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ABSTRACT

This paper presents the lithium-ion concentration profile
simulation in the cathode for the half cell to predict the
performance of the lithium-ion cell. The mathematical
model is utilized in order to identify the lithium-ion cell
system in the solution phase. Then the model is used to
describe the discharge behavior of the rechargeable cell
based on the simulated concentration profile. For this
work, the cathode is the positive electrode employing
LiMn,0, as the active material. In addition, the
numerical technique namely Finite Difference Method is
used to solve the material balance equation of lithium-
ion cell. This method is compared to other methods to
identify the concentration profile. Nevertheless, the
solutions in this paper merely focus on the concentration
profile of lithium-ion in the cathode under galvanostatic
discharge in the half cell.
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1.INTRODUCTION

Nowadays, a portable power source indubitably
provides electrical sources to power electronic
devices in many applications. Consequently, the
portable power sources generates much interests in
medical, military, aerospace, transportation and
other recognized applications [1].

To obtain a superior design of batteries with
excellent performance, this undeniably would
necessitate the knowledge of the value of the
significant parameters such as diffusion coefficient
of species in electrolyte [2], porosity of the
electrodes [3], thickness of separator and electrode
materials [4], transference number [5] and initial
concentration of electrolyte [6]. Even though the
experimentalist is able to optimize these parameters,

however this would involve countless trial-and-
errors, time, materials and money. In order to
minimize the constraint, an appropriate and precise
equation is derived. Then the parameters are tested
as well as simulated by the mathematicians. As a
result, the theoretical characteristics of the battery
can be predicted.

However, if the value of the parameters for the
battery materials could not meet the suggested value
from the equation during identifying the
performance of the battery, the materials can be
customized or engineered. This can be materialized
by the use of proper auxiliaries or by some other
means to achieve the suggested values.

2. GOVERNING EQUATION

Prior to embark upon the simulations for the
concentration profile of lithium-ion in the solution
phase, a set of the equations are derived for this
work. The related nomenclature of related symbols
is shown in Table 1.

The cathode as the positive electrodes consists of
the active material LiMn,O4 for the reduction
process [7]. As for the transport of lithium-ion
through the cathode blended with active material [8],
the species i of the material balance equation are
able to be inscribed as

0~L=-V.N, +aj,(~1)) (1)
t

525


user
Typewritten text
525


Table 1. Nomenclature

Nomenclature
a specific interfacial area [m> m~]

aj specific area of the porous electrode ¢ [m? m~]

Jn pore-wall flux of lithium-ion across interface

[mol cm™s™]

c concentration of lithium-ion [mol m~?]

D diffusion coefficient of electrolyte [cm?*/s]

Dl.,eﬁr effective coefficient diffusion of species i
[m’s~)

F Faraday’s constant [96487 C/cq]

I superficial current density [Am-?]

as.ci Aanode, separator, cathode and species i
thickness of electrode [m]

t E transference number of lithium-ion

t time [s]

z; charge per mole

Greek

& porosity

Subscript

0 initial condition

1 solid phase

2 liquid/solution phase

From the concentration solution theory, the series
of flux [9] can be written as

N. =-&D.

ti
; et VO T — =1 (2)

z,F

By substituting equation (2) into (1), the equation
can be simplified as

éc,
£t = _V(-eD

t
Ve, +——D+aj 1-¢°) 3
81 ieff i Z F ) Jn( +) ( )

From [10] it is known that the Bruggeman
expression is

D, =¢"”D 4)

With the substitution of equation (4) in equation
(3), the material balance for the porous electrode on
the salt becomes

1

% — 81/2Dl- 62021' + a.]n(l_t-?)
ot ox £

)

During the galvanostatic discharge [11], the
boundary and the initial condition can be written as

oc, _ I(1-t))

S G 24 at x=0  (6)
Ox FD
% _y
Ox
at x=L +1L, (7)
clzc2:c0‘ at t=0 (8)

Whereas [11], the boundary condition at the
separator is as follows

¢ =c, at x=1L, )
% _ a2 00 at x=1L (10)
ox ox
3.MODEL SYSTEM
From Fig. 1, the half-cell model system is

considered to simulate the theoretical mathematical
calculation of the lithium-ion concentration profile.
Though in this paper only show the half-cell system,
this work is able to be extended for the full-cell with
the anode as negative electrode coated with LiCe,
the cathode as positive electrode intercalated with
LiMn,O4 and lastly is the porous and permeable
separator [12].
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Lithium Separator Cathode X = Ls + (i - l)Ax, i=12,..,n (12)
and
N
%"1 Discharge t, = (J-DAt, j=12,..m (13)
o LT Next,
-]
"“? - €20 ~C2 =¢'"D Atz[cz” —2¢, +c, ]+7aj"(1_t+)At (14)
v (Ax) W &
= for i=12,..,n and j=12,..m—1 (15)
x=0 x=Ls x =Ls+Lc
Half-cell .
alf-ce As for the fundamental of the material balance
equation for the lithium-ion concentration profile in
a > o the cathode, the equations can be organized in the
3| = 5 » | mF solution/liquid phase as follows
= o o = e o
- 2 —_~ 1<) 2 o 2 ; 0
@) = Z ] =~ —
% %C’E § %; aﬁ: 1/2D 86;2_'_a.]n(1 ZL-*—) (16)
a ~ = = ~ % ot Ox g
S ® '° with the boundary conditions
oc, aj, (1-t, )L
Disch = : at x=1L, (17)
e ot &*D
—_— oc
Ch —2=0 at x=L +L,  (18)
. arge ox
J‘L and from the initial condition
x=La x =La+Ls x =La+Ls+Lc ¢, =6 at t=0 (19)
Full-cell
4. MATLAB SIMULATION IN THE
CATHODE
Figure 1. Schematic view of the half-cell/full-cell

Since this work is using numerical method for the

As from the material balance acquired from  theoretical mathematical equations by implementing
equation (5), the rectangular grid is needed for the  Finite Difference Method, MATLAB software is
cathode. Therefore the Finite Difference Method is chosen as it provides Straight forward access to
used in obtaining the grid. The rectangular grid  matrix software such as matrix theory, linear algebra
consists of vertical lines Ax units apart and  and numerical analysis [13]. In addition, MATLAB
horizontal lines At units apart. If two positive  is among the best selection as it is able to handle

integers 7 and m is chosen then, large matrix used for the numerical analysis. From

(L YL )—L p the Fig. 2, Fig. 3 and Fig. 4, the interface for the

=——~——= and At =—"— (11) simulation is build from the numerical software by

(n=1) (m—1) using GUIDE within the MATLAB from version

The vertical and horizontal grid lines are defined  7.9.0 (R2009b) [14]. Generally, the developed
by simulator consists of three parts.
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— Yariable Parameters

Length of cathods 0.0z
Lencth of Separator : 0005
Length of Anode 0.0z
Flumber of interwal : 21
Transfrence number 0.z
Current 00005
Initial concentration, CO : 0.002
Time lenoth Crminute) : 180
Lamkocia 005
Eps=ilon : 0.5

— Fix Parameters

Diffusion, v : 7.5e-8
Faraday, F : o5487
Length of time (s=econd) - 10800
EN i -2.591e-007
Delts =< 0.001

Duetta T : 0.94221

Mo, of teration, m 11458

Figure 2. First GUI of the MATLAB simulation

There are input for variable parameters and fix
parameter, the output of the lithium-ion
concentration in the anode, separator and cathode
over distance, and finally the projected graph output
for the numerical analysis and the simulation. Before
the construction of the graphic user interface (GUI)
for the simulation, the parameters are standardized
and used as shown in Fig. 2. However, the user can
change the variable parameter according to the
different set of cell models. Accordingly, this is
considered as one of the advantages done by the
simulator to save materials, money and time as the
different set of physical experiments are not
required. Within the column data from the analysis
projected as from Fig. 3, the values in the table can
be exported for other purpose analysis. As from the
graph projected at the end of the result as in Fig. 4, it
is useful to predict the behavior and better
understanding regarding the performance of the
lithium-ion cell. Prior to this, the model equation of
the material balance as in equation (16) is coded to
the software with the parameters identified as in Fig.
2. Subsequently, the grid for the cathode is then
iterated by MATLAB to obtain the position of the
distance and the concentration of lithium-ion during
discharge.

Cathode

Distance, x |Concentration, c
1 0.0250 0.0028
2 0.0280 0.0027
3 0.0270 0.0025
4 0.0280 0.0024
5 0.0290 0.0023
] 0.0300 0.0021
7 0.0310 0.0020
8 0.0320 0.0019
E] 0.0330 0.0018
10 0.0340 0.0017
11 0.0350 0.0017
1z 0.0360 0.0016
13 0.0370 0.0015
ig 0.0380 0.0014
15 0.0390 0.0014
16 0.0400 0.0014
17 0.0410 0.0013
18 0.0420 0.0013
19 0.0430 0.0013
20 0.0:440 0.0012
2l 0.0450 0.0012

Figure 3. Second GUI of the MATLAB simulation
x10° Graph of Concentration vs Distance (Cathode)
3 T T T
2.3

26

24
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Concentration, ¢

|
0.025 0.03 0.035 0.04 0.045

Distance, x
Select Case

Cathode Combine Graph
(& Cathode
O Separator

= -

Figure 4. Third GUI of the MATLAB simulation

Even though this paper focuses on the result of
the cathode, the simulation is able to perform the
analysis numerically for the concentration profile of
the anode and the porous or permeable separator as
in Fig. 4. Consequently, the projected outputs are
flexible and adjustable. Thus, the simulated results
are subsequently compared to the other works as to
test the precision of the simulation.
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5.SIMULATION RESULTS AND DISCUSSION

Theoretically, the overall cell-reaction for the
lithium-ion cell charge and discharge [15] can be
written as

Li Mn,0, +Li C, <> Li ,Mn,0, +Li ,C, (20)

X+5

at [21] the positive electrode (cathode) and

Li, Mn,O, +xLi" +xe” <> Li Mn,O, (21)
at [21] the negative electrode (anode)
Li, C; > LiyMn,O, +xLi" +xe” (22)

Based on the theoretical prediction for the
chemical reaction, the discharge process occurs from
the left cell-reaction to the right. Then the lithium-
ion in the cathode will decrease because the lithium-
ion will combine with electrons that have entered the
cathode from the external circuit. Therefore from
Fig. 4, the graph simulated from the MATLAB
describes the lithium-ion concentration profile when
discharged is acceptable.

According to Hashim Ali [16] and Johan [8], the
concentration profile across the separator and
cathode during galvanostatic discharge are
decreasing when the distance of x is increasing. Fig.
5 shows that the lithium-ion concentration profile
when discharged 1s decreased as the distance
progressed. Therefore, the simulation results are
satisfying  with  the  author’s  lithium-ion
concentration profile. This is reasonable because
during the full charge [8], it is expected that the
lithium-ion concentration in the cathode would be
almost zero and during discharge the lithtum-ions
filled up the back portion of the cathode. Since this
work is capable to be extended in full-cell as seen in
Fig. 5, it is obvious that the simulated concentration
of lithium-ion is higher in the separator than in
cathode and highest in the anode. This result is
similar to the one obtained by Arora [17].

%10 Graph of Concentration vs Distance

Anode
Separator
Cathode [

k |
i \‘
|

0 | | | | | |
0 0.005 001 005 002 002 003 0035 004 0045
Distance, x

Concentration, ¢

Full-cell simulation of the concentration
profile

Figure 5.

As compared with another simulated results from
numerical software namely MODAL [18], the
results of the MATLAB simulations from the
cathode (Fig. 4) as well as full-cell (Fig. 5) are
satisfactory with the projected output from the
MODAL. When comparing both results, the graphs
show the progressive decreases of lithium-ion across
the electrolyte.

It 1s known that the prediction in the cathode can
be done by the numerical, analytical and
experimental techniques or methods [19] [20]. As
for the experimental techniques [22], LiMn,Os is
prepared for days and synthesized at high
temperature, but the analytical and numerical
method used for prediction in the cathode will have
some advantages as the simulation does not require
materials and processing cost. When this numerical
analysis is being compared to another numerical
result from Kawano [23], it is stated that the
charging process is opposite to the discharge process
that correspond to the fact that the sign of total
current / which is opposite. When it is compared to
the results from the discharging state of the
MATLAB simulation (Fig. 4 and Fig. 5) to the
concentration distribution during the charging state
from Kawano [23], the curves from the graphs are
opposite. As the result, the numerical method is
considered as the powerful problem-solving tool that
is able of handling huge systems of equations,
complex geometries and many more that are
frequently impossible to be solved analytically [24].
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In addition, the numerical method is a good medium
and efficient for learning to use computers as it is a
proficient way to study programming by coding the
computer programs [24]. It is considered as a
medium to strengthen the understanding of
mathematics by reducing higher mathematics to
basic arithmetic operations [24].

6. CONCLUSION

From the results and the comparisons, it is
discovered that modern simulation and mathematic
modeling technique is capable of predicting the
behavior and the performance of the lithium-ion cell.
In consequence, this could be used to design the
batteries. This research has shown that the half-cell
model system is used to simulate the theoretical
mathematical calculation of the lithium-ion
concentration profile. Therefore, the variable
parameter can be changed by the user according to
the different set of cell models. With the appropriate
and precise equation derived, the parameters are
tested as well as simulated by the mathematicians.
Then, the theoretical characteristics of the battery
can be predicted. Accordingly, this is considered as
one of the advantages done by the simulator to save
materials, money and time as the different set of
physical experiments are not required. Even though
this simulation is focus on cathode, the simulation is
capable to be extended in full-cell.

Since this work is using the numerical method for
the theoretical ~mathematical equations by
implementing the Finite Difference Method,
MATLAB software is chosen as it provides
straightforward access to matrix software such as
matrix theory, linear algebra and numerical analysis.
As to test the simulation reliability, the graph
simulated from the MATLAB is compared to the
graph obtained using other method. As the
conclusion, the simulation of this work is consistent
to be used for predicting the behavior of the cell as
well as to design a good battery system.
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