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Abstract: We have proposed a data-driven approach for designing the mesoscale porous structures of
Li-ion battery electrodes, using three-dimensional virtual structures and machine learning techniques.
Over 2000 artificial 3D structures, assuming a positive electrode composed of randomly packed spheres
as the active material particles, are generated, and the charge/discharge specific resistance has been
evaluated using a simplified physico-chemical model. The specific resistance from Li diffusion in the
active material particles (diffusion resistance), the transfer specific resistance of Li+ in the electrolyte
(electrolyte resistance), and the reaction resistance on the interface between the active material and
electrolyte are simulated, based on the mass balance of Li, Ohm’s law, and the linearized Butler–Volmer
equation, respectively. Using these simulation results, regression models, using an artificial neural
network (ANN), have been created in order to predict the charge/discharge specific resistance from
porous structure features. In this study, porosity, active material particle size and volume fraction,
pressure in the compaction process, electrolyte conductivity, and binder/additives volume fraction are
adopted, as features associated with controllable process parameters for manufacturing the battery
electrode. As a result, the predicted electrode specific resistance by the ANN regression model is in
good agreement with the simulated values. Furthermore, sensitivity analyses and an optimization of
the process parameters have been carried out. Although the proposed approach is based only on the
simulation results, it could serve as a reference for the determination of process parameters in battery
electrode manufacturing.

Keywords: Li-ion battery; electrode; porous structure; virtual structure; machine learning; simulation;
physico-chemical model; optimization

1. Introduction

Li-ion secondary batteries have received increasing attention, as they have become widespread
in various products, including laptop PCs and electric vehicles [1]. In spite of the remarkable
advancements in Li-ion battery technology, a higher energy and power density, safer electrodes and
electrolytes, and longer durability are still required [2]. In order to satisfy these demands, the design
of battery electrodes plays a key role, in addition to developing new materials for the electrodes and
electrolytes [3–6].

Numerical simulation techniques are powerful tools for the prediction of battery performance
from the process parameters of the electrodes. The one-dimensional physico-chemical simulation
models have been used widely, in order to predict not only the battery performance [7,8], but also
durability [9–11] and safety [12,13]. Although the calculation load is lower in these models, the mesoscale
porous structures of the electrodes are not reflected, because these structures are approximated as
homogeneous in the solid and liquid states. On the other hand, three-dimensional extended simulations,
using 3D-SEM tomography data [14,15] or artificial structures [16,17], based on the physico-chemical
model, have been developed and reported recently. As the mesoscale structures of the porous electrodes
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are taken into account and the three-dimensional distributions of the electrochemical reaction and Li/Li
concentration are estimated in these detailed models, more accurate predictions of battery performance
are expected.

Recently, parametric studies and sensitivity analyses of the process parameters, using artificial
neural networks (ANNs) combined with physico-chemical models, have been carried out [18,19].
ANNs are brain-inspired systems, which are one of the main machine learning tools. In these papers,
it has been proved that ANNs are useful tools for the regression of battery performance and analysis of
the importance features. However, in most cases, a one-dimensional homogeneous model has been
used, because these studies need a large amount of simulation cases. Therefore, the sensitivity and
the optimized three-dimensional mesoscale structure of the electrode and process parameters for the
battery performance remain unclear. In this study, we propose a theoretical prediction and optimization
scheme for a three-dimensional porous electrode of an Li-ion battery using high-throughput simulation
models and machine learning techniques. In this scheme, the simplification of governing equations
enables us to reduce the calculation costs, and the machine learning techniques make it possible
to obtain the contribution of the process parameters to the battery performance and the optimized
conditions. To the best of our knowledge, this is the first study to develop such a calculation scheme in
the field. The objective function adopted is the total specific resistance of the electrode, as a lower total
specific resistance might improve the battery performance, including capacity and power.

For the development of prediction models, it is vital to compare the performance predicted by
the model and that of the actual battery electrodes. As a step prior to the comparison, in this study,
we focus on the development of the scheme, including: (1) automatic structural and performance data
generation with various process conditions; (2) development of the regression model using machine
learning techniques; and (3) analysis of the inverse problem. The study involves the following three
steps. First, a high-throughput physico-chemical model, based on particle-aggregated structures
(assuming a positive electrode), are developed and a database of the relationships between the process
parameters and the battery performance is constructed. Next, the regression model of the electrode
specific resistance is created, using controllable condition parameters (active material volume fraction,
size, and so on) and using an ANN, in order to clarify the effect of these parameters on the total
specific resistance. Finally, the optimized electrode structures and the process parameters are found by
Bayesian optimization.

2. Simulation Method

2.1. Simulation Scheme

Figure 1 illustrates the proposed prediction and optimization scheme for a Li-ion battery porous
electrode. In the first step, a high-throughput physico-chemical model, based on particle-aggregated
structures, is developed and the database of the relationships between the process parameters—including
particle volume fraction, particle radius, and so on—and the battery performance (represented by
charge/discharge specific resistance) is constructed. In the second step, the regression model is developed
in order to predict the charge/discharge specific resistance, using process parameters as predictors
through an ANN. The optimized electrode structures and the process parameters are found by Bayesian
optimization in the final step.
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Figure 1. Proposed prediction and optimization scheme for a Li-ion battery porous electrode.

2.2. Generation of Three-Dimensional Virtual Structure of Active Material

A total of 2100 three-dimensional artificial electrode structures, composed of hundreds of
aggregated particles, are generated for the evaluation of battery electrode specific resistance. Figure 2a
shows the flowchart for generating artificial structures with parameters, based on a random packed
method [20] using MATLAB code. The active material particle radius (2.5–12.5µm) is extracted randomly
with a uniform distribution, and the spheres are generated in a 50 × 50 × 50 µm3 box, until the volume
fraction reaches a randomly specified value. The compaction process of the electrode (calendaring)
affects the mesoscale structure of the pore region and active material particles. Here, the maximum
overlap length, δ, between active material particles is estimated from the compaction pressure P and
the number of active material particle, using the theoretical model [21]:

a = (3Fr/4E)
1
3 (1)

δ = r−
√

r2 − a2 (2)

where a, r, and E are the radius of contact area, the radius of the particle, and Young’s modulus
(assuming 1.0 GPa), respectively. The force between the particles F is estimated as PS/Nap

1
3 , where

S and Nap indicate the cross-sectional area of the system and the number of particles, respectively.
The generated mesoporous structures of the electrode are shown in Figure 2b.
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2.3. Estimation of Surface Area of Pore Region and Volume Fraction of Active Material

In the manufacturing process of the electrode, a binder and conductive aid are added to active
material particles, in order to improve their adhesion and conductivity. Although prediction techniques
for 3D binder structures in porous materials have been proposed [22], it is still difficult to reproduce
their accurate structure. In this study, the binder and additive region are not modeled explicitly in
the 3D structure, but are assumed to be completely mixed and homogeneous, in order to estimate the
effective porosity and surface area of the active material. The volume fraction of the homogeneous
binder/additives region, θb, is estimated by the volume fraction of the pore regionθp to Nap. The effective
volume fraction of the pore region, θp,eff , and the effective surface area, Sp,eff , are estimated by:

θp,e f f = θp − θb = θp
(
1− αNap

)
(3)

Sp,e f f = Spθp,e f f /θp,e f f (4)

2.4. Simplified Physico-Chemical Model

Using the generated structures described in Section 2.2, the simplified physico-chemical model
was applied in order to evaluate the specific resistance in each structure. The effective conductivity of
the electrolyte is evaluated by the 3D Poisson equation:

∇ · [−σl∇φl] = 0 (5)

where σl and φl are the bulk electrolyte conductivity and potential, respectively. The electrolyte
resistance, Rl, is estimated from the effective conductivity of electrolyte, σl,eff , by:

Rl =
[
σl,e f f (1− θb)

1.5
]−1

(6)

This calculation was performed using GeoDict (Math2Market GmbH) [23].
The reaction resistance, Rreac, between the active material and the electrolyte is evaluated by the

linearized Butler–Volmer equation:

i = i0
[
exp

(
αF
RT

η
)
− exp

(
−
αF
RT

η
)]
� i0

2αF
RT

η (7)

Rreac = η/(I · L) (8)

where i0, i, η, α, F, R, and T denote the exchange current density, current density per surface area of
active material overpotential, transfer coefficient, Faraday constant, gas constant, and temperature,
respectively. I and L are the current density per cross section and system length, respectively.

Li diffusion in the active material is described by the steady-state diffusion equation using the
diffusion coefficient, Ds, by:

∇ · [−Ds∇cs] = 0 (9)

where cs indicates the Li concentration in the active material. In this study, Equation (10) is simplified
assuming a single spherical particle:

∆cs = isr2/2Ds (10)

where ∆cs is the concentration polarization. Therefore, the Li diffusion resistance can be estimated as:

Rdi f f = [φocv(c0) −φocv(c0 + ∆cs)]/(I · L) (11)
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using the average Li concentration in the active material, c0, and the open circuit voltage (OCV)
function:

φocv(c0) =
∑

i

pi(c0/cmax)
i (12)

where cmax is the coefficient of maximum Li concentration of the active material, pi indicates the
coefficient of the polynomial OCV function given in Table 1. These simplifications make it possible to
reduce the calculation load for three-dimensional complex structures.

Table 1. Coefficients of the polynomial open circuit voltage (OCV) function [11].

Coefficient Value

p6 −43.8299
p5 109.273
p4 −99.9523
p3 39.8270
p2 −5.52739
p1 −1.00539
p0 4.19987

The total specific resistance, Rtot, of the electrode is evaluated by the summation of the electrolyte
resistance, Rl, the reaction resistance, Rreac, between the active material and the electrolyte, and the Li
diffusion resistance, Rdiff:

Rtot = Rl + Rreac + Rdi f f (13)

In the typical electrode and electrolyte, the previous papers have reported that the electric
resistance in the electrode is 10–100 times smaller than that of electrolyte resistance [7,8,10]. In this
study, therefore, the electric resistance in the electrode is assumed to be negligible for simplicity.

In order to evaluate each charge/discharge specific resistance, the typical electrochemical
parameters of a so-called NCM (lithium nickel manganese cobalt oxide, Li(Ni1/3Mn1/3Co1/3)O2)
positive electrode (an oxide material) are employed, as shown in Table 2.

Table 2. The parameters of the simplified physico-chemical model.

Parameter Value Reference

Exchange current density, i0 0.10 A/m2 Assumed
Temperature, T 298 K Assumed

Transfer coefficient, α 0.50 [8,10]
Diffusion coefficient in active material, Ds 5.0 × 10−13 m2/s Assumed

Current density, i 20 A/m2 Assumed
Maximum Li concentration of active material, cmax 36,224 mol/m3 [17]

2.5. Machine Learning Model

Based on the simulation results described in Section 2.3, ANN models are created as a regression
model of the battery specific resistance using the controllable condition parameters (active material
volume fraction, size, and so on). Table 3 shows the dataset for learning and testing, including predictors
and descriptors, where 70% of the data were taken at random as the training set, and remaining data
were used for validation of the ANN, using the R2 value.
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Table 3. The dataset for learning and testing, including the predictors and descriptors.

#

Descriptors Predictors

Active Material Binder/Additives Electrolyte Compaction
Process Reaction

Resistance
(Ω·m)

Electrolyte
Resistance

(Ω·m)

Diffusion
Resistance

(Ω·m)Volume
Fraction (%)

Radius
(µm)

Volume
Ratio (%)

Conductivity
(S/m)

Pressure
(MPa)

1 77.8 10.5 28.5 0.77 3.12 1.03 291 9.68
2 85.4 11.5 0.254 0.35 23.2 1.71 20.4 4.02
. . . . . . . . . . . . . . . . . . . . .

2100 85.4 11.5 0.852 0.35 14.6 1.75 80.7 2.49

Although there are a lot of machine learning models, such as lasso [24] and ridge regression [25],
based on linear regression techniques, ANN, based on nonlinear regression, are useful tools in predicting
complex relationships between the inputs and outputs, or for finding patterns in datasets [26]. In this
study, the ANN models are constructed with three hidden layers between the input and the output,
with 20 neurons and a sigmoid transfer function.

Furthermore, an inverse analysis of the process parameters from the total specific resistance
was carried out using ANNs and Bayesian optimization. In this model, the process parameters are
initialized randomly and the next candidate is implemented with maximum likelihood estimation
(MLE). The expected improvement method is adopted as an acquisition function with a Matern 5/2
kernel function.

ANN modeling and Bayesian optimization were performed using Scikit-learn [27] and GPyopt [28]
of Python Machine Learning library.

3. Results and Discussion

3.1. Sensitivity Analysis of Each Specific Resistance

A sensitivity analysis of the charge/discharge specific resistance to the process parameters has been
carried out. Figure 3 shows the sensitivities of the reaction resistance, the electrolyte resistance, and the
Li diffusion resistance to the volume ratio of the active material with a total of 2100 simulation results.
As the volume ratio increases, the reaction resistance decreases dramatically; as the effective surface
area and the capacity itself increase. On the other hand, the electrolyte resistance increases with the
volume ratio exponentially, since the electrolyte conductive region (i.e., the pore region) decreases with
the volume fraction of the active material. The Li diffusion resistance is relatively low in all conditions
of this study (except in the vicinity of zero volume fraction). Therefore, the total specific resistance,
which is sum of these three specific resistances, has a minimum value to the volume ratio of the active
material particles. Thus, there exists an optimum value of the volume ratio in the active material.

In the same manner, a sensitivity analysis has been performed on the active material particle
size. As shown in Figure 4, the reaction resistance decreases gradually as the particle size increases.
This result is unexpected, as larger particles have smaller surface area and the reaction resistance
should increase as the particle size increases. The reason for this is that systems composed of smaller
particles have a larger number of particles and binder/additives to connect between particles; therefore,
the effective surface area of the active material particles in the system decreases. Similarly, the electrolyte
resistance has higher values in the region with particle size less than 4 µm. In this region, the effective
electrolyte conductivity decreases, as the pore space is occupied by binder/additives according to
Equation (2). As a result, smaller particles are not always as effective in decreasing the reaction
resistance in this study. On the other hand, the diffusion resistance is relatively small, compared to the
other specific resistances in each particle size. Therefore, the total specific resistance also has a minimum
value with respect to the active material particle size. In other words, there exists an optimum value of
the particle size, as well as of the volume ratio, in, the active material.
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Figure 5 shows the sensitivity of each specific resistance to the pressure in the compaction process.
The reaction resistance decreases exponentially as the pressure increases. This results from the fact
that under conditions of higher pressure (i.e., larger overlap width), the volume fraction of the active
material increases and, thus, the total surface area also increases. On the other hand, the electrolyte
resistance increases in the system with a higher volume fraction in the active material (i.e., lower
volume fraction of pore). The diffusion resistance is relatively small, compared to the other specific
resistances in each particle size in this study.

The binder/additives volume sensitivity of each specific resistance is illustrated in Figure 6.
The reaction resistance increases linearly, since the total surface area decreases with the ratio. Similarly,
an approximately linear dependency of the binder/additives volume ratio is observed in the electrolyte
resistance and the total specific resistance.
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3.2. Neural Network Regression

Various ANNs with different hyperparameters, including number of neurons and hidden layers,
were compared, in order to determine the network configuration. The correlation coefficients, R2, for the
validation data are listed in Table 4. The R2 values for ANNs that consist of two hidden layers are
higher than the ones that consist of a single layer. The values saturate around 16 neurons.

Table 4. The correlation coefficients, R2, for the validation data.

Number of
Hidden Layers

Number of Neurons

2 4 6 8 10 12 16 20

1 0.326 0.788 0.834 0.810 0.790 0.978 0.937 0.979
2 0.330 0.795 0.822 0.863 0.827 0.845 0.990 0.990
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Figure 7 shows the scatter plots of both training and test data, with the specific resistances
calculated by the simplified physico-chemical models and the values predicted by various ANN
models. As can be seen in this figure, the accuracy of prediction improves with the number of neurons
and hidden layers. Although the ANN model, which consists of two hidden layers with 16 neurons
(indicated as 16, 16), predicts both the training and test data of the specific resistances accurately,
this model was not suitable for the inverse problem by Bayesian optimization, due to its instability.
Therefore, we adopted the ANN model (10, 10) for both the forward and inverse problems in this study.

It is useful to evaluate the effect of each design parameter (e.g., the volume ratio of the active
material particles, radius of the active material particles, pressure in the compaction process, and volume
ratio of binder/additives) on the total specific resistance, as a guiding principle for manufacturing
battery electrodes. One of the simplest approaches for this purpose is to evaluate the weight coefficients
of the neurons on the first hidden layer of the ANN [29]. Here, we evaluate the summation of the
weight coefficient magnitudes |w| of the first layer neurons for each input process parameter, as shown
in Figure 8. The graph shows that volume ratio of the active material particles has the largest impact
on the total specific resistance, although the effects of pressure and particle radius are relatively small.
Note that these impact evaluations assume the physical parameters listed in Table 2. In other words,
these values may change under other conditions.
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3.3. Process Parameters Optimized by Bayesian Optimization

Optimized process parameters have been inferred from the total specific resistance by using
Bayesian optimization with the constructed ANN model. As described in Section 3.2, we adopted the
ANN model (10, 10) for the inverse problem, which is not the best configuration for the forward problem,
due to its calculation stability. In order to validate the optimization, five calculations were performed
with different initial conditions. Figure 9 indicates the convergence plot of each initial condition with
optimization. Each calculation almost converges within 100 iterations, to around 47 Ω·m.
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The optimized process parameters for the total specific resistance are shown in Table 5. The results
suggest that the active material, composed of small size particles, should be packed at near 50%
with a small number of binder/additives. The highest ionic conductivity in the range of this study is
suggested, as the higher the ionic conductivity of an electrolyte is, the more the total specific resistance
of the electrode decreases. The proposed compaction pressure of 459 MPa is within the typical range
in the actual process [30]. Note, however, that the negative effects of applying pressure are not taken
into account in this model, such as damage to the foil and active materials.

Table 5. Optimized process parameters for the total specific resistance.

Active Material Binder/Additives Electrolyte Compaction

Volume Fraction (%) Radius (µm) Volume Ratio (%) Conductivity (S/m) Pressure (MPa)

50.4 6.00 0.0820 1.00 590

Figure 10a shows the packing structure of the active material particles in the condition of the
optimized process parameters. A radar chart of each normalized specific resistance in the various
process parameters is shown in Figure 10b. The red triangle indicates the optimized (i.e., smallest total
specific resistance) parameter set, and the other colors indicate other combinations. Each optimized
value is within the range of the minimum and maximum values, and therefore the values are considered
to be reliable. Note that the reaction resistance in the optimized parameters is smaller than the values
in other parameters, although the diffusion and the electrolyte resistance are not the smallest in the
optimized process parameters.

Some limitations should be noted. First, these optimized parameters depend strongly on the
assumed physical parameters, including the diffusion coefficient in the active material, the exchange
current density, and so on. Nevertheless, we believe that the proposed scheme for the prediction
of the electrode specific resistance and optimization is also useful with various physical parameters.
Next, the model needs validation, including a comparison to some experimental results; although the
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simulation model is based on typical reaction/diffusion equations. Finally, we adopted the ANN model
(10, 10), which is not the best configuration for the forward problem, due to the calculation stability
(as described in Section 3.2). These limitations will be overcome in future work.
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3.4. Optimized Process Parameters in Higher Capacity

In order to predict the optimized process parameters for higher-capacity electrodes, we have
conducted further calculations using the ANN model and optimization scheme described in Section 3.3.
The discharge specific resistances were predicted in the condition that the active material volume
fraction is fixed between 0.5 and 0.8. Figure 11a–d shows the dependences of specific resistance,
pressure in the compaction process, active material radius, and binder/additives on the volume ratio in
the active material, respectively. One can see that the total specific resistance increases exponentially
with the volume ratio of the active material (see Figure 11a). On the other hand, the process parameters
are almost unchanged in values with an active material volume fraction of 0.5, although the active
material particle radius and the binder/additives volume ratio slightly fluctuate. This result indicates
that the optimized process parameters in the global condition (the volume ratio in the active material
is not fixed, as listed in Table 5) are also the best values in higher capacity conditions.
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4. Conclusions

In this study, a prediction and optimization scheme for battery porous electrodes has been
proposed as a guiding principle for manufacturing processes. First, a high-throughput simulation
model, based on simplified physico-chemical equations with artificial 3D structures composed of
randomly packed spheres, was constructed, and over 2000 calculations were conducted. Sensitivity
analyses for the calculation results indicated that the total specific resistance (which is the summation
of the reaction, electrolyte, and diffusion results) had a minimum value with respect to the volume
ratio of the active material particles, their radius, and the pressure in the compact process, respectively.

Next, regression models, obtained by an ANN, were created in order to predict the charge/discharge
specific resistance by various process parameters, including the active material volume ratio, the particle
radius, pressure in the compaction process, and binder/additives volume ratio, using simulation results
of these artificial 3D structures. The accuracy of prediction improved with the number of neurons and
hidden layers, and an ANN model (consisting of two hidden layers with 16 neurons each) predicted
both the training and test data of the specific resistances accurately.

Finally, optimized process parameters have been inferred from the total specific resistance using
Bayesian optimization with the ANN model. The results indicated that an active material composed
of small-sized particles should be packed at around 50%, with a small number of binder/additives.
As a result of further calculations, with the constraint that the active material volume fraction is fixed
in the range of 0.5–0.8, this parameter set is the best under higher capacity conditions, as well.

Although the optimized parameters strongly depended on assumed physical parameters, including
the diffusion coefficient in active material, exchange current density, and so on, the proposed scheme for
the prediction of electrode specific resistance and optimization is, nevertheless, also useful with various
other physical parameters and conditions. In addition, note that work is underway to examine the
predictability of the present model for actual experimental data. Model validation will be conducted in
future work.
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