
Carbon-binder-domain porosity extraction through lithium-ion battery 
electrode impedance data

Sergio Pinilla a,1, Franco M. Zanotto b,c,1, Diana Zapata Dominguez b,c, Tomás García a,  
Alejandro A. Franco b,c,d,e,*

a Electrochemical Processes Unit, IMDEA Energy, Avda. Ramón de la Sagra 3, Móstoles, Madrid 28935, Spain
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A B S T R A C T

In the field of 3-D resolved computational modeling of Lithium-ion battery electrodes, the arrangement and 
properties of the Carbon-Binder-Domain (CBD) play a critical role in the ion and electron transport through their 
impact on the electrode tortuosity factor. However, until now, the CBD porosity value -its main descriptor 
affecting its transport properties and occupied volume- has been determined through educated guesses due to the 
lack of an experimental approach. Here, a novel methodology is reported for the determination of the CBD in
ternal porosity through the combination of computational modeling and experimental electrochemical imped
ance spectroscopy (EIS). The methodology is based on the creation of a calibration curve that relates tortuosity 
factor with CBD porosity through digital stochastic generation of electrode microstructures and diffusivity cal
culations. The curve is then compared to the EIS experimental results and analyzed through a transmission line 
model, yielding a good estimation of the parameters. In this work, the usefulness and the identified limitation of 
this approach are demonstrated using three different formulations of LiNi0.3Mn0.3Co0.3O2 (NMC 111) cathodes. 
To the best of the authors’ knowledge, this is the first reported method for estimating CBD porosity.

1. Introduction

The use of computational modeling has been gaining relevance as a 
way to reduce cost, time and resources in the innovation process of the 
battery industry [1]. One of the most impactful ways in which compu
tational modeling has been employed has been in the optimization of the 
electrode manufacturing process. Electrode manufacturing has a critical 
role in the performance of the end-devices and even in their aging [2,3]. 
Electrode thickness, active material size, microstructure and material 
disposition are just a few of the parameters that have to be considered 
during the manufacturing process and small changes in composition, 
deposition and even drying processes can have dire effects on them [4].

For manufacturing related optimizations, 3-D modeling has shown a 
remarkable flexibility and usefulness. This approach can be used to 

simulate and optimize the whole pipeline of manufacturing processes 
including slurry formulation, coating, drying, and calendering [5,6]. It 
has been even used for the simulation of non-standard manufacturing 
methods such as solvent-free extrusion [7] or cold pressing [8].

The digital reconstruction in 3-D of an electrode can be done by four 
differentiated approaches. The first one goes through the simulation of 
the entire manufacturing process including the formulation, drying, 
calendering, electrolyte infiltration and electrochemical response, a 
concept introduced by the ARTISTIC project initiative [9]. This 
approach is appropriate for understanding the relationship between 
microstructure parameters and manufacturing process, and solves the 
relative high computational cost of physics-based models, by combining 
them with Machine Learning, although this combination implies 
deriving Machine Learning-surrogate models trained on the 
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physics-based simulation and/or experimental results [10–12]. Another 
option is the digitalization of experimental electrode microstructures 
through computer tomography. In this case the fidelity to the experi
ments is high, but it is resource intensive and, although the active ma
terial can generally be properly accounted for, the binder and carbon 
black (CB) are rarely well captured by this this approach [13]. Third, 
Neural Network-based generative methods exist that allow the genera
tion of 3D microstructures from single images, [14] but they require 
significant amount of training data, and they lack a description of the 
physical processes occurring during the electrode fabrication. The last 
option is the stochastic generation of electrode microstructures, which 
will be the use in this work. This method is based on the generation of a 
backbone of the active material (AM) particles, which is then completed 
with a phase known as carbon binder domain (CBD) consisting of a 
combination of the CB and binder. The advantage of this method is its 
speed and parameter flexibility, which allows exploring a wide range of 
microstructural parameters. However, it is not able to correlate the 
electrode microstructure output with a particular set of manufacturing 
parameters, such as drying rate and calendering pressure.

In all these cases, there is a common challenge, the proper descrip
tion of the CBD phase. Due to the filament-like structure of the binder 
and the small size of the CB particles, they tend to combine forming a 
non-homogeneous hybrid that is challenging for explicit treatment in 
simulations, thus it becomes necessary to make certain assumptions. 
These assumptions can have a notable impact on the electrode proper
ties, for instance, Mistry et al. [15] showed computationally that just by 
changing from a film-like CBD to a finger-like CBD with certain porosity, 
the kinetic resistance was reduced by 20 % and energy was increased by 
2 %. Chouchane et al. [16,17] later explored computationally how 
different CBD arrangements influenced the performance at different 
electrode porosities, demonstrating a non-negligible influence in the 
ionic and electronic response. Moreover, Kroll et al [18] experimentally 
demonstrated that the CBD phase tends to form aggregates that have a 
major role in the porous network arrangement and highlighted the 
importance that the CBD internal structure may have in the ion transport 
along the electrode.

This CBD internal structure affects both how much space the CBD 
occupies, and thus how much of the void space it takes from the elec
trode, and how permeable it is to ion diffusion [19]. Though the 
importance of the inner structure of the CBD network (specifically the 
CBD porosity) has been acknowledged, in all works the CBD porosity is 
still assigned an arbitrary value that is usually between 10 % [7] and 50 
% [20], based more on educated guesses rather than experimental de
terminations. This hinders the fidelity of the electrochemistry simula
tions, as the CBD porosity can have a substantial impact on the electrode 
tortuosity factor, which in turn is very decisive on the mass transport 
processes in the porous network [21]. Throughout this paper, the tor
tuosity factor, herein denoted τ, will be used as the link between CBD 
porosity and experimental observables. It should be noted that there is 
no clear standard in the literature regarding its notation, with some 
authors using τ for the geometric tortuosity and others using τ for the 
tortuosity factor. Note that the tortuosity factor is the square of the 
geometric tortuosity.

There is a wide variety of models that rely on an accurate value of the 
permeability and volume of the CBD. These can be grouped into 
manufacturing models [22,23] and performance models [2,24]. For the 
former, the CBD porosity has an impact on its specific volume and 
interaction forces between particles. For the latter, it has an impact on its 
specific volume, ion transport, and electron transport properties. While 
some of our previously reported manufacturing models are able to ac
count for changes in size of CBD porosity due to the external compres
sion upon electrode calendering, there is no information in experimental 
literature about the magnitude of this effect. For this reason, the method 
developed herein considers it independent of calendering parameters.

It is therefore fundamental to develop a reliable way to obtain the 
CBD porosity value, ε. This is exactly the goal of the presented work: we 

propose a strategy for determining the CBD porosity combining simu
lation and experimental efforts. We also consider different electrode 
formulations and compression degrees to explore the effects of the CBD 
porosity on the τ − ε relationship and use it to compare it with the 
experimental counterparts. It is important to notice that the CBD 
structure might depend on the manufacturing method and components. 
Therefore, the reported values along the paper must be carefully used 
only in comparable systems and it is encouraged the use of the proposed 
methodology when attempting to apply it to other electrode chemistries 
or manufacturing conditions.

2. Methodology

2.1. Experimental

2.1.1. Slurry preparation
NMC based slurries were prepared from raw LiNi0.3Co0.3Mn0.3O2 (Ni: 

Co:Mn=1:1:1) powder (NMC) purchased from MTI corporation. The 
conductive additive was super C45 carbon black (CB) and the binder was 
Polyvinylidene Difluoride (PVDF), both also provided by MTI Corpora
tion. The PVDF was pre-mixed with the N-Methyl-2-pyrrolidone (NMP) 
and homogenized overnight. Subsequently the NMC and CB were added 
to the mixture in the weight ratios mentioned along the manuscript 
(90:5:5, 92:4:4 and 95:3:2, NMC:CB:PVDF). After all materials were 
mixed, NMP was added to the mixture to adjust the solid content to 60 % 
in weight. The mixing was performed in a vacuum mixer MSK-SFM-7 
(MTI corp.) at a fixed mixing speed of 320 rpm. The homogenization 
of the mixture took place for 5 h in a controlled environment at 20 ◦C in 
short steps of 30 min followed by 10 min of rest to avoid the heating up 
of the sample.

2.1.2. Electrodes preparation
The slurries were coated over a 16 µm Al foil using a film coater 

(MSK-AFA-II-VC) with a fixed blade gap of 150 μm and a coating speed 
of 0.2 m/min. Previous to the deposition, the rheological properties of 
the slurry were analyzed with a rheometer (Anton Paar MCR 92). The 
viscosity vs. shear rate curves are shown in Fig. S1 where the viscosity 
for the used coating speed is displayed as well as the calculations to 
obtain them, Table S1. The as-deposited films were immediately dried 
in a vacuum oven at 60 ◦C for 4 h. To obtain a precise control of the 
porosity over the selected range (28 %, 38 % and 48 %) the 12 mm round 
shaped electrodes were punched before calendering and then individ
ually pressed using a prototype-grade lab press calender (BPN250, 
People & Technology, Korea). The calendering was performed at con
stant line speed (0.54 m/min) and 60 ◦C. The porosity calculations were 
based on the apparent porosity further described elsewhere [25]

2.1.3. Symmetric cells assembly
The electrodes for the study of the tortuosity factor were assembled 

in symmetric cell configuration using 2032-coin cells assembled in a dry 
room with a H2O content lower than 15 ppm. For the assembly of the 
cells, a Celgard 2500 separator was used and a 10 mM Tetrabuty
lammonium perchlorate (TBAClO4) solution prepared in a 1:1 wt% 
mixture of ethylene carbonate and dimethyl carbonate (EC: DMC) was 
used as electrolyte, injecting 150 μL per coin cell. The electrolyte con
ductivity was experimentally determined from the EIS study of sym
metric cells consisting of blocking stainless steel electrodes and a range 
of Celgard 2500 separator stacks (from 1 to 3) with known parameters as 
described by Landesfeind et al. [26]. The experimental electrolyte 
conductivity was between 2.4 × 10-4 S/cm and 3.12 × 10-4 S/cm at 25 
◦C, matching previous reports [27].

2.1.4. Electrochemical testing
The potentiostatic electrochemical impedance spectroscopy (PEIS) 

tests were performed with an MTZ-35 impedance analyzer (BioLogic, 
Seyssinet-Pariset, France) in 0.1 Hz–10 MHz frequency range and a 
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potential perturbation of 5 mV. All PEIS measurements were performed 
at 25 ◦C after a week of conditioning of the cells at the testing 
temperature.

2.1.5. Impedance analysis
The impedance analysis was done with a custom-made Python script 

which, through a minimization routine, adjusted the experimental 
impedance data to the equivalent circuit known as transmission line 
model (TLM), further described in Refs. [13,26,28]. The methodology 
for the analysis and the tortuosity factor extraction is based on the works 
of Landesfeind et al. [26] and Pouraghajan et al. [28]. Due to the contact 
impedance shown by the high porosity electrodes, the use of the TLM-Q 
model proposed by Landesfeind et al. does not fit well the data. We have 
therefore used the assumptions described by Pouraghajan et al., 
considering a transmission line in which there are no effective faradaic 
reactions due to the blocking-electrolyte, no double-layer effect between 
current collector and electrolyte, but there is an impedance associated 
with the contact between the electrode material and current collector 
(ZCC). This leads to the following expression of the electrode impedance 
(ZE): 

ZE = Rion

⎛

⎜
⎜
⎝ZCC +

1
̅̅̅̅̅̅
Rion
ZS

√
tanh

̅̅̅̅̅̅
Rion
ZS

√

⎞

⎟
⎟
⎠ (1) 

where ZCC has been considered a RC circuit, thus being: 

ZCC =
Rcc

(1 + RccQcc(iω)
γ
)

(2) 

Since we are considering a blocking electrolyte, there is no redox reac
tion taking place in the active material and therefore there is no charge 
transfer process associated to it, leading to an expression of ZS that is 
purely capacitive: 

ZS =
1

QS(iω)γ (3) 

Taking into consideration the cell configuration, the total impedance 
is: 

Z = 2ZE + Rseries (4) 

where in Rseries we are considering the resistance associated with the 
separator and other possible resistances associated with the cell 
connection to the potentiostat.

Finally, the tortuosity factor can be estimated through the MacMullin 
number using the following relationship: [26] 

τ =
RionAkε

d
(5) 

where κ is the electrolyte conductivity, A is the geometrical area of the 
electrodes, d is the thickness of the electrodes and ε is the porosity.

In order to have sufficient accuracy on the tortuosity factor estima
tion, six symmetric cells were analyzed per porosity and AM formula
tion. The electrodes conforming the symmetric cells were paired using 
their individual thicknesses and porosities, only assembling together 
those that showed differences lower than 2 μm in thickness and 2 % in 
porosity. Differences larger than those were leading to significant higher 
standard deviations in the tortuosity factor values.

2.1.6. Material characterization
The field emission scanning electron microscopy (FE-SEM) images 

were performed with a JEOL JSM-7900F (JEOL Ltd.). The active mate
rial particle size distribution used for the simulations was obtained by 
adjusting the perimeters of the grains to circumferences through the 
analysis of SEM images with the ImageJ software. The histograms and 

lognormal probability density function of the distribution are displayed 
in the supporting information section, Fig. S2. The cross-sections dis
played in Fig. 2 and used for the size distributions were obtained 
through the cryofracturing of the electrodes immersed in liquid 
nitrogen.

2.2. Simulations

2.2.1. Stochastic generation of microstructures
The stochastic generation of microstructures and their character

ization were performed with the goal of comparing with experiments. 
The generated microstructures are composed of three domains, resolved 
at the micrometer scale: pores, NMC, and CBD. It should be noted that in 
this model, the pores domain does not account for 100 % of the porosity, 
since part of it is included in the CBD, but not explicitly described due to 
its nanometric scale. Periodic boundary conditions were applied along 
the x and y dimensions, for both generation and characterization. All 
simulations were carried out by using the GrainGeo and DiffuDict 
modules of GeoDict 2023 (Math2Market) [29].

Input parameters were taken from experiments whenever possible. 
Experimental weight percentages were converted to volume percentages 
by using the values of density from bibliography: 4.78 g cm-3 for NMC 
[30] and 1.8 g cm-3 for CBD, [5] before considering its internal porosity. 
The internal porosity of CBD was left as a parameter for fitting, between 
the values of 0 % and 60 %. Values much larger than this reach the upper 
limit for which the whole available volume left by the AM backbone is 
occupied by CBD. The total porosity values were taken from those 
determined from the electrodes from their volume and the density of 
their components. For each of these selected electrodes, the corre
sponding thickness as measured with calipers was set as the z dimension 
of the simulation box, resulting in the same mass loading as in experi
ments. Convergence tests were performed by repeating the whole 
workflow with increasing system size in the x and y dimensions, 
repeating each condition three times for different random seeds. It was 
determined that the deviation in final Deff value was consistently below 
1 % for systems larger than 150 µm x 150 µm. While this is acceptable, 
the final system size was set as 200 µm x 200 µm as a safety margin. The 
selected voxel size was 0.25 µm, which yielded reliable Deff values. No 
significant difference was observed for lower values.

To generate the electrodes, spherical NMC particles were randomly 
placed in the simulation box, following the particle size distribution 
obtained from the experiment: a LogNormal distribution with a mean 
diameter of 3.55 µm and a standard deviation of 1.09 µm, with a min
imum size of 1 µm and a maximum size of 7 µm (Fig. S2). The volume of 
NMC was chosen to match the experimental mass loading. Overlap be
tween different particles due to their stochastic placement in the box 
was removed in a second step, with a tolerance of 0.01 % of the total 
NMC volume.

In a second step, the CBD was added through the AddBinder function 
of GrainGeo [31]. This function detects NMC particles that are close to 
each other and joins them by adding a new phase between them in the 
shape of a concave meniscus. The shape of the resulting phase depends 
on the chosen contact angle. Tests with different contact angles revealed 
no significant difference in the results, therefore the default value of 
0◦ was used. Additionally, the distribution of CBD was assumed to be 
isotropic, due to the low thickness considered and mild experimental 
drying rates [32,33]. The volume of CBD added was selected to match 
the weight percentage of the components, while accounting for the 
material density and the different selected values of internal CBD 
porosity; e.g. when internal CBD porosity is set as 50 %, a real density of 
1.8 g cm-3 is considered as 0.9 g cm-3 for the purposes of microstructure 
generation.

For the purposes of comparing with experiments, between seven and 
eight NMC microstructures were generated for each electrode compo
sition, totaling 23. For each of them, four different electrodes were 
generated, with internal CBD porosity varying from 30 % to 60 %.
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2.2.2. Characterization of τ of the generated electrodes
In our computational approach, the determination of the tortuosity 

factor of the electrode by geometrical considerations would be an 
overestimation, since it does not explicitly account for the internal 
porous paths within the CBD. For this reason, diffusion simulations were 
performed to calculate the effective diffusion coefficient of a probe 
species across the electrode, Deff. From this value, the tortuosity factor τ 
can be estimated according to Eq. (6): 

τ =
D*

Deff
ε (6) 

where D* is the diffusion coefficient of the probe species in the open pore 
phase. This relies on the assumptions that the cross-section area for 
diffusion through the medium is proportional to porosity, and that the 
Einstein-Smoluchowski equation holds [34]. These are the same as
sumptions in which the experimental determination is based on, making 
comparison appropriate.

An important assumption of this approach concerns the internal 
structure of the CBD phase. Information on the arrangement of polymer 
binder and carbon additives is challenging to obtain experimentally 
[18]. Different models have been proposed to estimate the effective 
diffusion coefficient of a porous medium from its τ value [35]. In this 
work, we consider a straightforward model assuming that τ is solely 
dependent on porosity. Several ways of correlating these two magni
tudes have been proposed [36], but among the simplest is the Brugge
man’s equation [37,38] 

τ = ε1− 1+n
n = ε1− α (7) 

where n = 2 (α = 1.5) when the obstacles for diffusion are spheres. This 
equation, in combination with equation (6), which can be used for the 
CBD phase, yields 

Deff = ε1.5D* (8) 

which we use throughout this work. It should be noted that other models 
for obtaining Deff within the CBD phase could be applied, such as the 
Maxwell correlation 

τ =
3 − ε

2
(9) 

or the generalization of Eq. (7) [39] 

τ = γε1− α (10) 

for which empirically determined values of α and γ can be found in 
literature for different systems [35].

The determination of τ from the synthetic electrodes relies on 
diffusion equations. Here, Fick’s laws of diffusion are considered valid 
throughout the open pores and the CBD. A steady-state diffusion simu
lation is carried out in the electrode domain, fixing concentrations of 
0 mM and 1 mM of a diffusing probe species at the base and top of the 
electrode. Periodic boundary conditions are considered in the remaining 
perpendicular planes. After the steady state concentration and diffusive 
flux are determined in the simulation domain, the total flux across the 
electrode, J, can be calculated, and the effective diffusion coefficient 
calculated as Deff = |J| × thickness/1 mM, where thickness stands for the 
length of the z dimension of the simulation domain.

3. Results and discussion

As stated in the introduction, the aim of this paper is to develop a 
method for obtaining the value of the CBD internal porosity. This results 
section elaborates about the workflow required to carry out this method. 
In order to serve as a guide for the reader, panel A in Fig. 1 shows a 
diagram of the steps involved. The workflow consists of two branches 

occurring in parallel. The upper row shows the experimental branch, 
while the lower row presents the branch involving stochastic generation 
of microstructures and characterization through simulations. Briefly, the 
method involves determining the tortuosity factor of a set of electrodes 
manufactured under similar conditions for different calendering situa
tions. This is done through EIS experiments analyzed by means of a TLM. 
In parallel, electrode microstructures are stochastically generated 
considering the same compositions and varying CBD porosity values 
(panel B in Fig. 1). Both results are then fitted to a function of electrode 
tortuosity factor as a function of electrode porosity, and from the com
parison, a value of CBD porosity can be inferred.

First, the simulated microstructures were generated using the size 
distributions from the experimental electrodes as described in the 
methods section (Fig. S2). Fig. 2 shows a side-by-side comparison of the 
SEM images and a slice of the stochastically generated microstructure. It 
should be noted that the particles in the digital microstructure appear 
smaller than they are because the slices do not match with the central 
plane of most particles. The SEM image shows an intermediate grey 
value as well corresponding to the CBD, concentrated between particles. 
Panel B shows this domain well represented by the chosen method for 
the inclusion of CBD in the stochastic microstructure.

An initial analysis of the effect of the internal CBD porosity on the 
tortuosity factor of the whole electrode is a necessary and insightful first 
step for the development of the general strategy this work is based on. In 
this sense, two representative electrodes, with their corresponding 
porosity and thickness, were chosen and recreated each for different 
CBD internal porosity values. The high porosity case has a thickness of 
38.5 μm and a porosity of 49 %. The low porosity case has a thickness of 
54.0 μm and a porosity of 35 %. In each case, the AM particle locations 
and sizes remain the same, with the volume of CBD varying according to 
its density. The internal porosity of the CBD ranges from 0 % to 65 %. 
The results from the determination of tortuosity factors are presented in 
Fig. 3. The main conclusion arising from this comparison is that as the 
CBD becomes more porous, less dense, and takes a larger fraction of the 
available space, the electrode tortuosity factor decreases. In other 
words, a very extended but very permeable CBD is more favorable for 
the diffusion of species than an impermeable but very localized CBD. 
Another conclusion is that this effect is much more impactful in elec
trodes with lower porosity, for which τ is higher in every case, but varies 
to a larger degree, from 5.5 to 2.0. This effect anticipates that the 
determination of CBD internal porosity will be more precise in low 
porosity electrodes and after calendering. Additionally, these results 
highlight the importance of an accurate determination of the CBD in
ternal porosity, as its variation has a very significant effect on the tor
tuosity factor, which in turn is very impactful on transport properties 
and kinetics [40].

As a next step, following with the lower path of the scheme in Fig. 1, 
three active material (AM) fractions typically used in lab-scale research 
and industry for NMC were selected: 90 %, 92 % and 95 %. The 
experimental preparation of the electrodes is described in the methods 
section. The resulting final thicknesses after calendering and their cor
responding calculated porosities were used to produce their digital 
counterparts. The results from the characterization of these micro
structures are shown on the top row of Fig. 4. The results show the ex
pected trend: for a given value of CBD internal porosity, τ, increases as 
electrode porosity decreases (corresponding to an increase in compres
sion degree). This agrees with the prediction from Eq. (7) and its 
generalized form Eq. (10). The irregular intervals between the assessed 
porosities in these plots are a result of the target values of porosity in the 
experiments: around 28 %, 38 %, and 48 % and the experimental 
deviation.

These plots point to a main basis for our proposed method: the trend 
curve can be approximated as a function of the shape τ = ε1− α, for a 
given value of the parameter α that seems to depend on the CBD internal 
porosity. Note that this equation is in this case used at the electrode level 
instead of at the internal CBD microstructure level. The continuous line 
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shows the best fit for this function, with the values for α presented on the 
plots in the bottom row. For completeness, the same data is presented in 
the supporting information section (Fig. S3) but considering the 
generalized form of this function, Eq. (10). It is noteworthy that all the 
values of α here determined lie between α = 1.5 and α = 2.0, which are 
the expected results for an arrangement of spheres and cylinders, 
respectively [21]. Furthermore, α closely follows a linear trend, 
approaching 1.5 for high CBD internal porosity and 2.0 for low CBD 
internal porosity. This can be interpreted in light of the method used for 
the addition of the binder material on the microstructure: when the CBD 
is compact, it is placed joining pairs of AM particles, and acts almost as a 
wall for diffusion. This results in a network of spheres, joined by low 
diffusivity cylinders with low aspect ratio. This recalls the model situ
ation resulting in α = 2.0. On the other side, when CBD is spread out and 
very permeable, it occupies a large fraction of the available space, where 
ion diffusivity follows Eq. (7) with a value of α = 1.5.

A relevant point to note is that to fit the data in Fig. 4, Eq. (7) was 
applied. When considering Eq. (10) instead, i.e. λ not necessarily equal 
to one (Fig. S3), λ values are determined to be between 0.9 and 1.2 
(Fig. S4).

To compare the experimental results with the simulations displayed 
in Fig. 4, the tortuosity of the experimental electrodes was obtained 
through the impedance analysis described in the methods section and 

Fig. 1. (A) Schematic representation of the workflow proposed in this paper for the determination of CBD internal porosity. (B) Example of stochastically generated 
structures, showing that the same backbone of AM particles is used to generate different electrodes according to the user-defined CBD porosity.

Fig. 2. SEM image of the experimental NMC cathodes with 92 % of active material 4 % of CB and 4 % of PVDF in weight percentages (A) and a sample equivalent 
microstructure from stochastic generation, with internal CBD porosity of 40 % (B).

Fig. 3. Dependence of the tortuosity factor with the CBD internal porosity for 
two fixed electrode porosities according to the simulations performed on sto
chastically generated microstructures.
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schematized in the top row of the scheme in Fig. 1. Three porosity values 
were selected, 28 %, 38 % and 48 %, for each of the AM percentages and 
for each porosity, six coin cells in symmetric cell configuration were 

produced. All samples for each AM content were cut from the same 
deposition, and the adjustment of the porosity was done through 
calendering at different thicknesses. Representative Nyquist plots of the 

Fig. 4. Simulation of the electrodes tortuosity factors vs. the electrode porosity for a range of CBD porosities ranging from 0.3 to 0.6. The plots on the top row (A to C) 
include the fitting of the simulation data with the Bruggeman equation (7), for each active material content and CBD porosity. The bottom row (D to F) displays the 
exponent of the fittings previously described as a function of CBD porosity. All the fitting parameters are detailed in Table S2.

Fig. 5. Representative Nyquist plots of the impedance data obtained for the selection of active material content and porosities studied. A) represents the 90% AM 
content, B) 92% AM and C) 95% AM. In each of them black dots represent the samples with 28% porosity, black lines the fitting of the data to the TLM and similarly 
the dark green and pink represents the data for the 38% and 48% porosities respectively. The fitting has been done following the procedure described in the 
methodology section.
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EIS obtained for each porosity and AM content are displayed in Fig. 5.
The behavior of the impedance in the samples with an AM content of 

90 % and 92 % is very similar, clearly showing the transmission-line 
behavior for each porosity range. Interestingly, it can be observed that 
there is an RC behavior at high frequencies that shows a lower resistance 
as the porosity is reduced. This RC type shape can be ascribed to the 
presence of a contact resistance between the porous material and the 
current collector, as depicted by Pouraghajan et al. [28] and mentioned 
in the methods section and reflected in Eq. (2). This impedance is not 
merely in series with the transmission line in the EIS model used but 
embedded in the transmission line model as portrayed in Eq. (1). The use 
of this modified transmission line model allows a more accurate deter
mination of the tortuosity factor in electrodes with a significant contact 
impedance, as it allows to completely disentangle the contributions from 
the transport along the pores (Rion) and through the current collector – 
electrode interface (Rcc).

Based on this model, the behavior observed in Fig.5 for the AM 90 % 
and 92 % can be interpreted as an improvement of the contact between 
current collector and electrode due to the compression occurred during 
calendering.

The Nyquist plots of the AM 95 % samples are noticeably different 
and significantly more difficult to interpret (Fig. 5). For all the poros
ities, it can be observed that the Zcc is large enough to completely distort 
the typical TLM shape. Still, using the modified TLM model previously 
described, the tortuosity factor of the 28 % porosity samples can be 
reliably obtained. Although in these samples the Zcc is dominant in the 
high frequency range, it still keeps a mostly unaltered TLM shape at low 
frequencies which allows to obtain Rion with a low uncertainty.

Oppositely, in the samples with 38 % and 48 % porosities, the large 
Zcc shadows and alters the TLM shape as a whole. In these cases, there is 
not enough information for the model to maintain the same number of 
parameters and many of them become redundant. This results in unre
liable tortuosity factor values lacking physical meaning. These can be 
observed in Fig. 6, where the tortuosity factor values calculated from the 
Rion of the TLM are presented. In the case of the AM 95 % samples, the 
values corresponding to 28 % porosity are narrowly distributed, while 
the ones corresponding to 38 % and 48 % present non-coherent values 
that depend strongly on the initial values.

The contact resistance extracted from the model and represented in 
Fig. S5 also show the effect of calendering on the electrode - current 
collector interface. These values and their trend match quite well with 
previously reported interface resistance values both from experiments 
and from simulations [2], and also highlight how the composition of the 
electrode favors a better contact with the aluminum foil. Additionally, 
by comparing the reliability of the tortuosity factor extracted with the 
values of Rcc, we see a small gap between the resistances of the 28 % and 
38 % porosity for the 95 % AM, corresponding with threshold for the 

model reliability. The exact values for the 38 % and 48 % porosities for 
the 95 % AM must be interpreted with caution because the reliability of 
the Rcc is also affected by the uncertainty of Rion as per Eq. (1). This 
threshold depends on the manufacturing conditions and experimental 
setup; therefore, it should be carefully stablished for the system of choice 
by the means here discussed.

3.1. Derivation of a method for CBD porosity determination

Having analyzed the tortuosity factors of the electrode microstruc
tures generated stochastically and their experimental determination, it 
is possible now to develop a method for determining CBD internal 
porosity based on their comparison, as shown in Fig. 1.

A straightforward method that allows a quick estimation is to 
compare directly the tortuosity factors themselves between the simula
tions and experiments. It should be noted that there is a set of assump
tions in the determination of each of these two values and therefore 
results will vary accordingly. However, some of the assumptions are the 
same for both approaches, making comparison appropriate. Fig. 6 shows 
the experimental results for the electrodes composed of 90 % and 92 % 
AM according to the treatment presented in the previous subsection 
along with some of the results from simulations. The results for 95 % AM 
were not considered due to their high contact resistance and its effect on 
the tortuosity factor calculation which makes them unreliable. In these 
plots, the experimental results approximate those of the simulations for 
50 % and 60 % internal CBD porosity. Therefore, it can be said that the 
straightforward comparison method yields a 50–60 % value for the in
ternal porosity of the CBD in the electrodes prepared through the 
manufacturing method of choice.

Although the data dispersion, especially for the 92 % AM samples, 
makes this method a rough estimation, we can see that the experimental 
and simulation data align very well. Experimental tortuosity factor 
sources always have a wide distribution due to the deviation from the 
considerations that the methodology requires, such as absolutely equal 
thicknesses, particle distributions and porosities for both electrodes in 
the symmetrical cell. In our case, the homogeneity of the 90 % samples 
were slightly better than those of the 92 %, resulting in a lower 
dispersion. Still, in all our cases it is well aligned with the tortuosity 
factor distributions and errors reported in literature for NMC cathodes 
[13,28].

Additionally, the experimental deviation from the simulation pre
mises, such as the non-perfect sphericity of the real NMC as compared to 
the simulated, can affect to the estimation of the CBD porosity through 
simple comparison.

A more quantitative method to estimate the CBD internal porosity 
from the experimental data is the comparison between the fittings to the 
Bruggeman equation, Eq. (7), of the stochastic microstructures and the 

Fig. 6. Experimentally extracted tortuosity values as a function of the electrode porosity for different active material percentages, A to C. The experimental values, in 
blue, are compared with the closest values from the simulations for different CBD porosities and their fit to equation (7).
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experimental ones. As seen in Figs. 4 and 7 the fitting parameters 
extracted from the simulated microstructures present a linear relation
ship with the CBD internal porosity within the ranges studied. By fitting 
the experimental data to the Bruggeman equation as done for the sim
ulations, we can obtain an α value that allows to interpolate from the 
previous linear relationship to determine the corresponding CBD inter
nal porosity, Fig. 7 C, D. In the particular case of the manufacturing 
method reported herein, the estimation yields values of α = 1.62 ± 0.02 
and α = 1.54 ± 0.03 for 90 % AM and 92 % AM. The interpolation of 
these results according to the linear fit yield CBD porosity values of 
0.59 ± 0.02 and 0.65 ± 0.03.

These two approaches lead to compatible final results, although the 
quantitative provides a univocal way to obtain the CBD internal porosity 
from experimental data. It is important to highlight that the methodol
ogy reported and developed in this work is, to the best of our knowledge, 
the first approach to obtain the equivalent CBD internal porosity from 
electrochemical experimental determinations. The importance of this 
value, as shown throughout this paper, can have a very significant in
fluence on the tortuosity factor of the simulated microstructures. It 

should be noted that the morphology that the CBD acquires, as well as its 
internal porosity, are expected to strongly depend on the manufacturing 
conditions [33,41] as well as on the carbon additive selected [42]. The 
strategy selected here is presented as an example case for the purposes of 
a proof of concept. In practice, the user should select the morphology 
better suited to their experimental conditions. Different tools for the 
generation of stochastic microstructures that allow different degrees of 
control of binder morphology are available, such as GeoDict or INNOV 
[43].

4. Conclusion

We have reported for the first time a methodology to obtain the CBD 
internal porosity from electrochemical experiments for its use in 
microstructure-based electrochemical simulations of battery electrodes. 
Although this work has been done in the framework of positive elec
trodes for LIB batteries, the methodology here outlined is general to a 
variety of end-applications where the tortuosity factor of the electrode 
microstructure plays a major role in the performance, such as other 

Fig. 7. Fitting of the experimental tortuosity factors as a function of the porosity using Bruggeman equation (7). In the inset of each of the figures is displayed the 
alpha value extracted from the fittings. Further detail of the fitting parameters can be found in Table S3.
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battery chemistries and fuel cells [23,44].
As a case study, we have used NMC111 positive electrodes with 90 

%, 92 %, and 95 % active material content, aiming for porosities of 28 %, 
38 %, and 48 %. We determined that samples with low electrical con
ductivity, i.e. for high AM content and porosity, are less useful for this 
approach. This is because high contact resistances prevent reliable tor
tuosity factor estimations from impedance data, which limit the study of 
certain electrodes formulations. The determined values for internal CBD 
porosity were 0.59 ± 0.02 and 0.65 ± 0.03 for electrodes with 90 % and 
92 % AM composition. However, these values are expected to depend 
strongly on manufacturing conditions, particularly during mixing and 
drying.

The methodology reported is schematized in Fig. 1 and can be 
summarized as follows. First, experimental electrodes must be pro
duced, and through different calendering thicknesses, a range of po
rosities values are obtained. The tortuosity factors of electrodes with 
different porosities are determined by assembling symmetric cells with a 
blocking electrolyte and analyzing their impedance using a transmission 
line model suited to the experimental system. At this step it is important 
that the adherence of the electrode with the current collector is as good 
as possible, otherwise the range of exploitable electrode porosities will 
be severely reduced due to an excessive contact resistance at high po
rosities. Once all the experimental information is obtained, equivalent 
virtual electrodes are generated using the experimentally determined 
thickness, particle size distribution, formulation, mass loading and total 
porosities. A large enough electrode microstructure must be generated 
per set of parameters to reduce the dependence on the random seed used 
for stochastic generation. These generations have to be repeated with 
varying CBD internal porosity values, obtaining for each of them the 
tortuosity factor as a function of the total electrode porosity. Afterwards, 
each tortuosity factor vs. electrode porosity dataset should be fitted to 
either the Bruggeman equation, its generalized form, or another 
appropriate model. Comparing the fitting parameters of the simulations 
to those of the experimental set, the CBD internal porosity that best 
matches the experimental results corresponds to the one of the real 
electrode. This microstructure can then be used to simulate the end- 
application of interest with the certainty that the tortuosity factor will 
be matching its experimental counterpart.
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