PHYSICAL REVIEW MATERIALS 9, 035403 (2025)

Modeling the drying process in hard carbon electrodes based on the phase-field method
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The present work addresses the simulation of pore emptying during the drying of battery electrodes. For
this purpose, a model based on the multiphase-field (MPF) method is used, since it is an established approach
for modeling and simulating multiphysical problems. A model based on phase fields is introduced that takes
into account fluid flow, capillary effects, and wetting behavior, all of which play an important role in drying.
In addition, the MPF method makes it possible to track the movement of the liquid-air interface without
computationally expensive adaptive mesh generation. The presented model is used to investigate pore emptying
in real hard carbon microstructures. For this purpose, the microstructures of real dried electrodes are used as input
for the simulations. The simulations performed here demonstrate the importance of considering the resolved
microstructural information compared to models that rely only on statistical geometry parameters such as pore
size distributions. The influence of various parameters such as different microstructures, fluid viscosity, and the
contact angle on pore emptying are investigated. In addition, this work establishes a correlation between the
capillary number and the breakthrough time of the solvent as well as the height difference of the solvent front
at the time of breakthrough. The results indicate that the drying process can be optimized by doping the particle

surface, which changes the contact angle between the fluids and the particles.
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I. INTRODUCTION

The demand for energy storage systems is rising, lead-
ing to an increased production of lithium-ion batteries, but
postlithium alternatives such as sodium-ion batteries (SIBs)
are also entering the market [1,2]. SIBs are a drop-in tech-
nology, in the sense that established production processes can
be adapted from lithium-ion batteries [3], potentially sav-
ing costs and time for upscaling. However, even with the
most modern production processes, there is still potential
for a further reduction in energy consumption, which has
an impact on costs and sustainability, as drying the battery
electrodes in particular is energy intensive [4]. In general,
the production of battery electrodes can be divided into five
steps: slurry mixing, coating, drying, calendering, and cut-
ting. The slurry consists of active material particles, binding
agents, conductive additives, and a solvent. After the slurry is
coated onto a substrate, the porous electrode microstructure
is formed as a result of the evaporation of the solvent during
the drying process. The resulting microstructure affects the
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electrochemical and mechanical properties of the final battery.
The microstructure formation can be divided into two stages.
During the first stage, evaporation of the solvent causes the
film height to shrink, resulting in a porous structure, while
in the second stage, this porous microstructure is emptied by
evaporation. The distribution of the binder in the microstruc-
ture is particularly important for the resulting electrochemical
and mechanical properties. It depends on the drying rate, the
pore size distribution, and other properties of the slurry. If
the drying rate is too high, a migration of binder away from
the substrate is observed, which leads to a reduced adhesive
strength between the electrode and the substrate. In addition,
the accumulation of binder on the electrode surface can lead to
pore clogging, which has a negative impact on electrochemi-
cal key performance indicators such as rate capability [5—16].
A detailed understanding of the process-property relationship
of drying and the binder distribution offers great potential for
battery optimization.

Modeling and simulation can provide important insights
into the drying process by predicting the resulting proper-
ties from multiple process parameters. The existing modeling
approaches for battery production can be divided into ho-
mogenized continuum models [17,18], models based on
coarse-grained molecular dynamics [19,20], models based on
the discrete element method [21], and spatially resolved con-
tinuum models [22,23].

Homogenized continuum approaches are based on simpli-
fied mathematical equations to investigate the influence of
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process parameters on drying. Spatial dimensions are often re-
duced and the flow is calculated according to Darcy’s law [24],
instead of the Navier-Stokes equations. Such approaches are
less computationally intensive, but at the same time limited
due to the underlying assumptions. Investigation of different
drying rates has been carried out by Stein et al. [25]. By ana-
lyzing the spatial distribution of the additives, they show that
a slow two-stage drying process is superior to a fast one-stage
drying process. Another mathematical model is introduced by
Susarla et al. [24], which is based on volume averaging and
the reduction to one dimension, taking into account additional
effects of mass and heat transport as well as phase change. By
using multizone drying, they show that the energy required
for drying can be reduced by 50%. The additives are not taken
into account in their simulations. The work by Font et al. [17]
shows that the binder distribution is more homogeneous at a
low drying rate. The approach of a diffusion-convection equa-
tion for the binder is investigated by Zhirul et al. [18]. Both
approaches agree with the trends from experimental observa-
tions but lack the modeling of capillary transport phenomena,
which are the main cause of binder migration. Models based
on coarse-grained molecular dynamics are often based on the
idea of combining the carbon black (CB) and the binder in the
CB binder domain (CBD). The evaporation is then modeled
by the shrinkage of these CBD particles, since the solvent
is contained in them, while the movement of the solvent is
implicitly described by Brownian motion. They are therefore
not suitable for simulating the process of pore emptying,
which is the subject of this paper. The interactions between the
different particles are calculated with coarse-grained molec-
ular dynamics and fitted by a Lennard-Jones potential with
shifted force and a granular Hertzian potential. Forouzan et al.
[19] describe the simulation of the manufacturing process of
lithium-ion cathodes with such an approach on the mesoscale.
They investigate numerous physical parameters such as vis-
cosity, shrinkage ratio, and the volume fractions of the phases
and compare the results with data from experiments to val-
idate their model. Another work that uses such a modeling
approach for the drying step can be found in the ARTIS-
TIC project. It is based on the work of Forouzan et al. [19]
and makes it possible to simulate various production steps
of the electrode production and electrochemical experiments
[20,26-34]. In addition, this model enables the simulation
of nonspherical particles [35]. Discrete element methods are
suitable for describing the particle movement during the first
stage of microstructure formation during drying (film shrink-
age) and thus simulating the resulting microstructure. In the
work by Lippke et al. [21], this method is used to calculate
the microstructure formation. In an extension of this work,
the discrete element method is extended with further models
so that, in addition to film shrinkage, drying kinetics, binder
distribution, and calendering can also be simulated [36]. Since
discrete element methods use surrogate models for fluid ef-
fects, they cannot resolve the drying front and do not take
into account the dynamics of the contact lines and thus the
effects of surface wettability. They are therefore not suitable
for treating the pore emptying process, which is assumed to
have the greatest influence on binder migration.

A spatially resolved continuum approach is applied by
Wolf et al. [22]. They model the structural formation during

the drying of the battery electrodes. For this purpose, they
combine the discrete element method to describe the particle
movement and the volume-of-fluid method [37] to distin-
guish the fluid phases. Scaling is used to keep the simulation
time short. However, some physical features that are impor-
tant for the drying of electrodes are not considered. These
are, for example, the wetting behavior including the contact
angle, which is important for pore emptying. Additionally,
their approach is limited to spherical particles and cannot
address the microstructure of nonspherical particles, such as
those found in hard carbon electrodes. The pore emptying
that occurs during the drying of battery electrodes has not
been explicitly investigated using the models described above.
Models that can take pore emptying into account can be di-
vided into two different groups [38]. On the one hand, there
are the discrete pore network models (PNMs), and on the
other hand, continuum models (CMs) [39]. The two model
approaches differ in their length scale. PNMs work on the
scale of pores, while continuum models work on the macro-
scopic length scale. PNMs were first introduced by Prat er al.
[40] and have been continuously developed since then. For
example, they have been used to investigate the influence of
properties such as the pore structure and viscosity [41-44].
PNMs are surrogate models and therefore cannot depict spa-
tially resolved microstructures directly. The information about
the microstructures is considered via statistical variables in
PNMs. Furthermore, the computational costs grow if the over-
all resolution of the simulation scale is increased [38]. The
network representation can be improved using image-based
PNMs, which employ real pore-scale spatial correlations from
microstructure images [45]. One advantage of homogenized
continuum models is their capacity to simulate large-scale
areas. However, the influence of the microstructure is not
taken into account directly, as it enters the models via effective
parameters. When simulating the drying of battery electrodes
within the framework of spatially resolved continuum me-
chanics, several effects must be taken into account, namely,
the two-phase flow including capillary effects, the movement
of the liquid-air interface, and the wetting behavior within
complex electrode microstructures. Most models based on ho-
mogenized continuum approaches, coarse-grained molecular
dynamics, or the discrete element method do not consider
these effects. Extensions to incorporate wettability effects in
such models can be found, for example, in [46,47]. However,
they do not directly track the interfaces on the pore scale
but model wettability effects based on a potential using geo-
metrical assumptions, e.g., the pores having the cross section
of a duct [46]. The multiphase-field (MPF) method offers
great potential to address these challenges, as it intrinsically
covers multiple phases [48,49], the parametrization of com-
plex microstructures [50,51], and the evolution of interfaces.
Furthermore, coupling with fluid flow has been used in various
works [52-54], including the simulation of rigid-body motion
in a fluid [53] and two-phase flows with immersed rigid bodies
[54]. The MPF approach is also well established in the context
of phase transitions and chemical couplings in battery systems
[55,56], which simplifies future extensions in terms of model
development and multiscale modeling.

In the present work, a model is formulated, validated,
and subsequently applied to microstructures of hard carbon
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FIG. 1. Schematic representation of the drying process of the
battery electrodes.

electrodes obtained from scanning electron microscopy
(SEM) data. The phase-field framework is based on the work
of Reder et al. [54], but includes significant extensions to
additionally account for the evaporation of solvent. In Sec. II,
the model formulation is presented in detail. Before we in-
vestigate the drying of two hard carbon anode structures for
sodium-ion batteries in Sec. IV, the model is validated based
on three example cases (see Sec. III). Together with exper-
imental material parameters, the SEM images are used as
an input to study the influence of the drying parameters on
the resulting pore emptying behavior. This approach provides
insights into the spatial velocity field within these complex
microstructures, which is related to the binder transport and,
thus, the final binder distribution. The influence of viscosity,
pore size distribution, and the wetting angle between fluid and
solid is studied, as these parameters may influence the binder
migration. A summary and a discussion of future work can be
found in Sec. V.

II. MATHEMATICAL FORMULATION

Problem specification. Figure 1 shows a schematic repre-
sentation of the problem addressed in this work. A multiphase
problem is considered, which generally consists of Nf =2
different fluid phases and N*® different solid phases. The com-
putational domain 2 = Q¢ U g is the union of the domains
Q¢ and 2, which are occupied by fluid and solid phases,
respectively. Both the fluid and solid domains can be decom-
posed into the domain of the individual fluid and solid phases,
so that Qf = Qp U Qp and Qg = UQ’;IQ » hold. The model in
the present work is based on the approach by Reder et al. [54],
which is adjusted and extended to mimic a phase transforma-
tion in the context of battery electrode drying. First, a model
for the two-phase flow assuming Q25 = ¢ is derived, which
is based on the approach of Hohenberg et al. [57] (model
H) and is extended by a term that accounts for the phase
transformation in order to mimic evaporation. This model
is then adapted to a diffuse-domain formulation to include
solid phases (2 # ). Therefore, the boundary conditions at
the fluid-solid interface are included diffusely, based on the
procedure of Li et al. [58].

Two-phase flow. Regarding the fluid dynamics, the Navier-
Stokes equation is considered, taking the form
ou

o +pVu-u=—-Vp+V-[u(Vu+ (Vu)")]

P

+K+pofy, (1a)
V.u=0. (1b)

Thereby, from Egs. (1a) and (1b), the momentum and con-
tinuity equations for incompressible flow can be identified.
The velocity field is represented by u, the mass density by
p, the pressure by p, the dynamic viscosity by u, and the
body forces by fy. The capillary term is denoted as K and
will be specified later. In general, the dynamic viscosity u
can depend on the temperature and, in the context of gen-
eralized Newtonian fluids, on the shear rate (cf., e.g., [59]).
The geometry parametrization is achieved using a phase-field
method. In contrast to a sharp theory, the dividing surfaces
between different fluids are replaced by a diffuse transition
region, also called diffuse interface (cf. [60] for a detailed
discussion). Therefore, phase variables ¢, (x,?) € [0, 1] are
introduced for each of the N considered phases. These can
be considered as the local volume fraction of a phase « at a
specific spatial point x and time ¢. It follows that the capillary
term K = K(¢y, ¢2, . .., ¢n) and the physical parameters p =
p(@1, @2, ..., ¢n) and p = (@1, @2, ..., gn) depend on the
phase variables.

For two-phase flow, it is sufficient to consider one phase
variable, and so the field @ := ¢; is introduced. An Allen-
Cahn approach or a Cahn-Hilliard approach can be used to
describe the temporal evolution of the phase variables. Details
and a comparison can be found in [61]. Due to numerical
considerations, the Allen-Cahn approach is employed in the
present work. It yields

P=p+ Vo -u=MPBWYy —aVp),

with the mobility M and the free energy potential y(®). Here,
the partial derivative operator with respect to (-) is abbreviated
as 9. := 9/9(-). The free energy potential can be selected in
various ways. In our case, we use a well potential given by
Y (@) = @*>(1 — p)*. The coefficients « and B are chosen as
o =oe¢ and B = 187, where o is the surface energy density
and ¢ scales the diffuse interface width. The value ¢ = 5Ax
is used in this work. Moreover, the evolution equation can be
written as

xeQ, (2

. 36
o= M[—“<2¢3 -3+ @) — oav%ﬁ] x€Q. (3)
&

Additionally the wetting boundary condition
aVy - n® = (o3 — 01)3h" (@), x€dQ (4

is considered, where n' is the outward-pointing normal vector
on the boundary of 2¢. Furthermore, 0,5 and o5 are surface
energies between the solid and the respective fluid phase,
while A' is an interpolation function for the two fluids, which
will be specified later. Using the surface energies between the
different phases, the contact can be described by means of
Young’s law as

025 — 01
cos(f) = = =
o

&)
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as the contact angle regarding fluid 1, while ® = 180° — 6 in
this work is referred to as the contact angle regarding fluid 2.

Capillarity term. The capillarity term K in Navier-Stokes
equation (1) accounts for the curvature minimization due to
the surface tension between different fluids. There are various
ways to model the capillarity term [62]. In this work, we take
advantage of the so-called potential form

K@) =—pVo, (6)

where © = B0y — aV2p. For a further discussion, see
Jacqmin et al. [63]. The Allen-Cahn approach from Eq. (3)
intrinsically exhibits curvature-minimizing dynamics. This
leads to undesirable dynamics, as surface tension effects
are already covered by the capillary term, which provides a
corresponding velocity contribution. The additional surface-
minimizing dynamics in the Allen-Cahn equation can be
removed [64], which is achieved by the approach of Sun et al.
[65]. It follows for the phase field equation

. 360
¢ = M[7<2¢3 - 39> +¢) — 0e(VZp — [|[V@||IV ~n>],

x € 2, @)

with n = %. This extension ensures that the influence of
surface tension is not overestimated.

Evaporation term. The present model is intended to mimic
the drying process in battery electrode systems. The evapora-
tion phenomenon can be modeled by a phase transformation.
For this purpose, we insert a term v°||V@|| into Eq. (7) to
model the motion of the interface with a phase transformation
velocity v® and a term ||V ]| that distributes the velocity over
the diffuse interface. Thus, Eq. (7) is modified as follows:

B 360 ~3 ~2 ~ 2~ ~
p=M T(Z(p —30°+ @) —0e(V@ —|IVQIIV - n)

+ 011Vl

According to Eq. (E5), the velocity v° is directly related to the
evaporation rate (mass flux per area in kgm~2s~!), by means
of the factor « (unit s~'). It should be noted that a constant
evaporation rate occurs for most of the pore emptying [6],
which means that x is constant over time. By incorporating
k, we can calculate the theoretical total volume fraction of the
solvent,

x € Q. ®)

tll J— 0

Xsolvent,theo — —KIn + Xsolvent> €))
where £, is the time and Xs%lvem denotes the initial volume
fraction of the fluid that evaporates. The derivation of Eq. (9)
can be found in Appendix E. The velocity v¢ then results in

Iy 1
e _ Xsolvent,theo — Xfilm ¢ ,0 (10)
[1IV@lldv ar ™

where V) is the total film volume at # = 0. The term of
the driving force can be interpreted as a Lagrange multiplier,
which ensures the target volume fraction X;&vem,meo- For the
special case k = 0, the Allen-Cahn equation is volume pre-
serving (see Appendix B). Furthermore, the presented model
includes evaporation as an effective rate which is evenly dis-
tributed along the fluid-fluid interface; i.e., the mass transfer
in the gas phase by vapor diffusion is not explicitly modeled.

Multiphase flow with rigid-body coupling. To apply the
model-H approach [57] to the two-phase flow with solid
phases, which exhibit a diffuse solid interface, a normalization
approach according to Reder er al. [54] is employed. This
normalization splits the problem into two subproblems. First,
we introduce the local volume fraction of all fluid and solid
phases in the form of

Vf N Vs N®
(pfzvzzwi and gﬂszvzzgﬁg, (11)
a=1 a=1

with VT as the total fluid and V* as the total solid volume in
a representative volume element V. Moreover, the normaliza-
tion for the fluid phases is done by

f

~f . P

a T f?
¢

for ¢ >0, (12)

where @ := @;, in the case of two fluids, including the

sum condition ngzl @! = 1. Regarding the normalized phase
variable @, the evolution equation (8) can be employed. For
the entire set of partial differential equations (PDEs), the
appropriate boundary conditions at the fluid-solid interface
must be defined via the diffuse interface. In general, the ap-
proach of Li et al. [58] can be used to formulate boundary
conditions for a diffuse interface between different phases.
The boundary conditions can be of the Robin, Dirichlet, or
Neumann type. With regard to Navier-Stokes equation system
(1), we follow the approach of Beckermann et al. [66] for
the diffusive application of the no-slip boundary condition. As
for the wetting boundary condition (4), the general approach
is used, e.g., in [54,67], to derive diffuse wetting boundary
conditions in a Cahn-Hilliard formulation. The derivation of
the corresponding Allen-Cahn formulation can be found in
Appendix D. Thus, the set of PDEs for the whole domain
x € Q that need to be solved is as follows:

3 (ph™u) = =V - (ph*u @ u) — h*Vp + V - (h*uVu)
+uV - (WVA™) + ph®fy + h"K, (13a)
0=V- (0", (13b)

WS¢ = M|:ﬂhf58¢w

e
—a(v hEVG — hS|| V||V - —“’)
Dz

— 3,:h" ||V [(025 — 013)3¢hﬁ:| + B¢ V)|

(13c)

The interpolation functions h™(¢') = (¢")>(3 — 2¢") and
(@) = »*(3 — 2¢) for the fluid-solid and fluid-fluid inter-
face are employed. For the phase variable of the fluid, a sinus
profile of the form ¢'() = 1/2[1 — sin (771 /8)] is applied,
with &g denoting the interface width and » the normal coor-
dinate pointing from the fluid to the solid at the fluid-solid
interface.

Numerical treatment. This section briefly describes the
algorithm for phase-field equation (13c). The approach of
[53,54] is used to solve the Navier-Stokes equation. A
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FIG. 2. Validation case of an evaporating fluid in a capillary. (a) Schematic representation of the moving contact line problem. (b) Contact

angle as a function of time for different grid refinements.

fractional step method is used for the phase-field equation,
which is represented as follows:
(1) First, we solve only the convective term, which gives

Tt
(gi*):/ V" udr. (14)
1,

n

(2) We then introduce the pseudotime ¢* and then calculate
the equilibrium according to

09" _ M[36a

~3 ~2 ~
o M| BT T
ge

~m

3y h™ (") V™|
o hfs

N . 5 Vo*
(v.hfsw*—hfsuw*nv- id )
IVe*||

(02 — als)a¢hﬁ(¢‘*)}. (15)
(3) In the last step, we apply the evaporation term,

tht1
o =g+ [ e ar (16)
1y

By splitting the phase-field equation, a more accurate rep-
resentation of the equilibrium profile at the interface and the
evaporation rate is achieved. The implementation was done
using an in-house solver (PACD3D) [68], which employs
parallelization via message-passing interface (MPI). Herein,
the discretization of the PDEs is achieved by employing the
finite difference method on a Cartesian grid. An explicit Euler
method is used for time integration. To discretize the con-
vective term in the phase-field equation, we employed the
second-order-accurate OSPRE flux limiter scheme [69]. The
Navier-Stokes solution is obtained by a Chorin-type projec-
tion method on a staggered grid arrangement for the velocity
(cf. Sec. 2.6 of [53] for more details). Regarding the spatial
discretization schemes employed for the Navier-Stokes equa-
tion, we refer to Sec. 3.3 of [54], where similar schemes are
used. Additionally, a dynamic adjustment of the time step
according to a Courant-Friedrichs-Lewy condition is con-
ducted to ensure numerical stability for all PDEs following
the condition of non-negative coefficients according to [70].

All simulations are conducted on a 64-core system equipped
with AMD EPYC™ 7452 processors.

III. VALIDATION

The following section is divided into three main sections to
discuss the validation of the model. Section III A examines the
contact angle that occurs at a moving contact line between
three phases. Furthermore, in Sec. III B, the rise height of
a liquid in a capillary is calculated and compared with the
analytical solution, while in the final section (Sec. III C), the
influence of different pore sizes on the drying process is in-
vestigated.

A. Contact angle at a moving contact line

Setup and parameters. Figure 2(a) depicts the schematic
representation of the first validation case. The physical di-
mensions are /y = 56.0 um and /y = 56.0 um, with /; as the
characteristic length I .. A value of 0 =7.3 x 1072 Nm™!
is set for the surface tension and a macroscopic equilibrium
contact angle of & = 60° is employed. Furthermore, the grav-
itational body force is given by g = 9.81 m s~2, whereas for
the fluids the following physical parameters apply. Fluid 1 ¢;
has a density of p; = 1.225 kgm ™ and a viscosity of | =
1.72 x 1073 Pas, while fluid 2 ¢, is defined by a density of
02 =997.0 kgm~3 and a viscosity of u; = 1.0 x 1073 Pas.
In addition, the factor « equals 100 s~! and the mobility is set
toM =30.0 mskg'.

Results. Fig. 2(b) shows the macroscopic contact angle
® = 180° — 0, which is calculated according to the method
given in Appendix C, as a function of the time in seconds,
for different grid refinements. The initially flat fluid inter-
face becomes curved as the contact angle is established at
the contact line where the solid and both fluid phases meet.
Oscillating movements of the interface are observed due to
inertia effects, whereby the oscillations are damped over time.
After some time, the calculated contact angle settles to an
average value ©Ope.,, Which shows only small fluctuations.
The mean contact angles 121.95°, 120.85°, and 120.12° are
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FIG. 3. Initial setup for the rise of a fluid in a capillary.

computationally measured for the resolutions 120 x 120,
240 x 240, and 480 x 480. It can be seen that the mean con-
tact angle approaches the equilibrium angle with increasing
resolution. Additionally, the oscillation amplitude of ® de-
creases with the refinement. It should be noted that the local
contact angle is applied immediately according to Eq. (4),
while the macroscopic contact angle is the result of the surface
shape (see Appendix C). This simulation study shows that the
model is able to maintain the theoretical macroscopic contact
angle in the three-phase region under dynamic conditions of
a moving fluid interface. In addition, a convergence can be
observed, which indicates that the numerical error decreases
with higher resolution.

B. Rise of a fluid in a capillary

Setup and parameters. In this section, the capillarity be-
tween two fluids in a riser of width r is investigated. As a
benchmark quantity, the filling height 4 relative to the fluid
interface at mechanical equilibrium is evaluated (see Ap-
pendix A). The corresponding analytical solution is given by

the equation
~ h ® 1
h=—=<&()—A)—2, (17)
r 14 r

with nondimensionalized height fz, surface tension o, contact
angle ® = 180° — 0, density p of fluid 2, and gravity g.
Details on the derivation for the analytical solution and the
definition of the area A can be found in Appendix A. Figure 3
shows the initial setup. Due to the symmetry, only half of the
riser is calculated, taking into account the physical dimensions
of the system, /x = 10.0 x 107> m and /, = 55.0 x 107 m,
and a riser width of r = 0.15 x 1073 m. It is placed in a
reservoir filled with water, represented by fluid 2 ¢, with den-
sity po = 997.0 kgm 3 and viscosity u, = 1.0 x 1073 Pas.
In addition, the surrounding fluid 1 ¢; mimics air with a
density of p; = 1.225 kg m~3 and a viscosity of ;| = 1.72 x
1073 Pas. The contact angle is given by # = 120°, with a sur-
face tension of 6 = 7.3 x 1072 N'-m~!. To validate the model,
a grid refinement study is first carried out for a specified Bond

number (Bo = 3.35 x 1072), which is defined as

Bo = 'Oglczhar

o

(18)

with a characteristic length of /.4, = r for the present case.
While maintaining the physical domain size, simulations are
performed with three different numerical resolutions, where
the corresponding numbers of cells in the x and y directions
are 100 x 550, 200 x 1100, and 400 x 2200. In addition, for
the coarse resolution of 100 x 550 cells, the Bond number is
varied by changing the gravity g.

Results. Figure 4 shows the determined riser height A as
a function of the Bond number Bo. In addition, the grid
refinement study for a Bond number of Bo = 3.35 x 1072
is depicted as an inlet picture. For both studies, the analyt-
ical solutions are marked by a brown line. The simulation
results for the grid refinement study are 7 = 14.0, h = 14.27
and /i = 14.33 for the cell numbers 100 x 550, 200 x 1100
and 400 x 2200, respectively. Using the analytical solution
Al — 14.841 the relative errors, defined by € = (ﬁanal —
h)/h™ are € = 5.56 %, € = 3.85% and € = 3.44 %. It fol-
lows that for a better grid refinement, the analytical solution
is mapped more accurately, as the numerical error is re-
duced. This proves the convergence and successfully verifies
the numerical solution. The simulated results for different
Bond numbers for the cell numbers ny x ny = 100 x 550 are
depicted as black dots in Fig. 4 illustrating that the model
approximates the analytical solution well for all simulated
Bond numbers.

C. Channel grid

In this section, the influence of different pore sizes on
pore emptying during drying is analyzed. The simulation
parameters are identical to those from Sec. III A, with the ex-
ception of the contact angle, which for this study is § = 90°.
A resolution of 480 x 480 with a physical domain size of
Iy = 56.0um and [, = 56.0 um is used. Three different con-
figurations, which are shown in Fig. 5, are considered. These
configurations differ in the pores that are located horizontally
and vertically in the center of the simulation area. Starting
from the reference configuration, which is depicted on the left
in Fig. 5, the pores located in the horizontal and vertical center
are enlarged for the second configuration (center) by removing
rectangles. For the third configuration (right), the vertical pore
is enlarged by further removing rectangles. This approach al-
lows the simulation of different pore size distributions and the
subsequent analysis of their effects during the drying process,
in analogy to the setup used in Fig. 4.17 of [71]. The bottom
row of Fig. 5 shows the different configurations at the time
of breakthrough, which indicates the point at which the air
reaches the bottom of the system. For the reference configura-
tion, it can be observed that the liquid evaporates mainly into
the larger pores, but also into the smallest pores. In the second
configuration, which has larger pores in the horizontal and
vertical center, the liquid evaporates preferentially into these
pores. Additionally, the liquid begins to evaporate in the next
smaller pores, while the smallest pores are still filled in this
configuration. For the last configuration, the result is similar to
the other configurations, with the larger pores emptying first,
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FIG. 4. Rise of a liquid in a capillary: Dimensionless rise height / versus the Bond number for simulation results and the analytical solution.
Additionally, the effect of the grid refinement n, on the rise height 4 is shown as an inlet at a specific Bond number of Bo = 0.05.

followed by the smaller pores. In contrast to the other con-
figurations, pinning of the liquid at the original fill level can
be observed. In summary, it can be said that large capillaries
empty first before smaller capillaries, which is consistent with
the findings from the literature [41]. The possibility of pinning
on the surface is given, which has also been observed in the
drying of battery electrodes [8], and can be described analyti-
cally for a two-capillary system [72]. This pinning is reflected
in a height difference between a continuous line connecting
the highest and lowest positions of the liquid and will be used

as a parameter for the subsequent analysis. Wrapping up, the
result of this simulation study shows the expected behavior
indicating that the present model is suitable to predict pore
emptying processes.

IV. APPLICATION OF THE MODEL TO THE DRYING
OF HARD CARBON ELECTRODES FOR BATTERIES

In this section, the drying of the solvent of battery elec-
trodes is simulated using the proposed model. Herein, the

FIG. 5. Simulation results for different pore structures, with the initial condition in the top row and time of breakthrough in the bottom
row. The fluids, referred to as fluid 1 (air) and fluid 2 (liquid), are shown in white and blue, respectively. The solid phase is displayed in gray.
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(d)

FIG. 6. Microstructures of hard carbon [16] with different mean particle diameters and pore size distributions as well as the corresponding
initial microstructures for the simulations. (a) SEM image of microstructure HC-B. (b) Initial simulation input for microstructure HC-B.
(c) SEM image of microstructure HC-C. (d) Initial simulation input for microstructure HC-C.

drying is modeled as a convective capillary flow, while trans-
port phenomena of the evaporated liquid in the gas phase are
excluded. The influence of viscosity on the drying process
is investigated for two different microstructures. In addition,
the effect of different contact angles on pore emptying is
investigated for one representative microstructure.

A. Preprocessing and simulation setup

Microstructures. The simulations are performed on the
basis of two images of dried hard carbon electrodes. These
are integrated into the simulation environment, with the help
of a Kadi4Studio workflow [73] and an imagej macro. Fig-
ure 6 shows the two different microstructures from Klemens
et al. [16] with the corresponding microstructures as input
for the simulations. For a better readability, the names HC-B
and HC-C are adapted accordingly. Microstructure HC-B has
a smaller average particle diameter and a less broad pore
and particle size distribution than microstructure HC-C. Fur-
thermore, microstructure HC-B is defined by a specific area
weight of Mg = 78.4 x 1073 kgm™2 and a volume fraction
of Xsolia = 0.246, while microstructure HC-C has the values
Ms =79.5 x 1073 kgm™2 and xyjiq = 0.245. The physical
lengths of the microstructures are Iy = 55.0pum and [, =
37.5 um. In order to take the initial air layer into account, the
computational domain is extended in preprocessing, consider-
ing a domain height of [y = 42 um.

Parameters. The material parameters for the solvent are
selected with pgolyent = 997.0 kg m~> for the density and
Usolvent = 1.0 Pa s for the viscosity. It should be noted that
due to the thickener carboxymethyl cellulose (CMC), the
viscosity differs from the viscosity of water and is chosen
according to the literature [74]. Both the fluid and the battery
slurry are shear thinning [16], which can be modeled with
a rate-dependent viscosity and thus a generalized Newtonian
behavior. Subsequently, in the present model all fluids are con-
sidered Newtonian fluids for the sake of simplicity. Regarding
the air phase, a density of p,;; = 1.225 kg m~3 and a viscosity
of ey = 1.72 x 107> Pas are assumed. As the density in-
terpolation may become unstable at high density ratios (cf.
[75]), the air density is artificially increased by a factor of 4
for the subsequent simulations to prevent instability. A surface
tension between the different fluids of 0 = 7.3 x 107> Nm™!
with a contact angle of 90° is applied. Furthermore, the gravity
is set to g =9.81 ms~2. The mobility is defined by M =
30.0 mskg~!, whereby an area-specific evaporation rate of
Tsolvent = 9 & m~2s~! is used, which is chosen relatively high
in the context of film drying [3] to avoid excessive simulation
times. All physical parameters can be found in Table 1. For
the cell numbers the values n, = 592 and n, = 448 are used,
leading to the dimensionless spatial step sizes of Ax* :=
AX/lhar = 1.69 x 1073 and Ay* := Ay/lepar = 1.70 x 1073,
respectively, with the characteristic length scale [y, = Ix =
55.0 um.
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TABLEI. Overview of the simulation parameters for hard carbon
microstructures.

Parameter Symbol Physical value Unit
physical length Iy 55.0 wm
physical height Ly 42.0 um
density hard carbon PHC 2069.0 kgm™3
density solvent Psolvent 997.0 kgm™3
density air Dair 1.225 kgm™3
viscosity solvent Isolvent 1.0 Pas
viscosity air Mair 1.72 x 1073 Pas
surface tension o 7.3 x 1072 Nm™!
gravity g 9.81 ms2
mobility M 30 mskg™!

Dimensional analysis. Using the parameters from Ta-
ble I, a nondimensionalization analysis is performed. In
addition, the characteristic velocity is described by uchy =
Tsolvent/ Psolvent = 9.03 X 107° ms~'. This results in the rel-
evant dimensionless variables Bos = 4.48 x 107*, Ca;
1.37 x 1074, Re, = 4.95 x 1077, Bo, = 5.51 x 1077, Ca,
2.4 x 107, and Re, = 3.54 x 107 for the solvent and air.

To enable short simulation times, we use the approach of
Wolf et al. [22] and scale the physical problem. For this, the
drying rate is corrected upward by the factor 5.0 x 10*, while
the viscosity of the two fluids present is scaled downward by
the same factor. This results in a constant capillary number,
which represents the ratio of viscous forces to capillary forces
and is defined later. With this approach, the computational
time for drying the hard carbon electrodes is approximately
one to two days, using the hardware specified in Sec. II.

Various parameters are used to evaluate the simulation
results. These are controlled by pore breakthroughs, which
have also been observed in experiments [11] and are defined
by the breakthrough of the air onto the substrate. First, the
nondimensionalized time (¢Pr3through) of the breakthrough is
evaluated. The physical time can be calculated according to
ohysical — gy With fepar = lehar/Uchar = 6.0928 s as the char-
acteristic time, and ¢ as the nondimensionalized time. Thereby
a drying time of approximately 6.9075 s is achieved for the
pore emptying, with an evaporation rate of 9 gm~2s~!, which
can be achieved experimentally [16]. Furthermore, the height
difference, denoted as A#h, is examined at the breakthrough
time (zPreakibroughy “ag shown in the inset picture in Fig. 7(a).
The height difference is defined as the maximum difference

*HC-B
oHC-C

1074 103

10~2

Ca= ﬂsolventuchar/a

(b)

FIG. 7. Top: Dependence of the normalized height difference % of the breakthrough point on the capillary number Ca. (a) Simulated

normalized height difference (= Ah/RGO) of the film, as a function

(a)

of the capillary number Ca, for two microstructures. The blue and

red symbols refer to microstructures HC-B and HC-C, respectively. Bottom: Microstructure images of simulations for selected combinations
of capillary number and nondimensionalized breakthrough time. (b) HC-C (Ca = 1.368 x 10™*) at Preakthrough — (0 4736, (c) HC-C (Ca =

2.188 x 1073) at foreakthrough — ) 7702,
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FIG. 8. Nondimensionalized breakthrough time Preakirough — yphysical /. ag a function of the capillary number Ca. Microstuctures HC-B

and HC-C are shown in blue and red, respectively.

between y-coordinates of the solvent front, which are contin-
uously connected to each other and thus enable the capillary
transport of solvent and binder. For further evaluation, the
height difference is normalized to the initial film height h%Tn‘l)
and the corresponding abbreviation 7 = Ah/ halzrg is intro-
duced. Another parameter that is examined is the normalized
X-coordinate, which specifies the x-coordinate of the break-
through normalized by k. Simulations results are evaluated in
relation to the capillary number

Ca — Msolventuchar. (19)

o

B. Variation of the capillary number

Height difference of the liquid front. Figure 7(a) shows
the normalized difference between the maximum height and
the minimum height at the time of breakthrough onto the
substrate as a function of the capillary number. For mi-
crostructure HC-B the results are displayed in blue, while
the results for HC-C are plotted in red. In the case of mi-
crostructure HC-B, it can be seen that for most cases, with
the exception of the capillary numbers Ca = 2.188 x 1073
and Ca = 4.377 x 1073, the normalized height difference is
approximately /2 = 0.97. So there are still places where a
solvent column reaches the film height, whereas otherwise
columns have fallen dry depending on their shape and diam-
eter. For the capillary numbers Ca = 2.188 x 1072 and Ca =
4.377 x 1073, the normalized height difference is h=0.82.
The behavior for microstructure HC-C differs from that of
the other microstructure. In general, the scatter of the values
for & is higher than for microstructure HC-B. At a capillary
number of Ca = 4.104 x 1074, the value for the normalized
height difference drops to approximately 7 = 0.64 and scat-
ters around this value. An exception to this are the capillary
numbers Ca = 9.576 x 10™* and Ca = 1.751 x 1072 with
the values 7 = 0.94 and & = 0.85, respectively. Figures 7(b)
and 7(c) show microstructure images of the solvent distribu-
tion at the time of breakthrough for the capillary numbers
Ca=1.368 x 10™* and Ca = 2.188 x 1073 of microstruc-
ture HC-C. Comparing the two snapshots, a different behavior
can be observed. In Fig. 7(b), the liquid front pins much closer

to the microstructure surface than in Fig. 7(c). Similar pinning
on the film surface is also reported in other simulation studies
[43] as well as in experiments [10,14] and is based on the
capillary forces acting in a pore system. Whether pinning
occurs depends on the viscosity and the pore size distribution
of the microstructure [43]. While capillary forces transport the
liquid to the surface during drying, this effect is counteracted
by the damping forces of viscosity. Therefore, the difference
in the behavior observed in Fig. 7(a) can be explained by the
dependence on the capillary number. If the capillary number
increases due to a higher viscosity of the liquid, the damping
forces increase. Thus, the probability of transport to the sur-
face decreases. In general, the solvent in microstructure HC-B
is more likely to pin to the top of the film, compared to the
HC-C microstructure, due to the narrow pore size distribution,
which is also reported by Metzger et al. [41,42]. Moreover,
microstructure HC-C shows a wider scatter for the normalized
height as a result of a wider pore size distribution that allows
for more capillary veins.

Breakthrough time. Figure 8 displays the time of break-
through as a function of the capillary number for the two
different microstructures HC-B and HC-C, with blue and
red symbols. A similar relationship between capillary num-
ber and breakthrough time is found for both microstructures,
with most breakthrough times increasing with higher capillary
numbers. Furthermore, the breakthrough times of microstruc-
ture HC-C are mostly greater than for microstructure HC-B,
except for the capillary numbers Ca = 2.736 x 107, Ca =
9.576 x 10~%, and Ca = 1.751 x 1072, From the literature
(see, e.g., [43,44]) a monotonic increase of the breakthrough
time with the capillary number is expected, since a higher
viscosity dampens the speed of the capillary-driven solvent
flow. This reduces the probability that a specific pore will
break through to the substrate prior to others. Specifically,
in the limiting case of Ca — oo, a horizontal liquid front
is expected during evaporation. The overall trend is re-
flected by Fig. 8, where the breakthrough time increases for
higher capillary numbers. However, this trend is not strictly
monotonic in the present results. In order to explain these
nonmonotonic variations in the results, the temporal develop-
ment of microstructure HC-B for the capillary numbers Ca =
1.368 x 107, Ca =2.736 x 107%, and Ca = 4.104 x 10~*
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FIG. 9. Temporal evolution of microstructure HC-B for different capillary numbers Ca, at fixed times ; = 0.2535, t, = 0.2631, and mea-
sured nondimensionalized breakthrough times: ¢breakthrough — () 3779, ybreakihrough — () 6377 and ¢Preakibrough — (0 4942 for Ca = 1.368 x 107,
Ca =2.736 x 107*, and Ca = 4.104 x 10~*. The air and solvent particles are shown in white, blue, and gray, respectively.

is examined more closely as an example. Figure 9 includes the
simulation results for three different points in time, labeled
t1, to, and ¢Preakthrough " for the mentioned capillary numbers.
The two fluids and particles are visualized in white (air),
blue (solvent), and gray (particles), respectively. At time 7,
the pore emptying is almost identical for the capillary num-
bers Ca = 1.368 x 10~* and Ca = 2.736 x 10~*, while for
Ca = 4.104 x 107, the location of the liquid front is already
different. This is also the case for the capillary numbers Ca =
1.368 x 10~* and Ca = 2.736 x 10 at time #,. For a value
of Ca =2.736 x 107*, a temporally limited pinning of the
solvent in the capillary occurs in the right-hand area of the
microstructure, which is not observed at a capillary number of
Ca = 1.368 x 10~*. The effect of this pinning can be seen
at the breakthrough time zPreakthrough for the capillary num-
bers Ca = 2.736 x 10~* and Ca = 4.104 x 10~*, where the
breakthrough time is higher for the lower capillary number,
contrary to the expected behavior. Wrapping up these obser-
vations, the nonmonotonic variations in the breakthrough time
are caused by locally different pinning effects in specific cap-
illary veins, which can temporarily stop the height reduction
within a certain capillary of the microstructure. Furthermore,
it can be observed that, due to this pinning behavior, dif-
ferent breakthrough paths can be preferred, as indicated by
different x coordinates of the breakthrough point, where the
air reaches the substrate first (see Appendix F). Therefore,

the breakthrough time is not only influenced by the speed
in the capillary, but also by the length of the breakthrough
path that is taken. The pinning effects are influenced by the
capillary number, the microstructure geometry, and the history
of the liquid front, which in total illustrates the influence of
local effects arising from the microstructure. It is to be noted
that a single realization of a microstructure, as considered in
this work, cannot cover the statistics of a larger ensemble.
Therefore, an ensemble of microstructures with the same char-
acteristics can be used for averaging the evaluation parameters
like the breakthrough time. With this statistical evaluation
we would expect monotonic behavior of the curves using the
ensemble averages.

Summary. In this section, pore emptying is investigated
under a number of boundary conditions. These boundary
conditions are the viscosity and the property of the microstruc-
ture, which is not only considered by statistical parameters. It
is shown that the effective capillary leading to breakthrough
depends on the capillary number and the microstructure prop-
erties. Here, the effective capillary refers to the path of the
liquid front up to the breakthrough. The height difference of
the liquid front, which describes the pinning on the surface
of a pore structure, is also dependent on these parameters.
Outliers in the simulation results could be attributed to other
effective capillaries found in the microstructure. A compre-
hensive understanding of such behavior is only possible due
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FIG. 10. Dependence of the normalized film height & on the capillary number for different contact angles at the time of breakthrough. The

contact angles 60°, 90°, and 120° are shown in brown, blue, and green.

to the information provided by the developed model across
the entire field. This includes the phase-field variable, which
enables a precise representation of the solvent over time. In
summary, computational modeling provides novel insights
into the microstructural properties and developments during
the drying process of battery electrodes.

C. Variation of the contact angle

While in the previous section a neutral wettability and thus
a contact angle of 90° is assumed, the effect of a change in the
contact angle is subsequently investigated. There are studies
investigating the impact of wettability and contact angle in
two-dimensional (2D) porous media under conditions of min-
imal evaporation [46,47]. These studies suggest a significant
effect of wettability, which should also be considered in the
context of drying of battery electrodes. Since the model used
in the present work can cover wetting effects, the impact
of the contact angle during the drying process is accessible.
For this purpose, the results with a contact angle of 90° are
compared with contact angles of 60° and 120°, which indicate
hydrophobic and hydrophilic behavior, respectively.

Figure 10 illustrates the effect of the contact angle on the
normalized height difference & as a function of the capillary
number Ca. The different angles 60°, 90°, and 120° are shown
as symbols in the colors brown, blue, and green, respectively.
For a contact angle of 120°, no dependence of the height on
the capillary number can be seen, whereas the values for a
contact angle of 60° and 90° are scattered. All values for
a contact angle of 60° are smaller than the values for the
other contact angles. Without taking into account the capil-
lary number Ca = 1.231 x 1073, this behavior is also evident
between the contact angles 90° and 120°. Here, the results
are either identical or the values for a contact angle of 90°
are lower than those for 120°. Compared to the results for an
angle of 90°, however, the results for an angle of 60° are more
widely distributed and depend on the capillary number. This
parameter study indicates that, as the contact angle decreases,
the pinning on the surface is less pronounced; following that
the normalized height difference is smaller. Such a behavior

leads to a more uniform drying front with a decreasing contact
angle, while at the same time the values are more scattered.
While a constant value is obtained at a contact angle of 120°,
a large scatter is observed at a contact angle of 60°. Figure 11
shows the time of breakthrough for the three different angles,
which are represented in brown, blue, and green symbols for
the angles 60°, 90°, and 120°, as a function of the capillary
number Ca. The behavior of the breakthrough times is differ-
ent for all three contact angles. In addition, the distribution of
the data points assigned to the three different contact angles
differs in the scattering property, with the variation being less
pronounced at larger contact angles. At a contact angle of
120°, the breakthrough time is almost constant over Ca.

A qualitative comparison of Chraibi et al. [47] shows simi-
lar behavior. Therein, larger breakthrough times are observed,
the more hydrophobic the material is, which agrees with the
present results. In addition, the order of magnitude in change
of the breakthrough times for different wettability is similar in
both studies. However, a quantitative comparison is not pos-
sible due to the different microstructure characteristics with
regard to the pore size distribution and porosity. Wrapping up,
the simulation studies point out that the contact angle plays an
important, non-negligible role for pore emptying during the
drying of battery electrodes. Furthermore, a tailored regula-
tion of the contact angle offers potential for optimizing the
drying process. This can be achieved by a special treatment
of the particle surface, for example, by altering the surface
structure.

D. Discussion of the simplifying assumption

Both the model and the problem setup for the film drying
simulations are based on assumptions and simplifications that
are critically discussed in the following section, while possible
paths for future developments are identified.

Navier-Stokes equations. A constant viscosity is chosen
for the fluid, which represents the solvent and the additives.
However, in general, the viscosity depends on the temperature
and the shear rate. In particular, the dependence of the viscos-
ity on the shear rate is well known in the drying of battery
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FIG. 11. Nondimensionalized breakthrough time Preakirough — gphysical /a5 a function of the capillary number Ca, for different contact

angles.

electrodes [16]. This dependence can be introduced by defin-
ing the shear rate y = /4L (D) based on the second basic
invariant I, = tr(DD) of the symmetric velocity gradient D.
For such an approach, it is necessary to model the viscosity as
a function of the shear rate, u = w(y ), which can be achieved
by using a power law, for example (cf. [59]).

Interpolation. In the simulations, the density of the air
phase is four times higher than the real air density. This is
due to the fact that the interpolation of the physical param-
eters in the diffuse interface can lead to problems with high
contrasts between the phases [75]. The scaling can be justified
by dimensional analysis. The very small Reynolds and Weber
numbers regarding the air phase indicate that only minimal
inertia effects are present, which is also the case after scaling.
Therefore, the effect of the air velocity on the movement in the
solvent is negligible, while the movement in the solvent is the
relevant feature to be covered by the simulations. Similarly,
the air stream utilized for drying is not included in the problem
setup, which is a widely used simplification [22]. To solve
the density interpolation problem, a model extension can be
made by adding another term to the Navier-Stokes equation
that accounts for the momentum exchange due to molecular
diffusion, as proposed by Abels et al. [75].

Evaporation. In the proposed model, the evaporation rate
is modeled as a constant value. Furthermore, the evaporation
rate is evenly distributed over the diffuse interface. In reality,
the saturation of the gas phase in the pores reduces the driving
force for diffusive solvent transport in the gas phase, and the
local evaporation rate can change. One way to describe the
drying rate mg is according to [10]

(I = ¥s.00)

, 20
(1 = ys.pn) 0)

rs = Mspcyscln

where Mg is the molar mass of the solvent, pg represents the
molar density of the surrounding gas stream, fs g is the mass
transfer coefficient, 5 o is the molar fraction of the solvent
in the drying air, and yspn denotes the molar fraction of the
solvent in the solvent-gas interface. This requires an addi-
tional transport equation that takes into account the solvent
concentration in the gas phase. As some of the parameters,

such as the molar fractions, depend on the temperature, the
temperature must also be taken into account.

The simplifications in the current work can be addressed
by incorporating extensions to the discussed model, thereby
enhancing the accuracy of the results. Despite these simplifi-
cations, the presented model covers the most relevant physical
effects for pore emptying during drying and requires fewer
assumptions, compared to other models used to simulate film
drying.

V. SUMMARY AND OUTLOOK

In this work, a full-field approach to simulate pore emp-
tying in battery electrode drying is presented. This approach
builds on the model proposed by Reder et al. [54] and applies
an Allen-Cahn approach as an alternative to the Cahn-Hilliard
approach. Additionally, this approach takes into account the
phase transition due to evaporation. The model is validated
using three different examples, which concern the macro-
scopic contact angle behavior during evaporation, the rise
height of a fluid in a capillary, and the behavior of an evap-
orating fluid in a pore network. With respect to all validation
cases, the model shows good agreement with the theoretical
predictions. Subsequently, the influence of the contact angle,
viscosity, and microstructure on the drying behavior is inves-
tigated using realistic hard carbon microstructures as initial
conditions. For both microstructures, a correlation between
viscosity and breakthrough time can be derived, which con-
sists of the fact that the time to breakthrough also increases
with increasing viscosity. However, this correlation can be
negated as a result of the existence of privileged capillaries,
by changing the contact angle. In addition, it can be noted
that the breakthrough time increases for hydrophobic behav-
ior and decreases for hydrophilic behavior. Concurrently, the
influence of the capillarity number on the breakthrough time
decreases with an increase in hydrophilic behavior. Overall,
a stabilization of the liquid front can be achieved both by
increasing the viscosity and by a more hydrophobic behavior,
which is known from other studies as well [47]. Thereby,
the influence of the surface wettability on the breakthrough
time and, consequently, the stabilization of the liquid front
is more significant in the parameter range considered in the
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present work. Two conclusions can be drawn from the studies:
first, that models which model the drying of battery elec-
trodes should take the studied parameters into account, and
second, the production of battery electrodes can be optimized
by changing the contact angle due to surface optimization.
A subsequent study will be conducted in order to investigate
the influence on more complex microstructures like multilayer
microstructures or three-dimensional (3D) microstructures. In
particular, the simulation of 3D microstructures is important
to determine the statistical effects of 2D structures and to
correctly map the complexity of effective capillaries in all
three spatial directions. Besides the use of 3D microstructures,
ensembles of several microstructure realizations will be used
in future studies to increase statistical representation. Further-
more, experimental measurements of breakthrough times for
film drying are possible using microscopy of drying battery
electrodes coated on a glass substrate (cf., for example, [[11].
Currently, no such data are available for hard carbon elec-
trodes, but conducting such experiments and a comparison
with the present simulation can be addressed in future work.
Additionally, the model can be easily extended to evaluate
the binder behavior under drying conditions, since the full-
field information of the solvent velocity is already known.
For this purpose, a diffusion-convection equation needs to
be integrated into the model. We hope that these extensions
will allow us to better understand and optimize the drying of
battery electrodes.
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APPENDIX A: CALCULATION OF THE HEIGHT
OF A CAPILLARY

The forces acting in a capillary are shown in Fig. 12.
The height of rise, A, in the capillary in steady state can be
calculated using a force balance. Thus, the gravitational force
F, and the force F, due to the surface tension on the wall
balance each other out. The gravitational force is described by
the relationship

Fy = (o2 = p1)gV, (AD)

where p, is the density of fluid 2 and p; is the density of
fluid 1. V denotes the volume of fluid 2 and g describes the

t> 0 l!}

FIG. 12. Balance of forces for a capillary.

acceleration due to gravity. The surface tension force is given
by

F, = o0 cos®D, (A2)

where D represents the depth and ® is the contact angle. The
volume V = AD of the liquid ¢, is given with the surface A of
fluid 2, which is parametrized via

r

arcsin(cos(®)) ) )
2 cos(®)

A=2rD|h
" < + cos(®)

(2 —sin(®) —
(A3)

and the depth D. Using the force balance Fy; = F,, we obtain
the rise height

__ ocos ® r
(p2—p1)gr 2cos(®)

<2—sin(®) B arcsin(cos(@))> .

cos(®)
(A4)

If the density contrast is high, the lower density can be ne-
glected. This leads to the correlation

o cos® r .
h = — 2 —sin(®) —
0287 2cos(®)

arcsin(cos(®))
cos(®) )’
(A5)

which is typically found in the literature [77].

APPENDIX B: VOLUME CONSERVATION
OF THE ALLEN-CAHN EQUATION

In this work, an Allen-Cahn approach is employed for the
phase evolution. An Allen-Cahn approach without modifica-
tions is not volume preserving. If no additional evaporation
velocity is considered, the surface terms lead to a volume
change due to curvature minimization. However, the present
approach leads to a volume-preserving Allen-Cahn equa-
tion, if the factor « is set to zero. In this case, the term in
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FIG. 13. Volume fraction of fluid ¢, as a function of time (left), initial setting (middle), and final microstructure (right).

Eq. (10) gives an interfacial velocity that counteracts the
volume shrinkage due to the curvature minimization dy-
namics. For k = 0, the present model therefore corresponds
to volume-preserving approaches, as in [49], using a La-
grange multiplier. Such an approach enforces the condition
% [@dr =0. It is to be noted that the curvature correction
term [65] removes the curvature-minimizing dynamics and
thus the corresponding volume change. However, in a nu-
merical implementation this is only achieved approximately.
Thus, a Lagrange multiplier is still required to ensure exact
volume preservation. In this section, the expected behavior
is to be validated. The initial values of the simulation can
be found in Sec. III. Initially, three phases are set, with the
solids colored gray and the fluids white and blue. In Fig. 13
on the left, the volume fraction of ¢, (blue) is shown as a
function of time for 480 x 480 cells. The middle and right
images correspond to the initial and final states. The volume
fraction is constant, while the surface changes according to
the curvature minimization.

APPENDIX C: CONTACT ANGLE BEHAVIOR
OF A STATIC CASE

Figure 14 sketches the development of the fluids for a
point in time ¢ > ¢°. Due to the balance of forces between the
surface tension and the volume force due to gravity, an angle
® =60, + 6, = 180° — 0 is set at the three-phase interface in
equilibrium with the help of the angles 6, = 90° and 6;, which

t>t

$1

P2

FIG. 14. Schematic drawing of the fluid distribution at any time
t > 1%, with geometric relationships at the three-phase interface be-
tween the two fluids and the capillary wall.

is determined by the relationship

2h <91>
— =tan| — ). (C1
w 2

The parameters from Sec. III A are used for this simulation
study, excluding «, which is set to zero. Figure 15 shows the
setting angle ® as a function of time for different resolutions.
The resolutions are 120 x 120, 240 x 240, and 480 x 480 for
ny X ny. All three resolutions follow the same behavior by
starting with an initial angle of 90° and proceeding with an
oscillation around the respective stationary solution before
approaching it. With increasing refinement of the resolution,
the deviation from the theoretical contact angle decreases.
The values in equilibrium are ® = 122.36, ® = 121.08, and
® = 119.81, from the coarsest to the finest resolution. This
simulation study reveals a converging behavior of the model
capable to reproduce the wetting behavior for a stationary
interface. The wetting behavior of a moving interface, taking
evaporation into account, is found in Sec. IIT A.

APPENDIX D: DERIVATION OF THE DIFFUSE WETTING
BOUNDARY CONDITION FOR THE ALLEN-CAHN
APPROACH

To impose the moving boundary condition at the solid-fluid
interface, we follow the approach of Li et al. [58]. The con-
sidered phase-field equation (8) is given by

b zM(ﬁ3~¢ - a(v2¢ VeI - &))
Y IVall
+0°(|Voll, xeV, (D1)
with the boundary conditions (4):
aVy -n = (o3 — 015)3,h"(p), x € dV. (D2)

First, we multiply the equation by the test function . Then
we integrate over the fluid volume V C 2, with Q as the
whole domain. This gives the weak form of the equation and
is represented by

. \7"
0 =f Wh — MYBY,Y +M\pa<v2¢ —IV@|IV - —‘p>
v IVl
— We[|V|| V. (D3)
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FIG. 15. Grid refinement for the static case with a contact angle of 6 = 60°.

Taking into account the Gauss theorem, we obtain

0= /V Vo — MBI, Y — Ma<V¢ VU — ||V§||V - ”Z%) — ||Vl dV + /w aM¥VQ -ndS. (D4)
Introducing the indicator function I and the Dirac distribution ér, Eq. (D4) can be written as an integral of the whole domain:
0= /S;I\Dfp — MBIy — MaI(V(o VU — ||VP||V - HZ—ZH> — IW°|| VPl + Méra¥ Vo -n dV. (D5)
Using the context
/QV-(I\I’V@) dVZ/Q\IJV~(1V¢) dV—i—/QIng-V\IJ dv, (D6)
we receive
0= /Q\Il(lfp +MaV - (IVY) — MaI(||V¢||V . %) — MBIy — IV°||V@|| + Madr Ve -n) dV. (D7)
By applying the fundamental lemma of variation, we get, for x € €,
1 = M(—aV -(IVp) + MaI(||V¢||V : %) + Blogy —aérVo -n) + V||Vl (DS8)
Using the boundary condition in Eq. (4) to express the normal gradient V@ - n, we obtain the following for x € Q:
=M (ﬁlaw - Ma1(||V¢||v : %) —aV - (IV) — br(on — als)aa,h“(@)) + 17|V gll. (DY)

This sharp interface equation represents the boundary value problem, which consists of field equation (D1) and boundary
conditions (D2). To transform the sharp interface model into the diffuse interface model, we approximate the indicator function
by I ~ h(¢") and the Dirac distribution as §p = ||VI|| ~ 8¢fhfs(g0f)||V<pf||. Thus, we finally get

; g g %
e = M[ﬂh“aw - a(v - (h°V) — W™ V||V - m)
— 0, (@D Ve l(02s — ols>a¢h“<¢>] +ANVRlL xeQ. (D10)
[
APPENDIX E: DERIVATION OF THE THEORETICAL equation
VOLUME FRACTION OF THE SOLVENT PHASE
According to Jaiser et al. [6], the drying rate during Feolvent = d_X Ms. (E1)
the constant rate period (CRP) can be calculated using the dr |cgp
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FIG. 16. (a) Dependence of the nondimensionalized % coordinate of the breakthrough point on the capillary number Ca for different
microstructures. Data points relating to the HC-B and HC-B microstructure are represented by blue and red symbols. The horizontal
lines represent the different clusters. Bottom: Simulation results for selected combinations of capillary numbers and % coordinates of the
breakthrough point. The solvent is blue, the air is white, and particles are shown in gray. (b) HC-B-x1 (Ca = 1.368 x 10™*), (c) HC-B-x2
(Ca = 6.84 x 107*), (d) HC-C-x1 (Ca = 1.368 x 107), (¢) HC-C-x2 (Ca = 2.736 x 10~*), and (f) HC-C-x3 (Ca = 1.368 x 1073).

Here, 7solvent 1S the area-specific evaporation rate in kg m~2s,
X 1is the ratio of solvent to solid masses, with X = % t1s
the time in seconds, and Ms is the area-specific weight of the
dry film in kg m~2. By integrating the equation and using the
masses, we obtain

0 .
Msolvent o M 1vent _ Tsolvent (E2)
- 0
Msolid mg i Ms

Here, the index O indicates the initial quantities. Equation (E2)
can be expressed in terms of volume, using V = m/p, which
results in the following for the volume of the solvent:

Psolid Vsolid .

0
Violvent =V, Tsolvent? -
psolventM S

solvent

(E3)

Vo

Vl'ﬁm
pll;asg a, related to the film volume Vi) = VO + Viiq, we
obtain

as the volume fraction of a

Introducing the variable y, =

Psolid Xsolid . 0
——————Tsolvent! T Xgolvent

(E4)
psolvemM S

Xsolvent =
by dividing Eq. (E3) by the volume. By introducing the abbre-
viation

__ Psolid Xsolid .

(E5)
psolventM S

solvent»

we finally obtain the relationship

Xsolvent = —KI + Xsoolvenl’ (E6)

with s~! as unit for «.

APPENDIX F: RESULTS FOR THE ¥ COORDINATE

Figure 16(a) depicts the nondimensionalized X coordinate
of the breakthrough point as a function of the capillary number
for the microstructures HC-B and HC-C in blue and red,
respectively. The X coordinates assume identical values for
different capillary numbers. Figures 16(b)-16(f) illustrate the
simulated microstructures at the time of breakthrough. Figures
16(b) and 16(c) refer to the HC-B microstructure, for the cap-
illary numbers Ca = 1.368 x 10~* and Ca = 6.84 x 107%. A
different x value can be observed for different capillary num-
bers. This is characterized by a differently favored capillary
that forms until the breakthrough. The microstructure HC-C is
given in the Figs. 16(d)—16(f) for the capillary numbers Ca =
1.368 x 1074, Ca = 2.736 x 107, and Ca = 1.368 x 1073.
All three capillary numbers supply different values for X and
thus differently favored capillary pathways. Figures 16(d) and
16(e) differ slightly with respect to the height difference Ah.
In summary, a significant influence of the microstructure and
the viscosity, represented by a different capillary number, on
the drying behavior can be observed.
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