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Abstract

Electrochemical physics-based simulations of Li-ion batteries using a mesoscale 3D structure of porous electrodes are
one of the most effective approaches for evaluating the local Li concentration in active materials and the Li-ion concen-
tration in electrolytes. However, this approach requires considerable computational resources compared with a simple
2D or 1D homogeneous simulation. In this work, we developed an advanced electrochemical physics-based simulation
method for Li-ion batteries that enabled a quasi-3D simulation of charge/discharge using only a single 2D slice image. The
governing equations were based on typical theories of electrochemical reactions and ion transport. From referencing the
2D plane, the model was able to simulate both the Li concentration in the active material and the Li-ion concentration in
the electrolyte for their subsequent consideration in a virtual 3D structure. To confirm the validity of our proposed model,
a full 3D discharge simulation with randomly packed active material particles was performed and compared with the
results of the quasi-3D model and a simple-2D model. Results indicated that the quasi-3D model properly reproduced the
sliced Li and Li-ion concentrations simulated by the full 3D model in the charge/discharge process, whereas the simple-
2D simulation partially overestimated or underestimated these concentrations. In addition, the quasi-3D model made it
possible to dramatically decrease the computation time compared to the full-3D model. Finally, we applied the model
to an actual scanning electron microscopy equipped with a focused ion beam (FIB-SEM) image of a positive electrode.
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1 Introduction

Lithium-ion (Li-ion) batteries are recognized as the most
promising technology for energy storage because of their
high energy density, lightweight and long cycling life [1,
2]. In addition to various studies on novel materials for
electrodes/electrolytes and new battery systems, a vari-
ety of simulation technologies [2, 3] have been proposed
to predict charge/discharge performances, stress condi-
tions and cycling life times. Electrochemical physics-based
models (physicochemical models) [4-25] are useful tools
to calculate the various nonlinear resistance components
of a battery, including the diffusion of Li, stress in active
material particles, electrochemical reactions and ionic
transport in electrolytes, while simple equivalent circuit
models [26-30] assume that the resistance of the battery
is constant or a function of the current and temperature.

Until now, one-dimensional (1D) electrochemical phys-
ics-based models, which assume porous electrodes and
separators as uniform media, have been widely adopted
and developed. These models have been applied to ana-
lyze various electrode materials, including Li,Mn,0,,
LiCoO,, LiFePO,, and Li(NiCoMn)O,, in cathodes and

SN Applied Sciences

A SPRINGERNATURE journal

(without correction)

(b)

Full 3D

model
(slice)

Simple
2D model

S

Quasi-3D
model

graphite, and Li metal in anodes, along with heat genera-
tion, cycle degradation and stress analyses [4-10, 26]. In
addition, these models are utilized for systematic stud-
ies with a large number of parameter datasets because
their calculation costs are relatively low. In the 1D models,
however, it is difficult to evaluate nonuniform Li and Li-ion
concentrations and reactions, especially in the cross sec-
tion of electrodes.

Recently, many studies of charge/discharge simulations
based on the mesoscale three-dimensional (3D) struc-
ture of porous electrodes have been reported [11-22]. In
these cases, porous electrodes were modeled by random
packed spheres/hemispheres [11-15] or actual structures
based on scanning electron microscopy equipped with a
focused ion beam (FIB-SEM) results [17-22] to evaluate
the 3D distribution of Li in the active material particles,
Li-ion concentration in the electrolyte, and the stress
distribution and temperature field of electrodes. These
models enable charge/discharge simulation with realistic
3D electrode structures and provide insightful informa-
tion at the mesoscale; however, there are some limitations
in these models: (1) they require a large-scale amount of
calculation and (2) they require 3D tomography data,
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Table 1 Parameters for generating the 3D porous structure

Parameter Value
Active material particle radius, R;p 11.0 [um]
Simulation cell size, L, (in-plane direction) 100 [um]
L, (in-plane direction) 100 [um]
L, (thickness direction) 50 [pum]

Volume ratio of active material, 64, 0.58

Overlap distance, d,, 0<d,,<1[um]

including 3D-SEM/X-CT results or particle-packed artifi-
cial structures, which also require significant cost. Thus,
simple two-dimensional (2D) simulations using the cross-
sectional structure of a battery electrode have been per-
formed [23-25]. Although these approaches decrease the
computational time compared to 3D simulations, they still
have some validation problems because of ignoring the
effect of the Z-direction.

In this study, we propose a new electrochemical phys-
ics-based simulation method for Li-ion batteries that
enables a quasi-3D calculation of charge/discharge and a
dramatic decrease in the amount of calculation by using

Fig. 1 Geometries used in this
study for a the full-3D porous
electrode structure and b
extracted plane

Current
collector

Electrode

Separatorl

a single 2D slice image of porous electrodes for consid-
eration in a virtual 3D structure. In the quasi-3D model,
the Li concentration in the active materials and the Li-ion
concentration in the electrolyte are simulated in the 2D
plane, for consideration in the virtual 3D structure using
a single particle model. The study involved the follow-
ing steps. First, we discuss the inference accuracy of the
radius of the active material particle from the 2D plane.
Next, the validity and advantage of the calculation cost of
this model are confirmed by comparing the results of the
3D discharge simulation with random-packed active mate-
rial particles. Moreover, we applied the model to an actual
FIB-SEM image of a positive electrode and evaluated the
distributions of Li and Li-ion concentrations in the plane.

2 Model development

The quasi-3D model is based on electrochemical reaction
and ion transport theories, which are widely used in 3D,
2D and 1D models [4-25]. In this model, the Li concentra-
tion in the active materials and the Li-ion concentration
in the electrolyte are simulated from a 2D slice image of
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Table 2 Governing equations in the quasi-3D model

2D-plane simulation

Correction term Reference concentration

. . . . . ac, f f ref ref
Li concentration in the active material 0 =y, [—stzocs 20] + G con o, | n—co  Coao—clh, T _ p lofp
ot - . i dy - ot ot Sr2 or ar
tm surf
Li-ion concentration in the electrolyte 90 _ _ D, [~ ¢ ref _ oL e
Y prodi Vo [=D1V256120] + iconr 2= € = G0 T 35, (1m0,
1 1
Potential in the electrolyte 20,RT - -
Y Voo - |\ =01Vapdin + = (1 - t+)V/”C/,2D =0
Electrochemical reaction at the interface s of of - c g
foc =lo|eXp| oxn1 ) —exp| —2=n Jave = 71

Table 3 Coefficients of the

- > Coefficient Value

polynomial open-circuit

voltage (OCV) function [8] Pe 61113
ps 23753
Pa —3797.4
ps 3196.0
P, -1491.8
Py 364.33
Po -31.858

a mesoscale 3D electrode structure in a half-cell. The key
idea of the model is that the Li and Li-ion concentrations
are corrected compared to those in the single particle
model that is performed in parallel. Here, we introduce the
geometric and numerical schemes used in this approach.

2.1 Geometry

In this study, we use a half-cell structure of a positive
electrode for galvanostatic discharge simulations. The
model geometries for full-3D, simple-2D and quasi-3D
simulations are constructed as follows. First, the mesoscale
structure of the 3D porous electrode is constructed by ran-
domly packing active material particles. Perfect spheres
are assumed to be active material particles and overlaps
between these particles are permitted. The radii of the
spheres R;, of the spheres are randomly packed sequen-
tially with a uniform distribution in the L, x L, x L, simu-
lation cell (the x- and y-axes are the in-plane directions,
and the z-axis is the thickness direction of the electrode)
until the volume ratio of the active material reaches 6,,,.
Here, binder and additives are not modeled for the sake of
simplicity. Table 1 shows the parameters adopted for gen-
erating the 3D porous structure, which are typical values
for positive electrodes. This constructed structure is used
for a full-3D charge/discharge simulation. Subsequently,
slice planes for the simple-2D simulation and quasi-3D
simulation are extracted from the middle position of L,.
Figure 1 illustrates the 3D porous electrode structure and
the extracted plane.
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2.2 Governing equations of the quasi-3D model

The mathematical model is based on the electrochemistry
and Li transport model on the 2D plane for consideration
in the virtual 3D structure. The governing equations in the
quasi-3D model are listed in Table 2. The Butler-Volmer
equation is assumed on the interface between the active
particle and electrolyte [4]. The local current density on the
interface i, is described as

a
—oh

R; )] M

iloc = lo [eXP<a—F’I) - eXP(
RT

where F, R, a and i indicate the Faraday constant, gas con-

stant, transfer coefficient and exchange current density,

respectively. Additionally, n denotes the overpotential

between the active material and electrolyte

n:¢s_¢l_U (2)

where ¢, ¢,and U are the active material potential, elec-
trolyte potential and open-circuit potential (OCP), respec-
tively. For simplicity, ¢, is assumed to be uniform in the
active material used in this study [19]. A typical OCP func-
tion U for the positive electrode Li(NiCoMn)O, is adopted.
The polynomial function is used in order to connect the
OCP data with a smooth curve, written as

U= Z pi(cs/cs,max)i (3)

where ¢ ., is the coefficient of the maximum Li concen-
tration of the active material and p; indicates the coeffi-
cient of the polynomial OCV function provided in Table 3.

In most cases, Fick’s law is used in order to model the
Li diffusion in the active material particles of an electrode
[23, 24]. Herein, we propose the modified Fick’s law to take
into account the effect of the structure in the y-direction.
Thus,

aCS,ZD

. = V2D [_DSVZDCS,ZD(r' t)] + qs,corr

= (4)
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Fig.2 Schematicimage
showing the correction of the
a 2D Li-ion concentration in
the active material and the b
2D Li-ion concentration in the
electrolyte
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Cross section of pore
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on hemisphere bottom

where ¢, ;5 and D; are the Li concentration in the 2D plane
and the Li diffusion coefficient of the active material,
respectively. Moreover, g, ., is used to correct the 2D Li
concentration and is described as the difference between
the fluxes of Li in the y-axis direction,

surf btm
qS,CO”—qs corr + qs corr (5)

surf btm
where g’ ‘and g0 are the molar fluxes of the spherical

y-axis surface and bottom, respectively. In this study, we
assume that the fluxes are proportional to the concentra-
tion gradient, which is evaluated by the reference Li con-

centrations on the spherical surface c’e'r ¢ and bottom

c"-’tft , and the distances between these posmons in the

2D plane (see Fig. 2(a)).

ce (Ir],t) -

_ s sbrm

Gscorr= = 7

52[)(’: t)

Coap(r,t) = €5 ()
dbtm dsurf
(6)

where the d parameters are determined by the geometric
structure of the electrode. In this study, the average length

Average Liion concentration C

Ciret  evaluated by Single Particle Model

between the surface and bottom of the sphere, d=0.5R;/,
is adopted. The reference Li concentrations c"f"u and cgebftm
are estimated by a single-particle model that is conducted
in parallel.

In previous studies [23, 24], the Li-ion concentration ¢, ,p,
and potential ¢, ,p in the electrolyte are estimated by the
mass conservation law and Nernst—Plank equation. Herein,
we add the correction term g, to the mass conservation law
in consideration of the effect of the flux in the z-direction,

9¢;p

T = VZD [_DIV2DC/,2D(r’ t)] + qI,COH’ (7)

oRT
Voo \ =0/Vapdip + T<1 —t,)Vincp ) =0 (8)

where D;, 6, and t, are the diffusion coefficient, ionic con-
ductivity and transport number in the electrolyte, respec-
tively. At the boundary between the electrode and separa-
tor (z=0 pm), the Dirichlet condition c,’ef = (o is applied.
The 2" term of the right-hand side of Eq. (7) o, is @
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Table 4 Parameters for the
charge/discharge simulations

source term to correct the 2D Li-ion concentration with

SN Applied Sciences (2021) 3:633 | https://doi.org/10.1007/s42452-021-04581-w
Parameters Value Reference
Diffusion coefficient in the active material, D, 1.0x 107" [m?/s] Assumed
Diffusion coefficient in the electrolyte, D, 1.0x 107" [m?/s] Assumed
lonic conductivity in the electrolyte, o, 0.1 [S/m] Assumed
Transfer number, t, 0.363 [14]
Exchange current density, i, 0.5 [A/m?] Assumed
Transfer coefficient, a 0.5 [14]
Temperature, T 298 [K] Assumed
Applied current density, iy, 4.81(0.5C), 9.62 (1Q),

19.2 (2C) [A/m?] -
Maximum Li concentration in the active material, ¢, ., 31,000 [mol/m?] [23]
L,
cef =, — 2 __Jae
I 1,0 (12)
2Dy (1= 6,y)

the reference Li-ion concentration c,’ef,

D, lz e, 1) — c,IZD(t)]

ql,corr: - FI dl (9)

where d, is the parameter for the distance to the reference
concentration. Herein, we assume d, to be 10 um, which
is the representative length in the electrolyte. Figure 2(b)
shows a schematic image of the correction of the 2D Li-ion
concentration.

As mentioned above, the reference Li and Li-ion con-
centrations are estimated by the single-particle model [31]
conducted in parallel. The reference Li concentration in the
active material cs’ef is written as the 1D diffusion equation,

acref acref
S = DS l 2 2 (10)
ot r2 or or

with the Neumann boundary condition

D ace! o app >
s or ,=R_Jave_F9AMLz ( )

where j, . means the average molar flux associated with
the electrochemical reaction between the active material
and electrolyte and i, indicates the applied current den-
sity. On the other hand, the reference Li-ion concentration
in the electrolyte is evaluated by

Thus, we ignore the relaxation time of the Li-ion con-
centration in the electrolyte in this description. The param-
eters for the typical positive electrode Li(NiCoMn)O, and
electrolyte 1 M LiPF,/EC:DEC=1:1 by volume are adopted
and listed in Table 4.

2.3 Estimation of R;, from the 2D plane

In the quasi-3D model, the actual radius of the 3D active
material Ry is required to calculate the reference Li con-
centration cff. However, Rsp is not equal to R, because
the “active material disc” on the 2D plane is a result of a
randomly sliced “active material sphere.” Herein, we use
a Bayesian inference to determine R;p from the 2D plane.

P@|x) « P(B)P(x|0) (13)

where P(0|x), P(6) and P(x|6) indicate the posterior distri-
bution, prior distribution and likelihood, respectively. The
probability of the radius of the active material on the 2D
plane (disk shape), R,p, from the actual radius R;p in 3D
(spherical shape) is described as

P(Ryp|Rsp) o \/R3D2 — (Ryp — Ryp)’ (14)

The derivation of Eq. (14) is shown in Appendix A.

Table5 Governing equations

in the full-3D and simple-2D Equation

models Li concentration in the active material ’;L; =V, [_stncs]
Li-ion concentration in the electrolyte oa_crl =V, [_DIVnCI,]
Potential in the electrolyte v, . (‘5/Vn¢/ + er;:RT (1- t+)Vlnc,) -0
Electrochemical reaction at the interface o = I [exp(:—;n> _ exp(—:—';n)]
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Assuming that we have no prior information about R;p,
the prior can be described as

P(Rsp) = const. (15)

according to the principle of insufficient reason. There-
fore, the posterior of R, on the 2D plane from the R;; of
the active material sphere can be written as

P(RsplRyp) o H \/R3D2 ~ (Ryp - RZD,i)Z (16)
i

where R, ; indicates the ith radius of the active material
disk on the 2D plane.

2.4 Governing equations of the full-3D
and simple-2D models

The governing equations in the full-3D and simple-2D
models are based on electrochemistry and Li transport

Number of particles [-]
o = N w EN w N ~
[
1
1

0.9
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Probability [a.u]
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Fig.3 a Histogram of the detected radii of 16 active materials on a
2D slice image b Posterior distribution of Ry

theories without the correction introduced in the quasi-
3D mode. The mass conservation equation of the Li
concentration is applied to the active material, and the
Nernst-Plank equation and mass conservation equation
are adopted to evaluate the potential and Li-ion concen-
tration in the electrolyte. The Butler-Volmer equation is
used on the interface between the active particle and elec-
trolyte. In addition to the quasi-3D model, the potential in
the active material is assumed to be uniform for simplic-
ity. The governing equations in the full-3D and simple-2D
models are listed in Table 5.

The modeling and calculation of the three models were
performed using COMSOL Multiphysics™ ver. 5.4 with a
standard workstation containing a 16-core Intel Xeon™
(2.60 GHz) processor and 128 GB of RAM.

3 Results and discussion

The proposed quasi-3D model was validated with a full-3D
model and compared to a simple-2D model under vari-
ous applied current densities. First, the 3D active mate-
rial radius R;p was estimated from the radius of the active
material disk R, by a Bayesian inference. Additionally, we
carried out galvanostatic discharge simulations at a low
current density and evaluated their results, including the Li
concentration in the active material, Li-ion concentration
in the electrolyte and voltage profile. Finally, simulations
at a high current density were conducted, and the model
limitations and robustness were discussed.

3.1 Estimation of R;,
The center positions and radius of each active material disk

in the 2D slice structure, shown in Fig. 1(b), were detected
by the watershed method. The histograms of the detected

4.5 ——Full 3D model
A | o=o=s Quasi-3D model
4 Simple 2D model

Voltage [V]

0 2000 4000 6000 8000

Time [s]

10000 12000

Fig.4 Simulated cell voltage profiles of the full-3D, quasi-3D and
simple-2D models at 0.5C
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Fig.5 Li concentration in the active material at 50% SOC at a low
current density (0.5C). a The 3D view of the full-3D model. b Slice
image of the full-3D, simple-2D and quasi-3D models

radii of 16 active material disks are shown in Fig. 3(a). Most
radii are near 10-11 pum. Using these radii, we estimated
the 3D active material radius Ry by a Bayesian inference
as described in Eq. (16). Figure 3(b) shows the posterior
distribution of R;p. Note that the vertical axis is described
as an arbitrary unit. The highest probability is located at
approximately 10.5 um, which is close to the actual radius
of 11.0 ym. This indicates that the actual 3D radius of the
active material sphere can be inferred from the 2D radii of
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the disks on an arbitrarily sliced image. Although a large
number of disks improves the estimation accuracy, the
slice image that includes only 16 disks used in this study
is sufficient to infer the actual 3D radius. The difference
in accuracy of the Ry inference using the slice position is
discussed in Appendix.

3.2 Low current density (0.5C)

Galvanostatic discharge simulations at 0.5C (4.81 [A/m?])
were conducted using the full-3D, quasi-3D and simple-
2D models. The cell voltage profiles in these models are
described in Fig. 4. The discharge voltages within 7000 s in
the 2D-simple and quasi-3D models are close to those in
the full-3D model. However, the simple-2D model overes-
timates the capacity (the voltage drops at approximately
9000 s), whereas the quasi-3D model estimates it more
accurately than the full-3D model (the voltage drops at
approximately 7200 s). Figure 5 shows the Li concentra-
tion in the active material at 50% SOC. In the 3D view of
the full-3D model (Fig. 5(a)), one can see the concentra-
tion gradient from the surface to the center of the sphere.
We compared the slice image of the full-3D concentration
with that of the quasi-3D and simple-2D concentrations, as
shown in Fig. 5(b). The simple-2D model underestimates
the Li concentration inside the large region (point A) and
overestimates it in the small region (point B) because it
simulates only the 2D plane (x-z plane), ignoring the flux
in the y-direction. On the other hand, the Li concentra-
tion in the active material of the quasi-3D model agrees
well with the full-3D mode because of the correction with
the average concentration of the single-particle model.
Figure 6(a) illustrates the concentration profiles of these
models on the X;-X;' lines. It is apparent that the profile of
the quasi-3D model is close to that of the full-3D model,
whereas the predicted concentration of the simple-2D
model is relatively poor. The time sequence of Li concen-
trations at points A and B in these models is described
in Fig. 6(b) and (c), respectively. Compared with the poor
agreement of the simple-2D model at both points, the Li
concentration and its increase in the quasi-3D model agree
with those in the full-3D model. The reasons that the Li
concentration in the simple-2D model differs from the full
and quasi-3D models are as follows. First, the specific sur-
face area of the active material in the 2D plane is different
from those of 3D structure. This could affect the Li concen-
tration near the surface in the active material because the
total Li flux from the surface is under/overestimated. Sec-
ond, the simple-2D model ignores the Li flux of z-direction.
This could increase the difference of the Li concentration
between them. In the quasi-3D model, although the spe-
cific surface area of the active material has the same value
of the simple-2D model, the correction terms in Eq. (6) and
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(without correction)
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Fig.6 a Concentration profiles of these models on the X;-X,’ lines, and the b time sequence of the Li concentrations at point A and c point B

(9) prevent the increase of the difference from those of the
full-3D model.

The Li-ion concentration in the electrolyte at 50% SOC
is illustrated in Fig. 7. As seen in Fig. 7(a), the concentra-
tion gradient is formed from the boundary of the separator
(bottom plane) to the boundary of the current collector
(top plane). The slice image of the full-3D concentra-
tion is compared with that of the quasi-3D and simple-
2D concentrations, as shown in Fig. 7(b). The simple-2D
model underestimates the Li-ion concentration over the
whole electrolyte region because it ignores the flux in the
y-direction. The Li-ion concentrations on the X,-X,' lines
are illustrated in Fig. 8(a). Compared to that of the sim-
ple-2D model, the concentration profile of the quasi-3D
model is relatively close to that of the full-3D model. In
Fig. 8(b), the variation of the Li-ion concentrations over
time at point C of these models is described. Additionally,
compared to those in the simple-2D model at both points,
the Li-ion concentration and its increase in the quasi-3D
model are relatively close to those in the full-3D model at
both points. As in the case of the Li concentration in the
active material, the quasi-3D model has the followability
of the Li-ion concentration to the full-3D model by taking
the correction terms of the Li-ion flux in Z-direction.

3.3 High current density (1C and 2C)

Discharge simulations of the full-3D, simple 2D and quasi-
3D models were carried out at high current densities of 1
and 2C. A comparison of the discharge curves of the three
models is described in Fig. 9. At 1C, the voltages within
2800 s in the simple-2D and quasi-3D models are close to
that in the full-3D model. The simple-2D model apparently
overestimates the capacity (the voltage drops at approxi-
mately 3700 s), whereas the quasi-3D model estimates it
more accurately and matches more closely to the full-3D
model (the voltage drops at approximately 3100 s). On the
other hand, the discharge voltage of the simple-2D model
at 2C drops rapidly at the beginning of the simulation due
to Li-ion exhaustion near the active material in the elec-
trolyte. Notably, the voltages of the quasi-3D and full-3D
models are similar to each other at 0.5 and 1C.

The Li concentrations in the active material at 50% SOC
of the models are shown in Fig. 10. Note that the data of
2Cin the simple-2D model are not available because of a
calculation failure. As evidenced in the 0.5C case, the sim-
ple-2D model underestimates the Li concentration inside
the large region (point A) and overestimates it in the small
region (point B), whereas those in the active material of
the quasi-3D model agree well with the full-3D model.
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1400 , .. Simple 2D model (1518 mol/m?3). The same tendency is seen in the Li-ion
E 1200~ — _SJT?;:QZ?Q' concentl.'atﬁon in the electrolyte, as describe.d in Fig. 11(b).
. s The deviations of both models increase with the C-rate,
% 1000 33 whereas at 1C the deviation of the quasi-3D model (155
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g 400 et These results indicate that the quasi-3D model can be
2 a useful tool to predict the Li and Li-ion concentrations
g 200 in the 2D plane as long as the applied C-rate is not rela-
0 tively large. One reason for the impact on the accuracy of
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Fig.7 Li-ion concentration in the electrolyte at 50% SOC at a low
current density (0.5C). a The 3D view of the full-3D model. b Slice
image of the full-3D, simple-2D and quasi-3D models

To evaluate the prediction accuracy of the models, the
deviation between the simulated values of the full-3D
model and those of the quasi-3D/simple-2D models is
defined as follows:

Error = 2 XiF3p ~ Xim (17)
1

where x;¢55 and x;, indicate the simulated value of
the full-3D model and the quasi-3D/simple-2D models
(m=Q3D, S2D). Figure 11(a) shows the deviation of the
Li concentration in the active material at 0.5, 1.0 and 2.0C.
Not that there are no data of the simple-2D model at the
2C discharge condition due to the rapid voltage drop
at the beginning of the simulation. It is apparent that
the deviations of both models increase with the C-rate
because the large molar flux at the boundary between the
active material and electrolyte leads to the nonuniform
concentration in the active material having a larger effect.
At 1C, the deviation of the quasi-3D model (595 mol/m?)
remains lower than the value of the simple-2D model
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the quasi-3D model is that the deviation between the full
model and the single particle model used by the quasi-
3D model could increase with C-rate. In the single particle
model, one representative particle is modeled, and it can-
not consider the effect of the concentration gradient in the
thickness direction, formed in the case of higher C-rate in
particular. Although only discharge simulations have been
conducted in this study, charge simulations could exhibit
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Fig. 8 a Li-ion concentration profiles of these models on the X,-X,’
lines, and the b time sequence of the Li concentrations at point C
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Fig.9 Comparison of the
discharge curves of the full-3D,

quasi-3D, and simple-2D mod-
elsata 1.0Cand b 2.0C
Full 3D
model
Simple 2D No data
model
@
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Quasi-3D q
model
o( ) o()
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the same tendency. These limitations will be overcome in
future work.

3.4 Effect of slice position

In order to investigate the effect of the slice position on
the accuracy of the quasi-3D model, the additional stud-
ies have been performed using the slice images near both
ends. In the same way as Sect. 3.2, the galvanostatic dis-
charge simulations at 0.5C have been conducted by the
full-3D, quasi-3D and simple-2D models, respectively.
Figure 12 shows the Li concentration in the active mate-
rial at 50% SOC in each model. Apparently, the simple-
2D model overestimates the Li concentration in the small
region (shown by arrows) in both slice positions (slice 1
and 2), whereas those of the quasi-3D model agrees well
with the full-3D model. This result indicates that the quasi-
3D model has higher followability to the full-3D model
than the simple-2D model even in other slice positions.

3.5 Computation time

Table 6 shows a comparison of the calculation times of
the full-3D and quasi-3D models at 0.5C. The calculation
time of the quasi-3D model is approximately one hundred
times that of the full-3D model. Thus, the quasi-3D model
using a single slice image makes it possible to dramatically
decrease the calculation cost while still providing accurate
cell voltages and Li and Li-ion concentration distributions.

1.7 18 1.9 2 21220023024

4 Application to an actual FIB-SEM image

The proposed quasi-3D modeling is expected to be
applied to an actual electrode structure. To test the
model with an actual electrode structure, a discharge
simulation using an FIB-SEM image of a positive elec-
trode Li(NiCoMn),,;0, was conducted. In addition to the
scheme for the particle packing structure described pre-
viously, the 3D active material radius R;p was estimated
from the active material radius R, obtained from an SEM
image by a Bayesian inference. Subsequently, we carried
out galvanostatic discharge simulations at 1C with typical
parameters.

4.1 FIB-SEM image segmentation and inference
of the active material size

Herein, the FIB-SEM image positive electrode
Li(NiCoMn),,30,, which was taken in a previous study
[31], was used, and image segmentation was conducted
to produce two regions (active material and electrolyte).
Figure 13 shows the FIB-SEM image and segmentalized
image. Subsequently, we detected the radius of each
active material on the 2D slice structure. As shown in
Fig. 13(a), the active material particles are not spherical
but polyhedral, and R,y is evaluated using their circum-
scribed circles. A histogram of the radii of 111 active mate-
rial polygons is shown in Fig. 14(a). Using these radii, we
estimate the 3D active material radius R;p by a Bayesian
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inference as described in Eq. (16). Figure 14(b) describes
the posterior distribution of R;p. The highest probability
is located at approximately 12 um. It should be noted that
this inference is based on the hypothesis that all active
material particles are the same size, whereas the actual
size distribution has multiple peaks (2-3 and 7 um). There-
fore, the inferred R;p is not necessarily accurate and is a
future challenge.
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4.2 Galvanostatic simulation based on the FIB-SEM
image

Galvanostatic discharge simulations at 2C (19.2 [A/m?])
were conducted using the segmented FIB-SEM image.
Although the parameters for the simulation should be
determined in each system, we adopted the same param-
eters used in the spherical packing structure (Table 4) to
test the application possibility of the quasi-3D model to

Fig. 11 Deviation of the simulated values between the quasi-3D/simple-2D models and the full-3D model at 0.5, 1.0 and 2.0C. a Li concen-
tration in the active material, and the b Li-ion concentration in the electrolyte
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Fig.12 Li concentration in the
active material at 50% SOC

in each model using the slice
images near both edges

(b)

Table 6 Cf)mp.arison of Model Computa-
computation time among tion time
the full-3D, quasi-3D, and (min]
simple-2D models at 0.5C

Full-3D 210

Quasi-3D 23

Simple-2D 2.2

an actual structure. Figure 15 describes the Li and Li-ion
concentration distributions at t=1000 s. In regard to the
Li concentration in the active material, the concentration
gradient is confirmed from the surface to the center of the
active material polygons. On the other hand, the Li-ion
concentration in the electrolyte is relatively high near the
narrow regions. These results indicate that the quasi-3D

model can be applicable to segmented FIB-SEM images
with properly determined parameter values.

5 Conclusion

In this study, we proposed a new electrochemical physics-
based simulation method for Li-ion batteries that enables
a quasi-3D calculation of charge/discharge and a dramatic
decrease in the amount of calculation by using a single
2D slice image of porous electrodes for considerationin a
virtual 3D structure.

First, the actual 3D radius of the active material sphere
was inferred from the 2D radii of disks on an arbitrarily
sliced image. Although a larger number of disks improves
the estimation accuracy, we concluded that the slice
image including only 16 disks used in this study was
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Fig. 13 a FIB-SEM image of the positive electrode [31] and b segmented FIB-SEM image. The white and black regions indicate the active

material and electrolyte, respectively

sufficient to infer the actual 3D radius. Subsequently, the
quasi-3D model was validated with the full-3D model and
compared to the results of the simple-2D model at 0.5,
1.0 and 2.0C. As a result, the evaluated Li concentration in
the active material, Li-ion concentration in the electrolyte,
and voltage profile by the quasi-3D model were close to

Fig. 14 aHistogram of the

radii for 111 active material (a )
polygons and b the posterior

distribution of Ry,

those of the full-3D model, whereas those of the simple-
2D model were relatively poor. Finally, we compared the
calculation costs of these models and confirmed that the
quasi-3D model using a single slice image made it possible
to dramatically decrease the calculation cost.
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Fig. 15 Concentration distribution at 1C for 1000 s. a Li concen-
tration in the active material and the b Li-ion concentration in the
electrolyte
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Appendix
Appendix A

The probability of the radius of the active material
on the 2D plane R,y from the actual radius Ryp in 3D
(Eqg. 14) is derived. A value of R, takes within the range
of 0 <R,p<R5p, and the value is likely to take close to R5p
due to the geometric feature. In this study, the probability
distribution function of R, is assumed to be quarter-circle
shape, as described in Fig. 16. Thus, the probability (Y-axis)
of taking the value R, in R3p (X-axis) is proportional to the

my=1/3*Ly
my=2/3*Ly
my=3/3*Ly
15 3 4.5 6 75 9 10.5 12

R2D [um]

—y=1/3%Ly

- - —y=2/3*Ly
......... y=3/3%Ly
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