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e Model for electrode manufacturing ac-
counts for real particle shapes.

o Particle shapes are extracted from X-ray
computed  tomography  of  real
electrodes.

e Deformation and rotation of particles is
observed upon calendering.

e Electrode tortuosity is better described
with real particle shapes than with
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ARTICLE INFO ABSTRACT
Keywords: The demand for lithium ion batteries (LIBs) in the market has gradually risen, with production increasing and
Lithium ion battery expected to be boosted through the massive emergence of gigafactories. To meet industrial needs, the devel-

Electrode manufacturing
Computational modeling
Digital twin

opment of digital twins designed to accelerate the optimization of LIB manufacturing processes is essential. We
report here a new three-dimensional physics-based modeling workflow able to predict the influence of
manufacturing parameters on the electrode microstructure. This novel modeling workflow accounts for real
active material particle shapes obtained from X-ray micro-computed tomography, upgrading our previous
models where the particles were considered to be spherical. The modeling workflow is supported on Coarse-
Grained Molecular Dynamics simulating the slurry, its drying and the calendering of the electrode resulting
from the drying simulation. This model enables to link the manufacturing parameters with the real micro-
structure of the electrodes and to better observe the effect of the former on the heterogeneity of the electrodes. By
using as user case electrodes containing LiNig 33C00 33Mng 3302 as active material, the simulations allow us,
among others, to observe the alteration of the electrode heterogeneity during the manufacturing process and the
deformation of the secondary particles of active material.
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GLOSSARY

LIBs lithium ion batteries
NMC111 LiNi0.33C00.33Mn0.3302

CBD carbon binder domain

XCT X-ray computed tomography
AM active material

NMC  LiNixMnyCo; 5402

NMP N-Methyl-2-pyrrolidone

LFP LiFePOg4

LCO LiCoO,
CGMD  coarse-grained molecular dynamics
DEM discrete element method

PVdF polyvinylidene fluoride
FF force fields

LJ Lennard-Jones

JKR Johnson-Kendall-Roberts
CC current collector

PNM pore network model

1. Introduction

Rechargeable lithium ion batteries (LIBs) are widely used in mobile
electronics, military, medical and electric public transport, and now
account for a growing share of the private vehicle market [1]. In recent
years, the production of LIBs has gradually expanded and it is expected
to increase even more with the massive emergence of gigafactories
designed to fulfill the demands of the automotive sector [2]. In response
to market demands, studies have concentrated on achieving higher en-
ergy densities while maintaining or reducing costs [3,4].

In LIBs, the electrode is where the electrochemical lithium (de-)
insertion reaction takes place and its complex architecture affects the
rate and degree of the reaction. In order to optimize the performance of
LIBs, it is essential to understand the influence of each parameter at each
stage of the manufacturing on the electrode architectures. In general, the
properties of the electrode slurry (e.g density, viscosity) impact the
coating process, which is related to the size and shape of the material,
relative ratio of components and the mixing conditions [5-8]. The
evaporation of the solvent affects the architecture of the dried electrode,
during which the carbon binder domain (CBD) and the percolated
porous structure are formed [9,10]. The calendering process, a critical
step in the manufacturing, reduces the electrode thickness, enhancing
electrical conductivity, thermal conductivity and energy density, at the
expense of reducing the porosity and altering ionic conductivity
[11-13]. In addition, the effect of mechanical deformation of the elec-
trode in the electrochemical reactions taking place in it should also be
considered in the preparation process [14]. Non-destructive techniques,
such as X-ray computed tomography (XCT), are widely used to charac-
terize the microstructure of the electrodes, enabling volume-based
three-dimensional (3D) characterization. This approach has been used
to investigate the porosity and tortuosity factor of a significant number
of anode and cathode electrodes with different active materials (AMs),
including graphite, LiNixMnyCo1.xyO2 (NMC), LiFePO4 (LFP) and
LiCoO4y (LCO) [15]. However, the study of CBD distribution in the
electrode is limited due to the nano-features and the similarities in X-ray
attenuation coefficients of carbon and pores. In order to overcome the
deficiencies of neglecting the CBD, Zielke et al. developed a combination
of X-ray tomography and a virtual design approach [17]. Lu et al.
combined separate scans of high-attenuating NMC and low-attenuating
CBD, which enabled to reconstruct the 3D electrode including micro-
structural heterogeneities at the nanoscale [16]. Nguyen et al. used
X-Ray holographic nano-tomography to distinguish CBD in the NMC
electrode [18]. In order to unveil the evolution of electrode
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architectures, several convolutional neural network-based image seg-
mentation methods have been also developed to try to improve the 3D
imaging and discrimination between phases [19,20].

In our previous work in the context of our ARTISTIC project [21],
coarse-grained molecular dynamics (CGMD) and discrete element
method (DEM) were used to construct physical models able to simulate
the different electrode manufacturing steps. These procedures ranged
from the slurry, consisting of AMs, conductive carbon, binder and sol-
vent [22], to the drying [23,24] and calendering [25] of the electrode by
using NMC111 electrodes as an example. Likewise, models of the elec-
trolyte infiltration by Lattice Boltzmann Method [26-28] and electro-
chemical performance assessment by continuum modeling [25,29] were
also developed by us to achieve a digital twin of the manufacturing
process of LIB cells. This digital twin allows to predict the influence of
the manufacturing parameters (e.g. formulation, degree of compression)
on the electrode 3D microstructures (previously called by us meso-
structures) and their associated properties (e.g. porosity, tortuosity fac-
tor, the spatial distribution of the materials). By combining this
physics-based digital twin with machine learning and Bayesian Opti-
mization, we have shown that it is possible to predict which
manufacturing parameters to adopt in order to optimize different elec-
trode properties simultaneously [30,31]. In the ARTISTIC models re-
ported until now, spherical particles have been utilized to represent the
AM and the CBD, which may differ from real electrodes. In another
approach, Nikpour et al. [32] generated a multi-phase smoothed parti-
cles model, simulating the drying and calendering process by using
non-spherical AM particles. However, in their approach the particle
morphology is generated from 2D SEM images, which limits the repre-
sentativity of the real particle shapes in 3D. Furthermore, works have
reported that aspherical particles lead to nonuniform lithiation during
electrochemical reactions [33].

Here, we report a significant upgrade of our ARTISTIC project
manufacturing models that, for the first time, account for the real 3D
morphology of the AM particles. For demonstration purposes, we
employ here the morphology of AM particles retrieved from the p-XCT
characterization of NMC111-based electrodes. In our new electrode
manufacturing modeling workflow, the 3D volume of the NMC sec-
ondary particles is used to generate the input. The new AMs replace the
original spherical particles with realistic shapes formed by spherical
primary particles. This brings our model closer to the real electrode
morphology, allowing us to capture the deformation of AM particles
during calendering. The goal of the effort described in this article is to
incorporate realistic particles into our pre-existing manufacturing
simulation workflow and to study the changes in electrode microstruc-
ture upon formulation change and calendering degree, with a 1-to-1
comparison with p-XCT results.

This article is organized as follows: we first describe the procedures
for electrode preparation, tomography characterization and associated
data processing; we then detail our new manufacturing simulation
workflow accounting for real active material particle shape; then we
discuss the results and finally we conclude and indicate future per-
spectives for this work.

2. Materials and methods
2.1. Sample preparation and properties measurement

LiNip 33C00.33Mng 3305 -written as NMC111 in the following- (Umi-
core), carbon black (C-NERGY™ super C65) and Polyvinylidene fluoride
(PVdF) (Solef™ 5130/1001, Solvay) are premixed in a given ratio
overnight. Afterwards, N-Methyl-2-pyrrolidone (NMP) is added until
reaching the desired solid content: 60% dry mass ratio for 94:3:3 AM/
carbon/binder weight ratio and 69% dry mass ratio for 96:2:2 AM/
carbon/binder weight ratio. The mixture is performed in a Dispermat
CV3-PLUS high-shear mixer for 2 h in a water-bath cooled recipient at
25 °C. Then, the slurry is coated over a 22.5 pm thick Aluminum current
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collector by using a comma-coater prototype-grade machine (PDL250,
People & Technology, Korea) with a comma gap of 115 pm and 155 pm,
respectively, and passes through two ovens with temperatures of 85 °C
and 95 °C, in that order. After drying, the electrodes are calendered in a
prototype-grade lap press calendar (BPN250, People & Technology,
Korea). under various applied pressures and at constant line speed (0.54
m/min) at 60 °C.

The slurry densities are acquired by using a densimeter (DMA4500,
Anton Paar GmbH). Porosities of the electrodes are calculated by the
following Equation (1):

n
Melectrode Xi
g=1——"x — | * 100% (€D)]
( Vetectrode ; P;)

where mejectrode aNd Velectrode Stand for the mass and volume of the
electrode respectively, x; is the mass fraction of i in the solid and p; is the
density of the material. The porosities are measured on 13 mm diameter
disks.

2.2. u-XCT measurements and data processing

The p-XCT measurements were carried out on the 96:2:2 electrodes
both before and after the calendering process at the PO5 synchrotron
imaging beamline (Desy, Hamburg, Germany) [34], as detailed in a
former paper from our group [26]. The electrodes of this formulation
were used to extract particle morphology and validate the microstruc-
ture of the model outcome. The reconstructed data have been segmented
into biphasic images (AM and pores + CBD) by using the machine
learning segmentation plugin Trainable Weka [35] in ImageJ. The seg-
mentation process employs the Fast Random Forest class, the features
and parameters which are detailed in Table S1. The resulting 3D
microstructure has an effective voxel size of 0.642 pm. The biphasic
image stacks are imported into the commercial software package Avizo
V9.4 (Avizo, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
[36] for post-treatment. The secondary particles in the uncalendered
electrode are used to construct the particles dataset. One voxel on the
surface of the AM phase is eroded to separate the connected large par-
ticles. The Watershed-based Object-Separate algorithm is used to label
the individual particles. Following separation, one voxel is dilated back
to maintain the particles’ size.

2.3. Initial structure generation

The bounding box for each identified particle is then excised from the
microstructure, and saved into a ‘particle database’ as Python serialized
objects, along with some metadata, such as their volume equivalent
sphere diameters. When building the physical model and establishing
the initial structure, the particles are chosen randomly from the newly
generated particle database while accounting for the PSD of the real
electrode, until the target AM volume is obtained. In order to control the
total number of particles in the physical model, preventing our CGMD
simulations from getting computationally too costly, the original labeled
particles are downsampled by taking every 2 x 2 x 2 voxel®. Then, the
CGMD model structure is prepared by substituting the downsampled
voxels with spheres (primary AM particles) of equivalent volume, with a
diameter of 1.59 pm. The secondary particles are randomly rotated and
displaced before being placed into the simulation box to guarantee the
unpredictability of the particles in the initial structure. The number of
CBD is determined by the formulation. In this work, we simulated two
formulations: 94% NMC - 3% C65 — 3% PVdF (94% AM and 6% CBD in
the simulation) and 96% NMC - 2% C65 — 2% PVdF (96% AM and 4%
CBD). The associated information about the initial structure is depicted
in Fig. S1. We employ the same particle size distribution as the material
powder to keep consistency with the real electrode, as illustrated in the
Fig. S2.
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2.4. Physical model development

The dynamic behavior of particles in the simulation box conforms to
Newton’s equations of motion. Although the particles in the CGMD
model have a specific size and density, the kinetic calculations do not
take the shape of the particle into account, but only the location of the
center of mass of the primary particles. As such our new CGMD model of
the electrode slurry and drying does not include the complex geometry
of the secondary particles and the associated rotational degrees of
freedom, which are typical features of DEM approaches. Thanks to the
description of interactions between primary particles which allows
capturing the interaction between secondary particles with complex
geometries, our new CGMD model is a kind of DEM model in what it
concerns the simulation of the calendering step.

There are two force fields (FFs) in use. The Lennard-Jones (LJ) FF
derived from its corresponding potential as detailed in Equations (2) and
(3) [37], describes the interaction between any two particles within the
simulated box.

st =4[ ()= ()] r<n @
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where r is the distance between the two particles. The Johnson-Kendall-
Roberts (JKR) interaction is used between two particles that overlap

each other, describing the normal and tangential forces that are
expressed by Eq 4, 5, 6 and 7 [38]:
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the effective radius given by R = Ry = %, megr is the effective mass
given by mey = % and &; = R; + R; — ||ry| is the depth of overlap.

The LJ FF is defined by three parameters: ¢ (the depth of the potential
well), ¢ (the distance at which the potential is zero) and r. (cutoff dis-
tance). It works on all types of particles in the simulation box and de-
scribes interactions between CBD-CBD, different secondary AM particles
and CBD-AM. The JKR FF depends on E (Young’s modulus), 7,
(damping velocity), v (Poisson ratios), y (surface energy density), k;
(tangential stiffness coefficient), x,; (a scaling coefficient) and y, (the
tangential friction coefficient). Particularly, the primary particles coa-
lesce together by the JKR force to form the secondary particles and
preserve the morphology of the material. The JKR force between CBD-
CBD and AM-CBD mainly manifest as a repulsion to avoid excessive
overlap. Normally, the particles are not subject to the JKR force until
after contact, but this FF allows the particles to have a pull-off force up to
3nyR after being separated due to hysteresis effects. Here, we choose
135 GPa as Young’s modulus value for the NMC111 particles, which is a
reasonable value from literature [39-41]. The parameters related to the
material properties used in the simulation are shown in Table 1, and the
effective parameters between the different materials (Ef, Ry, mey) are
calculated automatically by the LAMMPS software according to the
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formulas mentioned above. To simulate the cohesion between the
electrode and the current collector (CC, aluminum foil for the NMC111
cathode), we endow the lower wall of the simulated box with a JKR FF.
As a result, an attractive force is added between the lower wall and the
particles in contact with it. The mass of the particle is used as m,y, and
R is set to the radius of the particle. When considering the LJ force
between different materials, we use the values of 0.8 x (& + ¢), 0.5 x
(6; +0j) and 0.5 x (1 +1¢j) to calculate &, o3 and 1. ; respectively for all
possible pairs ij. A simple schematic is shown in Fig. S3. It is worth
noting that the FF parameter values are different between primary
particles inside each active material particle, and between primary
particles belonging to different active material particles. The values of
the FF parameter are reported in Table S2.

3. Results and discussion
3.1. p-XCT data analysis

At the experimental level, p-XCT is used to investigate the changes in
the geometric properties of our in-house manufactured electrodes, before
and after a 30% compression calendering. The microstructures of both
the electrodes are analyzed by p-XCT, and the obtained data is
segmented into biphasic image stacks. The tortuosity factors of the mi-
crostructures are calculated using the software TauFactor [42]. It is
worth noting that the CBD and pore phases were combined to calculate
the porosity and the tortuosity factor since it is not possible to derive the
morphology of the nanopores in CBD. At this point, the former is likely
to be overstated while the latter is probably underestimated. Further-
more, the sub-volumes with the same dimensions as our model are
cropped out from a random location for the same study. Fig. 1A depicts
the 3D microstructures of the uncalendered and calendered electrodes.
20 sub-volumes of the same size as our model are randomly cut out and
the microstructure parameters are calculated, as illustrated by the hol-
low points presented in Fig. 1B. Their average value is then compared
with the value from our modeling-anticipated microstructures. The
sub-volumes that are most comparable to the average value are selected
for comparison, which are shown in Fig. 1C. The volume fraction dis-
tribution of the two phases (AM and Pores + CBD) in the direction of
electrode thickness (standardized) is presented in Fig. 1D. From this, it is
evident that the volume fraction of AM in the region near the CC and the
electrode surface is lower than the average value, whereas the Pores +
CBD displays the opposite trend. This is particularly noticeable for the
uncalendered electrode, indicating that the calendering process im-
proves the flatness of the electrode surface. The secondary particle
morphologies are then extracted from the p-XCT data to be transformed
into the input of CGMD simulations, and the detailed procedures are
explained in the Material and Methods section and the workflow is
illustrated in Fig. 2.

3.2. Model and simulation results

Here we simulated three steps of the manufacturing process (slurry
formulation, drying and calendering) by using CGMD simulations as
implemented in LAMMPS [43,44]. Mixing and coating steps are not
simulated explicitly in this study despite the fact that they can have a
considerable impact on the ultimate 3D electrode microstructure. In the
CGMD simulations, the particle beads that constitute our system can be
considered as explicit particle beads, such as the primary AM particles
that we generated; or as effective particles encompassing carbon, binder

Table 1
Parameters related to the material properties.

CBDiiquia ~ CBDsolia  AM Aluminum (CC)  Steel (Calendar roll)
E (GPa)  0.0005 2 135 69 200
v 0.3 0.3 0.3 0.3 0.3
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and solvent in the slurry model, or the effective particle encompassing
carbon and binder in the dried electrode model. These particles interact
due to the action of the FFs, which must be parameterized to mimic the
experimental properties of the system [25,45,46]. In our initial micro-
structure, the PSD of the secondary AM particles is similar to that of the
real AM particles, with a diameter of 2-14 pm. In this work, we simulate
two different formulations: 94% NMC - 3% C65 — 3% PVdF (94% AM
and 6% CBD in the simulation) and 96% NMC — 2% C65 — 2% PVdF (96%
AM and 4% CBD). The simulation consists of 166 AM secondary particles
for the 96%-4% electrode and 165 particles for the 94%-6% one. The
diameter of CBD particles varies depending on whether the simulation is
for the slurry or the dried electrode. For the latter, particles with
diameter 1.3 pm are considered, whilst the former includes particles of
diameter 6.2 pm, with a density (0.95 g/cm®) corresponding to a 50%
nanoporosity. The number of CBD particles is calculated to achieve the
required mass according to the formulations. The FFs used in this model
for the whole manufacturing process simulation include the
Lennard-Jones FF (LJ) and Johnson-Kendall-Roberts model-based
Granular FF (JKR), which are available in the LAMMPS software. The
actual values of Young’s modulus and Poisson’s ratio of the material are
obtained from the literature [39-41] and utilized as input parameters
for the JKR FF. The reader is directed to the Material and Methods
section for a more detailed description of the CGMD procedures.

The computational workflow is schematized in Fig. 1. The slurry,
dried electrode and calendering simulations (9494 AM particles and
5458 CBD particles for 94%—-6% and 10330 AM particles and 3877 CBD
particles for 96%—4%) take respectively ~24, ~11 and 9-37 h by using
one node (128 GB of RAM) composed of 2 processors (Intel® Xeon® CPU
E5-2680 v4 @ 2.40 GHz, 14 cores) on the MatriCS platform (Université
de Picardie Jules Verne). The simulation of the slurry starts with an
initial box of 80 x 80 x 120 pm® with periodic conditions in all three
directions. An isothermal-isobaric (NPT) condition at 300 K and 10° Pa
is applied. Due to the computational limitations of LAMMPS, we were
unable to perform the viscosity simulation as in our previous works [22].
The experimental density values were utilized to validate the outcome of
this stage. The comparison of the simulation results and the experi-
mental values are shown in Table 2.

During the drying step, we consider the homogeneous evaporation
model [25], in which all the CBD particles of diameter 6.2 pm, con-
taining the solvent, shrink into the solid size, with diameter 1.3 pm,
instantaneously. The system is then left to equilibrate. The values of the
FF parameters change in drying in order to mimic the phase changes
coming from slurry (mimicking a liquid-like behavior) to the ones of the
dried electrode (mimicking a solid behavior). The values of the FF pa-
rameters are reported in Table S2 of the Supplemental Information. The
fundamental difference between the FF parameters of the slurry and the
dried electrode is an increase in the attractive and elastic interactions,
accounting for stronger particle links due to binder bridges and a greater
Young modulus, respectively. In this case, instead of applying periodic
boundary conditions in all three directions, a fixed surface is used
perpendicular to the z-axis (Cartesian coordinate system). We computed
and defined the final thickness of the dried electrode based on its
experimental density and porosity and vary the thickness of the entire
electrode during the non-equilibrium molecular dynamic simulation. As
a result, the electrode thickness decreases from top to bottom (electrode
surface to CC). At each time step, the temperature is rescaled in order to
maintain the entire simulation at 353 K (80 °C). We compare the results
with experimental porosities and tortuosity factors, as well as the values
derived from the p-XCT data for the dried electrodes. For both volumes,
we assumed that the CBD phase comprises 50% of nanopores which is
below the obtainable spatial resolution and therefore cannot be parti-
tioned out.

Another critical step in the battery manufacturing process is elec-
trode calendering. In LIBs, calendered electrodes result in boosting
electronic conductivities and mechanical strengths, which are necessary
in order to optimize the volumetric energy and power densities of the
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Fig. 1. Quantitative analysis of the p-XCT data. A: Global 3D microstructures of the uncalendered and calendered electrodes. B: The porosity and tortuosity factor
study on the p-XCT data. C: Subvolumes selected from uncalendered and calendered electrodes, respectively. D: The volume fraction change of the two phases in the
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Fig. 2. Schematic representation of the NMC111 AM
structure generation procedure. A stack of 2D two-
phase maps is reconstructed into a 3D volume, and
the individual particles of AM are labeled. The par-
ticles cut at the border are removed. Each particle is
separately transformed into a 3D matrix and stored in
a database sorted by size. The secondary particles

with realistic shapes are constructed from the 3D
matrix by stacking spherical primary particles, and
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Table 2
Comparison of experimental and simulation densities of two slurry compositions
with different formulations.

Formulation Density (g/cm3)

94% AM - 6% CBD Experimental value 2.03
Simulation result 2.04

96% AM - 4% CBD Experimental value 2.14
Simulation result 2.18

cells. However, it comes at the risk of collapsing the electrode’s pore
network at excessive compressions, considerably raising the ionic
transport resistance, resulting in decreased rate capabilities and cause

partial exploitation of the AM. Consequently, it is important to analyze
the influence of the calendering on the electrode microstructure, which
will help choose optimum compression parameters that prevent the
aforementioned issues.

In our calendering model, a plane moves downward at a constant
speed, compressing the electrode to imitate the actual process of passing
the electrode through the calendering rolls. The entire process takes
place at a constant temperature of 60 °C, which is consistent with our
experiment. During the downward movement of the plane, the particles
re-stabilize due to self-reorganization. After reaching the desired degree
of compression, the plane is released and the electrode is “relaxed”, a
process in which the thickness of the electrode is partially regained due
to the elasticity of the electrode. The electrode after relaxation is the



J. Xu et al.

outcome of the calendering process. Lastly, in order to eliminate the
artificial gaps between the primary particles, while maintaining the
volume fraction of the AM unchanged, a dilation-erosion mapping step
was used as a post-processing step of the simulation results, as described
in the Supplemental Information.

The experimental porosity values are utilized to verify the porosity of
the electrode obtained from our simulation, as shown in Fig. 3A, which
exhibits a good agreement. Meanwhile, the tortuosity factor values ob-
tained by p-XCT are used to further validate their microstructures. To
ensure a fair comparison, the CBD and pores phases in the electrodes
derived from the simulation results are combined into a single phase for
calculation. As shown in Fig. 3B, for the uncalendered electrode, the
value is in general agreement with the p-XCT value, whereas for the
calendered electrodes, the values are within a tolerable interval. For the
two groups of electrodes with different formulations, the porosity-
tortuosity factor curves after calendering also show similar trends.
Fig. 3C-H depict the distribution of the three phases across the thick-
ness, as well as the predicted dried and calendered electrode micro-
structures and the corresponding cross-sectional images. The predicted
dried electrode has a 50.60% porosity while the calendered electrode
has a 23.5% porosity for a 32.7% compression degree. The volume
fraction of NMC particles is lower close to the CC and electrode surface,
which is related to the elliptical shape of the secondary particles. Such a
distribution is in agreement with the p-XCT results of dried electrodes
studied by Zhang et al. [10]. It is obvious that the porosity reduces and
the distance between the secondary particles gradually decreases during
calendering. Also, the distribution of AM along the thickness direction is
more homogeneous, As seen by the fact that the volume fraction (brown
curves in Fig. 3D and G) becomes less disrupted as the compression
degree increases. Fig. 3E and H show a cross-sectional view of the
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distribution of AM of various sizes. Additional information about the
phase fractions for different calendering degrees is shown in the Sup-
plemental Information, which shows an increase in the flatness of the
electrode surface with the degree of calendering.

Continuing the analysis of the resulting microstructural models, we
turn our attention to the porosity distribution. Here, a watershed-based
algorithm (Avizo) is used to segment the pore space into individually
labeled pore-fragments. A Pore Network Model (PNM) is then used to
analyze these individual pores. Although the pores present diverse
shapes, they are approximated as spheres. An equivalent radius is
calculated to represent the size and to examine the size distribution. To
account for the voxel size of the p-XCT data (which represents the lowest
limit of our analysis), only pores with a radius greater than 1 pm are
included in the statistics. The connectivity of the pore network is
assessed by connecting neighboring pairs of individual pores with
throats. The cross-sectional area of such throats is proportional to the
interfacial area shared by the corresponding pair of pores. Fig. 4 shows a
comparison between the PNMs of our simulated (CGMD) and experi-
mentally (p-XCT) obtained microstructures for the 96% AM - 4% CBD
electrode. Simple visual inspection reveals that the simulated micro-
structures present more complex pore networks than the ones from
p-XCT, most likely due to the smaller voxel sizes used to map the results
from the CGMD simulations back into a voxel representation of the
microstructures, allowing for a higher resolution analysis of the PNM. In
both cases, the calendering process results in an overall reduction of the
number of large pores, where the average radius of the pores in the
simulated (experimental) calendered microstructures is reduced from
2.99 pm to 2.28 pm (from 3.76 pm to 2.16 pm), respectively. Addi-
tionally, a larger amount of smaller-sized pores appear in comparison to
the uncalendered electrodes. The pore size distribution along the

Fig. 3. Results validation and microstructure study.

A) ® 55
- o- Experimental 96% AM : =  Sub volumes - 96% Tomo
60 - - o- Experimental 94% AM ° ® Average value - 96% Tomo
5] e —s— Simulation 96% AM 3.0 ® Simulation - 96% AM
< —e— Simulation 94% AM & ° A Simulation - 94% AM
50 I ]
= ‘N S e °
45 S 825+ A
> N s 2
.g40_ \\\. \\\o g A
5 35 N S S 2.0 ®s
D ., ) @ - g ]
301 ) \ : ‘>’ F A .
25 b ~Ne 1.5 A
.\
20 1 "
15 T T T T T T T T T T 1.0 T T T T T T T T
-5 0 5 10 15 20 25 30 35 40 45 15 20 25 30 35 40 45 50 55 60
Compression degree (%) Porosity (%)
1.0
(D) pores | (E)porosity : 47.35%
~—— CBD .- ]
508 AM ", 4 14 ym
g 4
v
o 0.6
L=
[}
£ 0.4
3
g 0.2
NS, S, G
0.0
1] 10 20 30 40
Distance from CC/ um
(G) 0 (H)
c 2pum
5 0.8 32.67% Compression
-‘3 Porosity : 23.50%
o 0.6 Pores = 3
- — cBD § [
e AM :
£ 04 CBD
3
g 0.2
o.o \\’-_—'_‘—"-’*M—‘_—\/

V] 5 10 15 20 25 30
Distance from CC/ um

A: Comparison between experimental and simulated
porosity for both electrode compositions as a function
of compression degree. B: Tortuosity factor (t) as a
function of the porosity during the simulated calen-
dering and comparison with p-XCT data. C and F: The
3D structure resulting from the calendering model. D
and G: Pore, CBD and AM volume distribution along
the thickness direction, represented by black, red and
blue curves respectively. E and H: Cross-sectional
view for the electrodes. Panels ¢ through h corre-
spond to the 96% NMC - 4% CBD formulation. The
blue represents the CBD and the red from light to dark
represents different sizes of AM. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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thickness direction and the corresponding number of pores connected to
them for these four microstructures are depicted in Fig. 4C, D, G and H. (A)
Upon calendering, the larger pores are reduced and replaced by smaller 7
ones with a lower COOI.'dlnathII milmber, which explains the 1ncr.ease.1n 3, 6 96% AM p Uncal
the electrode’s tortuosity factor. Since the p-XCT volumes are arbitrarily B
cropped from the large electrode, this pore evolution analysis is not C5
applicable. The cross-sectional sizes of the throats, which give an indi- %
cation of the mass transfer efficiency between neighboring pores, like- > 4
wise decrease dramatically in the calendered electrodes. The = 3
quantitative results in Fig. 4J indicate that narrower and more numerous )
channels appear after calendering. B 2
A novel feature of our modeling approach is that it allows us to trace [)
the deformation of individual secondary particles. The commercial E 1
software GeoDict (Math 2 Market) [47] is used to fit the individual 0
particles into ellipses, which are then evaluated for Krumbein sphericity 0.5 0.6 0.7 0.8 0.9 1.0
({/bc/a?, where a, b, and c are the sizes of the axes of the ellipsoid). (B) Krumbein sphericity
Fig. 5 gives the distribution of the Krumbein sphericities in the micro- 6
structure before and after the calendering process. It can be seen that the
L . ) . 94% AM @ Uncal
sphericities alter owing to calendering, but the peak is always around 25 o
0.7-0.8. This deformation of particles has already been reported in the 2 m Cal
experimental literature [48]. In addition, our model offers the possibility D4
to study the variation of particle orientation during calendering, as -:
described in detail in the Supplemental Information. =3
Furthermore, a comparison of the real particle shapes model and our 3
previous model with spherical AM particles [25] has also been achieved. © 2
In the two models, the electrodes with the same formulation (94% NMC - 'g
6% CBD), particle size distribution are simulated. The CBD size for both a- 1
cases is 1.3 pm. The tortuosity factor values of the electrodes have been

compared. As we can see from the Fig. S7, by taking CBD into consid-
eration, the outcomes of the new approach display relative high tortu-
osity factors, which is attributed by the heterogeneity of the AM shape
and its distribution. Compared with Fig. 3B, the phase volume used for
the calculation is reduced and the tortuosity factor value is significantly
higher due to the inclusion of CBD. It is worth pointing out that the true
tortuosity factor value of the electrode should be in between, due to the
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Fig. 5. The study on deformation of secondary particles. A and B: The distri-
bution of Krumbein sphericity value in the uncalendered and calendered elec-
trode for two different formulations.
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fact that the volume of the CBD contains 50% of the nanopores. It is clear
that the introduction of real particles shapes improves our understand-
ing of the true architecture of the electrode, as does the availability of
tracking particle deformation and orientation changes, both of which
cannot be captured by the spherical model.

4. Conclusion

To summarize, we have developed a set of models of the LIB elec-
trode manufacturing process that incorporate AM particle morphologies
arising from p-XCT characterizations. The aim of this work is to digitally
predict the impact of the electrode manufacturing process parameters on
the electrode microstructure. The new approach leads to a more realistic
simulation of electrode slurries, their drying and the calendering,
allowing for a more in-depth investigation of the effect of manufacturing
on the electrode heterogeneity. The experimental findings of the p-XCT
of the electrode before and after the calendering are compared with the
model results, showing reasonable agreement. The new model captures
the variation of the electrode microstructure during the manufacturing
process , as well as the effect of the manufacturing parameters on the
electrode heterogeneity. Furthermore, it enables tracking the AM par-
ticles deformation and orientation changes during the calendering pro-
cess. We observed that the secondary particles have suffered from
modest deformations at high pressure due to the mechanical properties
of NMC111, and there is no evident pattern of orientation shift. For
subsequent research, this method will be extended to other electrode
materials with lower hardness, such as graphite. Through our experi-
ments and the literature, the cracking due to the calendering is a very
interesting phenomenon to study as well. This phenomenon is
happening at a scale smaller than the secondary particles sizes consid-
ered in our model and can be linked to the degree of particle deforma-
tion. This is something that we are investigating in our group and will be
the subject of future work by us. Finally, the approach presented in this
article is fully compatible with the ARTISTIC online computational
workflow [49], and as such, the results from this model can be used for
pursuant electrolyte infiltration, electrochemical simulation studies or
for other purposes.
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