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Elliptical Silicon Nanowire Covered by the SEl in a 2D

Chemo-Mechanical Simulation

Raphael Schoof*,* Lukas Kébbing*,*™ 9 Arnulf Latz,™“¥ Birger Horstmann,

Willy Dérfler™

Understanding the mechanical interplay between silicon ano-
des and their surrounding solid-electrolyte interphase (SEI) is
essential to improve the next generation of lithium-ion
batteries. We model and simulate a 2D elliptical silicon nano-
wire with SEl via a thermodynamically consistent chemo-
mechanical continuum ansatz using a higher order finite
element method in combination with a variable-step, variable-
order time integration scheme. Considering a soft viscoplastic
SEIl for three half cycles, we see at the minor half-axis the largest
stress magnitude at the silicon nanowire surface, leading to a
concentration anomaly. This anomaly is caused by the shape of

Introduction

Silicon anodes can present the next vital step towards improved
lithium-ion batteries with higher capacity."™ Nevertheless, the
significant ability for lithiation causes massive volume changes
during cycling, hindering the commercialization of pure silicon
anodes.*” The substantial deformations lead to mechanical
instabilities of anode particles larger than 150 nm and cause
particle fracture and pulverization.®” Consequently, hopes are
pinned on nanostructured silicon anodes"®'? and silicon nano-
wires in particular.'*

Due to electrolyte instability in contact with anode particles,
the solid-electrolyte interphase (SEl) forms on silicon anodes,
reasonably  passivating the electrolyte from further
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the nanowire itself and not by the SEI. Also for the tangential
stress of the SEI, the largest stress magnitudes are at this point,
which can lead to SEI fracture. However, for a stiff SEI, the
largest stress magnitude inside the nanowire occurs at the
major half-axis, causing a reduced concentration distribution in
this area. The largest tangential stress of the SEI is still at the
minor half-axis. In total, we demonstrate the importance of
considering the mechanics of the anode and SEl in silicon
anode simulations and encourage further numerical and model
improvements.

decomposition."* However, the SEI continues to grow during
storage and battery operation via electron transport from the
anode towards the electrolyte.”*?? On silicon anodes, the SEI
and its mechanical behavior merit special attention as the
massive volume changes of the anode challenge the stability of
the SEL?*?Y Nonetheless, the inner SEI is reported to stay intact
during cycling.”™ Thus, it is important to consider the stress
generated inside the SEl and its implication for silicon anodes in
simulations of the silicon-SEl system.?528

Our previous works discussed the silicon-SEl system with
spherical symmetry.?*25272  Additionally, we performed 2D
simulations of the nanowire only®®>? and restricted expansion
by a rigid obstacle.®¥ As literature reports the importance of
non-symmetric geometries on the mechanical properties during
cycling® in contrast to a spherical setup,”® we investigate the
mechanics of an elliptical silicon nanowire covered by SEl in this
manuscript. Therefore, we straightforwardly adapt our 1D radial
symmetric setup for the chemical and elastic silicon core as well
as the elastic and viscoplastic SEI shell to the 2D elliptical
nanowire. Our variable-step, variable-order time integration
scheme is combined with a higher order finite element method.
In total, we simulate three half cycles, meaning a first lithiation
is followed by delithiation and a second lithiation. We provide
extensive investigations of the mechanical characteristics and
concentration distribution for the coupled silicon-SEl structure.

The remaining of this manuscript is structured as follows: in
“Theory”, we present the key details of our continuum
modeling, followed by a brief summary of our numerical
procedure in “Numerical Approach”. The focus of this work is
“Results and Discussion”, in which we present our extensive
numerical results and discussions. We conclude with a summary
and a short outlook in “Summary and Conclusion”.

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH
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Theory

We follow Ref.[29] and briefly recap our chemo-mechanically
coupled model for the silicon-SEl approach. This ansatz is based on
the thermodynamically consistent theory by Refs.[24,26,29-
31,36,371.

We use a purely elastic (Lagrangian) logarithmic Hencky strain for
the finite deformation model of the electrode nanowire, whereas
we apply a viscoplastic approach for the SEI. For a purely elastic
particle without SEl, the typically used Lagrangian strain or Green-
St-Venant strain leads to similar results compared to the Hencky
strain.®'*® The deformation @ relates the reference (Lagrangian)
configuration Q, C R? to the current (Eulerian) configuration Q. A
silicon core subdomain and a SEI shell subdomain are identified in
each frame, indicated with the subscript C and S, respectively. In
this work, we consider a quarter section of an elliptical nanowire,
resulting from symmetry assumptions along both half-axes as well
as free expansion and vanishing stresses in the third direction. At
the half-axes, we impose a non-displacement condition in tangen-
tial direction. A sketch of the considered domain with the under-
lying computational grid is depicted in Figure 1.

Finite Deformation

The deformation gradient F = Id + V,u with the identity tensor Id
and the displacement vector u can be split up multiplicatively into
three parts: F=FF,F,, the chemical, elastic, and plastic deforma-
tion, respectively, compare Sect.10.4 in Ref.[39], Sect.8.2.2 in
Ref. [40] and Ref. [41].

In the silicon core domain, we consider only reversible deforma-
tions F=F,F,=F,.,. The elastic part results from mechanical
stresses and the chemical part from changes of the lithium
concentration  during lithiation ~ and  delithiation  as
Fin = Aald = 3/1 + vy o Id with the partial molar volume v,
of lithium inside silicon, the normalized lithium concentration
C=¢/Cnax €[0,1] of the lithium concentration ¢ € [0, ¢,y With
respect to the maximal concentration ¢, in the reference
configuration. The chemical deformation causes a volume expan-
sion during lithiation of approximately 300% and dominates the
total deformation of the silicon core. In the SEI domain, no chemical
deformation occurs: F = FF. We omit the index C or S for reasons
of better readability if it is clear from the context which part is
referred to.

/

continuity of

displacement and
normal stress

CE LR <>
core: silicon nanowire shell: SEI

Figure 1. Sketch of the silicon nanowire core (red) covered by the SEl shell
(blue) with the underlying time-constant computational grid and the points
LR (lower right), UL (upper left) and CE (center) for further investigations.
The white double arrow indicates the continuity of the displacement and
the normal stress at the core-shell interface.
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Free Energy

We consider all model equations in the reference configuration at
constant temperature and state the Helmholtz free energy
W(Ev V0u7 I:pl) =Yen (E) + Yol (Ev Vouv I:pl) resulting in 1/)(57 VOUC) =
Yen(C) + Ya(C, Vouc) and y(Vous, Fy) =va(Vous, Fy) for the re-
spective silicon core and SEI shell domain. With the mass density p,
of silicon in the reference configuration the chemical and elastic
free energy densities can be defined as:

Poen(C) = _CmaxA FUocv(2)dz

with an experimental open-circuit voltage (OCV) curve Ugq,?*?%*"*?

and the Faraday constant F as well as:

_ 1 _
pO’l/)el(C7 V0u7 Fpl) = EEeI(Q V0u7 Fpl) : q:’:[Eel]

with F, =Id for silicon, the elastic strain tensor E,, and the
constant, isotropic stiffness fourth-order tensor € as C[Ey]=
AMr(Eg)ld + 2GE,. Here, A = 2Gv/(1 — 2v) and G = E/(2(1 +v)) are
the first and second Lamé constants, respectively, depending
further on Young’s modulus E and Poisson’s ratio v. In Table S1 in
the Supporting Information, we give the parameters for silicon and
SEl. The (Lagrangian) logarithmic Hencky strain tensor E, is given
as:

E, = ln(UeI) = ln( Cel) = Zi:1 |n(\/m)rel.a @ Fela

with the eigenvalues 7, and eigenvectors r,, of U,. The tensor
U, is the unique, symmetric and positive definite right stretch part
of the unique polar decomposition of F, = R,U,, see Sect. 2.6 in
Ref. [42].

Chemistry

The lithium concentration changes during lithiation and delithiation
inside the reference silicon core domain Q,. can be stated via a
generalized diffusivity equation:?***%

&C = _VO -N. (1)

The lithium flux N =—D(0.u) ' Vou with the diffusion coefficient D
for lithium in silicon is applied for an isotropic case. The chemical
potential u can be derived as the partial derivative of the free
energy density with respect to the concentration ¢:24263"333¢

u= 8c(p01/)) = Uch T Uel

V mv
= —FUocy — ;?tf(C[Eel]) @
ch

Therefore, the total lithium flux N = N, + N, can be divided into
the lithium concentration-driven diffusive flux component N, =
—D(0.u) 'Voue, and the stress-driven convective flux component
Ny =—D(0.u) 'Voue, respectively. A uniform and constant external
flux N, in the Lagrangian domain with either positive or negative
sign (for lithiation or delithiation, respectively) is applied at the
surface of the silicon core. This boundary condition corresponds to
cycling with a constant current and assumes a homogeneous
current distribution. The value of the external flux depends on the
specific surface, i.e., the surface-to-volume ratio as we have
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discussed in Ref. [30] and App. A.3.2 in Ref. [45]. This external flux is
measured with regard to the charging rate (C-rate) connecting the
state of charge (SOC) to the simulation time via the external lithium
flux and the initial concentration SOC(t) =, + Net. Further
information about the SOC, the C-rate, and N, can be found in
Refs. [24,30,31] and the references cited therein.

Elastic and Inelastic Deformation

24,30,31,33
n[ 130,31,

We solve the momentum balance equatio 1 in the silicon

core domain and the SEI shell domain:

0=V, -P.(C,Vouc), 0=V, Ps(Vous, Fpl) 3)
for the respective deformation. The first Piola-Kirchhoff tensor P is
thermodynamically consistently derived as:

.
P = 2F0c(poy) = F(FLFa) ' (F,' ) Fo'CIE)

see Refs. [24,26,31,33]. With the first Piola-Kirchhoff tensor P we
state the related symmetric Cauchy stress o in the current
configuration as & = PF"/ det(F), see Sect. 3.1 in Ref. [42].

In this work, we rely on the rate-dependent plastic approach.?**"
Therefore, we introduce the scalar yield stress oy and the evolution
equation of the scalar accumulated equivalent inelastic strain
e > 0as:

0, M| < oy
eq _

pl — dev ||
sy, M > o

which replace the typical Karush-Kuhn-Tucker (KKT) conditions for
the plastic approach, compare Sect.1.7 in Ref.[46] and
Refs.[29,31,41]. The deviatoric Mandel stress M =
M—1/3tr(M)ild is computed via the Mandel stress
M = 0, (0o¥a) = Cs[Eqy) in the SEI domain. The remaining values
are the positive-valued stress-dimensioned constant oy, the
reference tensile stress &, and the measure of the strain rate
sensitivity of the material f which are given in Table S1.
Furthermore, we rescale the yield stress with the factor 1/2/3 due
to consistency with the one dimensional tensile test, see Sect. 2.3.1
in Ref.[46]. Finally, we use a projector formulation to map the
stresses onto the set of admissible stresses, stated for our visco-
plastic approach in Ref. [31]. This procedure is also known as static
condensation.*’*® Therefore, F, and &} are applied as internal
variables. This procedure has the advantage that the nonlinear
system of partial differential equations does not need to be
extended by the plastic part of the deformation gradient, in
contrast to Refs. [26,24].

Numerical Approach

Again, we follow Ref. [29] and state only the most important details.
All in all, after non-dimensionalization and omitting the accentua-
tion for the non-dimensionalization, we solve for given F, and sz‘ﬁ
the continuity equation in Eq. (1), the chemical potential equation
in Eq. (2), and the momentum balance equations in Eq.(3). As a
result, we obtain the concentration ¢, the chemical potential &, and
the silicon core displacement uc as well as the SEI shell displace-
ment us. Therefore, we imply boundary conditions at the interface
between the silicon core and the SEI shell domain: uc. = us and
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Pc - n = Ps - n with the normal vector n = n. At the outer boundary
of the SEI, we have no stresses meaning Ps - ng = 0. Furthermore,
we impose initial conditions ¢(0,-) =¢, Fy(0,:)=1Id and
£1(0,-) = 0. Note that we perform all calculations in the unde-
formed Lagrangian frame, which considers volume expansion via
the deformation gradient tensor F. We have shown the trans-

formation to the deformed Eulerian frame, e.g., in Ref. [33].

For the numerical solution of the nonlinear system of partial
differential equations, we choose an admissible mesh for the
computational domain, use the isoparametric Lagrangian finite
element method, see Chapt.lll §2 in Ref.[49], derive a weak
formulation and a spatial and temporal discretization.”” For the
spatial discretization, we apply a fourth order finite element
approach using a uniform and time-constant mesh in the reference
configuration, displayed in Figure 1. Note that the original set of
equations is derived in 3D, however, all equations are also
mathematically valid in 2D.”%*" The temporal discretization is
realized with a variable-step, variable-order time integration
scheme using the numerical differential formulation (NDF) of linear
multistep methods.®**? The temporal discretization of the internal
variables are treated with an implicit exponential map. For a
detailed procedure of the temporal integration for F and &7}, we
refer to Ref. [31]. In each time step, the nonlinear system is solved
using the Newton-Raphson method and the adaptive scheme for
the time presented as Algorithm 1 in Ref. [30].

We start with the constant initial concentration ¢, =0.02 and
Uo = 0.0 (C,y). The initial time step size is 10°% h, the maximal
time step size 107 h and temporal relative and absolute tolerances
2-10* and 2-1077, respectively. The grid has around 87-10°
degrees of freedom. Additional zero-displacement boundary con-
ditions are applied on the major half-axis with u, = 0 and on the
minor half-axis with u, = 0. The Newton update is computed with
an LU-decomposition from the UMFPACK package [53, Ver-
sion 5.7.8] and shared memory with OpenMP Version 4.5 is enabled
for assembling the Newton method. Our implementation is based
on the open-source finite element library deal.ll.®¥ All simulations
are performed on a single node at the BwUniCluster2.0 with GCC
12,159

Results and Discussion

Due to the importance of mechanics and the silicon anode
geometry, we investigate the chemo-mechanical coupling of an
elliptical silicon nanowire covered by the SEl in a 2D setup. We
discuss the stresses occurring inside the silicon anode and the
SEl in comparison to a symmetric nanowire. Additionally, we
examine the lithium concentration distribution and gradients
during lithiation and delithiation influenced by mechanics. To
assess the impact of the SEl, we compare the chemo-
mechanical results for a silicon anode covered by a soft and a
stiff SEI layer.

During cycling, the lithium concentration inside the silicon
nanowire changes. An increase in the lithium concentration
results in a chemical expansion of the anode, while a decrease
leads to a shrinkage. Inhomogeneous lithium distribution inside
the silicon implies inhomogeneous volume changes that have
to be accommodated by mechanical deformations. These
mechanical strains inside the lithiated silicon generate stresses.
While the silicon can deform chemically and elastically, the SEI
features elastic and viscoplastic material behavior. During
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cycling, the SEI layer has to adjust to the volume changes of the
silicon anode. As the SElI can only deform mechanically,
expansion and shrinkage of the silicon anode lead to significant
mechanical strains, creating stresses inside the SEl as well. The
stresses inside silicon and SEl are coupled due to the interface
condition of equal stress in normal direction.

Silicon Nanowire with Soft SEI

First, we investigate the behavior of an elliptical silicon nano-
wire covered by a soft SEI layer. The ratio of the minor to the
major half-axis is 0.6:1. The SEI thickness is one eighth of the
silicon core length. We simulate three half cycles (1** lithiation,
1% delithiation, and 2" lithiation) with a rate of 1C. The
simulation parameters are stated in Table S1. We begin our
discussion with the mechanics inside the silicon anode and the
SEl layer and continue with the examination of the lithium
concentration distribution. Especially, we consider the quanti-
ties of interest at the lower right of the major half-axis (point
LR), at the upper left of the minor half-axis (point UL), and at
the center of the silicon (point CE), respectively. The interfacial
points (LR and UL) and the central point (CE) are illustrated in
Figure 1.

Mechanical Behavior

Concerning the mechanics inside the silicon anode, lithiation
from the outside leads to concentration gradients and
inhomogeneous volume changes. The volume mismatch gen-
erates compressive stress at the outer boundary of the nano-

wire and tensile stress at the center. During delithiation, lithium
flux out of the anode leads to tensile stress at the outer
boundary and compressive stress at the center. To investigate
the mechanics in detail, we illustrate the simulated stresses for
the elliptical silicon nanowire covered by a soft SEl layer in
Figure 2. We depict the stress distribution during lithiation at
30% SOC for the normal component g, in Figure 2(a) and the
tangential component g, in Figure 2(b). Both stress distributions
reveal the general trend of tensile stress at the center and
compressive stress at the outer boundary of the silicon nano-
wire. The largest compressive stresses appear in normal
direction at the end of the major half-axis at point LR and in
tangential direction at the end of the minor half-axis at point
UL. The largest tensile stresses appear in normal direction along
the major half-axis and in tangential direction along the minor
half-axis, each close to the center. Therefore, possible
plasticity®” and fracture might occur along the minor half-axis.

We depict the time evolution of the stress inside silicon
during three half cycles for the normal component in Figure 2(c)
and for the tangential component in Figure 2(d). The evolution
of the stress components during the first lithiation reveals
permanent compressive stress at points UL and LR, with
significantly larger stress magnitudes for the tangential compo-
nent. The normal stress in Figure 2(c) always shows the largest
magnitude at the major half-axis at point LR, and the tangential
stress in Figure 2(d) shows the largest magnitude at the minor
half-axis at point UL. During the subsequent delithiation, tensile
stresses arise at the outer boundary, showing the largest
magnitudes at the same points as before. The normal stress
during the second lithiation in Figure 2(c) deviates from the first
lithiation in the beginning due to a different initial state, but
the stresses continuously approach the ones during the first

(a) (b) 0.97
30% SOC 05 30% SOC 0.2
< o]
a 0 o
01 2 = 2
S t§:§§§$§§$}t\\s{‘ 02 S
TR 04
0 —0.53
1072
(e)
£ g =1,
S} S [ I delith,
3 R R A
&) © S . ,'.0’.
-5 .:.---.--.........{..0:
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08
SOC / - SOC/ - SOC/ -

Figure 2. Cauchy stresses for the elliptical silicon nanowire with a soft SEl in the undeformed Lagrangian frame. Distribution of (a) normal and (b) tangential
Cauchy stress inside the silicon core and the SEI shell during lithiation at 30% SOC. Evolution of Cauchy stress at the points LR and UL during three half cycles

for (c) normal, (d) tangential core, and (e) tangential shell stress.
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lithiation. The tangential stress during the second lithiation in
Figure 2(d) coincides with the first lithiation. The largest stress
magnitudes during cycling occur at low SOC in particular in
tangential direction at the end of the minor half-axis at point
UL. This supports our previous finding that the elliptical silicon
nanowire might be prone to plasticity®” and fracture in this
regime.

To highlight the influence of the elliptical geometry, we
compare our simulation results to the case of a symmetric
silicon nanowire with the same capacity in Figure S1. Due to
the symmetry, the stresses at points UL and LR are equal. The
stress magnitudes of the normal and tangential stress compo-
nents at the outer boundary in the symmetric case are always
in between the stress values at point UL and LR for the elliptical
case. Therefore, the largest stresses reached during cycling in
the symmetric case stay smaller than the ones for the elliptical
case. Consequently, the symmetric silicon nanowires are
mechanically more stable than elliptical silicon nanowires with
the same capacity.

Next, we discuss the mechanics of the SEI shell during
cycling. The Cauchy stress in normal direction in silicon and SEI
is coupled at the interface. At the outer boundary of the SEl, the
stress in normal direction vanishes. Therefore, we focus on the
description of the tangential component of the SEI stress
depicted in Figure 2(e). During lithiation, the volume expansion
of the nanowire leads to tensile tangential stress inside the SEI.
The tangential stress magnitude at the minor half-axis at point
UL is slightly larger compared to point LR. This can be expected
as the curvature of the SEl is smallest at the end of the minor
half-axis. Thus, the SEI might be prone to fracture at point UL.
During delithiation, the tangential stress inside the SEI is
compressive and the maximum value is reached again at point
UL. During the second lithiation, the size of the stress overshoot
reduces and the stress converges to that one of the first

lithiation. Compared to the symmetric nanowire, we observe
the same trend for the stresses inside the SEI shell as for the
silicon core. The stress magnitudes are in between the stresses
at points UL and LR. Consequently, the maximum value is
smaller for the symmetric case, meaning a superior mechanical
stability of the SEI. To investigate the influence of viscosity, we
vary the parameter for the plastic strain rate &, in Figure S3. A
smaller value retards plastic flow, leading to a larger stress
overshoot and larger stress magnitudes in general. Never-
theless, the shape of the stress profiles does not change
significantly upon variation of &,.

Lithiation Behavior

After the mechanical description, we investigate the lithium
concentration inside the elliptical silicon nanowire. During
lithiation, the lithium flux points from the outside into the
interior of the silicon anode. Thus, we expect that the
concentration at the outer boundary of the anode exceeds the
concentration at the center, as shown for the symmetrical
nanowire covered by SEI in Figure S2. During delithiation, we
expect a decreased lithium concentration at the outer boundary
compared to the center. We show our simulation results for the
lithium concentration in Figure 3. The lithium distribution inside
the elliptical silicon nanowire during lithiation is illustrated in
Figure 3(a) to (c) for 5%, 30%, and 90% SOC. As expected, the
lithium concentration increases in general from the outside. The
lithium distribution reveals the highest concentration at the
end of the major half-axis at point LR. At this point, the elliptical
geometry has the highest local surface-to-volume ratio. The
local surface determines the lithium intake into the anode and
the local volume determines the lithium distribution below this
surface. Thus, a high local surface-to-volume ratio results in a

8,%4 ®) 0.376 © 0.92
' 30% SOC 0.35 90% SOC
0.06 0.91
0.05 0.3 09 ©
0.04 0.263 0.89
(d)
30% SOC
0.39
03 *
S .
~ ~
.-
0.2 - 72} L
= | s
S 10 %
01 & 5
S i T 1* lith
S % Xl = 1* lith.
0 —0e— s 1 delith.
—0.08 =+ 2 Jith,
—0.1 s
0 01 02 03 04 05 06 07 08 09

SOC/-

Figure 3. Lithium concentration for the elliptical silicon nanowire with a soft SEl in the undeformed Lagrangian frame. Distribution of the lithium
concentration inside silicon during lithiation at (a) 5%, (b) 30%, and (c) 90% SOC. (d) Concentration-driven diffusive lithium flux N, scaled with 0.7.
(e) Deviation of the lithium concentration from the mean at the points LR, UL, and CE during three half cycles.
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faster lithium concentration increase, compare Sect.2.2.3 in
Ref. [56]. Contrary to our expectation, the lithium concentration
at the end of the minor half-axis at point UL is lower than the
concentration at the center point CE during lithiation at 30%
SOC. For a better illustration of this concentration anomaly, we
depict the concentration-driven diffusive lithium flux N, during
lithiation at 30% SOC in Figure 3(d), indicating negatively scaled
concentration gradients. Along the major half-axis, lithium
diffusion points towards the center of the ellipse, as expected.
However, along the minor half-axis, diffusion points towards
the outer boundary of the nanowire, revealing the concen-
tration depletion at point UL. While the arrows indicating the
direction of lithium diffusion partially point towards the outer
boundary, the more pronounced stress-driven convective
lithium flux N, depicted in Figure S4(a) points towards the
interior. This ensures that the total flux N always points towards
the interior of the silicon core during lithiation.

To confirm the appearance of the concentration anomaly,
we examine the deviation of the lithium concentration from the
mean during cycling in Figure 3(e). As expected during
lithiation, the concentration at point LR is always larger, and at
point CE smaller than the mean concentration. During
delithiation, this concentration distribution is inverse. However,
the concentration at point UL is smaller than the mean
concentration and even smaller than the concentration in the
center CE during lithiation in a wider SOC regime between 15 %
and 45% SOC. The concentration anomaly at point UL also
appears during delithiation as concentration excess between
35% and 5% SOC and the second lithiation again as depletion.
Thus, the concentration anomaly at point UL is no simulation
artifact in a narrow SOC range during the first lithiation but
significant and robust during cycling.

The concentration anomaly also appears during slow cycling
with C/20 and inside an elliptical silicon nanowire without SEI
as shown in Figure S6. Thus, we exclude kinetic limitations or
the mechanical impact of the SEI on the silicon core as reasons
for the concentration anomaly. Instead, we attribute this effect
to a mechanical origin inside the elliptical silicon nanowire.
During lithiation, the lithium concentration increases the fastest
at point LR at the end of the major half-axis due to the highest
surface-to-volume ratio. The significant increase causes pro-
nounced volume expansion, leading to compressive stress
along the outer boundary of the nanowire. This compressive
stress is largest at point UL at the end of the minor half-axis
due to the smaller curvature at this point. The substantial
compressive stress affects the chemo-mechanical potential and
hinders further lithium concentration increase at point UL.
During delithiation, the fastest decrease in concentration
appears at point LR, generating tensile stress, especially at point
UL. The substantial tensile stress impedes lithium concentration
decrease at point UL, generating a local concentration excess.
Investigating a purely chemical 2D elliptical silicon nanowire
without mechanical coupling, such a concentration anomaly
does not occur. Thus, the concentration anomaly during cycling
results from the chemo-mechanical interplay inside the silicon
nanowire significantly influenced by the elliptical geometry.
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Silicon Nanowire with Stiff SEI

After discussing the soft SEl, we want to investigate the
influence of a stiff SEl layer on the mechanics and the lithiation
behavior of an elliptical silicon nanowire as discussed for a
spherical nanoparticle in Ref. [26]. Therefore, we increase the
value of Young’s modulus and the yield stress of the SEI shell
by a factor of 100 compared to the soft SEl, i.e. E=90 GPa and
oy = oy* =4.95 GPa.

Mechanical Behavior

The increase in the mechanical parameters immediately evokes
elevated stresses inside the SEI. We depict the stress distribution
in Figure 4(a) for the normal component and in Figure 4(b) for
the tangential component at 30% SOC during lithiation. Analog
to the soft SEl scenario, the largest compressive stress in the SEI
in normal direction occurs at the major half-axis at point LR and
the largest tensile stress in tangential direction appears at the
minor half-axis at point UL due to the local curvature effects.
Therefore, possible cracking of the SEI might occur again at
point UL due to the largest tangential stresses.

The time evolution during cycling of the normal stress in
Figure 4(c) and the tangential stress in Figure 4(e) confirms this
observation. During delithiation, we observe the largest tensile
stress in normal direction inside the SEI at the major half-axis at
point LR and the largest compressive stress in tangential
direction at the minor half-axis at point UL accordingly. The
stresses during the second lithiation approach the stresses
during the first lithiation but deviate due to the viscoplastic
behavior. The comparison to the soft SEl case reveals a stress
increase inside the SEI for both components by approximately a
factor of 100, representing the increase in the mechanical
parameters.

The stress inside the silicon nanowire is affected by the stiff
SEl layer due to the mechanical coupling of the silicon core and
the SEl shell. We depict the normal stress component inside
silicon and SEI during lithiation at 30% SOC in Figure 4(a). The
illustration reveals that the normal stresses at the interface are
equal as imposed by the boundary condition. The stress
distribution shows significantly larger compressive stresses
within the whole silicon nanowire except a small region along
the minor half-axis close to the center, where tensile stresses
appear. Compared to the soft SEl, the most significant normal
compressive stress occurs again at the end of the major half-
axis at point LR due to the largest curvature and pronounced
impact of the SEl. The tangential stress component inside
silicon depicted in Figure 4(b) is indirectly affected by the
different SEI mechanics. The stress distribution reveals compres-
sive stresses within the whole silicon nanowire with the largest
stress magnitude at the end of the major half-axis at point LR.
This is in contrast to the case with the soft SEI, where the
largest compressive stress occurs at the end of the minor half-
axis at point UL and where tensile stresses occur in a larger
region around the center.
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Figure 4. Cauchy stresses for the elliptical silicon nanowire with a stiff SEI in the undeformed Lagrangian frame. Distribution of (a) normal and (b) tangential
Cauchy stress inside the silicon core and the SEI shell during lithiation at 30% SOC. Evolution of Cauchy stress at the points LR and UL during three half cycles

for (c) normal, (d) tangential core, and (e) tangential shell stress.

We depict the stress evolution within the silicon core during
cycling in the normal direction in Figure 4(c) and in the
tangential direction in Figure 4(d). As discussed for the SEI
mechanics, the normal stress inside silicon at the boundary is
approximately 100 times larger compared to the soft SEI
scenario with a similar shape of the stress profile. The tangential
stress inside silicon is compressive during lithiation and changes
to tensile stress during delithiation analog to the soft SEI case.
However, the largest tangential stress magnitudes appear at
point LR in contrast to the scenario with the soft SEl, where the
largest tangential stress magnitude appears at point UL. Thus,
the maximum stress magnitudes inside silicon occur at the
same point LR for the normal and tangential component due to
the impact of the stiff SEI shell, which is most significant at this
point due to the largest curvature. This effect emphasizes the
importance of the mechanical interplay between the silicon
core and the SEl shell. Due to the larger stress magnitudes
inside the core, the silicon nanowire might be more prone to
plasticity and cracking for the stiff SEl shell in comparison to the
soft SEl scenario.

Lithiation Behavior

Next, we discuss the influence of the stiff SEI mechanics on the
lithiation behavior of the silicon nanowire core. We depict the
lithium concentration distribution during lithiation in Figure 5
at (@) 5%, (b)30%, and (c) 90% SOC. The illustration reveals
that upon the start of the lithiation, lithium concentration
increases at the outer boundary of the silicon core, proceeding
gradually towards the center as expected. Nevertheless, this
trend is broken during further lithiation, and a concentration
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anomaly occurs at the end of the major half-axis at point LR.
The concentration-driven diffusive lithium flux N, during
lithiation at 30% SOC depicted as arrows in Figure 5(d)
indicates the negatively scaled concentration gradient and
confirms the concentration depletion at point LR. This is in
contrast to the concentration anomaly found for the soft SEI
case at the end of the minor half-axis at point UL, where no
anomaly occurs for the stiff SEI case. Instead, the anomaly
appears at the point with the largest curvature and the most
significant stress magnitude generated by the stiff SEI. Again,
the stress-driven convective lithium flux N, depicted in Fig-
ure S4(b) guarantees that the total lithium flux N always points
towards the interior of the silicon core during lithiation. This
confirms the importance of the chemo-mechanical interplay
and the severe influence of the stiff SEI shell on the lithiation
behavior of the silicon nanowire core. The stiff SEl shell acts
similarly to a rigid obstacle hindering local volume expansion
and, consequently, lithiation as discussed in Ref. [33].

We depict the evolution of the lithium concentration in
Figure 5(e) to estimate the robustness of the mechanical impact
during cycling. During the first lithiation, the decrease in
concentration at point LR exists in the whole SOC range. During
the subsequent delithiation, this decrease in concentration
reduces continuously, and an increase in concentration, mean-
ing an anomaly, appears for SOC values smaller than 20%.
During the second lithiation, a concentration anomaly appears
for SOC values larger than 30%. The second lithiation deviates
significantly from the first lithiation due to the viscoplastic
behavior of the SEI shell. Nevertheless, the concentration
anomaly caused by the mechanical impact of the stiff SEI shell
is a robust effect appearing during every cycle.
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Figure 5. Lithium concentration for the elliptical silicon nanowire with a stiff SEI in the undeformed Lagrangian frame. Distribution of the lithium
concentration inside silicon during lithiation at (a) 5%, (b) 30%, and (c) 90% SOC. (d) Concentration-driven diffusive lithium flux N, scaled with 0.35.
(e) Deviation of the lithium concentration from the mean at the points LR, UL, and CE during three half cycles.

The stiff SEI mechanics influences the chemo-mechanical
potential inside silicon. Due to the viscoplastic behavior, the
stiff SEl shell generates a stress hysteresis during cycling,
causing a voltage hysteresis as depicted in Figure S7. Thus, the
hysteresis effect discussed in Refs. [26,27] for a spherical silicon
particle covered by a stiff SEI shell also occurs for elliptical
nanowires. This demonstrates the importance of mechanical
considerations for silicon cores and SEI shells in simulations
dealing with silicon anodes as battery active material.

Regarding the battery performance, the larger stress
magnitudes inside the silicon core for the stiff SEl case
compared to the soft case may lead to plasticity and fracture of
the silicon nanowire. The reduced mechanical stability of the
silicon anode can negatively influence the battery lifetime.
Moreover, the voltage hysteresis caused by the stiff SEI layer
significantly reduces the battery efficiency. Therefore, the soft
SEl might be more beneficial from a battery performance
perspective. Concerning SElI cracking and accelerated SEI
growth, the soft SEI might adapt better to the silicon
deformations without cracking. However, the behavior is
determined by the yield stress and cracking strength rather
than only Young's modulus.

Summary and Conclusions

In this study, we have systematically investigated the mechan-
ical behavior and lithiation characteristics of an elliptical silicon
nanowire core covered by a viscoplastic SEI shell with a 2D
chemo-mechanical simulation. We have compared the influence
of a soft and stiff SEI shell on the system and discussed the
effect of the elliptical geometry. We base our model and
numerical simulation on a higher order finite element method
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with a variable-step, variable-order time integration scheme
extended straightforwardly from the 1D radial symmetric
case.”

Concerning the mechanics, the silicon and soft SEI system
shows the largest stress magnitudes in tangential direction at
the end of the minor half-axis at point UL, where the curvature
is minor. The normal component of the stress shows the largest
magnitude at the end of the major half-axis at point LR,
however, with significantly smaller values compared to the
tangential stresses. For the stiff SEl case, the system reaches the
largest stress magnitudes at the end of the major half-axis at
point LR, where the curvature is major and the mechanical
impact of the SEl is dominant. Thus, the stress magnitudes are
significantly higher compared to the soft SEl case. Only the
tangential stress component inside the SEl is larger at the point
with the smallest curvature UL, where the SEl is prone to
cracking. Symmetric silicon nanowires with the same capacity
and corresponding SEI shell are mechanically more stable than
elliptical nanowires.

The mechanics of the elliptical geometry significantly
influences the lithiation behavior of the silicon nanowire.
Generally, the lithium concentration is increased at the outer
boundary during lithiation and decreased during delithiation,
with the fastest concentration changes at the end of the major
half-axis at point LR due to the largest surface-to-volume ratio
at this point. For the soft SEI case, the concentration distribution
reveals a deviation from this trend at the end of the minor half-
axis at point UL. This concentration anomaly also appears
during slow cycling and without SEI. Therefore, the mechanics
of the elliptical silicon nanowire causes this effect. For the stiff
SEl case, in contrast, a concentration anomaly occurs at the end
of the major half-axis at point LR. The SEl influences the
lithiation behavior more dominantly at this point due to the

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWWOD ARSI 8|dedldde ayy Aq peusenoB afe saplife YO ‘oSN J0 Sa|ni Joy AReid1 8UIIUO 3|1 UO (SUOKIPUOD-pUR-SWURY/LLIOY"AB| 1M AleIq Ul Uo//SANY) SUORIPUOD PUe SWS | 8U} 885 *[5202/20/y2] U0 Areiqiauiuo A|IM "2 Inisu| seynssiie Ad #0900t202 Wed/c00T 0T/10p/uodAs|im Azl jeutuoadoine-Ans weyo//sdiy woly papeojumod] ‘0 ‘€2299952



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202400604

pronounced curvature. In total, the soft SEl has only a minor
effect on the silicon nanowire, while the stiff SEI significantly
impacts the lithiation behavior.

As shown in Refs. [57-59], inhomogeneous lithiation on
particle scale is also responsible for considerable overpotential
fluctuations on electrode scale. Our results demonstrate that
inclusion of mechanical effects not only predicts mechanical
degradation but also influences electrochemically induced
degradation due to the mechanically induced overpotential
fluctuations.

To conclude, we have demonstrated the importance of the
chemo-mechanical coupling, the geometry, and the SEl on the
silicon anode behavior during cycling. Based on our work,
further simulations could include plasticity of the silicon nano-
wire, fracture modes inside silicon and SEIl, or SEI growth. From
a numerical perspective, an adaptive spatial grid algorithm
could optimize the simulation.
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Chemo-mechanical silicon-SEI interaction

soft SEI

Silicon anodes are a promising next-
generation anode material, for which
consideration of the chemo-mechani-
cal interaction is crucial. This publica-
tion investigates an elliptical silicon
nanowire with surrounded SEI
comparing a soft and stiff SEI

stiff SEI high
[¢
low

scenario. Particularly, we examine the
occurring stress distribution within
the nanowire and the SEI as well as
the mechanical influence on the
lithium concentration distribution in
the silicon nanowire.

R. Schoof*, L. K6bbing*, Prof. Dr. A.
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Prof. Dr. W. Dérfler
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Elliptical Silicon Nanowire Covered
by the SEl in a 2D Chemo-Mechani-
cal Simulation
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