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Abstract 

Poor design of composite electrodes in Solid-State Batteries (SSBs) is one of the main reasons for their 

low performance. Although modeling techniques offer great potential in investigating multiple 

conditions for microstructure optimization, SSB manufacturing remains almost unaddressed in terms 

of computational studies. We present here a three-dimensional physics-based modeling workflow to 

investigate the impact of wet manufacturing process parameters on the properties of SSB tape casted 

composite electrodes based on LiNi0.6Mn0.2Co0.2O2 as the active material and Li6PSCl5 sulfide solid 



electrolyte. Our proposed workflow models the entire process of wet manufacturing of SSB electrodes, 

starting with the slurry consisting of active material, carbon additive, binder, solid electrolyte and 

solvent, and continues through its drying process, and the calendering of the resulting electrodes. Our 

focus is in particular on the impact of the calendering degree on the microstructure of the electrode. 

We characterize the resulting microstructures in terms of electronic and ionic conduction properties. 

We believe that this first-of-its-kind wet manufacturing process model for SSB cathodes is an important 

step towards the development of systematic modeling approaches that can provide practical 

optimization of the interfaces between materials in electrodes to improve SSB performance and 

durability. 

1. Introduction 

Li-ion battery (LIB) is a technological breakthrough of high impact on modern society. Today, they are 
considered as the main enabler of the smartphone and electric vehicle industries [1], where the state-
of-the-art LIB offers volumetric and gravimetric energy densities up to 770 Wh.L-1 and 260 Wh.kg-1 [2], 
respectively. LIBs are highly optimized and near their theoretical performance limits. Therefore, in the 
context of the increasing demand for energy coming from clean energy sources, a next generation of 
batteries with superior capabilities is needed to continue decreasing the energy grid’s reliance on 
pollutant resources. 

Solid-State Batteries (SSBs) use a solid electrolyte (SE) instead of a liquid electrolyte for the transport 
of Li ions. They are considered promising candidates for automotive applications since they are 
theoretically able to provide higher energy density and power performance than LIBs. Their high 
energy density originates from potentially enabling the use of a Li metal anode [3]. The SE layer 
prevents dendrite formation that causes short-circuits in Li-metal based LIBs. Due to poor electrode 
design[4], the performance of SSBs falls below that of the conventional LIBs even with superionic 
conductive solid electrolytes, e.g. the thiophosphates Li5.5PS4.5Cl1.5[5] and Li9.54Si1.74P1.44S11.7Cl0.3 [6] with 
ionic conductivity of 12 mS.cm-1 and 25 mS.cm-1, respectively. The performance of SSBs is heavily 
influenced by the electrode manufacturing process parameters such as the electrode composition and 
active material (AM) loading determine, e.g. the theoretical maximum capacity, internal resistance and 
the occurrence of parasitic (electro-)chemical reactions[7]. The mixing efficiency and densification 
during calendering in the electrode determine if the charge carriers can pass efficiently through the 
electrode, and whether a high utilization of cathode AM and efficient cycling at high C-rates can be 
achieved. Volume changes during processing and cycling may lead to contact loss and need to be 
considered to optimize the manufacturing process[4].  

Even when high-capacity AMs, such as polycrystalline LiNixMnyCozO2 (NMC) and SE superionic 
conductors are used in SSB fabrication, they do not guarantee a highly performing SSB composite 
electrode. For instance, AM volume changes upon (de)lithiation raise various chemo-mechanical 
issues. One example is the cracking of polycrystalline LiNi0.8Mn0.1Co0.1O2 (NMC811) particles around 3.8 
V[8,9], which leads to a loss of contact, since, unlike liquid electrolyte, the SE cannot access the new 
active surface areas within the pores created. It is recommended to use smaller particles such as single-
crystalline NMCs to mitigate the risk of loss in contact due to particle cracking[10,11]. Another major 
challenge is the (electro-)chemical compatibility of the different materials within the composite 
electrode. The materials can decompose and form new interphases with new electronic and ionic 
properties heavily altering the performance of the electrode[12]. 

The development of composite electrodes is bottlenecked by the significant trade-off between 
achieving high energy density and fast charging rates. To achieve superior energy density, high 
utilization of AM and increased AM loading are required. This can be achieved by incorporating a high 
percentage of AM in the composite or through the use of additive carbon. However, a high AM fraction 
leads to a reduced percentage of SE and convoluted ion pathways. From an energy density perspective, 



the presence of SE in the cathode is less desirable as it occupies space that could otherwise be used by 
the chemically active AM and high-density SEs, such as oxides or halides, adding significantly to the 
weight of the cell. In contrast, fast charging requires quick and short ion routes formed by a greater 
proportion of SE[13–15]. 

The manufacturing process of battery electrodes is a highly intricate and convoluted endeavor 
involving a series of sequential steps that are impacted by a wide range of parameters[16]. 
Deconstructing the influence of each of these manufacturing parameters on the output electrode 
microstructure and the resulting electrochemistry is challenging. To address this complexity, three-
dimensional (3D) models have been developed by the ERC-funded ARTISTIC project[17], which serve 
as a powerful toolkit to investigate the impact of each parameter individually and in combination on 
the final electrode microstructure and electrochemistry. These tools are available online, with user-
friendly interfaces, enabling users of all backgrounds to run simulations[18]. To accelerate the 
commercialization of SSBs, modeling can be leveraged as a fast and cost-effective testing strategy. It 
allows for a wide range of different assumptions to be explored in a relatively short time frame, in 
contrast, to slow and resource-intensive experiments. Modeling can provide valuable insights to 
improve every step in the SSB manufacturing process as well as to conduct advanced analysis and 
process control by providing real-time feedback and the ability to adjust manufacturing parameters on 
the fly, with the use of appropriate sensors in the production line[19]. 

3D physical models[20,21] of LIB electrode manufacturing have proven to show a good compromise 
between throughput and accuracy. Surprisingly, the available modeling literature on SSBs is less 
extensive[7] with a very limited number of studies focusing on manufacturing. LIB physics-based 3D 
models provide precise control for each of the manufacturing parameters enabling a high capability to 
understand and examine the effect of the manufacturing on the microstructure of the electrode. The 
output microstructure can be embedded into a heterogeneous 4D (time-dependent 3D) 
electrochemical model that links all of the manufacturing, microstructure and performance by 
ultimately predicting the experimental discharge curves from the initial set of manufacturing 
parameters. Our group has set up a series of LIB models attributed to different steps of the 
manufacturing process starting from the slurry phase[22], its drying[23,24], the dry electrode 
calendering[24,25] and electrolyte filling[26]. The final result of this model chain can be injected 
directly into 4D electrochemical models to simulate the energy discharge (current-potential 
curves)[27] and electrochemical impedance spectroscopy[28] for the resistance and conductivity of 
the electrode.  

2. Materials and methods 

2.1. Sample preparation and properties measurement 

In order to prepare the slurry of the SSB composite electrode, the Li6PS5Cl (NEI) SE powder was 

pretreated via a wet ball milling process to reduce the size of the agglomerates. This treatment was 

determined based on an experimental study that employed machine learning to identify the optimal 

milling conditions for producing Li6PS5Cl SE thin films[29]. Wet ball milling experiments were conducted 

using a ball milling machine (Pulverisette 7, Fritsch) with 10 mm-diameter zirconia milling media and a 

zirconia jar in a dry room (dew point of -51 °C). P-xylene (≥ 99 %, Sigma-Aldrich) was mixed with Li6PS5Cl 

powder and then milled at 300 rpm for 2 hours. After milling, the mixture was left to dry overnight 

under vacuum at 80°C to obtain the wet milled SE (WM-SE) powder. Then, the particle size distribution 

(PSD) of the WM-SE was extracted from Scanning Electron Microscopy (Quanta 200F, FEI) images (Fig. 

S1). 

The dry composite of the slurry was composed of LiNi0.6Mn0.2Co0.2O2 (NMC622, Umicore) AM, WM-SE 

and carbon additives (Super C45, MSE supplies) all of which were well mixed using mortar and pestle. 



Additionally, the binder of styrene-butadiene-styrene copolymer (SBS, Sigma-Aldrich) was separately 

dissolved in the solvent p-xylene (≥99 %, Sigma-Aldrich) for 30 minutes at 70°C under continuous 

mixing. The solution was left to cool down to room temperature, then the dry composite was added 

to it and mixed in a standard laboratory vial at 800 rpm for one hour to formulate the slurry. 

The viscosity of the slurry was determined by utilizing a rheometer (Kinexus lab+, Malvern Instruments) 

through the application of a shear rate range of 0.1 s-1 – 700 s-1, resulting in the slurry's shear-viscosity 

curve. The slurry's density was measured by calculating the ratio between the slurry weight to the 

volume of the container. 

The electrode composition and the PSD of the AM and SE are referred to as manufacturing parameters 

hereafter. The electrode composition is the weight fractions of the AM, SE, carbon additives and binder 

materials added while electrode fabrication. These manufacturing parameters have been previously 

tested and led to good results in terms of electrochemical performance and coating homogeneity. 

Throughout the simulation process, all manufacturing parameters were as experimentally defined and 

kept without further changes. The calibration of the Force Field (FF) parameters of the simulation 

outputs is done by comparison with the experiments after each manufacturing step. 

2.2. Initial structure generation 

Coarse-Grain Molecular Dynamics (CGMD) is a modeling technique employed to simulate the behavior 

of this system based on interactions among individual particles as beads presenting the materials (i.e. 

NMC622 AM, Carbon-Binder Domain (CBD) and Li6PS5Cl SE) involved in the wet manufacturing process, 

where the CBD is a geometrical domain within the model used to represent a phase consisting of the 

carbon additives, binder and in the slurry cases the solvent. 

To initialize the simulation, particles of all materials need to be localized within the simulation box. In 

order to prevent the particles from overlapping at the initial stage, they are randomly generated within 

a large simulation box of 716 µm x 716 µm x 1000 µm dimensions. An isothermal-isobaric (NPT) 

condition at 300 K and 1 atm is applied, in which, the initial velocities of the particles are assigned in a 

random manner adhering to a distribution that corresponds to a temperature of 300 K.  

2.3. Physical model development 

To ensure proper initial generation of the particles and the equilibrium of the slurry the pressure and 

temperature are all set to 1 atm and 300 K, respectively, during the CGMD simulation. This is known 

as the NPT ensemble where particles, pressure, and temperature remain constant, which is maintained 

throughout the slurry and drying simulations. All simulations are carried out using LAMMPS[30]. 

The simulation is performed by solving Newton's equations of motion to output a 3D microstructure 

of SSB composite electrode in periodic boundary (PB) conditions. All of the three dimensions remain 

periodic during the simulation of each phase, except for the calendering process where just x and y 

dimensions are periodic since there is an applied pressure perpendicularly oriented to the z-axis. These 

conditions are applied to each manufacturing step (slurry, drying and calendering), with the output of 

the preceding phase being fed into the next as schemed in Fig. 1. This approach requires two sets of 

parameters: the manufacturing parameters, which determine the influence of each manufacturing 

process on the microstructure, and the FF parameters, which set the potential governing particles’ 

interactions. The simulation workflow (Fig. 1) of the slurry, drying, and calendering take approximately 

36, 96, and 24 hours, respectively, using one node with 128 GB of RAM and 2 processors (Intel® Xeon® 

CPU E5-2680 v4 @ 2.40 GHz, 14 cores) of MatriCS platform (Université de Picardie Jules Verne)[31].  

 



 

Fig. 1. Schematic of the CGMD-based modeling workflow of the slurry-based manufacturing process of an SSB 
composite cathode. It consists of three main manufacturing models: slurry, drying, and calendering. The blue 
beads stand for the AM, the white beads for the SE and the red beads for the CBD. 

There are two FFs used to represent the physiochemical properties of the simulation whereas both FFs 

are available in LAMMPS simulation software[30]. The first FF is Lennard Jones (LJ)[32,33] which 

describes the interaction between a pair of simulated particles. The LJ FF is derived from the 

corresponding potential as expressed in Equations (1):  

ELJ (r) = 4ε [(
𝜎

𝑟
)12  −  (

𝜎

𝑟
)6]       𝑟 < 𝑟𝑐 (1) 

 

ELJ  is LJ potential energy, where r is the distance between the center of two interacting particles, 𝑟𝑐 is 

the cut-off distance at which there is no more interaction between the particles, ε is the depth of the 

potential well, more commonly known as dispersion energy and 𝜎 is the bond length. The other FF is 

Granular Hertzian (GH)[34,35] which represents the mechanical interactions of the granular media as 

illustrated in Equations (2): 

𝐹GH =  √𝜃√
𝑅𝑖𝑅𝑗

𝑅𝑖+𝑅𝑗
 [(𝑘n𝜃𝑛𝑖𝑗 − 𝑚𝑒𝑓𝑓𝛾nvn ) − (𝑘t∆𝑠t − 𝑚𝑒𝑓𝑓𝛾tvt)] (2) 

 

𝐹GH is the GH force, where 𝑅𝑖and 𝑅𝑗are the radius of two interacting particles, θ is the overlap distance, 

𝑘n, 𝑘t are the elastic constants, 𝛾n, 𝛾t  are viscoelastic damping constants and vn, vt are the relative 

velocity components between the two particles for the normal and tangential contact respectively. 

𝑚𝑒𝑓𝑓 =  
𝑚𝑖𝑚𝑗

𝑚𝑖+𝑚𝑗
 is the effective mass of both particles, ∆𝑠t is the tangential displacement vector 

between the two interacting particles and 𝑛𝑖𝑗  is the unit vector that connects the centers of the two 

particles. The GH FF takes place when the two interacting particles, the experimental diameter of the 

AM and SE for the slurry model is increased by 14 % to account for the presence of the surrounding 

solvent[22] in the slurry step. Lastly, the friction coefficient is defined as the highest ratio between the 

normal and tangential forces which is expressed as: Xu, an additional GH parameter. All parameters 

for the FFs are listed in Table S1.  

2.4. Conductivity and Tortuosity Calculation 

We describe in this section the calculations to determine effective electronic conductivities (δe) and 

geometric tortuosity (τg). These were performed employing the DiffuDict and ConductoDict modules 

of GeoDict (Math2Market), using a standard desktop computer. The electrode's effective electronic 



conductivity and the geometric tortuosity are two parameters chosen to have a quantitative indicator 

of the effect of the calendering degree on the electrode’s electrochemical performance. They are 

simple observables defined to account for both ionic and electronic properties of the simulated dried 

(0 % calendering degree) and (5 % – 50 %) calendered electrodes. Herein, the calendering degree refers 

to the percentage of thickness reduction in the microstructure after calendering. 

The microstructures’ δe was calculated by solving the Poisson equation in the simulation domain, 

applying a 1 V potential difference between opposite sides along the z direction (perpendicular to the 

calendering plane). Then, Ohm’s law is used to obtain the δe. The electronic conductivities of the AM 

and the CBD phases were set to 0.005 S m-1 and 15.93 S m-1 [36–38], respectively. PB conditions were 

considered for the outer xz and yz planes. The τg values were calculated according to τ =  √
𝜂

𝐷𝑒𝑓𝑓
, 

where 𝜂 is the volume fraction occupied by the SE and 𝐷𝑒𝑓𝑓  is the effective diffusion coefficient for Li 

ions in the SE medium. 𝐷𝑒𝑓𝑓  is in turn calculated by solving Fick’s first law in the SE domain, with a 

concentration difference 𝛥𝑐 between the outer xy planes. 𝐷𝑒𝑓𝑓  is obtained from the overall diffusive 

flux 𝑗 as: 𝐷𝑒𝑓𝑓 =  −𝑗 × length /𝛥𝑐. Since τg is only a geometrical magnitude, it is independent of the 

values chosen for 𝛥𝑐 and the diffusion coefficient within the SE. Periodic boundary conditions were 

considered for the outer xz and yz planes.  

3. Results and Discussion 

3.1. Slurry CGMD Simulations  

The CGMD simulations were conducted using LAMMPS software to model the three stages of the wet-

based manufacturing process of 3D composite electrodes: slurry formulation, drying, and calendering. 

In our simulations, the particle beads are represented in the system as explicit different material types 

(i.e. NMC622 AM, SE and CBD), where CBD bead type is an effective particle that represents a blend of 

carbon, binder, and solvent in the workflow. The CBD diameter (dCBD) and its density (ρCBD) account for 

effective parameters that are used for further optimization of the models and the physicochemical 

evaluation of the slurry simulation. The interaction between these particles was governed by FFs that 

were parameterized to match experimental properties, i.e. the experimental density, viscosity of the 

slurry and the porosity of the dry and calendered electrode. While the AM has a homogenous PSD of 

~10 µm, the SE particles have sizes range 1 - 11 µm as shown in Fig S1. The simulation features a 

formulation for the dry composite of 69.0 % NMC622, 27.6 % LPSCl and 3.4 % CBD in the simulation 

and it includes 5089 particles in total. The CBD particles' diameter varied depending on the simulation 

stage. They have a diameter of 7.5 μm and a density of 0.9 g/cm3 for the slurry and 3 μm for the dried 

electrode. We used the LJ and GH FFs available in LAMMPS software to model the entire manufacturing 

process. All input parameters for the LJ and GH FFs were calibrated to fit the experimental descriptors’ 

output. 

3.2.  Slurry Viscosity fitting Simulations 

The rheological properties of the slurry have a great impact on the manufacturing process[39–41]. The 

quality and speed of the coating, viscosity and the resulting cathode microstructure all depend on the 

slurry microstructure and its physicochemical properties. Many studies demonstrate the dependency 

of the final electrode characteristics (such as the structural and electrochemical properties) on the 

properties of the slurry [29,42]. 

Our computational workflow starts with the simulation of the slurry phase, so to calibrate the 

simulated microstructure, the density and viscosity as physical descriptors are compared to 



experiments. The density is calculated at the end of slurry simulations by dividing the total mass of the 

particles by the volume of the simulated box. The viscosity of the simulated slurry model is calculated 

by a set of non-equilibrium CGMD (nE-CGMD) simulations performed to evaluate multiple shear 

viscosity values against the applied shear rates. To achieve this, the simulation box is deformed in one 

lateral direction by varying the angle of the x-y plane relative to the x direction. The deformation rate 

equals the chosen shear rate multiplied by the simulation box's length in the y direction. The results of 

this process are shown in Fig. 2, and the animation of the simulation is illustrated in a video in the 

supplementary materials. Additionally, sufficient time must be given for the simulation to converge 

towards its viscosity value. For this model, we used 7×107 timesteps of size ∆t = 0.001 µs. The viscosity 

was obtained by averaging the instantaneous viscosity values after the convergence of the simulation. 

Each simulation took approximately two days using one node. The experimental density value of 1.90 

g/cm3 was used to validate the simulated slurry density of 1.89 g/cm3. 

To obtain FF parameters for the slurry model, Bayesian Optimization (BO) was initially conducted 

according to reference[43]. Bayesian multi-objective optimization was used to evaluate an objective 

function that was dependent on deterministic learning. To transform the multi-objective problem of 

fitting multiple FF parameters into a single objective function, we developed a scalarizing function. 

Gaussian Process regression was utilized as a model to approximate the value in each iteration, making 

BO an effective tool for multi-objective optimization. BO calculates posterior distribution over the set 

of all previous data and proposes new FF parameter values using an acquisition function that balances 

exploitation and exploration to identify nearby and far minima. The gaussian process model is updated 

at each step until the BO returns the optimal FF parameter values. By using this approach, we were 

able to identify the FF parameters that would produce good slurry density. After achieving a density 

sufficiently close to the experiments, it was improved by manual fitting for each of the FF parameters.  

In the context of slurry coating, shear viscosity can provide valuable insights into the structural changes 

occurring within the slurry as it undergoes deformation due to applied stress. By studying the viscosity 

behavior, we can gain a better understanding of how the slurry's internal structure evolves during the 

coating process. From Fig. 2, it can be remarked that the results of the nE-CGMD viscosity simulations 

and the experimental observables demonstrate high agreement. Based on this agreement, the slurry 

model is considered to be well-fitted to serve as a digital representation, or a computational tool, for 

making further assumptions and predictions for the next steps of the process. 



 

Fig. 2. Viscosity-shear rate curves obtained experimentally compared to the simulated results obtained via nE-
CGMD. 

3.3. Drying and Calendering CGMD Simulations 

In the drying step, we adopt the homogeneous evaporation model[25] which assumes that all the 7.5 

μm CBD particles containing the solvent will instantaneously shrink to the solid size of 3.0 μm, and 

then we allow the system to equilibrate. To imitate the phase changes from the slurry to the dried 

electrode, the FF parameters are adjusted by increasing the attractive and elastic interactions to 

account for stronger particle bonds due to binder bridges and the greater mechanical properties of the 

dry electrode. As a result, the electrode thickness decreases from top to bottom. At each time step, 

the temperature is maintained throughout the simulation at 300 K. We compare the simulation results 

with the experimental porosity[44,45], where both have a porosity of approx. 50 % assuming that the 

CBD phase comprises 50 % nanopores [46,47]. The degree of electrode compression is kept as an extra 

degree of freedom during calendering for further validation of the computational workflow to verify 

the simulated microstructures are sufficiently representative to undergo qualitative and semi-

quantitative tests to find the impact of the calendering on the electrode by having different 

calendering degrees 0 % – 50 %. 

Electrode calendering is a crucial process to enhance the electronic conductivity and mechanical 

strength of the electrodes, which are essential for optimizing the volumetric energy and power 

densities of battery cells. For SSBs, the objective is to obtain highly compact electrodes with the 

minimum porosity possible, resulting in an increase in ionic conductivity, rate capabilities, and 

utilization of the active material[4,48]. Therefore, analyzing the influence of calendering on the 

electrode microstructure is important to determine the optimal compression parameters that prevent 



these issues. Our calendering model involves a plane moving downward at a constant speed to 

compress the electrode and simulate the actual calendering process. The interactions between the 

wall and the particles are governed by the GH FFs, where the forces between the wall and the particles 

depend on the same parameters described in Table S1. Throughout the calendering, the periodic 

boundary conditions are applied within the lateral x and y axes, while the surface perpendicular to the 

z-axis is maintained fixed. During the downward movement of the plane, the re-stabilization of the 

particles occurs due to self-organization. 

Fig. 3a shows the porosity distribution along the electrode thickness. The porosity distribution 

decreases steadily with the evolution of the calendering, however, the electrode becomes highly 

compact under the high compression at 50 % calendering degree, where pores almost disappear. Fig. 

3b and 3c demonstrate a comparison of the volume fraction of each material type along the electrode 

thickness. These figures show that the pores take a significant volume throughout the dry (0 % 

calendered) electrode with an even distribution of AM, SE and CBD. Due to the high pressure needed 

to reach 50 % calendering degree, the electrode becomes tightly compact. The pores and the CBD 

volume distribution drastically fall at the top of the electrode away from the current collector (CC), 

while the AM presence increases due to their larger particle size and superior mechanical properties. 

Finally, the SE model network (SENM) shown in Fig. 3d represents the complexity of the SE distribution 

within the electrodes, which reflects the evolution of the ionic pathways within the network of 

connected SE particles for various calendering degrees. Moreover, the pore network model (PNM) for 

all calendering degrees is displayed in SI, Fig. S4. As the pore size increases, the geometric tortuosity 

and volume of the SSB electrode also increase, negatively impacting both the power performance and 

energy density. Thus, the resulting microstructure's SENM and PNM were analyzed as a function of 

calendering degree using Avizo software (Thermo Fisher Scientific). 

(a) 

   

(b) 
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Fig. 3. (a) Evolution of the volume fraction of the porosity along the thickness of the resulting electrode 
microstructure under 0 % - 50 % calendering degrees (b) Volume fraction distribution along the thickness of the 
dry electrode microstructure. (c) Volume fraction distribution along the thickness of the 50 % calendered 
electrode microstructure (d) Evolution of the SENM of the resulting electrode microstructure under 0 % - 50 % 
calendering degrees. 

3.4. Conductivity and Tortuosity Calculation 

δe and τg were calculated using the DiffuDict and ConductoDict modules of GeoDict (Math2Market), 

as described in the Methodology section. These parameters were chosen to provide a quantitative 

indication of the effect of calendering degree on electrode electrochemical performance, accounting 

for both ionic and electronic properties of the simulated electrodes. 

In the context of SSB the development of reliable electrochemical models is still in progress and 

currently not at the same level as the models for LIBs[7]. As an alternative approach, the evaluation of 

the conductivity and geometric tortuosity of the ion-conducting medium can serve as a preliminary 

indicator of the quality of the electrodes. By utilizing these parameters, it is possible to assess the 

optimal manufacturing conditions for achieving desired electrochemical performance. 

Our approach of using δe and τg of the electronic and ionic conducting media as a general indication 

of electrode quality is particularly useful. Our results provide a quantitative means to evaluate 

manufacturing conditions and identify optimal calendering degrees for these electrodes. However, as 

the calendering degree increases from 0 % to 50 %, 𝐷𝑒𝑓𝑓 surges and τg plunges as shown in Fig. 4b, 

which is in agreement with the expected trend for improved electrode performance. 

We observe in Fig. 4a an increase in δe that is consistent with the effect of higher compression on the 

electronic conductivity of the electrode. For the compression values, δe decreases. This observation is 

similar to our previous study on organic Na-ion batteries, where the δe started to decline after a certain 

calendering degree, yet the reason remained unstudied because of an experimental inaccessibility[49]. 

However, in Fig. 4a, the decrease in δe after 30 % can be attributed to the occupation of the volume of 



CBD particles by other materials due to high pressure, which is a limitation shown by the model. 

Therefore, this model might be limited for calendering degrees under 35 %. This should be further 

investigated using different experimental and modeling approaches. However, we still observe a 

maximum in δe /τg values around 40 % (Fig. 4c). 

(a) 

 

(b) 

 

 



(c) 

 

Fig. 4. (a) Electrode’s effective electronic conductivity δe as a function of the calendering degree. (b) Electrode’s 
geometric tortuosity 𝛕𝐠in blue and effective diffusion coefficient Deff  in red as a function of the electrode 

calendering degree. (c) Normalized ratio of the electrode’s δe and 𝛕𝐠as a function of the calendering degree. The 

normalization is conducted by dividing by the maximum value.  

  



4. Conclusion and Perspective 

We present for the first time a physics-based computational workflow able to simulate in 3D the slurry-

based manufacturing process of SSB composite electrodes using NMC622 as active material. The 

workflow has as inputs the materials and manufacturing process parameters. We use as an example 

here parameters identical to in our in-house experiments. It describes three major steps in the 

electrode wet manufacturing process: the slurry preparation, the drying and the calendering. This 

computational workflow, that was initially developed to simulate the manufacturing process of LIB 

electrodes, proved that is highly flexible to be extended and applied to diverse scenarios for a wide 

spectrum of electrochemical energy storage chemistries: LIB[24,25], SSB, Si/Gr[50] and organic Na-

ion[49] batteries.  

The simulation results are in excellent agreement with experimental data in regards of the slurry 

density, the slurry viscosity-shear rate curve, and the dried and the calendered electrode 

porosities[44,45]. The well-fitted simulation results demonstrate that this workflow consisting of 

several sequentially-coupled models is a good representation of the real wet manufacturing process 

to produce electrodes with similar features. Furthermore, the ratio between the electronic 

conductivity of the electrode to the geometric tortuosity is utilized as a quantitative descriptor to study 

the electrode microstructure under different degrees of calendering. The use of conductivity and 

geometric tortuosity of the ion conducting medium as indicators of electrode performance have 

provided valuable insights into the effect of calendering degree on SSB electrode performance. The 

analysis of this descriptor indicated an increase in the electrochemical performance with calendering. 

However, further research is needed to determine the optimal manufacturing conditions for SSB 

composite electrodes. 

This work further demonstrates the chemical neutrality nature of the ARTISTIC project electrode 

manufacturing models [18,25,47,49], which are not limited to one type of electrochemical energy 

storage system, yet it can be extended to encompass the implementation of next-generation battery 

manufacturing. These experimentally validated computational procedures give the opportunity of 

inspecting a large number of combinations of the manufacturing parameters to rapidly examine the 

accuracy of assumptions before starting experiments. This is further amplified by the possibility of 

including machine learning tools in the workflow for the electrodes’ optimization and the inverse 

design of the manufacturing parameters[43]. These models can be powerful in aiding the design and 

manufacturing of next-generation batteries that will help to rely on more sustainable energy sources 

with environmentally friendly properties. 
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S1. Scanning Electron Microscopy (SEM) images of the solid electrolyte (SE) before and after 

wet ball milling treatment 

 

 

Fig. S1. (a), (b) and (c) Examples of SEM images of the commercial SE before wet ball milling 
treatment. (d), (e) and (f) Examples of SEM images of the wet ball milling treated SE used to measure 
the Particle Size Distribution. 

 

S2. Particle Size Distribution (PSD) of the SE  

The particle size distribution for the solid electrolyte was obtained from the SEM images above 

manually by measuring particle sizes (Fig S2a). A total of 2386 particles were measured to ensure 

representative results. This is later simplified to account for a smaller number of particle types in the 

modeling workflow (Fig S2b). 

  



a) 

 

b) 

 

Fig. S2. a) The PSD of the SE collected from SEM images b) The PSD of the SE used in our simulations.  

 S3. Coarse-Grain Molecular Dynamics (CGMD) working principle 



In general, molecular dynamics is a modeling technique which relies on force fields (FFs) to simulate 

the behavior of a system based on interactions among the individual particles. This simulation is 

performed by solving Newton’s equations as function of these forces. CGMD[S1] represents the 

interactions between beads where each bead is a collective matter of atoms and/or molecules as a set 

of effective coarse-grained interactions. This allows for a more efficient simulation of the system as 

compared to traditional atomistic approaches, since the interactions between large groups of 

molecules are simplified to only a few parameters. In this way, CGMD offers the potential to simulate 

large systems of interacting molecules in a computationally efficient manner. In this work we consider 

the beads to be the NMC622 AM, the Li6PS5Cl SE and the CBD involved in the electrode wet 

manufacturing process, where the CBD is a geometrical domain within the model used to represent a 

phase consisting of the carbon additive, binder and the solvent in the case of the slurry (carbon additive 

and binder only in the cases of the dried and calendered electrodes). 

 

S4. CGMD FFs 

The LJ potential [S2, S3] is used for describing the interactions between pairs of particles. The principle 

of the Lennard-Jones potential assumes that the interaction energy between two particles can be 

described by a combination of a repulsive term, which is proportional to (
1

𝑟
)6 where r is the distance 

(r) between the particles, and an attractive term, which is proportional to (
1

𝑟
)12. The LJ Potential has 

three parameters: ε, σ and rc. ε corresponds to the depth of the potential well, σ represents the 

distance at which the inter-particle potential is zero, and rc is the distance at which the potential is 

truncated. 

Granular Hertzian forces are a class of contact forces used to model the interaction between granular 

particles when they overlap [S2, S4]. The principle behind the Hertzian forces assumes that when two 

particles come into contact, the deformation of their surfaces can be described by a nonlinear elastic 

response. This response is characterized by a stiffness coefficient, known as the Hertzian modulus, 

which determines the force required to compress the particles together. The Hertzian forces have 

proven to be an effective way to model the behavior of granular materials, particularly under 

conditions of high strain rates or large deformations. The variables kn, γn and Xu correspond to the 

elastic constant and damping factor in the normal direction, and coefficient of friction, respectively. 

The ratio of the tangential to normal elastic constant and damping factor was determined as a function 

of the Poisson ratio, and these values were used to calculate the ratios kt/kn and γt/γn, which are 

1.378 and 0.959, respectively. 

 

 

 



 

Fig. S3. Schematic representation of the applied FFs working principle in regard of the LJ and GH 
interactions between two particles within the CGMD simulations. 

Table S1: The FF parameters values adopted in this work. 

Parameters Slurry Dried electrode 

LJ FF 

𝜀𝐶𝐵𝐷 [pg μm2 μs-2] 0.88 × dCBD
  400 × dCBD

  

𝜎𝐶𝐵𝐷  [μm] 0.97 0.89 

𝑟𝑐 𝐶𝐵𝐷 [μm] 2.2 × dCBD
  2.2 × dCBD

  

𝜀𝐴𝑀 [pg μm2 μs-2] 1.0 × dAM
  100 × dAM

  

𝜎𝐴𝑀 [μm] 0.99 × dAM
  0.93 × dAM

  

𝑟𝑐 𝐴𝑀 [μm] 1.5 × dAM
  1.2 × dAM

  

𝜀𝑆𝐸[pg μm2 μs-2] 10.5 × dSE
  200 × dSE

  

𝜎𝑆𝐸 [μm] 0.99 × dSE
  0.93 × dSE

  

𝑟𝑐 𝑆𝐸 [μm] 1.5 × dSE
  1.2 × dSE

  

GH FF 

𝑘𝑛 [pg µm-1 µs-2]  0.1 100 

𝛾
𝑛
 [µm-1 µs-1] 55 10 

𝑋𝑢 0.016 12.5 

 

  



7. S5. Pore Network Model (PNM) evolution 

 

Fig. S4. Evolution of the PNM of the simulated electrode microstructure under calendering degrees 0 %-50 %. 
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