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ABSTRACT
Effects of using microchannels on the electrolyte transport inside the positive and negative electrodes have been
investigated in this paper. A two-dimensional Lattice Boltzmann Method (LBM) simulation was carried out and
a two-phase intermolecular potential model was utilized to investigate the microscopic behavior of the electrolyte
flow in the porous electrodes. It was found that embedding microchannels inside the electrodes significantly
improves the electrolyte transport inside both positive and negative electrodes. Furthermore, there is an optimum
number of microchannels after which increasing the number of microchannels has no positive effect on the
electrolyte transport inside the electrodes. Finally, the number of microchannels in the anode should be less than
the number of the microchannels in the cathode in order to uniform electrolyte transport inside the both negative
and positive electrodes.
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1. INTRODUCTION
Electrolyte transport in a porous electrode is one of the most critical problems that is not well understood. The
electrodes are generally a particle-based porous medium that allows the transport of electrons and ions through
the particles and electrolytes in the void space [1]. Based on the United States Advanced Battery Consortium
(USABC), the long-term goals for energy and power densities are 300 Wh/L and 600 W/L, respectively [2].
Achieving these goals requires to make high compressed electrodes. Increasing the electrodes compression
decreases their porosity and increases the pore blockage. It also decreases the rate of the electrolyte transport
inside the electrodes that causes lower wettability, which increases the electrical resistance inside the
electrodes that leads to lower electrochemical performance of the battery cell. Therefore, electrolyte transport
inside the electrodes and wettability are critical factors that should be considered in the process of designing
new high-power demand Li-ion batteries.
Both positive and negative electrodes should be fully wetted with the electrolyte to maintain high utilization
of electrode capacity. Insufficient wetting deteriorates the battery performance, and leads to decrease the safety
of the battery due to extrusion of lithium metal. Furthermore, insufficient wetting accelerates the degradation
of the Li-ion batteries that decreases the life of the battery. Thus, electrolyte transport inside the electrodes has
been studied during the past decade. Wu et al. [3] investigated the wettability of both positive and negative
electrodes and showed that electrolyte penetration and spreading in pores control the wettability of the porous
electrodes, and wettability of the electrodes could be effected by organic solvent composition and lithium salt
concentration. Stefan et al. [4] studied the effects of surface free energy and contact angle on various separators
and electrodes. Yu et al. [5] showed that at the thick and dense electrodes, insufficient wetting degraded
discharge capacity rapidly at high current rates. Chu et al. [6] investigated the influence of compaction on the
porosity and electrochemical properties of a positive electrode and found wettability would be predominant at
high C rates. Xie et al. [7] found that good wettability of the polyolefin separator had positive impacts on the
lithium dendrite suppression and rate performance of lithium metal batteries.
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Lattice Boltzmann Method (LBM) is an appropriate approach to simulate electrolyte transport in a porous
electrode. It was first developed to simulate the phenomena, including fluid flow, heat transfer, and chemical
reactions, at mesoscale. Theoretically, it is based on kinetic equations and statistical physics to simulate
transport phenomena by tracking movements of molecule ensembles or the evolution of the distribution
function [8]. This method can be used to simulate the complicated fluid flows such as chemically reacting,
multiphase, and multicomponent flows. In LBM, fluid motion is simulated at the level of distribution functions.
Therefore, the microscopic physics of the fluid particles could be incorporated as easily as in other particle
collision methods. Besides, this approach has following attractive advantages: the high scalability in
parallelism, simplicity in programming, ease in incorporating microscopic interactions, and simplicity in
modelling complex geometry of flow problems [9]. Using LBM, electrolyte transport in the porous electrode
was studied by Lee et al. [1] and it was shown that LBM could be effectively carried out to simulate liquid
electrolyte behaviour in the porous electrodes. Paying attention to the compression ratio of the electrodes, Lee
and Jeon [10] studied the wettability of the porous electrodes and found that increasing the compression ratio
reduces the wettability. Recently, Mohammadian and Zhang [11] investigated the effects of microchannels on
the wettability of the porous electrodes and showed that microchannels significantly increase the wettability,
specifically electrodes with lower porosities.
In this study, liquid electrolyte transport in both positive and negative electrodes was investigated. A twodimensional LBM approach was carried out and the two-phase intermolecular potential model [12, 13] was
utilized to simulate the electrolyte flow in the electrodes. Since the two main challenges for the electrolyte
transport in the Li-ion batteries are enhancing the wettability of the electrodes and improving the electrolyte
filling time [1], the objective of this study is to investigate the effects of embedding some microscale grooves
inside the electrodes as microchannels on both wettability and electrolyte filling time. Electrolyte transport
inside the positive and negative electrodes is investigated. Since fewer number of the microchannels leads to
lower pumping power need to flow the electrolyte inside the electrodes, the objective of this work is to find the
optimum number of microchannels in both electrodes.

2. MODEL DESCRIPTION
LBM Model
LBM is a promising numerical approach that is very suitable for studying the fluid flow and diffusion through
porous media that involves single or multiple components [14]. In this study, the LBM with the lattice BhatnagarGross-Krook (BGK) model was carried out which the discrete particle distribution functions are as follow:
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is a simple scalar that controls the strength of the interaction.

Reconstruction of porous electrodes
In order to generate electrodes with different porosities, a random porous medium generator code was
employed. To represent the porous electrodes, a binary matrix in which “0” shows a fluid particle and “1”
shows a solid particle has been utilized. To create porous electrodes, first the matrix was filled by ones (solid
part), and next the program tunneled through the solid part by creating zeros (pores) at several fixed starting
points and the process continued by creating more zeros around the previous pores until obtaining a desired
porosity of the matrix. The positive electrode’s porosity (cathode) is about 0.4, and the negative electrode’s
porosity (anode) is about 0.5-0.6 [16]. Therefore, in this study as illustrated in Fig. 1, a porous geometry with
the porosities of 0.6 was built for negative electrode and a porous geometry with the porosity of 0.4 was created
for positive electrode.

Numerical solution procedure

Fig. 1 Porous medium generation (a) Anode electrode p=0.6 (b) Cathode electrode p=0.4.

Fig. 2 Boundary Conditions.
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In this study, Shan-Chen (SC) model was employed. This model is a bottom-up approach and is intrinsically
simple. A bottom-up approach postulates a microscopic interaction between fluid elements that could be in the
form of interaction potentials which leads to macroscopic separation of phases [15]. Two fluids consisted in
this study are a gas (nitrogen or argon, blue in Figures 4 to 7) and liquid electrolyte (red in Figures 4 to 7) that
penetrated in the porous electrodes. Figure 2 shows the two-dimensional domain size of 1000 × 800 lu² (lu:
lattice unit, 1 lu means 1.25 µm of the physical length in this study) that was selected to simulate the electrolyte
transport in both positive and negative electrodes. On the solid-liquid interface, bounce-back boundary
condition was applied, and the inlet condition on the left was set with the flow velocity of 0.0083 lu and
Reynolds number was 40. A fixed pressure condition was applied at the right.
In a two-phase flow in porous electrodes, capillary forces between the fluid-fluid and fluid-solid interfaces play
dominant roles. The capillary number, which is the ratio of viscous to surface tension forces
/ , for
electrolyte flow is in the order of 10-5 [10] and in this study was 6.23 10 . Analyzing capillary and Reynolds
numbers showed that the effects of viscosity and density ratios (that are about 100 and 1000, respectively) should
be small and could be neglected [1]. Thus, the capillary force dominates the electrolyte flow, and viscous,
buoyancy, and inertia forces were neglected.
The pressure inside a droplet is increased by the curved surface of the droplet in the mechanical equilibrium.
For a 2D droplet, the pressure difference, the surface tension and the droplet radius have relationship that is
known as the Young-Laplace Test [15]:
∆
(8)
where
,
, , and are the inside and outside pressures of the droplet, the surface tension, and the radius
of the droplet at the interface, respectively. As illustrated in Fig. 3, a computational domain of a droplet was
employed in a 100 × 100 lu² to validate the present LBM. Increasing the inverse of the droplet radius leads to
linear increase in the pressure difference which confirms that the utilized LBM can simulate the two-phase
flow accurately.

Fig. 3 Young-Laplace test validation.

3. RESULTS AND DESCUSSION
In this study one sixth of the porous electrodes has been utilized to embed microscale grooves as microchannels
inside the electrodes. In order to compare the different numbers of microchannels, the total size of the
microchannels considered to be the same (one sixth of the porous electrodes). It means with increasing the number
of microchannels, their width decreases by the ratio of one over the number of microchannels. In other words. the
width of the microchannel for the electrodes with one microchannel is 150 . The width of the microchannels
for the electrodes with two, three, four, and five microchannels are 75 , 50 , 37.5 , and 30
,
respectively.
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Figure 4 shows the electrolyte transport inside the anode (negative electrode) for the cases of without
microchannels and with five microchannels in different timesteps. It can be seen that electrode with five
microchannels is completely wetted after 200,000 timesteps. However, electrode without microchannels is still
full of trapped gas. It clearly shows that microchannels have this ability to take the trapped gas inside the electrodes
out of the battery and consequently improve the wettability of the electrodes.
Electrolyte transport through the pores of the negative electrode with the porosities of 0.6 after 200,000 timesteps
has been illustrated in Fig. 5. It can be seen that electrolyte transport inside the anode porous electrode without any
microchannels is too weak and after 200,000 time steps most of the electrode is still not wetted. For anode
electrodes with one, two, and three microchannels, there are some spots that shows trapped gas could not be taken
out. However, anode electrodes with four and five microchannels are almost free of trapped gas. It can be seen
clearly that embedding microchannels inside the anode electrode improves the electrolyte transport and with
increasing the number of microchannels this improvement enhances. However, comparing the electrodes with four
and five microchannels shows that there is no significant difference between their wettability. It can be concluded
that there is an optimum number of microchannels after which increasing the number of microchannels has no
positive effect on the electrolyte transport inside the electrodes. Furthermore, it should be mentioned that fewer
number of the microchannels leads to lower pumping power need to flow the electrolyte inside the electrodes.

Fig. 4 Electrolyte transport in anode electrode after 50,000 timesteps (Left), 100,000 timesteps (middle), and
200,000 (right) timesteps.
Electrolyte transport through the pores of the positive electrode with the porosities of 0.4 after 500,000 timesteps
has been illustrated in Fig. 6. It was found that cathode electrode with five microchannels became completely wet
after 500,000 timesteps. Same as the results for anode electrodes, Fig. 6 shows that electrolyte transport inside the
cathode porous electrode without any microchannels is too weak and after 500,000 timesteps most of the electrode
is still not wetted. Also, embedding microchannels inside the cathode electrode can significantly improve the
electrolyte transport. Again, results for cathode electrodes with four and five microchannels are almost the same.
However, paying more attention to the results, it can be found that the number of blocked area where the gas
trapped there (light blue spots) is fewer for cathode electrode with five microchannels.
It was found from the above results that cathode electrode with the porosity of 0.4 and five microchannels (best
option) needs 500,000 timesteps to become completely wet. However, anode electrode with higher porosity
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(p=0.6) needs fewer timesteps to be completely wetted. Or, for a same timesteps, it needs fewer number of
microchannels. As illustrated in Fig. 7, after 500,000 timesteps anode electrodes with two or more microchannels
are completely wetted. It means that two microchannels in enough for anode. Therefore, the number of
microchannels in the anode (negative electrode) should be fewer than the number of the microchannels in the
cathode (positive electrode) due to uniform electrolyte transport inside the both positive and negative electrodes.
Embedding fewer number of the microchannels inside the anode decreases the pumping power required for
electrolyte flow.

Fig. 5 Electrolyte transport in anode electrode after 200,000 timesteps.

Fig. 6 Electrolyte transport in cathode electrode after 500,000 timesteps.
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Fig. 7 Electrolyte transport in anode electrode after 500,000 timesteps.

4. CONCLUSIONS
In this study, the effects of embedded microchannels on the electrolyte transport inside both positive and negative
electrodes was studied. Two-dimensional LBM simulation was carried out to simulate the effects of embedded
microchannels inside the electrodes on the electrolyte transport. The results showed that:
 Embedding microchannels inside the electrodes significantly improves the electrolyte transport inside
both positive and negative electrodes.
 There is an optimum number of microchannels after which increasing the number of microchannels has
no positive effect on the electrolyte transport inside the electrodes.
 The number of microchannels in the anode (negative electrode) should be less than the number of the
microchannels in the cathode (positive electrode) due to uniform electrolyte transport inside the both
positive and negative electrodes. For the size and porosity assumptions of this study, for each five
microchannels in the cathode, only two microchannels is required for anode.

NOMENCLATURE
Ca
Capillary number
cs
speed of sound
(m/s)
ei
lattice velocity
(m/s)
f
distribution function
Shan Chen force
Fγ
G
Green’s function (simple scalar)
p
pressure
(pas)
Δp
pressure difference
(pas)
r
radius of the droplet
(m)
Re
Reynolds number
S
source term
u
velocity
(m/s)
w
weight coefficient
Greek
ρ
density
(kg/m3)
υ
kinetic viscosity
(m2/s)
σ
surface tension
(N/m)
ψ
function of density
τ
relaxation time
µ
dynamic viscosity
(kg/m s)
Subscript
eq
equilibrium
γ
component
in
inside
out
outside
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