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A B S T R A C T   

Finding a correlation between the rheology of an electrode slurry and the mixing variables is challenging due to 
the complex interactions among the materials in the suspension. Here, we report a systematic study of the mixing 
speed and how this variable impacts the slurry rheology of the Nickel Manganese Cobalt Oxide (NMC622) 
positive electrode at 2000, 3000, and 4000 rpm and maintaining constant the other mixing parameters. We 
partially combined the slurry components and compared the rheology results with the complete formulation. 
This systematic study shows differences in viscosity depending on mixing speed and the slurry component 
combination. In addition, frequency oscillatory sweeps were used to obtain information on the slurry micro-
structure, showing changes depending on the nature of component interactions. The slurries were also casted, 
dried, and calendered. Numerical simulations were also performed to analyze the experimental findings. Un-
derstanding the slurry rheology and the interaction of the formulation components is fundamental for further 
engineering electrode manufacturing and analysis of the dried electrode’s output properties.   

1. Introduction 

Lithium-ion batteries (LIBs) as a marketable product are gradually 
increasing in production due to the promotion of battery electric vehi-
cles (BEVs). Since 2020, multiple battery gigafactories are springing up 
in Europe. At the same time, some challenges must be addressed, such as 
insufficient battery energy density and the cost of battery raw materials 
that prevent the decrease of BEV’s cost and constrain their wide utili-
zation. In that context, assisting battery manufacturing production by 
computationally simulating the fabrication process of electrodes, sup-
ported by targeted experiments, could significantly reduce time, labor, 
and material costs [1,2]. 

Slurry mixing, the primary step in the LIB manufacturing process, 
plays a significant role in electrode quality. First, choosing the proper 
materials and balancing the proportions between different components 
is crucial to maximizing their efficiency by exploring various formula-
tions. Currently, the most commonly used active materials (AMs) for 

BEVs’ positive electrodes are Nickel Manganese Cobalt Oxide (NMC) 
and Lithium Iron Phosphate (LFP). The positive electrodes typically 
consist of AM, conductive carbon, and polymer binders. In the industry, 
the processing route for the positive electrode slurry that is predomi-
nantly used involves using polyvinylidene fluoride (PVDF) as the binder, 
N-methyl pyrrolidone (NMP) as the solvent, and carbon black (CB) to 
increase the conductivity of the electrode [3]. Second, the mixing con-
ditions are also influential factors in dispersing the materials, mini-
mizing the size of aggregates, and providing the optimal arrangement of 
AM, CB, and binder. Creating an appropriate conductive network 
throughout the electrode depends on the interaction among the different 
components, which play a crucial role in the output physical and elec-
trochemical properties of the electrode [4]. 

Several studies have been carried out on the significant changes in 
the slurry or electrode’s mechanical, structural, and electrical properties 
by changing the mixing process parameters or protocol. For NMC-based 
slurry production, the mixing protocol has been investigated by 
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changing the order in which the components are mixed. For instance, 
mixing CB with PVDF before adding NMC has been reported to give a 
more stable slurry than combining the premix NMC + CB and PVDF +
NMP [5]. The former sequence has been reported to create clusters of 
CB/PVDF around the NMC and provide high C-rate capability. The in-
fluence of the temperature ranges between 25 ◦C and 75 ◦C during the 
mixing has been studied for NMC532. The main results show that the 
viscosity decreases by 23 % when coated at 60 ◦C vs. 25 ◦C. Therefore, 
increasing the temperature when mixing could accelerate positive 
electrode manufacturing by increasing the coating speed [6]. 

Several studies based on physical computational modeling have been 
done to study the mechanical behavior during the mixing process. Mayer 
et al. used the Discrete Element Method (DEM) to simulate the behavior 
of nanoscale carbon black aggregates represented by spherical particle 
clusters during the dispersion process [7]. Asylbekov et al. conducted 
simulations on the dispersion process of cathode slurries in a planetary 
mixer, studying the breaking of conductive carbon aggregates during the 
process [8]. Similarly, they also developed a dry mixing model based on 
the population balance equation and DEM to investigate the particle size 
changes of carbon black during the dry mixing and gain a better un-
derstanding of the mechanisms involved in the comminution process 
[9]. However, all these previously reported models are unable to 
investigate AM particle dispersion. 

One of the critical parameters that could impact the conductive ad-
ditive network upon the slurry drying is selecting an appropriate stirring 
speed. The interaction between the formulation components and 
manufacturing parameters makes identifying the actual speed effect 
challenging. Here, we sequentially change the mixing speed at 2000, 
3000, and 4000 rpm by keeping constant premixing and mixing pa-
rameters (i.e., temperature, mixing time) to capture the influence in the 
rheology of the slurry. In addition, a combinatory methodology for the 
formulation and a model is also designed to understand the interaction 
between materials and their effect on the slurry. Finally, the slurries 
produced under different conditions were casted, dried, and calendered. 
Tomography data was used in order to create stochastic structures with 
the correct sizes, allowing for comparison of the microstructures in 
terms of tortuosity factors. 

2. Materials and methods 

2.1. Experiment 

The electrode slurry was prepared with 94 wt% LiNi0.6Mn0.2Co0.2O2 
(NMC 622, Targray, denoted as NMC), 3 wt% carbon black (C-NER-
GYTM super C45, represented as CB), 3 wt% PVDF (Solvay, denoted as 
PVDF). The powder components were first premixed overnight in a 
Turbula® mixer. Then, the NMP solvent was added until the desired 
solid content of 60 % was achieved. A Dispermat CV3-PLUS high-shear 
mixer was used for the NMP-based slurry preparation for 2 h at 25 ◦C 
with three different mixing speeds: 2000, 3000, and 4000 rpm. Mixed 
slurries consisting of NMC + CB + PVDF, NMC + CB, and CB + PVDF 
were also prepared for rheological measurements, as shown in Table 1. 

The rheological measurements were acquired by applying a shear 
rate ramp (0.1–700 Hz) immediately after the slurry preparation using a 
rheometer (Kinexus lab+, Netzsh) at a constant height of 1 mm between 
the bottom and top plates. In the frequency sweep, the tests were carried 
out between 0.1 and 20 Hz, while the deformation amplitude was kept 

constant at 0.26 Pa for NMC + CB + PVDF and CB + PVDF. In com-
parison, the deformation amplitude for NMC + CB was kept at 0.3, 0.07, 
and 0.02 Pa for 2000, 3000, and 4000 rpm, respectively. These defor-
mation amplitude values correspond to the obtained linear viscoelastic 
region. All rheological measurements were performed at 25 ◦C. 

The resulting electrode slurries were then coated over a 23 μm thick 
aluminum current collector using a comma-coater prototype-grade 
machine, fixing the coating speed at 0.3 m/min with a constant comma 
gap of 200 μm. The electrode was dried in a built-in two-part oven at 
80 ◦C and 95 ◦C. 

Porosities were calculated according to the following Equation (1): 

ε= 1 −
mel

(
XNMC

/
ρNMC + XCB/ρCB + XPVDF

/
ρPVDF

)

Vel
(1)  

where X and ρ are the mass fractions in the electrode and densities of the 
three solid components and mel and Vel correspond to the electrode mass 
and volume, respectively. The electrode mass loading and thickness 
were measured in different areas on the electrode film. The porosity for 
the calendered electrodes was calculated using Equation (1) for ten 
different electrode cuts from the electrode sheet. The properties of the 
electrodes are presented in Table 2. 

The electrodes were calendered with a prototype-grade lap press 
calender (BPN250, People & Technology, Korea). The latter consists of a 
two-roll compactor of 25 cm in diameter. The gap between the rolls was 
set to reach 30 % of compression. The calendering was performed at 
constant line speed (0.54 m/min) and 60 ◦C. The porosity for the 
calendered electrodes was calculated using Equation (1) for ten different 
electrodes cut from the electrode, with results summarized in Table 2. 

Electrochemical Impedance Electrochemistry (EIS) tests in symmet-
ric cells were performed in 2035-type coin cells assembled in a dry room 
(H2O concentration < 15 ppm). The coin cells (both on the positive and 
negative side) were assembled using Celgard 2500 as separator (thick-
ness = 25 μm, porosity = 55%). The deposited electrodes had a diam-
eter of 13 mm. The electrolyte was a 10 mM TBAClO4 solution prepared 
in a 1:1 wt% mixture of ethylene carbonate: dimethyl carbonate (vol-
ume = 100 μL). The EIS tests were performed with an MTZ-35 imped-
ance analyzer (BioLogic, Seyssinet-Pariset, France) in 10− 1 – 107 Hz with 
a potential perturbation of 5 mV for five different symmetric cells per 
calendering condition. All measurements were carried out at 25 ± 1 ◦C. 
All measurements were carried out at 25 ± 1 ◦C. The electrolyte con-
ductivity and geometric area were 3.12 ×10− 4 S/cm at 25 ◦C. and 1.33 
×10− 3 cm2, respectively. From the determined ionic resistance values 

Table 1 
Mixed formulations for rheological measurements.   

94 wt% NMC +3 wt% CB + 3 wt% PVDF 97 wt% NMC +3 wt% CB 50 wt% CB + 50 wt% PVDF 

Solid content [%] 60.00 ± 0.08 60.00 ± 0.02 5.7 ± 0.02 

Slurry components NMC CB PVDF NMC CB CB PVDF 

Mass (g) 26.000 ± 0.005 0.830 ± 0.001 0.830 ± 0.001 25.00 ± 0.05 0.774 ± 0.001 0.716 ± 0.003 0.7118 ± 0.0005  

Table 2 
Main characteristics of the dried electrodes when using a comma gap of 200 μm.  

Mixing 
speed 
[rpm] 

Electrode Mass 
loading 
[mg/cm2] 

Thickness 
[μm] 

Porosity 
[%] 

Tortuosity 
[%] 

2000 Pristine 18.4 ±
0.4 

111 ± 1 47 ± 1 2.1 ± 0.2 
Calendered 
30% 

85 ± 1 24 ± 1 2.2 ± 0.2 

3000 Pristine 18.6 ±
0.4 

113 ± 1 48 ± 1 1.9 ± 0.1 
Calendered 
30% 

82 ± 1 24 ± 1 2.0 ± 0.3 

4000 Pristine 18.7 ±
0.4 

113 ± 1 48 ± 2 1.9 ± 0.3 
Calendered 
30% 

82 ± 1 26 ± 2 3.0 ± 0.2  
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Rion, the ionic conductivity σ, the geometric area A, the electrode 
porosity ε, and thickness d, we calculate the trough-plane tortuosity 
factor from the following Equation (2). Rion and tortuosity were found 
for the five different symmetric cells per condition. 

τ =RionσAε
2d

(2)  

2.2. Simulation 

A mesoscale physical computational model based on Coarse-Grained 
Particle Dynamics (CGPD) has been developed to investigate the impact 
of the rotation speed of the mixer on particle-pairs distance distribution 
during the solvent dispersion process. Conceptually, this model shares 
the mesoscopic viewpoint of our previously reported models of electrode 
slurries [10,11]. The scale of our slurry mixing model is confined within 
a container with a diameter of 100 μm and a height of 150 μm to strike a 
balance between computational cost and the representativeness of the 
model. We are aware that our model system is much smaller than a real 
mixer. Still, it allows us to qualitatively investigate the inter-particle 
behavior to support the understanding of our experiments. The geo-
metric construction of the container and mixer used in our model is 
illustrated in Fig. S1 in the Supporting Information. In the simulation, 
the AMs and the pseudo-carbon-binder-domain (CBD) are represented 
by spherical particles, and they are used both explicitly and implicitly to 
describe the carbon black, polymer binder, and solvent, as detailed in 
the Supporting Information and illustrated in Fig. S2. AM particles 
present a particle size distribution (PSD) similar to the experimental 
electrode slurry, which was extracted by X-ray Computed Tomography 
(XCT). AM and CBD masses in the model are in accordance to their 
experimental 94% AM - 6% CBD mass ratio. Details on the simulation 
process are also shown in the Supporting Information, and an example of 
mixing simulation is illustrated in a supplementary video. The simula-
tions are performed by using the open-source molecular dynamics 
simulator software LAMMPS [12]. A timestep of 0.5 ns was used after 
verifying numerical stability. The computation simulation duration is 
within two days. These were run in 32 cores Intel(R) Xeon(R) CPU 
E5-2680 v4 @ 2.40 GHz in 1 node (128 GB of RAM) of the MatriCs 
platform (Université de Picardie-Jules Verne, France). 

For the computer-generated electrodes, the morphology of dried and 
calendered electrodes was stochastically recreated through our INNOV 
algorithm [13]. The different properties of the computer-generated 
electrodes, such as porosity and tortuosity factor, were compared with 
the experimental results. The ionic tortuosity factor of these 
computer-generated electrode microstructures was calculated through 
the DiffuDict module of GeoDict 2023 (Math2Market). For the diffu-
sivity calculation, Fick’s first law is solved throughout the whole 
domain. The diffusion coefficient within the pores was set at 1 m2s− 1, 
while the diffusion within the CBD domain was calculated according to 
the Bruggeman relationships (Deff ,CBD = Dbulk × ε1.5), where ε stands for 
the CBD nanoporosity, 50 % for non-calendered electrode microstruc-
tures and 27% for calendered electode microstructures, and Dbulk and 
Deff ,CBD stand for the electrolyte diffusivity in the pore and in the CBD 
phases, respectively. The resulting value was Deff = 0.14 m2s− 1. The 
electrode tortuosity factor (τ) was calculated according to the McMullin 
number [14] (NM = Dbulk

Deff ,electrode
= τ

ε ), where ε is the electrode porosity. All 
of these input parameters were considered isotropic. Dirichlet boundary 
conditions were assumed for all external planes. 

3. Slurry results and discussion 

The manufacturing of electrodes involves interconnected processes 
and variables, influencing the output properties at each stage of elec-
trode fabrication. In this study, we systematically change the mixing 
speed in the slurry to assess the effect of the output properties on the 

rheology of NMC-based slurry and develop the physical computational 
models to understand the experimental results. 

3.1. Effect of the mixing speed in the slurry viscosity 

A higher mixing speed is expected to separate the material agglom-
eration, increasing the coating processability efficiently [15]. However, 
the effect of the mixing speed for positive and negative electrodes may 
highly depend on the binder’s mechanical properties. We compared the 
mixing speed effect in slurries containing NMC622 at 2000, 3000, and 
4000 rpm. The slurry protocol was kept constant among the samples (see 
Experimental Section). In addition, we sequentially combine each 
formulation component to disentangle their effect in the slurry rheology 
[16,17], as shown in Table 1. 

The mixing speed affects the rheology depending on the binder 
properties and stability, resulting in a material rearrangement caused by 
the energy input. Fig. 1 shows the effect of mixing speed on the viscosity 
along the shear rate by comparing mixtures of a) NMC + CB + PVDF, b) 
NMC + CB, and c) CB + PVDF. 

For both NMC-containing slurries, the viscosity increases at a lower 
mixing speed (see Fig. 1a and b). In contrast, the mixture’s viscosity 
containing CB + PVDF remains constant for the different mixing speeds 
with viscosity tendency and values close to NMC + CB + PVDF. 

Various studies have proposed that CB and PVDF tend to adsorb to 
active materials like NMC and graphite, which could impact the output 
properties of slurries and coated electrodes, such as electrode adhesion, 
tortuosity factor, and electrochemical performance [16–19]. The lower 
viscosity obtained for the slurry NMC + CB + PVDF mixed at 4000 rpm 
compared with 2000 and 3000 rpm (see Fig. 1a) could be explained by a 
possible decrease of CB agglomerates (destroyed due to the high mixing 
speed) and higher adsorption of PVDF and CB to the NMC particles [17]. 
CB and NMC + CB networks may be quite sensitive to being broken by 
the mixing process, reflected in the remarkable viscosity change when 
comparing the mixing speeds at 2000, 3000, and 4000 rpm (see Fig. 1b) 
[16]. The dispersion speed of 4000 rpm used in NMC + CB may cause a 
decrease in free CB because it will preferentially be adsorbed to NMC, 
considerably decreasing the slurry viscosity (see Fig. 1b). 

3.2. Influence of mixing speed on the frequency sweeps of the slurry 

Frequency sweeps are performed by maintaining the strain constant 
to evaluate further the effect of mixing speed in the slurry response. 
Fig. 2 shows the viscous (G″) and elastic (G′) moduli for the three 
different mixing speed conditions in the mixtures of a) NMC + CB +
PVDF, b) NMC + CB, and c) CB + PVDF, respectively. For PVDF- 
containing slurries, the tendency is mostly elastic (G’ > G″) (see 
Fig. 2a and c). Particularly, for NMC + CB + PVDF, the G′ and G″ will 
evolve depending on the frequency and mixing speed. For instance, at 
2000 rpm, G′ and G″ are approaching without converging. Whereas at 
3000 rpm, G′ equals G″ at ~8 Hz and overlaps up to 20 Hz. Regarding the 
4000 rpm, G′ and G″ get closer and cross over at ~2.5 Hz, changing to a 
viscous-like tendency (G” > G′). In contrast, the NMC + CB presents a 
viscous-like or solid-like trend (G” > G′) until ~ 2 Hz. However, G’ and 
G” curves show instabilities when increasing the frequency rate (see 
Fig. 2b), meaning that these dispersions are not stable [16]. 

The NMC + CB has a viscous behavior that evolves to elastic-like 
when PVDF is included in the complete slurry composition (see 
Fig. 2a). The PVDF stabilizes and gives an elastic behavior to the slurry. 
Since the CB + PVDF G′ and G″ moduli are not affected by the mixing 
speed, there is the possibility that the changes in the adhesion of NMC +
CB and PVDF interaction rule the complete slurry NMC + CB + PVDF. It 
seems that the NMC + CB + PVDF slurry mixed at 3000 rpm has a much 
more ideal behavior at the frequencies, from 8 to 25 Hz relative to the 
coating, because G’ ≈ G” [16]. This behavior may result from an 
adequate CB-absorption balance to NMC without PVDF degradation 
[16]. In contrast, the slurry mixed at 4000 rpm presents a more 
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viscous-like behavior, probably as a result of several reasons, such as 
carbon black clusters that were broken into fragments, PVDF entangling, 
formation of shorter polymer chains, and further particle-particle col-
lisions. According to Reynolds et al., an equilibrium of CB adsorption by 
the NMC in the solution will be the key to avoid instabilities in the slurry 
and the resulting coating electrodes since having abundant CB in the 
formulation will cause a gel-like slurry or will lower the energy density 

of the final coating [16]. 

3.3. Mixing speed model: rationalizing the slurry dispersity 

As shown in Fig. 1a and 2a, the viscosity, G’, and G” moduli 
dispersion for the slurry mixed at 2000 rpm are higher than those at 
3000 and 4000 rpm. To further understand the origin of the slurry 

Fig. 1. Rotational viscosity for the slurries for the different slurry compositions presented in Table 1: (a) NMC + CB + PVDF, (b) NMC + CB, and (c) CB + PVDF. The 
shaded zones correspond to the average deviation after five measurements. 

Fig. 2. Oscillatory frequency sweep measurements of slurries at 2000, 3000, and 4000 rpm for the different slurry compositions presented in Table 1: (a) NMC + CB 
+ PVDF, (b) NMC + CB, and (c) CB + PVDF. The shadow zones correspond to the average deviation after five measurements. Markers ■ and ○ refer to G" (viscous 
modulus) and G’ (elastic modulus), respectively. 
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dispersion, we developed the CGPD model described in the Materials 
and Methods section and Supporting Information. In our simulation, we 
focused on studying the effect of mixing speed on the aggregation of AM. 
It is worth pointing out that we are not simulating the dispersion of 
solvents or the impact of liquids on the system. Furthermore, because of 
the treatment of carbon additive and binder as a single entity, our model 
cannot investigate the effect of mixing speed on the degree of carbon 
additive aggregation and binder conformation. Nevertheless, in our 
simulations, we pay more attention to the effect of the mixer on the AM 
particle-AM particle interaction and the AM particle distribution during 
the process. In our study, we characterized this phenomenon using the 
interparticle distance. 

In the simulation, we also considered three different mixing speeds. 
Due to the model’s scale being much smaller than the actual electrode 
slurry mixing dimensions (approximately 1:1000), the simulation did 
not use rotation speeds that were entirely consistent with the experi-
ments. Here, we refer to simulated mixing speeds as high-speed, me-
dium-speed, and low-speed. The ratio between these three speeds is the 
same as in the experiment, which is 4:3:2. The same timesteps for mixing 
and relaxation were used for different mixing speeds in simulations. The 
simulations were run repeatedly at least two times for each mixing 
rotation speed, showing excellent reproducibility. 

The effect of the slurry mixing speed on the AM-AM particle distance 
distribution in the slurry was investigated by using the radial distribu-
tion function (RDF). Fig. 3a illustrates the RDF of particles within the 
container. Fig. 3b–d shows the results from the model for the three 
speeds. The X-axis represents the distance between particle centroids in 
micrometers, while the Y-axis represents the value of the RDF, denoted 
as g(r). The RDF indicates the relative density of particles at a specific 
distance. The height of the peak reflects the increase in particle density 
at that corresponding distance relative to a uniform distribution, which 
is the RDF between AM particles at the last timestep of mixing. Low 
speed shows the first peak at around 8 μm, indicating the presence of 
smaller relative distances. In comparison, the centrifugal force gener-
ated by high-speed rotating mixing increases the distance between 
particles during mixing. It can be seen that the slurry obtained from low 
speed also has more peaks, indicating the presence of more structured 
clusters, which leads to increased polydispersity in the particle organi-
zation, resulting in higher variability in the viscosity and G’ and G” 
moduli within the rheology (as shown in Fig. 1a inset and Fig. 2a). 

Fig. 4 shows a scheme that illustrates the results obtained by 
rheology and modeling. We hypothesize that at low speeds, CB may be 
agglomerated and attached to NMC preferentially. In addition, a high 
polydispersity of the slurry rheology and more random interparticle 

distances are obtained, as confirmed by the CGPD model. The obtained 
viscosity for the lowest mixing speed is higher than at higher speeds, and 
the slurry presents a viscoelastic liquid-like behavior (G’ > G″). It could 
be that this results from the PVDF organization that gives extended 
polymer chain loops or trains, causing lower polymer adsorption [20]. 
In contrast, high speeds affect this NMC-CB interaction and distribution 
of CB in the slurry and the PVDF polymer chains, producing a visco-
elastic solid-like behavior (G” > G′). Polymer chains with more loops 
may probably form, giving a more gel-like behavior [20]. Considering 
intermediate speeds, the slurry will have an ideal PVDF and CB 
adsorption to the NMC, giving an in-between viscosity and G’ ≈ G” in 
the coating window, with shear rates from 0.6 to ~ 50 s− 1. 

4. Mixing speed effect on the dried and calendered experimental 
electrode 

Subsequently, we studied the effect of slurry mixing speed on the 
coated electrode output properties such as porosity, tortuosity factor and 
microstructure by using a pristine electrode coated using a comma gap 
of 200 μm, prepared as described in the Methods section. The electrode 
was also calendered 30 % of the initial thickness to investigate if an 
intensive calendering degree could amplify differences between the 
different mixing speeds. 

We experimentally studied the effect of the mixing speed on the 
structural properties by using micro-XCT data and SEM data from the 
frontal and cross-sectional view. Previously existing Micro-XCT data was 
used to obtain information on the shape and size of NMC622 particles. 
Individual AM particles were separated and labeled as single particles by 
using the commercial software package Avizo. The AM PSDs of the dried 
electrodes from different mixing speeds were studied, as shown in Fig. 5. 
It can be observed that the independent PSDs of the three electrodes are 
essentially consistent, showing that particles with equivalent diameters 
of about 10–12.5 μm are more abundant. This result is similar to the 
findings obtained through porosimetry analysis, which indicated an 
average diameter of 12.6 μm in the powder: 10% of the particles have a 
diameter of less than 7.17 μm, while 90% of the particles have a 
diameter of less than 21.0 μm. This indicates that the mixing speed does 
not significantly impact AM particle fracture in the electrode. 

Subsequently, the electrode was calendered from 48% to 24% 
porosity to exacerbate the differences in the electrode microstructure. 

In addition, the tortuosity factor was measured after measuring the 
impedance of symmetrical cells of the uncalendered and calendered 
electrode at 24% porosity, as presented in Fig. 6. 

While the results show strong similarities for mixing speeds of 2000 

Fig. 3. a) Mixing process simulation representation. The Radial distribution function (RDF) study for the AM-AM particles in the simulation for the different speeds at 
the last step of the mixing at (b) low speed, (c) medium speed, and (d) high speed. 
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and 3000 rpm, the electrode made from the slurry mixed at 4000 rpm 
presents a significantly higher tortuosity after calendering. Additionally, 
3000 rpm shows a minimum in tortuosity factor for calendered elec-
trodes, although within the experimental error. With the goal of further 
investigating these effects, stochastically generated structures were 
analysed to determine tortuosity factors, respecting experimental 
thicknesses, porosities, and PSDs. The results are presented as follows. 

The tortuosity factor and porosity values determined for the coated 
electrodes, before and after calendering, allow us to study numerically 
the impact of the mixing speed and the morphology of the CBD on the 
ionic pathways and, therefore, on electrode performance obtained by 
stochastic generation from the INNOV algorithm. This allows us to 
extract conclusions on the casted electrodes. 

Electrodes presenting a PSD for the AM similar to the formulation 
used for preparing the experimental slurry electrode and the CBD were 
generated stochastically in proportion to their mass ratio, which is 94% 
AM - 6% CBD. The volume fraction of CBD particles was calculated 
based on the volume fraction of pores observed experimentally and the 
CBD mass density, considering 50% nanoporosity before calendering 
and 27% nanoporosity after calendering. Our INNOV algorithm that can 
control the morphology of the CBD was used to add it either as films, as 
aggregates, or as a mix of both. While a direct correlation between 
mixing speed and CBD morphology is a challenging endeavor, we 
recreate microstructures with all three configurations to analyse dif-
ferences, and potentially find insight into the real CBD arrangement at 
the micrometer scale. As shown in Table 2, each mixing speed corre-
sponds to a porosity observed experimentally and presented in the 
previous sections. We use these porosities to generate different elec-
trodes for different conditions. Uncalendered and calendered electrodes 
were studied separately, and two different types of electrodes were 
generated for each study. Before calendering, one electrode with 47 % 
porosity (31 % in the bulk and 16 % in the CBD nanopores) called 
hereafter 47-NC electrode, and one with 48 % porosity (32.3 % in the 
bulk and 15.7 % in the CBD micropores) called hereafter 48-NC elec-
trode. After calendering, one electrode with 24 % porosity (13.4 % in the 

Fig. 4. Scheme of the probable effect of the different speeds in the positive electrode slurry material interaction.  

Fig. 5. The PSDs of the dried electrodes from different mixing speeds.  

Fig. 6. (a, b, c) EIS spectra of dried and calendred electrode under blocking electrolyte conditions and the corresponding fitting for tortuosity factor determination, 
d) Tortuosity factor as a function of mixing speed for both dried and calendred electrode. 
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bulk and 10.6 % in the CBD micropores), called hereafter 24-Cal30% 
electrode, and one with 26 % porosity (15.7 % in the bulk and 10.3 % in 
the CBD micropores) called hereafter 26-Cal30% electrode. Each type of 
electrode was generated three times for a total of six 3D microstructures 
for each study. For instance, for a calendered electrode, arose two 
electrodes with CBD as film (24 − Cal30%film, 26 − Cal30%film), two 
with CBD as aggregate (24 − Cal30%aggregate, 26 − Cal30%aggregate), and 
two with CBD as mixed (24 − Cal30%mixed, 26 − Cal30%mixed). The 3D 
microstructures of stochastically generated electrodes are represented in 
Fig. 7. Each of the conditions (for instance, 26-Cal30% and CBD as film) 
has been repeated 10 times for the electrode microstructures generations 
because of their stochastic nature, and results were averaged. 

Tortuosity factors for all CBD morphologies depending on the 
porosity percentages for uncalendered and calendered microstructures 
are presented respectively in Fig. 8a and b. For each condition, ten 
calculations are being done and the average across the thickness direc-
tion is presented for each CBD morphology. The error bars represent the 
corresponding spread. 

For the uncalendered electrodes, results show statistically insignifi-
cant differences when changing CBD morphology (1.7 % dispersion) or 
when changing porosity values (2.5 % dispersion), as presented in 
Table 3. However, after calendering, the disparities in tortuosity factor 
become more pronounced, reaching a 13.5 % decrease in tortuosity 
factor when porosity increases from 24 % to 26 % and 7.5 % concerning 
CBD morphology (observed between film and aggregate morphologies 
for higher porosity). 

With these results, a connection can be made to experimental data 
obtained in the previous sections. After calendering the electrodes ob-
tained at a lower mixing speed, a lower porosity (24%) is obtained with 
respect to 4000 rpm (26%). The trend in tortuosity factor from stochastic 
structures here matches the experimental observation. The effect of CBD 
morphology variation is difficult to elucidate and correlate to experi-
ments due to the narrow dispersion in the results and the fact that sto-
chastic microstructures show opposite effects for 24% and for 26% 
porosities. We expect that further studies combining experiments and 
simulations can clarify this, while improving the match between tortu-
osity factors from experiments and simulations. In the case of unca-
lendered electrodes, tortuosity factor seems to decrease as mixing speed 
increases, though the variation is too small to identify a clear trend, both 
in experiments and simulations. 

Two principal conclusions emerge. Firstly, under a compression de-
gree of 30%, a marginal difference in porosity percentage yields a sub-
stantial impact on tortuosity factor values. Secondly, the cluster-like 
morphology for CBD results in an overall higher tortuosity factor under 
conditions of higher porosity (26 %, obtained for 4000 rpm), while the 
film-like morphology for CBD results in higher electrode tortuosity 

factor under conditions of lower porosity (24 %, for 2000 and 3000 
rpm). 

5. Conclusions 

In this work, we have reported a comprehensive systematic study of 
the influence of the mixing speed in the NMC-based positive electrode 
slurry rheology through different slurry component combinations. The 
combinations included mixing the CB and binder (PVDF), the NMC and 
CB, and the complete slurry composition NMC + CB + PVDF. The 
rheology of the different mixtures highlights the changes in the nature of 
the component interactions. For instance, the mixing speed does not 
affect the CB + PVDF viscosity. In contrast, NMC + CB and NMC + CB +
PVDF show higher viscosity changes when the speed increases, high-
lighting the sensitivity of the NMC + CB network to be broken by shear 
rate. In addition, frequency oscillatory sweeps were performed on these 
different mixtures to understand the effect of speed on the slurry 
behavior. The frequency sweep study on the NMC + CB + PVDF reveals 
a delicate balance between the G′ and G″ moduli depending on the 
mixing speed. At lower speeds, the viscoelastic behavior is elastic mainly 
(G’ >G″) with a higher variability. In contrast, the slurry mixed at higher 
speeds has a viscous-like behavior (G” > G′) and lower variability. In 
comparison, G′ is almost equal to G″ at intermediate speeds. In contrast, 
CB + PVDF shows no changes in the elastic behavior (G’ > G″) over 
frequency depending on mixing speed. In addition, NMC + CB presents 
instabilities in G’ and G” when increasing the frequency, highlighting 
the importance of PVDF in the stability of the slurry network. A model 
was used to comprehend the viscosity polydispersity, giving hints into 
the organization of the NMC active material particle distances and their 
relationship to rheology variation. 

Additionally, the casted electrodes data, both before and after 
calendering was used to stochastically generate virtual electrode mi-
crostructures. These allowed us to conclude that very small differences 
in porosity, on the order of the 1 % that is observed when different 
mixing speeds are used, result in significant differences in tortuosity 
factors. With the intention of assigning different CBD morphologies to 
different mixing speeds, stochastic microstructures can be used and 
compared to tortuosity measurements, but the variations in both model 
and experiments make finding this correlation a challenge. We believe 
that the results presented in this article provide important insights into 
the mixing protocol, providing guidance towards the optimum 
manufacturing of battery electrodes. 
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