energies

Article

Investigation of the Influence of Electrode Surface Structures on
Wettability after Electrolyte Filling Based on Experiments and a
Lattice Boltzmann Simulation

Johannes Wanner ** and Kai Peter Birke 1/

check for
updates

Citation: Wanner, J.; Birke, K.P.
Investigation of the Influence of
Electrode Surface Structures on
Wettability after Electrolyte Filling
Based on Experiments and a Lattice
Boltzmann Simulation. Energies 2023,
16, 5640. https://doi.org/10.3390/
en16155640

Academic Editors: Yasir Ali,

Noman Igbal and Seung Jun Lee

Received: 10 July 2023
Revised: 23 July 2023
Accepted: 25 July 2023
Published: 26 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Fraunhofer Institute for Manufacturing Engineering and Automation IPA, Nobelstr. 12,

70569 Stuttgart, Germany

Institute for Photovoltaics, Department of Electrical Energy Storage Systems, University of Stuttgart,
Pfaffenwaldring 47, 70569 Stuttgart, Germany

*  Correspondence: johannes.wanner@ipa.fraunhofer.de

Abstract: The filling of the electrolyte and the subsequent wetting of the electrodes is a quality-
critical and time-intensive process in manufacturing of lithium-ion batteries. The exact influencing
factors are the subject of research through experiments and simulation tools. Previous studies have
demonstrated that wetting occurs mainly in the transition between the materials but leads to gas
entrapments. Therefore, this paper investigates the influence of the electrode surface structures,
situated between anode and separator, on the wetting progress, through experimental capillary
wetting and simulated with a lattice Boltzmann simulation. The results show that the simulations
can identify the exact pore size distribution and determine the wetting rates of the entire materials.
Furthermore, the experiments reveal a negative correlation between fast wetting and rougher surface
properties. This enables a more precise determination of the wetting phenomena in lithium-ion cell
manufacturing.

Keywords: lithium-ion battery; battery cell manufacturing; battery cell quality; electrolyte wetting;
lattice Boltzmann method

1. Introduction

Lithium-ion batteries play an increasing role in various applications, resulting in
the expansion of manufacturing capacities to meet the growing demand. The primary
challenges in manufacturing include reducing costs, minimizing the CO, footprint of a
battery cell, and improving product quality [1]. The best way to achieve these goals is by
reducing process times [2]. When considering individual process times, especially the time-
intensive wetting, forming, and aging processes, accounting for manufacturing deviations
is crucial [3,4]. Currently, the process framework conditions for wetting and aging are
standardized, and process durations are defined empirically with high safety margins to
compensate for deviations in product quality. However, individual process conditions fail
due to the limited accessibility of process characteristics caused by the closed metal housing
after cell assembly. The implementation of a digital twin of the battery and the process
conditions could provide transparency [5]. To this end, the literature mainly discusses filling
the dry electrode sheets with electrolyte and the subsequent wetting [6]. This process aims
to achieve complete electrolyte wetting of the porous electrode materials and separators [7].
Undesired gas entrapments in the material can result in capacity losses [8].

Various experimental methods can increase the transparency of the wetting process.
Electrical methods, such as electrochemical impedance spectroscopy or chronoamperom-
etry, can be employed to estimate the degree of wetting at the cell level [9,10]. Moreover,
visual inspection methods, such as X-ray inspection, neutron radiography, lock-in thermog-
raphy, or ultrasonic inspection can be employed to visualize the progress of wetting in a
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battery cell [11-13]. Although these methods are unsuitable for inline process control, they
provide the opportunity to parameterize exemplary mathematical models. Gravimetric
wetting balance or optical capillary rise tests are also utilized to parameterize the math-
ematical models and examine the wettability of cell composite materials, as well as the
influence of various process frame conditions [9,14]. In addition to mathematical models
for simulating the wetting behavior of a battery cell or its components, numerical fluid
dynamics simulations are also found in the literature. For small dimensions, such as in
the pores of the electrodes, the lattice Boltzmann (LBM) simulation method is particularly
suitable [15,16]. This approach examines the wetting properties of porous media using the
multicomponent Shan—Chen pseudopotential method [17].

The various experimental methods and the LBM simulation show heterogeneous
results on the wetting speeds in the relevant publications [12]. This disparity can be at-
tributed to different experimental methods focusing on complete cells or cell composite
materials. While the process framework conditions are typically known for the mathemat-
ical descriptions, the product framework conditions, particularly the wetting properties
of the porous media, are often unknown [18]. The primary factors influencing wetting, as
determined by the porous materials, are the contact angle to the fluid and the effective
pore radius of the porous media [16,19]. Generally, the contact angle can be measured
using contact angle meters, and pore size distribution can be determined using mercury
intrusion porosimetry [12,20]. The transition between the materials in a battery cell com-
posed of wound or stacked porous materials significantly affects the wetting behavior [21].
Additionally, the surface structure of the individual materials also influences the wetting
behavior. Kleefoot et al. demonstrated, through droplet tests and capillary rise tests, that
the surface roughness of the electrode impacts the wettability. Laser surface modification
of anodes, which increases surface roughness, leads to larger pores and faster wetting [22].
AlRatrout et al. confirmed that rougher surfaces result in larger pores and, consequently,
faster wetting, accompanied by a lower contact angle [23]. In both cases, however, the
electrodes undergo active modification in their pore and particle structures. Lautenschliager
et al. discovered a correlation between particle sizes, porosity, contact angle, and capillary
pressure through LBM simulations. They found that large particles, more porous media,
and lower contact angles result in lower capillary pressure during wetting [24]. Jeon states
that the particle shape has an influence on the wetting speed and the gas inclusions [25].
Jeon is also investigating the influence of different particle sizes in the electrodes and
different porosities on the wetting rate through LBM simulations. More porous electrodes
lead to faster wetting [26]. Malki et al. combined the LBM simulation with machine
learning methods and identified the considerable influence of the contact angle as the
main influencing factor for the same electrode geometries [27]. Chen et al. confirmed that
the transition between the materials greatly influences the wetting speed and identified a
significant susceptibility to gas entrapments. They also highlighted the winding tension on
the layers as a non-negligible factor influencing gas entrapments [28]. Sheng et al. observed
a linear relationship between effective pore radii and wetting rate through experiments.
However, they noted that the effective pore radius alone cannot fully describe the complex
physical structure of an electrode. The electrolyte initially converges into the cavities and
then diverges into adjacent throats, indicating that wetting is primarily influenced by the
connection between throats and cavities. The morphology of the investigated graphite
particles, which is strongly influenced by calendering, remains an open question in this
field [20]. Beyer et al. extended this assumption to the surface structure of separators [29].
Furthermore, the transition between the materials must also be taken into account, as
overlapping effects make it challenging to identify correlations [21,28].

Thus, this publication focuses on investigating the impact of different electrode surface
properties on wetting. To achieve this, different anode and separator cell coils are subjected
to experimental analysis using the capillary wetting test and an LBM simulation. The
wetting is evaluated through both experiments and simulations. Furthermore, the LBM
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simulation is utilized to explore the dominant pore radius within the cavities and the
throats of the electrodes.

2. Methods
2.1. Capillary Wetting

The Lucas—Washburn equation describes the capillary rise in porous media, such as
an electrode [30]. This equation is usually modified and simplified to describe the height
increase of the infiltrating liquid using a wetting rate k [mm - s~%3] [9]:

h=kVE k= /%-reff-cos(e) (1)

h represents the height of liquid penetration, while # denotes the dynamic viscosity of the
liquid. Porous media with variable pore radii can be described with a geometry’s effective
capillary radius as the macroscopic pore radius distribution, referred to as r.g. The surface
tension between the liquid and gas is denoted by v, and 6 represents the contact angle
between the liquid and solid surfaces. This equation neglects the influence of gravity, which
means there is no limit to the maximum height of rise. This leads to a deviation in the rise
height with increasing wetting time. Therefore, Fries and Dreyer extended the term by
incorporating the Lambert W function, which accounts for the effect of gravitation [31]:

_a ot L qreppcos(8)  pgitesst
h(t)—b[l—l—W( e ﬂ,wzth. a= o , b= 81 2)

p corresponds to the density of the liquid, while g corresponds to the gravitation. The
capillary pressure determined in LBM simulations, is described as:

~ 27-cos(h)

e Teff

®)

2.2. Materials

In the experiments, graphite electrodes and a cellulose separator, specifically “cellulose
paper (TF44-25)”, provided by NKK Nippon Kodoshi Corp (Kochi, Japan), are used. Three
different graphite electrodes are examined, each having distinct structures. The surface
properties of the materials utilized in the study are examined using a laser scanning micro-
scope called Keyence VK-X200K (Keyence, Osaka, Japan). Figure 1 presents microscopy
images of the electrodes and the separator. These images are evaluated and analyzed to
determine surface roughness, porosity, average particle size, and pore size.

Figure 1. Cont.
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(d)

Figure 1. Microscopy images of the graphite electrode used (a—c) and the separator (d).

The electrolyte solvent used for electrolyte penetration is dimethyl carbonate (DMC),
obtained from Sigma-Aldrich (St. Louis, MO, USA). The material properties of DMC, includ-
ing the surface tension (y = 32.01 x 1073 N/m), dynamic viscosity (7 = 1.464 x 1073 Pa*s),
and density (o = 1070 kg/m?), are based on the data provided by the manufacturer and
literature references [8,32-34]. To determine the contact angle between DMC and the
materials used in the experiment, we employed an optical contact angle measuring and
contour analysis system called OCA 40, manufactured by DataPhysics Instruments GmbH
(Filderstadt, Germany).

The measured and calculated properties of the electrodes and separator, obtained from
the microscopy images, are presented in Table 1. The measurements of the contact angle
and surface roughness align with the findings of AlRatrout et al. [23], where the contact
angle decreases according to media roughness.

Table 1. Properties and measurement results of the used electrodes and separator.

Anode #1 Anode #2 Anode #3 Separator
Coating thickness 70 pm 50 um 10 pm 25 um
Current collector thickness 32 um 15 pm 20 um -
Porosity 45% 28% 50% 40%
Average grain diameter 34.5 um 29.7 ym 21.5 um -
Average pore radius 463 um (02 =3.8) 3.367 um (02 =2.1)  4.67 um (02 = 3.4) -
S, (arithmetic average of profile height) 2.27 ym 1.57 ym 2.22 ym 2 um
Contact angle 6 to DMC 14.6° 16.8° 8.1° 17.3°

2.3. Experimental Setup

The electrodes are wound with the separator around a winding mandrel with a
diameter of 20 mm. During the winding process, a web tension is applied manually. The
winding has a height of 81 mm and is placed inside a pouch bag with a sample holder. The
pouch bag serves as a container for the electrolyte solvent DMC, preventing its evaporation.
Additionally, a sample holder is used to ensure that the pouch foil does not touch the
winding, as this could unintentionally affect the wetting behavior. In the laboratory setup,
intense illumination is integrated to provide a good exposure of the images. A specific
industrial camera, DFK 33GX183 from The Imaging Source, LLC (Charlotte, NC, USA),
is used to record the wetting process. The camera is equipped with a lens M1614-MP2
obtained from a computer (Cary, NC, USA) and captures images at a sample rate of one
frame per second, with a resolution of 20 megapixel. The setup is shown in Figure 2. The
wetting is initiated by using a syringe attached to an electrolyte tube to fill the electrolyte
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solvent DMC into the pouch bag. The experiments are conducted at a temperature of 22 °C.
After the completion of the experiment, the images are processed using Matlab R2023a to
analyze sharpness, contrast, and gray values, which aim to quantify the wetting level at
the winding.

pouch bag

wsample holder

winding sample

winding mandrel

electrolyte tube

Figure 2. The experimental setup consists of a winding sample with anode and separator, a sample
holder, a pouch bag, and an electrolyte tube connected to a syringe for filling the electrolyte. A camera
records the wetting progress.

2.4. Simulation Setup

The simulation procedure is adapted from Wanner and Birke [21]. The LBM simulation
is processed using the open-source environment Palabos [35]. The exact parameterization
of the simulation is described in Appendix A Tables A1 and A2. The data analysis is
performed using ParaView 5.11 and Matlab R2023a [36].

2.4.1. Generation of Simulation Geometry

The 3D surface profile microscopy images are processed in Matlab. To obtain a more
homogeneous color or the surface structure of the electrode and smooth the edges of the
electrode particles, a 2D Gaussian filtering of images is used. The hue value of the hsv color
space is correlated with the height of the surface. Thus, a binary 3D model of the surface is
created with a resolution of 0.28 um. The hue factors and the resulting dimensions of the
geometry (154 x 55.9 x 11.5 um?) are consistent for all four microscopy images. The lowest
layer of the microscopy image is permeable to gas and non-permeable to the electrolyte.
The resulting geometries are shown in Appendix B Figures A1-A4. The electrodes are
first processed individually and then combined with the separator. The 3D model of the
electrode is added to the separator 3D model in the z-direction, with the surfaces oriented
towards each other. The surface structure of the separator is soft and permeated by a
few large fibers. However, simple stacking of the geometries on top of each other results
in only a few points of contact between the electrode and the separator. Since this does
not realistically reflect the pressure on the cell coil, the transition between the materials is
redesigned in a subsequent step. For this purpose, the top layer of the electrode and the top
three layers of the separator are each merged into one layer using a logical AND operator.
This reduces the pore size between the materials and results in a more realistic large area
and multiple contact points between the electrode and the separator.

2.4.2. Lattice Boltzmann Setup

Each of the three electrode surfaces is processed individually, combined with the same
separator, and then integrated into the lattice Boltzmann environment. The voxel size and
the lattice unit (Iu) are both set to 0.28 um. The wetting process occurs in the y-direction.
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To facilitate this, pressure boundary conditions are defined at the inlet and outlet in the
y-direction (oF and pC ;). For stability purposes, a periodic boundary condition is defined
in the x- direction. To ensure stability and pressurization in the y-direction, a reservoir
with a thickness of four lattice units is added to each geometry at the inlet and outlet.
This reservoir is filled with electrolyte at the inlet and gas at the outlet. Additionally, a
membrane is inserted between the reservoirs and the geometry, which is permeable to the
electrolyte at the inlet and to the gas at the output. A bounceback function is implemented
for the respective other media to avoid unintended backflow. Initially, the pores of the
geometry are filled with air (0©) and the electrolyte density (of ;). The electrodes and the
separator are defined with a bounceback mechanism. The contact angle measured in Table 1
is applied to each material through the adhesion parameter Ggs wetting for the electrolyte,
and Gugs nonwetting for the gas. The wetting process is based on the pressure difference of the
fluid phases, with an interfacial tension of the interaction parameter G, and the time step
At [17,24].

1 1
P = Zlo+ pais] + 5| Gerp-puis O @
AP = Pryier — Poutiet ()

This pressure difference corresponds to the capillary pressure and is stimulated by an
additional force at the layer y = 1 in the y-direction. This force is increased every 500 steps
to complete the geometry’s complete wetting. A lattice cell is considered wetted when the
gas density drops below a threshold value of p® < 1 mu/1u3. The total wetting is calculated
by determining the ratio of wetted lattice cells to the total number of lattice cells filled with
gas at the beginning. The simulation is evaluated every 500 time steps and continues until
no further wetting is observed.

3. Results
3.1. Experimental Results

Figure 3 shows an example of the wetting process for the separator and anode
#2 winding at t =1, 7, 45, and 72 s. The wetting progress is evident from the contrast
to the white separator. Additionally, in Figure 3b,c, a partial grayscale is observed at the
transition between the wetted and unwetted materials. Here, wetting at the interface
between the two materials has to be expected. The subsequent complete impregnation of
the separator results in a black coloration of the separator. In Figure 3c,d, the remaining
gray areas can be seen. Here, wetting either does not occur or takes place very slowly. This
is likely due to variations in pore radii, resulting in slower wetting rates. These effects
were observed in all three experiments. To evaluate the images, a small image section
with a width of 45 pixels and the entire height in the center of the coil was selected in
all cases to minimize the effect of rounding. For the image evaluation, a gray-colored
pixel is considered as wetted, allowing for the quantification of the fastest possible wet-
ting of the materials. It is important to note that one pixel corresponds to 53 pm in the
evaluated images.

Figure 4a shows the wetting progress of the three different experiments over time.
In all three experiments, the maximum possible wetting height is reached within 60 to
120 s. Between 0 and 15 s, a linear wetting is observed. However, after 16 s (#3), 18 s
(#2), or 22 s (#1), a deceleration of the wetting is apparent. From the second 60 onwards,
a slight noise in wetting height is recognizable in experiments #1 and #3. The curves in
the figure correspond to the fastest wetting process as evaluated by the image recognition
software, which quantifies the black and gray values. In experiment #1 the wetting reaches
the maximum height in 88 s. After 111 s, the images indicate that complete wetting across
the entire width of the coil is achieved.
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Wetting height h in mm

(b)

Figure 3. Wetting state of the separator and anode #2 at different time steps: t = 1 (a), 7 (b), 45 (c),
and 72 s (d). The white unwetted area corresponds to the external separator, the black area to the
wetting area. The gray values correspond to a not-yet-complete wetting.
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Figure 4. The wetting height of the experiments is plotted in (a) versus time and in (b) versus the
square root of time. In (b), the fit of Equation (1) is shown in bold.

To determine the wetting rate k, the wetting progression is plotted against the root of
time in Figure 4b. Experiments #1 and #2 exhibit an almost linear increase in wetting. The
wetting rates, following the approach of Kaden et al. and Wanner and Birke, are determined
at the beginning of the wetting, specifically between 2 and 5 s*°. These wetting rates are
presented in Table 2 and can be determined with a high accuracy of RMSE > 98.4. Using
Equation (1), the effective pore radius of each experiment is calculated, and the values



Energies 2023, 16, 5640

8 of 15

range between 11.4 to 16.9 pm. Furthermore, the surface roughness values S, (arithmetic
average of profile height) of the laser scanning microscope measures are presented and
compared with a correlation analysis with the wetting rate k. A high negative relationship
(r = —0.9943) is observed between the considered characteristics of the surface roughness S,
and the wetting coefficient k. There appears to be no clear correlation with the porosity of
the materials. Thus, the results reveal a link between a smoother electrode surface structure
and faster wetting.

Table 2. Experimental results. The wetting rate and effective pore radii as calculated from
the experiments.

Experiment Wetting Rate k Effective Pore Radius 7 Surface Roughness S,
#1 10.96 mm - s~ 03 11.35 um 3.52 um
#2 1328 mm - s~ 05 16.86 um 1.60 um
#3 12.31 mm - s~ 95 14.01 pm 2.22 um

3.2. Simulation Results
3.2.1. Pore Size Distribution

At the beginning of the simulation, the contact angle to the material is defined us-
ing the interaction parameter Gc and the fluid densities. After an initialization time of
500 iterations without external force, the resulting density of the fluids along the x-axis can
be evaluated, and the pressure difference calculated. Using Equation (3), the resulting pore
size distribution can be determined for each geometry, which is illustrated in Figure 5.

0.2 L) L L) L
- [ Separator/Anode #1
[ ISeparator/Anode #2
- Separator/Anode #3
0.15F “

Probability
o

0.05

Pore radius rinm %107

Figure 5. Calculated pore size distribution of the materials based on the simulation.

The resulting pore size distribution corresponds to a normal distribution with the
following values and is comparable to the optical analysis of the microscopy images.
A normal distribution can be determined based on this pore size distribution. This is
6.05 um (o = 2.2 um) for separator/anode #1, 4.1 um (o = 1.13 um) for separator/anode
#2, and 4.58 um (o = 1.47 pm) for separator/anode #3. The pore size distribution closely
aligns with the average pore radii of the individual anodes measured from the microscopy
images. However, it does not precisely match the calculated pore radii of the experiments.
Despite this, the measured pore radii are also included in the distribution, particularly for
experiments #1 and #3.
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3.2.2. Wetting Results

Figure 6a presents the wetting results of the simulations with the separator and
respective anode materials. The wetting is initiated almost simultaneously in all three
geometries after 13 kPa pressure difference and continues up to 41 kPa in simulations
#1 and #3. However, in simulation #2, the saturation increases more slowly, up to a
differential pressure of 56 kPa. A further increase in pressure does not result in a significant
rise in saturation. Instead, the saturation drops in #2 and increases slightly in #1 and
#3. Around 41 kPa, the geometries #1 and #3 detect gas entrapments of different sizes.
The air from the gas entrapments escapes due to increasing pressure. In simulation #1,
the resulting gas entrapments account for 14.5% of the pore volume, while in simulation
#2 and #3, they represent 28.5%, and 29.9% of the pore volume. If the wetting is performed
at the same contact angle for all materials, the saturation curve of #2 follows the pattern of
#1 and #3, except for the gas entrapments. The simultaneous wetting at the same differential
pressures across different geometries suggests that the wetting process is dominated by the
same separator.

0.9 T T 1 T T T T T T
08F 1
0.7F J 08F 4
06F 1
s c06f L
205} 1 S
o o
=) = |
w© 04F 1 ©
on 0 04F b
03F 1
0.2F 1 02} i
Separator/Anode #1 : * Anode #1
0.1F Separator/Anode #2| J *  Anode #2
Separator/Anode #3 *  Anode #3
O s A A A i 0 A A A A A A
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Pressure AP in kPa Pressure AP in kPa
(a) (b)

Figure 6. Results of the simulation of the saturation of the electrolyte over the differential pressure
per simulated geometry. In (a) for the combined approach of separator and anode and in (b) for
anode only.

In Figure 6b, when only the electrodes are simulated under the same boundary con-
ditions but with individual contact angles, differentiated wetting curves can be observed.
Anodes #1 and #3 exhibit an almost simultaneous wetting between 5.21 kPa and 38.4 kPa,
which differs only in the final saturation of the geometries. However, anode #2 shows a
slower increase in wetting between 6.3 kPa and 53.5 kPa and reaches gas entrapments of
21%. The wetting time required to reach 50% wetting is 11 ms for anode #1, 19.1 ms for
anode #3, and 12.1 ms for anode #2. Using Equation (3), it can be inferred that an increasing
differential pressure corresponds to smaller pores. With a maximum differential pressure
of 53.5 kPa of anode #2 and 38.4 kPa of anode #3, pore sizes of 1.15 um and 1.65 pm can be
calculated, respectively.

3.3. Comparison and Discussion

In the experiments, the two equations of Lucas Washburn and the modification of
Fries and Dreyer are used to reproduce the wetting behavior. Figure 7 illustrates that
the simulation of wetting, based on the Fries and Dreyer modification, more accurately
reproduces the experimental wetting for the same pore radius.
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Figure 7. Comparison of the experimental and the determined-by-simulation pore radii, and the fits
with the Lucas Washburn and Fries and Dreyer equation, exemplary of anode/separator #1.

Since the image processing of the experiments records the fastest possible wetting
of the materials, the pore size distribution is determined by LBM simulation for the an-
ode/separator #1 to 11.35 um. In Figure 5, the pore sizes ranging between 3 pm and 17 um
are displayed, with a normal distribution of 6.05 pm (o = 2.2 um) for anode/separator #1.
This normal distribution is marked in Figure 7 according to the formula of Fries and Dreyer.
However, the experimental data align very precisely with the upper edge of the normal
distribution. Based on the experiments and the subsequent image recognition, complete
wetting of the entire width of the coil occurs after 111 s (indicated with * in Figure 7). This
point corresponds precisely to the center of the normal distribution. Although further
wetting of the pores in the experiments is not visually evident, it is expected to occur based
on the smaller pores.

In addition, in the separator/anode #2 experiments, it is observed that the fastest
wetting occurs at a low surface roughness. However, this faster wetting with a smooth
surface cannot be confirmed by simulation. In the LBM simulations, it is shown that gas
entrapments are located in the small pores created by the geometries with lower surface
roughness, which is evident in the geometry of simulation #2. This results in a slower
complete wetting of the electrode. Compared to the other anodes, anode #2 is characterized
by a lower porosity. Here Jeon can be confirmed that in LBM simulations this leads to
slower wetting [26].

In general, the solvent DMC used is only one component of the electrolyte in a lithium-
ion battery. Further additions such as ethylene carbonate or the conducting salt LiPFg
increase the density and viscosity of the electrolyte decisively [37]. This effect on wetting
must be considered in further investigations.

4. Conclusions

The investigation of the wetting behavior in different electrodes with a separator
was carried out using both experiments and LBM simulations. Experimentally, different
fast-wetting processes can be investigated using image recognition to identify transitions
between the materials. However, this could not be confirmed by the simulation, which
might be attributed to incorrectly selected distances between the materials. The optical
examination of the wetting process proved particularly effective in detecting dominant
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large pore radii. On the other hand, the LBM simulation allowed for the identification
of the overall pore size distribution, including the smaller pores that are relevant for the
overall wetting of the materials. The wetting time could be determined by fitting the Lucas
Washburn equation and the Freis and Dreyer equation within a range of the pore size
distribution. In addition, a negative correlation with surface roughness and wetting time
can be identified in the experiments. Additionally, the LBM simulations revealed that a
smaller surface roughness leads to smaller pores, ultimately delaying the complete wetting
of the material. In the future, these findings can be used to mathematically describe the
wetting time of the materials, especially in assembled cell stacks or coils.

Author Contributions: Conceptualization, ].W.; methodology, ] W.; software, ] W.; validation, ].W.,;
formal analysis, ].W.; resources, ].W.; writing—original draft preparation, J.W.; writing—review and
editing, K.P.B.; visualization, J.W.; supervision, K.P.B.; project administration, K.P.B.; funding acquisi-
tion, ].W. and K.P.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Federal Ministry of Education and Research (BMBF),
funding code 03XP0529D. The authors would like to express their gratitude to the Federal Ministry
of Education and Research, Germany, for funding this work as part of the accompanying research
project “VisEl—Visualisierung der Elektrolytbewegungen und Elektrodenausdehnung einer Lithium-
Ionen-Zelle”.

Data Availability Statement: Data available on request from the authors.

Acknowledgments: The authors would like to express their gratitude to Fabian Trost for setting up
the first experimental setup and conducting basic measurements. They also extend their thanks to
Dominic Welti for assisting with the laser scanning microscope images. Additionally, the authors
thank Moira Peter for her valuable input and support in setting up the lattice Boltzmann simulation.

Conflicts of Interest: The authors declare no conflict of interest. The funders were not involved in
the study’s design, data collection, analysis, interpretation, manuscript writing, or decision to publish
the results.

Appendix A
Model Parametrization

In the simulation, gravitation is neglected, and the multicomponent Shan—Chen
method is used. The adhesion parameter GY,. is calculated following the approach of
Huang et al. The parameterization represents dimethyl carbonate (DMC) as the electrolyte
and air as the gas. The conversion factors between lattice and SI units are provided in the
table below:

Table Al. Conversion factors between SI units and LBM units (lu = length unit, ts = time step,
mu = mass unit).

Unit Conversion Factor Unit Conversion Factor
Length C=2810"0 Time C+=952-1077 &
kg
Mass Cp =117-10717 % Pressure Cp = 4.62-10° -
2 hﬂgSZ
Kinematic viscosity C, =821-10° = Force density Cr=3.09 10° 5
% =
13 m
Dynamic viscosity Cy;=439-1073 ﬁf Velocity Cu =294+

lu-ts ts

Cs =1.29-1071

NE

Surface tension

EL

73
(N
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Table A2. Overview of the physical parametrization of the electrolyte (E) and gas (G).
SI Units Lattice Units
Length 1=28-10""m I=11lu
Density pE - 1070% EPE D ZG B 2%
0% = 1.18% [24] (Pdis = Pais = 0.0675

of = 13710762
G = 1.57.1075 2 [24]
¥ =3210"2%

Kinematic viscosity

Surface tension

Contact angle

oF = 166710112
G _ —11u?
0C = 1.667-10~ 11
v =24810"1 0y
GEe =GSE =09

inter inter

Separator Gﬁis = —Gfds = 0417
#1 GO =—GE, =0422
#2 GS. = -Gk =0418
#3 GS. = —GE, =0432
~Eoc  ~Go
Relaxation coefficient T =1 =1
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Figure A1. Surface of the anode geometry #1.

Figure A2. Surface of the anode geometry #2.
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Figure A3. Surface of the anode geometry #3.

Figure A4. Surface of the separator geometry.
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