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A model for SEI-growth based on non-equilibrium
thermodynamics

Manuel Landstorfer, Christoph Pohl, Ferran Brosa Planella, Kawa Manmi

Abstract

The growth of the solid electrolyte interphase (SEI) is a dominant degradation mechanism in
lithium-ion batteries, governing capacity fade, coulombic efficiency, and long-term performance.
Despite extensive experimental investigation, quantitative understanding of SEI formation and
evolution remains limited by its nanoscale thickness, complex chemistry, and strong sensitivity to
operating conditions. Existing zero-dimensional models capture individual rate-limiting mechanisms
but typically treat the SEI as an idealized interface layer, neglecting spatially resolved transport,
solvent consumption, and dynamic interface motion.

In this work, we present a continuum-level model for SEI growth grounded in non-equilibrium
thermodynamics. The SEI is treated as a distinct thermodynamic domain and modeled as a mixed
ion–electron conductor, while the SEI–electrolyte interface is described as a moving boundary. The
framework systematically derives transport laws and reaction kinetics from electrochemical poten-
tials and interfacial free energies, ensuring thermodynamic consistency. A finite electrolyte reservoir
is explicitly included, allowing solvent depletion to emerge naturally as a limiting mechanism for
SEI growth.

The general formulation consists of coupled partial differential equations for all domains and
interfaces. Under open-circuit voltage conditions, the system reduces to a tractable set of ordinary
differential equations describing lithium concentration in the active material, solvent concentration,
and SEI thickness. Numerical simulations under charging, rest, and cycling conditions reproduce
experimentally observed features such as linear and

√
t growth regimes, voltage shifts due to

parasitic current consumption, capacity contributions from lithium stored in the SEI, and self-
discharge during rest. Two distinct termination mechanisms—active lithium depletion and solvent
exhaustion—are identified.

Overall, the proposed framework unifies multiple SEI growth mechanisms within a single
thermodynamically consistent model and provides a mechanistic basis for improved lifetime
prediction and optimization of battery formation and operating protocols.
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1 Introduction

1.1 Batteries and Their Degradation Challenges

Batteries have become a critical component in modern energy systems, with their performance and
longevity being crucial for cost-effective decarbonization of both energy grids and transport sectors.
Understanding battery degradation is particularly critical as it directly impacts the economic viability
and reliability of these applications. The development of high-capacity, durable, and fast-charging
batteries has been instrumental in driving the adoption of electric vehicles (EVs) and enabling reliable
renewable energy integration. Among various battery technologies for electric vehicles, lithium-ion
batteries (LIBs) have emerged as the dominant choice, offering superior characteristics including high
energy density (110-160 Wh/kg), excellent power density (1800 W/kg), and longer cycle life (500-1000
cycles) compared to conventional battery types [27, 17, 49, 63].

Battery degradation, defined as the progressive loss of capacity and power capability over time,
manifests through multiple observable effects including capacity fade and power fade [17, 54]. The
degradation mechanisms are particularly complex, involving three main external stress factors: tem-
perature, state of charge (SoC) and load profile [38, 33], whose relative importance varies depending
on the cell chemistry and operating conditions. These degradation effects have significant practical
implications. From a user’s perspective, capacity fade represents a reduction in the usable capacity
of the cell, while power fade reduces the deliverable power after degradation [6]. The rapid market
expansion for LIBs drives the need for improved understanding of degradation mechanisms [17, 72], as
making LIBs last longer is crucial for improving lifetime economics and reducing environmental impacts.
Understanding and accurately predicting battery degradation becomes key to increasing operational
lifetime and enabling better battery management strategies [24].

Amongst all these degradation mechanisms, the formation and growth of the solid electrolyte interphase
(SEI) represents one of the most fundamental and critical processes affecting battery life. The SEI
forms initially on the first cycle of the cell, resulting in a 10% reduction in capacity, and continues to
grow throughout the battery’s life. The SEI layer growth has been found to approximately correlate with
the square root of time, as solvent molecule diffusion slows down with increasing thickness [54, 41, 30,
41].

1.2 What is the SEI?

The solid electrolyte interphase (SEI) is a passive layer a few nanometres thick that forms instan-
taneously upon contact between the electrode and electrolyte, with its initial thickness governed by
electron-tunneling range [51]. This layer has a significant growth during the first few cycles after as-
sembling the battery, known as formation/ageing, but also continues to grow slowly throughout the
battery’s lifetime. The layer is thermodynamically unstable at both low and very high potentials versus
Li/Li+, and forms through competing and parallel solvent and salt reduction processes [64] when the
electrode potential falls below the electrochemical stability window of the electrolyte. These reduction
processes result in the deposition of various organic and inorganic decomposition products on the
electrode surface, causing the capacity and power of the battery to fade over time.

The resulting SEI exhibits a characteristic dual-layer nanostructure: a dense inorganic inner layer
composed primarily of Li2CO3, Li2O, and LiF nearest to the electrode surface, and a porous organic
outer layer consisting mainly of lithium alkyl carbonates and other polymeric compounds facing the
electrolyte. At the submicron level, this structure forms a complex mosaic where organic and inorganic
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components are intimately mixed, creating what is known as a "polyhetero microphaseärchitecture [51].
The distribution of these components is highly dependent on factors including the type of carbon
material used, electrolyte composition, and operating conditions [64]. The SEI layer serves as a crucial
protective barrier that prevents further electrolyte decomposition while selectively allowing lithium ion
transport, making it essential for long-term battery stability and performance.[40, 71, 1, 50, 5]

The SEI growth and characteristics evolve differently during formation and regular operation [17, 4].
During regular cycling, the battery experiences dynamic operating conditions including varying current
rates, temperatures, and mechanical stresses from electrode volume changes, which significantly
influence both SEI growth and properties [65]. The evolution of the SEI layer is governed by multiple
factors: the electrolyte composition, including salt anions, solvents, and additives, determines its
chemical composition and stability [70, 21]; the operating parameters such as current density affect
formation rates [4]; and temperature impacts both formation kinetics and structure [25]. Throughout the
battery’s life, the SEI demonstrates a characteristic growth pattern that correlates approximately with
the square root of time, as increasing thickness slows solvent molecule diffusion [54, 41].

The significance of SEI lies in both manufacturing economics and battery longevity. During production,
establishing the initial SEI layer requires carefully controlled formation and aging protocols that account
for 20% to 30% of total production costs [16, 8]. The process demands precise control of voltage
ranges and temperatures to establish optimal protective layers. Beyond manufacturing, SEI growth
represents one of the most fundamental degradation mechanisms in batteries, causing an initial
capacity loss of approximately 10% and contributing to ongoing capacity fade [30, 41]. Understanding
and optimizing SEI formation and growth thus presents a dual opportunity: reducing manufacturing
costs while extending battery lifetime, both of which are crucial for improving the economic viability of
battery technology [69, 48].

1.3 Experimental Approach

Studying SEI experimentally presents several significant challenges, including its complex structural
composition, nanoscale dimensions, and high reactivity with air [1]. A key challenge in physical
characterization is the substantial variation in measured SEI properties - for example, initial SEI
film thickness can range from 450 to 980 nm depending on surface features and measurement
technique [74]. For accurate characterization, researchers have developed and adapted numerous
analytical techniques including X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD),
Surface-Enhanced Raman scattering (SERS), Atomic Force Microscopy (AFM), and various other
spectroscopic and microscopic methods [9, 51, 26]. However, these physical characterization methods
must be carefully applied, as the exposure of SEI to moisture and oxygen during the teardown
can lead to structural and chemical changes during analysis [20]. Current experimental techniques
face fundamental limitations in achieving the necessary spatial resolution for nanometric structure
analysis, temporal resolution for evolution studies, and compositional accuracy for complex chemistry
characterization simultaneously [9]. Recent advances in operando techniques have enabled real-time
monitoring of SEI evolution [17], with studies showing that formation conditions strongly influence
interfacial stability [4]. High-precision coulometry studies have revealed that SEI growth kinetics follow
approximately t1/2 behaviour, with time and temperature being more influential than cycle count [61].
The integration of multiple complementary techniques has revealed that SEI properties show strong
dependencies on factors such as electrolyte composition and cycling parameters [65, 9]. Recent studies
have revealed that SEI growth shows complex dependencies on cycling parameters, with growth rates
increasing with C-rate and exhibiting asymmetric behaviour between lithiation and delithiation [4]. While
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SEI growth has traditionally been modeled using t1/2 kinetics based on simple diffusion-limited surface
layer growth assumptions, recent critical analysis suggests this relationship may be oversimplified. The
time dependence appears to vary significantly between storage and cycling conditions, with different
scaling relationships potentially dominating under different operating conditions [4]. This evolving
understanding highlights the need for more sophisticated experimental techniques and models to
accurately capture SEI formation and growth mechanisms.

1.4 Atomistic and Continuum Approaches

The modelling of SEI growth requires a multi-scale approach to capture both atomic-level reactions
and macroscopic growth phenomena. At the atomic scale, density functional theory (DFT) and ab initio
molecular dynamics (AIMD) have proven invaluable for understanding initial reduction mechanisms
and electron transfer processes at the electrode-electrolyte interface. These methods can accurately
predict reduction potentials and map complex reaction networks of electrolyte decomposition through
simulations of solvent molecules, lithium ions, and electrode surfaces. However, they are computationally
intensive and limited to simulating small systems and short timescales on the order of picoseconds [66,
9, 67].

To bridge this temporal and spatial gap, continuum models have been developed to describe SEI growth
and properties at battery-relevant scales. Continuum-level models treat the SEI as a continuous medium
and describe its growth through partial differential equations that incorporate transport phenomena,
reaction kinetics, and thermodynamic considerations [7, 68, 59, 66]. These models often employ
significant simplifications, treating the SEI as a uniform, homogeneous layer and reducing the complex
physicochemical processes to rate-limiting mechanisms such as reaction kinetics or diffusion limitations.
While these models can capture phenomena like ion transport and film growth kinetics over longer
timescales, they necessarily make approximations that overlook atomic-scale complexity and chemical
specificity. This highlights a fundamental challenge in SEI modelling - the need to balance computational
tractability with physical accuracy across multiple time and length scales while maintaining sufficient
resolution to capture the critical formation period.

Zero-dimensional models represent a deliberate simplification that ignores most of the SEI’s complex
morphology and detailed transport processes. These models focus on one or a few rate-limiting
mechanisms, typically related to reactions occurring at the SEI-electrode or SEI-electrolyte interface [58,
73, 53, 43, 62, 52, 60, 62, 29, 32]. While such simplifications might seem limiting, strategic choices
about which physical processes to include can maintain strong predictive capability with minimal
parameters. For instance, models using as few as four fitted parameters have successfully predicted
capacity fade across multiple temperatures and operating conditions by focusing on key SEI formation
mechanisms [18, 33]. They can be categorized into two primary groups: solvent-limited and electron-
limited models. Solvent-limited models encompass mechanisms like solvent diffusion and reaction
limitations, while electron-limited models consider phenomena such as electron migration, tunnelling,
and interstitial diffusion [73, 53, 56]. Some advanced approaches have demonstrated that combining
multiple limiting mechanisms - such as coupling solvent diffusion with reaction kinetics - can successfully
predict capacity fade across different operating modes while maintaining model simplicity [56, 32].
These models have been extensively studied for long-term SEI growth. However, their applicability to
the formation period, where complex multi-phase growth and rapid chemical evolution occur, remains
largely unexplored [42]. Most zero-dimensional models have been developed with a focus on long-term
capacity fade over hundreds or thousands of cycles, rather than the initial formation period [39, 3].
Early modelling work showed that continuous SEI formation during charging could be captured through
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coupled reaction-transport equations, though like many subsequent models, it emphasized long-term
behavior over initial formation dynamics [55, 31]. This creates a significant gap in our understanding,
as the formation cycle involves distinct physicochemical processes and typically exhibits much higher
capacity loss compared to subsequent cycles [1, 2, 44]. The challenge lies in developing models
that can accurately capture both the rapid initial SEI formation and the slower long-term growth while
maintaining computational efficiency [42].

1.5 Non-equilibrium Thermodynamics Approaches

In this work, we present a comprehensive continuum-level model for solid electrolyte interphase
(SEI) growth based on non-equilibrium thermodynamics, building upon Landstorfer’s foundational
work on boundary conditions for electrochemical interfaces [36] and cell voltage analysis [35]. This
theoretical framework derives constitutive equations from fundamental principles of non-equilibrium
thermodynamics, where transport processes and chemical reactions are governed by gradients in
electrochemical potentials and affinities. The framework treats interfaces as distinct thermodynamic
domains with their own free energy functionals, enabling systematic derivation of surface chemical
potentials and reaction affinities that lead to thermodynamically consistent descriptions of interfacial
processes.

Building on this foundation, we model the SEI as a thermodynamic domain characterized by its own
free energy functional, incorporating both chemical and electrical contributions. The coupling between
the SEI, electrode, and electrolyte domains is derived systematically through interface conditions
that emerge from the non-equilibrium thermodynamic treatment of surface reactions and transport
processes. The framework establishes clear relationships between surface chemical potentials and
measurable quantities like cell voltage and reaction rates [35], while enabling natural incorporation
of multiple reaction pathways and transport mechanisms. This approach provides a rigorous basis
for developing Butler-Volmer-type equations that account for concentration dependencies and surface
effects in battery system [37].

1.6 Outline

In section 2 we derive the general model for SEI growth, which couples ion and electron transport in
the various phases, intercalation and formation reactions reactions as well as solid state diffusion of
intercalated ions in the active phase. After sketching the domain setups and stating the specific species
in each domain, we state in section 2.1 the general balance equations for charged species, and in
section 2.2 their closure by non-equilibrium thermodynamics, i.e. flux relations expressed in gradients
of electro-chemical potentials. In section 2.3 we discuss the impact of space charge layers, which may
arise at all interfaces, and employ some simplifications for the subsequent paper. In sections 2.4 to 2.6
we state the material models for the electrolyte, the active phase, and the SEI as mixed ion-electron
conductor, respectively, and formulate in section 2.7 the interface conditions for the SEI-electrolyte
interface, including the moving interface description, followed by interface conditions of the SEI-active
phase interface in section 2.8. In section 2.9 we derive the relation for the measurable cell voltage of
the considered half cell and state in section 2.10 the initial conditions.

Section 3 then simplifies the derived equation system to a 1D geometrical setup, where we further apply
a non-dimensionalization with respect to the C-rate. This allows us to systematically deduce open circuit
voltage conditions, yielding an ODE system for the SEI growth in section 3.4. We discuss our findings
of the three coupled ODEs, which are connected via the SEI formation reaction, cf. section 3.4.4.
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In section 4 we provide finally various numerical examples of the derived SEI growth model.

We consider in section 4.1 a transient current profile where the electrode is charged until a certain cell
voltage, and then disconnected from the external circuit. However, due to the internal reconfiguration,
e.g. self-discharge, we can show that the SEI keeps growing, and we discuss this aspect for various
scaling limits of the SEI formation reaction rate. In addition, we show the impact of the electrolyte
domain on the SEI formation reaction and discuss the consumption of (bulk) solvent. Subsequently, we
discuss in section 4.2 periodic cycling conditions, which requires are careful re-formulation of the cycle
numbers and the corresponding transient current profile when SEI growth is present. In section 4.3 we
compare finally our results to experimental results and draw in section 5 conclusions on our modeling
and simulation work.

2 Modeling of SEI Growth Based on Non-equilibrium Thermody-
namics

In this section we present a comprehensive 3D model for solid electrolyte interphase (SEI) growth based
on non-equilibrium thermodynamics. The model is derived from fundamental principles of continuum
thermodynamics, where transport processes and chemical reactions are governed by gradients in
electrochemical potentials and affinities. We consider three domains for the transport equations: the
intercalation electrode ΩA, the SEI ΩI, and the electrolyte ΩE. We will also consider a lithium metal
counter electrode to close the electrochemical system, but its behavior will be only represented via a
boundary condition. The geometry of each domain can be arbitrarily complex, with the only constraint
that the active material and the electrolyte do not share a boundary (i.e. all the lithium interchange
between them is via the SEI layer), and we denote as ΣAI the interface between active material and
SEI, and as ΣIE the interface between SEI and electrolyte. The 1D sketch in fig. 1 is thus illustrative.
Each domain is composed of several species defined as the set I i for i ∈ A, I, E.

The model derivation is structured as follows. First, in sections 2.1 to 2.3, we present the general
modelling framework based on non-equilibrium thermodynamics. Then, in sections 2.4 to 2.10, we
apply this framework to each domain to derive their governing equations. Although the notation is
introduced as needed in each section, there are a couple of general aspects worth discussing at this
stage. First, we will use subscripts in the variables and parameters of the problem to distinguish the
various species and domains. As some species are common to several domains, we introduce a nested
subscript notation: for example, the molar density of lithium ions in the electrolyte is denoted by nEC
(note we drop any further subscripts in the species for simplicity). Second, the evaluation of some
quantity u at the j-side of an interface Σi will be written as u

∣∣j
i
, for instance u

∣∣I
AI

.

2.1 General Transport Equations

We consider each domain Ω as a mixture of species α ∈ I for which we have balance equations

∂nα
∂t

= − div (nαv + Jα) , (1)

where nα(x, t) denotes the molar density and Jα the molar flux of constituent α. The velocity field v is
the barycentric velocity of the mixture, which usually serves as reference for diffusional fluxes. Note,
however, that other reference velocities can also be considered. The mass density ρ =

∑
αmα, where
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ΩD ΩA ΩI ΩE ΩM

ΣDA ΣAI ΣIE ΣEM

IA = {e−,M+, C} II = {e−, C+
SEI, B} IE = {A−, C+, S}

x0 xA xI(t) xE

Figure 1: Sketch of the electrode setup, consisting of current collector | intercalation electrode | SEI |
electrolyte | counter electrode.

mα is the molar mass of constituent α ∈ I satisfies,

∂ρ

∂t
= − div (ρv) , (2)

whereby [22] ∑
α∈I

mαJα = 0. (3)

Since we consider charged matter, this is accompanied with Poisson’s equation

− div (ε0(1 + χ)∇φ) = e0
∑
α∈I

zαnα =: q , (4)

where φ denotes the electrostatic potential, χ the dielectric susceptibility, e0 the elementary charge,
zα the charge number, and q the charge density. Poisson’s equation is complemented by the charge
balance which, in its general form, reads

∂q

∂t
= − div (qv + Jq) (5)

and

Jq = e0
∑
α∈I

zαJα (6)

the (free) charge flux.

Throughout this work, we consider stationary momentum balance, i.e.

∇p = −q∇φ , (7)

which reflects the balance between the (electrostatic) Lorentz force and the mechanical counterforce by
a gradient of the (mechanical) pressure p.

We refer to [15, 23, 45, 46, 22] for details on the full non-equilibrium thermodynamics of charged matter.

2.2 Free Energy Densities and Chemical Potential Functions

The transport equations introduced in the previous section only tell that the various species are
conserved. We now need to discuss how species move around and react with each other. The mixtures
in each domain Ωα are modelled by continuum non-equilibrium thermodynamics [22]. We denote with
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ρψ = ρψ(T, (nα)α∈I) the free energy density of the mixture and with

µα =
∂ρψ

∂nα
α ∈ I (8)

the chemical potential (function) of constituent α ∈ I.

A core ingredient of non-equilibrium thermodynamics is to state necessary conditions for fluxes and
reaction rates to ensure the second law of thermodynamics, i.e. a non-negative entropy production. For
the molar fluxes Jα, this essentially means

Jα = −
∑
β∈I

Mαβ∇µ̃β µ̃β := µβ + e0zβφ , (9)

with a symmetric, positive semi-definite matrix M = (Mαβ)αβ , whereby the entropy production due to
diffusional fluxes satisfies [22]

σJ := −
∑
α∈I

JTα · ∇µ̃α =
∑
α∈I

∑
β∈I

(∇µ̃β)T ·Mαβ · ∇µ̃α ≥ 0 . (10)

Note that the constraint ∑
α∈I

mαJα = 0 (11)

actually reduces the number of independent fluxes by one.

Let’s now turn our attention to how species react. Consider a chemical reaction Rk(k = 1, . . . , NR),
i.e. ∑

α∈I
ν ′α,kAα ⇌

∑
α∈I

ν ′′α,kAα , (12)

where

λk := −
∑
α∈I

να,kµα with να,k := ν ′′α,k − ν ′α,k (13)

is the affinity1 of the reaction Rk , the entropy production due to chemical reactions is [12, 46, 22]

σR =

NR∑
k=1

λk ·Rk ≥ 0 . (14)

Hence,

Rk = Lk · fBV(λk) with fBV(z) := e
α

z
kBT − e

−(1−α) z
kBT , (15)

ensures σR ≥ 0. We call fBV a Butler-Volmer-type relation with the charge transfer coefficient α and
emphasize that fBV(z) > 0 for z > 0. Since charge is conserved in chemical reactions, we have

λk = −
∑
α∈I

να,kµα = −
∑
α∈I

να,kµ̃α . (16)

2.3 Electro-Neutrality and Space Charge Layers at Interfaces

Before we can write the specific equations for each domain, we need to discuss what occurs at the
interfaces. A common and very useful simplification in the coupled equation system is the (strong)

1We follow the IUPAC definition of reaction affinity here. Note, however, that among the literature also definitions with a
plus sign are found.
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electro-neutrality condition

q =
∑
α

e0zαnα = 0 , (17)

which holds outside of space charge layers that form at the interface between two phases Ωi and Ωj ,
where mobile charge carriers are present. The following discussion is supposed to hold for the active
phase–SEI interface as well as for the SEI–electrolyte interface.

ϕ

Figure 2: Space charge layers inside the electrode

The electro-neutrality condition can be derived through an asymptotic expansion of the balance
equations at the interface Σij , introducing the Debye-length as a small scale parameter. We briefly
summarize the key conclusions and refer to [47, 34, 36, 13, 14, 35] for further details on the modeling,
validation, and asymptotic derivation.

In principle, we have in all regions space charge layers, where we denote by xiij the respective point
out of the space charge layer, e.g. in the electrolyte at the interface IE we have xEIE where a charge
QE

IE is stored and a potential drop φ
s
|IE − φ|xEIE =: UE

IE occurs. The syntax holds true for the four

space charge layers we expect, i.e. the two space charge layers (SCL) at AI and the two at IE. With
the resolved double layer, we assume that electric potential at the interface is continuous, i.e. [[φ

s
]] = 0.

The domains Ωi and Ωj denote electro-neutral domains whereas ΣDL
ij denotes the interfaces between

Ωi and Ωj which covers the actual (singular) surface Σij as well as the space charge layers where
q ̸= 0, denoted by ΩSCL

i and ΩSCL
j , adjacent to the surface, i.e. ΣDL

ij = Σij ∪ΩSCL
i ∪ΩSCL

j . The typeface
DL accounts for the fact that the interface ΣDL

ij captures the double layer, formed by the two space
charge layers, at the interface. We denote with we xkij, k ∈ {i, j} the respective point out of the space
charge layer and the with x

s
ij the position of the actual surface Σij . If it is clear from the context, we

drop the subscript ij for clarity. Note that we sketch in the following the 1D-planar case, which implicitly
assumes that the curvature of the interface is small compared to the Debye length, but emphasize that
the discussion is also possible for generally curved interfaces [11].

ϕ

µγ |αα,βDL

Σαβ

λ0

→

ϕα

ϕβϕ
s
|αβ

e0zγ(ϕα|αβ − ϕ
s
|αβ)µγ |ααβ

Σαβ

Figure 3: Asymptotic behaviour for λ0 ≪ |xA − x0|.

DOI 10.20347/WIAS.PREPRINT.3250 Berlin 2025



M. Landstorfer, C. Pohl, F. Brosa Planella, K. Manmi 10

We now define

Qk =

∫ xk

x
s

qk dx (18)

as the (surface) charge store in the space charger layer [xij, xkij] and

φ
s
− φ|xk =: Uk (19)

as the potential drop across the space charge layer ΩSCL
k , both for k = i, j. The electro-neutrality

condition is derived by effectively decomposing the phase in the electro-neutral domain and in space
charge layers. For the electro-neutral domain, effective boundary conditions can thus be derived by
integrating the charge balance along the space charge layer, i.e.

∂tqk = −∂xJkq ⇒ −Jkq |x
s
+ Jkq |xk =

dQk

dt
(20)

where the term Jkq |x
s

is substituted by the actual chemical reactions occuring at the surface (cf.

sections 2.7 and 2.8). For the charge Qk stored in the space charge layer, a representation Qk =
Q̂k(Uk) can be derived which introduces the capacitive charge flow

dQk

dt
= Ĉk(Uk) · dUk

dt
with Ĉk(Uk) :=

dQk

dUk
, (21)

and we refer to [36] for details. Hence, for electro-neutral domains Ωk we do have in general boundary
conditions of the type

Jkq |xk = Jkq |x
s
+ Ĉk(Uk) · dUk

dt
. (22)

However, since capacitive effects essentially scale with the transient potential variation dUk

dt
, we consider

throughout this work that capactive contributions are neglible [19, 35]. Note, however, that space charge
layers are nevertheless present and the charge stored in the respective layer can still be computed
from Qk = Q̂k(Uk).

It can be shown using asymptotic methods that the double layer remains in diffusional equilibrium, even
when current passes through the space charge layer, whereby

∇µα + e0zα∇φ = 0 x ∈ ΩSCL
k . (23)

This has an impact in two directions. First, it allows the determination of the function Q̂k(Uk) since
eq. (23) serves to determine the mole fractions yα in terms of φ and p. Incompressibility relates nα
to yα, whereby the charge density q can be written as q = q̂(φ, p). This allows to solve the coupled
Poisson-Momentum equation system (4) and (7), which finally yields Qk = Q̂k(Uk). We refer to [34]
for the detailed derivation, but emphasize here again that the mechanical pressure is a key component
in space charge layers.

Secondly, eq. (23) allows to trace back the chemical potential function µ
s
α on the surface Σij to the

chemical potential µα|xk outside the space charge layer, i.e.

µ
s
α = µα|xk − e0zα(φ

s
− φ|xk) . (24)

This is of special importance for surface reactions which occur actually at a surface, while we seek
expressions of the reaction rates in terms of (electro-)chemical potential functions outside of the adjacent
space charge layers, in order to be compatible with the balance equations stated in electro-neutral
domains. This is explained in more detail in section 2.7.
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2.4 Electrolyte

Now that we have introduced the general modelling framework, we can focus on the specific equations
for each domain, starting with the electrolyte. The electrolyte is a mixture IE = {ES, EA, EC} of solvent
ES , anions EA and cations EC with their corresponding molar densities nα in the domain ΩE. We
consider the electrolyte to be an incompressible solvation mixture [10, 34], i.e. an incompressible liquid
where each ion α ∈ I0

E = {EA, EC} binds κα solvent molecules. The solvation effect has various
impacts on the mixture theory, and we refer to [10, 34] for detailed discussions.

The chemical potential functions of the electrolyte species are [10, 34]

µα = gα + kBT ln yα + vαp α ∈ IE , (25)

where gα is the (constant) molar Gibbs energy, kB the Boltzmann constant, T the temperature, yα the
mole fraction, satisfying

yα =
nα
nEtot

, nEtot = nES + nEA + nEC ,
∑
α∈IE

yα = 1 , (26)

and vα being the partial molar volume.

The second term of the chemical potential corresponds to the entropy of mixing [10], while the third
term is the mechanical contribution due to the incompressibility. Note that vα captures also the solvation
effect, whereby in general vEA,EC ≫ vS .

The incompressibility entails the constraint [10]∑
α∈IE

nαvα = 1 , (27)

whereby we can write

nα =
yα∑

β∈IE vβyβ
, (28)

as well as the electrolyte pressure pE as an independent variable.

We assume throughout this work that
mα

mES

=
vα
vES

, α ∈ {EA, EC} , (29)

whereby not only mass, but also volume is conserved during solvation reactions. This simplifies the
resulting equation system a bit, but is not a neccessary constraint in general.

The molar mass of a solvated ion is mα = m̂α + καmES , where m̂α is the molar mass of the central
ion, κα the solvation number, and mES the molar mass of the solvent. Hence

mα

mES

=
m̂α

mES

+ κα , vα =
m̂α

mES

vES + καvES . (30)

If mES ≫ m̂α, we can approximate vα ≈ καvES , which we consider for the rest of this work. Further,
we consider a monovalent salt, whereby zEA = −zEC and similar solvation numbers of cations and
anions, i.e. κEA = κEC =: κE.

For the electrolyte phase, we have the electric potential φE, the pressure pE, the cation mole fraction yEC
and the anion mole fraction yEA as a complete the set of independent variables, i.e. (yEA , yEC , φE, pE).2

For an electrolyte consisting of three species, i.e. anions, cations and solvent, we have two independent

2Note that incompressibility yields yES = 1− yEA − yEC .
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fluxes (α ∈ {EA, EC}),

Jα = −Mα,EA∇µ̂EA − e0zAMα,EA∇φE −Mα,EC∇µ̂EC − e0zCMα,EC∇φE , (31)

where µ̂α is the effective chemical potential of the ion in its solvated state, i.e.

µ̂α = µα − καµES , (32)

and the solvent flux satisfies

JES = −
∑

α∈{EA,EC}

mα

mES

Jα . (33)

Note that the solvent still satisfies the balance equation

∂nES
∂t

= − div JES , (34)

which is exploited in section 3.4.2.

The mobilities Mα,β ∈ R3×3 are connected to the constant diffusion coefficients Dα,α and the friction
FEA,EC = FEC ,EA via

MEA,EA =
nEA
kBT

DEA,EA , MEC ,EC =
nEC
kBT

DEC ,EC , MEA,EC =
yECyEA
nEtotkBT

FEA,EC . (35)

Note that for the simpler Nernst–Planck flux approach [15, 57] the friction coefficients FA,C vanish,
yielding

Jα = Dα,α
nα
kBT

∇µ̃α , α = EA, EC , (36)

with a constant diffusion coefficients Dα,α.

We consider for the electrolyte the strong electro-neutrality condition

qE =
∑
α

e0zαnα = 0 ⇔ yEC = −zEA
zEC

yEA =: yE , (37)

which holds outside of potential space charge layers at electrode-electrolyte interfaces. More details on
the electro-neutrality condition and the space charge layers forming at the respective interfaces are
given in section 2.3.

The electro-neutrality (yEA = yEC ) implies ∇µ̂EA = ∇µ̂EC and we can compute

∇µ̂EC = kBT
1

yE
ΓE · ∇yE with ΓE := 1 + κEC

2yE
(1− 2yE)

, (38)

and call ΓE thermodynamic factor [37, 28]. Hence we can write the cation flux JEC and the electrolytic
charge flux JEq as

JEC =− (DC,C + FC,A)nEtotΓE∇yEC ,
− e0
kBT

nEtotyEC (DC,C − FC,A)∇φE ,
(39a)

JEq =− e0(DC,C −DA,A)nEtotΓE∇yEC ,

− e20
kBT

nEtotyEC
(
DC,C +DA,A − 2FA,C

)
∇φE .

(39b)

An equivalent but more commonly used set of transport parameters is

ΛE =
e20
kBT

(DA,A +DC,C − 2FA,C) , (40a)
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tEC =
DC,C − FC,A

DC,C +DA,A − 2FA,C
, (40b)

DE =
2(DA,ADC,C − F 2

AC)

DC,C +DA,A − 2FA,C
, (40c)

SE = e0(DC,C −DA,A) , (40d)

which satisfy the constraint

kBT

e0
(2tEC − 1) =

SE

ΛE

. (41)

The fluxes from eq. (39) can then be written as

JEC =− (DE + tEC
SE

e0
)nEtotΓE∇yEC − nEtotyE

1

e0
tECΛE∇φE , (42a)

=−DEnEtotΓE∇yEC +
1

e0
tECJEq , (42b)

JEq =− SE · nEtotΓE∇yEC − nEtotyEΛE∇φE . (42c)

The balance equations for the ion concentration and electric potential in the electrolyte are

∂nEC
∂t

= − div JEC x ∈ ΩE , (43a)

0 = − div JEq x ∈ ΩE . (43b)

2.5 Active Material Phase

The active material consists of a lattice species AM , electrons Ae and the intercalated lithium AC ,
forming the index set IA = {AM , Ae, AC}. The chemical potential of the lithium in the active phase is

µAC = gAC + kBT fA(yAC ) , (44a)

fA(yAC ) = ln

(
yAC

1 + yAC

)
+ γAC (2yAC − 1) . (44b)

We assume that changes in lithium and electron concentration do not result in volume changes, i.e.
vAC = vAe = 0. Incompressibility

(∑
α∈IA vαnα = 1

)
then results in nAM = n0

AM
= const. Since we

again assume electro-neutrality, nAe = nAM (the lattice ions have zAM = +1). Analogously to the
electrolyte, electro-neutrality leads to pA = const. The remaining variables are then (nAC , φA). The
mole fraction of the intercalated lithium is

yAC =
nAC
nAlat

, (45)

where nAlat is the number of available lattice sites, nAlat = ωAnAM , i.e. the active material can store up to
ωA mole lithium for each mole of active material. As there is only one variable mole fraction remaining,
we will set yA := yAC .

Since the lithium in the active phase is uncharged, the lithium flux only contains a chemical potential
gradient term,

JAC = −MA∇µAC . (46)

The mobility as expressed using a diffusion coefficient is given by

MA =
nAC
kBT

DA . (47)
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Inserting this into the flux, together with the chemical potential, results in

JAC = −nAlatDAyA
dfA
dyA

∇yA . (48)

The term yA
dfA
dyA

is called thermodynamic factor ΓA(yA). As both a completely filled lattice as well as an
empty lattice hinder lithium migration, the diffusion coefficient depends on the concentration yA,

DA = D0
AyA(1− yA) . (49)

We assume the active phase to be a conductor, and therefore yAe = const., resulting in the electron
flux

JAe = −e0zAeMAe∇φA . (50)

The charge flux is
JAq = e0zAeJAe , (51)

and the electron conductivity is related to the mobility by

σA = e20MAe . (52)

The lithium flux and the charge flux can then be written as

JAC = −D0
AyA(1− yA)nAlat ΓA(yA)∇yA , (53a)

JAq = −σA∇φA . (53b)

The resulting balance equation for the lithium concentration and electric potential are

∂nAC
∂t

= − div JAC x ∈ ΩA , (54a)

0 = − div JAq x ∈ ΩA . (54b)

2.6 Mixed Ion-Electron Conductor

The SEI is modelled as a mixed ion-electron conductor, consisting of lattice species IB , intercalated
lithium ions IC and electrons Ie, forming the index set II = {IB, IC , Ie}. The lattice forming species
IB are considered to be immobile, while the electrons and the ions are mobile.

We consider the SEI domain also to be electro-neutral and account for potential space charge layers
in the boundary conditions, cf. section 2.3. The set of independent variables is thus (yIC , φI) since
electro-neutrality requires yIC = yIe =: yI and pI = const. As an example3, we consider the following
chemical potential functions,

µIC = gIC + kBT fIC (yIC ) with fIC (yIC ) = ln
yIC

1 + yIC
, (55a)

µIe = gIe + kBT fIe(yIe) with fIe(yIe) = ln
yIe

1 + yIe
, (55b)

µIB = gIB , (55c)

where we consider for electrons and ions a (respective) lattice mixing entropy, which, however, do not
entropically interact4.

3We emphasize here that different chemical potential functions can of course be used, for instance other entropy of
mixing contributions or enthalpic contributions between ions and electrons. However, discussing various chemical potential
functions is not the main scope of this work.

4An alternative for entropic interaction would be fIe = ln
yIe

1+yIe+yIC
and fIC = ln

yIC
1+yIe+yIC

.
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As with the active material, we assume an effective molar volume of zero for the intercalated lithium
and for the electrons, i.e. vIC = vIe = 0. This assumption leads, together with incompressibility(∑

α∈II vαnα = 1
)
, to nIB = n0

IB
= const.

The mole fraction of the intercalated lithium is

yIC =
nIC
nIlat

, (56)

with nIlat = ωInIB .

The fluxes of electrons and ions follow the general expression of non-equilibrium thermodynamics (cf.
eq. (9)) and depend on the chemical and the electrostatic potential gradients:

JIC = −MIC ,IC∇µIC − e0MIC ,IC∇φI −MIC ,Ie∇µIe + e0MIC ,Ie∇φI , (57a)

JIe = −MIe,Ie∇µIe + e0MIe,Ie∇φI −MIe,IC∇µIC − e0MIe,IC∇φI . (57b)

We express again the mobilities in terms of diffusion coefficients an friction terms

MIC ,IC =
nIC
kBT

DIC ,IC , MIe,Ie =
nIe
kBT

DIe,Ie and MIC ,Ie = nIlat

yIeyIC
kBT

FIC ,Ie . (58)

We introduce again the thermodynamic factor Γα (α = Ie, IC ), which is

Γα := yα
dfα
dyα

= 1 +
yα

1− yα
. (59)

We consider the diffusion coefficients Dα,α (α = Ie, IC ) analogously to the active phase to be

Dα,α = (1− yα)D
0
α,α , (60)

where the (1− yα) term accounts for blocking effects. Note that

Mα,αΓI =
nIlat

kBT
and MIC ,IeΓI =

nIlat

kBT

yIyI
1− yI

FIC ,Ie , (61)

so the fluxes simplify to

JIC = −nIlat(D
0
IC ,IC

+
yIyI
1− yI

FIC ,Ie)∇yI −
e0
kBT

nIlatyI
(
(1− yI)D

0
IC ,IC

− yIFIC ,Ie

)
∇φI ,

(62a)

JIe = −nIlat(D
0
Ie,Ie +

yIyI
1− yI

FIC ,Ie)∇yI −
e0
kBT

nIlatyI
(
(1− yI)D

0
Ie,Ie − yIFIC ,Ie

)
∇φI .

(62b)

Similarly to the electrolyte, eq. (40), an equivalent set of transport parameters can be considered, i.e.

ΛI =
e20
kBT

(DIC ,IC +DIe,Ie − 2FIC ,Ie) , (63a)

tIC =
DIC ,IC − FIC ,Ie

DIC ,IC +DIe,Ie − 2FIC ,Ie

, (63b)

DI =
2(DIe,IeDIC ,IC − F 2

IC ,Ie
)

DIC ,IC +DIe,Ie − 2FIC ,Ie

, (63c)

SI = e0(DIC ,IC −DIe,Ie) , (63d)

which satisfy the constraint

kBT

e0
(2tIC − 1) =

SI

ΛI

. (64)

DOI 10.20347/WIAS.PREPRINT.3250 Berlin 2025



M. Landstorfer, C. Pohl, F. Brosa Planella, K. Manmi 16

The cation and the charge flux in the SEI can then be written as

JIC =− (DI + tIC
SI

e0
)nIlatΓE∇yI − nIlatyI

1

e0
tICΛI∇φI , (65a)

=−DInIlatΓI∇yIC +
1

e0
tICJIq , (65b)

JIq =− SI · nIlatΓI∇yI − nIlatyIΛI∇φI , (65c)

which serve the balance equations for the ion concentration and and charge density

∂nIC
∂t

= − div JIC x ∈ ΩI , (66a)

0 = − div JIq x ∈ ΩI , (66b)

in order to determine (yI, φI).

2.7 SEI–Electrolyte Interface

Two reactions occur at the interface ΣIE: the SEI formation reaction and the intercalation reaction. For
the SEI formation, we assume that a cation and a solvent molecule out of the electrolyte react with an
electron coming from the SEI to form a new, electro-neutral species B,

C+
∣∣E + e−

∣∣I + S
∣∣E ⇌ B

∣∣I + κECS
∣∣E . (67)

In accordance with the entropy principle (cf. section 2.2), the reaction rate of this formation reaction is

Rfo
IE = Lfo

IEfBV(λ
fo
IE) , (68)

where Lfo
IE is the reaction rate coefficient, λfo

IE is the surface affinity

λfo
IE := −

(
µ
s
IB − µ

s
EC − µ

s
Ie + κECµ

s
ES − µ

s
ES

)
, (69)

and fBV is a Butler-Volmer-type relation (cf. eq. (15))

fBV(z) := e
(
α z

kBT

)
− e

−
(
(1−α) z

kBT

)
, (70)

with the charge transfer coefficient α, satisfying fBV(z)|z>0 > 0. Pulling back the surface chemical
potentials towards points outside of the respective space charge layers (cf. section 2.3),

µ
s
α|IE = µα

∣∣E
IE
+ e0zα(φE

∣∣
IE
− φ

s

∣∣E
IE
) , α ∈ IE , (71a)

µ
s
α|IE = µα

∣∣I
IE
+ e0zα(φI

∣∣
IE
− φ

s

∣∣I
IE
) , α ∈ II , (71b)

yields thus for the formation reaction affinity

λfo
IE

kBT
= −∆gfo

IE −
e0
kBT

(φI

∣∣
IE
− φE

∣∣
IE
) + fEC (yE

∣∣
IE
) + ln(1− 2yE

∣∣
IE
) + fIe(yI

∣∣
IE
) , (72)

with

∆gfo
IE :=

1

kBT
(gIB + κECgES − gEC − gIe − gES) . (73)

The intercalation reaction into the SEI is

C+
∣∣E ⇌ C+

I

∣∣I + κECS
∣∣E , (74)
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with a reaction rate
Rin

IE = Lin
IEfBV(λ

in
IE) , (75)

where Lin
IE is again the reaction rate cofficient, and the surface affinity for the intercalation reaction

λin
IE := −

(
µ
s
IC + κECµ

s
ES − µ

s
EC

)
, (76)

or equivalently

λin
IE

kBT
= −∆gin

IE −
e0
kBT

(φI

∣∣
IE
− φE

∣∣
IE
) + fEC (yE

∣∣
IE
)− fIC (yIC

∣∣
IE
) , (77a)

with

∆gin
IE :=

1

kBT
(gIC + κECgES − gEC ) , (77b)

fEC (yE) := ln(yE)− κEC ln(1− 2yE) . (77c)

This yields the species reaction rates on the surface ΣIE,

r
s
α =



κECR
in
IE + (κEC − 1)Rfo

IE α = ES

−Rin
IE −Rfo

IE α = EC ,

0 α = EA ,

+Rfo
IE α = IB ,

+Rin
IE α = IC ,

−Rfo
IE α = Ie .

(78)

Mass conservation on the interface ΣIE gives [12]

−
(
Jα + nα(v −w)

)
· n = r

s
α α ∈ II, (79)(

Jα + nα(v −w)
)
· n = r

s
α α ∈ IE, (80)

where Jα is the diffusive flux, n is the normal vector pointing from ΩI to ΩE, v is the barycentric
velocity, w is the moving interface velocity of ΣIE, and r

s
α is the molar surface production rate of the

species α.

The interface condition for the species IB ,

− (JIB + nIB(v −w)) · n = Rfo
IE , (81)

together with the definition of the diffusive flux Jα = nα(vα − v), leads to

−(vIB −w) · n = vIBR
fo
IE . (82)

We consider the species IB to be immobile, i.e. vIB = 0. The normal velocity of the interface is
therefore determined by the formation reaction rate Rfo

IE weighted by the molar volume vIB of the
species IB ,

w · n = vIBR
fo
IE . (83)

Note, since we have Rfo
IE > 0 for λfo

IE > 0, we find that w · n > 0, i.e. the SEI interface is moving into
the electrolyte.

Summing the interface condition over all species on the electrolyte side of the interface and multiplying
by their respective molar masses gives∑

α∈IE
mα(Jα + nαv − nαw) · n =

∑
α∈IE

mαr
s
α . (84)
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Utilizing the fact that diffusional flows have no global momentum (
∑

αmαJα = 0) and that the

solvation reaction is volume conserving
(
vα
vES

= mα

mES

)
, we find thats the left-hand side reduces to

mES

vES

∑
α∈IE

vα(nαv − nαw) · n =
∑
IE
mαr

s
α . (85)

Inserting the species reaction rates and the incompressibility of the electrolyte (
∑

α vαnα = 1) then
results in

(v −w) · n = −m̃EC

mES

vESR
in
IE − vES(1 +

m̃EC

mES

)Rfo
IE . (86)

For the SEI side of the interface, a similar argument leads to

−ρI(v −w) · n = (m̃EC +mES)R
fo
IE + m̃ECR

in
IE , (87)

where ρI =
∑

α∈II mαnα. Since the reaction rates are independent of the molar masses and molar
volumes, the combination of eq. (86) and eq. (87) results in the conditions

ρI
m̃EC

mES

vES = m̃EC and ρIvES

(
1 +

m̃EC

mES

)
= m̃EC +mES . (88)

For the approximations
m̃EC

mES
≈ 0 and mIe

mES
≈ 0, i.e. ions and electrons are much lighter than solvent,

this means
ρI ≈ mESn

0
ES

⇔ nIB ≈ nES ⇔ vIB ≈ vES . (89)

Inserting the expression for w back into eq. (86) leads to

v · n = −m̃EC

mES

vESR
in
IE . (90)

Since to molar mass of lithium (6.94gmol−1) is much smaller than that of the solvent (e.g. DMC has a
molar mass of 90.08gmol−1), the normal velocity is

v · n ≈ 0 (91)

for a moderate reaction rate Rin
IE. Together with div v = 0, the barycentric velocity becomes v = 0

in the electrolyte. This reduces the interface conditions eqs. (79) and (80) on ΣIE to

−JIC · n = Lin
IEfBV(λ

in
IE)− vESnICL

fo
IEfBV(λ

fo
IE) , (92a)

−JIe · n = −Lfo
IEfBV(λ

fo
IE)− vESnIeL

fo
IEfBV(λ

fo
IE) , (92b)

JEC · n = −Lin
IEfBV(λ

in
IE)− (1− vESnEC )L

fo
IEfBV(λ

fo
IE) , (92c)

JEA · n = nEAvESL
fo
IEfBV(λ

fo
IE) , (92d)

and the charge fluxes are

JEq · n = e0JEC · n− e0JEA · n = −e0(Lin
IEfBV(λ

in
IE) + Lfo

IEfBV(λ
fo
IE)) , (93a)

−JIq · n = −e0(JIC · n− JIe · n) = e0(L
in
IEfBV(λ

in
IE) + Lfo

IEfBV(λ
fo
IE)) . (93b)

2.8 Active Material–SEI Interface

At the interface between the active material and the SEI, ΣAI, only the intercalation reaction

C+
∣∣I + e−

∣∣A ⇌ C
∣∣A (94)

occurs, with a reaction rate
Rin

AI = Lin
AIfBV(λ

in
AI) , (95)
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where Lin
AI is the reaction rate coefficient and the surface affinity is

λin
AI := −(µ

s
AC − µ

s
IC − µ

s
e−) . (96)

Equivalently to the SEI–electrolyte interface, pulling back the surface chemical potentials to positions
outside of the respective space charge layers yields

µ
s
α = µα

∣∣I
AI
+ e0zα(φI

∣∣
AI
− φ

s

∣∣I
AI
) α ∈ II , (97)

µ
s
α = µα

∣∣A
AI
+ e0zα(φA

∣∣
AI
− φ

s

∣∣A
AI
) α ∈ IA , (98)

whereby the surface affinity of the intercalation reaction satisfies

λin
AI

kBT
= −∆gin

AI −
e0
kBT

(φA

∣∣
AI
− φI

∣∣
AI
)− fA(yA

∣∣
AI
) + fIC (yIC

∣∣
AI
) . (99)

with

∆gin
AI :=

1

kBT
(gAC − gIC − gAe) . (100)

For the electrons, an additional constraint arises, essentially stating the continuity of the (electro-
)chemical potential at the active material–SEI interface, since the SEI is a mixed ion-electron conductor.
This reads as

µAe
∣∣A
AI
− e0(φA

∣∣A
AI
− φ

s

∣∣A
AI
) = µ

s
Ae = µIe

∣∣I
AI
− e0(φI

∣∣I
AI
− φ

s

∣∣I
AI
) , (101)

where µ
s
Ae is essentially the constant work function of the electrode surface [34]. From the continuity

condition, eq. (101), we obtain

e0(φA|AAI − φI|IAI) = gAe − gIe − kBT fIe(yI|IAI) . (102)

The species reaction rates are

r
s
α =


Rin

AI α = AC ,

−Rin
AI α = Ae ,

−Rin
AI α = IC ,

(103)

resulting in the following equations for the fluxes across ΣAI,

−JAC · n = Rin
AI = Lin

AI fBV(λ
in
AI) , (104a)

JIC · n = −Rin
AI = −Lin

AI fBV(λ
in
AI) , (104b)

(JIe − JAe) · n = −Rin
AI = −Lin

AI fBV(λ
in
AI) , (104c)

where n is the outward normal vector to ΩA, pointing into ΩE. The charge flux across the interface is
then

(JIq − JAq) · n = e0JIC · n− e0(JIe − JAe) · n = 0 . (105)

2.9 Cell Voltage and Counter Electrode

We consider a (working electrode)|SEI|electrolyte|(counter electrode) setup, where the counter electrode
is considered to be a metallic lithium foil. At the surface ΣEM of the lithium foil, we have a metallic
dissolution reaction

MC
∣∣M + κECES

∣∣E ⇌ EC
∣∣E , (106)
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with a reaction rate Rdi
EM and a surface affinity

λdi
EM = −(µEC |EEM + e0φE|EEM − µMC |MEM − e0φM|MEM − κECµES |EEM) , (107a)

= −kBT
(
∆gdi

EM + fE(yEC |EM) +
e0
kBT

(φE|EEM − φM|MEM)
)
. (107b)

We will assume throughout this work, that the lithium foil is so large compared to the active electrode,
that we can assume reaction equilibrium, i.e.

λdi
EM = 0 ⇔ e0

kBT
(φE|EEM − φM|MEM) = −∆gdi

EM − fE(yEC |EM) . (108)

Further, the electronic conductivity is considered to be very high, entailing ∇φM = 0 in the counter
electrode ΩM and thus φM(x, t) = const. = φM. Note that the whole mathematical problem is
determined up to a constant shift in φ whereby we may set φM = 0 and obtain the boundary condition

e0
kBT

φE|EEM = −∆gdi
EM − fE(yEC |EM) , and JEC · n = i . (109)

The cell voltage is related to the electrochemical potential of the electrons in the different phases, which
yields

E = φA|ΣDA
− e0(gAe − gMe) (110)

since µMe = gMe and µAe|ΣDA
= gAe .

At the current collector–active phase interface ΣDA, the electronic current I is entering the working
electrode, which yields the boundary conditions

−e0JAe · n =
I

|ΣDA|
=: i , (111a)

JAC · n = 0 . (111b)

2.10 Initial Conditions

We assume that the system is initially in equilibrium, so we impose the initial conditions

yA(x, t = 0) = y0A x ∈ ΩA , (112a)

yI(x, t = 0) = y0I x ∈ ΩI , (112b)

yE(x, t = 0) = y0E x ∈ ΩE . (112c)

Mathematically, these conditions are sufficient to close the system. However, it is also useful to consider
what the initial states of the potentials φj for (j = A, I, E, M) will be, which is useful for understanding
the system’s behaviour and defining accurate initial guesses for the numerical solver. We impose

φj(x, t = 0) = φ0
j , x ∈ ΩA ∪ ΩI ∪ ΩE . (113)

Without any current flowing in the initial state, we can deduce the initial conditions for φj from the
reaction equilibrium, i.e.

λin
IE

!
= 0 ⇔ −∆gin

IE + fE(y
0
EC
)− fI(y

0
IC
) =

e0
kBT

(φ0
I − φ0

E) , (114a)

λin
AI

!
= 0 ⇔ −∆gin

AI + fIC (y
0
IC
)− fA(y

0
AC
) =

e0
kBT

(φ0
A − φ0

I) , (114b)

λMdi
!
= 0 ⇔ −∆gdi

EM − fE(y
0
EC
) =

e0
kBT

(φ0
E − φ0

M) . (114c)
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Hence, the initial values for φj are determined as
e0
kBT

φ0
M = 0 , (115a)

e0
kBT

φ0
E = −

(
∆gdi

EM + fE(y
0
EC
)
)
, (115b)

e0
kBT

φ0
I = −

(
∆gin

IE +∆gdi
EM + fI(y

0
IC
)
)
, (115c)

e0
kBT

φ0
A = −

(
∆gin

AI +∆gin
IE +∆gdi

EM + fA(y
0
AC
)
)
. (115d)

We now introduce the variable transformations (j = A, I, E, M)

φ̃j :=
e0
kBT

(φj − φ0
j) , (116)

which yields the convenient5 expressions

λin
IE

kBT
= −(fI(yIC |IIE)− fI(y

0
IC
)) + (fE(yEC |EIE)− fE(y

0
EC
))− φ̃I|IIE + φ̃E|EIE , (117a)

λin
AI

kBT
= −(fA(yAC |AAI)− fA(y

0
AC
)) + (fIC (yIC |AAI)− fIC (y

0
IC
))− φ̃A|AAI + φ̃I|IAI , (117b)

and

λfo
IE

kBT
= −∆gfo + (fE(yEC |EIE)− fE(y

0
EC
)) + (ln(yES |EIE)− ln(y0ES))

+ (fIe(yIe|IE)− fI(y
0
IC
))− φ̃I|IIE + φ̃E|EIE , (117c)

where

∆gfo :=
e0
kBT

(∆gfo
IE −∆gin

IE)− ln(y0ES) , (118a)

yES =1− 2yEC , (118b)

In order to achieve initial SEI growth, ∆gfo < 0 is required.

Note further that the continuity condition for the electrons, eq. (101) also holds for the initial values, i.e.

e0
kBT

(φ0
A − φ0

I) =
1

kBT
(gAe − gIe)− fIe(y

0
I) . (119)

In addition, we have
e0
kBT

(φ0
A − φ0

A) = −∆gin
AI + fIC (y

0
IC
)− fA(y

0
AC
) , (120)

and therefore
1

kBT
(gAC − gIC − gIe) + fA(y

0
AC
) = fIe(y

0
I) + fIC (y

0
IC
) . (121)

This constraint allows the consistent determination of the initial values y0I . Further, it allows us to rewrite
the continuity of the electron electro-chemical potential, eq. (101), as

(φ̃A|AAI − φ̃I|IAI) = −(fIe(yI|IAI)− fIe(y
0
I)) . (122)

Note further that the constraint λdi
EM = 0 yields the boundary condition

φ̃E|EEM = −(fE(yE|EM)− fE(y
0
E)) . (123)

5The affinities are expressed in terms of the initial conditions, yielding directly λin
IE = 0 and λin

AI = 0 for the initial state.
This is also an important aspect for numerical implementations.
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The cell voltage can be finally be written as

E =
kBT

e0

(
φ̃A|ΣDA

− fA(y
0
AC
)) + E0 with E0 := e0(gMC + gMe − gAC ) . (124)

3 One-Dimensional Equation System

We consider now a 1D approximation of the problem. The structure of this section is the following. After
stating the 1D version of the governing equations, we introduce proper non-dimensionalizations of the
overall problem and introduce the C-Rate Ch as a central scaling factor. We show how open-circuit
voltage (OCV) conditions can be achieved for Ch → 0 and derive a coupled ODE system to determine
the evolution of (yA, yI, yE, ℓI) under OCV conditions, which is particularly relevant for battery calendar
aging.

3.1 Balance Equations

We now write the governing equations and boundary conditions in each domain in a compact way,
exploiting that notation can be simplified when considering a 1D planar geometry. We consider the
variable transformations φ̃j =

e0
kBT

(φE − φ0
E), j = A, I, E in the following. For the electrolyte domain

ΩE, with interfaces ΣIE and ΣEM, we need to solve the balance equations (cf. eqs. (42) and (43)) for the
variables (yE, φ̃E),

hE
∂yE
∂t

= −∂JEC
∂x

, (125a)

0 = −∂JEq
∂x

. (125b)

The corresponding fluxes are

JEC = −(DE + tEC
SE

e0
)nEtotΓE

∂yEC
∂x

− nEtotyE
kBT

(e0)2
tECΛE

∂φ̃E

∂x
, (125c)

= −DEnEtotΓE

∂yE
∂x

+
kBT

(e0)2
tECJEq , (125d)

JEq = −SE · nEtotΓE

∂yE
∂x

− nEtotyEΛE

kBT

e0

∂φ̃E

∂x
, (125e)

with

nEtot = ñEtot(yE)n
0
ES
, ñEtot(yE) :=

1

1− 2(κE − 1)yE
, (125f)

hE =
∂nEC
∂yE

= n0
ES
h̃E, h̃E(yE) := 1 +

2yE(κE − 1)

(1− 2(κE − 1)yE)2
. (125g)

Note that both flux representations of JEC are useful, either for theoretical or numerical aspects.

For the SEI domain ΩI, with interfaces ΣAI and ΣIE, we need to solve the balance equations (cf.
eqs. (65) and (66)) for the variables (yI, φ̃I, xI(t)),

nIlat

∂yI
∂t

= −∂JIC
∂x

, (126a)

0 = −∂JIq
∂x

, (126b)
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as well as the ODE

dxI(t)

dt
= vESL

fo
IE · fBV(λfo

IE) (126c)

for the moving SEI interface. The corresponding fluxes are

JIC =− (DI + tIC
SI

e0
)nEtotΓE

∂yI
∂x

− nIlatyI
kBT

(e0)2
tICΛE

∂φ̃I

∂x
, (126d)

=−DInIlatΓI

∂yI
∂x

+
1

e0
tICJIq , (126e)

JIq =− SI · nIlatΓI

∂yI
∂x

− nIlatyI
kBT

e0
ΛI

∂φ̃I

∂x
. (126f)

In the active active phase ΩA, with interfaces ΣDA and ΣAI, we need to solve the balance equations (cf.
(53) and (54)) for the variables (yA, φ̃A),

nAlat

∂yA
∂t

= −∂JAC
∂x

, (127a)

0 = −∂JAq
∂x

. (127b)

The corresponding fluxes are

JAC = −D0
AyA(1− yA) · nA,lat ΓA(yA)︸ ︷︷ ︸

=:Deff
A (yA)

∂yA
∂x

, (127c)

JAq = −σA
kBT

e0

∂φ̃A

∂x
. (127d)

3.2 Boundary Conditions

At the electrolyte–SEI interface xI(t), we have

−JIC = +Rin
IE = Lin

IE · fBV(λin
IE)− nICvESL

fo
IE · fBV(λfo

IE) on ΣI
IE , (128a)

−JIq = e0L
in
IE · fBV(λin

IE) + e0L
fo
IE · fBV(λfo

IE) on ΣI
IE , (128b)

JEC
= −Lin

IE · fBV(λin
IE)− Lfo

IE · fBV(λfo
IE) + nECvESL

fo
IE · fBV(λfo

IE) on ΣE
IE , (128c)

JEq = +e0L
in
IE · fBV(λin

IE) + e0L
fo
IE · fBV(λfo

IE) on ΣE
IE , (128d)

and at the active phase–SEI Interface xA

−JAC = Rin
AI = Lin

AI · fBV(λin
AI) on ΣA

AI , (129a)

JIC = −Rin
AI = −Lin

AI · fBV(λin
AI) on ΣI

AI , (129b)

(JIq − JAq) = 0 on ΣAI , (129c)

with fBV according to eq. (15) and the surface affinities (λin
IE, λ

fo
IE, λ

in
AI) according to eq. (117).

At the current collector–active phase interface x0, we have

JAq = i and JAC = 0 , (130)

and at the electrolyte–counter electrode xM interface

φ̃E = −(fE(yE|EM)− fE(y
0
E)) and JEq |xE = i . (131)
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Note that JEq |xE = i also implies

JEC |xE = i(e0)
−1 and JES |xE = −κi(e0)−1 . (132)

3.3 Non-dimensionalization

We non-dimensionalize the whole system of equations with respect to the following scalings:

L := |xA − x0| , ξ :=
(x− x0)

L , ℓ̃I :=
ℓI(t)

L ,

ηAI :=
nAlat

nIlat

, ηIE :=
nIlat

n0
ES

, ηEA :=
n0
ES

nAlat

,

Q0
A := e0nAlatL , i := i0 · Ch · ĩ(τ) , i0 :=

Q0
A

1[h]
,

τ := Ch
t

[h]
, φ̃j :=

kBT

e0
(φj − φ0

j) ,

(133)

where Ch is called the C-rate. We then define the dimensionless parameters

D̃y
E :=

[h]

L2
(DE + tEC

SE

e0
)ñEtotΓE , D̃φ

E :=
[h]

L2
ñEtot(yE)yE

kBT

(e0)2
tECΛE ,

S̃E :=
[h]

L2

1

e0
SE · ñEtotΓE , σ̃E :=

[h]

L2
ñEtotyEΛE

kBT

(e0)2
,

D̃y
I :=

[h]

L2
(DI + tIC

SI

e0
)ΓI , D̃φ

I :=
[h]

L2
yI
kBT

(e0)2
tICΛI ,

S̃I :=
[h]

L2

1

e0
SI · ΓI , σ̃I :=

[h]

L2
yI
kBT

(e0)2
ΛI ,

D̃A :=
[h]

L2
D0

AyA(1− yA)ΓA(yA) , σ̃A :=
[h]kBT

e20L2nAlat

σA ,

L̃in
IE :=

[h]

LnIlat

Lin
IE , L̃fo

IE :=
[h]

Ln0
ES

Lfo
IE ,

L̃in
AI :=

[h]

LnAlat

Lin
AI .

(134)

3.3.1 Balance equations

We can now write the governing equations in section 3.1 in dimensionless form. The electrolyte with
the variables (yE, φ̃E) is governed by

h̃E
∂yE
∂τ

= −∂J̃EC
∂ξ

with J̃EC =
[h]

Ln0
ES
Ch
JEC = − 1

Ch
D̃y

E

∂yE
∂ξ

− 1

Ch
D̃φ

E

∂φ̃E

∂ξ
, (135a)

0 = −∂J̃Eq
∂ξ

with J̃Eq =
[h]

e0Ln0
ES
Ch
JEq = − 1

Ch
S̃E

∂yE
∂ξ

− 1

Ch
σ̃E
∂φ̃E

∂ξ
. (135b)

The SEI with the variables (yI, φ̃I, ℓI) is governed by

∂yI
∂τ

= −∂J̃IC
∂ξ

with J̃IC =
[h]

LnIlatCh
JIC = − 1

Ch
D̃y

I

∂yI
∂ξ

− 1

Ch
D̃φ

I

∂φ̃I

∂ξ
, (136a)
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0 = −∂J̃Iq
∂ξ

with J̃Iq =
[h]

e0nIlatCh
JIq = − 1

Ch
S̃I

∂yI
∂ξ

− 1

Ch
σ̃I
∂φ̃I

∂ξ
, (136b)

(136c)

and

dℓ̃I(t)

dτ
=

1

Ch
L̃fo
IE fBV(λ

fo
IE) . (136d)

The active phase with the variables (yA, φ̃A) is governed by

∂yA
∂τ

= −∂J̃AC
∂ξ

with J̃AC =
[h]

LnAlatCh
JAC = − 1

Ch
D̃A

∂yA
∂ξ

, (137a)

0 = −∂J̃Aq
∂ξ

with J̃Aq =
[h]

e0LnAlatCh
JAq = − 1

Ch
σ̃A
∂φ̃A

∂ξ
. (137b)

3.3.2 Boundary conditions

The dimensionless version of the boundary condition at the SEI–electrolyte interface reads

J̃EC = −ηIE
1

Ch
L̃in
IE · fBV(λin

IE)−
1

Ch
L̃fo
IE · fBV(λfo

IE) + yEñEtot

1

Ch
L̃fo
IE · fBV(λfo

IE) on ΣE
IE , (138a)

J̃Eq = +ηIE
1

Ch
L̃in
IE · fBV(λin

IE) +
1

Ch
L̃fo
IE · fBV(λfo

IE) on ΣE
IE , (138b)

and those at the active phase–SEI Interface are

−J̃AC =
1

Ch
L̃in
AI · fBV(λin

AI) on ΣA
AI , (139a)

(ηEAJ̃Eq − J̃Aq) = 0 on ΣAI , (139b)

with fBV according to eq. (15) and the surface affinities (λin
IE, λ

fo
IE, λ

in
AI) according to the dimensionless

versions of eq. (117), omitted here for compactness.

At the current collector–active phase interface, we have

J̃Aq = ĩ(τ) , (140a)

J̃AC = 0 , (140b)

and at the electrolyte–counter electrode interface

φ̃E|EEM = −(fE(yE|EM)− fE(y
0
E)) , (141a)

J̃Eq |xE = (ηEA)
−1ĩ(τ) . (141b)

Note that eq. (141a) reflects that the counter electrode–electrolyte interface is to be in equilibrium, since
φ̃E|EEM = kBT

e0
φE|EEM + kBT

e0
(∆g̃di

EM + fE(y
0
E)).

3.4 Derivation of the ODE System

In this section we aim to determine balance equations for (yI, yA, yE).

DOI 10.20347/WIAS.PREPRINT.3250 Berlin 2025



M. Landstorfer, C. Pohl, F. Brosa Planella, K. Manmi 26

3.4.1 Charge Balance

For the electro-neutral electrolyte, we have

JEq |xE = JEq |EIE . (142)

Note that

JEq |EIE = e0L
in
IE · fBV(λin

IE) + e0L
fo
IE · fBV(λfo

IE) , (143a)

JEq |xE = i(t) , (143b)

where the second equation ensures electro-neutrality of the external circuit. Hence we obtain

i(t) = e0L
in
IE · fBV(λin

IE) + e0L
fo
IE · fBV(λfo

IE) , (144)

which we can further exploit.

In order to determine yI, consider

ȳI :=
1

ℓI(t)

∫ xI(t)

xA

yI dx , (145)

from which we can deduce
dȳI
dt

=
1

nIlatℓI(t)

(
Lin
IE · fBV(λin

IE)− nICvESL
fo
IE · fBV(λfo

IE)− Lin
AI · fBV(λin

AI)
)
. (146)

Further, in order to determine yA, consider

ȳA :=
1

L

∫ xA

x0

yAC dx , (147)

which, using

nAlat∂tyA = −∂xJAC , (148a)

and

−JAC |AAI = Rin
AI = Lin

AI · fBV(λin
AI) , (148b)

JAC |x0 = 0, (148c)

yields the relation

dȳA
dt

=
1

nAlatL
Lin
AI · fBV(λin

AI) . (149)

Substituting Lin
AI · fBV(λin

AI) in eq. (146) by eq. (149) yields

dyI
dt

+
nAlatL
nIlatℓI(t)

dȳA
dt

=
1

nIlatℓI(t)
(Lin

IE · fBV(λin
IE)− nICvESL

fo
IE · fBV(λfo

IE)) , (150)

and substituting further Lin
IE · fBV(λin

IE) via eq. (144), we obtain the evolution equation

dȳI
dt

+
nAlatL
nIlatℓI(t)

dȳA
dt

=
1

nIlatℓI(t)

(i(t)
e0

− (1 + nICvES)L
fo
IE · fBV(λfo

IE)
)
. (151)

Equation (151) essentially relates the amount of intercalated lithium to the current i(t) and the formation
reaction Lfo

IE · fBV(λfo
IE). Note that if no formation reaction were present, eq. (151) would simplify to

Q0
A

dȳA
dt

= i(t) , (152)

simply stating that the mole fraction of intercalated lithium (or the state of charge) yA is directly
determined by the current i(t). However, when a formation reaction is present, the current does not
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only change the state of charge, but it also contributes to the formation reaction.

Note that the formation reaction affinity λfo
IE, cf. eq. (117c), depends on the solvent concentration yEC |EIE,

since solvent is consumed due to the formation reaction. Hence, we also have to take the solvent
concentration variation into account, which we discuss in the next section.

3.4.2 Solvent Balance

Previously we used incompressibility so we did not have to solve the balance equation for the solvent
species in the electrolyte domain [xI(t), xE]. However, it is now convenient to use solvent balance
explicitly, which reads

∂nES
∂t

= −∂xJES , (153a)

together with the boundary conditions

(jES − nESw)|xI(t) = κECR
in
IE + (κEC − 1)Rfo

IE , (153b)

−jES |xE = −κEC i/e0 , (153c)

and

w =
dxI(t)

dt
= vESL

fo
IE · fBV(λfo

IE) . (153d)

We denote with ℓE(t) = xE − xI(t) which yields (cf. appendix B)

dn̄ES
dt

=
1

ℓE(t)

(
κECR

in
IE + (κEC − 1)Rfo

IE − κEC i/e0 − n̄ESw
)
. (154)

Note that we can rewrite ℓE(t) = ℓ0E − (ℓI(t)− ℓ0I). Further, for the cations we have

∂nEC
∂t

= −∂xJEC , (155a)

together with the boundary conditions

(jEC − nECw)|xI(t) = −Rin
IE −Rfo

IE , (155b)

jEC |xE = +i/e0 , (155c)

which yields

dn̄EC
dt

=
1

ℓE(t)

(
i/e0 −Rin

IE −Rfo
IE − n̄ECw

)
. (156)

Hence we obtain the balance equation for n̄ =
∑

β n̄β

dn̄

dt
=

1

ℓE(t)

(
− (κEC − 1)i/e0 + κECR

in
IE + (κEC − 1)Rfo

IE −Rin
IE −Rfo

IE − n̄w
)
, (157)

and thus for ȳES the balance equation (again, cf. appendix B)

dȳES
dt

=
1

n̄ ℓE
(−(κEC − yES(κEC − 1)) · (i/e0 −Rin

IE) + ((κEC − 1)(1− yES)R
fo
IE + yESR

fo
IE) .

(158)

Next, we substitute Rin
IE (cf. eq. (144)), i.e.

Rin
IE = e−1

0 i(t)−Rfo
IE , (159)
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whereby we obtain

d

dt
ȳES = − 1

n̄ ℓE
(1− yES)R

fo
IE . (160)

As expected, we find that the mole fraction of solvent species decreases by the formation reaction
(Rfo

IE > 0).

The derived relations of the last sections hold true in general and we have not yet made any further
assumptions. However, we will systematically apply some equilibrium conditions in order to simplify the
resulting equation system.

3.4.3 OCV Conditions

Now we focus on the particular case of OCV-conditions, in which actually Ch → 0, which implies for
the transport parameters

(∂ξyA, ∂ξφ̃A)

(D̃A,σ̃A)
Ch

→∞
−−−−−−→ 0 , (161a)

(∂ξyE, ∂ξφ̃E)

(D̃
y
E ,D̃

φ
E ,S̃E,σ̃E)

Ch
→∞

−−−−−−−−−−→ 0 , (161b)

(∂ξyI, ∂ξφ̃I)

(D̃
y
I ,D̃

φ
I ,S̃I,σ̃I)

Ch
→∞

−−−−−−−−−−→ 0 , (161c)

and for the reaction parameters

λin
IE

L̃in
IE

Ch
→∞

−−−−→ 0, λin
AI

L̃in
AI

Ch
→∞

−−−−→ 0 . (162)

The conditions from eq. (161) yield ȳA = yA,ȳE = yE and ȳI = yI, respectively, as well as

yA|AAI = yA , yES |EIE = yES and yI|IAI = yI|IIE = yI , (163)

and constant values (w.r.t. the space variable x) for φA, φE and φI.

The condition for λin
IE in eq. (162) can be exploited to substitute −φ̃I|IIE + φ̃E|EIE in λfo

IE from eq. (117a),
i.e.

0 = −(fI(yIC |IIE)− fI(y
0
IC
)) + (fE(yEC |EIE)− fE(y

0
EC
))− φ̃I|IIE + φ̃E|EIE , (164)

yielding the representation

λfo
IE

kBT
= −∆gfo + (ln(yES)− ln(y0ES)) + (fIe(yI)− fIe(y

0
I)) + (fIC (yI)− fIC (y

0
I)) . (165)

The condition for λin
AI in eq. (162) yields the constraint

0 = −(fA(yA)− fA(y
0
AC
)) + (fIC (yI)− fIC (y

0
IC
))− φ̃A|AAI + φ̃I|IAI . (166)

The continuity of the (electro-)chemical potential at the electrode–SEI interface, eq. (122), states that

(φ̃A|AAI − φ̃I|IAI) = −(fIe(yI|IAI)− fIe(y
0
I)) , (167)

whereby eq. (166) yields the constraint

fIC (yI)− fIC (y
0
I) + fIe(yI)− fIe(y

0
Ie
) = fA(yA)− fA(y

0
A) . (168)

This condition allows us to write

yI = ŷI(yA) . (169)
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via the implicit function theorem, i.e. as a solution of

g(yI, yA) := fIC (yI)− fIC (y
0
I) + fIe(yI)− fIe(y

0
Ie
) = fA(yA)− fA(y

0
A)

!
= 0 , (170)

and allows us further to substitute (fIe(yI)− fIe(y
0
I)) + (fIC (yI)− fIC (y

0
IC
)) in λfo

IE, yielding

λfo
IE

kBT
= −∆gfo + (ln(yES)− ln(y0ES)) + fA(yA)− fA(y

0
A) . (171)

The actual values of the potential in the respective phases can be determined from eqs. (117a), (117b)
and (141a) as

φ̃E = −(fE(yE)− fE(y
0
E)) , (172a)

φ̃I = −(fI(ŷIC (yA))− fI(y
0
IC
)) , (172b)

φ̃A = −(fA(yA)− fA(y
0
AC
)) , (172c)

where the open-circuit voltage (OCV) is determined from eq. (124) as

EOCV = −kBT

e0
fA(yA) + E0 . (173)

Note that λfo
IE (cf. eq. (171)) is dependent on the OCV. Overall, to determine the variables (yA, yES , ℓI),

we have the following coupled system of equations:

dyA
dt

=
( dŷI
dyA

+
nAlatL
nIlatℓI(t)

)−1 1

nIlatℓI(t)

(i(t)
e0

− (1 + nICvES)L
fo
IE · fBV(λfo

IE)
)
, (174a)

dyES
dt

= − 1

n̄ (ℓ0E − (ℓI(t)− ℓ0I))
(1− yES)L

fo
IE · fBV(λfo

IE)
)
, (174b)

dℓI(t)

dt
= vESL

fo
IE · fBV(λfo

IE) , (174c)

λfo
IE

kBT
= −∆gfo + (ln(yES)− ln(y0ES)) + fA(yA)− fA(y

0
A) . (174d)

In non-dimensional form, the ODE system reads

dyA
dτ

=
1

1 + ℓ̃I(t)η
−1
AI

dŷI
dyA

(̃
i(τ)− (ηEA + ηIAyI(τ))

1

Ch
L̃fo
IE · fBV(λfo

IE)
)
, (175a)

dyES
dτ

= − 1

ñEtot (ℓ̃
0
E − ℓ̃I(τ) )

(1− yES(τ))
1

Ch
L̃fo
IEfBV(λ

fo
IE) , (175b)

dℓ̃I(t)

dτ
=

1

Ch
L̃fo
IE · fBV(λfo

IE) , (175c)

λfo
IE

kBT
= −∆gfo + (ln(yES)− ln(y0ES)) + fA(yA)− fA(y

0
A) . (175d)

3.4.4 Representation of the Reaction Rate

Non-equilibrium thermodynamics initially treats each chemical reaction as reversible, which is also
reflected in the notation A + B ⇌ C and the formulation of the reaction rate

R = L · fBV(λ) with fBV(z) = e
α

z
kBT − e

−(1−α) z
kBT (176)

and λ = −(µC − µA − µB) , (177)
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which yields R > 0 for λ > 0 and R < 0 for λ < 0. However, if presumably (or approximately) only
one direction occurs, e.g. A + B −−→ C, we can rewriteR in order to obtain some necessary restrictions
on the reaction parameters.

In principle, each reaction has two independent parameters, (i) the ∆g of the reaction, i.e.

∆g = gC − gA − gB (178)

which covers the constant parts of the chemical potentials µα = gα + kBT ln yα, and (ii) the constant
Onsager coefficient L. We decompose the reaction affinity

λ = −∆g + λ̃ , (179)

where λ̃ has then no constant terms. This can be exploited to rewrite R = L · fBV(λ) as

R = L · e−α(∆g−λ̃) − L · e+(1−α)(∆g−λ̃) , (180)

= K fo · eαλ̃ −Kba · e−(1−α)λ̃ , (181)

where K fo = L · e−α(∆g) and Kba = L · e(1−α)(∆g) can be considered as equivalent independent
parameters to ∆g and L. However, this representation is especially useful when a reaction considerably
occurs only in one direction, i.e. ∆g → −∞ implies Kba → 0 (while K fo <∞ yields a constraint on
L). Hence, for reactions occurring only in forward direction, we can consider K fo as the single reaction
rate parameter.

4 Numerical Examples under OCV conditions

In this section, we discuss several numerical examples of the derived SEI-growth model under OCV
conditions. We consider three different kinds of numerical experiments, i.e.

1 Charge and rest,

2 periodic cycling between (0%-100%) SOC and between (20%-80%) SOC,

3 and various µA functions (OCVs),

which are reflected in different time dependent current profiles i(t). For each experiment we solve the
ODE system (174) and compute the cell voltage E(t), the lithium content yA(t) in the electrode, the
SEI thickness ℓI(t) and the solvent concentration yES(t).

If not stated otherwise, we consider DMC as solvent with nref
ES

= 11.867mol L−1, a salt concentration
of nref

EC
= 1mol L−1 and a solvation number of κ = 4 [46, 35]. For the active phase material we

consider a lattice site density of graphite, i.e. nAlat =
1
ωA

ρA
MA

= 31mol L−1, where ρA = 2260g L−1,

MA = 12.01gmol−1, and ωA = 6, reflecting LiC6, i.e. one lattice site per six carbon atoms. This
yields

y0ES = 0.6591 y0EC = 0.1704 (182)

ηEA = 0.3828 ηIA = 1 . (183)

Further, we consider a lithium half cell with an ideal electrode material, reflected by a chemical potential
function

fA = ln
yA

1− yA
(184)
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and similar for the SEI

fI = ln
yA

1− yA
(185)

which entails yI = yA. Note that these specific material functions just serve for demonstration issues in
order to decouple more complex effects which arise from the active material from our focus here on the
SEI growth model. In section 4.3 we also consider more realistic chemical potential functions fA. Note
that in all examples the SEI growth reaction depends self-consistently on the OCV of the electrode
material via this contribution to the chemical potential function µA. If not state otherwise, cycling will
occur between Emax = 0.2V and Emin = 0V.

The ODE system can be solved with standard solvers for boundary value problems. Here, the following
examples were computed using fifth-order Runge-Kutta methods, both in MATLAB with ode45, and in
Python with solve_ivp from SciPy.

4.1 Charge and Rest

In this example, the initially lithium poor electrode is charged at constant current i(t) = i0 (i.e. filled
with lithium) until a certain threshold value Emin is reached, and then stored at i(t) = 0 for t → ∞,
where we compute the further time-evolution of all quantities. Hence, we consider as current

i(t) =

{
i0 , t < t∗ = {τ ∈ [0, T ]|E(τ) = Emin}
0 , t ≥ t∗ .

(186)

We discuss essentially the variation of two parameters, (i) the forward reaction rate constant K fo of the
SEI formation reaction and (ii) of the initial electrolyte thickness ℓ0E.
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Figure 4: Time evolution of all variables for a large electrolyte domain ℓ̃0E = 100 and a small reaction
rate constant K̃ fo = 10−5.

For large electrolyte domains ℓ̃0E = 100 (with respect to the domain size of the active phase) we find
for small reaction rate constants K̃ fo = 10−5 of the formation reaction, after charging the electrode
(t > t∗), almost constant values for (yA(t), E(t), yES(t)) as well as a very small (but linear) growth of
SEI thickness ℓI(t), see fig. 4. The SEI growth seems larger during storage than during charging, but
rate of the formation reaction depends only on yA and yES , making ℓI continuously differentiable at the
point of turning off the current, t∗. During storage, as the SEI continues to grow, the electrode is slowly
discharged, and as a result, the OCV rises again.
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Figure 5: Time evolution of all variables for a large electrolyte domain ℓ̃0E = 100 and a medium reaction
rate constant K̃ fo = 10−3.

For a large electrolyte domain and a medium reaction rate constant K̃ fo = 10−3, we find the SEI
growth during charging to be comparatively slow to the growth during rest. This is due to the fact
that affinity of the formation is largest in the fully charged state. After charging the electrode (t > t∗),
a self-discharge of the electrode due to the SEI formation takes place, i.e. yA decreases while the
voltage E(t) increases (see fig. 5). This coincides with the notion that the SEI growth consumes lithium,
yielding the non-linear growth rate for ℓI(t). Note that, since no external current (electrons) enter the

electrode via an external circuit, the self-discharge of C
∣∣A → C+

∣∣I + e−
∣∣I is the source of electrons

and lithium ions in order to proceed with the SEI growth reaction6 C
∣∣A + S

∣∣E ⇌ B
∣∣I. Lithium ions from

the electrolyte alone cannot grow the SEI.7 As the reaction rate is larger than in the first case, more
lithium is being consumed, resulting in a larger decrease in yA. This in turn leads to a slower formation
reaction as time goes on, leading to the nonlinear growth seen in fig. 5.
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Figure 6: Time evolution of all variables for a large electrolyte domain ℓ̃0E = 100 and a large reaction
rate constant K̃ fo = 10−1.

Finally, for a large electrolyte domain ℓ̃0E = 100 and a large reaction rate constant K̃ fo = 10−1, we

6Note that in equilibrium C+
∣∣E ⇌ C+

∣∣I + κECS
∣∣E and C

∣∣A → C+
∣∣I + e−

∣∣I whereby C+
∣∣E + e−

∣∣I + S
∣∣E ⇌

B
∣∣I + κECS

∣∣E is equivalent to C
∣∣A + S

∣∣E ⇌ B
∣∣I.

7If ions from the electrolyte together with electrons from the electrode (without connection to an external electron source)
would grow the SEI, the electrode essentially would become positively charged, violating the electroneutrality condition.
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find that the SEI formation reaction actually becomes the voltage determining process, whereby Emin

actually cannot be reached for large electrolyte domains. While charging the electrode, yA increases to
about 0.6, which decreases correspondingly the OCV. However, we find that beyond about t > 2 the
concentration saturates well below 1, i.e. before beeing entirely filled with intercalated cations (see Fig.
6). However, further charging of the electrode does not further change the mole fraction yA, whereby
the entire current flows into the SEI growth. The resulting growth rate for the SEI is then again linear in
time, however, due to another reason compared to the situation of Fig. 4.
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Figure 7: Time evolution of all variables for a small electrolyte domain ℓ̃0E = 1 and a medium reaction
rate constant K̃ fo = 10−3.

Next we discuss small electrolyte domains ℓ̃0E = 1. Since the SEI formation C
∣∣A + S

∣∣E ⇌ B
∣∣I

consumes solvent species S, it changes the bulk solvent concentration (or mole fraction yES ), see
figs. 7 and 8. While for large electrolyte domains this variation is negligible, it becomes dominant for
small electrolyte domains. For medium reaction rate constants K̃ fo = 10−3 we find a linear decrease
of the solvent concentration in time (cf. fig. 7), clearly showing the impact of the SEI reaction. Note that
this effect could be more pronounced in small pores of porous media, where the pore size is actually
in the order of the active phase particles. However, we find that the electrode is also self-discharging,
whereby the lithium mole fraction yA decreases non-linearly in time. The resulting SEI growth regime
exhibits a square root like behavior. For the storage time plotted here, the difference between fig. 5
and fig. 7 is small; only the decrease in yES is noticeably larger in the small electrolyte case. Until the
solvent concentration has been noticeably reduced, the electrolyte domain size has no impact on the
SEI growth. Under the OCV conditions considered here, the solvent transport does not influence the
SEI formation.

For large reaction rate constant K̃ fo = 10−1 and small electrolyte domains, the electrode no longer
reaches the stop condition for the current, as the whole solvent is consumed before the OCV reaches
Emin = 0V. Both solvent concentration and SEI growth become nonlinear, and the SEI growth
saturates (cf. fig. 8) once no more solvent is left to proceed with the reaction C

∣∣A + S
∣∣E ⇌ B

∣∣I. Hence,
the origin for the stop in SEI growth under these conditions is the vanishing concentration of solvent
species yES . This stop in SEI growth occurs even though there is lithium in the active material and an
external current present.

Overall we thus find that the SEI growth could stop for t→ ∞ when either the solvent or the intercalated

cations are depleted, more precisely if λfo
IE

kBT
→ 0 (cf. eq. (171)), which is equivalent to

g(yES , yA) := (ln(yES)− ln(y0ES)) + fA(yA)− fA(y
0
A)

!→ ∆gfo . (187)
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Figure 8: Time evolution of all variables for a small electrolyte domain ℓ̃0E = 1 and a large reaction rate
constant K̃ fo = 10−1.

The consumption of solvent (ln(yES) → −∞) and intercalated lithium (fA(yA) → −∞) thus
coincides with our notion of ∆gfo → −∞. Or stated the other way round: For a given ∆gfo the SEI
growth can only stop if the solvent concentration y∞ES and the lithium concentration in the active phase
y∞A at t∞ ensure g(y∞ES , y

∞
A ) = ∆gfo. However, since yES and yA are in general two independent

variables, the condition g(y∞ES , y
∞
A ) = ∆gfo forms a trajectory of (y∞ES , y

∞
A ) values for which the SEI

growth stops. Or, by the implicit function theorem, one might either write y∞A = hA(∆g
fo, y∞ES), where

the lithium mole fraction (or SoC) is determined under which the SEI growth stops, for given values of
(∆gfo, y∞ES). Alternatively, y∞ES = hES(∆g

fo, y∞A ) where y∞ES is determined as a function of the state of
charge yA. The latter might arise when electrodes are stored at constant voltage. However, in general
both quantities are independent variables subject to their own evolution equations.

4.2 Periodic Cycling

Now let’s consider periodic charging and discharging of the half-cell between Emin and Emax under
constant current conditions. Note that due to the consumption of electrons in the SEI formation reaction,
the cycle length is not constant between cycles. This is illustrated in fig. 9. For the n-th cycle, the time
interval is denoted by [tmax

n , tmax
n+1] and the cycle length by tcyc

n = tmax
n+1 − tmax

n , where tmax
0 = 0.

We can then write the current i(t) as

i(t) =

{
+i0 , t ≤ tmin

n = {τ ∈ [tmax
n−1, T ]|E(t) = Emin}

−i0 , tmin
n < t ≤ tmax

n = {τ ∈ [tmin
n , T ]|E(τ) = Emax} . (188)

and correspondingly the capacity q

q(t) =

∫ t

0

i(t′)dt′ . (189)

Note, however, that for a constant charging cycle tcyc we would find q(t) ∈ [0, t
tcyc ]. However, since

tcyc is not known a priori, we have to solve the ODE system, eq. (174), in the time interval [0, T ] and
obtain tcyc via the stopping condition E(t) ≥ Emax. The determination of tcyc

n is thus actually a part
of solving the ODE system under the conditions of cycling between Emin and Emax, which yields the
time-evolution of q(t).

First, we consider a large electrolyte domain ℓ̃0E = 100 for both small, K̃ fo = 10−5, and medium,
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Figure 9: Current and OCV over time without SEI formation at the top, and with it at the bottom. Without
SEI formation, the cycling time tcyc

n is constant, but with SEI formation, the cycles become longer for the
same charging rate.

K̃ fo = 10−3, reaction rates. Figure 10 shows the evolution of the cell voltage for both systems over
multiple cycles. For a small reaction rate the capacity remains almost constant, as only a negligible
current flows into the SEI. Note that capacity q is not the amount of lithium that can be stored in the
active material (which is assumed to be constant), but the time integral of the current, i.e. what would
typically be measured during coulometry. For medium rates we find a clear right shift of the cell voltage
E w.r.t. the capacity q, as well as a widening of the OCV curves. The right shift is a result of electrons
being consumed by the formation reaction, leaving only a fraction of the overall current to (dis-)charge
the electrode. The charge consumed by the SEI growth, qI(t) =

∫ t
0
e0R

fo
IE(t

′) dt′, is equal to the
observed right shift. As the SEI grows, its capacity to store ions (lInIlat) is also increasing. Under the
assumption of electroneutrality, there is an equal amount of electrons being stored alongside, causing
the widening seen in fig. 10.

For large formation reaction rates, K̃ fo = 10−1, the shifting and stretching of the cell voltage be-
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Figure 10: Evolution of the cell voltage E w.r.t. the capacity q for small (left) and medium (right) SEI
formation rates.
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Figure 11: Computed behaviour of a half cell for large formation reaction rates, K̃ fo = 10−1. On the left
the evolution of the cell voltage, and on the right the SEI thickness during cycling.

comes even more pronounced, cf. fig. 11. Since the formation reaction is treated as forward only (cf.
section 3.4.4), the growth of the SEI is monotonic.

The formation reaction has an asymmetric influence on the charging and discharging times. During
charging, some percentage of the external current current is used for supplying electrons to the SEI
formation, rather than for the intercalation reaction that charges the active material. The charge cycle
is therefore longer with SEI growth present than without it. During discharging, the formation reaction
consumes electrons in addition to the external circuit, resulting in a faster discharge and therefore
shorter discharge cycles.
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Figure 12: SEI growth per cycle is larger during charging than during discharging (left). The cycle
length, and with it the SEI growth, become larger for later cycles (right). The growth rate is largest in
the charged state (yA ≈ 1) and lowest in the discharged state (yA ≈ 0).

As a result of the different cycle lengths, the SEI growths more during charging than during discharging,
as can be seen in fig. 12. In addition, as mentioned earlier, the cycles become longer overall due to
the additional capacity of the SEI itself. If the electrolyte domain is large, the influence of the change
in solvent concentration is negligible. In this case, the affinity of the formation reaction becomes very
small as yA returns to y0A . The derivative dlI(t)

dt
is therefore also close to zero when the electrode is

empty. Conversely, the highest affinities and largest growth rates are observed when the electrode is
fully charged.

The coulombic efficiency (CE) of an electrode relates the charge which is put into the electrode upon
charging to the charge which can be withdrawn from the electrode upon discharging. When SEI growth
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is considered, the CE ηCE
n is not constant amount cycles, but varies with the cycle number n, where

ηCE
n :=

Qout
n

Qin
n

with Qout
n =

∫ tmax
n

tmin
n

i(t′)dt′, Qin
n =

∫ tmin
n

tmax
n−1

i(t′)dt′. (190)

We can compute the CE based on our model (c.f. 13 and 14) and and further examine the influence of
depth of discharge on the SEI growth.
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Figure 13: Evolution of the OCV curves, SEI thickness and coulombic efficiency for different cycling
regimes. Shallower cycling results in less SEI growth and higher coulombic efficiency.

In fig. 13, the system behaviour over 20 cycles is shown for three different cycling regimes: 2% to 98%,
10% to 90% and 20% to 80%. The voltage range naturally decreases for shallower cycling. The SEI
growth is much less pronounced for the shallower regimes, which consequently also results in less shift
and stretch of the OCV curves. The coulombic efficiency stays constant over the cycles, as the large
electrolyte domain means the solvent does not deplete significantly. For deeper cycling, more current is
diverted into the irreversible SEI growth, causing lower efficiencies.

Lastly, we want to take a look at the behaviour over many cycles. In fig. 14, we can see the SEI growth
and coulombic efficiency of the half-cell for different reaction rate coefficients of the formation reaction.
These results are for an electrode with a small electrolyte domain, l̃0E = 1, where the consumption of
solvent in the formation reaction leads to a slowing of the SEI growth at larger reaction rate coefficients
and cycle numbers. This is directly related to the coulombic efficiency, as a reduction in SEI formation
leaves a higher percentage of the current for charging and discharging of the active material.

4.3 Cycling with Experimental OCV Curves

The chemical potential function µA(yA) can be chosen to represent different materials. In the previous
sections, we have assumed the non-constant part fA(yA) to be ln y

1−y . Now, we will fit this function to
experimental data from Smith et al. [61]. The experimental cells used MCMB graphite electrodes (92:4:4
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Figure 14: SEI growth for different reaction rate coefficients over 200 cycles of an electrode with a small
electrolyte domain l̃0E = 1. As the solvent is depleted, the formation reaction slows down, leading to a
higher coulombic efficiency then during earlier cycles.
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Figure 15: Comparison of experimental data from Smith et al. [61] (left) with computational results
(right) based on fitted chemical potential functions.

weight ratio of active material:carbon black:PVDF binder) with 1 M LiPF6 in ethylene carbonate:diethyl
carbonate (1:2 v/v) electrolyte, cycled at C/20 and 30◦C between 1.2 and 0.005 V. Their measurements
demonstrated that SEI growth continues during cycling with the thickness increasing approximately
proportional to

√
t, consistent with a parabolic growth law where the growth rate is inversely proportional

to SEI thickness.

The cycling behaviour of the resulting model can be seen in fig. 15. It exhibits the shift and widening
of the OCV curve in both experimental and numerical results. The simulation is unable to capture the
initial formation cycle, where some of the assumptions made, such as the electroneutrality in the SEI,
are unlikely to hold. Other degradation phenomena, such as lithium plating, mechanical degradation
and electrolyte decomposition, are occurring simultaneously in the experiment, but are not captured in
the model.

5 Summary and Conclusion

The growth and evolution of the solid electrolyte interphase (SEI) remains one of the primary factors
driving lithium-ion battery degradation. While experimental studies have provided valuable insights
into SEI structure and composition, they face inherent limitations due to SEI’s nanoscale thickness,
dynamic heterogeneity, and sensitivity to operating conditions. This complexity has motivated the
development of mathematical models to complement experiments and predict long-term behaviour.
This applies both to improved materials and manufacturing processes, but also to optimized charging
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and storing conditions that take the SEI growth into account. Zero-dimensional SEI growth models, such
as solvent limited (reaction or diffusion limited) and electron limited (migration or interstitial diffusion),
capture individual limiting mechanisms but typically represent SEI as an idealised single layer at the
electrode surface without resolving internal spatial gradients or explicitly identifying where growth
occurs (electrode–SEI or SEI–electrolyte interface). In contrast, our model introduces a continuum-level
framework based on non-equilibrium thermodynamics that explicitly resolves the SEI as a distinct
domain rather than an interface layer, enabling spatial resolution of transport processes within the
SEI itself. The SEI–electrolyte interface is represented as a moving boundary, the SEI is treated as
a mixed ion–electron conductor, and the electrolyte reservoir is finite, enabling us to capture solvent
consumption as a limiting factor for SEI growth. The general formulation consists of coupled PDEs
for each domain, interface conditions between them, and an additional ODE for the SEI thickness.
For open-circuit voltage (OCV) conditions, we derived a reduced ODE system with three independent
variables: lithium concentration in the active material, solvent concentration, and SEI thickness.

Numerical experiments under charge & rest and cycling scenarios for the reduced model show that
SEI growth is primarily governed by formation reaction kinetics and electrolyte reservoir size. Growth
profiles such as linear or

√
t emerge from different parameter values and loading patterns. Two distinct

mechanisms for termination of SEI formation are predicted: depletion of active lithium or exhaustion
of solvent species. The model also reproduces experimentally observed voltage shifts during cycling,
which arise from current consumption by the formation reaction, as well as capacity expansion due to
lithium storage within the SEI. Partial cycling shows much higher coulombic efficiency and associated
lower SEI growth. The model handles hundreds of cycles, usually terminating when the solvent is
depleted. As the solvent concentration decreases, the coulombic efficiency increases as the formation
reaction slows down.

While the model successfully reproduces these observations, the current formulation makes several
key simplifying assumptions. First, SEI growth is assumed to occur only at the SEI–electrolyte interface,
neglecting potential contributions from electrode—SEI interface reactions or bulk SEI evolution. Second,
the bulk SEI is represented by a single effective species, whereas experimental evidence indicates a
multi-phase mosaic structure with distinct organic and inorganic layers. Third, only one component
of the electrolyte is assumed to contribute to the formation reaction, though the framework can be
extended to multi-component systems. Fourth, SEI growth is assumed to occur uniformly such that the
electrolyte remains a single connected domain. Finally, the model assumes the preexistence of SEI;
the initial formation during the first cycle may behave very differently. These simplifications may affect
quantitative predictions of mechanical properties, porosity evolution, and the transition between dense
inner and porous outer SEI regions. The numerical results presented here are for OCV conditions, which
is not a limitation of the general model but rather of the reduced ODE system derived for computational
efficiency.

Multiple opportunities for extension and improvement present themselves. For finite C-rates and
fast charging, a numerical investigation of the behaviour of the system and its various parameters
would be interesting; a follow-up paper is planned. With regard to faster, more practical simulations,
homogenisation of the resulting system and integration of SEI growth into common pseudo-2D models
is an important step; the manuscript for this approach is under preparation. Lastly, the interaction
between SEI and electrode microstructure remains an open problem, e.g. how does SEI grow on
non-spherical particles and how does it modify porosity and tortuosity?

In summary, our approach provides a thermodynamically consistent continuum framework that unifies
several limiting mechanisms and explicitly accounts for solvent consumption and dynamic interface
evolution, establishing a mechanistic foundation for improved lifetime prediction and optimized formation
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protocols.

A Reproducibility

The code to reproduce all the figures in the paper, as well as the paper itself, has been published under
the DOI 10.5281/zenodo.17952331.

B A Remark on the 1D Leibniz Rule

Consider the 1D PDE
∂nα
∂t

= −∂xjα x ∈ [0, ℓ(t)] , (191)

+jα|0 = R1
α , (192)

−(jα − nαw)|ℓ = R2
α ⇒ jα = −R2

α + nαw , (193)

where w = dℓ
dt

. The 1D-Leibniz rule thus yields

d

dt

(∫ ℓ(t)

0

nα(x, t) dx

)
= nα(ℓ(t), t)

dℓ

dt
+

∫ ℓ(t)

0

∂

∂t
nα(x, t) dx . (194)

Hence we obtain for∫ ℓ(t)

0

∂

∂t
nα(x, t) dx = −

∫ ℓ(t)

0

∂xjα dx = jα|A − jα|SEI = R1
α +R2

α − nαw , (195)

whereby

d

dt

( ∫ ℓ(t)

0

nα(x, t) dx
)
= nα · w +R1

α +R2
α − nαw = R1

α +R2
α . (196)

A frequent quantity of interest is the mean value of some quantity. Consider thus

n̄α :=
1

ℓ(t)

∫ ℓ(t)

0

nα(x, t) dx , (197)

for which we have

dn̄α
dt

= − n̄α
ℓ(t)

dℓ

dt
+

1

ℓ(t)

d

dt

∫ ℓ(t)

0

nα(x, t) dx , (198)

= − n̄α
ℓ(t)

dℓ

dt
+

1

ℓ
(R1

α +R2
α) , (199)

=
1

ℓ(t)

(
R1
α +R2

α − n̄αw
)
. (200)

Note that for n̄ =
∑

β n̄β we obtain

dn̄

dt
=

1

ℓ(t)

(∑
β

R1
β︸ ︷︷ ︸

=:R1

+
∑
β

R2
β︸ ︷︷ ︸

=:R2

−n̄w
)
. (201)

DOI 10.20347/WIAS.PREPRINT.3250 Berlin 2025

doi.org/10.5281/zenodo.17952331


A model for SEI-growth 41

Further quantities of interest are yα = nα

n
and ȳα, which are somewhat ambigous to define. Consider

ȳα :=
n̄α
n̄
, (202)

for which we can deduce
d

dt
ȳα =

1

n̄

d

dt
n̄α −

ȳα
n̄

d

dt
n̄ , (203)

=
1

n̄

1

ℓ(t)

(
R1
α +R2

α − n̄αw
)
− ȳα

n̄

1

ℓ(t)

(
R1 +R2 − n̄w

)
, (204)

=
1

n̄

1

ℓ(t)

(
(R1

α − ȳαR
1) + (R2

α − ȳαR
2)− (n̄α − ȳαn̄)w

)
, (205)

=
1

n̄

1

ℓ(t)

(
(R1

α − ȳαR
1) + (R2

α − ȳαR
2)
)
. (206)
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C List of Symbols

nψα molm−3 molar concentration of species α in phase ψ
nψ,tot molm−3 total molar concentration in phase ψ
yψα – molar fraction of species α in phase ψ
gψα J Gibbs energy of species α in phase ψ
vψα m3mol−1 molar volume of species α in phase ψ
pψ Pa pressure in the phase ψ
pref Pa reference pressure
qE Cm−3 charge density
e0 C elementary charge
kB JK−1 Boltzmann constant
T K temperature
zα – charge number
tEC

– cation transfer number
v ms−1 velocity
mα kgmol−1 molar mass

Jψα molm−2 s−1 diffusive flux of α in ψ
Mα,β mol2 J−1m−1 s−1 mobility coefficients ?
Dα,β m2 s−1 self-diffusion coefficients
Fα,β m2 s−1 self-diffusion coefficients
Deff

ψe
m2 s−1 effective diffusion coefficient

D0
A m2 s−1 diffusion coefficient in the active phase

Seff
ψC

Cm−2 s−1 effective conductivity parameter

µα J chemical potential of species α
φψ V electric potential in the phase ψ
µ̂ψα J chemical potential for species α in phase ψ
Γψ – thermodynamic factor
ΛE Sm−1 molar conductivity of the electrolyte
λin
IE, λfo

IE, λin
AI J surface affinity at the interfaces

σeff
ψ Sm−1 effective conductivity of phase ψ

σA Sm−1 conductivity of the active phase
γA – interaction parameter ?
ρ kgm−3 density
χ – dielectric susceptibility
ψ J kg−1 specific free energy
σ JK−1m−3 s−1 entropy production
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