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The solid electrolyte interphase (SEI) plays a critical role in controlling the current distribution at the lithium
electrode/electrolyte interface. The heterogeneous nature of lithium deposition leads to dendrite formation. To
address this, we develop a multiphase-field model to investigate the role of a heterogeneous SEI in dendrite
nucleation during electrodeposition. We first propose a qualitative study to characterize lithium growth regimes

and define an observable mechanism to identify SEI failure modes leading to dendrite nucleation. Finally, a
parametric study of the SEI structure highlights the key characteristics that can drive the nucleation of lithium

dendrite.

1. Introduction

Lithium metal electrodes are promising candidates for all-solid-state
batteries because of their high energy density and lower electrochemi-
cal potential, compared to conventional intercalation electrodes. How-
ever, heterogeneous lithium electrodeposition leads to the growth of
dendritic lithium patterns [1-3], resulting in dendritic growth patterns.
This phenomenon can potentially cause short circuits or reduce coulom-
bic efficiency of the battery and owing to the loss of active material.
From a theoretical point of view, at high current density, the dendrite
formation can be predicted using the Sand’s theory [4]. Nevertheless,
the observation of dendrites even at low current density [5] suggests
that the local current density is subject to large fluctuations at the
electrode/electrolyte interface, leading to the creation of preferential
deposition areas. This interface has been extensively investigated in
several studies [6-12], showing the formation of a heterogeneous pas-
sivation layer, called Solid Electrolyte Interphase (SEI), to chemically
stabilize the lithium electrode. The formation of SEI is observed in

* Corresponding author.
E-mail address: herve.manzanarez@cea.fr (H. Manzanarez).

https://doi.org/10.1016/j.jpowsour.2026.239657

both liquid [2,3] and solid electrolytes [13,14]. The structure, com-
position and mechanical properties of the SEI depend on multiple
parameters, including the composition of the electrolyte [15,16], tem-
perature [17], operating conditions [18], and certainly the roughness
of the lithium electrode. This strong dependence on multiple param-
eters has so far hindered the development of a universal SEI model
capable of accurately capturing experimental observations at the local
scale. Multilayer [19] and mosaic [20] models have been proposed
as initial approaches to describe and better understand the structure
of the SEI Insight into the SEI remains a significant challenge, with
many questions still unsolved, particularly regarding its role in dendrite
nucleation. The heterogeneous nature of its properties gives rise to
localized “hot spots” related to surface roughness, preferential lithium-
ion conduction, pathways determined by chemical inhomogeneities,
and regions of enhanced deformability associated with mechanical
heterogeneity. The limited spatial resolution of in situ techniques makes
it difficult to probe nanoscale heterogeneities in SEI properties. To
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overcome this limitation, computational approaches have been em-
ployed to investigate the role of the SEI in lithium dendrite growth.
Ab initio methods, in particular, have been widely used to study the
SEI formation, ionic transport, and mechanical properties. However,
their applicability remains constrained by the small system sizes they
can handle, typically only a few nanometers. These methods highlight
the heterogeneous nature of the SEI [9,21], but they lack the ability to
track dendritic growth. At larger scale, continuum models have been
developed to study dendrite geometries [22-26] to propose new cycling
protocols to suppress their formation. However, the scale difference
between the dendrite size and SEI thickness has led several models to
neglect the SEI. Recent works have considered the SEI with homoge-
neous transport properties [11,24-26]. In addition, mechanical effects
have been considered [11,25], particularly to investigate SEI failure
mechanisms [11].

As far as we know, only a few studies [12,27] have been conducted
using a stationary multidomain SEI. We aim to develop a new approach
to better understand how lithium-ion deposition initially deforms the
lithium-SEI interface. We employed a multiphase-field method to inves-
tigate the dynamic behavior of a heterogeneous multidomain SEI under
polarization. This approach enables us to capture the evolution of the
SEI, with particular emphasis on its ability to delay cracking, a key
process leading to dendrite nucleation. Beyond this specific application,
the proposed model is broadly applicable to non-equilibrium system
involving chemical reactions.

2. System modeling

To investigate the interface between lithium metal and SEI, we
consider a system comprising N = 4 domains: the electrode, the
electrolyte and two distinct SEI domains with different properties. Each
domain is associated with a phase i and an order parameter &;. Each
& represents a conserved continuous variable ranging from 0 to 1.
Therefore, all §; indicate the presence of the phase i (£, — 1) or the
absence (& — 0) at a given position. Between these limits, the system
is in a diffuse interface regime.

For the following, variables with the index i = 0 are associated with
an electrolyte, i = 1 with a lithium metal electrode, i =2 and i = 3 with
(different) SEI domains. The presented model is valid for systems with
an arbitrary phase number N.

The total free energy of the system is assumed to be

—1
Fior = z F; [é;] (@)
i=0

where F; is the free energy of the phase i, defined by the Ginzburg-

1
Landau free energy:
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with f a free energy density, which is an arbitrary double-well
function defined as f (&) = &2 (1 - 5,-)2 and whose stable equilibria are
the extrema values of &. W; (in units of J.m~3) and «; (in units of J.m~1)
are respectively the barrier height and the gradient energy coefficient
associated with ¢;,. From these parameters, the dimensionless energy
surface tension y; = y/Wj«; and the typical length 4, = % associated
with phase i are defined. The typical length 4; is proportione'ﬂ to the size
of the diffuse interface. The surface tension y; represents the energetic
cost associated with the formation of a diffuse interface. To ensure
symmetrical interfaces, the same characteristic length is assigned to all
phases (i.e. A = 4; Vi), which prevents artificial asymmetries in the
interfacial properties and ensures numerical consistency in the model.
Additionally, the surface tensions of the phases have been rescaled by
dividing them by the surface tension of lithium metal to introduce the
parameter «;, defined as o; = 2. The electrolyte and lithium phases
are assigned a higher interfacigl energy (a; = ap = 1), while the
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interfacial energy of the SEI phases (@, = a3 = «) is treated as a
variable parameter in the study. These assumptions allow the interfacial
parameter « to characterize the thermodynamic stability of the junction
between the two SEI domains, meaning that a expresses the interfacial
affinity between the SEI phases.

As mentioned by several authors [28,29], multiphase-field can gen-
erate spurious phases at the interface. To address this issue and prevent
two phases from overlapping, a constraint G[29] is added to the total
free energy F,,:

N-1
g:/(l—Zéj,.)dV 3
Q i=0

and the matched Lagrange multiplier

g2 N
bi=onorm 2 @
Z j=0 6,' i=0
with y; = ﬁ% is the chemical potential linked to the order
B Si

parameter &;.

With this constraint, the dynamical evolution of the order parameter
¢; is given by the conservation equation with a source term
9

E:ﬁ. [M‘.kBTV(y,-—ﬂ,-)]"'Si )

where M; is the mobility associated with ¢. We should note that,
for convenience, the same constant mobility is assumed for all phases
(ie. M =M; V.

The redox reactions are governed by the source term S; at the
interface of each phase. In the first part of this work, as in pre-
vious studies [22,23,30-33], electrolyte degradation leading to SEI
growth is neglected compared to the plating process (meaning that
S, = 83 = 0). The influence of SEI growth is subsequently discussed
through a dedicated section. Lithium electrodeposition is described by
a Butler-Volmer law:

5= () o (o ) - (.20

where RT is the thermal energy per mole, F is the Faraday constant,
n is the number of electrons involved in the redox reaction, a, and «,
are the charge transfer coefficients associated to the ion oxidation and
reduction, 7 is the reaction rate constant and # is the overpotential.
The function ' (&) = 30&*(1 —éi)2 is a tracking function used to
localize the phase interface associated with & [23]. To reduce the
system’s degrees of freedom and avoid non-linear effects, the Butler—
Volmer term S, is considered at zeroth order. This simplification also
minimizes the number of parameters involved in the model, which
is particularly relevant since several of these parameters are exper-
imentally inaccessible. Indeed, the experimental characterization of
the SEI does not provide sufficient spatial resolution to extract local
values of quantities such as the overpotential or the ionic concentration.
Yet, such local data would be required in a fully resolved numerical
description. Avoiding their explicit use therefore allows us to retain the
physical consistency of the model while preventing the introduction of
poorly constrained parameters. At the interface between a SEI phase
and lithium metal, the lithium-ion concentration and overpotential are
assumed to remain constant, which is a reasonable hypothesis for small
system deformations [34]. Consequently, the Butler—Volmer term can
be simplified to the sum of the constant contribution for each interface
of lithium metal domain:

Sy=1h' (&) [0 (&) so+H (&) 52+ 1 (&) s3] @)

with s; a parameter proportional to the local current density j
at the interface between lithium metal and the phase i. Due to the
conservative property of the system, the constraint S, = —.S, must be
imposed.
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Fig. 1. Initial configuration of a typical simulation box. Lithium domain is
denoted in black, the electrolyte in green and the two SEI domains are in blue
and red. The ionic insulator or inactive SEI in blue, and the ionic conductive or
active SEI in red. The geometrical parameter of the model are also introduced
: L, is the box size and /,/, is the initial surface of the conductive SEI, witch
is assumed to be the unique domain able to transport Li* ion, leading to the
local density current j, at the interface lithium/red SEL

The characteristic time 7, and the characteristic scale r, of the model
are introduced and defined as 7 = rl and7 = ti, where the tildes denote

the non-dimensionalized variables.OEq. (5) bencomes:
B 2 (f )4 S
Fria MVZ (Mx _uﬂi) +S; )
~ w K &2
Hi = a_’f (5[) - a_,v &

where S; = 1,; and i;—f; = r (1; — B;). The values of the characteristic
parameters of each phase are given by

i _ 3 _ 25
W=Wry=% 9
v 1
M= MkpT% =1
0
These parameters are chosen to have a mesh size of r;, = 1 nm.

Additionally, it is assumed that the characteristic time 7, is constant
and set to 0.002s. Consequently, the order of magnitude of the diffusion
coefficients associated with the order parameters is nm?.s~!, which is
consistent with other phase-field studies on the dendrite scale [22,23,
31,35,36].

Furthermore, the system’s design parameters are illustrated in Fig.
1. The lithium electrode phase (in black) is completely passivated by a
SEI constituted of two domains (blue and red). In this work, one of
the SEI domains is assumed to be an ionic insulator (here the blue
domain), referred as an inactive domain, hence s; = 0. The lithium
deposition occurs at the interface between the active SEI domain (in
red), which is ionically conductive, and the lithium domain. In the
event of a SEI crack, leading to a direct contact between the electrolyte
(in green) and the electrode, a convergence of the ionic flux at the
electrode/electrolyte interface is expected [11,12,26].

To model this phenomenon, the local current density at the elec-
trode/electrolyte interface j, is arbitrarily assumed j, = 2j,. Never-
theless, the SEI fracture leads to an important energetic modification
of the system, complicating the physical interpretation of the order
parameters. Post-fracture information is only given for guidance.

The study of Hu et al. [37] enables the identification of the ionic
insulator phase as a pure LiF domain, observed on the surface of the
SEI layer [19,20,38]. Experimental investigations have identified LiF
as an inactive domain that drastically reduces local deposition of the
ions [15,16,39,40].

As shown in Fig. 1, the width of the active domain is denoted as /.
and the thickness of the SEI layer is /,. The simulation box has a size
of L X 400r,.

No-flux conditions are applied at the top and bottom of the sim-
ulation box, while periodic boundaries are imposed on the left and
right boundaries are periodical. The multiphase-field simulations are
performed using a finite element method in Comsol 6.0. The time step
is 10t,. The arbitrary fixed parameters are shown in Table 1.
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Fig. 2. Wetting diagram for different SEI geometries in a box size L, = 200nm
and with a surface tension factor « = 4. Due to the mesh size, the spatial
resolution is equal to ry =1 nm.

Table 1
Multiphase field simulation parameters.

Parameter Symbol Dimensionless value
Characteristic size ro 1

Characteristic time 1y 1

Interfacial mobility M 1

Barrier height w 275

Gradient energy coefficient K 32

System size L, 200

Time step At 10

The studied geometries are determined by thermodynamic consid-
erations. Furthermore, at equilibrium (for j, = 0), some SEI geometries
do not totally passivate lithium metal phase. The SEI layer may dewet
and form two domains, leaving regions with a direct contact between
lithium metal and the electrolyte. These conformations are not exper-
imentally observed and are not expected due to the degradation of
the electrolyte. In Fig. 2, a typical wetting diagram is presented to
identify the wetted conformation. For a given surface tension parameter
a = 4, various thicknesses and active domain widths were studied. A
SEI layer with a small active domain /, /L, < 0.2 is unstable in wetted
conformation and needs to be thick enough. A plateau is observed
between 0.4 < I, /L, < 0.6. The diagram is symmetric around /.. /L, =
0.5, which is due to the identical interfacial properties of the SEI
domains and the periodic boundary conditions. Under the curve, the
interfacial forces are too intense, and the electrolyte is in contact with
lithium electrode. Specifically, the size of SEI domains be sufficiently
large to avoid phase collapse induced by surface tension. Small SEI
domains result in dewetted conformation. Increase the surface tension
factor « leads to facilitates the wetted conformation (Fig. S1), the limit
is reached for smaller thicknesses.

Subsequently, only wetted geometries are considered.

3. Results

In this study, three system parameters have been studied with the
aim to understand the best properties of the SEI to inhibit its failure.
These parameters are presented Fig. 1: the thickness of the SEI /,, the
width of the active domain /, and the surface tension factor a. The
interval, where one parameter is probed, is strongly correlated with
the value of the two other parameters (Fig. 2). The inhibition of the
SEI failure is dependent on the local growth regime of the lithium
electrode, proportional to j,. In this work, the intensity of the local
current density has been chosen in the same order of magnitude (0.1
and 10 mA.cm~2) of the applied current density used in computational
works [11,22,23,25,26,35]. Although this range is higher than typical
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Fig. 3. Different deposition dynamics predicted by the model. The first row shows a junction fracture, under a local current density is j, = 7.3mA/cm?. The
second row depicts the system’s evolution system under a local current density j, = 3.7mA/cm?, resulting in a crack in the conductive phase. The third row shows
a homogeneous deposition achieved with j, = 73 pA/cm?. All examples corresponds to the same system design, with dimensions /, = 100 nm, /, = 20 nm and

a=4.

experimental values, it provides a reasonable compromise between
realistically perturbing the system and managing computational cost.
This choice of current density is particularly relevant for SEI evolution,
as it directly influences local ionic fluxes, stress accumulation, and
the onset of SEI cracking, all of which play a critical role in dendrite
nucleation.

3.1. Deposition regime

Fig. 3 illustrates the evolution of a model interface between lithium
metal and an electrolyte, for different local current densities j,. As
a function of the perturbation intensity, three responses have been
identified.

In the first row (Fig. 3A, B, C and D), a local current density j,
of 7.3 mA.cm~2 (corresponding to a local lithium electrode growth of
10 nm.s~1) has been used during the simulation. That growth rate is the
upper bound in computational approach. Fig. 3A displays the onset of
deposition, where lithium grows beneath the active SEI (red domain),
whereas Fig. 3B, obtained at a later time, shows the subsequent de-
formation of the inactive domain. The relaxation of freshly deposited
lithium exerts a lateral force on the inactive domain, stretching the
active SEL The relaxation of phases can be tuned by the characteristic
time #,. As deformation increases, the SEI adopts a thermodynamically
unfavorable configuration (Fig. 3C), leading to direct contact between
the lithium metal and the electrolyte (Fig. 3D). This state is hereafter
referred to as SEI failure. In the presented case, the failure of the SEI
is located at the junction between both SEI domains. In the absence of
lateral favorable interfaces, the SEI domains adopt a droplet shape to
minimize interfacial energy. At the fracture site, lithium deposition is
significantly enhanced, initiating dendrite nucleation. However, due to
model assumptions, this approach is not suited to investigate dendrite
geometries, unlike previous models [22,23,25,26,41].

Another deposition regime is shown in the second row (Fig. 3E, F,
G and H). This simulation was performed using a local current density
Jj» = 3.7mA.cm~2 (growth of 5 nm.s~!). This simulation exhibits the
same steps as those shown in the first row : lithium growth under
active SEI (Fig. 3E), deformation of the SEI layer (Fig. 3F), unfavorable
conformation (Fig. 3G) and SEI failure (Fig. 3H). the SEI layer under-
goes greater deformation, leading to a thinning of the active domain.

The bottom and top interfaces overlap, leading to the dewetting of the
active domain, which is identified as phase failure.

The third row (Fig. 31, J, K and L) shows the evolution of the system
with a local current density j, = 73 pA.cm~2 (growth of 0.1 nm.s~1).
The system stays in a near-equilibrium stationary state, without any
significant deformation of the SEI layer, and exhibits homogeneous
deposition. In this case, the relaxation of the phases — particularly of
freshly reduced lithium — is faster than the applied perturbation j,.

3.2. Stability of the passivation layer under electrodeposition

The failure of the SEI marks a critical event during which irre-
versible mechanisms are triggered. The failure time 7, is used as a
key observable to assess the SEI’s stability under a given deposition
rate. To accurately determine 7, a topological approach is employed to
monitor the variation of the interface size of phases. Upon SEI failure,
SEI domains significantly reduce their interfacial area in order to adopt
a more stable configuration. The maximum value of this interfacial size
corresponds to the time step immediately preceding the fracture.

Fig. 4 illustrates the typical evolution of the interfacial length of the
active SEI along the simulation presented Fig. 3A, B, C and D. As pre-
viously observed qualitatively, heterogeneous lithium electrodeposition
leads to a deformation of the active domain. The length of the active
domain interface is used as a quantitative observable. The electrode
growth deforms the active domain and increases its interface until to
reach an unstable configuration, where keeping such a long interface
is unfavorable. At ¢ = t, = 6.5s SEI layer fails and the SEI domains are
changing their configurations to move toward droplets, with shorter
interfaces that are therefore more stable.

Fig. 5 presents the influence of each parameter on the initial geom-
etry. Due to the droplet shape caused by surface tension dynamics, the
SEI domain is thicker at the center than at its edges. This asymmetry
becomes more pronounced when the SEI ratio I, /L, deviates signifi-
cantly from 0.5 (Fig. 5A, B and C). A larger SEI thickness /, mitigates
the asymmetry (Fig. 5D, E and F). Increasing the surface tension factor
a helps suppress the droplet morphology, promoting a more square-
shaped SEI domain (Fig. 5G, H and I). Indeed, larger is a smaller is
the energetic cost of the SEI-SEI interface, making it more favorable
to expand this interface rather than the SEI-lithium or SEI-electrolyte
interfaces.
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Fig. 4. Evolution of the interface length of the red SEI for the simulation cor-
responding to the snapshot depicted in the first row of Fig. 3. The parameters
are j, = 7.3mA/cm?, I, = 100 nm, /, = 20 nm and a = 4.

3.2.1. Local current density j,

As depicted in Fig. 3, the local current density j, strongly influences
the deposition dynamics, highlighting the competition between the
perturbation and the relaxation of the system. Higher currents promote
localized stress and SEI deformation, which can lead to cracks and den-
drite nucleation, while lower currents favor more uniform deposition
and allow the SEI to relax, maintaining a stable interface. The effect
of the local current j, on the fracture time ¢, is illustrated in Fig.
6(a): as expected, higher local current leads to faster fracture. A power-
law scaling with an exponent of —2 is observed, consistent with the
diffusive relaxation described by the Cahn-Hilliard equation. Between
j» = 3mA/cm? and j, = 6mA/cm? phase failures are observed (Fig.
3E, F, G and H), in contrast to junction fractures in other simulations
of the same system (Fig. 3A, B, C and D).

Regardless of the values of the parameters (/,, /, and a), similar
scaling laws are observed, regardless of the fracture location (Fig. S3).
However, the perturbation range leading to phase failure depends on
the SEI geometry; expand it to briefly explain why SEI geometry affects
the perturbation range.

3.2.2. Surface tension factor a

The surface tension factor « plays a major role in the system geom-
etry (Fig. 5) ; a large « values indicate that the energy of the interface
between the two SEI domains is low relative to the SEI-lithium and
SEl-electrolyte interfaces. As shown in Fig. 5, reducing the interfacial
energy of the SEI interface leads to increase the length of the interface
between the two SEI domains.

Fig. 6(b) illustrates the influence of a on the fracture time 7,. In
SEI configurations with low a (for a < 8 for the system shown in Fig.
6(b)), the fracture time ¢ 7 increases with a. A characteristic equilibrium
geometry of these SEI has been presented Fig. 5G. Indeed, increasing
a enhances the stability of the interface between the two SEI domains,
allowing the SEI to withstand greater deformation before cracking at
the junction.

However, beyond a certain threshold of interfacial parameter a (for
8 < a < 20 in Fig. 6(b)), the interface between the two SEI domains
becomes more important (Fig. 5H) and rigid, causing the system to lose
flexibility, particularly at the SEI-SEI interface. To sustain heteroge-
neous local lithium growth, the active SEI deforms, but the interface
stability prevents any further evolution of the junction between the
two SEI domains. The deformation of the active domain leads it to
become thinner and finally fails. Phase failures occur. For large a values
(for @ > 20 in Fig. 6(b)), the passivation layer becomes overly stable
(Fig. 5I), and deformation under lithium growth becomes energetically
unfavorable. Therefore, the most favorable conformation destabilizes
the phases, pushing the system out of equilibrium and causing the
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electrode to overlap the SEI during ion deposition, which drastically
reduces the fracture time #,. Neither lithium phase nor the conductive
SEI remains a pure phase.

Although no mechanical contribution are implemented in the model,
this result is qualitatively consistent with experimental observation [18]
showing that an excessively rigid SEI is detrimental to fracture inhibi-
tion. Finally, we identify the parameter «a as the thermodynamic rigidity
of the SEL It is noteworthy that the threshold value depends on the
amplitude of the perturbation j,.

3.2.3. The width of the conductive SEI I,

Due to the potentiostatic approach, a wider active SEI domain
results in a larger amount of lithium being deposited at each instant
(Fig. 5A, B and C). Although the effective interface of a SEI domain
evolves during plating, a notable behavior of the fracture time 7, with
respect to the active domain width /, is observed in Fig. 7(a). When
the SEI is predominantly composed of an inactive domain (for /, <
%), the fracture time 7, increases linearly with /.. Conversely, when
the conductive SEI is the main component, ¢, reaches a plateau. The
transition in fracture type corresponds to the inflection point in the
curve, with domain fractures occurring for /, > %

A larger active domain (for /, > %) can accommodate greater
deformation and is more effective at delaying fracture. Such a response
is reminiscent of a clamped-clamped beam bending under a uniformly
distributed load. Greater deformation of the active SEI domain also
facilitates phase fractures (Fig. 3). Similarly, a wider conductive re-
gion enables more lithium to be deposited (due to the potentiostatic
approach), this result is not visible when considering the fracture time
alone. In contrast, a SEI layer predominantly composed of an inactive
domain (for /, < %) is limited to smaller deformation — leading to
junction fracture — and a small amount of deposited lithium (even at
the same deposition rate) before the SEI failure.

To delay SEI fracture, it is preferable to have inactive domains of
small size within the SEI These results are qualitatively coherent with
experimental observations [15,16,42].

Although the simulations are formulated in terms of the local cur-
rent density j,, the physical interpretation of the results must be
understood in relation to the effective amount of lithium accommo-
dated by the deforming active SEI domain. Wider active domains are
able to undergo larger deformations, which increases the effective
lithium deposition surface and allows a larger amount of lithium to be
incorporated before localization occurs. As a result, for a given value
of j,, wider active regions can sustain more homogeneous ionic flux
distributions, whereas narrow active domains rapidly concentrate de-
position at their boundaries. In this latter case, deformation is strongly
constrained by neighboring inactive regions, and phase rupture prefer-
entially initiates at SEI-SEI interfaces rather than through progressive
deformation of the active domain itself.

3.2.4. The thickness of the SEI |,

As shown in Fig. 5, increasing the SEI thickness enhances the
interfacial junction between the two SEI domains, thereby improving
its stability. Fig. 7(b) illustrates the fracture time ¢ rasa function of
SEI thickness /,. For thin layers, 7, increases sharply with /,, then
a plateau appears. Interestingly, for SEI thicknesses above 35 nm, 7,
begins to decrease. This turning point corresponds to a bifurcation in
the failure mode. As /,, increases, the thermodynamic stiffness of the SEI
is enhanced. The SEI thickness plays a role analogous to the surface
tension factor a. We hypothesize a relationship between these two
parameters, possibly linked to an underlying variable describing the
thermodynamic rigidity of the SEI. This will be explored in future work.
The final drop in the curve reflects a mathematical limitation of the
model. For lithium growth to occur, the electrolyte must be displaced
from the interface between the active SEI and the electrode. This
displaced electrolyte is replenished via diffusion through the SEI. As SEI
thickness increases, this process becomes slower. If the diffusion time
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Fig. 5. On the first row, initial geometries for various active SEI width /, are presented for SEI thickness /, = 25 nm and the surface tension factor « = 4. The
second row illustrates the effect of varying SEI thickness /, on the initial conformation with /, = 100 nm and a = 4. The final row illustrates the effect of varying
surface tension factor « on the equilibrium geometry, with /, = 100 nm and /, = 20 nm.
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exceeds the perturbation timescale, electrolyte displacement becomes
incomplete, pushing the SEI phases out of equilibrium and accelerating
fracture. It is worth noting that the critical thickness of 35 nm depends
on the deposition rate; at lower current densities, this threshold is
higher.

As shown in Fig. 5, increasing the SEI thickness enhances the
interfacial junction between the two SEI domains, thereby improving
its stability. Fig. 7(b) illustrates the fracture time ¢ rasa function of SEI
thickness /. For thin layer, 7, increases sharply with [/, then a plateau
appears. Interestingly, for SEI thicknesses above 35 nm, ¢, begins to
decrease. This turning point corresponds to a bifurcation in the failure
mode.

As [, increases, the thermodynamic stiffness of the SEI is enhanced.
The SEI thickness plays a role analogous to the surface tension factor a.
We hypothesize a relationship between these two parameters, possibly
linked to an underlying variable describing the thermodynamic rigidity
of the SEI. This will be explored in future work.

The final drop in the curve can be rationalized by comparing
characteristic timescales. For lithium growth to occur, the electrolyte
must be displaced from the interface between the active SEI and
the electrode. This displaced electrolyte is replenished via diffusion
through the SEI, with a characteristic diffusion time scaling as #4i;
li’o /r%. As SEI thickness increases, this process becomes progressively
slower. When this diffusion time becomes comparable to or larger than
the characteristic timescale associated with lithium-deposition-induced
perturbations, the electrolyte cannot fully relax local concentration
gradients, pushing the SEI phases out of equilibrium and accelerating
fracture.

Accordingly, the critical thickness of approximately 35 nm identi-
fied here corresponds to a crossover regime rather than to an intrinsic
material constant. It is worth noting that this threshold depends on
the deposition rate; at lower current densities, this critical thickness
is shifted to higher values, as illustrated in Tab. S1.

When the active SEI domain is sufficiently thick or wide, its de-
formation modifies the local geometry of the electrode-electrolyte
interface and leads to a redistribution of ionic fluxes. In addition to flux
components normal to the initial interface, lateral ionic fluxes emerge
along the deformed SEI surface. These lateral fluxes promote lithium
deposition parallel to the interface, which in turn further stretches the
active domain by displacing adjacent inactive regions. This mechanism
establishes a positive feedback loop in which deformation enhances
lateral deposition, leading to additional deformation. The process con-
tinues until the active domain reaches its mechanical or geometrical
limit and eventually fractures. This feedback mechanism provides a
physical explanation for the dependence of the phase-rupture regime
on SEI geometry and for the spatial extent of the perturbed region
observed in the simulations.

3.3. Preliminary study of electrolyte degradation reactions

In a real system, the electrolyte progressively degrades over suc-
cessive charge—discharge cycles [8,13], leading to an evolution of the
solid electrolyte interphase (SEI) that alters its thickness, composition,
and mechanical properties. Such degradation processes may therefore
significantly influence the fracture dynamics observed in the proposed
model. For a stable SEI, which is typically relatively thick (Fig. 2), it is
not relevant to account for continuous electrolyte degradation over the
time scales considered here (on the order of tens of seconds). Indeed,
in the absence of interfacial overpotential and faradaic current, once
the SEI layer has formed, its evolution occurs over much longer time
scales. Nevertheless, situations in which the SEI becomes insufficiently
thick — and thus unstable — must still be addressed. The most critical
case corresponds to fracture regions, where freshly exposed lithium
is brought into direct contact with the electrolyte, thereby promoting
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rapid degradation reactions. To model this mechanism, the same for-
malism as that used for lithium-ion electrodeposition reactions (Eq. (7))
can be employed.

{Sz = rsprsser2 [0 (&) X A (&)]
Sy = rsmrssars [1 (&) X A (&)]

where rgg; is the reaction time constant associated with the forma-
tion of SEI domains, and sg; 5 and sgg; 3 denote the reaction strengths of
the active and inactive SEI phases, respectively. The product A’ (&) x
1’ (&) is used to localize the interface between metallic lithium and
the electrolyte. Within this framework, the conservative formulation
imposes Sy = — (S| + .5, + S3). In practice, when the interfaces of the
electrolyte and metallic lithium phases overlap — i.e., when the local
SEI thickness is smaller than 24 ~ 5 nm, — the growth of either an
SEI phase or the electrode phase necessarily implies the consumption
of the electrolyte phase. Direct local measurements of the products
TsprSser,2 and 7gprSspr3 remain an experimental challenge. To assess the
sensitivity of the model to these parameters, we therefore introduce the
observables k, and k5 defined as:

(10)

__ TSEISSEL2 _ TSEISSEL2
753 J2
TSEISSEL3 _ TSEISSEL3

752 J2

an

Accordingly, when k, and k; are smaller than unity, lithium-ion
electrodeposition reactions are favored, whereas degradation reactions
dominate when these parameters exceed unity. For the present sensitiv-
ity study, we focus on a fixed SEI geometry (/, = 100 nm, /,, = 20 nm and
a = 4) subjected to a perturbation current density of j, = 7.3mA.cm~2.
Fig. 8 shows the system after a deposition phase for various values of
the observables k, et k;. Figs. 8(a) and 8(b) illustrate cases in which
degradation reactions are weaker than electrodeposition, after nine
seconds of plating. When the growth of the active SEI domain is faster
(Fig. 8(b)), in addition to the growth of the conductive domain, the
nucleation of a new active SEI domain at the electrode surface can be
observed. Conversely, when the growth of the inactive SEI domain is
faster (Fig. 8(a)), the insulating SEI grows and forms a column within
the electrode. At the lithium metal-electrolyte interface, the growth
of the insulating SEI is sufficiently rapid to induce the nucleation of
inactive SEI domains.

When both SEI phases exhibit growth rates of the same order
of magnitude and sufficiently high (Fig. 8(c)), the inactive domain
becomes trapped within the electrode (the temporal evolution of the
interface is provided in Fig. S4), while the active domain covers the
electrode, preventing future dendrite nucleation. The interface mor-
phology after 19 s for k, = 0.01 and k3 = 1 is shown in Fig. 8(d).
A significant increase in the volume of the inactive domain can be
observed, taking the form of a column. The SEI remains stable and
does not fracture, thereby limiting dendrite nucleation; however, the
deposition remains non-uniform. More generally, we observe that when
the SEI growth dynamics are of the same order of magnitude as, or
faster than, the deposition dynamics (i.e. k, > 1 or k3 > 1), the SEI
remains stable. Table 2 summarizes the fracture times as a function of
k, and k5 for the considered system. When reaction rates are negligible
(k, = 0.01 et k3 = 0.01), no significant change in the fracture time ¢, is
observed, and the results remain within the measurement uncertainty
compared to the case without degradation reactions. When the reaction
intensities are smaller than the deposition rate (k, = 0.1 et k3 = 0.1)
SEI formation delays fracture by a few tenths of a second. For the case
ky = 0.1 et k; = 1, we observe the formation of a phase fracture
within the active domain. The degradation reactions of the inactive
domain are nevertheless sufficiently intense to induce the nucleation
of an inactive domain at the fracture site and stabilize the interface.
This case is discussed in detail in the Supporting Information.
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(a) k, = 0.01 and k; =
0.1 after 9 s

Py

(b) k, = 0.1 and k3 =
0.01 after 9 seconds

(c) ky =1 and k3 =1
after 17 s

(d) k, =0.01 and k5 =
1 after 19 s

Fig. 8. Representative system conformations observed at different deposition
times for selected combinations of &, and k;.

Table 2

Fracture time 7, for an SEI with the following properties: /, = 100 nm,
I, = 20 nm, and « = 4, for different SEI domain formation rates. The local
current density is j, = 7.3 mA cm™2. The case marked with an asterisk

is distinguished by a fracture of the SEI followed by repassivation of the
electrode.

ky
0 0.01 0.1 1
0 6.5s 6.8s 7.0s Stable
& 0.01 6.8s 6.8s 7.0s Stable
3 0.1 7.0s 7.0s 7.1s 18.2s*
1 Stable Stable Stable Stable

4. Conclusion

In summary, a novel multiphase-field model has been introduced
to investigate the dendrite nucleation during lithium plating. This
approach allows a more sophisticated modeling of the SEI that the
previous computational works [12,22-26]: with a dynamical and het-
erogeneous SEI. To improve this, the study scale focused on the SEI
failure which leads to dendrite nucleation and dendrite formation.
While some contributions at the lithium/electrolyte interface are yet to
be implemented (such as electrolyte reduction and mechanical effects),
two distinct deposition regimes have been identified:

» At low current densities, perturbations remain sufficiently small
to allow relaxation of the freshly deposited lithium, leading to
homogeneous deposition.

+ At high current regimes, perturbations evolve faster than relax-
ation, leading to SEI fracture, which can occur either within the
active SEI phase (phase fracture) or at the boundaries between
SEI domains (junction fracture).

These regimes are in good agreement with computational stud-
ies [12,22-26,41]. Phase fractures and junction fractures are inherent
to the dynamic multidomain SEI modeling and, to the best of our
knowledge, are identified here for the first time.

To study the stability of the SEI — in terms of delaying fracture
due to heterogeneous lithium ion deposition — the fracture time ¢,
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was defined as a key observable. Based on a SEI model configuration,
we conducted a parametric study of the geometric and interfacial
properties of the system. Since the SEI structure is largely dependent on
the electrolyte [15,16,39,43], the design of the SEI model is therefore
conditioned by the studied system. A sensitivity analysis was conducted
to assess the influence of electrolyte degradation reactions on SEI
stability. To effectively delay SEI fracture — or even inhibit it — at
least one SEI domain must exhibit a growth rate of the same order of
magnitude as that of lithium deposition. It is worth noting, however,
that fracture inhibition alone is not a sufficient criterion to ensure
homogeneous electrode growth.

The SEI's ability to deform is a crucial factor for its stability during
electrodeposition. In fact, the deformation allows the SEI to accommo-
date and support the growth of the lithium metal electrode. However,
the SEI must retain sufficient rigidity to promote homogeneous lithium
metal electrode growth. This balance between rigidity and deforma-
bility also depends on the ion deposition rate. From an applied point
of view, this suggests that SEI layers composed of many small inactive
domains (such as LiF) are more effective at preventing SEI cracking and
dendrite formation than those with fewer large inactive regions. This
conclusion is consistent with experimental observations [15,16,42].

The dynamic system is driven by the competition between minimiz-
ing the interfacial areas of each phase and electrochemical reactions.
These two processes have been modeled under significant assump-
tions, primarily because of the lack of numerical and experimental
data at relevant scales. To address these limitations, it will be nec-
essary to implement ionic concentration and electrostatic potential
fields to remove the assumption of constant overpotential along the
interfaces. Additionally, due to strong mechanical heterogeneities, in-
corporating elastic contributions — which appear sufficient given the
observed deformations [38] — would allow the investigation of inter-
faces with preferential deformation regions that counter droplet-like
conformations.

Finally, experimental validation will require coupling with in-situ
characterization methods: AFM or SEM to monitor surface topology
evolution and associated deformations, and AES or XPS to identify SEI
failure. However, the characteristic length scales involved in SEI junc-
tion and phase fracture are on the order of a few tens of nanometers,
which currently challenges the spatial resolution and depth sensitivity
of most operando techniques applicable to reactive lithium interfaces.
Interestingly, although lithium migration induced by the electron beam
in AES currently limits quantitative chemical analysis, this effect could
potentially be exploited as a contrast mechanism to identify regions
with enhanced lithium transport, such as SEI junctions or active do-
mains. Future advances in high-resolution surface-sensitive character-
ization, possibly combining local chemical mapping with AFM-based
electrical probing, will be essential to directly assess these failure
modes.

The model has been designed with modularity in mind, facilitating
the future implementation of additional features such as mechanical
effects, multiple SEI domains, and the crystallographic anisotropy of the
lithium metal. These enhancements will be addressed in future work.
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