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ABSTRACT  

Li-ion battery electrode manufacturing is raising broad interest from both experimental and 

computational perspectives, due to its impact on the electrode and cell cost, mechanical and 

electrochemical properties. Among the different manufacturing processes, drying can trigger 

heterogeneities within the electrode mesostructure because of additive migration. Despite 

acknowledging that these heterogeneities significantly affect electrode properties, the drying step 

is often under evaluated at the experimental level and modelled through homogenized 

approaches. In this work, we present the first physics-based three-dimensional model able to 

mimic additive migration during drying, unlocking the generation of three-dimensional 

heterogeneous electrode mesostructures. We analyzed the effect of drying rate on the final 

electrode mesostructure, the dynamics of additive migration and how the developed 

heterogeneities affect the following manufacturing step, i.e. calendering. The results are in 

agreement with previous experimental findings and indicate trends not previously disclosed. 

Lastly, the implementation of complex drying protocols (three-stage drying) was tested and 

compared to its experimental counterpart. 
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1. INTRODUCTION 

Li-ion battery (LIB) is being recognized as one of the key technologies of our time.1–3 LIBs can 

potentially unlock the commercial success of electric vehicles (EVs)4–6 and lead to more flexible 

electric grids.7 Nonetheless, high electrochemical performance and cycle life, low cost and CO2 

footprint, and a stable raw materials supply chain are essential pre-requisites to make sustainable 

LIB production upscale.8–10 In this context, international actions underlining the importance of 

sustainable LIB production, as the European11 and global12 battery alliance and the battery 

passport,13 are particularly important. One way of improving LIB performance and decreasing 

their cost is through novel materials. However, after three decades of commercial success of 

LIBs, the cathode and anode chemistries are still similar to the ones commercialized in 1991 by 

Sony (LiCoO2 | graphite), namely layered transition metal oxides (as LiNixMnyCozO2) cathodes 

and carbon-based anodes, respectively.1 An alternative path to enhance LIB performance, cost 

and CO2 footprint relies on optimizing electrode, cell and battery pack manufacturing.14–18 

Electrode production alone accounts for ~40% of the overall production cost and, in between the 

different manufacturing processes, >50% comes from slurry coating and solvent evaporation.19 

Even though the exact impact of coating and drying in LIB cost varies as a function of the 

industrial facilities, manufacturing protocols and materials used,20–22 these steps are the most 

expensive ones in terms of electrode manufacturing.20 

Studying experimentally the drying process for high solid content (SC) dispersions, as LIB 

slurries, requires specific equipment, which often need to be built in house, and sophisticated 

strategies. The group of Professor Schabel23–26 published a series of experimental works aiming 

to investigate drying for graphite-based slurries. In these studies, they demonstrated that: (i) high 

drying rate (HDR) leads to a gradient in binder distribution along the electrode thickness, 
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lowering electrode adhesion to the current collector. A strong binder-carbon affinity was also 

observed, suggesting that HDR could lead to a gradient in terms of carbon distribution as well; 

(ii) additive migration is not a linear process, it exists a specific time range in which it occurs; 

(iii) slurry drying is composed of two drying regimes, first the slurry film shrinks until reaching 

the final electrode thickness and then the pores start emptying until complete solvent 

evaporation. Both (ii) and (iii) were extensively demonstrated by them and other groups by using 

adhesive measurements,23 a devoted experimental set-up to follow solvent evaporation through 

fluorescent measurements24 and three-stage drying protocol,26 upon others.27,28 In addition, it 

should be underlined that these findings are not only useful for better understanding additive 

migration, but they can be used as a highly trustable reference for setting new models aiming to 

reproduce the trends previously identified and suggest new ones, as it was done in the work 

presented here. 

On the one side, binder migration is widely accepted among the battery community and it was 

observed through energy dispersive X-ray,28–30 Raman31 and Real-time fluorescent 

spectroscopy.32 On the other side, the observation of conductive additive migration is hampered 

by the presence of carbon in both binder and conductive phases, but it is supported by 

experimental observations for both LIB cathodes and anodes.23,28 The main reason of migration 

seems to be convective and capillary forces developed during drying, while diffusion tend to re-

homogenize the system.23 Fast drying and additive migration is typically detrimental for 

electrochemical performance and cycle life,33–35 promoting electrode cracking (particularly 

severe for the case of thick electrodes and water processing),36,37 poorly interconnected and 

heterogeneous electrode mesostructures,28,29 and poor adhesion to the current collector.23,34  
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From a computational perspective, the physical complexity of solvent evaporation in high SC 

suspensions makes challenging the development of devoted physics-based models. Most of the 

approaches used today relies on 1-dimensional (1D) continuum models27,38 or 2-dimensional 

(2D) discrete ones.28,39 However, it was previously demonstrated by us40–45 and others46–49 the 

advantages of using 3-dimensional (3D) models rather than 1D or 2D ones, especially when 

considering the carbon-binder domain (CBD) phase together with the active material (AM) one.. 

In general, the main reason behind the interest for 3D electrode mesostructures is the 

acknowledgement of the strong link between 3D mesostructure and electrode properties, which 

has been demonstrated from both experimental and computational perspectives.29,42,43,50–53 In 

particular, 3D physics-based modeling allows generating 3D electrode mesostructures in a more 

reliable way compared to stochastic approaches54,55 and without the need of expensive and not 

routinely employable instruments, as for instance synchrotrons, required for X-ray tomography 

techniques.56,57 

To date, only three modeling approaches, considering both AM and CBD particles, were 

published for 3D LIB slurry drying: the one reported by Srivastava et al.46, the one reported by 

us40,42,43,45 and Forouzan et al.58 and the one reported by us59 and Nikpour et al.60 All these 

approaches have been developed through the open-source molecular dynamics software 

LAMMPS.61 Srivastava et al. considered the solvent implicitly by applying a mean-field viscous 

drag to particle motion, while the evaporation was performed simply by shrinking the slurry 

structure until reaching the desired electrode thickness. Our 3D manufacturing computational 

workflow40 accounts for the solvent at the slurry phase by expanding the CBD particles and 

decreasing their density. This makes the CBD at the slurry phase an effective particle enabling to 

account for carbon, binder and solvent, as extensively discussed by us in a previous work.41 The 
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drying is performed by shrinking the CBD diameter to remove the solvent, leading to particle 

rearrangement and to the dried electrode mesostructure. An advantage of this approach, 

compared to the one of Srivastava et al., is that the macroscopic electrode features (porosity, 

density, thickness) arise from particle interactions, rather than being imposed by shrinking the 

simulation box. This allows comparing these macroscopic observables with their experimental 

counterpart in order to parametrize the model, as previously reported.40,58 Lastly, a recent 

evolution of this second approach was reported by us59 and Nikpour et al.60, whose principal 

characteristic is separating the carbon, binder and nanopores, considered into the CBD particles, 

and the solvent, accounted through devoted solvent “particles”. However, none of the approaches 

discussed above can output strongly heterogeneous electrode mesostructures, as the ones 

obtainable experimentally through fast drying28–31, which is the main reason behind the 

development of the model presented in this article.  

The goal of this work is to propose a first physics-based 3D simulation workflow able to model 

CBD migration during drying. First, the model is presented and discussed in detail. Then, the 

impact of evaporation rate on the simulated electrode mesostructure is discussed in terms of its 

structural features, with a particular interest on the phases (AM, CBD, pores) distribution along 

the electrode thickness. Afterwards, we analyze how calendering affects the heterogeneities 

developed during drying and we assess the model capability of simulating complex drying 

protocols (three-stage drying). Lastly, an overview on the results obtained and the model 

perspectives and availability to a broad public are presented. 

 

2. MODEL WORKFLOW  
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This section discusses the critical aspects of our modeling approach, and in particular.: (i) 

the slurry phase, (ii) the strategy used to model solvent removal and CBD migration, (iii) 

particles sedimentation, (iv) the consideration of the two drying regimes and (v) the FFs utilized. 

A schematic overview of the model workflow is illustrated in Figure 1. 

 

Figure 1. Schematic representation of the 3D drying model developed in this work. The AM 

sizes come from the experimental AM (LiNi0.33Mn0.33Co0.33O2) particle size distribution 

considered41, while the CBD size can be tuned by the operator and depends on the time 

undergone from the beginning of the evaporation and on the drying rate utilized. In this work, the 

initial CBD diameter (before drying) was 5.7 µm, while its final diameter (end of drying) was 1.3 

µm, accounting for carbon, binder and nanopores. The three colors associated to the CBD phase 

link to the three regions (bottom, middle and top) defined for the computational workflow 

utilized to simulate drying.  
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The slurry phase is validated by comparing the experimental and simulated slurry shear-

viscosity curves, as previously discussed by us in full details in Reference 41 and as briefly 

reported in section S1 of the supplementary information. The AM particle size distribution arises 

from devoted in house experimental measurements, while the CBDs are effective particles 

accounting for carbon, binder and solvent. Both AM and CBD particles are considered to be 

spherical. From one side, this limits this approach to approximately spherical AM particles, as 

for instance certain commercial LiNi0.33Mn0.33Co0.33O2 (NMC). From the other side, this requires 

post-processing processes (as meshing62 or expand-erode approaches59,63) to made the CBD 

phase more realistically looking before assessing, for instance, the associated electrochemical 

performance. Computational workflows able to consider non-spherical particles and employable 

in the context of the drying model presented in this article are currently being developed in our 

research group and will be the subject of a future publication. Briefly, this kind of approach can 

rely either on ellipsoidal particles or on rigid bodies, meaning agglomeration of spherical 

particles connected in such a way to form non-spherical shapes and treated as a single particle. 

Concerning the case study reported here, the slurry was composed of NMC, Carbon black (C65), 

polyvinylidene difluoride (PVdF) and N-Methyl-2-pyrrolidone (NMP). The weight ratio 

considered is 94:3:3 (NMC:C65:PVdF), with a SC of 65%. The SC is defined here as the mass of 

the solid components (NMC+C65+PVdF) divided by the total mass of the slurry (solid 

components + solvent). All the results presented in this article were obtained by using as starting 

point the same slurry geometry in order to make the different results directly comparable. This 

geometry is obtained by first generating a random structure, requiring seed numbers, and then 

running a physics-based simulation, as extensively discussed in Ref. 41. The FF parameter values 

adopted for the slurry simulation are reported in Table S1 of the supplementary information. The 
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choice of the initial seed numbers have a small impact of the final slurry geometry, as we have 

previously reported.64 Therefore, the role of the initial slurry geometry was verified through the 

utilization of different seed numbers, for which similar results compared to the ones reported in 

the main text have been obtained (section S3 of the supplementary information). 

As briefly presented in the introduction and extensively discussed in our previous works,40,45,64 

drying is modelled by shrinking the CBD particles and increasing their density. Keeping in mind 

that evaporation is a surface phenomenon, it affects first the top of the slurry, while its bottom is 

initially less affected. The key idea of the approach proposed in this article is to module the 

speed of solvent removal as a function of the CBD particle position. In particular, CBD particles 

at the top of the slurry shrinks faster than the ones in the bottom. In this work, as illustrated in 

Figures 1 and 2A, the CBD particles are classified in three groups as a function of their z-

coordinate (slurry thickness): the ones in the first third (bottom, referred as CBD1), the ones in 

the second third (center, referred as CBD2) and the ones in the last third (top, referred as CBD3). 

Then, we defined the shrinking speed of CBD1 (�������) as the speed needed to remove all the 

solvent at the end of the simulation. In other terms, and considering that CBD1 particles are the 

ones with the slower shrinking speed, this means assuming that the solvent removal is complete 

at the end of the drying. Afterwards, a relative shrinking factor (RSF) is defined as � ��������  for 

the center and top CBDs, where � is the shrinking speed for CBD2 and CBD3, respectively. 

Taking in mind that evaporation occurs faster in the top of the slurry with respect to its bottom, 

both the RSFs are >1. The higher these RSFs, the faster the solvent removal, i.e. the higher the 

drying rate. For more details on how the RSFs are implemented, the interest readers are referred 

to section S2 of the supplementary information. Faster shrinking speeds of the CBD particles 

result in more free space in the associated slurry region, leading to a higher particle degree of 
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freedom. However, this aspect alone would not be enough to account for the convective and 

capillary forces causing additive migration experimentally. For this, it should be considered that 

the attractive interactions of the CBD particles, controlled through the force fields (FFs) utilized 

(presented below), increases when the solvent is removed. This was found to be needed, in all 

the previous versions of this model, to obtain electrodes with approximately the same porosity, 

density and mechanical properties of their experimental counterpart.40,45,58,64 In the context of a 

model in which the solvent is removed asymmetrically, this leads to higher attractive forces of 

the CBD phase in the top and middle regions compared to the bottom one. These stronger 

attractive interactions and the higher amount of space available, both dictated by the asymmetric 

CBD shrinking speeds adopted, translate in a force gradient towards the top of the slurry that 

affects the dynamics of lighter particles, here CBD. This mimics the role of convective and 

capillary forces and leads to results that, to the best of our knowledge, agree with all the 

experimental findings reported so far, as it will be shown in the next sections. 

Another important aspect that need to be considered is particles sedimentation, which is leaded 

by gravity and atmospheric pressure. Gravity has been accounted by considering an extra 

acceleration term (equal to the gravitational acceleration) on each particle. Concerning the 

atmospheric pressure, LAMMPS allows applying a barostats65 (i.e. controlling the pressure 

applied to the simulated system) only if all the boundary conditions are considered as periodic. 

Along this work, we considered x and y boundary conditions as periodic, while z is considered as 

not periodic to model consistently the drying and associated additive migration. Therefore, the 

following computational strategy was used to account for atmospheric pressure: (i) the force 

acting on the whole slurry due to the atmosphere (����) was calculated as the atmospheric 

pressure (	��� = 101325 Pa) by the slurry surface (
��
���) and (ii) a fraction of ���� was added 
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to each particle as a function of its surface area (
�) normalized to the sum of surface areas of all 

the particles in the system. Considering all the above, sedimentation along the simulation is 

mainly driven by bigger and heavier AM particles, as expected experimentally.23,28 Another 

possible approach would be the application of gravity only, which should be enough if 

simulating explicitly the drying time, typically in the order of minutes at the industrial scale and 

hours at the lab scale. However, this would be prohibitively expensive, as recently highlighted in 

a similar context.60 In this context, a third possible approach is using an effective gravity, higher 

than the actual one, to account for this difference in time scales.  

As discussed in the introduction, solvent evaporation is composed of two drying regimes: first 

the slurry shrinks until its final thickness, defining the final AM backbone, and then the pores 

start emptying.25 In the computational approach developed here, the final AM backbone was 

defined by freezing the AM particles when reaching a desired bulk porosity (~46%) for all the 

evaporation rates considered. It should be stated, however, that the porosity of electrodes dried at 

different drying rates could differ, but to the best of our knowledge no clear trends have been 

previously disclosed, neither experimentally nor computationally. Nonetheless, the same trends 

in terms of CBD migration during drying were found even when not imposing a final electrode 

porosity, as shown in section S5 of the supplementary information. In the following, we will 

focus on the approach approximating the same macro features (porosity, density, loading) for 

electrodes dried at different DRs, which enables focusing on the only effect of DR on CBD 

migration and its impact on the electrode characteristics. Furthermore, it should be underlined 

that an aspect of our computational workflow is the implicit consideration of a (solid) CBD 

nanoporosity of ~50% , , as found experimentally66 and as we discussed previously40. In this 
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manuscript, we will refer to “bulk” porosity when considering the pore phase only and to 

“overall” porosity when accounting for the bulk pores plus the CBD nanoporosity. 

Lastly, the FFs used for the drying simulation are the same of the slurry one, namely Lennard-

Jones (LJ), accounting for adhesive forces between particles, and granular Hertzian (GH), 

accounting for the mechanical properties of the system, as extensively discussed by us in 

previous studies.40,41,45,64 However, the FF parameter values change during drying, going from 

the ones of the slurry (mimicking a liquid-like system) to the ones of the electrode (mimicking a 

solid system) through two linear regimes. Briefly, the main difference between slurry and 

electrode FF parameter values, explicitly reported in Table S1 of the supplementary information, 

is an increase of attractive interactions and elastic properties, accounting for stronger particles 

links due to binder bridges and greater stiffness, respectively. The two linear regimes link to the 

two drying regimes observed experimentally and discussed in the introduction, and the transition 

from the first to the second one occurs at the same time in which the final AM particles backbone 

is reached.  

 

3. RESULTS AND DISCUSSION 

The first and most important feature of the drying model developed is its capability of 

mimicking additive (here CBD) migration as a function of the DR used. The DR was defined 

through the RSF applied to CBD2 (central region) and CBD3 (top region), i.e. the higher those 

values, the higher the DR. Figure 2A illustrates the 3D electrode mesostructures obtained at 

different DRs, with the RSFs of the center (RSF2) and top (RSF3) CBD particles at their bottom, 

reported as RSF2 / RSF3. The RSF of the CBD in the bottom (CBD1) is kept constant to one for 

definition, as discussed in the previous section. From these 3D rendering it can be already noted 
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that the higher the DR (from left to right) the higher the degree of heterogeneity, i.e. more CBD 

particles in the top region of the electrode with respect to its bottom. To quantify it, the evolution 

of CBD fraction for each region (CBD1, CBD2 and CBD3) during drying is reported in Figure 

2B for the four DRs considered. These results can be summarized as: (i) the higher the DR, the 

higher the fraction of CBD3 at the expense of CBD2 and CBD1. (ii) CBD migration does not 

take place during the whole drying step, but rather in a specific time range. (iii) the times at 

which CBD migration starts and ends depend on the DR, and particularly CBD migration starts 

and ends before for higher DRs compared to lower DRs. Both (i) and (ii) were found 

experimentally, as discussed in the Introduction and as shown in Figure 2C, indicating that the 

model is capable of reproducing these trends. To the best of our knowledge, (iii) was not 

previously reported, calling for further experimental studies aiming to verify and eventually 

quantify this phenomenon. 
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Figure 2. A) 3D rendering of four electrode mesostructures obtained from the same slurry but 

changing the drying conditions. The RSFs of CBD2 / CBD3 for each case is reported below the 

associated structure. The drying rate increases from left to right. The four electrodes have the 

same surface area (26.7 � 26.7 µm2), an active loading of 13.6 mg cm-2, a density of 2.24±0.01 

and a bulk/overall porosity of 0.458±0.004 / 0.518±0.004. The errors reported here are the 

standard deviations, while bulk/overall porosity stand for the volume fraction of the bulk pore 

only and the bulk pore plus the nanoporosity in the CBD phase (50%), respectively. B) Evolution 

of the fractions of CBD1 (dot line), CBD2 (dash line) and CBD3 (full line) during drying. Here, 

cold colors indicate low/middle drying rates, while hot colors indicate middle/high drying rates. 

A normalized time of 0 indicates the slurry phase, while at 1 the drying is complete. C) Previous 
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experimental observations of binder migrations occurring during drying through Raman 

spectroscopy (left) and adhesive measurements (right). (left) Figure adapted from Reference 31. 

Copyright 2013 Springer. (right) Figure adapted from Reference 23. Copyright 2016 Elselvier. 

 

To further characterize the electrode mesostructure, the volume fractions (AM, CBD and macro 

pores) evolution as a function of the electrode thickness is reported in Figure 3. In terms of solid 

phases (Figure 3A), it can be noted that the electrodes dried at lower DRs contain more AM and 

CBD in the first half of their thickness and less in the second half, when compared to the ones 

dried at higher DRs. Concerning the CBD phase, no significant differences can be observed for 

the central region of the electrodes. If this trend was expected and already discussed for the CBD 

phase (Figure 2B), the AM distribution is linked to particle sedimentation, and particularly to the 

minor time available for sedimentation during fast drying. In our model, it was found that the 

porosity defined as set point to switch from the first regime to the second one, where the final 

AM backbone is formed, was reached at normalized times of ~0.79 and ~0.62 for the lowest and 

highest DRs, respectively. The middle DRs (1.1 / 1.4 and 1.2 / 1.8) show intermediate transition 

times between these two. This means that the AM particles had ~27% more time to sediment 

when dried at the lowest DR with respect to the highest one, leading to higher concentration of 

this phase in the bottom of the electrode. The pore phase (Figure 3B) follows approximately the 

reverse trend when compared to the AM volume fraction, indicating that the electrode bulk 

porosity is mainly controlled by the biggest particle location.  

 



 15

 

Figure 3. A) Evolution of AM, CBD and B) bulk pores volume fractions as a function of the 

electrode thickness for electrodes dried at different DRs (legend on the top left). The vertical dot 

lines separate the three electrode regions defining the three RSFs during drying (Figure 2A). C) 

Percentage of AM surface in contact with pore (AM/pore) or CBD (AM/CBD) phases and 

percentage of CBD surface in contact with the pore phase (CBD/pore) for the same electrode 

regions (top, center and bottom) of A and B. Here the top, center and bottom regions are 

indicated with full, dash and dot lines, respectively. 

 

Besides the distribution of AM, CBD and pore volume fractions, interfaces between the different 

phases is a key characteristic as well. Figure 3C shows that the approach employed in this work 
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was capable of keeping substantially constant the percentage of AM surface in contact with both 

CBD and pore and the percentage of CBD surface in contact with the pore phase. This indicates 

that the application of different DRs, through the computational workflow proposed here, affects 

specifically the phase distributions (Figure 2 and 3A and B), while the interfaces are rather 

controlled by the FF parameter values utilized, here kept constant (Table S1).  

One could wonder if the heterogeneities developed during drying are kept along the next 

manufacturing steps or not, and in the first case to which degree. To study this aspect, the four 

electrode mesostructures discussed above were compressed, mimicking the calendering step, by 

reducing their thickness of 25% and reaching a bulk and overall porosities of 0.243±0.006 and 

0.324±0.005, respectively. Figure 4 shows a schematic of the electrode mesostructures evolution 

during compression (A) and the volume fractions of the calendered electrodes along their 

thickness (B).  

Figure 4B underlines two main aspects: i) compression reduces the volume fraction of the pore 

phase asymmetrically, i.e. higher particle compaction, and then lower porosity, is observed in the 

top side of the electrode compared to its bottom; ii) the differences between the electrode 

mesostructures are less pronounced after calendering with respect to the just dried electrodes 

(Figure 3), but some differences are still observable. i) is understandable considering that the 

compression is performed by applying a plane on the electrode top side, which is moved down to 

mimic the calendering rolls;40,67 then, the first particles being compacted are the ones in the 

electrode top layer. However, it should be mentioned that an aspect missing in the computational 

workflow used here is the role of rolls’ temperature, which is known to induce higher 

deformability of the binder phase and that could play a role in its reorganization during 

calendering.68 
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Figure 4. A) Evolution of the electrode mesostructures during calendering for the case of the 

electrode 1.3 / 2.2. The different colors (red, blue and yellow) of the CBD particles (indicating 

the 3 regions defined during drying, Figure 2) are kept just as a guideline for the eyes, but here 

all the CBD particles have the same physical properties. B) Evolution of AM and CBD (left) and 

bulk pores (right) volume fractions as a function of the electrode thickness.  
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Concerning point ii), to better evaluate the role of compression in leveling, but not completely 

removing, the dried electrode heterogeneities, a direct comparison between dried and calendered 

electrodes is depicted in Figure 5. In particular, Figure 5 reports the relative phase difference 

(RPD) for both compressed and just dried electrodes along their thickness. The RPD is defined 

as the ratio between the volume fraction of a (un)compressed electrode and the volume fraction 

of the (un)compressed one initially dried at the lowest DR tested (1.02 / 1.08). Therefore, the 

RPD offers a quantification of how different is the analyzed electrode mesostructure compared to 

the less heterogeneous one, and particularly the closer the RPD to 1, the lower the differences. 

Furthermore, to easily compare compressed and just dried electrodes, their associated RPD is 

reported as a function of their normalized thickness (0% stands for current collector side, 100% 

for separator side). From this analysis, it is possible to note that the RPDs of the calendered 

electrodes (dash lines) are systematically lower compared to the non-calendered ones (full lines), 

underling that the compression helps in leveling the heterogeneities arising from fast drying. 

Lastly, comparing the RPDs of AM, CBD and pore phases for the different electrodes 

considered, left to right in Figure 5, underlines that the electrode mesostructures have a memory, 

meaning that the structure arising from one manufacturing step affects the following one. In the 

case study reported here, this reads as different calendered electrode mesostructures when 

applying the same calendering protocol, but applied to electrodes dried differently. 
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Figure 5. Evolution of the relative phase difference (RPD) for AM, CBD and (bulk) pore phases 

along their normalized thickness (0% stands for current collector side, 100% for separator side) 

for electrodes compressed (Calendered) or not (Dried) that were dried at different DRs. The 

black dotted line is a guideline for the eyes indicating an RPD equal to 1. 

 

4. THREE-STAGE DRYING 

Another aspect of the model that was tested is its capability of reproducing complex 

drying protocols. In particular, here we focused on the three-stage drying protocol proposed and 

developed by Jaiser et al.,26 in which they applied an high DR at the beginning and at the end of 
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the drying, while a low DR in between. Taking advantage of additive migration occurring during 

the low DR period, this strategy allowed obtaining electrodes with the same properties of the 

ones fully dried at low DR and reducing the overall drying time (and then the electrode costs). In 

the following, we have applied the same logic for three different scenarios, i.e. setting a very low 

drying rate (1.02 / 1.03) at the beginning, mid or end of the drying protocol, while a high DR (1.2 

/ 1.8) for the rest, as illustrated in Figure 6 A. Figure 6 B shows that applying low DR at both the 

beginning and middle of the drying is beneficial in decreasing CBD migration, being the second 

case the best condition, similarly to the scenario tested by Jaiser et al. On the contrary, applying 

low DR at the end of the drying is not effective in terms of reducing CBD migration, which is 

understandable considering that, at that stage in which LD rate is applied in such a scenario, the 

majority of migration already occurred (Figure 2). This shows that the model can capture 

qualitatively the trend discussed by Jaiser et al., but the quantitative results differ. Indeed, on the 

one hand they found that applying low DR rate in the middle of the drying allowed reaching the 

same structural properties, using adhesion with the current collector as metrics, of the electrode 

fully dried at low DR rate. On the other hand, in our case this three-stage dried electrode is still 

more heterogeneous with respect to the one dried at 1.02 / 1.08 (figure 6 C), despite the use of a 

particularly low DR (1.02 / 1.03) in the three-stage scenario, indicating that there is still room for 

improvements of the model. 
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Figure 6. A) Schematic of the three-stage drying protocols implemented in this work, where the 

low DR rate step was applied at the end (yellow), middle (light green) and beginning (dark 

green) of the drying protocol. B) Comparison between the electrode fully dried at 1.2 / 1.8 and 

the ones dried with the three-stage drying protocols defined in A. C) Comparison of the less 

heterogeneous three-stage dried electrode and the one fully dried at 1.02 / 1.08. 
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5. CONCLUSIONS 

 In this work, we presented the first 3D physics-based model able to simulate 

drying by explicitly considering additive migration, which was applied to the case of 

NMC-based slurries and electrodes. The key idea that allowed to reach such a result is to 

module the speed of transition from a liquid-like system (the slurry) to a solid one (the electrode) 

as a function of the slurry thickness (here divided into 3 regions), i.e. faster at the top with 

respect to its bottom. The DR was defined as a function of the speed of this transition in the top 

and middle regions compared to the bottom one. Four different DRs were tested, outputting four 

different electrode mesostructrues that were analyzed in terms of their structural characteristics. 

In particular, the results underlined that: (i) the higher the DR, the higher the fraction of CBD3 

(top region) at the expense of CBD2 (middle region) and CBD1 (bottom region). (ii) CBD 

migration does not take place during the whole drying step, but rather in a specific time range. 

(iii) the time at which CBD migration starts and ends depends on the DR. (i) and (ii) agree with 

the experimental findings reported so far, while (iii) was not disclosed yet, calling for further 

studies in this direction. Then, the electrodes dried at different DRs were compressed of 25 % 

with respect to their initial thickness, mimicking calendering. It was observed that this step 

induces a gradient in the bulk pore volume fraction, lower in its top compared to its bottom, and 

that allows levelling, but not completely removing, the electrode heterogeneities developed 

during fast drying. The first observation links to the uniaxial compression applied from the 

electrode top layer mimicking the calendering rolls, while the second one highlight that 

manufacturing processes are interconnected and that the final electrode properties arise from an 

interplay between them. 
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One last model feature that was tested is its capability of reproducing three-stage drying 

protocols, which were found to be beneficial for reducing manufacturing costs while keeping 

optimal electrode properties. The results obtained show that our model is able to capture 

qualitatively such a behavior, confirming that applying high DR at the beginning and end of 

drying and low DR in between outputs less heterogeneous electrodes.  

In terms of perspectives, the computational workflow described in this article should be 

tested for a wide range of electrode formulation, AM particle size distribution, CBD size 

and DR to verify its generalizability to different scenarios compared to the one considered 

here. In that sense, the code developed during this work will be released freely on the 

ARTISTIC project Github69 for any computational researcher possibly interested into it, 

while it is already implemented in the ARTISTIC computational platform through an 

user-friendly interface.70 This platform is open to the public (freely) and allows 

experimentalists and not expert researchers to generate electrode mesostructures through 

the workflow discussed in this work, being free to select the desired electrode 

composition (weight ratio between AM and CBD), SC, AM particle size distribution, 

CBD size, drying and calendering conditions, which we hope will lead to a deeper testing 

of the model in a collaborative way. Lastly, we hope that this work can trigger the 

development of new 3D computational approaches focused on drying or, more generally, 

3D physics-based models able to output heterogeneous electrodes mesostructures, 

inspiring practical innovations in the energy storage field.  

 

Computational section 
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The slurry and dried electrode simulations (155 AM and 5821 CBD particles) were 

performed through the open source molecular dynamics software LAMMPS and took ~6 

hours and ~6.5 days by using one and two node(s) (128 GB of RAM) composed of 2 

processors (Intel® Xeon® CPU E5-2680 v4 @ 2.40GHz, 14 cores) on the MatriCs 

platform (Université de Picardie-Jules Verne), respectively. The initial structure (prior the 

slurry equilibration) was generated to match the experimental composition and AM 

particles size distribution by locating randomly the AM and CBD particles in a simulation 

box big enough (200 × 200 × 500 μm, x × y × z) to avoid significant particle overlap. All 

the details about the random structure generation can be found in the Supporting 

Information of Reference 41. The slurry simulation was performed in a NPT environment, 

at 298 K and 1 atm, while the drying simulation was performed in a NVT environment at 353 K 

and the pressure was considered as described in the model workflow section. The boundary 

conditions of the slurry simulations were considered as periodic in all the directions (x, y and z). 

Concerning the drying simulations, two repulsive planes were added at the slurry top and bottom 

to constrain the z direction, for which not periodic boundary conditions were applied. x and y 

directions were kept periodic also during the drying. The slurry and drying simulations used a 

timestep of 1 and 0.1 ns, while the number of timestep was 13×106 and 100×106, respectively.  

The electrode compression was performed by applying a plane to the electrode top (separator 

side), which was moved down until reducing the electrode thickness of 25% with respect to its 

not-compressed state. These simulations were performed by keeping the final FF parameter 

values of the drying simulation (Table S1 in the supplementary information). This simulation 

was performed in LAMMPS and took approximately 20h by using one node (128 GB of 
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RAM) composed of 2 processors (Intel® Xeon® CPU E5-2680 v4 @ 2.40GHz, 14 cores) 

on the MatriCs platform (Université de Picardie-Jules Verne). 

The analysis of the volume fractions and interfaces were performed through voxelization 

of the electrode mesostructures by using a resolution of 0.1 μm. 
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Data and code availability 

The code developed along this work will be release freely on the ARTISTIC project 

Github69 in two versions, one accounting for the atmospheric pressure as described in the 

model workflow section and the second one accounting for it through an effective gravity. 

In addition, it is already implemented for free in the ARTISTIC computational platform, 
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select the desired electrode composition (weight ratio between AM and CBD), SC, AM 

particle size distribution, CBD size, drying and calendering conditions.70  
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