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Abstract

The morphology of electrode materials plays a crucial role in determining the performance
of lithium-ion batteries. Traditional computational models often simplify graphite flakes
as uniformly sized spheres, which limits their predictive accuracy. In this study, we
present a computational workflow that overcomes these limitations by incorporating a more
realistic representation of graphite morphologies. This workflow is designed to be flexible
and reproducible, enabling efficient evaluation of electrochemical performance across
diverse material structures. By exploring different graphite morphologies, our approach
accelerates the optimization of material preparation techniques and processing conditions.
Our findings reveal that incorporating greater morphological complexity leads to significant
deviations from classical model predictions. Instead, our refined model offers a more
accurate representation of battery discharge behavior, closely aligning with experimental
data. This improvement underscores the importance of detailed morphological descriptions
in advancing battery design and performance assessments. To promote accessibility and
reproducibility, we provide the developed code for seamless integration with the COMSOL
API, allowing researchers to implement and adapt it easily. This computational framework
serves as a valuable tool for investigating the impact of graphite morphology on battery
performance, bridging the gap between theoretical modeling and experimental validation
to enhance lithium-ion battery technology.

Keywords: battery modeling; lithium-ion batteries; CFD; electrode morphologies; COMSOL

1. Introduction

Lithium-ion batteries are currently the dominant energy storage system adopted at
all scales, from portable electronic devices to urban and aerospace vehicles, and they
will likely play a major role in the construction of net-zero energy buildings. Studies
have predicted an increase of approximately 27% per year until 2030 in global battery
demand [1-3]. Compared with alternative battery technologies, Li-ion batteries provide
excellent energy-to-weight ratios and experience low self-discharge when not in use. These
properties, together with the decreasing production costs, have established Li-ion batteries
as a leading candidate for the next generation of non-fossil fuel-powered systems [4]. The
design of Li-ion batteries has been primarily based on (1) matching the capacity of anode

Batteries 2025, 11, 252

https://doi.org/10.3390/batteries11070252


https://doi.org/10.3390/batteries11070252
https://doi.org/10.3390/batteries11070252
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0009-0009-8548-2275
https://orcid.org/0000-0002-9934-9004
https://orcid.org/0000-0002-9946-5865
https://orcid.org/0000-0002-9104-0571
https://orcid.org/0000-0003-1264-8237
https://doi.org/10.3390/batteries11070252
https://www.mdpi.com/article/10.3390/batteries11070252?type=check_update&version=2

Batteries 2025, 11, 252

20f21

and cathode materials to find the best material combination, (2) trial-and-error investigation
of thickness, porosity, active materials, electrolyte, and additive loading, (3) manufactur-
ing convenience and cost, and (4) detailed microscopic models to understand, optimize,
and design these systems [5-7]. In the design of energy storage systems, the development
of mathematical models that can efficiently and accurately describe the behavior observed
during LiB operation is crucial. These models often rely on a reduced-order description
(e.g., one-dimensional in the collector-separator direction) of the electrochemical behavior
in the electrode, justified by the assumption that the behavior in the other two dimensions
is uniform. One of the models that follows this assumption is the Doyle-Fuller-Newman
(DFN) model [8,9]. The DEN model solves a set of non-linear partial differential equa-
tions that describe the mass and charge transport in the solid (i.e., electrode particles) and
liquid (i.e., electrolyte) phases. An extension of the Newman model is its homogenized
version, the pseudo-2D model, in which all electrode particles are considered spheres of
the same size (i.e., monodispersed) [8,10], neglecting the complex and rich heterogeneity
characterizing real electrodes, constituted by polydispersed non-spherical particles. In
fact, batteries often exhibit a non-uniform behavior in the current distribution, with spatial
heterogeneities, which can adversely affect battery performance and lifetime. As antici-
pated, one of the aspects that is the most responsible for this non-uniformity is the electrode
morphology [11]. While the assumption of isotropic spherical particles is acceptable for
some kinds of cathodes (NMC), graphite anodes cannot be modeled under this assumption.
This carbon form, which is the most stable one, is an anisotropic material because atoms
are arranged in a hexagonal pattern, forming a layered structure [12], and thus the va-
lence electrons are free to move within the carbon layers, being therefore able to conduct
electricity [13]. Due to their layered structure, the graphite particles are flake-shaped,
with one characteristic dimension smaller than the other two, as shown in the (FESEM)
image reported in Figure 1.

a axis [jim]

Figure 1. (a) FESEM image of electrode of half cell: graphite and separator. (b) FESEM image of
graphite layer. (c) FESEM image of graphite particle. (d) PSD of graphite particles within electrode.
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Therefore, the spherical shape is a strong approximation and very far from the real
form of graphite particles, even if it is widely used in the literature [14-16]. Furthermore,
ref. [17] recently concluded that the correct representation of an in silico electrode geometry,
to be used in computational models, has a great impact on intra-particle lithiation predic-
tion. Nowadays, electrode morphology is one of the most studied aspects to improve the
performance of LiBs [15,18-21], but this analysis often requires complex scripts or expensive
experimental tools. These reasons prompted our study in developing an automatic script
in Java for the generation of a pore-scale, three-dimensional (3D) transient computational
model, also known as a 4D model, of an LiB half cell. The script interfaces with the software
COMSOL Multiphysics 6.1 API and simplifies user input in setting up the simulation,
gathering all relevant input parameters explicitly in text files. These input text files contain
all the information needed to run the simulation, such as the position of the particles or
the physicochemical properties of the material of interest. The use of this script has several
advantages, especially in added flexibility for the user, such as being able to easily vary both
the physical and geometric properties of the system, leading to easier automated data set
creation. One example of the possibilities offered by this more flexible approach would be
in allowing one to study and treat the different existing types of graphite, having different
physical properties, such as particle size distribution, equilibrium potential, and lithium
diffusion coefficient inside the active material, among others. Beyond the physicochemical
setup of the computational model, this process also makes it easier to represent different
anode geometrical morphologies or electrodes with different physical behaviors. It has to
be noted that this workflow flexibility only extends up to allowing for the exploration of
varying electrode geometries owing to variations in particle morphology, shape, and size
distribution in each of the relevant characteristic lengths. These, as it has been mentioned
and will be shown later in the Results Section 4, these are very impactful parameters on
charge—discharge behavior—which could be expanded, by a suitable modification in the
code provided in this work, to include other relevant mechanical phenomena during elec-
trode formation, e.g., cracking, particle rearrangement during packing, surface roughness
changes, and so on. In this work, we used this script to produce, in an easy way, three
different electrodes of increasing geometric complexity: one with monodispersed spheres,
one with polydispersed spheres, and one with polydispersed ellipsoids. The rationale
for these choices was led by the search for a geometric shape that could better represent
graphite particles. The triaxial ellipsoidal shape was selected as the basic shape most
closely similar to the realistic morphology, since other shapes with an oriented face, like a
parallelepiped or a cylinder, would not correctly represent the contact points between the
particles. In particular, the ellipsoid, which is the generalization of a sphere, gives us the
possibility to tune one of the characteristic dimensions with respect to the other two, exactly
like for graphite particles. The pore-scale simulation of the charge-discharge dynamics in
the cell involves the separate solution of the mass and charge transport equations in all
the specified domains of the battery, and setting the boundary conditions on the actual
solid—electrolyte domains’ interfaces. In this work two main domains—for a half cell—are
considered: the liquid electrolyte and the anode electrode. At the pore scale, electrodes are
characterized by a porous structure, as has been widely observed in the literature by means
of electron microscopy and X-ray tomography imaging analysis [22]. This means that solid
(active material) and liquid (electrolyte) phases coexist, and their relative distribution is
quantified by the porosity, which is defined as the liquid volume fraction in the electrode.
The porous structure of the electrode is reproduced in silico and then employed in the
electrochemical simulations. The active material particles are assumed to be ellipsoidal or
spherical, and different geometries are tested here in order to investigate their effect on the
overall cell performance. In summary, the purpose of this work is to compare the results
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of the three systems to demonstrate the importance of an accurate electrode geometrical
representation and the flexibility of the code that we developed. To do so, we analyzed the
intercalated lithium concentration within the particles, and we also compared the discharge
curves with experimental ones.

2. Governing Equations

Below is a concise overview of the electrochemical model solved in the simulation.
Before starting with this theoretical discussion, it is important to stress that in this work
we do not focus on degradation phenomena that happen in LiBs. Therefore, we consider
only ideal systems, in which side reactions, for example, the Solid Electrolyte Interphase
(SEI) formation, are neglected. The SEI plays a crucial role in the functioning of the
battery [23-26], and its formation will indeed be considered in the next steps of this
work. As a matter of fact, this work is preparatory to this second step: only a detailed
transient three-dimensional pore-scale simulation will be able to quantify and estimate local
inhomogeneities that determine the kinetics of SEI formation. In addition, it is important
to note that the inclusion of SEI dynamics introduces significant modeling complexity
due to the coupling of electrochemical reactions, transport limitations within the SEI layer,
and mechanical stresses induced by volume changes [27]. While such factors are crucial for
long-term battery performance, our present focus is to establish a baseline understanding
of charge—discharge mechanisms under ideal conditions. This simplification enables us to
isolate the fundamental processes before extending the model to account for SEl-related
effects. The exclusion of SEI formation can result in an underestimation of interfacial
resistance by approximately 10-30% and may neglect a capacity fade of 2-5% per 100 cycles
in commercial cells [28,29]. Future work will explicitly incorporate SEI formation and
growth to refine these estimates and better align the model with experimental observations.
The micro-scale 3D modeling of LiBs is centered on the local numerical resolution of the
charge and mass conservation of intercalated lithium and lithium ion, respectively, within
the electrodes and the electrolyte. Figure 2 sketches the typical system modeled and lists
the main governing equations. The domain is composed of a liquid electrolyte (yellow),
the anode with its current collector (respectively, light gray particles and dark gray area),
the cathode with its current collector (respectively, light orange particles and dark orange
area), and the separator (central blue area). For clarity, we will refer to the generic solid
phase, either anode or cathode, with the (.)* apex; the liquid electrolyte will be indicated
with the (.)¢ apex; the anode and cathode will be represented, respectively, with the (.), and
(.)c subscripts; (.)y; or (.);;+ will denote the lithium or the lithium ions; the current collector
will be indicated with (.)c.. In this work, since we are analyzing a half cell, the cathode
side is modeled as an infinite source of lithium placed in the top part of the separator.
Furthermore, we want to give some definitions that will appear more and more times in
this manuscript. The first is the State of Charge (SoC), which is calculated as follows [30]:

_ /v Jys €dV* — G,

SoC 5 S
€100% ~ 0%

1)

where V* is the active material volume and cj ., and cj, are average intercalated lithium
concentrations at 100% and 0% SoC. From the mathematical definition, it is clear that the
SoC goes from zero to unity. The second definition is the C-rate. Defining the exact value of
the current density applied in the system would be useless, especially in a modeling work
like this one. Therefore, usually the C-rate is defined in relative terms, as the inverse time
in hours in which a charge or discharge cycle is completed. Therefore, if we refer to a C/20
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discharge, we mean that the discharge was carried out with a current value such that the
discharge was completed in 20 h. From the C-rate, the current can be calculated as follows:

— SoC: .

min

SoC?

i - max )FVSCVHtEI (2)

max (

where ¢}, is the maximum intercalated concentration within the electrode, F is the Faraday
constant, and V* is the active material volume.

[ Cathode Current Collector [ Separator @ Intercalated Lithium
|1 Cathode particles [ Anode particles @ Lithium ion
|| Electrolyte B Anode current collector @ Electron

; g Solid: Liquid:
Fick's Law Concentrated
D D i Ohm's Law solution theory
Dlscharge
5“;‘:';;‘::?;:2" mgfvszggr e
Fixed current flux ._ No current flux

Figure 2. A schematic representation of the LiB cell with the most relevant equations. The blue
dashed line highlights the half cell simulated in this work.

As shown in the figure, the charge conservation in the solid phase is implemented
through the steady state Ohm law:

V. (K°V¢*) =0 3)

while the mass conservation is expressed through the Fick law, which describes the diffusion
behavior of the lithium ions within the solid phases:

a S

L V(D). @

ot

In Equations (3) and (4), K® is the electric conductivity of the electrode, ¢° is the

electric potential, D® is the diffusion coefficient in the electrode, and c® is the intercalated
lithium concentration. In parallel, the transport equations related to the charge and mass
conservation of lithium ions in the electrolyte are solved by using concentrated solution
theory [31] as

oct _
ot
2RT d(1 1
V- [(DE— 2 <1+ d(lrrll];j))>(1—t+)t+ch—e>ch ©)
b et 0
+ =K'V }
2RT d(In fy) 1
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where ¢! is the lithium-ion concentration in the electrolyte, 475 is the electrolyte potential,
and D’ and K’ are the diffusion and the electric conductivity coefficients, respectively. R
is the gas constant, T is the temperature, and F is the Faraday constant. Finally, ¢, is the
lithium-ion transference number, and f+ is the mean molar activity. Since in this work the
electrolyte is considered ideal, this coefficient is not dependent on the concentration, and
therefore the term d(In f.)/d(Inc’) goes to zero [30]. All the equations and parameters
mentioned before can be found in the literature [32-34] and are listed in Table 1. Now, we
will define the boundary condition applied in the half cell model. In the lithium foil, we
evaluated the total current (N) and mass (]) flux as follows:
i
Acc
i
FAcc

bl

=+ (7a)

J==+ (7b)
where A is the area of the lithium foil, i is the current calculated from Equation (2), and F
is the Faraday constant. The flux sign could be positive for discharge (lithium diffuses from
the foil to the electrode) and negative for charge (lithium diffuses from the electrode to
the lithium foil). On the current collector side, we distinguish two possible situations: the
electrolyte—current collector interface and the electrode—current collector interface. Here,
we see that the mass flux is null in both cases; instead, the current flux is different from
zero only at the electrode—current collector interface in which it is equal and opposite
in sign to Equation (7a). Finally, on the side faces of the cell, we consider an insulation
condition, so we have no mass and current flux. The last boundary condition applied in the
model is the mass and charge transfer at the liquid-solid interface. Notably, electrochemical
charge-transfer reactions cause the continuum exchange between liquid and solid phases
of Liions, intercalated Li, and electrons following the reaction mechanism illustrated in
Figure 2. The current density developed from an electrochemical reaction at the liquid—solid
interface is called Faradic current density and could be expressed through the well-known
Butler—Volmer formalism [31,32,35]:

isp = ip [GXP (%f”) —exp (— ag;? )} 8)

where the reference current density is defined as follows:

' ) CE Xa cs X Cinax — s X
ip = dgref(T) | - = S ©)
Cref ref max ref

where a, and a. are the anodic and cathodic symmetry factors, and here we assume

ay = & = 0.5. Furthermore, c;,,, is the saturation concentration of intercalated lithium
within the electrode, and ¢ ; and Cfef are the reference concentrations within the solid

and the liquid phase, respectively. For the work under consideration, we choose

S =
ref

is the over-potential #:

c Crnax/2 and Cfef = cf. The last term that appears in the Butler-Volmer equation

n=¢—9' —Eq (10)
meaning that in the reversible reaction
Li; = LiY +Li/ +e; (11)

less energy is recovered than what thermodynamics predict. The intercalated lithium in
the electrode (Lig) is formed from the reaction between a lithium-ion from the liquid phase
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(Li{) and an electron from the solid phase (¢5) and in the presence of a vacancy in the
electrode (Lig). Therefore, ¢° and ([)‘Z are, respectively, the electric potentials of the solid
and liquid phases and Egg is the equilibrium electric potential difference. This depends
on the SoC of the electrode and could be obtained essentially in two ways: performing
a galvanostatic cycling analysis at a very low current, assuming that the cell behavior
under this condition is similar to equilibrium, or it could be calculated with semi-empirical
relations like the Redlich—Kister expansion [30,36,37] in which qu is also a function on the
temperature. These equations are solved over a half cell automatically built in COMSOL.
The half cell is mainly composed of three domains: the separator, the liquid electrolyte,
and the solid active material particles. Electrodes were recreated by Discrete Element
Method (DEM) simulations using the periodic compression routine implemented in the
open-source code Yade [38] (version 2022.01a) coupled with the open-source software
Blender [39] (version 4.3.2).

Table 1. Parameters used in 4D resolved electrochemical model.

Parameter Value Description
Initial Li concentration in
o 0 [mol/m3] solid
Initial Li* concentration in
l 3
of 1000 [mol/m?] liquid
. 31,507 [mol/m?] ?ﬁﬁﬁum Li concentration
S0Cay 0.95 f;i‘r:lll particle lithiation
Initial particle lithiation
50Cmin 0 level F
Electrode electrical
S
K 100 [S/m] conductivity
K 0.743 [S/m] f(l)ic(zloclt)iizcstelectrlcal
y
D’ 1.317x107 14 [m?2/s] féiigggﬁtd‘ffumn
D’ 3.613 10710 [m2/s] f(l)i‘;fgleﬁf diffusion
Xa 0.5 Anodic symmetry factor
Xe 0.5 Cathodic symmetry factor
Lithium-ion transference
b+ 0.363 number
Hmin 0.85 [pm] Minimum mesh size
Nimax 6.6 [pm] Maximum mesh size
Electrode thickness along X
Ax 20 [pm] direction
Electrode thickness along Y
Ay 20 [pm] direction
Electrode thickness along Z
Az 60 [pm] direction

sep 20 [pm] Separator thickness
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3. Materials and Methods
3.1. Experimental Analysis

The experimental electrodes produced in this work were used not only for the de-
termination of the discharge curves but also for the evaluation of the apparent diffusion
coefficient within the active material particles and for the estimation of the experimental
porosity from FESEM images. The electrodes were manufactured by using a roll-to-roll coat-
ing process on commercial Cu metal foils (Schlenk®, Nuremberg, Germany). The anode
slurry was prepared by mixing 96.5 wt% of the active material (synthetic graphite, TIM-
REX SLS30, crystallinity Lc: 200 nm, specific surface area: 6.8 m? g~!, interlayer distance:
0.3357 nm, Imerys Graphite & Carbon, Bodio, Switzerland), 0.5 wt% of conductive carbon
black (TIMCAL C-NERGY™ Super C45, Imerys Graphite & Carbon, Bodio, Switzerland),
1 wt% of sodium carboxymethyl cellulose (Na-CMC 2200, DAICEL Corporation, Osaka,
Japan), and 2 wt% of styrene-butadiene rubber (SBR, TRD 102A, JSR Micro N.V,, Leuven,
Belgium). After solvent removal, electrode disks with an area of 1.766 cm? and a mass
loading of 5.3 mg/cm? were punched out, vacuum-dried at 120 °C for 4 h (Biichi Glass
Oven B-585), and then transferred into an argon-filled glovebox (MBraun Labstar, Garching,
Germany, H,O and O, content < 1 ppm) for cell assembly. Electrochemical performance
evaluation was conducted in a half cell configuration (Coin cells 2032) by using lithium
discs (D 16 mm, 0.6 mm thick, MTI Corporation, Richmond, California, CA, USA) as
counter electrodes. All electrochemical tests were performed at room temperature by using
an Arbin BT-2000 battery tester (Arbin Instruments, College Station, TX, USA) within the
voltage range of 0.01-2 V vs. Li/Li*. Charge/discharge rates were calculated based on the
theoretical specific capacity of graphite (375 mAh g~!). The apparent diffusion coefficient
was experimentally evaluated with a specific analysis called Galvanostatic Intermittent
Titration Technique (GITT) [40—43]. This test consists of intermittent discharge pulse at a
low current value (with a Cate = C/20), alternated by relaxation times, as illustrated in
Figure 3. Two values of potential difference could be extracted from each current pulse: AE;,
which is the potential change for the discharge pulse, and AE;, which is the steady state
voltage change after eliminating the voltage drop originating from the electrical internal
resistance. From these, and applying Equation (12), we could obtain the diffusion coefficient
in the electrode as a function of the SoC:

4 (mVy,\? [ AE\?
D' = — =L : 12
w (ea) (i) @

where m®, V§,, M?, and A? are, respectively, the mass, the molar volume, the molar mass,

and the surface, all referring to the active material. Instead, ¢, is the pulse time, which for
the case under examination was equal to 900 s and is a third of the rest period. In this work,
we considered a constant value calculated as the average for the diffusion coefficient to
decrease the computational cost of the simulations, but the code we developed is open to
also take into account a dynamic diffusion coefficient, dependent on the state of charge.

Morphological analysis of the electrodes was performed using (FESEM) Zeiss SUPRA
40 (ZEISS, Oberkochen, Germany)equipped with a Gemini column and Schottky field
emission source (W at 1800 K). Electrode porosity was evaluated by extracting the pore
network from FESEM cross-sectional micrographs [44,45].
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Figure 3. The Galvanostatic Intermittent Titration Technique. (a) Discharge potential as a function
of the time for the complete GITT. (b) The discharge potential as a function of the time for one
single pulse. AE; (blue) and AE; (red) are the two potential differences that appear in the equation
that expresses the lithium diffusion coefficient as a function of the SoC. (c) The lithium diffusion
coefficient in the active material as a function of the SoC. The red dots are the values obtained from
Equation (12). The continuous black line is the interpolation line. The continuous blue line represents
the average value.

3.2. The Creation of the Geometry of the Electrodes

In this section, we will illustrate the principal steps of the geometry generation. We
would like to specify that the geometry considered is static during the discharge process
since we are not considering thermal-mechanical effects that can modify the electrode mor-
phology, especially during charge-discharge fast cycling. Electrodes have been recreated by
Discrete Element Method (DEM) simulations using the periodic compression routine imple-
mented in the open-source code Yade [38] (version 2022.01a) coupled with the open-source
software Blender [39] (version 4.3.2). The choice of these two pieces of software comes from
several reasons: first of all, both of them have a Python API (version 3.10.4) that helped us to
produce different geometries in a very simple and automatic way. Moreover, the coupling
gives us the possibility to produce particles with complex geometries relatively fast. Below,
we describe the workflow for the geometry reconstruction and some notions about DEM
simulations. To produce a polydispersed particle packing, with shapes other than spherical,
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we need a Particle Size Distribution (PSD) and an Aspect Ratio (AR) that in this case is
assumed to be constant. The PSD allows us to produce a packing of particles with different
sizes; instead, the AR permits us to transform each sphere into an ellipsoid. Firstly, FESEM
images of graphite electrodes were obtained. Then, the characteristic lengths of the parti-
cles were determined. We noticed that graphite particles are flake-shaped, with one size
smaller than the other two, and for this reason, we tried to model them through flattened
ellipsoids. Each ellipsoid is characterized by the three semi-axes a, b, ¢, witha > b >> c.
The thickness, equal to 2c, is instead kept fixed (c = 1.5 [pm]). This value was chosen close
to the average thickness measured from the available FESEM images. Local variations
in the thickness of the graphite flakes would influence the charge and mass transport:
in this study we chose to represent this geometric variations by representing the flakes
as ellipsoidal shapes, whose thickness varies along their other two main axes (a and b).
Furthermore, the open-source code we developed and used to generate the geometries and
set up the simulations is capable of considering a distribution of thicknesses, should such
data become available. The major axis is taken from the experimental PSD, and the minor
axis is calculated from the AR = a/b. In our case, the PSD comes out from an experimental
analysis performed in our laboratory [46]; instead, the AR was calculated as an average
from FESEM images. Once the input data have been collected, it is possible to run a DEM
simulation that can produce a stable and realistic packing of particles. The PSD is the input
for Yade, which produces in turn a box of spheres, each of them characterized by a radius
equal to the major axis of the future ellipsoidal particle. This setting is fundamental to avoid
particle—particle interpenetration in the next step. Therefore, from Yade, we characterize
each particle with three spatial coordinates and one radius, and these parameters will be-
come, with the AR, the input for Blender. Here, we can replace each sphere with a different
shape, an ellipsoid in this case, so that it is inscribed in the sphere itself. The ellipsoids
are initially placed aligning the shorter axes (c) with the fall direction. With this choice,
we want to emulate the calendering process. During this operation, graphite particles are
compressed to increase the volume density, and, due to the lamellar conformation, they
tend to orient themselves parallel to the surface of the current collector. Finally, we can
run another DEM simulation on Blender to increase the compaction of the particle bed by
finalizing the particle sedimentation process. Now, from Blender, we characterize each
particle with nine degrees of freedom: three for the center position, three for the dimensions,
and three for the rotation around the axes, and these are the geometrical input parameters
for COMSOL Multiphysics 6.1. The script takes as input the geometrical and the physical
parameters. In the first group there is the spatial characterization of each particle and
the dimensions of the half cell: the thickness and width of both electrode and separator.
The physical parameters concern everything that is a material property, like equilibrium
potential, diffusion coefficient, electrical conductivity, and so on. Therefore, the Java code
works in the following way. First of all, the particles and a central block are generated. In
order to facilitate the meshing algorithm in the construction of the grid in the area close to
the contact point between two adjacent particles, each of them is enlarged by 1% in each
dimension to ensure and improve the contact points. Then, all the particles, or the portion
of them, that are outside the block or that are not in touch with the central core of particles
are eliminated. The particle fragments fluctuating and not connected with the electrode
would lead to an error in the simulation, and therefore, their removal is necessary. After
this, the separator is placed in the upper part, and all the domains and surfaces are named
to associate each of them with the corresponding material and the physics that will be
solved in that zone. Finally, the domain is meshed. The number of elements goes from
180,000 to 300,000 depending on the complexity of the system, and this is the result of the
good compromise between low computational cost and high accuracy of the simulation
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results. In this study we wanted to focus our attention on three systems with different
morphology and an increased complexity of the geometry. The simplest electrode has
spherical monodispersed particles, the second one has spherical polydispersed particles,
and the most complex has flattened ellipsoids to reproduce in a better way the realistic
shape of graphite particles. The system with polydispersed spheres was built considering
particles with a volume equal to those in the model with ellipsoidal particles. The most
simple model, with a package of monodispersed spheres, was instead built considering
an average radius calculated from the system of polydispersed spheres. From each half
cell, the discharge curve and the concentration of intercalated lithium in the active material
were analyzed and compared. It is important to specify that, since we simulated a half cell,
the graphite was treated as a cathode, and therefore during discharge, lithium diffused
from the electrolyte to the active material particle, and so the concentration of lithium
increased during the discharge. The half cells were produced with a thickness of 60 [pim]
for the electrode plus 20 [pm] for the separator. To obtain a good characterization of the
system, the electrodes had a width of 20 [um] along the X and Y axes, and the discharges
were performed at different current values. The electrode and separator thicknesses were
taken from FESEM images, and the width value was obtained from an REV (Representative
Elementary Volume) analysis performed both physically (discharge curves) and geomet-
rically (porosity and specific surface), as shown in Figure 4. Among the two geometrical
features, porosity is the easiest to compare with experimental evaluation. Nonetheless,
the most meaningful insights come from the active material-electrolyte interface within the
electrode, as this directly affects lithium-ion transport and intercalation kinetics. At the end
of the analysis, we chose to perform our simulations on a domain with a length of 25 [um].

(a 10 pm (b) --+- Porosity 11.04 H]:“
100 F s — 15 pm 0.29 —-e= Specific Surface B
= S . ©
- 2 s
=~ 2Opm ] ns
E::; 25 pm = // : ;
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= — - =
Z S R 11.00 &
) - ~~ =
< - - ;
0t 1 . Seen__ &
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SoC [-] Edge length x107° [m]

Figure 4. (a) Physical REV analysis, discharge curve comparison; (b) geometrical REV analysis,
evaluation of porosity and specific surface.

3.3. DEM Simulation

The initial condition of the DEM simulations is a cloud of non-overlapping spheres,
subjected to a vertical force along the z-axis comparable to gravity. Given this external
force, the DEM code computes the interaction forces between the spheres and integrates the
motion equation for each sphere. The code starts reading the position of a certain sphere,
xp(t), and then it calculates the new position at time ¢ + At, integrating Newton’s second
law for translation and rotation:

d’x _ (S N T
mp-y = Z(Fi,P + Fip) + mpg, (13)
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dw &

Ip_ = ) (Fip x dp(n)), (14)
where FEP and FSTP are the shear and normal components of the contact force between
the two spheres considered for the calculation, respectively. The vertical component is
calculated as the product between the article mass (mp) and the gravitational acceleration
constant (g). In the second equation, Ip is the moment of inertia and w is the angular velocity.
dp is the distance between the contact point and the center of the particle, and n is the
contact plane normal. Finally, nc is the number of contact points. The interaction between
two neighboring particles is modeled by a non-cohesive elastic-frictional contact model [47].
In this modeling approach, the contact force between two spheres can be calculated as
the sum of two contributions: the normal component and the shear component. The
particles are allowed to overlap at the contact point depending on the Young modulus of
the materials. The normal force is calculated from a difference in linear velocity along the

interaction axis:
Ei I‘iEj I'j
2

Fo=2 00 g
n Eiri—i—E]-r]- n

(15)
where uy, is the normal displacement and E is the Young modulus of i and j particles’
materials and r; and 1j are the radii of particles i and j. In the present work, we considered a
unique material for all the interacting particles, and then E; = E; for any i and j particles.
The model does not consider long-distance interactions, so when uyn > 0, the normal force
is null. The shear force comes from the perpendicular component of the linear velocity
difference and the perpendicular component of the rotational velocity summation:

Fr = Krur, (16)

where Kr is a function of Ky according to Poisson’s law. In this work, the materials’
properties are not modified from Yade’s default. The Blender simulation is similar to the
previous one since it also solves Newton’s equations of motion for a system of N particles
due to the implementation of the Bullet Physics Library (BPL) [48], which can take into
account the collision and interaction between particles in a rigid-body simulation [49].

4. Results and Discussion

The focus of this paper is on the development of a computational workflow aimed at
the study of the operational behavior of a lithium ion battery. We focus in particular on the
effect of different geometrical shapes on the particles constituting the anode to observe the
impact of the electrode morphology in the discharge process. The three systems analyzed
are (A) monodispersed spheres, (B) polydispersed spheres, and (C) polydispersed ellip-
soids. For each system, the discharge curve and the concentration of intercalated lithium
were analyzed, also considering the effect of different initial conditions. In particular, we
considered three different discharge rates: C/10, C/5, and C/3. This step, the generation of
the model of the electrode geometry, is the point in this workflow where experimental data
can most effectively inform the computational model. In this case, the PSD was obtained
from image analysis of FESEM scans: an alternative could be to obtain the whole PSD
directly via static light scattering. Moreover, with a scanning electron microscope, it is
possible to obtain more information about particle morphology, giving the opportunity
to create electrodes composed by particles with different shapes. In order to have a good
validation of the model analyzed, the discharge curves have been compared with an exper-
imental one obtained in our laboratory. The experimental discharges were made with a
current value so as to complete the process in 10 h. Therefore, the comparison is performed
only with the model discharged at C/10. This hypothesis is necessary for one important



Batteries 2025, 11, 252

13 of 21

reason: discharge cycles at a higher C-rate would show a marked effect of the polarization
phenomena, due to an higher internal resistance, that are not taken into account in the
present work. The main operating conditions and geometrical features are summarized in
Table 1. The physical coefficients reported for the liquid phase are averaged values, since
they are function of the lithium-ion concentration and the complete curve is available in the
script itself. Table 2 compares the average porosity of the anode measured experimentally
from three independent experiments (affected by an experimental error of approximately
10%) with the values obtained from the three digital replicas. We would like to under-
line again that the porosity values were evaluated from 2D FESEM images, as previously
reported at the end of Section 3.1. As it can be seen, both the polydispersed ellipsoids
and the polydispersed spheres fall within the experimental range, with the porosity of the
monodispersed spheres replica falling outside of this range. Nonetheless, given the numer-
ical dispersion of the experimental data, from this porosity evaluation both polydispersed
spheres and ellipsoids would result in geometrically fitting models. Significantly different
are instead the resulting computational specific surface, calculated as the ratio between the
solid-liquid interface area and the electrode volume, and the tortuosity, evaluated by the
TauFactor algorithm on Matlab R2025a [50], in the separator—current collector direction.
We did not report any experimental value for a comparison since the common specific
surface data available for commercial graphite particles, already reported in Section 3.1,
considers the internal channel connection, which is not directly accessible or represented in
the computational model developed in COMSOL. As a result, the computational values
in Table 2 are significantly lower than the experimental values. As it will be shown later,
the latter choice will prove more accurate from a physical evaluation standpoint.

Table 2. The geometrical descriptors of the three types of reconstructed electrodes, compared with
the experimental value.

Comp. Specific Area

Geometry Exp. Porosity Comp. Porosity [m2/m3] Tortuosity
Monodispersed 0.376 9.29 %105 2.05
spheres
Polydispersed 0.300 0.271 9.90 x10° 7.8
ellipsoids
Polydispersed 0.301 5.93 x10° 233
spheres

What can be already be inferred from these preliminary results is that using a simplified
model considering spherical shapes of uniform size for the particles results in an electrode
that has very different characteristics from the real one. After these considerations regarding
the pure geometrical aspect of the electrodes, we can look at the physical behaviors. In the
following figures, the continuous red line will represent the system with ellipsoidal particles,
the blue dashed dot line will refer to the electrode with polydispersed spheres, the green
dashed line to the system formed by monodispersed particles, and the black dotted line
will refer to the experimental discharge curve. For a better visualization, we chose a double-
logarithm plot to show the results. Indeed, this representation highlights the different stages
of graphite lithiation. First of all, the discharge curves at C-rate = C /10 were compared with
an experimental curve obtained in our laboratory. The experimental curve was obtained
from the first discharge cycle of a coin cell. In this way, and also due to the low current
value, we could neglect degradation effects. Figure 5 shows that the three systems analyzed
reproduce the experimental discharge curve reasonably well. This result has two important
implications: first, it serves as a second confirmation, after the geometrical analysis in
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Table 2, that the three generated electrodes are similar and comparable in structure. Second,
it suggests that the morphology has a limited impact on the discharge behavior when the
current is low. To further quantify the deviation between the experimental discharge curve
and the computational predictions, we calculated the root mean square error (RMSE) using
Equation (17):

N
RMSE = Z(ymodel,i - yexperiment,i)z (17)

i=1
where Yyuodel i a0d Yexperiment,i represent the simulated and experimental data points, respec-
tively. Table 3 reports the RMSE values for the three systems. Although the system with
ellipsoidal particles shows a slightly higher RMSE (0.3861) compared to the monodispersed
(0.3638) and polydispersed (0.3046) spherical systems, the differences are moderate and
do not compromise the main conclusions of this work. The use of a double-logarithmic
scale in Figure 5 was intentionally chosen to emphasize these differences, highlighting the
superior representativeness of the ellipsoidal geometry in replicating the actual discharge
behavior of the system.

Table 3. The root mean square error for the three simulated discharge curves with respect to the

experimental one.

System RMSE

Ellipsoidal 0.3861

Monodispersed 0.3638

Polydispersed 0.3046
— Ellipsoidal

" —-— Polydisperse
-“]U_ e . \[ - . N
Monodisperse

....... Experimental

Cell voltage [V]

'

102 1:]‘-1 10"
SoC H

Figure 5. Discharge curves as a function of the SoC, a comparison between modeling and experimental
results. The continuous red line represents the system with ellipsoidal particles, the blue dashed
dot line refers to the electrode with polydispersed spheres, the green dashed line alludes to the
system formed by monodispersed particles, and the black dotted line refers to the experimental

discharge curve.

If we apply an higher value of the electric current, moving to higher C-rates, we start
to see some differences.

In particular, from Figure 6, we can immediately notice that an increase in the C-rate
value leads to an increment in the difference between the curves.
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Figure 6. Discharge curves as a function of the SoC. The continuous red line represents the system
with ellipsoidal particles, the blue dashed dot line refers to the electrode with polydispersed spheres,
and the green dashed line to the system formed by monodispersed particles. (a) C-rate = 1C;
(b) C-rate = C/5; (c) C-rate = C/3; (d) C-rate = C/10.

If we want to go more into detail, when C-rate = C/10 the three curves are almost
overlapping, even if there is a small difference between the polydispersed system and
the other two. If we look at cases (b) and (c), where C-rate = C/5 and C-rate = C/3,
respectively, the curve of monodispersed spheres also begins to diverge from the electrode
with ellipsoidal particles, and this difference is more appreciable close to the graphite
lithiation state changes, occurring at the points with a visually evident change in slope
of the curves. The biggest differences appear when we have a current value such as
C-rate = 1C. Now, the system with monodispersed particles also starts to diverge from the
system with ellipsoids, in particular at the end of the discharge process. To better notice
the differences between the three morphologies analyzed, we can look at the concentration
behavior reported in Figure 7. The contour plots are taken at half of the discharge time, so
when SoC = 0.5, and in each row, the half cells are discharged at the same C-rate value.

As is shown by the figure, even if the three systems are at the same total lithiation level,
the local concentration of lithium is very different. When the discharge current is low (first
row), the vertical gradient of concentration in the electrode is almost null in all the systems.
In any case, it is easy to notice that the half cell with ellipsoids reaches concentration values
quite higher close to the separator, and the concentration field is more or less constant. On
the other hand, the spherical polydispersed system has a negligible concentration gradient
along the Z direction, but there is a small radial gradient within the biggest particles. If
we look at the second row, in which the current value is such that discharge occurs in 5 h,
the differences explained above are more evident. The first half cell shows a marked vertical
gradient. Instead, the second system starts to show a vertical gradient of concentration,
but also the radial one is increased. The electrode with monodispersed particles does not
show almost any difference from the previous case: even if the discharge current value
is double, the concentration gradient value is close to zero as in the previous case. When
we move to the third row, with a C-rate = C/3, the anode made of ellipsoidal particles
exhibits a strong gradient from top to bottom, but one important consideration is related
to the radial gradient, which is practically null. By contrast, the second electrode shows
a very evident radial gradient as well as a vertical gradient. Finally, the electrode with
monodispersed particles continues showing a null gradient, both radial and vertical. The
last row, with C-rate = 1C, better underlines the consideration carried out for the previous
case. Now, the applied current value is so high that the system with monodispersed
spheres also shows a vertical gradient of concentration. Furthermore, the radial gradient
in the biggest spherical particle in case (k) is more evident. Looking at system (j) with
ellipsoidal particles, it is clear that the vertical gradient is extremely evident, along with the
concentration behavior that varies a lot along the separator-current collector direction.
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Figure 7. The local intercalated lithium concentration within the electrode. Images taken at half
discharge, SoC = 50%. First row (a,b,c): C-rate = C/10; second row (d,e,f): C-rate = C/5; third row
(g/h,i): C-rate = C/3; fourth row (j k,1): C-rate = 1C. First column (a,d,g,j): ellipsoidal particles; second
column (b,e,h,k): polydispersed spherical particles; third column (c,f,i,1): monodispersed spherical
particles.

The presence of the vertical gradient, widely observed with X-ray analysis [51], is
caused by the increased tortuosity within the electrodes, which is effectively higher for
configurations with ellipsoidal particles, as shown in Table 2. The ellipsoidal particles,
due to their elongated shape, create a more complex network of pathways through the
electrolyte, forcing lithium ions to take longer paths compared to systems with spherical
particles. This geometric constraint leads to a reduction in the effective diffusivity in the
electrolyte phase and contributes to the observed vertical gradient in concentration.

The anode made of spheres, both monodispersed and polydispersed, offers a lower
hindrance, and for this, the local lithiation is almost homogeneous. This clearly demon-
strates that only considering polydispersed ellipsoidal particles can result in a realistic
representation of electrodes. We can therefore infer that the local and instant concentration
profiles of intercalated lithium in the electrode, of lithium in the electrolyte, and, therefore,
of lithium at the electrode—electrolyte interface, are more accurately predicted only with a
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realistic anode (or electrode in general) geometrical representation. Since all irreversible
degradation phenomena occur locally and depend on local concentrations, only such com-
putational models can accurately describe them. These phenomena, and the SEI formation
in particular, will be the focus of our future work.

5. Conclusions

This study has addressed the limitations of traditional lithium-ion battery modeling,
particularly highlighting the importance of accurate electrode geometrical representation.
We examined the differences between conventional spherical approximations and the
actual shapes of graphite particles, demonstrating that the anisotropic geometry of graphite
significantly affects the electrochemical behavior of batteries. By using FESEM images and
electrochemical half cell battery models, we were able to show how a precise representation
of graphite particles improves the understanding of intra-particle lithiation processes.
Additionally, we developed an automatic script to replicate electrodes with various physical
and geometric properties, allowing for detailed comparisons between different types
of graphite and different geometric configurations. The results highlight that adopting
geometrically accurate models can not only improve battery performance predictions but
also optimize the study for their design for greater efficiency and longevity. Geometry
directly influences the particle arrangements, the porosity, and the specific surface, which
has a fundamental importance in an electrochemical model governed by a superficial
reaction. The altered ion distribution causes local variations in reaction rates across the
electrode, even under uniform current conditions. In contrast, the spherical-particle model
promotes more isotropic transport properties and more uniform electrochemical reactions,
leading to a flatter lithium concentration profile. This work paves the way for further
research on the influence of electrode morphology and supports the idea that increased
attention to particle geometry can lead to significant advancements in LiB technology.
Ultimately, improved models that consider the true geometries of electrodes could play
a crucial role in the evolution of LiBs, significantly contributing to the achievement of
global energy sustainability goals. This paper aims to accurately represent the physical
and morphological characteristics of LiB electrodes. There are numerous and diverse
possibilities for future development in this field, starting from the simplifying assumptions
that we have adopted for the present study. Specifically, the use of idealized particle
geometries, with a smooth shape or a fixed maximum thickness, simplifies the highly
irregular and rough morphology of real graphite particles. Furthermore, our simulations
do not incorporate electrochemical degradation mechanisms such as SEI formation or
lithium plating, which can play a significant role during long-term cycling. We also neglect
thermal effects and mechanical rearrangement that may arise in fast charge and very high
inner current values. Future work should aim to address these limitations by incorporating
realistic particle shapes, electrochemical aging phenomena, like SEI formation and growth,
and thermal effects into the simulation framework. Exploring these phenomena with
a too-approximate geometry would lead to a useless simulation that could not help in
the design of new batteries. This would provide a deeper understanding of the wear
and tear processes that affect battery performance over time. Additionally, incorporating
thermal effects into the models could offer insights into how temperature variations impact
the efficiency and longevity of the batteries. By pursuing these lines of research, we can
further highlight the necessity of precise in silico representations. Such detailed models are
crucial for comprehensively understanding the complex interactions between the various
physical phenomena occurring within LiBs. These advancements could lead to significant
improvements in battery design, performance, and safety, ultimately contributing to the
development of more reliable and efficient energy storage systems.
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Reproducibility and Data FAIRness

The model to simulate a half cell lithium-ion battery requires few inputs. Starting
from the geometrical data, the model needs a particle characterization, which indicates
the dimension, position, and rotation values of each particle in each direction for a total of
nine degrees of freedom per particle. If the particles are spherical, the number of degrees
of freedom reduces to four (three positions and one radius). Moreover, the dimension
of the half cell should be provided. These are the electrode and separator thickness and
the extension of the simulated battery in the other two directions. Among the physical
parameters, the model requires the diffusivity and electrical conductivity values in both
liquid and solid phases, and these can be constants or functions of the SoC. Furthermore,
there are other parameters required: the electron transfer number, the mean molar activity,
and the temperature. Finally, the equilibrium potential of the material of interest, the
function of the SoC, has to be provided. The initial conditions needed are the initial SoC,
and the current, or the current flow, at the solid—current collector interface. The outputs of
the simulation are the intercalated lithium concentration in the solid particles, the lithium-
ion concentration in the liquid phase, and the electric potential in both the electrode
and electrolyte.

The source code for the generation of the geometry of the electrode is found at the
Github repository https://github.com/mulmopro/yade-ellipsoids (accessed on 1 June
2025).

The source code for the setup of the COMSOL simulation, written in the Java COMSOL
API format, is found at the Github repository https:/ /github.com/mulmopro/battery_
porescale/tree/6.1 (accessed on 1 June 2025) (direct link to the relevant branch, 6.1).

All data presented in this paper, for both tabular and graphical forms, are also available:
input data, experimental data used both for model input and validation, and simulation
results. This data is found at the Zenodo repository https:/ /zenodo.org/records /14931656
(accessed on 1 June 2025).
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Nomenclature

T Temperature

F Faraday constant

R Ideal gas constant

¢ Electric potential

c Concentration

1% Volume

() Referred to solid phase

BE Referred to liquid phase

()a Referred to anode side

(e Referred to cathode side
()ee Referred to current collector
(p Referred to a solid particle
()x%  Referred to x% of the state of charge
(Do Initial condition

(Oref  Reference value

()max Maximum value considered
(Jmin  Minimum value considered
i Electric current

K Electrical conductivity

D Diffusion coefficient

t Time

f+ Mean molar activity

fy Lithium-ion transference number
A Surface area

7 Over-potential

m Mass

M Molar mass

F Force

X Spatial position

I Inertia

g Gravitational acceleration
w Angular velocity

d Distance

E Young module

r Radius
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