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Abstract: There is great interest in developing
all-solid-state lithium-ion batteries. They are
ideal micro-power sources for many applications
in portable electronic devices, electric vehicles
and biomedical engineering. In this work, we
present a simulation research based on a two-
dimensional model of all-solid-state lithium-ion
batteries using COMSOL Multiphysics®. The
calculation of tertiary current density in the
electrolyte and the transport of lithium species in
the electrode are coupled. The charge/discharge
curves (cell voltage vs. time) for various charge/
discharge rates are obtained and analyzed.
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1. Introduction

Now all-solid-state lithium-ion batteries have
become the state-of-the-art in modern battery
technology, which require high energy and
power densities, good capacity retention for
thousands of discharge/charge cycles, and an
extremely low self-discharge rate [1-3]. It is
known that all-solid-state lithium-ion batteries
are often fabricated by thin film methods, with
thicknesses in the range of a few micrometers.
Since porous electrodes are not used for this kind
of Dbatteries, all electrochemical reactions take
place on the interface between the electrolyte and
solid electrode domains [4].

Since the conductivity of the solid electrolyte
is typically several orders of magnitude lower
than that of a traditional liquid -electrolyte
lithium-ion battery, many previous investigations
were focused on material properties of the solid
electrolyte. In order to make further improve-
ment in solid-state battery technology, an in-
depth understanding of the electrochemical
processes involved in the solid-state battery is
necessary. There is no doubt that the numerical
simulation method is a powerful tool to realize
the purpose.

In this work, a two-dimensional model of all-
solid-state lithium-ion batteries is developed

based on COMSOL Multiphysics®. The tertiary
current density in the electrolyte is calculated.
The transport of lithium species in the positive
electrode is solved in coupling with the
calculation of current density. The effects of
lithium ions in the electrolyte and of lithium
species in the positive electrode on the properties
of all-solid-state lithium-ion batteries are
obtained and analyzed.

2. Numerical Method
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Figure 1. Layout of an all-solid-state lithium-ion
battery.

The layout of the all-solid-state lithium-ion
battery used in this work is shown in Fig. 1,
which has been described in earlier publications
[1,5]. The negative electrode comprises metallic
lithium and the positive electrode is constructed
by the polycrystalline film of LiCoO, The
electrolyte is a solid-state LisPO, film. The
electrochemical reactions at the negative and
positive electrodes can be represented by

Lio Lit+e™, @)
LiCo0, © Li;_,C00, + xLit + xe™, (2)
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where the reactions shown in egs. (1) and (2) are
described using the Butler-Volmer kinetics

2 \% anFn _(-an)Fy
in = Fkn(CL1+) <€ RT + e RT ), (3)
CLit0
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ip =lgp (e RT +e  RT ) 4)
lop = Fkp

< (CLimax — CLOCL* ) ( (cLi — CLimin) >1_ap
(CLimax — CLimin)CLi*0 (CLimax — CLimin)CLi* min

()
Here F is the Faraday’s constant, k,, and k,, are
the rate constants of the reactions (1) and (2),
respectively, c;;+, is the total concentration of
Li* in the electrolyte, a, and a;, are the charge
transfer coefficients for the reactions (1) and (2),
CLimax and cpimin are the maximum and
minimum levels of lithium species in the positive
electrode, R is the gas constant, and T is the
temperature.

In charge process, the oxidation reactions at
the surface of LiCoO, occur and the produced
Li* ions move to the negative electrode, Li, as
shown in Fig. 1(b). On the contrary, for
discharge process, the reduction reactions at the
surface of LiCoO, occur and Li* ions obtained
from the negative electrode come to LiCoO, and
consumed at the surface of LiCoO,. The
chemical reaction in the electrolyte

Li® o Lit +n~ (6)

describes the ionization reaction, where the
immobile  oxygen-binding lithium Li® s
transferred to Li* and n~. The transport of Li*
and n~ is solved by the Nernst-Plank equation

iF
N; = =DV, + Dy Ve, (7)

where ¢; and D; are the concentration and
diffusion coefficient of species, respectively, z;
is the charge of species, and ¢, is the electrolyte
potential.

The positive electrode consists of trivalent
cobalt oxide species, in which the lithium ions
are intercalated. Li* ions in LiCoO, are screened
by the mobile electrons, which accompany Li*
when they move from one interstitial site to the
other. The mass transport of lithium ions inside
the positive electrode can be described by the
standard diffusion equation [4]. In this work, the
transport of lithium species in the positive
electrode is described by the Fick’s law

Ny = —DpiVey,. (8)

where ¢;; and D;; are the concentration and
diffusion coefficient of lithium species,
respectively. In calculations, the negative
electrode domain is not involved. The calculation
of tertiary current density is carried out in the
electrolyte and the solution of the transport of
lithium species is performed in the positive
electrode.

3. Simulation results
3.1 Charge characteristics

Figures 2-5 show the calculated results of
charge process of the all-solid-state lithium-ion
battery. The battery is charged up to 4.2 V. The
charge rates are 0.8, 1.2, 1.6, 2.4, and 3.2 C.
Results show that the concentration deviation
from the equilibrium concentration in the
electrolyte is higher for higher charge rates.
Figure 2 shows the concentrations of lithium ion
in the electrolyte at the end of 1.2 and 3.2 C-rate
charge. At the charge rate of 3.2 C, the
maximum and minimum concentrations of
lithium ion have arrived at 7.6 x 10* mol/m?® and
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Figure 2. Concentrations of lithium ions in the
electrolyte at the end of charge.
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Figure 3. Concentrations of lithium ions on the
surface of positive electrode at the end of charge for
various charge rates.

C_rate(2)=1.2 Time=4.0111E5 (2) s o
Surface: Concentration (mol/m®)
By x10°
20 b
15F b 2.37
10 q
sk 4 11236
oL / lﬁ,[: -
st 1 §235
,10 - -
. L .
0 20 40
(a) C-rate=1.2
C_rate(5)=3.2 Time=1.4475E5 (2) s a
Surface: Concentration (mol/m*)
2y x10°
201 q
15r 1 ™ 246
10 b
sl 1 ti244
0 ol 242
ST 1§24
_10 . |
! ! ! 2.38
0 20 40

(b) C-rate =3.2
Figure 4. Concentrations of lithium species in the
positive electrode at the end of charge.
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2.8 x 10* mol/m® largely deviated from the
initial value of 5.4 x 10* mol/m®. The oxidation
reactions at the surface of positive electrode
cause high concentration distribution of Li* ions
in the neighborhood of positive electrode. The
concentrations of Li" ions on the surface of
positive electrode at the end of charge for
various charge rates are shown in Fig. 3. In the
positive electrode, due to the same reactions at
the surface, the concentration of lithium species
close to the electrode surface becomes low, as
shown in Fig. 4. The charge curves (cell voltage
vs. time) for the different charge rates are given
in Fig. 5. The cell voltage by charge has a steep
rise until about 3.9 V and then spreads around
corresponding to the different charge rates.

3.2 Discharge characteristics

It is shown that the concentration deviation
from the equilibrium concentration in the
electrolyte is similar to that of charge process, as
shown in Fig. 6. However, for discharge process,
the chemical reactions occurred at the surface of
positive electrode are reduction reactions, which
cause low concentration distribution of Li* ions

C_rate(2)=1.2 Time=4.0412E5 (2) s o
Surface: Concentration (mol/m?)
25+ 1 x10*
20F R
15- 1 M6
10+ E —
5 |- -
ol [-—l T‘ I 55
5L E 5
_10 |- 4
-15h0 1 1 | 4.5
0 20 40
(@) C-rate=1.2
o

C_rate(5)=3.2 Time=1.5046E5 (2) s
Surface: Concentration (mol/m*)

25+ 1 xwof
20F { mt
15+ g 7
10 1 6
5 - 4
ok . 5
S 4
_10 -
3
-15 il 1 1
0 20 40

|
0 2 4 x10°

Time (s)

Figure 5. Charge curves (cell voltage vs. time) for
various charge rates.
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Figure 6. Concentrations of lithium ions in the
electrolyte at the end of discharge.
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in the neighborhood of positive electrode. The
concentrations of Li* ions on the surface of
positive electrode at the end of discharge for
various discharge rates are shown in Fig. 7. In
the positive electrode, the reduction reactions at
the surface cause the concentration of lithium
species close to the electrode surface to be high,
as shown in Fig. 8. The discharge curves for the
different discharge rates are given in Fig. 9. The
cell voltage before depletion is shifted down-
wards for higher discharge rates. This could be
deduced by a fact that for higher currents, the
internal losses increase.
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Figure 7. Concentrations of lithium ions on the
surface of positive electrode at the end of discharge
for various discharge rates.
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Figure 8. Concentrations of lithium species in the
positive electrode at the end of discharge.

Global: Electric potential (V) a

41

381

361

Electric potential (V)

341

|
0 2 4 %10°
Time (s)

Figure 9. Discharge curves (cell voltage vs. time) for
various discharge rates.

4, Conclusions

This paper reports the simulation results of
an all-solid-state lithium-ion battery. The
variations of the concentrations of Li* ions in the
electrolyte and of lithium species in the positive
electrode are presented. It is found that the
battery can be quickly charged at the initial stage
of charge process, but it has a smooth discharge
before depletion for the different charge/
discharge rates. It could be concluded that the
developed model would be beneficial in realizing
industrial applications of all-solid-state lithium-
ion batteries in near future.
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