Journal of Energy Storage 141 (2026) 119206

Contents lists available at ScienceDirect

Energy
Storage
Journal of Energy Storage =

g

-

journal homepage: www.elsevier.com/locate/est

Research papers ' N
A 3D battery model incorporating Si particle expansion induced electrolyte
motion

Lioba Boveleth »"® Max Okraschevski »*® Timo Danner »"©-*, Arnulf Latz "¢

a German Aerospace Center, Institute of Engineering Thermodynamics, Pfaffenwaldring 38-40, Stuttgart, 70569, Germany
Y Helmholtz Institute Ulm for Electrochemical Energy Storage, Helmholtzstrae 11, Ulm, 89081, Germany
¢ Ulm University, Institute of Electrochemistry, Albert-Einstein-Allee 47, Ulm, 89081, Germany

ARTICLE INFO ABSTRACT

Keywords:

Lithium-ion battery
Silicon-graphite

Large volume expansion
Electrolyte flow
Volume-averaged model
Discontinuous Galerkin

Silicon is frequently used as active material in the negative electrode of Lithium-ion batteries as it provides
substantial improvements in the energy density compared to conventional graphite electrodes. Due to large
volume changes during cycling, the Si content in state-of-the-art Si/graphite composite electrodes is often
rather low. As significantly higher Si contents are desirable, the effects of structural changes that influence ion
and electron transport and, thus, battery performance and degradation have to be analyzed. An aspect which
is often overlooked is the displacement of electrolyte into the void regions of the cells.

In our work, we developed a homogenized electrochemical model of Li-ion batteries including single phase
flow through the porous electrode media to account for electrolyte motion. The considered Darcy flow is
generated by the change in active material volume during battery operation. In our studies, we keep track of the
amount of displaced electrolyte and the Li concentration therein. Considering different material compositions
and cell designs highlights that the ratio of anode and cathode thickness and permeability are the dominant
parameters determining the Li concentration in the displaced electrolyte volume.

The difference between inner and displaced electrolyte Li concentration results in a concentration gradient
in outflow direction. While the accumulation or depletion of local Li concentration favors degradation during
prolonged cycling, our simulations show that this effect can be mitigated by tuning the permeability.

1. Introduction While the internal stresses resulting from volume changes have
been studied intensively [12-15], the electrolyte motion in battery
cells was measured just recently [16]. Follow up publications provide
quantitative measurements of displaced electrolyte volume and visual
confirmation and quantification of displaced electrolyte volume using
operando synchrotron tomography [17,18]. The latter study also high-
lights the impact of different cell designs and orientation. These kind
of effects have to be studied in three dimensions (3D) to realistically
simulate flow conditions. Several groups started adding electrolyte
displacement to their battery models [3,19-21]. Yu et al. [3] developed
a pseudo-three-dimensional (p3D) electrochemo-mechanical coupled

The improvement of Lithium-ion (Li-ion) batteries plays a key role
to meet the targets of the automotive sector. A promising material
for the negative electrode is silicon (Si), which is both abundant and
offers a ten times higher theoretical capacity (3579 mAh/g for Li;5Si4)
compared to graphite (372 mAh/g for LiC¢) [1]. However, large volume
changes during lithiation and delithiation and general low Li mobil-
ity compromise the cycle life of Si anodes [2,3]. Thus, applications
focus on Si/graphite composite anodes [4,5]. Mechanistic insights on
electrochemical mechanisms and their effect on structural changes,
specifically porosity changes, of Si/graphite anodes are given by Vidal

et al. [6]. In their study, they report the well-known competition be-
tween (de-)lithiation of Si and graphite in composite anodes. Moreover,
they observe an asymmetry in the swelling behavior during charge and
discharge as Si is lithiated simultaneously with graphite but delithiated
after graphite. The exact contribution during lithiation depends on the
applied C-rate [7], as well as material parameters [8]. Several studies
investigate the impact of increasing Si fractions on cell properties [9—
11].

model that accounts for electrolyte flow induced by pore pressure gra-
dients. Their insights into the mutual influences of electrolyte flow and
the stress, temperature or electrochemical field, however, suggest negli-
gible impact of electrolyte flow. This result is mainly due to their choice
of active materials and boundary conditions and limiting their model
to the cells discharge without analyzing the impact of the electrolyte
leakage in further battery operation. Kulathu et al. [19] extended the
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model formulation and implemented a p4D framework for virtual cell
design. They demonstrate significantly higher flow velocities, however
did not analyze in detail the influence of displaced electrolyte on salt
concentration. The p2D formulation of Hamedi et al. [21] includes
the large local volume changes of Si and the resulting stress effects.
The authors investigate the impact of Si content and cell housing on
expansion and electrochemical properties. Due to the 1D transport
formulation, electrolyte flow to a reservoir is using source terms and the
reservoir and its concentration are not specifically resolved. Combining
several experimental methods and simulations, Solchenbach et al. [20]
investigate in detail electrolyte motion and its impact on cell cycling.
In their p3D model, electrolyte displacement in the void volume within
the cell results in in-plane LiPF, concentration gradients, called elec-
trolyte motion induced salt inhomogeneity (EMSI), which cause highly
localized Li plating. As outlined in previous works, this Li plating leads
to rapid degradation and fundamental safety risks [8,22].

Following up the work of Solchenbach et al. [20], we use an ex-
tended simulation approach to study electrolyte motion in Si/graphite
composite anodes with increasing Si content. In particular, we addition-
ally consider lithiation in Si and graphite as well as their expansion
separately. The resulting convection and exchange with the reservoir
are studied in all domains. Furthermore, the extension to 3D enables
the analysis of the impact of different outflow regions and boundary
conditions. This is of particular practical relevance enabling engineer-
ing of cell design. The model is implemented in the open-source tool
Firedrake providing an efficient, high-level numerical framework for
battery simulations [23].

In our simulations, we analyze the impact of varying Si contents
in Si/graphite anodes considering full-cells with an NMC cathode. Our
model allows to track electrolyte flow and resulting Li concentration
within the electrolyte that was pushed out of the electrodes and sep-
arator. Variations of permeability, cell size, boundary, and operation
conditions help to understand their impact on electrolyte motion and
salt inhomogeneities. The insights of our study provide guidelines for
the optimization of Si composite electrodes. In particular, we are able to
show that optimization of electrode and component permeability might
be a strategy to mitigate inhomogeneous salt distribution and resulting
degradation effects.

2. Methods

This section describes the derivation and realization of our battery
cell model. The resulting Si/graphite-NMC622 full-cells are schemati-
cally illustrated in Fig. 1. The electrodes are modeled as homogeneous
porous media consisting of solid particles. The pore space is completely
wetted with incompressible liquid electrolyte. Together with the porous
and fully wetted separator they form the simulation domain Q. In case
of a cylindrical cell, we simulate a 2D domain illustrated in Fig. 1 (a).
The cylindrical cell itself has a constant volume with a rigid casing and
void regions at the top and the bottom due to connectors and electrode
overhang. While those are initially filled with excess electrolyte (Vr®),
the amount of electrolyte therein varies during battery operation as
observed in [20]. Note that the height of the cells (about 10 cm)
is significantly larger compared to the cell thickness (about 100 pm)
consisting of current collectors, anode, separator, and cathode. In our
study, we use the height in [20] as the 4695 cell format is becoming
increasingly popular. The y-direction is orthogonal to both the charge
transport and flow directions. Since no transport is assumed in this
direction, it is homogeneous and not resolved.

Furthermore, we consider also a prismatic cell format which has
a blade-like shape [24-26] with a height of 90.3 and a width of
8.25 cm [26]. Fig. 1 (b) shows a representative 3D simulation domain
of those large format cells. On all sides, the boundary conditions can
be chosen to allow or prevent electrolyte flow. By modeling electrolyte
flow only at the top and bottom of the domain, conditions of wound
up prismatic cells are mimicked. In a stacked prismatic cell, void
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regions enabling electrolyte outflow are found on the left and the right,
additionally.

The domain 2 comprises the electrochemically active region, exclu-
sively consisting of solid and liquid phases. In contrast to the cathode,
the anode consists of two active materials, Si and graphite. We account
for each active material individually. In the following, subscripts indi-
cate solid (s) or electrolyte (e) and initial (0) or maximum (max) values,
while superscripts denote the active materials (mat € {Si, Gr, NMC}).

To avoid the full resolution of the phases on microscale and the
associated structural changes, we apply porous electrode theory and
perform a change of scale by the method of volume averaging based
on the work of Whitaker [27]. Structural changes, namely the temporal
evolution of volume fractions of the solid and liquid phases, are derived
by Schmitt et al. [28]. For our two-phase system, the averaging volume
is expressed as ¥V =V, + V,, such that the porosity is given as

e= -2, @

The porosity of the electrodes is determined by the volume fractions of
the respective active materials, namely £ = 1—£51—£5 and e = 1-M€,
in anode and cathode, respectively. Note that porosity is in this case
the natural parameter to describe the porous media, compared to other
common descriptors like packing density. Changes in porosity (see Eq.
(7)), equivalent to changes in electrolyte volume, drive the electrolyte
displacement and therefore determine the convection velocity (see Eq.
(19)). The porosity in the separator is constant. The superficial average
of any quantity ¢ is defined by

1
N = — dV 2
=5/ ¢ @
and the material average by
= 1
Gi= Vi/v,gidy’ 3)

which are related according to ({;) = €&, i € {e,s}. As the method
of volume averaging is applied, the transport equations are integrated
over a porous region and Gauss’s theorem is used to derive the equa-
tions for the separate domains and the contribution of interfaces [27].
This porous region is small relative to the overall dimensions of the
electrode but large relative to the pore structure [29].

2.1. Electrochemical model

A 3D microstructure-resolved model was presented in [30-32] and
is summarized in the Supplementary Material. Volume averaging is
applied to the model and, specifically aspects related to the active
material expansion and contraction, will be elaborated hereinafter.

For the calculation of geometrical properties, we assume a homoge-
neous porous media consisting of spherical particles with radius R;“at.
Thus, the specific surface area a™ is given by the surface area of the
respective particle divided by its volume which results in

2
mat 4 (R';‘at) 5?““ 35?1at
a™t = T = Rt ()]
Ar ( Rmat) p
3 p

The interface conditions are multiplied by o™ when calculating the
surface integral for the flux through all particle surfaces. Note that we
do not add a further pseudo dimension to calculate the transport within
a representative particle. Furthermore, the maximal Li concentration in
the active materials is scaled to the current volume by

mat \ ~!
mat mat &s 5
cs,max - cs,maxg ' gmat ( )

5,0

in order to calculate the Butler-Volmer flux with respect to the aver-
aged concentrations. Finally, the effective diffusion and conductivity
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Fig. 1. Schematic of (a) a cylindrical cell and (b) a large format prismatic cell (blade-type design). The simulation domain 2 consists of anode (violet), separator
(yellow), and cathode (green) and is connected to excess electrolyte Vf‘ee (blue) at the outflow boundaries I'°". At the remaining depicted boundaries are the
anode and cathode current collectors (A|CC and C|CC), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

constants of the liquid and solid phases are calculated based on the
Bruggeman correlation, namely

Cieff = & 'T,-_l G (6)

with ¢; € {x;, D, }, i € {e,s}, and 7, = £705.

2.2. Active material volume change

The change in porosity caused by (de-)lithiation induced volume
change of the active materials is given by

t
23 — z Jmatymat yma )
al Cmat mat
mat s,maxgy = max

with the Li source term J™M3t taking the interface reaction including Eq.
(4) and the solid phase diffusion into account [33]. V™3t describes the
molar volume of the respective lithiated material and is expressed as a
function of normalized Li concentration x™ given by

Cmat
mat _ S
X = (€)

s,max

pmat i the partial derivative of the ratio of molar volumes according
to

y mat
d ‘mat

I}mat — 0 (9)

gxmat ’
s

as we derive the volume change ratio next.

Alloying of Si. Obrovac et al. [34] derived a description for the volume
of alloy materials. The linear expansion of Si during lithiation has been
confirmed by in situ atomic force microscopy studies. Considering that
a maximum of 3.75 Li atoms can be electrochemically added per Si
atom at room temperature, Chandrasekaran et al. [1,35] express the
molar volume of Li Si, /s as

ysis = & (84 375:8H) 10)

with the partial molar volume of Si, VOSi, and Li, VU, The fractional
volume of lithiated Si follows as

3.75xSy
=1+ — an

Si
8

VSi (
— X
Si \78
o
and for the radius

si si 3.75xSipLi 3

i_ i, L)

RY =Ry | 1+ S .
0

12)

Intercalation in graphite and NMC. Intercalation materials do not exhibit
a linear volume change behavior. Hence, the following polynomial
fit functions for the fractional volumes of graphite and NMC imaged
in [36,37] and obtained with [38,39] are used:

Gr
I;Gr (x;) =2.69x° — 9.137x> + 11.29x} — 5.918x>
0
+ 1.057x% +0.1207x, + 1 13)
NMC
% (x,) =9.384x% — 31.92x> + 42.95x% — 28.67x
0

+9.612x% — 1.345x, + 1. a4

Accordingly, the respective particle radii are given by

1
Vmat 3
mat _ pmat
R™ =R, <V0mat> : (15)

We approximate V™ = 7.5 - 107 m?/mol and V™C
10~¢ m3/mol [37] as well as Vi = 9.107¢ m3/mol and VOSi =12-
10~° m3/mol [1]. From (7), we obtain

|
)

e aGriGr Gr Gr  Gr VGr
E - < F V- (Ds,effvcf ) 4 ¢Gr  pGr
S,maxo max
Si S Si
a’i* o osi si\\psi__V
+ ( F v (Ds,effvcs )> v eSi VSi (16)
s,maxy  max
and
o _ ((MENME V. ( DNMC y cNMC) pNMC yNMC a7
ot F seff ' s ¢NMC 1/NMC

s,maxg = max

for anode and cathode, respectively, with current density i™a. For the
volume-averaged model, Egs. (16) and (17) are calculated based on the
averaged value c‘;“at using Egs. (5) and (8), since the porosity ¢ and,
correspondingly, the volume fractions ™! are already in respect to the
porous structure.

2.3. Flow model

The change in porosity caused by the volume change of the active
materials induces electrolyte motion. The resulting advection within
the domain and the amount of displaced electrolyte can be calculated
by solving the mass and momentum balances for the velocity v and the
pressure P. Assuming laminar flow for incompressible porous media,
the Navier-Stokes equations simplify to

V.-v=0 and 0=-Vp+vdv (18)
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(low Reynold numbers Re < 1, high Schmidt numbers Sc¢ > 1, and
constant density p with dynamic pressure p = P/p). The kinematic
viscosity is given by v = u/p [40].

Volume averaging of the flow model yields

mat
0=(V-0)=V. <v>+2< % ) 19

mat

vy=-— Vp, (20)
"

which will be combined to

K ~ aé;nat
0_V~<—;Vp>+mza:t<— s ) &)

In our model, we neglect density fluctuations due to variations in the
electrolyte salt concentration since particle expansion is the dominating
effect during operation. We apply the Carman-Kozeny equation for the
permeability K [3,41] in the anode and cathode given by

2
3 Gr . (Gr Si | Si
£ <m (R [2n +Rp €Y ))

Ano __
K= CAmo (1 _ ¢)? @2)
3 (2 RNMC)2
and K@= _~ " (23)
cCat(l—gy’

respectively. The constants CA™ and C® are determined based on
a given initial electrode structure. The pore size is smaller in the
separator [42]. We assume

N2
3 (288

KSer — 3 Po
Chno (1 — 6)2

which is in the range of values provided in [43].

=1-10"", 24)

2.4. Overview of the model equations

An overview of the model equations in the simulation domain Q2 =
QCatyQRSery A is provided in Table 1. Note that a convective term is
included in the mass balance of the electrolyte. The set of equations al-
lows to solve for the unknowns p, €51, 61, eNMC, g8i  gGr oNMC & = ghAno,
qbfat, and ,. The domain boundary F is split into the outflow boundary
% the intersections to the current collectors I'41€C and I'CI€C| and
the boundaries isolated for all unknowns I'"V. Under the assumption of
an adjoining reservoir and unrestrained electrolyte outflow, Dirichlet
boundary conditions are applied at the outflow boundary. As those are
gauge invariant, we set pp, = 0 N/m?.

2.5. Electrolyte reservoir
The total amount of electrolyte VeTOtal is given by the sum of the

electrolyte within the resolved domain V2 and the electrolyte pushed
out of the domain V¢, namely

VTotal VQ + VFree (25)
Ve‘(2 = / edx. (26)
Q
The displaced electrolyte is explicitly calculated after each time step k
K -
Ve = VIS + (=t ) - /FOM (—;> Vp - nds. 27)

Note that the flow direction depends on the direction of the pressure
gradient. In contrast to [20,21], we take excess electrolyte into account
and initialize VFree as 5 % of the initial electrolyte amount within Q
with ¢ffee = ¢, Add1t10nally, we track the amount of Li within Vre
accordmg to

Li,Freeout __ LiFree — K _
N, =N (e — 1) /FO é, (—;> V- nds (28)
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Table 1
Summary of equations used for full-cell charge simulations. Otherwise isolating
Neumann conditions are applied for the respective unknowns.

NMC g pCat |y l clcc

Kyef qub n= ™ on I’

- N [ pmep e g ) ) proie T
o_v-(— - Vp)+<7F V. (D ve ))V ——

0= 0, (a""‘CiNM“ _v. (DNMC V—NMC)) pNMC Ve
F

E seff NIC_ e

. oo ol o (DNMC V_NMC> , e
(8} ot
2 0=2%_v.(D,,,Ve)+V- (e (-X=vp
g =55 =V (D Ve,) + V- (e (-5-Vh
9 (1 gy (Vi = IR T )) g
F o tee e F e, F
0=V. ( Y V¢Cat) 4 GNMC;NMC
0=V (—koey, Vi, + 2L TE ) e
0=V- (—QV )
Oec, - = KSeP o _
% 0="2-V-(D LL//V%)+V'(%(— - Vﬂ))
t, _ 2(1-1,)RT Ve, 5
S o(5euy (v ) s
_ Keer2(1-1,)RT Ve,
0=V-(—x‘),‘,/fvwe+“f*7) g
_ KA sigst . S\ o5 VS Q
0=V (-57vp)+ (55 -V (D;Wv ) n
. (o
+ (—“(’;’G' -v. (DGf VEG'>) per
_ o i o —s:)) s Vs:
0_7+(T (D“”w
eS| (e o .
0=% +<T (D ))V
_ d;%if?l S _si Si ;Si
g 0= 2 —v<(DF&vaCV')+—
G _oebrer Gt uaGr) L a9
e 0=%% _y. (D”HV ) il

0= %% V. (D, Ve,) + V- (e (-2 v5))

x _ 2(1-1,)RT ve, 58 4O G
_V(f.xuff(V(p(,— - ?>)_ -

kS 4 gGryGr

- 1/ 7 FAnO SijSi y ,GriGr
0—V-< TV@")#—(I! +a"i

2(1-1,)RT Ve, i
0=V. (_K”//V@e 4 Seers (r 1, )RT VT[) _ gSijSi _ 4GrGr

Mo = on rAcc
s

and during electrolyte inflow as

LiFree,i LiF K\ v;
NS = NI 4 (1 =1 y) - cfree (= ) V5 - nds. 29)
k k=1 Cok—1
[ Out H
NLiTFree,om/in
Hence, cfree = —& is homogeneous in the whole reservoir.

VFree
During discharging, D1r1ch1et boundary conditions are applied for the
inflow of concentration, namely

~ __ _Free

L, =c, on Io«, (30)

o)

In addition to pressure driven convective flow also diffusive flow
due to concentration differences in reservoir and electrode contribute
to changes in electrolyte concentration, essentially during relaxation.
Diffusional flow is captured by the Robin boundary condition

D,
e;ff (C_e —Cfree) on o 31D

=D, .rsVC -n=
with the surface normal n and 6 being the thickness of the bound-
ary layer. This length value is approximated as the maximum reser-
voir thickness given by the initial electrolyte amount in the anode.
Approximating the Péclet number
o-(v
pe= 2 (32)
D eeff
on "% indicates that convection and diffusion are of a similar mag-
nitude for low C-rates, such that Eq. (31) is considered during charge
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Table 2
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Overview of the considered cells’ properties with increasing anode Si fraction and Si-to-graphite ratio but constant

capacity and initial porosity.

Cell A Cell B Cell C Cell D
Si Vol Frac within AM [%] 22.05 32.05 42.05 52.05
Anode Thickness [pm] 45 34.41 27.85 23.39
sffn [-] 0.1142 0.1660 0.2178 0.2696
e?['] [-] 0.4037 0.3519 0.3001 0.2483
K(“)\“0 [m?] 6.6267 10714 5.0546 -10714 3.6951 1074 2.5481 10714
Electrolyte Amount [g/Ah] 2.2791 2.0769 1.9517 1.8665

and discharge as well (see Section S2.4). Hence,

) ) ) D ..
N}f:,Free _ NkLL,Free,oux/m " (Ik _ tk—l) _/O eeff (C_e _ cfree) ds (33)
[Out

6

completes the calculation of free electrolyte’s Li concentration.
2.6. Simulation framework

The derived battery model is implemented in the open-source tool
Firedrake, a finite element (FE) software using the UFL language in
the python user interface [23,44-54]. Ai and Liu [55] provide latest
insights into the advantages and disadvantages of the FE method in
battery modeling alongside a list of open-source software. FE generally
provides easy handling of challenging geometries and finite difference
and finite volume offer a high resolution for discontinuous solutions.
In this work, we employ a discontinuous Galerkin (DG) method which
combines the mentioned advantages [56].

We use the RectangleMesh and ExtrudedMesh modules to
obtain a hexahedral mesh of the 3D domain [57,58]. For the cylindrical
cells, a discretization of 1-107° m, 95- 103 m, and 0.35 - 1073 m in
X-, y-, and z-direction, respectively, is applied. For the large format
prismatic cell, on the other hand, the mesh sizes are set to 1 - 107 m,
1-102 m, and 1- 1072 m in x-, y-, and z-direction, respectively, and
height and width are adjusted accordingly. After introducing the DG
function space of order 0, i.e. piecewise constant functions in each
element, and defining the relevant subdomains, the derived DG weak
formulation and a time stepping scheme are implemented [59]. The
details are stated in Sections S1.3 and S1.4.

2.7. Simulation parameters

Simulations are performed for negative electrodes with different Si
contents. The limiting case with 0 wt-% of Si serves as verification case
and is presented in Section S2.1.

As reference case, we simulate the cell from our previous work [7]
(cell A) with Si/graphite composite anode and NMC622 cathode. The
anode has 20.8 wt-% nano-Si embedded in a carbon matrix. In our
model, we use representative initial particle sizes of R[Sf = 50 nm
and Rg(f = 4.89 pm for Si and graphite, respectively. As electrolyte,
we model 1 M LiPF¢ in ethylene carbonate (EC): diethylene carbonate
(DEC) (3:7, wt). The electrolyte viscosity is 1.006 - 10~ Pa-s and it
has a density of 1094 kg/m> [60]. Based on the microstructures of the
electrodes used in our previous work, permeabilities are calculated to
be KA™ = 6.62665- 1074 m? and K = 4.51344- 1074 m? [61]. Hence,
CAmo and CCat are chosen accordingly. The applied parameter set is
summarized in Table S1 and all simulations are isothermal at 298.15 K.
The initial concentrations are set to match the initial potentials in [7].
Likewise, the maximum concentrations and electrode compositions
result in an N/P ratio of 1.11 and the cell areal capacity is 29 Ah/m?
(2.9 mAh/cm?).

Furthermore, we consider cells with increasing Si fractions within
the active material. As summarized in Table 2, the increasing Si fraction
goes along with decreasing graphite fraction and anode thickness such
that anode porosity and capacity remain constant.

3. Results and discussion

We start with the discussion of the results of the reference cell
A, giving insights into the volume expansion induced electrolyte mo-
tion. First, we simulate a C/10 charge and discharge cycle including
relaxation. Next, the effects of increasing C-rate and Si fraction are
presented. Finally, we analyze the impact of different cell designs. The
simulations contribute to the understanding of design aspects and their
relevance for performance and degradation.

3.1. C/10 cycle of cell A

First, cell A is cycled in a voltage window between 3 and 4.3 V
applying a constant current of C/10. After each charge or discharge the
cell is relaxed for 1 h, meaning no current is applied. The (dis-)charging
process is terminated when the respective voltage boundary is reached.

Fig. 2 (a) shows the course of cell voltage, anode and cathode
potential during the charge, relaxation, discharge, and second relax-
ation. During the C/10 charge the cell voltage is comparable to the
measurements in [7]. The discharge starts at 11 h after a rather short
relaxation. The asymmetry between charge and discharge is observable
in Fig. 2 (b). Here, the SOC of all three materials is depicted. It is
calculated by averaging Equation (8) over the whole electrode domain.
Similar to our previous work [7], we observe preferential lithiation
of Si during charge. In the subsequent relaxation, the SOC of Si and
NMC remain constant while the SOC of graphite increases slightly. A
redistribution of Li from Si to graphite is observed. Still, the changed
course of the graphite SOC during discharge compared to charge is
clearly visible. Additionally, Fig. 2 (c) shows the volume fractions of the
materials over time highlighting the major and significant expansion of
Si particles. Consequently, electrolyte is displaced into the void regions
of the cell as shown by Fig. 2 (d). Here, the electrolyte amount within
and outside of 2 is depicted. The sum of those two volumes is constant,
verifying the conservation of the incompressible liquid (see Section S2.3
for more discussion). The “breathing” of the cell is fully reversible
over the course of one cycle which is in good agreement with the
experimental results of Butler et al. [17].

Fig. 3 (a) shows the liquid phase pressure over time which also
shows the lithiation competition of Si and graphite. During charge, the
minimum values are at 1'% and the maximum values in the middle
of the electrode in z-direction (see Figure S2 (b)). The 2D data in
Fig. 3 (b) illustrates the velocity distribution at the end of charge. Si
expansion induces electrolyte flow towards the reservoirs as indicated
by the arrows. Moreover, the color legend indicates the magnitude of
the flow. Electrolyte is displaced mainly in the anode and we see a
flow through the separator towards the cathode. The magnitude of the
velocity is comparable to [19]. Note that we observe outflow mostly
through the cathode. This is opposite to observations in [20]. We will
revisit this aspect in the discussions below. During relaxation the slight
redistribution of Li causes minimal inflow. The inflow increases during
discharge as anode material contracts (compare Figs. 3 (a) and (d)).
Even more interesting than the amount of electrolyte is the Li concen-
tration therein. Hence, the average concentrations in V;Q, in one layer
of discretization elements closest to the respective CCs, and in one layer
of discretization elements closest to "% in the respective electrodes are
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(b) the average normalized Li concentration and (c) the volume fractions of the three active materials, and (d) the amount of electrolyte within and outside of

2 and the sum thereof are depicted.

calculated and plotted over time in Fig. 3 (c). The major concentration
gradient occurs in x-direction such that the maximum and minimum
values of ¢, are at the cathode and the anode CCs, respectively, during
charge and vice versa during discharge. Gradients over the height of
the cell are negligible (see Figure S1 (a)). During discharge, no change
in cfree is expected as inflow does not impact cfree and diffusion is
minor along the whole outflow boundary. Still, slight deviations in
the evolution of the concentration close to I'°* and the one at the
CCs occur. Overall, the inflow of electrolyte with slightly increased
concentration increases the concentration close to I'%“. Taking a close
look at ¢, close to I'®* during relaxation after discharge (> 21 h), one
can see that there remains a concentration gradient in z-direction at
the end of the simulation. See the Supplementary Material for details
on relaxation after charging.

Solchenbach et al. [20] highlight the risk of Li plating in the anode
close to I'°* due to a decreasing Li concentration in the electrolyte
after several cycles. In the initial cycles studied in this work, the
overpotential criteria is not met in our simulations even at higher C-
rates. On the other hand, we want to point out the risk of oxygen
evolution in the cathode if high degrees of delithiation are caused by
major electrolyte motion through the cathode outflow boundary [62].
Hence, homogeneous electrolyte motion is desirable to avoid battery
degradation.

3.2. Increasing Si fraction and C-rate

We simulate a C/3 discharge of fully relaxed cells immediately
followed by a charge process with different C-rates ranging from C/10
to 2 C as concentration gradients are expected to be more prominent
at higher C-rates. Omitting the rest time of 1 h compared to the
slow cycling in the previous section suppresses equilibration processes

resulting in a worst case scenario. Moreover, we consider cells A, B, C,
and D as we analyze increasing Si fractions.

The effect of C-rate on the displaced electrolyte and the concentra-
tion therein is shown in Fig. 4 for the four different cells. By depicting
cfree, Fig. 4 (a) hints at the resulting concentration gradient within Q
which clearly increases with C-rate and Si fraction. A more detailed
analysis of the equilibration of this gradient is conducted in Section
S2.4. Fig. 4 (b) explains the increase of cfree with C-rate and Si fraction.
Increasing the applied current results in an increased concentration
gradient in x-direction. Additionally, Fig. 4 (b) shows that with increas-
ing Si content the flux through the cathode boundary increases, while
the flux through the anode boundary actually decreases. Two effects
contribute to this behavior. On the one hand, the effect of expansion on
permeability is more pronounced at higher Si contents. This highlights
that permeability is an important parameter affecting the concentration
distribution. On the other hand, to keep the anode capacity constant,
the increasing Si fraction goes along with decreasing anode thickness.
Hence, the ratio of cathode outflow boundary size to the anode’s one
increases which allows for an increasing outflow through the cathode.
This effect is enhanced by the decreasing anode permeability that goes
along with increasing Si fraction. Due to the concentration gradient in
x-direction, the increasing outflow through the cathode equals outflow
of electrolyte with higher Li concentration. This effect is not observed
for cells with constant anode thickness for increasing Si content and,
hence, porosity and permeability. As outlined in Section S2.7, outflow
occurs in those cases mainly through the anode. This emphasizes the
relevance of electrode thickness and permeability ratio.

3.3. Effect of permeability

The permeability of porous media depends on the microstructure of
the materials and can be tuned by the choice of materials or processing.
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Therefore, we vary the permeability in our simulations to investigate
the effect on the concentration distribution. For cells A and D, we
increase KA™ to KA" = 3. KC To reach a three times higher
permeability in the anode than in the cathode as in [20], CA™ =
180.34 for cell A and CA"™ = 69.35 for cell D are determined. 2 C
charge simulations are performed to analyze the impact. Additionally,
we investigate the effect of improved separator permeability (K5¢P =
10716 m?).

The results of the 2 C charge simulations of cells A and D with
increased anode permeability, on the one hand, and with increased
separator permeability, on the other hand, are shown in Fig. 5. Fig.
5 (a) presents the evolution of salt concentration in the free electrolyte
volume. The two cells with increased KS5¢P behave as we observed
before, namely increasing ¢/ above ¢, . In contrast, the higher KAn°

reduces cfree. Hence, the plating risk increases [20]. Again, cell D
reaches higher values than cell A. In order to explain the observations,
the amount of electrolyte that flowed out through ' in the anode
or cathode is plotted in Fig. 5 (b). Increased separator permeability
favors electrolyte outflow through the cathode. In contrast, higher
anode permeability in cell A favors electrolyte outflow through the
anode, resulting in lower electrolyte concentrations in the reservoir
which reproduces the results of Solchenbach et al. [20]. Interestingly,
higher permeability in cell D initially also increases outflow through
the anode with lower salt concentrations, however, after 0.15 h, anode
permeability is reduced due to Si expansion and outflow through the
cathode is favorable (see Fig. 5 (b)). As a result we observe a turning
point in the evolution of reservoir concentration leading to a reservoir
concentration close to initial conditions halfway through the charge.
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More details are given by Fig. 6 showing the permeability (color
scale) and flow velocity (arrows) at two different points in time of the
charge of cell D. Initially, the fastest electrolyte motion occurs in z-
direction within the anode. Electrolyte motion in x-direction and within
the separator is orders of magnitude smaller. As lithiation advances,
the anode permeability decreases (see Fig. 6 (b)). Changes in cathode
permeability are minor but converse such that we eventually observe a
higher cathode permeability than anode permeability. Towards the end
of charge electrolyte motion in the cathode dominates the outflow.

In conclusion, the adjusted composition of cell A with increased
KA™ leads to a depletion of Li in the free electrolyte reproducing
the EMSI effect after prolonged cycling. At high Si contents in cell D,
on the other hand, the evolution of the anode permeability leads to
the change of outflow from anode to cathode reducing concentration
differences between reservoir and electrode domain. This indicates that
engineering the permeability of components is a pathway to reduce
degradation effects. Note that degradation effects, especially the growth
of solid electrolyte interphase (SEI) will also change the anode per-
meability. Especially, in combination with lithium plating we expect
significant morphological changes which can also affect permeability
and resulting electrolyte displacement. Additionally, concentrations of
the conductive salt in the electrolyte allow for tuning of the cell
performance. We find for example for cell D with higher KA™° that
the impact of transport parameters due to different salt concentrations
does not significantly change the evolution of salt concentration in

the free electrolyte volume. The absolute Li concentration difference
between V2 and V¢ could be decreased by the utilization of a dilute
electrolyte (see Section S2.8). Note that we did not use concentration
dependent parameters. In case of fast charging or large concentration
gradients, local transport properties could have a more pronounced
effect.

3.4. Blade-type battery

Subsequently, the analysis of the large format prismatic cell with
blade-type design is performed. We examine the composition of cell
design A at 2 C charge. Characteristic for the blade design is the
increased height-to-length ratio (z/x = 90.3 cm/133 pm). Therefore,
higher pressure gradients and, thus, velocities are expected. This goes
along with a higher total amount of electrolyte. Additionally, we inves-
tigate two outflow scenarios representing stacked and wound up cells.
This also highlights the capability of the 3D model.

Fig. 7 summarizes simulation results of the two cell types. Our sim-
ulations predict no significant changes in concentration distributions
between the two approaches. Moreover, the final concentration in VeFree
is similar compared to the results for cylindrical cells shown in Fig. 4
(a). Therefore, electrode thickness and permeability ratios are regarded
as relevant parameters determining the concentration in V¢, In con-
trast, the influence on the pressure distribution is significant, as shown
in Figs. 4 (b) and (c). The pressure level reduces by two orders of
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respectively.

magnitude in a cell design enabling outflow in y-direction (see Figs.
4 (e) and (f)). Thus, in a stacked prismatic cell less stress is expected
than in a wound up prismatic cell.

The authors would like to add that p;, does not need to be constant.
Applying a function in space and time allows the analysis of further
outflow scenario resembling for example limited electrolyte reservoirs.

4. Conclusions

This research paper introduces a homogenized 3D battery model
that includes active material particle expansion and contraction in
order to study the induced electrolyte motion. In the volume-averaged
domain, anode, separator, and cathode consisting of solid and liquid
material are modeled. Within the electrodes, active material particles
are assumed to expand and contract upon lithiation and delithiation
pushing the incompressible electrolyte out of the domain or soaking it
back in. Hence, the focus of this study is not only on the electrolyte Li
concentration within the domain but also outside of it.

Simulating the C/10 charge and discharge of a Si/graphite-NMC622
full-cell allows us to determine first electrochemical trends like concen-
tration gradients in through direction and flow direction. Relaxation
simulations showcase that several days of rest time are necessary to
equilibrate the cell and potentially avoid accumulation of inhomo-
geneities over cycling. The study of varying Si contents, C-rates, and
permeabilities analyzes the gap between the Li concentration in the
electrolyte within and outside of the domain. Crucial factors like anode
thickness and permeability that govern the Li concentration in the free
electrolyte are identified. Finally, cells with even higher length-scales
and varying outflow boundaries are considered. This contributes to the
understanding of electrolyte flow and its effects.

Our simulations highlight that differences in permeability of com-
ponents favor inhomogeneities in salt concentration between the cell

domain and the free volume. Tuning the permeability of components
provides a strategy to mitigate degradation mechanisms originating
from this effect. Structuring techniques such as multi-layer coating or
perforation allow to specifically adjust the permeability of the elec-
trodes and provide additional benefits for ultra-fast charging [63].
Moreover, we emphasize that degradation phenomena are extremely
complicated and a myriad of coupled processes contribute to the failure
of the cell. SEI growth, electrolyte dry-out, Li plating, loss of active
material, and particle cracking due to mechanical stress have to be
considered to provide a comprehensive description of capacity fade and
prediction of cycle life [64]. While this is beyond the scope of this work,
we implement our model in an open-source simulation tool providing
a framework for the community for future developments.
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Appendix A. List of symbols

0 Initial value
Acell Cell surface area
a Specific surface area
C Carman-Kozeny constant
c Li concentration
D Diffusion constant
e Electrolyte
F Faraday constant [96485.332 C/mol]
J Source term for Li
j Li flux
K Permeability
k Iteration steps over time
Lapp Applied current
i Current density
mat Material Si, graphite or NMC622
max Maximum value
NLi Amount of Li
Pe Péclet number
P Absolute pressure
p Dynamic pressure
R Ideal gas constant [8.3144621 J/(mol K)]
R, Particle radius
Re Reynolds number
s Solid
Sc Schmidt number
T Temperature [298.15 K]
t Time
1y Transference number
Vv Molar volume
v Averaging volume
v Velocity
x Normalized Li concentration
r Simulation domain boundary
5 Characteristic length of diffusion
€ Porosity
£ Volume fraction
Dummy variable
K Electronic conductivity
K, Ionic conductivity
u Dynamic viscosity
v Kinematic viscosity
p Density
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Tortuosity
Electric potential
Electrochemical potential

Simulation domain

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.est.2025.119206.
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Data will be made available on request.
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