between 50 and 70 % SoC. Small deviations between this model and experimental data are only present at zero SoC and at high SoCs.
We attribute the deviation at zero SoC to the mismatch in
electrode areas. Because the coated anode area is larger than
the coated cathode area, an overhang area of the anode has
no opposed cathode counterpart. The overhang anode acts as
a lithium reservoir at small SoCs. We expect a capacity increase
of approximately 1 % due to the overhang anode at zero SoC
as elaborated in the Supporting Information. Taking this into
account results in a good agreement with the measured capacity at zero SoC. We attribute the high SoC mismatch to two
effects. Because the overhang anode area accumulates lithium
during battery storage at low anode potentials, cell capacity is
reduced. Most importantly, high SoCs correspond to high cathode potentials that enable electrolyte oxidation reactions.
These reactions increase the amount of cyclable lithium in the
cell.[33] Modeling these partially counteracting effects is beyond
the scope of this work. Therefore, small deviations between
our model and the experiment are to be expected at high
SoCs.
Now, we evaluate whether alternative parameter choices
can improve the agreement between electron conduction/
electron tunneling and the experiment shown in Figure 3 b.
The first option is to assign a potential dependence to one essential model parameter, for instance, the electron conductivity
(k) for electron conduction or the parameter d for e@ tunneling, see Li et al.[13] However, this seems highly speculative if no
physical explanation is given. We can also improve the qualitative agreement of capacity fade resulting from electron tunneling and electron conduction with the experiment by lowering
F0. In this way, we reproduce the characteristic decrease of
the relative capacity between 50 and 70 % SoC (Figure 4). However, in turn, these mechanisms now predict no SEI formation

at low SoCs and the required values for F0 are far below any
value reported in literature.[6, 34] Naturally, SEI formation does
not take place at SoCs that correspond to an electrode potential that is larger than the assumed value of F0. One could
argue that another process could be responsible for the relative capacity change at low SoC that is observed in the experiment. Theoretically, as calculated in the Supporting Information, full delithiation of the overhang electrode area increases
the relative capacity by 1.2 %. This increase takes place between zero and 30 % initial SoC. However, the measured relative capacity difference between these points equals 3.5 %.
This means that delithiation of the overhang electrode area
alone cannot explain the experimental data. A second process
depending on the SoC would be needed to explain this behavior and SEI formation is the only candidate. Thus, SEI formation
is present at low SoCs and low values of F0 are unrealistic.

Conclusions
To conclude, we compare solid–electrolyte interphase (SEI)
growth based on four long-term growth mechanisms (LTGMs)
to an experimental study. Only a mechanism such as lithiuminterstitial (LiI) diffusion results in a promising agreement with
the experiment, which makes it a very likely candidate for the
LTGM. Solvent diffusion does not reproduce a SoC dependence
and is very unlikely to be the LTGM. Both, electron conduction
and electron tunneling predict a SoC dependence but it does
not agree with the experiment for any reasonable choice of
parameters. Experimental observation of LiI within the SEI
would provide a further verification of the LiI diffusion mechanism.
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1.

OVERHANG ANODE AREA

The NCR18650PD cells studied in this experiment are designed such that the coated
anode area is larger that the coated cathode area (798 cm2 vs 767 cm2 ).1 This results in
so-called “overhang areas” of the anode. Lithium stored in this part does not participate in
regular charge and discharge cycles. However, it can slowly enter/leave the anode during
storage and become available for cycling. The driving force for this process is the potential
difference between the actual negative electrode and the overhang area. All cells were
delivered and stored at approximately 30% SoC before the experiment. We assume this
to be the initial SoC of the overhang area. According to the values provided by Keil et al.
the overhang area equals 31 cm2 (note that this is an approximation because the coated area
mismatch is reduced slightly when the cell is rolled up). This means that the overhang can
store up to 4% of the total cell capacity.
The impact of the overhang area on the lithium balance of the cell depends on the SoC
the cell is stored at.
• Cells stored at zero SoC feature a large driving force for overhang delithiation (500 mV).
Consequently, we expect full delithiation of the overhang area from its initial SoC of
30%. This corresponds to an increase of the cell capacity by 1.2%.
• The anode potential of cells stored between 20-60% SoC is nearly constant because of
the first voltage plateau. This means that the driving force for overhang lithiation is
small (1-3 mV). Therefore, we expect little to no impact from this effect for cells stored
in this SoC range.
• Cells stored at SoCs larger than 60% feature a driving force of approximately 20 mV
which is still relatively small. This causes a capacity decrease because the overlap
consumes lithium. Note that this process is slow because of the small driving force.
Quantifying the corresponding capacity decrease is beyond the scope of this work.

2
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2.

PARAMETERIZATION

We list the model parameters in tables SI-1 and SI-2.
All RLTMs (apart from solvent diffusion) show little to no SEI formation at high electrode
potential or low SoC. Therefore, we want to use the experimentally measured capacity fade
of the cell stored at zero SoC to calibrate Qlin
irr (approximately 3.3% capacity fade in 9.5
months). However, the cell stored at this SoC experiences a capacity increase of 1.2% from
the overhang anode area, as calculated above. We consider this in our choice of γ = ∂t Qlin
irr
which is chosen such that Qlin
irr causes 4.5% capacity fade during 9.5 months of storage.
In our simulations, we use an active electrode surface area of A = 14.34 m2 which is
187 times the coated geometric electrode area (767 cm2 ). Although SEI has a divers chemistry, we use a single SEI formation reaction to parameterize our simulation. Here, we use
formation of lithium ethylene dicarbonate (LiEDC) according to ref. 2
2EC + 2Li+ + 2e− → (CHOCO2 Li2 )2 + R ↑ .

(SI-1)

The onset potential of SEI formation Φ0 is chosen as 800 mV vs. Li/Li+ which is a common
value in literature.3 We have chosen the lithium interstitial diffusion coefficient DLiI similar to the lithium diffusion coefficient in graphite.4 Other parameters which determine the
throughput of each transport mechanism are listed in table SI-1 (DEC , A∗ , κ and cLiI ,0 ). A∗
is the surface area we use for the electron tunneling model exclusively. These parameters are
chosen to fit the curves in fig. 3b and fig. 4 to the experimental data. Note that they only
scale the amplitude of QSEI
irr (SoC) and do not influence the qualitative SoC dependence for all
RLTMs except electron tunneling. For the electron tunneling model, most parameters are
adopted from the original work, see ref. 5, Table II, 100%. We adjust only two parameters,
namely A and U2 . The latter is set to U2 = Ef (LiC6 ) − e · Φ0 , such that the SEI formation

onset potential Φ0 is equal for all mechanisms.

3

Copyright (2020) Wiley. Reproduced with permission from reference [151].

143

Unit
Φ0

mV vs. Li/Li+

κ

S m−1

cLiI ,0

mmol m−3

DEC

m2 s−1

A∗

m2

Fig. 3b

Fig. 5

800/800/800

115/145/800

8.95·10−14

8.20·10−13

15.00

15.00

2.50·10−22

-

14.34

57.37

TABLE SI-1: Transport parameters. The three values of the SEI onset potential Φ0 are given
in the following order: electron tunneling/electron conduction/LiI diffusion. Note that we cannot
determine DEC ,κ and cLiI ,0 independently of A because they appear as products only.

Description

Value Unit

U

Potential of the negative electrode vs. Li/Li+

Φ0

Onset potential of SEI formation vs. Li/Li+3

DEC

Diffusion coefficient of EC in SEI pores

fit m2 s−1

κ

SEI conductivity

fit S m−1

DLiI

Diffusion coefficient of LiI in the SEI

cLiI ,0

LiI concentration at 0 V vs Li/Li+

fit mol m−3

L

SEI thickness

fit m

L0

Initial SEI thickness (at t = 0)

15.00 nm

V

Partial molar volume of the SEI (LiEDC)6

95.86 µm3 mol−1

s

Stoichiometric coefficient of EC, e− or LiI in the SEI formation

V
800 / fit mV

1.0 · 10−15 m2 s−1

2-

reaction (SI-1)2
A/A∗

Surface area of the negative electrode

14.34 m2

Q0

Nominal cell capacity7

10080 C

Qactual

= Q0 − Qirr , cell capacity during storage

C

Qirr

SEI
= Qlin
irr + Qirr , total capacity irreversibly lost during the storage

C

experiment (zero at t = 0)
Qlin
irr

Capacity lost to SEI cracking, delamination and regrowth

C

4
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QSEI
irr

Capacity lost to SEI formation during the storage experiment

C

(zero at t = 0)
QSEI
irr,0

Capacity consumed by SEI formation before experiment (corre-

C

sponds to SEI thickness L0 )
(i)

C s−1 m−1

jSEI

Flux density of SEI precursor (i) towards the reaction interface

γ

= ∂t Qirr

RC

Relative capacity, relative to Q0

%

SoC

Full cell state of charge relative to Q0

%

t

Time measured from the beginning of the storage experiment

s

tk

Time at which the k-th checkup is performed

s

τ

Constant determined by evaluating eq. (8) at t = 0

s

µLi
Lix C6

Electrochemical potential of lithium in carbon at x SoC

J mol−1

I
µLi
SEI

Electrochemical potential of a neutral lithium interstitial in the

J mol−1

18.80 µC s−1

SEI host lattice
I
µLi
SEI,0

J mol−1

Electrochemical potential of a neutral lithium interstitial in the
SEI host lattice at 0 V vs. Li/Li+

F

Faraday constant

96485 C mol−1

R

Gas constant

8.314 J mol−1 K−1

T

Temperature (50o C)

e

Elementary charge

323.15 K
1.602 · 10−16 C

TABLE SI-2: List of parameters and variables. Note that parameters labeled “fit” are listed in
table SI-1.
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Abstract

Electrolyte reduction products form the solid-electrolyte interphase (SEI) on negative electrodes of lithium-ion batteries.
Even though this process practically stabilizes the
electrode–electrolyte interface, it results in continued capacityfade limiting lifetime and safety of lithium-ion batteries. Recent
atomistic and continuum theories give new insights into the
growth of structures and the transport of ions in the SEI. The
diffusion of neutral radicals has emerged as a prominent
candidate for the long-term growth mechanism, because it
predicts the observed potential dependence of SEI growth.
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Introduction
Standard lithium-ion batteries rely on graphite as
negative electrode material even though graphite decomposes the standard electrolytes at their working
potentials (see Figure 1). The decomposition products
form the so-called solid-electrolyte interphase (SEI)
which is protecting the electrolyte and suppresses
further electrolyte reduction [4,5]. Nevertheless,
lithium transport through the SEI remains possible and
is typically not limiting battery performance. The SEI is
in the focus of many processes limiting lifetime, performance, and safety of lithium-ion batteries. It affects
www.sciencedirect.com

the inhomogeneous growth and dissolution of lithium
metal [6,7]. Thermal runaway as the main cause for
battery failure is promoted by SEI decomposition [8e
11]. The main capacity fade during battery storage
stems from the consumption of lithium due to the
continued growth of SEI [12,13]. During battery
cycling, graphite undergoes a notable volume change
damaging the SEI and accelerating loss of cycle-able
lithium. This volume change is even more pronounced
for next-generation high-capacity materials like lithium
metal or silicon [14]. Generally, the quest for larger
battery cell voltages requires improvements in interfacial stability. Thus, SEI modeling contributes to the
broad theoretical effort towards rational design of stable
electrolytes [15e17].
Since 1979 a multitude of experimental SEI research has
been performed [4,18], recent examples include battery
storage at various state-of-charge (SoC) [12,13], differential capacity analysis during cycling [19], neutron
reflectometry [20], atomic force microscopy [21], nuclear
magnetic resonance [22], redox shuttles [23,24], fouriertransform infrared spectroscopy [25], and photo-electron
spectroscopy [26]. As a consequence, there is a general
understanding of SEI composition and morphology for few
specific systems. The chemical composition of the SEI,
however, is diverse and disturbed by trace-amounts of
contaminants. Therefore, elucidating SEI behavior requires a careful experimental effort and several key
questions about basic SEI mechanisms have yet to be
answered (see Figure 2). Most striking is the fact that the
mechanism for Liþ transport through the SEI is still
debated. A dual-layer structure of SEI is typically
described with an inner compact layer and a porous polymeric outer layer [27], but both the thickness and the
formation mechanism of these layers are still debated.
Under these circumstances, theoretical studies provide
important complementary insights into universal principles of SEI chemistry, structure, and dynamics. The
diversity of entangled length and time scales governing
SEI properties constitutes a fundamental theoretical
challenge. One should, for example, distinguish between the process of initial SEI formation in hours and
days and the continued SEI growth in months and years.
On the one hand, SEI chemistry is governed by reactions
between individual atoms and molecules. On the other
hand, molecular environments influence reaction
Current Opinion in Electrochemistry 2019, 13:61–69
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Figure 1

Stability of electrode–electrolyte interface in lithium batteries [1]. The positive electrode (left) operates at low energies or high potentials
(measured in galvanostatic measurements in EC-PC/LiPF6 solutions at C/20 rates [2]), whereas the negative one operates at high energies/low
potentials [3]. The stability window is extended by surface films, denoted solid-electrolyte interphase (SEI) on negative electrodes. Stable
interfaces are the key for the realization of next-generation low-voltage negative electrodes and high-voltage positive electrodes.

Figure 2

Cross-section through the negative electrode, the SEI, and the electrolyte. Solvent, Li ions and electrons are mobile species and move as
indicated by the corresponding arrows. (a) Initial SEI formation: Electrons tunnel, electrolyte is reduced and reduction products precipitate as
solid film. (b) Long-term SEI growth proceeds via a mechanism that transports negative charge to the SEI/electrolyte interface. (c) Alternatively,
long-term SEI growth is caused by electrolyte diffusing towards the electrode/SEI interface.

pathways and transport through the SEI determines the
availability of reactants. Therefore, we begin with a brief
summary of results from atomistic theories based on
quantum physics as they are prerequisites for multiscale models on larger scales.
This review, however, focuses on recent continuum
models based on thermodynamics. These meso-scale
models discuss emergent phenomena of SEI formation, particularly, the origin of continued SEI growth.
SEI thickness is experimentally observed to grow with
the square-root of time during storage under controlled
lab conditions. Therefore, a transport process seems to
limit SEI growth after sufficiently long times.
Current Opinion in Electrochemistry 2019, 13:61–69
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Continuum models evaluate various long-term growth
mechanisms
1. Electron tunneling [28,29]
2. Diffusion
of
solvent/salt
molecules/anions
[30,14,31,32,28,33e38]
3. Electron
conduction
or
diffusion
[39e
41,28,34,35,42,38,43]
4. Diffusion of neutral radicals such as lithium interstitials [44,45,35,38,43]
Most models describe the ideal square-root-of-time
dependence of capacity fade. Electron tunneling,
www.sciencedirect.com
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however, predicts capacity fade with the logarithm of
time as discussed below. Some articles model battery
operation and analyze linear growth regimes. In this
review, we highlight models that predict additional
observable properties, i.e., morphology of SEI
[28,34,35], explain additional dependencies, i.e., potential dependence of SEI growth [38,43], or analyze
non-ideal settings, i.e., SEI growth during cycling [43].
These allow the experimental validation of proposed
growth mechanisms.

Atomistic theories and initial SEI growth
Atomistic simulation methods address elementary reaction and transport processes in the SEI. Energies of
atom configurations in electrolytes are probed with
quantum chemistry and density functional theory
(DFT). The resulting energy landscape determines
forces between atoms and reaction probabilities. The
collective dynamics of molecules and atoms can then be
calculated with molecular dynamics simulations (MD).
In this section, we give a brief outline of results from
atomistic simulations, but refer to recent reviews for
further details [46e49].
Borodin et al. highlight general challenges for calculations
of electrolyte stability [50]. Solvent and solutes interact
so strongly that calculations on individual molecules are
inaccurate. This necessitates large simulation domains
and optimized molecular geometries. The diverse SEI
chemistry imposes further challenges. It has been shown
with DFT and ab-initio MD that salt anion [51,25] and
electrode voltage [52] affect electrolyte stability and
chemical SEI composition. Nevertheless, recent calculations provide further insights into preferred reduction
pathways in conventional lithium battery electrolytes
comprising a mixture of ethylene carbonate (EC) and
linear carbonates, e.g. dimethyl carbonate (DMC). In
agreement with experimental observations, it is rationalized that EC is preferentially reduced because EC has
a higher reduction potential than DMC [50], EC preferential adsorbs on the SEI surface [53], and Liþ prefers
EC in its inner solvation shell [54].
Atomistic theories alone can only address the initial
stages of SEI formation because of limits in simulated
space and time [55,56]. Electron tunneling allows the
transport of electrons through 2e3 nm thin SEI layers
[57], while SEI thickness quickly exceeds 10 nm
[58,27]. This suggests that electron tunneling plays a
role only in the initial part of first-cycle SEI growth (see
Figure 2a). Li2O is predicted to form the innermost SEI
layer on the electrode surface at low potentials [59].
Furthermore, nucleation and precipitation play an
important role in the initial SEI formation [60].
Furthermore, the mechanism for Liþ transport through
the SEI is analyzed with atomistic calculations. For the
www.sciencedirect.com
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inner inorganic layer, different lattice diffusion mechanisms in crystalline LiF, Li2O and Li2CO3 are compared
[44,61e63]. Alternatively, Liþ is proposed to diffuse
along interfaces between these crystalline phases [64].
For the outer organic layer, MD determines diffusion
constants of Liþ through ordered and disordered LiEDC
[65]. Besides transport of Liþ, atomistic theories discuss
mechanisms for electron transport in the SEI. We
highlight the recent proposals of diffusion of neutral
lithium interstitials through the crystalline inner layer
[44,61] and radical diffusion through the polymeric and
amorphous outer layer [45]. These mechanisms lay the
foundation for novel models of continued SEI growth
(see Sec. 4).

Continuum models and long-term SEI
growth
In 2001, Broussely et al. recorded the lifetime of
lithium-ion batteries and observed a continued capacity
fade due to SEI growth [39]. Assuming transportlimited SEI growth and neglecting the electrochemical
details, they derive a rate equation for SEI thickness
evolution. This prototype model demonstrates that
sluggish electron transport through the SEI would
explain the observed square-root-of-time behavior of
capacity fade. Subsequent modeling studies elaborate
on this model and present various long-term growth
mechanisms (LTGM) [40,30]. On the one hand, the
coupled diffusion and/or migration of negative charges,
e.g. electron conduction, from the graphite/SEI interface to the SEI/electrolyte interface predicts the
observed SEI growth [40] (see Figure 2b). On the other
hand, the diffusion of electrolyte constituents, e.g. solvent molecules, from the SEI/electrolyte to the
graphite/SEI interface agrees equally well with SEI
thickness evolution [30] (see Figure 2c). Note that the
core mathematical description of SEI thickness is
equivalent for both LTGMs. To conclude, continuum
models should predict measurable properties beyond
SEI thickness in order to determine the LTGM.
A coupled multi-species model found a minor influence
of cycling on SEI thickness [41]. Cell-level models
conclude that SEI thickness varies little in a porous
electrode [14,36]. Pinson and Bazant extend their SEI
model and describe the rapid capacity decrease during
cycling [14]. Because the drastic volume change of silicon
electrodes stresses the SEI, a constant rate of SEI
cracking is assumed. Therefore, SEI thickness deviates
from the square-root-of-time law and grows linearly in
time, as observed experimentally on silicon anodes.
Coupled models of continuum mechanics and electrochemistry begin to take a closer look at SEI fracture [66].
The combination of continuum simulations of transport
with stochastic Monte Carlo simulations of reduction
reactions gives further microscopic insights, but has not
yet lead to new macroscopic predictions [33,37,42].
Current Opinion in Electrochemistry 2019, 13:61–69
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Figure 3

Simulation of long-term SEI growth. (a) Time evolution of the SEI volume fraction for (a1) a single-layer SEI from reduction of EC to Li2EDC, (a2)
a dual-layer SEI due to reduction of co-solvent DMC, and (a3) a dual-layer SEI due to conversion of Li2EDC. (b) Simulated capacity fade according to the electron conduction mechanism with conductivity kBulk (lines) compared to experimental data (circles and crosses) [39] close to
~ depending on the effective transport parameters D  and k . The
the upper yellow cross in (c). (c) Relative position of the reaction interface P
red lines show parameter sets with identical SEI growth rates. The dashed black lines end in yellow circles where the formation rate is double
(right) or half (left) of the original growth rate. Reproduced from Single et al. [35].

Some articles analyze the role of electron tunneling for
long-term SEI growth. Because capacity fade would grow
with the logarithm of SEI thickness, Tang et al. discard
electron tunneling as possible LTGM [28]. Nevertheless, a model based on electron tunneling has recently
been fitted to capacity fade experiments [29]. In this
model, the growth of the outer SEI layer is controlled by
electron tunneling through an approximately 3 nm thin
inner layer. The ratio of growth of the inner versus the
outer layer is determined by model assumption such that
the inner layer does not even grow a single mono-layer
during the long-term experiment. We note that the capacity fade experiments discussed in Ref. [29] can be
fitted equally well with square-root-of-time-growth as
with logarithm-of-time-growth. This demonstrates that
time dependence of capacity fade as single metric cannot
prove the correctness of a SEI growth model.
Current Opinion in Electrochemistry 2019, 13:61–69

150

In a comprehensive experimental and theoretical
approach, Tang et al. study SEI formation and redox
shuttles at negative electrodes [31,32,28]. A dual-layer
SEI with a compact inner and a porous outer layer is
modeled with a volume-averaged transport theory by
introducing a constant porosity in each layer ε. They
aim at determining the LTGM by comparing experiments with different models, each based on a single
rate-limiting mechanism [28]. The square-root-oftime behavior restricts possible LTGMs to transport
mechanisms, e.g., solvent diffusion and electron conduction. Solvent diffusion fails to explain the observed
dependence of growth rate on electrode potential.
Electron conduction fails to explain the involvement
of convection in SEI growth. They finally conclude
that another form of charge transport must be ratelimiting.
www.sciencedirect.com
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Figure 4

(a) Schematic of all four candidates for transport mechanisms: Solvent diffusion through small SEI pores, electron tunneling through a thin
and dense inner SEI layer, electron conduction through the SEI, diffusion of neutral Li-interstitials through the SEI. The SEI formation reaction
takes place at different interfaces depending on the mechanism, marked yellow/red. (b) Open circuit voltage of the negative electrode gained
by averaging the lithiation and delithiation voltages (half cell, cycled at C/20). (c) Experimentally obtained relative capacity after 9.5 months of
storage (crosses) compared to that predicted by four different long-term growth mechanisms (lines). Reproduced from Single et al. [38].

The recent models of Single et al. take into account two
counter-propagating transport processes, i.e., motion of
charges from the electrode to the electrolyte and motion
of solvent molecules from the electrolyte to the electrode [34,35]. This allows to predict not only SEI
thickness, but also SEI porosity εðx; tÞ. A volumeaveraged transport model determines the spatiallywww.sciencedirect.com

resolved dynamics of solvent, electric potential, and
SEI porosity. Modeling convection of solid SEI facilitates simulating reduction reactions inside the SEI.
A single-layer SEI comes out if solvent EC is reduced to
Li2EDC and co-solvent DMC is inert [34,35]. A typical
evolution of SEI volume fraction is depicted in
Current Opinion in Electrochemistry 2019, 13:61–69
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Figure 3a1. It is found that SEI growth is limited by
electron transport and that SEI predominantly grows at
~
the SEI/electrolyte interface [34] (Pz1
in Figure 3c).
Therefore, SEI thickness grows like the square-root-oftime in agreement with capacity fade experiments (see
Figure 3b). The predicted SEI porosity is almost constant and approaches a stability point ε determined by
electrolyte transport properties. The transition from
electron conduction to solvent diffusion as LTGM is
studied by imposing large SEI porosities and taking into
account solid convection [35]. If solvent diffusion is
rate-limiting, the reaction zone moves to the electrode/
~
SEI interface (Pz0
in Figure 3c) and significant fluctuations in SEI thickness are predicted.
Additional SEI formation reactions lead to a dual-layer
SEI [35]. If reduction of co-solvent DMC or primary
SEI compound Li2EDC is considered, low potentials
favor the second reduction near the electrode and a
compact, non-porous, inner layer is formed (see
Figure 3a2, a3). The ratio between the thickness of
inner and outer layer is determined by electrode potential and material parameters. Simulations illustrate
that this stationary thickness ratio is quickly re-attained
after the SEI is disturbed. Most importantly, SEI
thickness and capacity fade grow with the square-root of
time for dual-layer morphologies, as well.

Multi-scale models of electron leakage via
neutral radicals
Based on atomistic theories, Shi et al. and Soto et al.
propose diffusion of neutral radicals as an alternative
mechanism for charge transport from the electrode
through the SEI into the electrolyte [44,45]. In the case
of inorganic SEI, lithium ions take up an electron at the
electrode/SEI interface, diffuse as neutral lithium interstitials through the SEI, and release an electron at the
SEI/electrolyte interface [44]. In the porous organic SEI,
radicals formed by electrolyte reduction can act as electron carrier [45]. Single et al. take up this result and
develop a continuum model based on diffusion of neutral
radicals [35]. SEI profiles simulated with this mechanism
share the same features as those described above for
electron conduction. Recent continuum models highlight the unique exponential dependence of SEI growth
rate on electrode potential for this mechanism [38,43].
The first such model by Single et al. points out that the
concentration of radicals at the electrode is determined
by its electric potential [38]. They compare the predictions of different LTGMs with capacity fade experiments for various graphite potentials and state-ofcharges (SoC) [13]. Simple theories based on the four
LTGMs enlisted above are created: electrolyte diffusion, electron tunneling, electron conduction, and
lithium interstitial diffusion. As summarized in Figure 4,
solvent diffusion does not reproduce any SoC
Current Opinion in Electrochemistry 2019, 13:61–69
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dependence. The SoC dependence of electron conduction and electron tunneling does not agree with the
experiment for any reasonable choice of parameters.
Only a mechanism such as neutral lithium interstitial
diffusion results in a promising agreement with the
experiment and remains a candidate for the LTGM.
Recently, Das et al. extend this model and couple SEI
growth with lithium-ion transport through the SEI [43].
Based on atomistic theories [44], they assume diffusion
of lithium ions on interstitial sites and electron conduction on this sparse network of lithium-ion interstitials. Note that an electron bound to a lithium-ion
interstitial constitutes the aforementioned neutral
lithium interstitial. As a consequence, the concentration
of lithium ions determines electron conductivity. This
model can explain recent differential capacity measurements that SEI grows only during lithiation, but not
during delithiation [19].

Conclusions
In this short review, we summarize recent theoretical
studies of SEI structure and formation. A multi-scale
approach is necessary to elucidate the broad range of
SEI properties from chemical composition to mechanical structure. Predictions of atomistic theories converge
towards a clear SEI chemistry for standard carbonatebased electrolytes, but the relevance of transport
mechanisms remains debated.
Continuum models build on recent findings and
demonstrate macroscopically observable consequences
of microscopic material behavior. Understanding SEI
formation is a key goal. We distinguish between formation of initial SEI and long-term SEI growth. Recent
simulations explain the SEI dual-layer structure. Diffusion of neutral radicals leads to the observed potential
dependence of long-term growth mechanisms. Coupling
this mechanism with lithium-ion diffusion predicts an
observed asymmetry in SEI growth during cycling.
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ABSTRACT: In this article, we derive and discuss a physicsbased model for impedance spectroscopy of lithium batteries.
Our model for electrochemical cells with planar electrodes takes
into account the solid−electrolyte interphase (SEI) as a porous
surface ﬁlm. We present two improvements over standard
impedance models. First, our model is based on a consistent
description of lithium transport through electrolyte and the SEI.
We use well-deﬁned transport parameters, e.g., transference
numbers, and consider convection of the center-of-mass. Second,
we solve our model equations analytically and state the full
transport parameter dependence of the impedance signals. Our
consistent model results in an analytic expression for the cell
impedance including bulk and surface processes. The impedance
signals due to concentration polarizations highlight the importance of electrolyte convection in concentrated electrolytes. We
simplify our expression for the complex impedance and compare it to common equivalent circuit models. Such simpliﬁed
models are good approximations in concise parameter ranges. Finally, we compare our model with experiments of lithium metal
electrodes and ﬁnd large transference numbers for lithium ions. This analysis reveals that lithium-ion transport through the SEI
has solid-electrolyte character.

1. INTRODUCTION
Impedance spectroscopy is an essential tool for the characterization of electrochemical devices. This method gives insight
into phenomena that are otherwise diﬃcult to access. Its
nondestructive nature makes it especially suitable for
monitoring delicate surface ﬁlms such as the solid−electrolyte
interphase (SEI)1−4 in lithium-ion batteries.
Interpretation of impedance measurements requires a
modeling approach. Today, equivalent circuit models remain
the most prominent model type for this purpose.5 However,
such models often mask the way some parameters inﬂuence
the impedance. Physics-based models include these dependencies at the cost of an increased modeling eﬀort. Numerous
comprehensive models exist and describe a diverse amount of
electrochemical processes and systems. These include cell-level
models of standard lithium-ion batteries,6,7 Li−sulfur batteries,8,9 metal−air batteries,10−12 and fuel cells.13 Other
models focus on selected electrochemical processes of interest,
such as membranes,14 interface reactions,15,16 electrochemical
double layers,17,18 and growth of surface layers.19,20 Such
models accurately capture reactions and transport in the
complex geometry and morphology of the corresponding
system. They are also used for impedance calculations by
taking into account interface capacities.21 Then, one can
calculate the cell impedance with a single voltage step
simulation.22
© 2019 American Chemical Society

Several models discuss the impedance of lithium-ion
batteries. Most of these models go to great lengths to describe
the porous electrode and the frequency-dependent response of
single electrode particles. This is described within the
framework of 1 + 1D Newman models.23−25 Advanced models
consider a particle size distribution26 and anisotropic
particles.27 More recent publications also discuss the
distribution of relaxation times28 and consider higher
harmonics.29
Most of the impedance models cited above are either
semianalytic or fully numeric. However, only exact analytic
models allow the use of impedance spectroscopy to determine
parameters and physical quantities, e.g., diﬀusion coeﬃcient,
Tafel slope, and double-layer capacitance. This is the added
value of exact analytic results as demonstrated by Kulikovsky et
al. with multiple impedance models for fuel cells.30−32
In our impedance model we consider a simple cell geometry
with two planar electrodes. This results in exact analytical
expressions which elucidate the full parameter dependence of
the complex resistance. We give particular attention to the
electrolyte which is described with a thermodynamically
consistent theory. Our theory describes a concentrated and
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follows from physical boundary conditions. Considering these
constraints naturally results in a linear system of equations. Its
solution gives the half-cell impedance with the conventional
deﬁnition

nonideal binary electrolyte with convection. We use the
Poisson equation which naturally describes charged surface
layers. These layers cause the standard capacitive response in
impedance spectroscopy. The Poisson equation is rarely used
in literature14,33 as most studies simplify the equation system
and assume local electroneutrality. They then model interface
capacitances phenomenologically.21 Our impedance model
also takes into account the SEI as a surface ﬁlm covering the
electrode. We assume electrolyte transport in the SEI pores
and gain insights into the nature of lithium-ion transport
through the SEI by comparing our model with a recent
experiment.34
We brieﬂy summarize our theory-based model and outline
our calculation procedure for impedance in section 2. These
calculations are presented in section 3 and discussed in section
4. In section 5, we validate our impedance model with a
comparison to experimental data. Finally, in section 6 we give
our conclusion.

Z(ω) =

−
+
U
1 ϕ − ϕs
= · s
2I
2 jI + jS

(1)

where the sign in the deﬁnition of the voltage diﬀerence U
considers the diﬀerence between technical and physical
current. jI is the current density corresponding to the rate of
the interface reaction. jS describes charge that moves between
the electrodes to screen charged surface species; see section
3.2.1. Equation 1 gives the impedance in Ω m2 because jI, jS,
and I are current densities. Division of Z(ω) by A, the cross
section area of the cell, results in the actual cell resistance.
2.1. Transport Theory. We describe transport in the
electrolyte phase with a theory derived by Schammer et al.35
based on previous work (refs 36−39). The theory is discussed
in sections SI-1 and SI-3. It describes the ﬂuxes of a binary
electrolyte consisting of cations, anions, and neutral solvent
molecules (labeled with subscripts + , − , and N). Two
independent ﬂux expressions are suﬃcient to describe the
motion of this mixture relative to the center-of-mass velocity v,
e.g.,

2. THEORY
We calculate the half-cell impedance of the symmetric cell
depicted in Figure 1. It consists of two identical planar

Nα = − ∑ Dαβ ∇cα −
β =±

tακ
∇ϕE
zαF

(2)

where α = ±. This representation is well-suited to describe a
general electrolyte. If we assume local electroneutrality,
however, we choose the anion ﬂux N− and the ionic current
1 as independent ﬂuxes:
N − = −Dsalt ∇c − +
Figure 1. Sketch of the symmetric cell used for the impedance
calculation listing relevant variables of each phase. The SEI thickness
L̂ determines L′ = L − L̂ . The orange boundary between the SEI and
the electrode marks the location of the interface reaction.

1=

(3a)

̃
5t −κ dμsalt
∇c − − κ ∇φ ̃
z+F dcsalt

(3b)

where F is the Faraday constant and 5 =

electrodes which are separated by the SEI and a binary
electrolyte. This setup represents a common electrochemical
cell, e.g., two lithium metal electrodes with LP30 electrolyte.
We describe liquid phases such as the electrolyte and the pore
space of the SEI with and without the assumption of local
electroneutrality. Additionally, we consider a simpliﬁed model
without SEI in each of these scenarios. Thus, we discuss a total
of four impedance models. In this way, we guide the reader
through calculations and discussions as the model complexity
increases.
We perform a virtual experiment to calculate the impedance
response of our model cells. To this aim, we apply an
oscillating potential or current. Speciﬁcally, we choose a
boundary condition for which the temporal progression of the
“applied” quantity is proportional to eiωt. Here, i is the
imaginary unit and ω = 2πf is a ﬁxed frequency. We then
calculate the corresponding response for this frequency, i.e.,
current or potential. All governing equations are linearized for
this calculation such that a real-valued solution can be obtained
easily from the complex one. We ﬁnd the general solution for
each primary variable listed in Figure 1. General solutions are a
linear superposition of multiple partial solutions because of the
linear nature of the problem. The correct linear combination

n+ + n−
.
n+n−

Note that Nα

and 1 are ﬂux and current densities. Fluxes in eqs 2 and 3 are
driven by gradients of concentration cα, electric potential ϕE,
and eﬀective electrochemical potential φ̃ = ϕE +

μ̃+

z+F

. Eﬀective

quantities are marked with a tilde and appear frequently in this
work. They originate from the description relative to the
center-of-mass velocity. The eﬀective chemical potential of
cation μ̃ + and salt μ̃ salt are directly related to the conventional
quantities; see eqs SI-4 and SI-47. Transport in the electrolyte
is parametrized by the salt diﬀusion coeﬃcient Dsalt,
conductivity κ, and the transference number t+ (t+ + t− = 1).
The diﬀusion matrix D with entries Dαβ in eq 2 is determined
by these three parameters; see section SI-3B. Transport
parameters are related to the more fundamental Onsager
coeﬃcients by the chemical potentials μα. We use the standard
deﬁnition of the chemical potentials:
ij f cα yz
μα = RT lnjjjj α zzzz
k cα ,0 {

α = ±, salt
(4)

where cα,0 are the reference concentrations. The activity
coeﬃcients fα describe the nonideal behavior of species α and
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are related to the thermodynamic coeﬃcient -α = 1 +

∂ ln μα
∂ ln cα

with the corresponding deviation variables. They consider the
deviation from the reference state

;

see section SI-3A.
The center-of-mass velocity v is used to express the
complete ﬂux expressions
Nα* = Nα + cα v

(5)

ϕE(x) = ϕE,0 , etc.

(7b)

jI =

N − = −Dsalt ∇δc − +
1=

t−1
z −F

̃
5t −κ dμsalt
∇δc − − κ ∇δφ̃
z+F dcsalt

β =±

* ∇δc − +
N −* = −Dsalt
1* =

tα*κ
∇δϕE + cα voff
zαF

t −* 1
+ c − voff
z −F

̃
5t −κ dμsalt
∇δc − − κ ∇δφ̃ = 1
z+F dcsalt

9

ηlin = δϕS − δφ bulk −

(11)

∂U
δcS
∂cS

(12)

This expression takes into account the electrode potential δϕS,
the electrochemical potential in the electrolyte δφbulk, and the
concentration of intercalated particles in the electrode δcS. The
label “bulk” indicates that the evaluation of δφ is nontrivial in
the case of spatially resolved double layers. For simplicity, we
∂U
restrict ourselves to metallic electrodes, i.e., ∂c = 0, in the

(8a)

(8b)

S

main text. The impact of an intercalation electrode is discussed
in section SI-6. In our deﬁnition, η is negative for intercalation
or plating processes.
2.4. SEI Model. Experimental and theoretical studies report
that SEI is at least partially porous.3,19,44−46 Our recent
ﬁndings suggest that solvent molecules are eﬀectively
immobilized within these pores.47,48 However, this result
does not apply to smaller and more mobile lithium ions. They
are also charged and subject to large electric forces. We follow
this idea in this work and model the SEI with nanosized pores.
These pores are ﬁlled with electrolyte and enable charge
transport through the surface ﬁlm. Parameters, quantities, and
variables in the SEI pores are marked with a hat. We use
porous electrode theory to describe transport in this pore
space.6,49−51 This means that we employ the same ﬂux
expressions that are used for the electrolyte phase; see eq 8.
However, the original bulk transport parameters are replaced
with eﬀective ones

(8c)

Linearizing the full ﬂux expressions given by eq 5 results in
* ∇δcβ −
Nα* = − ∑ Dαβ

ηlin

Here, 9 is the interface resistance parameter of our model. It is
inversely proportional to the exchange current density. Note
that eq 11 does not depend on the charge transfer coeﬃcient
and the electrolyte/electrode concentration. These dependencies are part of the nonlinearized rate expression.41−43 They
vanish because the expression is linearized at the reference
state where η = 0. The linearized overpotential is equal to the
following:42

Henceforth, we mark all quantities referring to the reference
state with the subscript 0. We refer the interested reader to
section SI-2, where the linearization procedure is described in
detail. Linearization of the ﬂux expressions relative to the
center-of-mass velocity results in
tκ
Nα = − ∑ Dαβ ∇δcβ − α ∇δϕE
zαF
β =±

(10b)

evaluated at the reference state. We therefore omit the
corresponding notation in each linearized expression. Third, a
new set of apparent transport parameters (Dsalt
* , Dαβ
* , and tα*)
consistently replaces the original ones in the linearized full ﬂux
expressions. These quantities combine diﬀusion/migration and
convection in a single diﬀusion/migration term. This is a result
of linearizing the expression for the center-of-mass velocity.
Equation SI-64 relates the apparent transport parameters to the
parameters used in ﬂux expression relative to the center-ofmass velocity.
2.3. Interface Reaction. We use a linearized Butler−
Volmer rate expression to describe the interface reaction rate:

which determine the temporal evolution of a concentration
with the corresponding ﬂux density. As outlined in section SI1B, we consider incompressibility as an additional constraint to
express v.38,40
2.2. Linearization of Model Equations. Impedance
measurements are performed around an equilibrium state,
the reference state. They capture the linear response of this
system to an applied potential/current which is oscillating at a
given frequency. Because the reference shall not be perturbed,
the applied voltage/current must be small. In our analytical
approach, these oscillations are chosen to have an inﬁnitesimal
amplitude. As a result, any deviation from the reference state in
our virtual measurement becomes inﬁnitesimal. Therefore, all
governing equations can be linearized around the reference
state. Considering eqs 2 and 3, the most simple such reference
state has a constant concentration and potential distribution
(7a)

ϕE → δϕE = ϕE − ϕE,0 , etc.

dcsalt

(6)

c±(x) = c±,0 = n±csalt,0

(10a)

Second, all quantities beside these deviation variables are
constant after linearization. This not only applies to transport
parameters but also to the concentrations cα and partial
dμ̃
derivatives such as salt . These quantities are consistently

Below, the superscript * labels quantities and parameters that
are associated with the complete ﬂux expressions. These ﬂux
expressions are used in mass balance equations
∂tcα = −∇·Nα*

cα → δcα = cα − cα ,0

(9a)

(9b)

(9c)

where voff is a constant oﬀset velocity. Note that eq 9c is
identical to eq 8c because the charge density in our reference
state is zero. The linearized ﬂux expressions have three
signiﬁcant properties. First, all original variables are replaced
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̂ = ε Dsalt
Dsalt
τ
κ̂ =

where C is a coeﬃcient and the wavenumber k is given by the
dispersion relation:

(13a)

ε
κ
τ

k = (1 − i)

(13b)

Parameters ε and τ (porosity and tortuosity) capture the
morphology of the SEI. They are constant in space and time.
Additionally, we introduce t+̂ , a dedicated cation transference
number for the SEI phase. This is motivated by ﬁndings of
Popovic et al.52 They show that the lithium transference
number of a liquid electrolyte can be increased and become
close to 1 if the anion species is immobilized in a mesoporous
structure.
2.5. Boundary Conditions. The binary electrolyte is in
contact with the electrodes which take up lithium ions only.
Therefore, the anion ﬂux density N*− vanishes at the electrode
interface. At the same time, N*+ is equal to the interface
j
reaction rate I . For the electrodes at x = L, we obtain the

C eiωt =

The extrapolated density ρ̃N is given by ρ̃α =

if α = +
if α = −
(14)

Here, ρ+ and ρ are the cation mass density and the mass
density of the electrolyte. Sections SI-1B and SI-3D contain a
detailed derivation of the expression above.

̃ ∂δc −
∂δφ̃
∂δφ
5 ρ+ dμsalt
=
+
∂x
∂x
z+F ρ dcsalt ∂x

(Mα is the

(20)

where electrolyte density ρ and cation density ρ+ are constant
and evaluated at the reference state. We use eq 20 in eq 9c and
rearrange for ∇φ. Integration from 0 to x results in
δφ = −

ρ+ zy dμsalt
̃
Ix
5 ijj
+
·δc −(x)
jt − − zzz
z+F jk
κ
ρ { dcsalt

(21)

The antisymmetry of concentration and electrochemical
potential implies that both δc− and δφ vanish at x = 0.
3.1.1. Interface Reaction. We describe the interface reaction
rate jI with the linearized Butler−Volmer expression given by
eq 11. In the electroneutral model, we evaluate the
electrochemical potential at the interface δφbulk = δφ(L).
The current between the electrodes I and the interface reaction
rate jI are related by
I = −jI = −ηlin 9 −1

(22)

where the sign considers the orientation of the interface.
Inserting the linearized overpotential ηlin from eq 12 gives the
potential of the electrode:
δϕS+ = δϕS( +L) = −I 9 + δφ(L)

(15)

as ∇·1 = 0. We solve it with an exponential Ansatz in x and t,
i.e., δ ∝ eikx eiωt. Only antisymmetric solutions in x contribute
to the impedance calculation; see eq 1. The solution of eq 15
then becomes

(23)

3.1.2. Impedance. Considering the symmetry of the
solution implies U = ϕ−E − ϕ+E = −2δϕ+E. Equation 1 then
implies Z = δϕ+S /I if jS = 0 is considered. Therefore, we obtain
the complex impedance by inserting eq 21 in eq 23,
considering eqs 16 and 18, and dividing by I. We ﬁnd that Z
is the sum of three distinct contributions:

(16)
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(18)
Mα
vα

We eliminate the chemical potential of the solvent μN with the
Gibbs−Duhem relation; see eq SI-46. The diﬀerential version
of eq 19 then becomes

3. THEORY OF IMPEDANCE SPECTROSCOPY
The most common simpliﬁcation in the modeling of
electrochemical systems is the assumption of local electroneutrality. We use this assumption for impedance calculations
in section 3.1 (neutral models). These calculations are then
repeated without the electroneutrality assumption in section
3.2 (non-neutral models). We discuss all impedance results in
section 4.
3.1. Electroneutral Impedance. Local electroneutrality
means that the charge density ϱ is 0 and that the ionic current
1 is constant in space. This assumption also implies that
charge does not accumulate at interfaces; therefore, the
double-layer screening charge QS and the corresponding
current jS vanish. In this case, we apply an oscillating cell
current I(t) = I0 eiωt. This is convenient because electroneutrality implies 1 = I such that eqs 8c and 9b can be used
to solve for δc− and δφ.
We ﬁrst calculate the impedance without considering SEI.
Thus, the electrolyte phase spans from −L to L and is in direct
contact with the electrode. We add SEI in section 3.1.3.
In the ﬁrst step, we insert the linearized ﬂux expression for
N*− into the mass balance equation of the anion concentration
eq 6. This results in a linear partial diﬀerential equation in δc−:

δc − = C eiωt sin(kx)

ρ+ yz
I0 eiωt ρ 1 jij
1
jjt − − zzz
* k
ρ { k cos(kL)
z −F ρÑ Dsalt

molar weight and vα is the partial molar volume of species α).
We ﬁnd that C is proportional to the amplitude of the applied
current I0.
Next, we calculate the deviation of the electrochemical
potential δφ at x = L. This quantity is needed to express the
rate of the interface reaction with eq 12. We obtain it by
integrating eq 9c. However, ﬁrst, we express the eﬀective
electrochemical potential φ̃ in this equation with φ, the
conventional one. Equations SI-4b and SI-61 relate these
quantities:
M μ
φ̃ = φ − + N
MN z+F
(19)

z+F

* Δδc −
∂tδc − = Dsalt

(17)

The inverse of k describes the spatial width of salt
concentration oscillations at a given frequency ω. We
determine C with the ﬂux boundary condition for the anion
species; see eq 14,

following boundary conditions for the ﬂuxes relative to the
center-of-mass velocity
l
ρ
o
o
1− +
o
o
o
ρ
j o
Nα(L) = − I ·o
m
o
ρ
z
z+F o
o
o
− + +
o
o
o z− ρ
n

ω
*
2Dsalt
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tan(kL)
Z(ω) = RE + RI + RD·
kL ÖÆ
´ÖÖÖÖÖÖÖÖÖÖÖÖÖÖ≠ÖÖÖÖÖÖÖÖÖÖÖÖÖ

N̂ *−(L′). As the convective ﬂux is identical in both phases, we
can use N−(L′) = N̂ −(L′) instead. The anion ﬂux must satisfy
the boundary condition at the electrode interface; see eq 14.
We combine these three constraints in a linear system of
equations

(24)

ZD

The complex impedance depends on frequency ω through the
dispersion relation k(ω); see eq 17. Here, the ohmic
contributions RE, RI, and RD are constant and do not depend
on frequency:
L
κ

(25a)

RI = 9

(25b)

RE =

ρ y ρ2 dμsalt
−5 L ijj
t − − + zzzz
j
2 * j
ρ { ρN ρÑ dcsalt
z+z −F Dsalt k

̂
̂
ij
y
eikL′
e−ikL′ zzz
jj sin(kL′)
jj
zz
jj
z
jj k cos(kL′) −ik ̂ ε eikL̂ ′ ik ̂ ε e−ikL̂ ′ zzz
jj
zzC⃗
jj
zz
τ
τ
jj
zz
jj
ε ikL̂
ε −ikL̂ zzz
jj
̂
̂
zz
0
ik
e
ik
e
−
j
τ
τ
k
{
jij 0 zyz
j
z
−iωt j
jj t − − t −̂ zzz
Ie
jj
zz
=
j
ρ+ zzzz
z −FDsalt jjjj
jjj t −̂ − zzzz
ρ{
(30)
k
÷◊÷
where C = (C, Ĉ +, Ĉ −)T is the coeﬃcient vector. These
equations are solved analytically; see eq SI-66.
Next, we calculate φ(L), the electrochemical potential at the
electrode interface. In analogy to eq 21, we rearrange eq 8c and
ﬁnd δφ by integration and by considering eq 20

2

RD =

ß

(25c)

4

We attribute RE and RI to the resistance of the electrolyte and
the interface reaction. RD and ZD describe a ﬁnite-length
Warburg impedance or Warburg short (WS).53,54 This is the
impedance increase of the electrolyte as salt concentration
gradients form at low frequencies. The cation density ρ+ =
−1
M+c+ and solvent density ρN = MNcN as well as ρ̃N = M−1
N vN
determine RD in eq 25c. The relative cation density ρ+/ρ
appears as a correction of the transference number t−. It
vanishes in the dilute limit. We rewrite the factor 4 as a
function of α = csaltvsalt and β = ρ̃salt/ρ̃N (ρ̃salt = Msalt/vsalt).
4=

ρ2
αβ yz
i
zz
= (1 − α)jjj1 +
− α{
ρN ρÑ
1
k

̃
5 dμsalt
Ii
τ y
δφ(L) = − jjjL′ + L̂zzz +
·
κk
ε { z+F dcsalt
ÅÄÅ
ÑÉÑ
ρy
i
ÅÅ
Ñ
ÅÅ(t − − t −̂ )δc −̂ (L′) + jjjt −̂ − + zzzδc −̂ (L)ÑÑÑ
j
z
ÅÅ
ÑÑ
ρ
ÅÅÇ
ÑÑÖ
k
{

2

(26)

This factor has a nonlinear dependence on the salt
concentration through α. It approaches 1 in the dilute limit
and diverges at the maximum salt concentration v−1
salt.
3.1.3. Solid−Electrolyte Interphase. The SEI covers
negative electrodes in Li-ion batteries. In this subsection, we
take SEI into account as a porous surface ﬁlm; see section 2.4
and Figure 1. As described in section 2, we use porous
electrode theory to describe transport in this interphase.6,49−51
To this aim, we replace the transport parameters in eqs 9b,c
with eﬀective parameters for the SEI phase. We use these
expressions in the modiﬁed mass balance equation, eq 6, and
consider SEI porosity
̂* Δ(εδc −̂ )
∂t(εδc −̂ ) = Dsalt

We integrate over the electrolyte and the porous SEI phase
which have diﬀerent transference numbers t− and t−̂ . The
concentration deviations δĉ− at x = L′ and x = L are given by
eq 29 and the solution of eq 30. Next, we insert δφ(L) in eq 23
to express the electrode potential δϕ+S . As in section 3.1.2, the
half-cell impedance Z is given by δϕ+S /I:
Z(ω) = RE′ + R SEI + RI + Z D,SEI + Z D′

(27)

τω
εω
= (1 − i)
*
̂*
2Dsalt
2Dsalt

(28)

Z D′ =

Here, the symmetry does not simplify the solution. Thus, the
anion concentration in the SEI pores contains left- and rightmoving waves
+

̂

−

̂

δc −̂ = eiωt (Ĉ eikx + Ĉ e−ikx)

(32)

where RE′ = L′/κ is the adjusted resistance of the electrolyte
and RSEI = L̂ /κ̂ is the resistance of the SEI. Here, quantities
labeled with ′ replace the corresponding quantities in the
model without SEI (eq 24). The interface resistance RI is still
given by eq 25b. ZD,SEI and ZD′ are stated in eq 33. They
describe the impedance increase due to the buildup of salt
concentration proﬁles in SEI and electrolyte phase. The length
and diﬀusion coeﬃcient of each phase (L′, L̂ and D*salt, D̂ *salt)
determine a characteristic frequency for this process in each
domain.

This equation describes the temporal evolution of the anion
concentration in the SEI pores. In analogy to eq 16, an
exponential Ansatz results in the dispersion relation
k ̂ = (1 − i)

(31)

(29)

The concentration in the electrolyte phase is also given by eq
16 in this case. We now determine the three coeﬃcients, C, Ĉ +,
and Ĉ −, with interface boundary conditions. Electrolyte and
SEI phase share the interface at x = ±L′. Both phases must
have the same salt concentration at this point, i.e., δ(L′) =
δ(L′). The anion ﬂux must also be continuous, i.e., N−*(L′) =

ρ+ yz
ij
L′Θ jijj ̂
2
jj2(t − − t −)jjjt −̂ − zzz sec(kL̂ ̂) + (t −̂ − t −)
* j
ρ
Dsalt
k
{
k
2y
ρ y z tan(kL′)
i
+ jjjjt −̂ − + zzzz zzzz·
ρ { z Ψ·kL′
k
(33a)
{

Z D,SEI =

2
ρ+ yz tan(kL̂ ̂)
L̂ Θ jij ̂
z
−
t
j−
z ·
ρ z{ Ψ·kL̂ ̂
̂* jk
Dsalt

(33b)

where
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Θ=

ρ2 dμsalt
−5
z+z −F 2 ρN ρÑ dcsalt

Due to the superposition principle, we obtain the general
solution for the concentration deviation

(34a)

Ψ = 1 − ε τ −1 tan(kL′) tan(kL̂ ̂)

δ c⃗ = eiωt
(34b)

∂tδcα =

∑
β =±

i
t+*
−n+n−−1t+*yzz
κ jjj
zz
jj
zz
ε0εR jj−n n−1t *
*
t − z{
k −+ −

ij κt
yz
Ωαβ = ikβ jjj α Πβ + Dα ηβ + Dα−zzz
j zα
z
k
{

(49)

3.2.1. Double-Layer Screening Current. Usually, solid
electrodes are electronically highly conductive. We assume
that this conductivity is inﬁnite which is a good approximation
for metal electrodes or graphite. Thus, the potential within the
electrode is spatially constant. Therefore, the electric potential
has a kink at the interface between the electrode and the
electrolyte. This implies charge accumulation at the interface
according to Gauss’ law. This charge is provided by free charge
carriers (electrons) from the electrode. It is determined by the
potential gradient in the electrolyte at the interface

(41)

Q S = ε0εR

∂ϕE
∂x

=ε0εR
x=L

∂δϕE
∂x

x=L

(50)

The current which supplies these charges is obtained from the
temporal derivative of QS.

(43)
27332

162

(47)

where the 2 × 2 matrix Ω with indices α = ± and β = 1, 2 is
given by

(42)

α = 1, 2

, α = 1, 2

(48)

The matrix ( has two eigenvectors η⃗1 and η⃗2 with eigenvalues
λ1 and λ2. Note that these eigenvalues and eigenvectors depend
on the frequency ω. Below, we scale the eigenvectors of ( so
that their second entry equals 1, i.e., η⃗α = (ηα, 1)T. We then
obtain four possible solutions for k
kα± = ± −λα

ε0εR kα2

(39)

where 0 is the identity matrix. If η⃗ is an eigenvector of ( with
eigentwert λ, then we obtain
k2 = −λ

z+ηα + z −

ij
t κ yzz
j
Nα = −eiωt jjj ∑ Ωαβ Γ′β + α Φ′zzz
jj
zα zz
k β = 1,2
{

η⃗ is a coeﬃcient vector and ω is a ﬁxed frequency. This results
in an algebraic matrix equation
(

(46)

(38)

(40)

* − 1(; * + iω 0) )η ⃗
0 = (k 2 0 + ´D
ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ
Ö≠ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÆ

(45b)

Six coeﬃcients C±1 , C±2 , Φ′, and Φ deﬁne the general solution
of δ c⃗ and δϕE for a given frequency ω. We determine these
constants with physical boundary conditions in sections 3.2.5
and 3.2.6. To this aim, the expressions for δ c⃗ and δϕE from eqs
44 and 46 are inserted into the ﬂux expression eq 8a. We then
obtain the linearized ﬂux expression relative to the center-ofmass velocity

(37)

where diﬀerential operators are applied element wise. Equation
39 is a coupled linear ODE in δ c⃗ . We solve this equation with
an exponential ansatz
δ c⃗ = η ⃗ eiωt eikx

Γ′α(x) = Γ′α = Cα+ eikαx − Cα− e−ikαx

Πα =

we write eq 37 in matrix form:
∂tδ c⃗ = D*Δδ c⃗ − ; *δ c⃗

(45a)

by integrating twice. Here, Φ′ and Φ are integration constants,
and Πα is

(36)

Using the vector δ c⃗ = (δc+, δc−)T and the matrix
;* =

Γα(x) = Γα = Cα+ eikαx + Cα− e−ikαx

ij
yz
j
z
δϕE = eiωt F jjj ∑ ΠαΓα + Φ′x + Φzzz
jj
zz
k α = 1,2
{

because voff is constant. Now, we use the Poisson equation to
eliminate the electric ﬁeld
ij
t *κ zβ yzz
* Δδcβ − α
∂tδcα = ∑ jjjDαβ
δcβ zz
j
ε0εR zα z{
β =± k

(44)

where α = 1, 2. These functions are introduced for readability.
The electrostatic potential ϕE in the electrolyte is diﬀerentially directly linked to the free charge density via the
Poisson equation. We use the concentrations δc+ and δc− given
by eq 44 to express ϱ = F∑αzαδcα. We then insert it in the
Poisson equation and obtain

It relates the electrostatic potential in the electrolyte ϕE with
the ionic charge density ϱ. The direct appearance of ϕE in one
of the primary equations makes it reasonable to use ϕE as a
variable instead of the electrochemical potential φ. As a
consequence, we use a diﬀerent set of ﬂux expressions for the
non-neutral system (eq 9a instead of eqs 9b,c). Inserting eq 9a
into a mass-balance equation for c+ and c− results in
tα*κ
ΔδϕE
zαF

ηα⃗ Γα

The solution is determined by four coeﬃcients C±α which are
contained in the function Γα(x)

3.2. General Impedance. In this section, we calculate the
impedance without the assumption of local electroneutrality.
Without electroneutrality, the number of independent
concentrations in the electrolyte increases by one (c+ and
c−). We use the Poisson equation to account for this new
variable
ϱ
−
= ΔϕE = ΔδϕE
ε0εR
(35)

* Δδcβ +
Dαβ

∑
α = 1,2
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jS =

∂Q S
∂t

= iωε0εR

In contrast, the imaginary part of k1 quickly attains a
constant value below the critical frequency f trans. We refer to
the inverse of this value (|k1|−1) as the double-layer length λDL.
This quantity is typically equal to a few angstroms in standard
lithium-ion batteries. We obtain this value by evaluating k1 at ω
= 0 (see section SI-5B):

∂δϕE
∂x

ij
yz
j
z
= iωε0εR eiωt F jjj ∑ ikα ΠαΓ′α(L) + Φ′zzz
jj
zz
α
=
1,2
(51)
k
{
3.2.2. Dispersion Relation. The relation between the
wavenumbers kα and the frequency ω is called dispersion
relation. We ﬁnd this expression with the eigenvalues λα of the
matrix ( ; see eq 42. The analytic solution is presented in
section SI-5A. We illustrate the dispersion relation and both
eigenvectors for LP30 electrolyte in Figure 2. Here, a distinct
x=L

λDL =

−

ε0εR RT 5-salt
γ(1 − γ )
z+z −F 2 csalt

(52)

The value of η1 at frequencies below f trans corresponds to a
non-electroneutral electrolyte. Therefore, η⃗1Γ1 describes diﬀuse
and charged double layers which decay exponentially with λDL.
Solutions of this eigenvalue/vector pair only become relevant
near the interfaces and are referred to as “near-ﬁeld” solutions
below. The charge density is approximately 0 in the bulk, and
the non-neutral model aligns with the neutral one in this
regard.
Electrochemical impedance measurements are usually not
performed with frequencies larger than 106 Hz. This means
that all experimentally relevant frequencies are smaller than
f trans. The relative permittivity does not depend on the
frequency in this frequency range as well. For instance, in
the case of ethylene carbonate, εR begins to change at
frequencies larger than 109 Hz.55 We therefore conclude that
η1, η2, and k1 = −iλ−1
DL are constant in the relevant frequency
range. Additionally, k2 can be approximated by k; see eq 17.
3.2.3. Real Double-Layer and Interface Capacity. An
important distinction that sets our model apart from other
similar models is the nonideal electrolyte that we consider.
Nonideal behavior is captured by the thermodynamic
coeﬃcient -salt and the asymmetry factor γ; see eq SI-51a.
Additionally, we consider ionic interactions and ionic
association with the Onsager matrix, speciﬁcally the transference numbers. However, our theory does not consider the
ﬁnite size of individual ions and molecules. This can result in a
wrong prediction of the double-layer thickness λDL. We take
such errors into account by manually adjusting λDL with the
dimensionless parameter ζ.
̂ → ζ·λ ̂
λDL → ζ ·λDL and λDL
DL

(53)

This modiﬁcation adjusts the double-layer capacity CI which
determines f I, the resonance frequency of the interface
reaction; see eq 75.
In realistic systems, CI includes capacitive contributions
from a layer of speciﬁcally adsorbed ions. However, such a
layer is not considered in our model; see eq 59. Equation 53
also corrects for this simpliﬁcation.
Our impedance model assumes a reference state without a
diﬀuse layer at the interface. This is similar to the assumption
that the electrodes are polarized to the potential of zero charge
and requires that the electrodes are polarized to a speciﬁc
potential. If the electrodes are polarized to any other potential,
then charged double layers will be part of the reference state.
These double layers become several nanometers thick in ionic
liquids.18 In this scenario, our theory does not predict the
double-layer thickness correctly.
In conclusion, some model simpliﬁcations result in the
incorrect prediction of f I, the resonance frequency of the
interface reaction. We use eq 53 in section 5 for comparing our
model with experimental impedance data.

Figure 2. Frequency dependence of kα and ηα for a monovalent salt
(LiPF6 EC/DMC). The parameters used are listed in Table SI-1. The
gray lines illustrate the dependence on εR which we change in
multiples of 4 around the base value, i.e., εR = 1.96, 7.85, 31.41, 125.6,
and 502.6.

physical meaning emerges for each wavenumber/eigenvector
pair at frequencies below a transition frequency. We identify
κ
this frequency as ftrans = 2πε ε which lies between 106 and 108
0 R

Hz for reasonable parameters. For all frequencies f below this
value, we ﬁnd that k2 aligns with k, the wavenumber of the
neutral solutions given by eq 17. Simultaneously, η2 attains the
constant value n+/n− = −z−/z+. Therefore, η⃗2 Γ2 describes
charge-neutral salt concentration oscillations on the system
scale. This eigenvalue/vector pair is referred to as the “farﬁeld” eigenvalue/vector pair.
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3.2.4. Interface Reaction. The interface reaction is driven
by the linearized overpotential given in eq 12. This expression
depends on the electrochemical potential in the electrolyte.
δφbulk = δϕEbulk +

1 ∂μ+ bulk
δc+
z+F ∂c+

3. Solution separation: This method can be used if the
deviation variable can be uniquely decomposed into a part that
describes the diﬀuse layer in front of the interface and a bulk
contribution. Then, the near-ﬁeld contribution can be
subtracted from the value at the interface to obtain the farﬁeld value

(54)

In electroneutral models, we evaluate these quantities
directly at the interface as these theories do not resolve
charged double layers. As illustrated in Figure 3, charged

bulk
δϕE,sep
= δϕE(0) − δϕE,1(0) = δϕE,2(0)

The advantage of this deﬁnition over the other methods is that
no additional interface length ξ has to be deﬁned. It also clearly
connects to neutral models.
bulk
Figure 3 illustrates that the bulk values δϕbulk
E,fix, δϕE,ext, and
bulk
δϕE,sep nearly coincide for a reasonable choice of the additional
parameters. Here, we assume ξ ≫ λDL for the ﬁrst method and
ξ′ = λDL for the second method.
As discussed in section 3.2.2, our solution is clearly divided
into near- and far-ﬁeld parts in the relevant frequency range.
We therefore use the solution separation method which yields
simple expressions for the boundary values, simplifying the
analytical calculations:
δ c⃗

bulk

= eiωt η2⃗ Γ2(L)

(58a)

δϕEbulk = eiωt F(Π 2Γ2(L) + Φ′L + Φ)
Figure 3. Illustration of the potential deviation close to the interface
with three methods to determine δϕbulk
E . The red line shows the spatial
dependence of δ which can be separated into two contributions: δϕE
= δϕE,1 + δϕE,2. The spatial dependence of these parts is given by e−ik1x
and e−ik2x respectively; see eqs 44 and 46. For illustrative purposes, k2
has been chosen as equal to k1/10.

δϕS+ = δϕE(L)

(55)

ij
yz
η ∂μ
ηlin = eiωt jjjF Π1Γ1(L) − 2 + Γ2(L)zzz
j
z
z+F ∂
k
{

x=0

(56)

In this method, both the deviation variable and its derivative
are evaluated at the interface. Note that this deﬁnition also
requires one additional parameter ξ′.
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(60)

Here, we consider the simple concentration dependence of the
chemical potentials given by eq 4. We introduce the
dimensionless parameter γ to connect -+ with -salt in section
SI-3A
3.2.5. Solution without Solid−Electrolyte Interphase. In
this subsection, we discuss the cell without an SEI. This means
that the electrolyte spans from −L to L and is in direct contact
with the electrode. We use the symmetry argument to
eliminate three of the six coeﬃcients which deﬁne the general
solution

∂δϕE
∂x

(59)

This is illustrated in Figure 3. Most theories of the
electrochemical double layer consider a diﬀuse layer and a
layer of speciﬁcally adsorbed ions.51 Speciﬁcally adsorbed ions
have at least partially lost their solvation shell and are in direct
contact with the interface. This layer can have a net charge and
a dipole moment. By using eq 59, we neglect the dynamics of
these quantities.
Modeling the dynamics of the inner Helmholtz plane is
beyond the scope of this work. An interested reader is referred
to dedicated works on this subject.57
We now express the linearized overpotential ηlin; see eq 12,
with eqs 54, 58, and 59

This has two disadvantages. First, an additional parameter ξ is
introduced by this deﬁnition. Note that the bulk values are
used to deﬁne the overpotential which is in turn used to
express the reaction rate. This reaction rate is used in the ﬂux
boundary condition at the interface. Then, the boundary
conditions depend on variables which are not evaluated at the
boundary itself.
2. Linear extrapolation: This problem can be bypassed by
using linear extrapolation to obtain the bulk value
bulk
δϕE,ext
= δϕE(0) + ξ′·

(58b)

In the neutral system, we connect electrode and electrolyte
potential with the rate expression; see eq 23. This is possible
because the reaction rate jI is equal to I, the external current
between the electrodes. However, in the non-neutral system,
charge can accumulate in the diﬀuse layer and in the doublelayer screening charge QS; see section 3.2.1. Then, I is equal to
jI + jS, and a new equation is needed to relate electrode and
electrolyte potential. We assume that the potential deviation is
a continuous function of space so that

double layers can contribute signiﬁcantly to the concentration
and potential deviation despite being only a few angstroms
thick.56 The combination of a Butler−Volmer rate expression
and a locally electroneutral electrolyte is a well-established
method. Therefore, agreement with the neutral theory is a
prerequisite for the non-neutral model. This can only be
achieved if the double-layer contributions to concentration and
potential deviation in eq 54 are not included in the deﬁnition
of the “bulk” values. Figure 3 illustrates three methods which
achieve this:
1. Fixed distance: We can evaluate the deviation variables at a
ﬁxed distance ξ in front of the interface:
bulk
δϕE,fix
= δϕE(ξ)

(57)

DOI: 10.1021/acs.jpcc.9b07389
J. Phys. Chem. C 2019, 123, 27327−27343

Reproduced with permission from reference [175], Copyright (2020) American Chemical Society.
Article

The Journal of Physical Chemistry C
C1 = C1+ = −C1−

(61a)

C2 = C2+ = −C2−

(61b)

Φ=0

(61c)

Next, both of these quantities are used to write the ﬂux
boundary conditions given by eq 14. This results in two
homogeneous linear equations in the remaining coeﬃcients C1,
C2, and Φ′. We write them in matrix form
(63)
:C⃗ = 0
÷◊÷
where C = (C1, C2, Φ′)T is the coeﬃcient vector and : is a 2 ×
÷◊÷
3 matrix given by eq 64. Equation 63 determines C with
respect to its amplitude. We give the analytic solution in eq SI79. This solution deﬁnes all quantities in eq 1, i.e., ϕ+S , jI, and jS,
with eqs 11, 46, 59, and 60. We therefore use eq 1 to calculate
Z analytically; see eq SI-80.

As a result, the functions Γα and Γα′ become common
trigonometric expressions:
Γα = 2iCα sin(kαx)

(62a)

Γα′ = 2Cα cos(kαx)

(62b)

We insert these functions into the ﬂux expression eq 48 and
the equations for the interface reaction rate, eqs 11 and 60.
jij Ω ·2 cos(k L) Ω ·2 cos(k L)
jj +1
1
+2
2
jj
: = −jjj
jj
jj Ω ·2 cos(k L) Ω ·2 cos(k L)
jj −1
1
−2
2
k

yz
ij
η ∂μ
ij 1 ij
yzjjjj Π1·2i sin(k1L) − 2 2 + ·2i sin(k 2L) 0 zzzz
ρ+ yz
t+κ zy
j
z
zz
zz
z+F ∂c+
jj jjj1 − zzz
0
0 zzzjjj
zz
zzjjj
z+ zzzz
ρ{
zz
1 jjjj z+ k
z
zz
zz + jj
zzjjj
∂
μ
η
zz
+
ρ+ zzzjjj Π1·2i sin(k1L) − 2
t −κ zzzz 9 jjj
·
2
i
sin(
k
L
)
0
1
zz
2
2
j
z
zz
0
0 zzjjj
zz
jj
∂
c
z
F
+
+
zz
j
z
z− {
z− ρ {jj
zz
k
j
0
0
0
{
k
l
o
∑ ΠαΓα + Φ′·x x ≤ L′
o
o
o
o α
iωt o
δϕE = e F ·o
m
o
o
∑ Π̂αΓα̂ + Φ̂′·x + Φ̂ x ≥ L′
o
o
o
o
n α

3.2.6. Solution with Solid−Electrolyte Interphase. Next,
we transfer the solution of the non-neutral electrolyte to the
porous SEI which spans from x = L′ to x = L. To account for
the morphology of the SEI, we use the eﬀective transport
parameters introduced in section 2.4. However, the porosity of
the SEI phase also appears in a few speciﬁc steps during the
calculation. It enters the Poisson equation:
−

εϱ
= ΔδϕE
ε0εR̂

(65)

(66)

We calculate D̂ * and ;̂ * in the same way as in the electrolyte
phase but use the eﬀective transport parameters for the SEI
phase. However, ε−1D̂ * instead of D* is used for the
calculation of k̂α and η̂α. The modiﬁed Poisson equation (eq
65) also aﬀects the deﬁnition of Π̂α:
Π̂α =

:̂ C⃗ = 0

(67)

4. DISCUSSION
In this section we analyze and discuss the impedance models
derived in the previous section. We ﬁrst discuss the models
without SEI and compare the diﬀerences between the neutral
and non-neutral approach in section 4.1. The impedance
models with SEI are then discussed in section 4.2. An essential
part of our analysis is the approximation and simpliﬁcation of
the non-neutral models. Our simpliﬁed models bring out the
parameter dependence of the impedance signal over a large
parameter range. The corresponding equivalent circuits are
discussed in section 4.3.

The SEI speciﬁc set of transport parameters, eigenvalues, and
eigenvectors (k̂α, η̂α) is used in the deﬁnition of Γ̂α(x). We
then ﬁnd the frequency-dependent solutions of concentration
and potential deviation
l
o
∑ ηα⃗ Γα x ≤ L′
o
o
o
o
α
o
o
δ c⃗ ̂ = eiωt ·o
m
÷◊÷
o
o
ηα̂ Γα̂ x ≥ L′
o
∑
o
o
o
n α

(69)

Because of the increased size of the system of equations, we do
not perform this calculation analytically. Instead, we solve eq
69 numerically to obtain the coeﬃcient vector C⃗ for each
frequency of interest. We then use this result in the expressions
for δϕE, jI, and jS to calculate the impedance Z with eq 1.

ε(z+ηα̂ + z −)
2
ε0εR kα̂

(68b)

for x between 0 and L. Compared to the system without SEI,
six additional coeﬃcients need to be determined. Consequently, we consider six additional boundary conditions: (1)
Both δ c⃗ and δϕE are continuous x = L′. (2) The particle ﬂuxes
N+ and N− are continuous at x = L′. (3) No charge is stored at
the interface between the electrolyte and the SEI phase and
Gauss’s law implies εR∂xδϕE(L′) = ε̂R∂xδϕ̂ E(L′). These six
additional equations are linear in the coeﬃcients. We write
÷◊÷
them in matrix form with the expanded coeﬃcient vector C =
(C1, C2, Φ′, Ĉ +1 , Ĉ −1 , Ĉ +2 , Ĉ −2 , Φ̂′, Φ̂)T. This results in the 8 × 9
matrix :̂ if the two ﬂux boundary conditions at x = L are
considered; see eq 14. We denote this matrix in section SI-5D.
The coeﬃcient vector must satisfy

Here, we replace the charge density in the pores with the
averaged charge density in the SEI. Additionally, we introduce
ε̂R, the mean permittivity of the SEI. The porosity also appears
in the mass balance equation. Considering these changes, the
modiﬁed version of eq 39 becomes
∂tδ c⃗ ̂ = ε−1D̂*Δδ c⃗ ̂ − ;̂ *δ c⃗ ̂

(64)

(68a)
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4.1. Impedance without SEI. Figure 4 shows the
impedance of the half-cell without SEI. It consists of three

Figure 4. Schematic impedance spectrum of the symmetric cell
without SEI. (a) Nyquist plot. (b) Bode plot. The solid blue line
shows the impedance of the non-neutral model, whereas the dashed
red ones show the impedance of the neutral one. Crosses mark the
resonance frequencies. We plot the impedance of the polarization in
electrolyte ZD, that of the interface reaction ZI, and that of the
electrolyte ZE.

distinct features for both the neutral and the non-neutral
models, namely,
• resistance of the electrolyte RE/ZE
• interface resistance RI/ZI
• polarization impedance RD/ZD
We label real impedance contributions that do not depend on
frequency with R. In contrast, complex impedance contributions that depend on frequency are labeled with Z. Our neutral
model does not predict the frequency dependence of
electrolyte and interface resistance. However, neutral models
give the polarization impedance ZD in section 4.1.1. The
frequency-dependent impedance of interface reaction ZI and
electrolyte ZE are discussed with our non-neutral model in
section 4.1.2.
4.1.1. Diﬀusion Impedance. The neutral impedance
without SEI is given by eqs 24 and 25. The assumption of
local electroneutrality is incompatible with charge accumulation at the interface. Therefore, the only complex and
frequency-dependent impedance contribution in the neutral
model is the diﬀusion resistance.
Z D = RD

tan(kL)
kL

Figure 5. (a) Illustration of the ﬁnite-length Warburg impedance. (b)
Envelopes of the salt concentration proﬁle in the cell for ﬁve diﬀerent
frequencies marked in panel (a). The proﬁles are obtained for the
LP30 electrolyte with a current density of I0 = 10 μA cm−2.
Parameters are listed in Table SI-1. (c) Factor 4 is a function of
csaltvsalt; see eq 26. 4 scales RD, the amplitude of the diﬀusion
impedance; see eq 25c. Parameters to calculate the marked values are
listed in Table SI-1.

Warburg impedance. RD, the amplitude of this eﬀect, is
determined by numerous parameters, namely, the distance
between the electrodes L, the transference number t−, and the
salt diﬀusion coeﬃcient D*salt. Note that t− is referenced to the
center-of-mass velocity, whereas Dsalt
* is an apparent parameter
dμ
as deﬁned in section 2.2. RD is proportional to salt which
dcsalt

depends on the salt concentration csalt and the thermodynamic
factor -salt . The relative cation density ρ+/ρ appears as
correction of the transference number t− in concentrated
electrolytes. Additionally, RD is proportional to the factor 4 =
−1
ρ2ρ−1
N ρ̃N which is rewritten in eq 26. 4 is equal to 0.977 and
1.965 for the LP30 and LiTFSI electrolytes; see Table SI-1. We
illustrate this factor in Figure 5c, showing that it diverges if the
salt concentration reaches its theoretical maximum. It
approaches unity for dilute solutions. In conclusion, the

(70)

This function is illustrated in Figure 5a; RD is given by eq 25c.
ZD describes the impedance increase of the electrolyte as salt
concentration gradients emerge at low frequencies. We
illustrate these salt concentration gradients for diﬀerent
frequencies in Figure 5b. The label ZD denotes that this
process is governed by salt diﬀusion. In literature, it is referred
to as a diﬀusion, Warburg short (WS), and ﬁnite-length
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Kirchhoﬀ’s rule. The resonance frequency of this semicircle is
given by
κ
= ftrans
fE =
2πε0εR
(74)

amplitude of the diﬀusion resistance has a complex parameter
dependence.
In contrast, we ﬁnd that the frequency dependence of ZD is
simply given by the frequency dependence of k; see eq 17. The
wavenumber k depends only on Dsalt
* , the apparent salt
diﬀusion coeﬃcient. The characteristic time scales of the
diﬀusion impedance ZD also depend on L, the distance
between the electrodes. We calculate the resonance frequency
of ZD numerically and obtain the following approximation.
fD ≈

Only the conductivity κ and the dielectric constant εR of the
electrolyte inﬂuence this frequency. Note that f E is equal to
f trans; see section 3.2.2. It marks the transition from the simple
low-frequency behavior of kα and ηα to the more complicated
high-frequency behavior. It is in the 100−1000 MHz range for
common parameters, making it too large to be observed in an
electrochemical impedance measurement. Consequently, the
electrolyte impedance ZE is typically treated as a constant
contribution that is purely ohmic.
The interface resistance ZI corresponds to the chargetransfer reaction. We obtain ZI with a parallel circuit of the
interface capacitance CI = ε0εR/λDL (see eq SI-74), and the
interface resistance RI = 9 The resonance frequency of the
interface reaction is equal to

*
1.2703Dsalt
πL2

(71)

Figure 5b illustrates the oscillations in the concentration
proﬁles at various frequencies close to f D.
ZD is typically not observed in modern batteries or test cells.
It is covered by other contributions such as diﬀusive processes
in intercalation electrodes. Therefore, ZD is best observed if
nonintercalation electrodes are used, i.e., metallic lithium.
Another challenge in measuring ZD are the low frequencies
that have to be considered (sub mHz). Such measurements
take a long time and require great care to avoid the initial state
from being perturbed. f D can be shifted toward higher values
by reducing the distance between the electrodes; see eq 71.
However, this reduces the amplitude of the eﬀect.
4.1.2. Electrolyte and Interface Impedance. Our neutral
models predict a real valued and frequency independent
resistance for electrolyte and interface (RE and RI); see eqs
25a,b. We therefore use the non-neutral impedance model
without SEI; see section 3.2.5 which discusses ZE and ZI. The
full expression for Z is given by eq SI-80. In contrast to the
electroneutral case, both the resistance of the electrolyte ZE
and the interface resistance ZI are frequency-dependent. Their
Nyquist plots have a common semicircle shape; see Figure 4.
The full expression for Z is too intricate for a direct analysis.
However, we ﬁnd a simpliﬁed approximation when three
conditions are met. First, the distance between the electrodes is
larger than the double-layer thickness, i.e., L ≫ λDL. Second,
the interface reaction is parametrized such that its resonance
frequency f I is smaller than f trans = κ ; see section 3.2.2. We

fI =

2πε0εR

Z(ω) = Z E′ + ZSEI + Z I′ + Z D,SEI + Z D′

(72)

L
κ + iωε0εR

(73a)

ZI =

λDL
λDL /9 + iωε0εR

(73b)

(76)

We illustrate this result in Figure 6. It shows that the SEI adds
two impedance features to our model. One semicircle
represents the ionic transport resistance of the surface ﬁlm
which we label ZSEI. Furthermore, a second diﬀusion resistance
appears, ZD,SEI. This is a consequence of modeling charge
transport through the SEI with a liquid electrolyte. Liquid
electrolytes allow the formation of concentration gradients as
opposed to solid electrolytes. All three remaining impedance
contributions in eq 76 are marked with a ′. This indicates that
the expressions given in section 4.1 must be adjusted to
account for the slightly modiﬁed geometry (L → L′).
4.2.1. Electrolyte and Interface Impedance. We revisit the
impedance contributions in eq 76 that appear in the
impedance model without SEI; see section 4.1. The presence
of SEI reduces the size of the electrolyte phase. It is now given
by L′ = L − L̂ where L̂ is the thickness of the SEI. We consider
this and modify the expression for the electrolyte resistance:

The expression we obtain for ZD aligns with the diﬀusion
resistance derived with the neutral model in section 4.1.1. ZE
and ZI are given by
ZE =

(75)

and depends on λD, εR, and 9 . The complex parameter
dependence of the double-layer thickness λDL is given in eq 52.
We discuss the eventual shortcomings and corrections of this
prediction in section 3.2.3.
The agreement between the sum of the three simpliﬁed
expressions and the full expression for Z is excellent. It is
retained even if the resonance frequencies of the interface
reaction and the diﬀusion impedance overlap. Diﬀerences
between our simpliﬁcation and the full expression become
relevant if the electrodes are less than 10λDL ∼5 nm apart.
Furthermore, we observe deviations if f I or f D is larger than f E/
10. Such conditions do not appear in standard battery cells. To
conclude, the impedance without SEI is given by two
conventional semicircles and the Warburg diﬀusion element
which is derived with the neutral model.
4.2. Impedance with SEI. The presence of the SEI
complicates the impedance calculation so that an analytical
solution of the non-neutral impedance is no longer feasible.
Therefore, this model is only solved numerically. However, we
ﬁnd that it is well-approximated by the sum of ﬁve distinct
impedance contributions:

show below that these assumptions are equivalent to 9 ≫ λDL/
κ. This allows us to approximate k1, η1, and η2 as constants as
discussed in section 3.2.2. Finally, we assume f D ≪ f E which
allows us to approximate eq SI-80 with three distinct
contributions:
Z(ω) = Z E + Z I + Z D

λDL
2πε0εR 9

Alternatively, we can derive these expressions with equivalent
circuits. Both electrodes form a parallel-plate capacitor ﬁlled
with electrolyte, a polarizable medium. In parallel to this
capacitance, the electrolyte acts as an ohmic resistor. The
capacity and ohmic resistance of these elements are equal to CE
= ε0εR/L and RE = L/κ. We then obtain eq 73a according to
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ZSEI =

L̂
=
κ ̂ + iωε0εR

ε
κ
τ

L̂
+ iωε0εR

(80)

from Kirchhoﬀ’s law. The resonance frequency of this
semicircle is given by
fSEI =

L′
L′
and Z E′ =
κ
κ + iωε0εR

(77)

f I′ =

(78a)

̂
λDL
2πε0εR 9

(78b)

fD,SEI ≈

ε0εR̂
L̂
and R SEI =
̂
κ̂
L

(83)

ρ+ yz tan(kL′)
L′Θ ijj
jjt − − zzz
* k
kL′
ρ{
Dsalt
2

Z D′ ≈

(84)

This is the same expression as the original expression for ZD in
eq 70, besides the replacement of L with L′. We use this
similarity to ﬁnd the equation for the resonance frequency of
Z′D.

(79)

f D′ ≈

The capacitive and ohmic impedance contribution depends on
the SEI thickness L̂ , the conductivity κ̂, and the relative
permittivity ε̂R. This corresponds to the common assumption
that SEI resistance depends mostly on its thickness.58,59 We
then obtain

*
1.2703Dsalt
πL′2

(85)

Equations 84 and 85 are important results. They show that the
SEI does not inﬂuence electrolyte impedance contributions
(Z′E ≈ ZE and Z′D ≈ ZD) if we consider that the SEI is thin (L′
≈ L).
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̂*
1.2703Dsalt
2
πL̂

We also use Ψ ≈ 1 to simplify the electrolyte diﬀusion
impedance ZD′ which is given by eq 33a. To further simplify
this expression, we assume that the resonance frequency of the
diﬀusion resistance in the SEI f D,SEI is larger than the
resonance frequency of the diﬀusion impedance in the
electrolyte f D. This implies that sec (k̂L̂ ) ≈ 1 in the relevant
frequency range in eq 33a, resulting in

The presence of SEI also aﬀects the diﬀusion impedance of the
electrolyte ZD. It is replaced by Z′D which is given by eq 33a.
We discuss this in section 4.2.3.
4.2.2. SEI Impedance. ZSEI describes the ionic impedance of
the SEI. In analogy to section 4.1.2, we ﬁnd a good
approximation for this expression with an equivalent circuit.
To this aim, we model the SEI as a parallel circuit consisting of
a capacitor and an ohmic resistance:
CSEI =

(82)

This equation has the same structure as the expression for ZD
derived in section 4.1.1. We therefore transfer the results from
section 4.1.1 and apply them to eq 82. In this way, we obtain
an approximation for the resonance frequency of the SEI
diﬀusion impedance

̂
λDL
̂ /9 + iωε ε
λDL
0 R

ρ+ yz tan(kL̂ ̂)
L̂ Θ ijj ̂
jjt − − zzz
*
ρ{
̂ k
kL̂ ̂
Dsalt
2

Z D,SEI ≈

This change does not aﬀect the corresponding resonance
frequency, f E′ = f E.
We denote the double-layer thickness in the SEI pores with
λ̂DL. It is diﬀerent from the double-layer thickness in the bulk
electrolyte λDL. Thus, the expression for the interface
impedance becomes
Z I′ =

(81)

Note that this understanding relies on two dynamic electrochemical double layers at the electrode−SEI interface and at
the SEI-electrolyte interface. Therefore, the complex impedance signal of the SEI can only be modeled with the full nonneutral model.
4.2.3. Diﬀusion Impedance in SEI and Electrolyte. In this
section, we discuss and simplify the expressions for the
diﬀusion resistance of the SEI and the electrolyte phase (ZSEI
and Z′D, see eq 33). We calculate these expressions with the
neutral impedance model in section 3.1.3. As discussed in
section 2.4, we assume that the SEI is nanoporous. This
implies that the SEI porosity ε is small and suggests that the
ε
ε
SEI tortuosity τ is large. Therefore, we assume τ < τ ≪ 1 in
the simpliﬁcations below. Taking into account that both |
tan(kL′)| and |tan(k̂L̂ )| are bounded by 1.2, this implies Ψ ≈ 1;
see eq 34b. This results in an approximate expression for
ZD,SEI:

Figure 6. Schematic impedance spectrum of the symmetric cell with
SEI. (a) Nyquist plot. (b) Bode plot. The solid blue line shows the
impedance of the non-neutral model whereas the dashed red ones
show the impedance of the neutral one. Crosses mark the resonance
frequencies. We plot the impedance of the polarization in bulk
electrolyte ZD′ , that of the polarization in SEI ZD,SEI, that of the
interface reaction Z′I , that of the SEI ZSEI, and that of the bulk
electrolyte ZE′ .

RE′ =

εκ
ε εR
=
f
τ εR̂ E
2πτε0εR̂
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Next, we compare the amplitude of ZD,SEI with the amplitude
of ZD′ . No approximation is used for this comparison. We
divide eq 33b by eq 33a in the stationary limit ω → 0.
RD,SEI
RD′

ρ+ yz ij
ρ+ yz
R SEI ijj
jjt −̂ − zzz jjjt − − zzz
ρ{ k
ρ{
RE k

−2

2

=

Here, we consider that

τ L̂
ε L′

is equal to

R SEI
.
RE

(86)

In most impedance

experiments, the resistance of the electrolyte RE is found to be
smaller than RSEI, the resistance of the SEI.4,34 If we assume
RSEI > RE, then we obtain the following inequality.
RD,SEI
RD′

ρyi
ρy
i
> jjjjt −̂ − + zzzz jjjjt − − + zzzz
ρ{ k
ρ{
k
2

−2

(87)

Thus, if t−̂ ≳ t−, then the diﬀusion impedance of the SEI would
be larger than the diﬀusion impedance of the electrolyte.
Because this is not observed in experiments, we conclude that
the transference number in the SEI pores is diﬀerent from the
bulk value. Speciﬁcally, t+̂ = 1 − t−̂ must be close to 1 − ρ+/ρ
to reduce the amplitude of ZD,SEI such that our theory agrees
with experimental observations. Note that this value is close to
unity in lithium-ion electrolytes. Large cation transference
numbers have been observed in mesoporous systems which
immobilize anions.52 A similar situation could emerge in
nanosized SEI pores. In principle, we could use other
parameters such as the thermodynamic coeﬃcient in the SEI
to reduce the amplitude of ZD,SEI. However, this leads to
unreasonable parameter choices because of the quadratic
appearance of t−̂ in eq 25c.
In summary, large transference numbers t+̂ ≈ 1 are necessary
to avoid contradicting experimental observations. Therefore,
charge transport in the SEI has “solid-electrolyte character”
even if we assume ion transport in a liquid pore space.
4.3. Summary: Equivalent Circuits. We now transcribe
eqs 24, 32, 72, and 76 into equivalent circuits. These circuits
are summarized in Figure 7. Our neutral models are equivalent
to the circuits shown in Figure 7a,b. This is diﬀerent for nonneutral models. The equivalent circuits shown in Figure 7c,d
are an excellent approximation of the corresponding models
provided the following conditions are met.
First, our model demands that the SEI phase and the
electrolyte phase are large compared to the corresponding
double-layer thickness, i.e., L̂ ≫ λ′DL, and L′ ≫ λDL. This
guarantees that diﬀuse layers do not overlap. We assume this in
our interface reaction model.
Second, the interface reaction can only be represented as a
standard RC element if the double-layer width is constant in
this frequency range. This width is given by the inverse value of
k1 or k̂1. These quantities become constant below the transition
frequency f trans; see Figure 2. This transition coincides with the
resonance frequency of the electrolyte semicircle. Therefore,
our analysis requires f I ≪ f E or 9 ≫ λDL /κ .
Equations 72 and 76 are based on the green wiring in Figure
7c,d. These approximations are valid if certain resonance
frequencies are well separated, i.e., f D ≪ f E, f D′ ≪ f E′ = f E, or
f D,SEI ≪ f SEI. This assumption separates the impedance into
several distinct contributions. The dotted alternatives do not
require these assumption, but they result in a single convoluted
impedance expression instead.

Figure 7. Summary of equivalent circuits. Neutral model (a), neutral
model with SEI (b), non-neutral model (c), and non-neutral model
with SEI (d). Circuit components with a frequency-dependent
resistance such as capacitors and Warburg elements are colored. Here,
ZD and ZD,SEI are Warburg short elements. Warburg open elements
ZW describe diﬀusion processes in the electrode; see section SI-6.
Black dashed lines represent the technically correct circuit; the green
connections are approximations which we discuss in section 4.3.

5. VALIDATION WITH EXPERIMENTS
We now compare our impedance model to the experiment
performed by F. Wohde et al.34 They measured the impedance
of a symmetric Li-metal cell with planar electrodes. The
measurements were performed in a custom cell that allowed
varying the distance between the electrodes. After ﬂooding the
cell, its impedance was measured continuously in the high to
intermediate frequency range. In this way, the interface
resistance was probed during the initial formation of the SEI.
It became constant after 24−48 h, indicating that stable surface
ﬁlms had formed. Impedance measurements were performed
only after this time.
We use the impedance data for the Li-TFSI electrolyte in a
tetraglyme (G4) solution. The Li-TFSI concentration of the
electrolyte was equal to 2.75 mol L−1. Measurements were
performed for electrode distances of 130, 150, 290, and 330
μm. The impedance data is shown in Figure 8. At ﬁrst glance,
four distinct features can be identiﬁed (compare with Figure
6):
First, the ohmic resistance of the electrolyte RE is equal to
7.5, 8.8, 17.6, and 19.3 Ω, increasing in proportion to the
distance between the electrodes. This contribution is
subtracted from the data shown in Figure 8. In this way, all
remaining features align in the ﬁgure.
Second, the high-frequency semicircle observed in these
measurements is not inﬂuenced by the electrode distance.
Therefore, only interfacial processes like charge transfer
resistance ZI or SEI resistance ZSEI can be assigned to this
resonance. A closer investigation reveals that this semicircle is
depressed, suggesting that it contains multiple resonances
which overlap in frequency space. These processes occur
between 30 and 3000 Hz and contribute approximately 250 Ω.
Third, a small impedance contribution of approximately 30
Ω is present in the intermediate frequency range between 10
and 0.1 Hz. This resonance slightly overlaps with other
resonances such that we cannot distinguish whether it has a
27339
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Figure 8. (a) Nyquist plot. (b) Bode plot; the x-axes of the inset aligns with the main x-axes. Both plots show the impedance of a symmetric Li−Li
cell with a Li-TFSI tetraglyme electrolyte. Crosses mark experimental data points measured by Wohde et al.34 Solid lines show our simpliﬁed
impedance model according to eq 76. The main sets show this model with parameter set I, whereas parameter set II is used in the insets. Both
parameter sets are listed in Tables SI-1 and SI-2.

SEI; see eq 79. Then, according to eq 81, the only parameter
remaining to tune the corresponding resonance frequency is
ε̂R.
The resistance of the interface reaction is deﬁned by the
parameter 9 . Originally, the model predicts that the
corresponding resonance frequency is determined by 9 and
λDL which depends on -salt , εR, and γ; see eqs 75 and SI-71. As
discussed in section 3.2.3, model simpliﬁcations can lead to an
incorrect prediction of the interface capacitance in real
systems. We consider this by adjusting the double-layer
thickness with the dimensionless parameter ζ; see eq 53. In
principle, λDL could also be adjusted with other model
parameters such as -salt ; see eq SI-71. However, this would
lead to inconsistencies with other impedance contributions.
As mentioned above, we identify the diﬀusion impedance Z′D
clearly in the experiment. The resonance frequency of this
eﬀect is equal to 1.16, 0.59, 0.15, and 0.11 mHz for the four
diﬀerent electrode distances. From this we obtain D*salt by
inverting eq 71 and averaging the four results, resulting in D*salt
= 8.8−12 m2 s−1. We estimate the partial molar volumes of the
electrolyte with literature data for a diﬀerent salt concentration.60 RD, the amplitude of ZD, is then used to identify
another parameter; see eq 25c. At this point, only the
thermodynamic coeﬃcient -salt and the transference number
t+ are unknown. Typically, -salt can be measured independently, e.g., in a concentration cell experiment. However, data

semicircle or a Warburg type shape. Only charge-transfer
resistance, ZI, and polarization impedance in SEI, ZD,SEI, are
reasonable candidates because they have similarly low
frequencies, because the typical resonance frequency of the
SEI, f SEU, is much higher and because the amplitude of this
resonance does not scale with the electrode distance.
Fourthly, the measurements contain a diﬀusion-type
impedance contribution at very low frequencies (10−4−10−3
Hz). We identify it as the impedance of polarization in bulk
electrolyte, ZD, because its amplitude scales linearly with the
electrode distance.
In conclusion, ZD can be directly identiﬁed in these
measurements. Assigning ZSEI, ZI, and ZD,SEI to the features
observed in the experiment is more diﬃcult. We suggest two
diﬀerent parametrizations of the impedance model for this
reason. Figure 8 shows the main parametrization in the outer
plot and the alternative parametrization in the insets. Let us
ﬁrst discuss parameters that these two options share.
The impedance model itself is over-parametrized. This
means that an impedance measurement alone is insuﬃcient to
determine each parameter of the model. Instead, a subset of
parameters must be known from independent experiments so
that the remaining parameters can be identiﬁed. Not all
parameters are experimentally accessible, for instance, the
porosity ε and tortuosity τ of the SEI. These parameters are
chosen as ε = 0.1 and τ = 3450. Note that these parameters
and the SEI thickness L̂ determine RSEI, the resistance of the
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for -salt is not available in literature for the highly concentrated
solution at hand. We use a diﬀerent approach for this reason.
The transference number is taken from34,61 which is calculated
as follows:
t+ =

RE
= 0.0245
RE + RD

Both parametrization share a large lithium transference
number to describe the transport in the SEI pores. Here, the
values 0.9 and 0.97 are used, indicating that transport in the
SEI pores is qualitatively diﬀerent from transport in the bulk
electrolyte. As argued above, this behavior can be explained by
immobilization of anions in the porous SEI structure.52
Although these two values are similar, they cause a signiﬁcant
change in the cell impedance. In the ﬁrst parametrization,
RD,SEI is equal to 15 Ω creating a visible resonance between the
interface semicircle and the low frequency ﬁnite-length
Warburg. In contrast, in the second parametrization, RD,SEI is
equal to 1.5 Ω, so ZD,SEI is overshadowed and not visible. Note
that a smaller value of t+̂ would result in a much larger
amplitude of ZD,SEI and can be ruled out. Therefore, the model
predicts lithium-ion transference numbers close to one in the
SEI phase.
In conclusion, the assumption that charge transfer in the SEI
is facilitated by liquid electrolyte in small SEI pores predicts
the emergence of an additional feature in the cell impedance.
For the experiment at hand, this feature dominates the
impedance response if the lithium-ion transference number in
the SEI is not adjusted (t+̂ = 0.0245 → RD,SEI = 1868 Ω). Our
model only agrees with the experiment if large lithium-ion
transference numbers are chosen in the SEI phase. This
indicates that lithium ions move in the solid phase of the SEI
or that lithium-ion transport in the SEI pores has a solidelectrolyte character.

(88)

As discussed by Doyle and Newman,62 this equation correctly
gives the transference number for a dilute/ideal electrolyte.
Note that neither of these assumptions are applicable to this
system. After choosing t+, we calculate the thermodynamic
factor with the impedance data resulting in -salt = 6.2 . The
large thermodynamic factor illustrates the nonideal behavior of
the system. This implies that eq 88 gives a ﬂawed estimate for
the transference number. However, this uncertainty could be
removed by measuring the thermodynamic factor independently63 and using the impedance measurement to determine
the transference number.
We now elaborate on the diﬀerences between both
parameter sets. They are summarized in Tables SI-1 and SI2.64 In our main parametrization, both ZSEI and ZI overlap and
form the high-frequency semicircle. RSEI and RI, the resistances
of the SEI and the interface reaction, are determined by
choosing L̂ and 9 . With the choice listed in Table SI-1, these
contributions amount to RSEI = 102 Ω and RI = 168 Ω. The
resonance frequencies are then adjusted with the choices ζ = 5
and ε̂R = 131. Then, the impedance of polarization in SEI,
ZD,SEI, must be assigned to the intermediate resonance. At this
point, the lithium-ion transference number in the SEI, t+̂ , is the
only parameter left to scale this impedance contribution. The
model ﬁts well to the data if we choose t+̂ = 0.9.
In the alternative parametrization, we attribute the highfrequency resonance to ZSEI alone. To this aim, we increase
RSEI by increasing the SEI thickness to 67 nm. Then, the SEI
resistance accounts for RSEI = 273 Ω. At the same time, we
adjust the relative permittivity of the SEI to move this
semicircle to the correct resonance frequency, ε̂R = 347. ZI is
attributed to the intermediate frequency resonance resulting in
a lower value for 9 so that RI = 23Ω. However, shifting the
corresponding resonance frequency to the intermediate regime
requires a signiﬁcant correction of the interface capacity, i.e., ζ
= 0.02. Finally, the impedance of polarization in SEI, ZD,SEI, is
parametrized so that its amplitude is small. In this case, ZD,SEI
can be neglected if t+̂ = 0.97.
Both models show good qualitative agreement with the
experiment; see Figure 8. Naturally, the ﬁrst parametrization
has a better quantitative agreement with the data as it correctly
predicts the depressed semicircle. However, this depression
could also be caused by an inhomogeneous distribution of SEI
properties. The main parametrization also requires more
reasonable corrections. For instance, the interface capacity
needs to be corrected by a factor of 5 in the main
parametrization, whereas a factor of 50 is needed in the
alternative one. Both parametrizations require large values for
the relative permittivity of the SEI. However, the value needed
in the alternative option is even larger, so it is diﬃcult to justify
(135 vs 347). A better understanding of which parametrization
is correct can be obtained by observing the high frequency
impedance during the initial SEI formation. This would easily
allow the identiﬁcation of SEI impedance contributions which
increase during this time.

6. CONCLUSIONS
In this article, we present an analytical impedance model for a
symmetric cell with planar electrodes. We model the solid−
electrolyte interphase (SEI) as a porous surface layer. Our
model relies on a thermodynamically consistent theory for
electrolyte transport. We take special care that transport
parameters as the diﬀusion coeﬃcient and the transference
numbers are well-deﬁned. This implies the consistent
deﬁnition of a reference velocity, the center-of-mass velocity
in our case. Our analytic expressions for impedance spectroscopy show that this is especially relevant for concentrated
electrolytes.
To reveal the parameter dependence of the impedance
spectrum, we perform a step-by-step procedure. We begin by
calculating the impedance spectrum for locally electroneutral
systems without SEI. Finally, we relax the condition of local
electroneutrality and include transport through a porous SEI.
Most importantly, we describe diﬀusion impedances or
Warburg short elements and reveal their dependence on the
transference number. Thus, we suggest using impedance
spectroscopy for the determination of the transference number
or the thermodynamic factor in the bulk electrolyte and the
SEI.
Our analytical impedance expressions are approximately
described with common equivalent circuit models. We identify
and discuss the frequency range and parameter space in which
equivalent circuit methods are valid.
We predict the thickness of charged electrochemical doublelayers based on the Poisson equation. Thus, in our model, the
standard Debye length deﬁnes the double-layer capacitance
and the resonance frequency of the interface reaction
semicircle. However, this frequency does not agree with
experimental data for a Li-TFSI tetraglyme solution with Limetal electrodes. This indicates that charged double-layers of
the reference state cannot be neglected when calculating the
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impedance response. Furthermore, ion adsorption on the
electrode surface contributes signiﬁcantly to the interface
capacitance of this system.
Our model explores the assumption that charge transport
through the SEI is enabled by small pores which are ﬁlled with
electrolyte. This results in a second ﬁnite-length Warburg
element in the impedance response of the cell. Only a SEIspeciﬁc Li+ transference number close to 1 reduces the
amplitude of this impedance contribution to levels that align
with experiments. Therefore, charge transport in the SEI shows
the characteristics of a solid electrolyte even if transport in a
liquid environment is assumed. We therefore propose to
describe lithium-ion transport in the SEI with a speciﬁc theory
for solid electrolytes.
Combining our results with the impact of intercalation
electrodes (see section SI-6) and of porous electrodes within
microstructure resolved simulations (see ref 36) will yield the
impedance signal for standard lithium-ion batteries.
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S33

TRANSPORT THEORY

The transport theory presented in this section is based on a publication by Schammer et
al.1 As mentioned in the main document, similar theories have been discussed in Refs.2–4 The
theory describes a liquid mixture of N different species which are labelled with the subscript
α = 1, . . . , N . The special case of the binary electrolyte is discussed in section SI-3.
S2

176

Reproduced with permission from reference [175], Copyright (2020) American Chemical Society.

A.

Reference Velocity

The transport theory is derived relative to the center-of-mass velocity of the liquid. In
contrast, the lab or resting frame is a global reference system which describes the mixture
from an external perspective. Below, any quantity or parameter that is directly associated
with the lab frame is marked with superscript ∗. Quantities and parameters without this
label refer to the formulation relative to the center-of-mass velocity. Molar flux densities in
both formulations are related
N∗α = cα v∗α ,

(SI-1a)

Nα = cα (v∗α − v) .

(SI-1b)

Here, v∗α is the mean velocity of species α in the lab frame. v is the center-of-mass velocity
which is given by
N

1X
ρα v∗α ,
v=
ρ α=1

(SI-2)

where ρ and ρα are the density of the mixture and the partial density of species α. Any
choice of reference system reduces the amount of independent fluxes by one. All individual
fluxes relative to the center-of-mass velocity satisfy

0=

N
X

Mα Nα ,

(SI-3)

α=1

where Mα is the molar mass of species α. In the derivation below, species 1 is chosen to
be “eliminated” with this constraint. This suggests the definition of the following effective
quantities which appear frequently below
Mα
z1 ,
M1
Mα
µ̃α = µα −
µ1 ,
M1
Mα
ν̃α = να −
ν1 ,
M1
z̃α = zα −

(SI-4a)
(SI-4b)
(SI-4c)
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where α 6= 1. Here, z̃α is the effective charge number, µ̃α is the effective chemical potential,
and ν̃α is the effective partial molar volume of species α.

B.

Incompressibility and Convection

Liquids in general feature large bulk moduli in the GPa range. To put this into perspective, to obtain a relative volume change of 1 % of a material featuring a bulk modulus of 1
GPa requires a pressure change of approximately 100 atmospheres. The pressure differences
in liquid battery systems are not nearly as large and any expansion or compression of the
liquids described here can be safely neglected. However, one must consider that the liquid
actually fills its given volume at any time. This is ensured by the following constraint
N
X

να cα = 1,

(SI-5)

α=1

where να is the partial molar volume of species α. It is defined by the volume change
∂V
. The
the system experiences if the number of particles of species α changes, να = ∂N
α
P
time derivative of this expression yields α (ν̇α cα + να ċα ) = 0. Inserting the mass balance

equations for ċα , see eq. (6), then results in an equation for the convective velocity

∇v = −
=−

N
X
α=1

N
X
α=2

να (∇Nα − sα )
ν̃α ∇Nα +

N
X

να s α ,

(SI-6)

α=1

In the second step we use eq. (SI-3) to eliminate the flux density of species 1. This is achieved
with the effective partial molar volumes defined in eq. (SI-4c). Equation (SI-6) couples the
net “volume” evolution to a change in the convection velocity. We integrate this equation to
obtain an expression for center-of-mass velocity
v(x) = v(xI ) +

Z

x

xI

∇v(x̃)dx̃.

(SI-7)

Here, xI is the location of an interface. Source are neglected because we only consider
interface reactions only. Heterogeneous reactions are not considered in this work. Note that
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the integral representation of v is only possible in a one dimensional system. This is not
possible in higher dimensional systems where v is not rotation free.
Next, v(xI ) is calculated to obtain the flux boundary condition in the lab frame. Below,
interface reactions will be considered which represent processes such as intercalation and
deintercalation or metal deposition and stripping. The rate of these interface reactions is
given by jI in units of A m−2 . It is now assumed that only one species labelled + can react
at the interface. All other species α 6= + are inert and do not participate in the interface
reaction. This implies
N∗+ = jI∗ /z+ F,

(SI-8a)

N∗α6=+ = 0,

(SI-8b)

where N∗α are the molar fluxes in the lab frame. Here, jI∗ is the sign adjusted interface
flux which considers the orientation of the interface as well as the sign convention used
for the interface reaction. Considering that N∗α = cα v∗α as well as the definition for the
center-of-mass velocity results in
N

v (xI ) =

ρ+ ∗
1 ρ+ jI∗
1X
ρα v∗α (xI ) =
v+ =
ρ α=1
ρ
c+ ρ z+ F

(SI-9)

Inserting this expression in eq. (SI-8) results in the final set of boundary conditions




j∗

I
α = +,
cα ρ+ jI∗
z+ F
∗
Nα (xI ) = Nα + cα v = Nα +
=

c+ ρ z+ F
0
otherwise.

(SI-10)

It is evident that the choice of the center-of-mass reference is reflected in this expression
as the additional term obtained by considering convection is proportional to the mass ratio
ρ+ /ρ.

C.

Thermodynamically consistent Flux Expressions

The Onsager Ansatz relates all general forces within the system ∇µ̃el
α = ∇µ̃α +F z̃α ∇φE to
the N − 1 independent particle fluxes Nα . It guarantees that entropy production is positive
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which means that the theory below satisfies the second law of thermodynamics, see Ref.1









N2
..
.
NN







 = −





Γ22 . . . Γ2N
.. . .
.
.
ΓN 2

ΓN N








∇µ̃el
2
..
.
∇µ̃el
N





.



(SI-11)

Below, the Onsager matrix Γ and its coefficients Γαβ are also referred to as mobility matrix
and mobility coefficients. Note that these fluxes are relative to the center-of-mass velocity.
Therefore, only N − 1 individual fluxes exist and N1 can be obtained from eq. (SI-3). The
mobility matrix comprises all transport processes and its entries determine the corresponding
transport parameters. Considering its symmetry, (N − 1)(N − 2)/2 transport parameters
need to be defined. Inserting ∇µ̃el
α and stating each flux expressions individually leads to
Nα = −

N
X
β=2

J = −F

Γαβ ∇µ̃β − F

N
X

α,β=2

N
X
β=2

z̃β Γαβ ∇φE , and

z̃α Γαβ ∇µ̃α − F 2

N
X

α,β=2

(SI-12a)

z̃α z̃β Γαβ ∇φE .

(SI-12b)

The expression for the charge flux relative to the center-of-mass velocity is obtained by
summing all N − 1 independent fluxes weighted with the effective charge numbers z̃α , see
eq. (SI-4a). By comparison with the canonical form of the electric current in ionic systems we
can then identify transport parameters commonly used in literature such as the conductivity
κ as well as the transference numbers tα (α ≥ 2)
κ=F

2

N
X

z̃α z̃β Γαβ ,

(SI-13a)

α,β=2

tα =

N
F2 X
z̃α z̃β Γαβ .
κ β=2

There are N − 2 independent transference numbers as

(SI-13b)
PN

α=2 tα

= 1. These transference

numbers describe fluxes relative to the center-of-mass velocity, they are not applicable in
different reference systems. They also depend on the specific choice of species “1” because
this choice affects the effective charge numbers z̃α . With these expressions the equations
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above become
Nα = −

N
X
β=2

Γαβ ∇µ̃β −

tα κ
∇φE ,
z̃α F

N
κ X tα
∇µ̃α − κ∇φE .
J =−
F α=2 z̃α

(SI-14a)

(SI-14b)

Rearranging eq. (SI-14b) for the potential and eliminating the former in eq. (SI-14a) results
in another, frequently used form of the flux expression

Nα = −

N 
X
β=2

tα tβ κ
Γαβ −
zα zβ F 2



∇µ̃β +

tα J
,
zα F

(SI-15)

which motivates the introduction of the shifted mobility matrix Γ̃ with the coefficients
Γ̃αβ = Γαβ −

tα tβ κ
.
zα zβ F 2

(SI-16)

The shifted mobility coefficients Γαβ are not independent which becomes obvious when
calculating their weighted sum
N
X

z̃β Γ̃αβ = 0

Γ̃α2 = −

=⇒

β=2

N
1 X
z̃β Γ̃αβ .
z̃2 β=3

(SI-17)

This can be used to simplify the flux expression eq. (SI-15) for all species α ≥ 3


z̃β
tα J
Nα = −
Γ̃αβ ∇ µ̃β − µ̃2 +
z̃2
z̃α F
β=3
N
X

=−

N
X

˜α + tα J .
Γ̃αβ ∇µ̃
z̃α F
β=3

(SI-18)

Here, the “effective” effective chemical potential of the salt has been introduced as
˜α = µ̃α − z̃α µ̃2 .
µ̃
z̃2

(SI-19)

Now, the electric current, see eq. (SI-14b), is expressed with these quantities. Directly
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˜α and running the sum from 3 instead of 2 results in
exchanging µ̃α with µ̃
N
N
N
X
X
X
tα ˜
tα
tα
∇µ̃α =
∇µ̃α −
∇µ̃2
z̃
z̃
z̃
α
α
2
α=3
α=3
α=3

=
=

N
X
tα
1 − t2
∇µ̃α −
∇µ̃2
z̃
z̃
α
2
α=3

N
X
tα
∇µ̃2
∇µ̃α −
.
z̃
z̃
α
2
α=2

(SI-20)

This substitution results in an extra term which is now absorbed in the electrochemical
potential defined as
ϕ̃ = φE +

µ̃2
.
z̃2 F

(SI-21)

Then, the final expression for the electric current reads
N
κ X tα ˜
J =−
∇µ̃α − κ∇ϕ̃.
F α=3 z̃α

(SI-22)

To conclude, to describe the temporal evolution of a mixture of N species, N − 1 mass
balance equations need to be solved, see eq. (6). These mass balance equations can be
written for an arbitrary subset of concentrations cα and the charge density %. There are
only N − 1 independent fluxes relative to the center-of-mass velocity. They are driven by

˜α and the electrochemical potential ϕ̃. To
N − 2 effective effective chemical potentials µ̃
transform these fluxes into the resting frame, one additional equation (constraint) needs to
be considered to find the convective velocity. We assume incompressibility and determine
the convection velocity by eq. (SI-6). In non-neutral systems the Poisson equation can be
used to relate the potential to the concentration distribution. This is not necessary in neutral
systems where the assumption of electroneutrality implies % = 0, reducing the number of
independent concentrations by one. Then, the potential can be calculated with eq. (SI-22)
or eq. (SI-14b).
Most flux expressions derived above will be used in mass-balance equations where concentrations are used as primary variables. It is therefore desirable to express all fluxes with
concentration gradients instead of chemical potential gradients. Expanding the following
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expression
N
X
β=2

Γαβ ∇µ̃β =

N X
N
X

Γαβ

β=2 γ=2

∂ µ̃β
∇cγ
∂cγ

yields

Dαβ =

N
X

Γαγ

∂ µ̃γ
,
∂cβ

D = ΓJµ̃ ,

(SI-23a)

Γ̃αγ

∂ µ̃γ
.
∂cβ

D̃ = Γ̃Jµ̃ ,

(SI-23b)

γ=2

D̃αβ =

N
X
γ=2

Here, the diffusion matrix is expressed element wise in sum notation on the left and in matrix
notation on the right. Jµ̃ is the Jacobi matrix of µ̃α with respect to cα (α = 2, . . . , N ). With
this, the particle flux expressions become

Nα = −
Nα = −

N
X
β=2

N
X
β=2

Dαβ ∇cα −

tα κ
∇φE ,
zα F

(SI-24a)

D̃αβ ∇cα +

tα J
,
zα F

(SI-24b)

for all α ≥ 2. Both D and D̃ are N − 1 × N − 1 matrices. In addition, the effective shifted

˜α is only defined
diffusion matrix is introduced which is a N − 2 × N − 2 matrix because µ̃

for α ≥ 3
N
X
˜γ
∂ µ̃
˜
D̃αβ =
.
Γαγ
∂cβ
γ=3

SI-2.

˜ = Γ̃J .
D̃
˜
µ̃

(SI-25)

LINEARISATION

Any perturbation applied to the system is small and the deviation from the equilibrium
state is denoted as
δcα (x, t) = cα (t, x) − cα,0 ,

(SI-26a)

δφE (t, x) = φE (t, x) − φE,0 .

(SI-26b)
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Here, the reference concentration and potential in the electrolyte are constant in space and
time. Next, we linearise the flux expression relative to the center-of-mass velocity. To this
aim the perturbation variables are inserted into the flux expression given by eq. (SI-24a).
Then all parameters with a concentration dependence (Dαβ , tα , and κ) are approximated
with a first order series expansion in cα
Nα = −
=−
=−

N
X
β=2

N
X
β=2

N
X
β=2

Dαβ ∇cβ +

tα κ
∇φE
zα F

Dαβ ∇δcβ +

tα κ
∇δφE
zα F

Dαβ,lin ∇δcβ +


tα,lin κlin
∇δφE + O δ 2 .
zα F

(SI-27)

Here, δ 2 comprises all quadratic combinations of perturbation variables (δc1 , δc1 δc2 , δc22 ,
etc.) and the first order approximation of the quantity ξ is given by

ξlin

N
X
∂ξ
= ξ (c1,0 , . . . , cN,0 ) +
|
{z
} β=1 ∂cβ
ξ0

cα =cα,0


· δcβ + O δ 2 .

(SI-28)

In the first order approximation of eq. (SI-27) all terms of higher order in the deviation
variables can be omitted. Only first order terms in perturbation variables remain

Nα,lin = −

N
X
β=2

Dαβ,0 ∇δcβ +

tα,0 κ0
∇δφE .
zα F

(SI-29)

It can be seen that concentration dependence of the transport parameters disappears in the
linearised flux expression. Furthermore, all former variables are now replaced with their
corresponding perturbation variable. The linearised flux expression consists of first order
terms in deviation variables only. Naturally, there is no zero order term because the reference
state is in equilibrium. Next, the expression for the convection velocity (derived from the
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assumption of incompressibility see eq. (SI-6)) is linearised as well

∇v = −
=−
=⇒ (∇v)lin = −

N
X

α=2
N
X
α=2

N
X
α=2

ν̃α ∇Nα
ν̃α,lin ∇Nα,lin + O δ 2



ν̃α,0 ∇Nα,lin .

(SI-30)

Note that the production term s is omitted because only interface reactions are considered.
The concentration dependence of ν̃α is omitted because Nα,lin has no zero-order terms as
ascertained above (flux free reference state). Integration then yields the first order approximation of the convection velocity

vlin = −
=−

N
X

α=2
N
X

ν̃α,0 (Nα,lin − Nα,lin (xI )) + v (xI ) ,
ν̃α,0 Nα,lin + voff

(SI-31)

α=2

where xI is the location of an interface and v (xI ) is the center-of-mass velocity caused by
P
reactions (particle sources) at the interface. The offset velocity voff = N
α=2 ν̃α,0 Nα,lin (xI ) +
v (xI ) comprises all terms in the flux expression that can be attributed to the interface

reaction. These contributions are constant in space such that ∇ · voff = 0. Using the
linearised expression for v and Nα the linearised fluxes in the resting frame become
N∗α,lin = Nα,lin + cα,0 vlin
=

N
X
β=2

(δαβ − cα,0 ν̃β,0 ) Nβ,lin + cα,0 voff ,

(SI-32)

where δαβ is the Kronecker delta. This linear relation between the fluxes relative to the
center-of-mass velocity and the fluxes in the resting frame can be written in matrix form.
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To this aim, we condense concentrations and fluxes into vectors







N∗2,lin
..
.
N∗N,lin







 

 

 = I − 

 
 

|

c2,0 ν̃2,0 . . . c2,0 ν̃N,0
..
..
...
.
.
cN,0 ν̃2,0 . . . cN,0 ν̃N,0
{z
C

 
 
 
 
 
 
}

N2,lin
..
.
NN,lin





 + ~c0 voff .



(SI-33)

Here, I is the identity matrix. Vector quantities ξ~ contain the elements ξ2 , . . . , ξN . Below,
C is referred to as the convection-correction matrix. It can be written as
C = I − ~c0~ν̃0T ,

(SI-34)

where the ~c0 and ~ν̃0 are vectors with the entries cα,0 and ν̃α,0 , α = 2, . . . , N . We use
Sylvester’s determinant theorem to calculate the determinant of this matrix (first step)
det C = 1 − ~ν̃0T ~c0 = 1 −
=1−

N
X
α=2

"

cα,0



N
X

cα,0 ν̃α,0

α=2

Mα
να,0 −
ν1,0
M1



N
X
1
Mα cα,0 ν1,0
M1 c1,0 ν1,0 +
=
M1
α=2
ν1,0
ρ0
=
ρ0 =
.
M1
ρ̃1,0

We use the definition of ν̃α in the second line and ρ =

PN

α=1

#
(SI-35)

Mα cα in the third line. It can

be seen that the determinant can be reduced to the ratio of two densities. This means that
the determinant is nonzero and that C can be inverted. Here ρ0 is the mass density of the
mixture in the reference state. In contrast, ρ̃1,0 is the extrapolated density of species 1. This
quantity must be calculated from the partial molar volume of this species in the reference
state ρ̃1,0 =

M1
.
ν1,0

Using the the matrix form of the fluxes relative to the center-of-mass velocity and transS12
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forming them into the resting frame with eq. (SI-33) results in
~ + C T~ κ ∇δφE + ~c0 voff ,
N~∗ = CD∇δc
F
κ
~ + T~∗ ∇δφE + ~c0 voff ,
= D ∗ ∇δc
F
where T~α =

tα
z̃α

and T~∗ α =

t∗α
z̃α

(SI-36)

(α = 2, . . . , N ). It can be seen that the flux expression in the

resting frame has the exact same form as the one for fluxes relative to the center-of-mass
velocity. These expressions only differ in the “offset flux” voff and the fact that a modified set
of transport parameters are used. Note that only the entries of the diffusion matrix and the
transference numbers need to be transformed whereas the conductivity remains the same in
both frames
D ∗ = CD,

(SI-37a)

T~ ∗ = C T~ .

(SI-37b)

If all species α ≥ 2 have non zero z̃α , eq. (SI-37b) can be rewritten to relate the transference
numbers in both frames directly


 

z̃2−1

0  
 z̃2
 

..
C
t~∗ = 
.
 

 

0
z̃N
0

..

.



0 

 ~t



(SI-38)

z̃N−1

These equations relate the transport parameters which describe fluxes relative to the centerof-mass velocity with the ones used in the resting frame flux expression. They can be
inverted because C has a non-zero determinant. Note that this set of resting frame transport
parameters is a result of the first order approximation around a reference state which is in
thermodynamic equilibrium. Therefore, these parameters can only be used in this very
context. They can not be used to write down the fluxes in the resting frame if this condition
is not met.
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SI-3.

BINARY ELECTROLYTE

The binary electrolyte consists of a charge neutral solvent species (labelled N) as well as
cations M and anions A (labelled + and −). Considering section SI-1, the former numeric
labels are now assigned as 1 → N , 2 → +, and 3 → −. Cations and anions are added to
the solution by adding a salt which is fully dissociated in the solvent
Mn+ An− −→ n+ Mz+ + n− Az− .

(SI-39)

The stoichiometric coefficients and the charge numbers satisfy
n+ z+ + n− z− = 0.

(SI-40)

With the framework derived in section SI-1 the solvent species is eliminated by describing
the fluxes relative to the center-of-mass velocity. Also, because the solvent species is neutral,
the effective charge numbers equal the original ones z̃α = zα , see eq. (SI-4a).
In the flux expressions derived in section SI-1, all transport parameters appear together
with entries of the mobility matrix Γ. However, the entries of the mobility matrix are
directly related to the common, more accessible parameters with eqs. (SI-13a) and (SI-13b).
In the case of a binary electrolyte, these equations read

2
2
κ = F 2 z+
Γ++ + 2z+ z− Γ+− + z−
Γ−− ,

2
t+ κ = F 2 z+
Γ++ + z+ z− Γ+− .

(SI-41a)
(SI-41b)

One goal of this section is to invert these relations to express the Onsager matrix Γ as
a function of common transport parameters. To this aim, a third equation is needed to
link the final common transport parameter to the mobility coefficients. The parameter in
question is the salt diffusion coefficient Dsalt . This parameter describes a collective diffusive
motion of cations and anions on “large” scales. On these scales both ionic species cannot
diffuse independently as this would cause charge separation. Therefore, salt diffusion is a
charge-neutral process and electroneutrality is assumed to derive this final equation. This
implies that the charge density % = F (z+ c+ + z− c− ) is zero which directly relates both ionic
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concentrations and their gradients, motivating the introduction of the salt concentration
csalt =

c−
c+
=
.
n+
n−

(SI-42)

To find the missing equation, we need to express the gradient of the “effective-effective”˜− . With eq. (SI-40) as well as the definition of µ̃
˜− , eq. (SI-19) it follows
chemical potential µ̃
that
˜− = µ̃− − z− µ̃+ = µ̃− + n+ µ̃+ ,
µ̃
z+
n−

(SI-43)

which is true because z̃α = zα . This motivates the introduction of µ̃salt , the effective chemical
potential of the salt
µ̃salt =

˜−
n− µ̃
n+ µ̃+ + n− µ̃−
=
n+ + n−
n+ + n−
n+ µ+ + n− µ− n+ M+ + n− M−
=
−
µN .
n+ + n−
(n+ + n− ) MN
{z
}
|

(SI-44)

µsalt

Note that µ̃salt contains weighted contributions from the solvent chemical potential. These
originate from the description relative to the center-of-mass velocity. It must not be confused
with µsalt which only takes potential contributions of the ionic species into account. We use
the Gibbs-Duhem relation to express the chemical potential of the solvent
X

cα dµα =

α=N,±

S
dT + dP.
V

(SI-45)

Here, S is entropy and V is the volume of the system. dT and dP are temperature and
pressure change which are zero because we assume constant temperature and pressure. This
results in
cN dµN = − (c+ dµ+ + c− dµ− ) = −csalt (n+ dµ+ + n− dµ− )
= −csalt (n+ + n− ) dµsalt .

(SI-46)

S15

189

Reproduced with permission from reference [175], Copyright (2020) American Chemical Society.

Considering this in the differential version of eq. (SI-44) gives
dµ̃salt
cN MN + c+ M+ + c− M− dµsalt
ρ dµsalt
=
=
.
dcsalt
cN MN
dcsalt
ρN dcsalt
The factor

ρ
ρN

(SI-47)

is larger than one and becomes one if the weight percentage of the salt is

small, which corresponds to the dilute limit.

A.

Chemical Potentials

Generally, each chemical potential is a function of temperature, pressure, and the three
concentrations µα = µα (T, P, cN , c+ , c− ). Both, temperature and pressure are assumed to be
constant in this work. This leaves three concentrations, two of which are independent due
to the volume constraint eq. (SI-5). Electroneutrality is another constraint in experiments
because non-neutral solutions cannot be created. Therefore, one can only measure how the
chemical potentials depend on the salt concentration. Electroneutrality is a good approximation within the bulk solution. However, the theory developed here also describes the
electrolyte near interfaces where charged double-layers violate charge neutrality. For this
reason, the following concentration dependence of the chemical potentials is assumed
µ± = RT ln



f ± c±
c±,0



.

(SI-48)

Here, fα is the activity coefficient of the species α which depends on cα only. The experimentally available activity coefficient of the salt mixture is linked to the activity coefficient
of each ionic species
n +n−

+
fsalt

n

n

= f++ f−− .

(SI-49)

This is consistent with the definition of µsalt in eq. (SI-44). The thermodynamic factor of
the salt is defined as Fsalt = 1 +

d ln fsalt
d ln csalt

and is linked to the thermodynamic factor of the

individual ions. We use the definition of µsalt and fsalt in eqs. (SI-44) and (SI-49) which
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results in
Fsalt =

n+ F+ + n− F−
.
n+ + n−

(SI-50)

Next, the dimensionless parameter 0 < γ < 1 is introduced. It describes an asymmetry in
the contribution of the individual ions to the thermodynamic factor of the salt
n+ + n−
Fsalt ,
n+
n+ + n−
Fsalt .
F− = (1 − γ) ·
n−

F+ = γ ·

(SI-51a)
(SI-51b)

Considering the definition of csalt and µα , see eqs. (SI-42) and (SI-48), as well of the simple
concentration dependence of fα then results in
∂µ+
n+ + n− dµsalt
=γ·
,
∂c+
n2+
dcsalt
∂µ−
n+ + n− dµsalt
= (1 − γ) ·
.
∂c−
n2−
dcsalt

(SI-52a)
(SI-52b)

Next, we calculate the Jacobi matrix of the effective potentials µ̃α . This quantity is
needed to find the diffusion matrix D which is used in eqs. (SI-24a) and (SI-24b). Again,
the Gibbs-Duhem relation at constant temperature and pressure is used to express partial
derivatives of µN , see eq. (SI-46). We then obtain the Jacobi matrix of µ̃α with respect to
cα


 1+
Jµ̃ = 

ρ+
ρN



∂µ+
∂c+

M− c+ ∂µ+
ρN ∂c+



M+ c− ∂µ−
ρN ∂c−

1+

ρ−
ρN



∂µ−
∂c−




.

(SI-53)

We can rewrite this matrix if it is evaluated at an electroneutral configuration. Then, the
salt concentration csalt is well defined such that

Jµ̃ =

n+ + n− dµsalt
n+ n− dcsalt

 


ρ+
n−
ρ+
(1 − γ) ρN
 γ 1 + ρN n +


.


ρ−
ρ−
n+
γ ρN
(1 − γ) 1 + ρN n−

(SI-54)
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In this case, the determinant of this matrix becomes


2 
2
dµsalt
ρ
det Jµ̃ = γ (1 − γ) ·
·
dcsalt
ρN
2

dµsalt dµ̃salt
n+ + n−
·
.
= γ (1 − γ) ·
n+ n−
dcsalt dcsalt

B.

n+ + n−
n+ n−

(SI-55)

Salt Diffusion Coefficient

Equation (SI-18) is used to express the anion flux with the assumption of a neutral
concentration distribution
˜− +
N− = −Γ̃−− ∇µ̃

t− J
z− F

n+ + n−
t− J
∇µ̃salt +
n−
z− F
t− J
n+ + n− dµ̃salt
.
= −Γ̃−−
∇c− +
2
n−
dcsalt
z− F
= −Γ̃−−

(SI-56)

Comparison to the canonical flux expression reveals that the diffusion coefficient Dsalt is
− dµ̃salt
. Note that this parameter is only well defined for fluxes relative to
equal to Γ̃−− n+n+n
2
dcsalt
−

the center-of-mass velocity. With the definition of the shifted mobility coefficient Γ̃−− as
well as eq. (SI-41) the shifted mobility coefficient can be rewritten

t− t− κ
F2  κ
2
=
Γ
−
(z
Γ
+
z
Γ
)
−−
−
−−
+
+−
z− z− F 2
κ F2


2
2
z+
Γ++ + 2z+ z− Γ+− + z−
Γ−− Γ−− − (z− Γ−− + z+ Γ+− )2

Γ̃−− = Γ−− −

F2
κ
2 2
 z2 F 2
z+
F
=
Γ++ Γ−− − Γ2+− = + det Γ.
κ
κ

=

(SI-57)

Then, the equation which links the salt diffusion coefficient and the mobility coefficients Γαβ
becomes
2 2
z+
F n+ + n− dµ̃salt
det Γ
κ
n2−
dcsalt
z+ z− F 2 n+ + n− ρ dµsalt
=−
det Γ.
κ
n+ n− ρN dcsalt

Dsalt =
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Here, the second transformation is done to show that the final expression for Dsalt is symmetric in n± and z± . With eqs. (SI-41) and (SI-58) there are three equations to couple
Dsalt , κ and t+ to the three mobility coefficients. Inverting these equations results in
Γαβ = Dsalt

z+ z− n+ n− ρN
zα zβ n+ + n− ρ

Γ̃αβ = Dsalt

z+ z− n+ n− ρN
zα zβ n+ + n− ρ




dµsalt
dcsalt
dµsalt
dcsalt

−1
−1

+

tα tβ κ
,
zα zβ F 2

.

(SI-59a)
(SI-59b)

After calculating the the mobility matrix we can express the diffusion matrix D = ΓJµ̃ with
the Jacobi matrix given by eq. (SI-55) .

C.

Flux Expressions

Transcribing the flux expressions derived in section SI-1 to the binary electrolyte is
straight forward. The binary electrolyte has N = 3 species which are assigned as 1 → N,
2 → +, and 3 → −. Then, eqs. (SI-18), (SI-22) and (SI-24a) become
Nα = −

X

β=±

Dαβ ∇cβ −

tα κ
∇φE ,
z̃α F

˜− + t− J ,
N− = −Γ̃−− ∇µ̃
z− F
κ t− ˜
J =−
∇µ̃− − κ∇ϕ̃,
F z−

α=±

(SI-60a)
(SI-60b)
(SI-60c)

where the effective electrochemical potential is defined as
ϕ̃ = φE +

µ̃+
.
z+ F

(SI-61)

Next, eqs. (SI-60b) and (SI-60c) are rewritten with the assumption of electroneutrality, i.e.
˜− .
z+ c+ + z− c− = 0. The chemical potentials defined in section SI-3 A are used to express ∇µ̃
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This results in
t− J
,
z− F
κ t− n+ + n− dµ̃salt
∇c− − κ∇ϕ̃.
J =
F z+ n+ n− dcsalt
| {z }

N− = −Dsalt ∇c− +

(SI-62a)
(SI-62b)

N

D.

Linearisation

Applying the linearisation to the binary electrolyte is straight forward. The convection
correction matrix reads




 1 − c+,0 ν̃+ −c+,0 ν̃− 
C=
,
−c−,0 ν̃+ 1 − c−,0 ν̃−

(SI-63)

so that the convection corrected transport coefficients become
∗
Dsalt
=

ρ0
Dsalt ,
ρ̃N,0

D ∗ = CD

(SI-64a)
(SI-64b)

t∗+ = (1 − c+,0 ν̃+,0 ) t+ + c−,0 ν̃−,0 t− ,

(SI-64c)

t∗− = c+,0 ν̃+,0 t+ + (1 − c−,0 ν̃−,0 ) t− .

(SI-64d)

To obtain the salt diffusion coefficient in the resting frame, we replace Γ with Γ∗ = CΓ
in eq. (SI-58). Considering that det CΓ = det C · det Γ then gives the result above we use

eq. (SI-35). Note that the density of the complete solution ρ is an easily measured quantity
which is not true for ρ̃N . As described in section SI-2, this quantity does not equal the
density of the pure solvent and must be calculated with νN , partial molar volume of the
solvent. Note that the convection corrected transference numbers satisfy t∗+ + t∗− = 1.
The flux boundary condition is derived in section SI-1 B, see eq. (SI-10). Its linearised
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form for the binary electrolyte reads




j∗

I
α = +,
cα,0 ρ+,0 jI∗
z+ F
∗
=
Nα,lin (xI ) = Nα,lin +

c+,0 ρ0 z+ F
0
α = −.

(SI-65)

The only difference is that concentrations and densities are replaced with the constant values
which define the reference state (cα,0 , and ρ+,0 ).

SI-4.

IMPEDANCE: ELECTRONEUTRAL SYSTEM WITH SEI

We use eq. (30) to determine the three coefficients C, Ĉ + , and Ĉ − . This calculation is
performed with analytical tools resulting in





ε ikL0  2ik̂L0
ρ+
2ik̂L
ik̂(L0 +L)
C = k̂e
e
+e
,
t− − t̂− − 2k̂e
t̂− −
τ
ρ

ε

0
0
k̂ t− − t̂−
Ĉ + =eik̂L e2ikL − 1
τ




ε
ε 
ρ+
ik̂L
2ik̂L
k + k̂
t̂− −
,
−e
k − k̂ + e
τ
τ
ρ


ε

0
−
ik̂L0 +L
Ĉ =e
k̂ t− − t̂−
eik̂L e2ikL − 1
τ



ρ+ 
ε
i(k+k̂)L0
0
0
− 2e
t− −
k cos kL − i k̂ sin kL
.
ρ
τ

SI-5.

A.

(SI-66a)

(SI-66b)

(SI-66c)

APPENDIX: GENERAL IMPEDANCE

Dispersion Relation

The relation between the “wave-numbers” kα and the frequency ω = 2πf is called dispersion relation. We now determine this relation by calculating the eigenvectors ~ηα and
eigenvalues λα of the matrix Aω = D ∗ −1 (T + iωI). For the binary system, these matrices
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read

D ∗ −1 =

T ∗ + iωI =



1 

det D ∗


1 

E0 ER

∗
D++

∗
D+−

∗
D−+

∗
D−−

κt∗+

+ iωE0 ER

−κt∗− n− /n+




 , and

−κt∗+ n+ /n−

κt∗−

+ iωE0 ER

(SI-67a)



,

(SI-67b)

∗
∗
∗
∗
where, det D ∗ = D++
D−−
− D+−
D−+
. Determining ~ηα and λα is a lengthy calculation

which is performed with computational tools (Mathematica). We scale the eigenvectors of
A so that their second entry equals 1, i.e., ~ηα = (ηα , 1)T . Both, the eigenvalues and the
eigenvectors are large expressions. However, they satisfy the following relations
Ak = λ1 · λ2 =

iω (iωE0 ER + κ)
,
E0 ER det D ∗

(SI-68a)

Bk = λ1 + λ2


∗
∗
D++
+ D−−
iωE0 ER n+ n− +

∗
∗
∗
∗
∗
κ D++ t− n+ n− + D+−
t∗− n2− + D−+
t∗+ n2+ + D−−
t∗+ n+ n−
=
E0 ER n+ n− det D ∗

∗
∗
∗
D++
+ D−−
iωE0 ER + κDsalt
=
,
E0 ER det D ∗

(SI-68b)

and
A η = η1 · η2 = −

∗
∗
n2+
n+ n− + κt+ D−−
(iωE0 ER + κt− ) D+−
,
∗
∗
(iωE0 ER + κt+ ) D−+
n+ n− + κt− D++
n2−

(SI-69a)

Bη = η1 + η2


∗
∗
D++
− D−−
iωE0 ER n+ n− +

∗
∗
∗
∗
κ D++
t∗− n+ n− − D+−
t∗− n2− + D−+
t∗+ n2+ − D−−
t∗+ n+ n−
=
.
∗
∗
(iωE0 ER + κt∗+ ) D−+
n+ n− − κD++
t∗− n2−

(SI-69b)

Using these quantities k1,2 and η1,2 can be expressed as such

k1,2
η1,2

s

r
Bk
Bk2
±
− Ak ,
= −
2
4
r
Bη2
Bη
=
±
− Aη .
2
4
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These expressions are used to calculate kα and ηα . Note that they cannot be used to match
the eigenvalues to their corresponding eigenvectors correctly because the sign of the square
root cannot be assigned without ambiguity. This also applies to eq. (SI-70a) where the outer
square-root only determines kα with respect to the sign. Below, this sign is chosen such that
imag kα is negative.

B.

Double-Layer Thickness and Interface Capacity

An essential result of the non-neutral model is the so called dispersion relation given
by eq. (SI-70a). This expression describes two characteristic length scales of first order
perturbations at a given frequency. We discuss these length scales in the low frequency or
stationary limit in section 3.2.2. In this limit, one length scale diverges whereas the other
one attains a constant value. It is given by
λDL = lim ik1 −1
ω→0

=

s

−

p
p
= i −Bk (ω = 0)−1 = Bk (ω = 0)−1 =

E0 ER RT N Fsalt
·
· γ (1 − γ).
z+ z− F 2
csalt

s

E0 ER det D ∗
∗
κ Dsalt
(SI-71)

∗
In the last step, we use D ∗ = CΓJµ̃ and Dsalt
= det CDsalt . Furthermore, we use eq. (SI-58)

to relate det Γ with Dsalt as well as eq. (SI-55) to express the determinant of the Jacobi
matrix. λDL characterizes the spatial extend of charged interface layers. Its dependence on
γ and the anion valence z− is illustrated in fig. SI-1 . It is a physical property that affects
measurable quantities such as the double-layer capacity CDL . We find the charge stored
within the diffuse layer by integrating the charge density. For the interface at x = L we
approximate this quantity with
QDL = λD F (η1,H z+ + z− ) CH+ ,

(SI-72)

by considering λDL  L. At the same time, the potential drop across the diffuse layer is
well approximated by
ΦDL = F Π1 CH+ = F

z+ η1 + z− 2 +
λDL CH ,
E0 ER

(SI-73)
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FIG. SI-1. Comparison between the double layer thickness λDL derived in this theory and the
Debye length λD . Both quantities have a similar parameter dependence, however, λDL additionally
depends on γ, see eq. (SI-51a).

because λDL  k2 −1 . Then, the interface capacity is equal to
CI =

QDL
E0 ER
=
.
ΦDL
λDL

(SI-74)

This expression resembles the interface capacity given by the Debye theory, motivating a
comparison between λDL and the Debye-screening length λD . In a binary electrolyte, λD is
given by
λD =

The factor

r

E0 ER kB T
2
2 −1
(c+ z+
+ c− z−
) =
2
NA e

r

E0 ER RT
2
2 −1
(n+ z+
+ n− z−
) .
2
F csalt

(SI-75)

q
−2 scales both quantities equally. However, the expressions differ
E0 ER RT c−1
salt F

in the way they depend on the stoichiometry and valence of the salt. The exclusive appearance of Fsalt as well as γ in eq. (SI-71) can be explained by the fact that the Debye theory is
derived for a dilute and ideal solution of ions. This situation can be replicated in the theory
derived here. Using ideal thermodynamic coefficients Fsalt = F+ = F− = 1, see eq. (SI-51a),
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results in an expression for γ
γideal =

n+
.
n+ + n−

(SI-76)

Both, λDL and λD align if this value is chosen for γ and Fsalt is equal to 1. This is also true
if γ = γnon−ideal =

n−
n+ +n−

although this no longer corresponds an ideal situation. This is

illustrated in fig. SI-1.

To conclude, in terms of charged interface layers this theory aligns with the Debye-Hückel
theory if ideal behaviour of all ionic species is assumed. This is surprising because the Debyelength is obtained by solving the (linearised) Poisson-Boltzmann equation. Therefore, the
Boltzmann distribution is an essential part of the conventional derivation. In contrast, the
derivation of λDL is solely based on a set of thermodynamic consistent flux expressions,
chemical potentials and the Poisson equation. The Boltzmann distribution is not used
directly. However, an equivalent expression can be identified within the derivation. Note
that λDL is derived for in the stationary limit of a flux free reference state. This implies
∇µ̃el
α = ∇ (µ̃α + z̃α F φE ) = 0,

(SI-77)

if we consider the original flux expressions given by eq. (SI-11) Neglecting the solvent such

that µ̃α = µα = ln fα cα c−1
α,0 then results in a link between the concentrations cα and the
potential φE

ln (fα cα ) ∝ −

z̃α F φE
,
RT

or

fα cα ∝ e−

z̃α F φE
RT

.

(SI-78)

The right hand side is equivalent to the Boltzmann distribution. In the Debye-Hückel
theory, the exponential in this expression is linearised and the potential is expressed with
the Poisson equation. This results in a second order differential equation where λD emerges
as a characteristic length. In this theory, linearisation is applied to the logarithm in the
equivalent expression on the left hand side. Both theories use the Poisson equation to
eliminate the electric field and are therefore equivalent for ideal systems.
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C.

Non-Neutral System without SEI

~ = (C1 , C2 , Φ0 )T with respect
The matrix equation eq. (64) defines the coefficient vector C
to its amplitude. The solution below is calculated with computational tools (Mathematica)



ρ+
∂µ+
η2 sin k2 L t− −
+ cos k2 LF 2 Rz+ (t+ z− Ω−2 − t− z+ Ω+2 ) ,
C1 = − i
∂c+
ρ




ρ+
2
C2 =F z+ −iΠ1 sin k1 L t− −
+ cos k1 LR (t− z+ Ω+1 − t+ z− Ω−1 ) ,
ρ




ρ+
ρ+
0
2
− 1 + z+ Ω+2
Φ = − 2i cos k2 LF Π1 sin k1 Lz+ z− Ω−2
ρ
ρ
2
+ 2i cos k2 LF 2 det ΩRz− z+




∂µ+
ρ+
ρ+
η1 sin k2 L z− Ω−1 1 −
+ 2i
− z+ Ω+1
.
∂c+
ρ
ρ

(SI-79a)
(SI-79b)

(SI-79c)

Note that the amplitude of the coefficient vector is not determined. However, this amplitude
cancels out when calculating the impedance Z. We obtain the follwing expression when we
calculate the impdance with eq. (1)
Z=

A
,
B

(SI-80)

where A and B are equal to

A =L cos k2 LF 2 Π1 sin k1 Lz+ (Ω−2 (−ρ + ρ+ )z− + Ω+2 ρ+ z+ )
2
+ cos k1 L(i cos k2 LF 2 (Ω−1 Ω+2 − Ω−2 Ω+1 )ρRz− z+


∂µ+
+
η2 sin k2 L(Ω−1 (−ρ + ρ+ )z− + Ω+1 ρ+ z+ ))
∂c+


∂µ+
+κ i
η2 Π1 sin k2 L sin k1 L(ρt− − ρ+ )
∂c+

+ F 2 z+ cos k2 LΠ1 ρR sin k1 L(−Ω−2 t+ z− + Ω+2 t− z+ )
+ Π2 sin k2 L(iΠ1 sin k1 L(ρt− − ρ+ ) + cos k1 LρR(Ω−1 t+ z− − Ω+1 t− z+ )




,

(SI-81)
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B =E0 ER iω cos k2 LF 2 Π1 sin k1 Lz+ (Ω−2 (−ρ + ρ+ )z− + Ω+2 ρ+ z+ )
2
+ cos k1 L(i cos k2 LF 2 (Ω−1 Ω+2 − Ω−2 Ω+1 )ρRz− z+

∂µ+
+
η2 sin k2 L(Ω−1 (−ρ + ρ+ )z− + Ω+1 ρ+ z+ ))
∂c+


+ κ cos k2 LF 2 Π1 sin k1 Lz+ iE0 ER iωk2 Π2 (ρt− − ρ+ ) − Ω−2 ρt+ z− + Ω+2 ρt− z+

∂µ+
+ cos k1 L
η2 sin k2 L(iE0 ER iωk1 Π1 (ρt− − ρ+ ) − Ω−1 ρt+ z− + Ω+1 ρt− z+ )
∂c+


+ cos k2 LE0 ER F iωρRz+ (k1 Π1 (−Ω−2 t+ z− + Ω+2 t− z+ ) + k2 Π2 (Ω−1 t+ z− − Ω+1 t− z+ )) .
2

(SI-82)
D.

Non-Neutral System with SEI

Below, we state the matrix S for the non-neutral system with SEI. This is a 8x9 matrix

where the first six lines correspond to the six continuity constraints at x = L0 listed in the

main document. These equations are ordered from top to bottom c+ , c− , Φ, ∂x Φ, N+ , and,
N− . They are followed by the constraint for the flux boundary conditions for N+ and N− at
x = L.

S27

201

0

0

0

0

S28

−η1 sin k1 L0
−η2 sin k2 L0
0
η̂1 eik1 L
η̂1 e−ik1 L
η̂2 eik2 L
η̂2 e−ik2 L
0

0
0
0
0
0
0
ik
L
−ik
L
ik
L
−ik
L
1
1
2
2

− sin k1 L
− sin k2 L
0
1e
e
e
e
0

0
0
0
0
0
0
0
ik
L
−ik
L
ik
L
−ik
L
 −Π1 sin k1 L
−Π2 sin k2 L
−L
Π̂+ e 1
Π̂+ e 1
Π̂− e 2
Π̂− e 2
L

 −E k Π cos k L0 −E k Π cos k L0 −E iÊ k̂ Π̂ eik1 L0 −iÊ k̂ Π̂ e−ik1 L0 iÊ k̂ Π̂ eik2 L0 −iÊ k̂ Π̂ e−ik2 L0 Ê
 R 1 1
1
R 2 2
2
R
R 1 +
R 1 +
R 2 −
R 2 −
R
S=
t+ κ
t̂+ κ̂
0
ik1 L0
−ik1 L0
ik2 L0
−ik2 L0
 Ω+1 cos k1 L0
Ω+2 cos k2 L
−Ω̂+1 e
Ω̂+1 e
−Ω̂+2 e
Ω̂+2 e
− z+ F
z+ F

 Ω cos k L0
t− κ
0
ik1 L0
−ik1 L0
ik2 L0
−ik2 L0
Ω−2 cos k2 L
−Ω̂−1 e
Ω̂−1 e
−Ω̂−2 e
Ω̂−2 e
− zt̂−−Fκ̂

−1
1
z− F


0
0
0
−Ω̂+1 eik1 L
Ω̂+1 e−ik1 L
−Ω̂+2 eik2 L
Ω̂+2 e−ik2 L
− zt̂++Fκ̂

0
0
0
−Ω̂−1 eik1 L
Ω̂−1 e−ik1 L
−Ω̂−2 eik2 L
Ω̂−2 e−ik2 L
− zt̂−−Fκ̂


0 ...
...
0
0 ...
...
. .
 .
.
..
 .. . .
  ..

1 


0
0
0
+ 
 0 ...
...

R̃ 
.
η̂
∂µ
η̂
∂µ
+
+
2
2
ik
L
−ik
L
ik
L
−ik
L
ρ
−ρ
 ..
  0 0 0 F Π̂+ e 1 F Π̂+ e 1
e 2 z+ F e 2 0
0
0 z0+ F +,0
z+ F


ρ0
η̂
∂µ
1 ρ+,0
0 0 0 F Π̂+ eik1 L F Π̂+ e−ik1 L z2+ F+ eik2 L η̂z2+∂µF+ e−ik2 L 0
0 ... 0
0
z− F ρ 0
|
{z
}
9×8


0

0

1

0


0

0


0

0


0
.. 
.
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0
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SI-6.

INTERCALATION ELECTRODES

In this section we briefly discuss the impedance response of an intercalation electrode.
The electrode material has an equilibrium potential U (cS ) which depends on the degree of
lithiation, i.e., the solid concentration cS . We consider this in the linearised overpotential
eq. (11). Here only the first order term is used to approximate the change of the electrode
potential as the solid concentration at the electrode surface changes. We introduce
∂U =

∂U
∂cS

=
cS=cS,0

∂U
cS,max ∂SoC
1

,

(SI-84)

SoC=SoC0

to express the linearised reaction rate as follows
jI R = δφS − δϕbulk −∂U δcS .
|
{z
}

(SI-85)

ηH

Here, ηH contains all contributions to the overpotential that are considered in the main
document.

We consider a planar electrode with thickness LS . A similar calculation is performed by
Meyers et al.5 for spherical electrode particles. We shift the coordinate system such that the
interface reaction takes place at x = LS and the electrode begins at x = 0. It is assumed
that the electronic conductivity of these particles is large such that all potential gradients in
the particles are zero. The absence of electric potential gradients also implies that diffusion
is the only relevant transport process for the solid species. We therefore use the linearised
flux expression to describe transport of the intercalated species
NS,lin = −DS,0 ∇δcS .

(SI-86)

Here, DS,0 is the solid diffusion coefficient at the reference concentration cS,0 . Using this
expression in a mass-balance equation results in an ODE for cS
∂t δcS = DS ∆cS = DS

∂δcS
.
∂x

(SI-87)
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Again, we solve this equation is solved with an exponential ansatz
δcS = eiωt eiqx .

(SI-88)

Inserting the ansatz in eq. (SI-87) results in the dispersion relation
q = ± (1 − i)

r

ω
.
2DS

(SI-89)

The solution of δcS is given by a linear combination of eq. (SI-88) with both solutions ±q.
This linear combination must satisfy flux boundary conditions at x = 0 and x = LS . At
x = 0, the flux in the electrode must be zero because of the adjacent current collector. This
eliminates one coefficient and implies
δcS = eiωt · CS cos (qx) ,

(SI-90)

where CS is the remaining coefficient of the linear combination. This is the time dependent
solution of the lithium concentration in the electrode for the frequency ω. Using this solution
to express the flux at x = LS results in
NS (LS ) = eiωt · CS DS,0 q sin (qLS ) .

(SI-91)

This expression must equal the rate of the interface reaction given by eq. (SI-85) such that
CS =


−1
ηH
∂U
cos
qL
+
z
F
RD
sin
(qL
)
.
S
+
S,0
S
eiωt

(SI-92)

This is then used with eq. (SI-91) to find the reaction rate jI
jI = z+ F NS (LS ) =

R+

ηH
∂U
tan (qLS )−1
z+ F qDS,0

=

ηH
.
R̃

(SI-93)

All contributions from the oscillating concentration at the electrode surface can be included
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FIG. SI-2. The Warburg impedance of a graphite layer of varying thickness. (a) Bode Plot and (b)
∂U
complex impedance. Parameters used: cS,max = 31507 mol m−3 , ∂SoC
= −1 V, DS = 10−13 m2 /s.

in the effective interface resistance R̃
R̃ = R +

∂U
tan (qLS )−1 .
z+ F qDS,0
{z
}
|

(SI-94)

ZW

This resistance depends on the frequency via q which is given by eq. (SI-89). ZW is the
so-called Warburg impedance that increases the interface resistance at low frequencies. We
depict it in fig. SI-2. Note that this effect vanishes if ∂U is zero. Consequently, this Warburg
resistance is only encountered for intercalation electrodes.
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SI-7.

LIST OF PARAMETERS

TABLE SI-1: Parameters used for figures.
(1) n+ ν+ + n− ν− is calculated with the experimentally obtained value of the density of the salt
solution ρ0 and the value for νN . ν+ is assumed.
(2) Because of a lack of experimental data we use the molar volumes of pure solvent for the partial
molar volumes of the solvent.
(3) EC/DMC value for ER measured at 315.15 K. Both values correspond to pure solvent.
Unit

LiPF6 EC/DMC

LiTFSI

(1:1 wt.-%)

Tetraglyme

z+/−/N

-

1/ − 1/0

1/ − 1/0

n+/−

-

1/1

1/1

M+

g mol−1

6.94

6.94

M−

g mol−1

144.96

287.09

MN

g mol−1

88.06/90.08 (89.08) 222.28

Weighted average

ν+

cm3 mol−1

20.0

20.0

See caption (1)

ν−

cm3 mol−1

106.8

122.756

See caption (1)

νN

cm3 mol−1

75.937

220.896

See caption (2)

csalt,0

mol l−1

1.0

2.75

cN,0

mol l−1

13.17

2.758

Calculated with eq 29 in8

∗
Dsalt

m2 s−1

1.5 · 10−10

8.9 · 10−12

Calculated with data from8

κ

S m−1

1.168

0.1528

t+

-

0.0638

0.0258

Fsalt

-

3.47

6.2

Calculated with data from8

γ

-

0.5

0.5

Equal to γideal

ER

-

31.417

7.716

See caption (3)
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TABLE SI-2: Parameters used for impedance fit to the experimental data from Wohde et al.8
discussed in section 5 and shown in fig. 8.
Unit

Parameter Set

Comment

I

II

R

Ω cm2

95

13

ζ

-

5

0.02

t̂+

-

0.90

0.97

ÊR

-

131

347

ε

-

0.1

τ

-

3450

L̂

nm

A

cm2

25

67
Obtained from the authors of8
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