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Abstract – This paper focuses on the discharge characteristics of two cathode materials, namely 
Lithium Iron Phosphate (LiFePO4) and Lithium Cobalt Oxide (LiCoO2). The two cathode materials 
have different discharge characteristics and maximum concentrations. A mathematical model of 
lithium ion battery (LIB) for half-cell cathode based on drift-diffusion model is used to model the 
practical operations of LIB. This model takes into account the electrolyte equation and lithium 
transport equation in the electrode particles and is solved numerically using the Method of Line 
technique. The simulated discharge curves for both cathode materials have been verified with 
experimental data. The results show that LiCoO2 has an advantage of high maximum concentration, 
but the discharge drops with changes in the amount of lithium inserted. Meanwhile, LiFePO4 has 
the characteristic of a flat discharge curve which gives almost the same power with changes of the 
inserted lithium until the cell is entirely discharged. The main factor that limits the discharge as the 
discharge current increases is the Lithium ion depletion region and the saturated of Lithium in the 
electrode. 
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I. Introduction 

Lithium-ion batteries are being used in various 
applications such as portable electronics, electric vehicles, 
and renewable energy systems. The development of 
lithium-ion batteries has become a key focus for 
researchers and automotive companies, as the markets for 
hybrid electric vehicles, plug-in hybrid vehicles, and 
purely electric vehicles are expected to grow substantially. 
[1] – [2]. 

Lithium-ion is made of several elements; the electrodes 
which are the cathode and the anode, the electrolyte, the 
separator, and the current collector as shown in Fig. 1. The 
function of the electrolyte is to allow the ions to travel 
forth and back from anode to cathode. There are two 
different polarity types of electrodes which are cathode 
that are positively charged and is frequently referred to as 
the working electrode, and another one is anode, which is 

negatively charged and is frequently referred to as the 
counter electrode. 

The cathode, which is the primary determinant of cell 
attributes, is typically built of different chemistries than 
the anode, which is typically formed of silicon or graphite. 
Examples of cathode materials are Lithium Cobalt Oxide, 
Lithium Manganese Oxide, and Lithium Iron Phosphate. 
Each material of cathode has its characteristics hence 
providing different discharge capabilities.  

 

 
Fig. 1 Schematic of the Lithium-ion cell structure [1] 
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Lithium iron phosphate (LiFePO4) as a positive 
electrode material has numerous advantages for lithium 
ion batteries. LiFePO4 materials can enhance the high-
temperature cycle performance of lithium ion batteries, 
thereby resulting in reduced cost, minimal internal 
resistance, commendable safety standards, rapid charging 
speed, and enhanced design capacity [3] – [4]. Lithium 
cobalt oxide (LiCoO2) cathode offers high volumetric 
energy density and favorable durability, making it a 
promising material for lithium-ion batteries [5]. The 
advantages of using LiCoO2 include high capacity, high-
rate properties, and good structural stability.  

The rate limitation in LiFePO4 electrodes, initially, was 
attributed to poor conductivity, but carbon coating has 
improved electronic conduction. This can be done by 
using carbon black as a binder and leaving open porosity 
for the electrolyte [3]. Carbon coating also significantly 
improves the performance of LiFePO4 in a nano-
structured electrode. Hence, Lithium diffusion is not a 
discharge limiting factor for nanoscale electrode particles. 
However, high discharge rates of LiFePO4 are restricted 
by electrolyte diffusion and depletion [4].  

The factor limiting discharge in LiCoO2 batteries is poor 
cycle performance [6] due to the structural instability and 
severe capacity fade when cycled to voltages greater than 
4.35V [7]. Additionally, the asymmetry in 
discharge/charge behavior toward high bulk stoichiometry 
(low state of charge) is also a limiting factor [8]. The two-
step reaction mechanism involving lithium-ion adsorption 
onto the active material particle surface and intercalation 
of surface-adsorbed lithium atoms into the bulk material 
can reproduce this behavior [9] – [10]. Another factor 
limiting the discharge is the large volumetric variation of 
cobalt sulfide during charge/discharge cycling [11]. 
Different cathode materials have different energy 
densities, cost implications, and safety profiles. Hence, 
understanding cathode materials is crucial in improving 
the cell performance. 

This paper discusses the solutions of half-cell cathode 
of two cathode materials, namely Lithium Cobalt Oxide 
(LiCoO2) and Lithium Iron Phosphate (LiFePO4) by 
generating the discharge curves to analyze the battery 
performance. A comparison study of the discharge 
characteristics between the two lithium-ion cathode 
materials is discussed. 

II. Lithium-ion Battery mechanism and 
its mathematical model 

A. Electrochemical Mechanism of Lithium-ion 
Batteries 

 
 The electrochemical events are caused by the 

electrostatic potential difference between the electrodes 
during discharge. In the active-phase negative electrode's 
spherical-like particles, the lithium diffuses from the bulk 

to the surface, where a de-intercalation process takes 
place. Passing the separator, the lithium, now in the form 
of ions in the electrolyte phase, goes from the negative 
electrode to the positive electrode. Due to the separator's 
electrical insulation, the electrons emitted in the negative 
electrode following the reaction are simultaneously driven 
out of the battery. The positive electrode is where the 
electrons return to the battery after accomplishing 
electrical work [12].  The lithium-ion undergoes a similar 
reaction when it comes to the surface of a positive 
electrode (cathode), where it intercalates into the electrode 
particle and absorbs an electron from the electrode in the 
process. On the other hand, the negative ions stay in the 
electrolyte the entire time. The lithium ions (𝐿𝐿𝑖𝑖

+) carry all 
of the charges via the electrolyte and across the separator 
diaphragm. Typically, the concentration of lithium 𝐿𝐿𝐿𝐿(𝑠𝑠) 
on the electrode surface, the concentration of lithium-ion 
in the nearby electrolyte (𝐿𝐿𝑖𝑖

+), and the potential drop 
between the electrode and electrolyte affect how quickly a 
reaction occurs on an electrode particle surface [1]. 

𝐿𝐿𝑖𝑖𝑠𝑠 ⇌ 𝐿𝐿𝐿𝐿+ + 𝑒𝑒− 
 
In most cases, half-cell arrangements of the cells are 

tested before the assembly of full-cell. Half-cell is 
represented in conventional dimensions rather than in 
precise geometry and consists of a single electrode (testing 
material) and a reference electrode.  

 
B. Mathematical Modelling of half-cell cathode 

 
Drift-diffusion model has been applied to cell design by 

incorporating the practical dynamic electrochemical 
operations of Lithium ion batteries (see (1) – (5)) [13], 
[14]. For half-cell cathode, the anode is set as a reference 
electrode that is made entirely of lithium and a cathode is 
a working electrode. The anode serves as reference 
electrodes such that their electrochemical potential 
remains constant during charging and discharging. Hence, 
the anode potential is assumed to be zero while the 
potential at the cathode current collector determines the 
voltage drop across the half cell. Note that in this research, 
the model employs a linear diffusion equation to simulate 
the diffusion of Lithium in the electrode particles since 
diffusion in the nanoparticles does not significantly impact 
the results of discharge curves. Thus, an extremely fast 
diffusion model of electrode particles (see (6) – (7)) as 
suggested by Richardson et al. [15] is used. The battery 
model for half-cell cathode is given by [1] – [16]; 

𝜀𝜀𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝜕𝜕

𝜕𝜕𝑥𝑥∗ (𝐷𝐷(𝑐𝑐)𝛽𝛽 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥∗) − 𝜕𝜕𝜕𝜕+0

𝜕𝜕𝜕𝜕∗
𝜕𝜕𝜕𝜕
𝐹𝐹 + (1 − 𝑡𝑡+

0 )𝑏𝑏𝑒𝑒𝑒𝑒𝐺𝐺 ,       (1) 

                               𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥∗ = 𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝐺𝐺 ,                            (2) 

𝑗𝑗 = −𝛽𝛽𝛽𝛽(𝑐𝑐) ( 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥∗ − 2𝑅𝑅𝑅𝑅

𝐹𝐹
(1 − 𝑡𝑡+

0) 𝜕𝜕 log 𝑐𝑐
𝜕𝜕𝑥𝑥∗ )  ,                    (3) 
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                𝜂𝜂 = 𝜙𝜙 − 𝜙𝜙𝑠𝑠 − 𝑈𝑈𝑒𝑒𝑒𝑒(𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0 )  ,                    (4) 

𝐺𝐺 = 𝑘𝑘0(𝑐𝑐)
1
2(𝑐𝑐𝑠𝑠)

1
2(𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0)

1
2 (𝑒𝑒(− 𝐹𝐹𝜂𝜂

2𝑅𝑅𝑅𝑅) − 𝑒𝑒( 𝐹𝐹𝜂𝜂
2𝑅𝑅𝑅𝑅)) ,  

                                                                                   (5) 

                      𝜕𝜕𝑐𝑐𝑠𝑠
𝜕𝜕𝜕𝜕 = 1

𝑟𝑟2
𝜕𝜕

𝜕𝜕𝜕𝜕 (𝑟𝑟2𝐷𝐷𝑠𝑠(𝑐𝑐𝑠𝑠) 𝜕𝜕𝑐𝑐𝑠𝑠
𝜕𝜕𝜕𝜕 ) ,                    (6) 

                 𝜕𝜕𝑗𝑗𝑠𝑠
𝜕𝜕𝑥𝑥∗ = 𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝐺𝐺,    𝑗𝑗𝑠𝑠 = −𝜎𝜎𝑠𝑠

𝜕𝜕𝜙𝜙𝑠𝑠
𝜕𝜕𝑥𝑥∗   ,                   (7) 

with boundary conditions 
𝑐𝑐|𝑥𝑥∗=0 = 𝑐𝑐0,     𝐷𝐷(𝑐𝑐) 𝜕𝜕𝜕𝜕

𝜕𝜕𝑥𝑥∗|
𝑥𝑥∗=𝐿𝐿

= 0 
, 

 (8) 

𝜙𝜙|𝑥𝑥∗=0 = 0,    𝑗𝑗|𝑥𝑥∗=𝐿𝐿 = 0 ,  (9) 

𝑗𝑗𝑠𝑠|𝑥𝑥∗=0 = 0    𝑗𝑗𝑠𝑠|𝑥𝑥∗=𝐿𝐿 = − 𝐼𝐼
𝐴𝐴 ,  (10) 

𝜕𝜕𝑐𝑐𝑠𝑠
𝜕𝜕𝜕𝜕 |

𝑟𝑟=0
= 0,   𝐷𝐷𝑠𝑠(𝑐𝑐𝑠𝑠) 𝜕𝜕𝑐𝑐𝑠𝑠

𝜕𝜕𝜕𝜕 |
𝑟𝑟=𝑎𝑎0

= −𝐺𝐺.  (11) 

The parameters from Equation (1) to (11) are described 
in Table I. Equations (1) – (3) describe the charge carriers 
travel via a combination of diffusion and advection in an 
electric field which causes potential differences. The flux 
of lithium ions out of the cathode electrode particles 
(deintercalation/intercalation of ions) is determined by 
surface reaction rates (𝐺𝐺). The intercalated lithium 
concentration on the electrode surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0 ) and the 
ion concentration in the electrolyte (𝑐𝑐) at the surface is 
determined by the Butler-Volmer equation (see (5)), 
which is phenomenological, and is typically used to model 
them. The surface reaction halts when the electrolyte 
concentration depletes (𝑐𝑐 = 0)  or when the lithium 
concentration on the electrode surface reaches maximum 
concentration (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0 = 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚).  Here, it is assumed that 
every particle is electrically connected to the current 
collector and the potential of the negative electrode 
(anode) particles is zero to maintain universality [1]. The 
equilibrium potential, 𝑈𝑈𝑒𝑒𝑒𝑒(𝑐𝑐𝑠𝑠) profiles vary with the 
intercalated lithium concentrations (𝑐𝑐𝑠𝑠) on the electrode 
particles surface and are different for different cathode 
materials. 

III. Numerical Procedure 
The method of Lines (MOL) technique is a technique that 
converts the partial differential equations (PDEs) into a set 
of ordinary differential equations (ODEs) in time 
derivative by discretizing the spatial derivatives in (1) – 
(7) using centered difference approximation of finite 
difference method. The built-in solver ‘ode15s’ in Matlab 
was used to solve the resulting ODEs forward in time. 

The numerical scheme was developed based on the 
assumption that at each grid point of 𝑥𝑥 (across the 
thickness of the electrode) there is a spherical particle 
(where radial diffusion of intercalated 𝐿𝐿𝑖𝑖𝑠𝑠 in the spherical 

particle occurs) and the particles touch each other. For 
example, for 𝑖𝑖 grid points of 𝑥𝑥, the number of particles is 
𝑖𝑖 and each respective spherical particle is discretized 
radially by 𝑗𝑗 grid points of 𝑟𝑟. If we take 𝑖𝑖 = 100 grid 
points of 𝑥𝑥 and 𝑗𝑗 = 100  grid points of 𝑟𝑟 for each spherical 
particle, the size of the numerical scheme is 10300 ×
 10300 entries of the differentiation matrix. The resulting 
differentiation matrix was a large system containing many 
zero elements; therefore, a Jacobian matrix was applied to 
improve the efficiency of the solver [3]. The parameter 
values used in the model are listed in Table II. 
 

TABLE I 
DESCRIPTION OF PARAMETERS 

Electrolyte 
𝜀𝜀𝑣𝑣 Volume fraction  𝜅𝜅 Electrical conductivity 
𝑐𝑐 Lithium ion, Li+ 

concentration  
𝜙𝜙 Electrolyte potential  

𝜅𝜅 Electrical conductivity 𝑗𝑗 Current density  
𝐷𝐷 Diffusion coefficient 𝑡𝑡+

0 Transference number 
Electrode particles 

𝑐𝑐𝑠𝑠 Lithium, 𝐿𝐿𝑖𝑖𝑠𝑠 
concentration  

𝜙𝜙𝑠𝑠 Solid potential of cell 

𝑗𝑗𝑠𝑠 Current density  𝜎𝜎𝑠𝑠 Ionic conductivity  
𝑟𝑟 Distance from the center 

of electrode particle 
𝑎𝑎0 Radius of electrode 

particle 
Other parameters 

𝑥𝑥 Distance of electrode 𝑈𝑈𝑒𝑒𝑒𝑒  Equilibrium cell 
potential  

𝑏𝑏𝑒𝑒𝑒𝑒 BET surface area 𝑡𝑡 Time 
𝐹𝐹 Faraday constant 𝐺𝐺 Reaction rate 
𝑅𝑅 Universal gas constant  𝜂𝜂 Cell over-potential  
𝛽𝛽 Permeability tensor 𝐿𝐿 Thickness of electrode 

 
TABLE II 

PARAMETER VALUES 
Parameters Value 
Electrolyte Parameter LiPF6 [4],[5] 

Diffusivity of 𝐿𝐿𝑖𝑖+, 𝐷𝐷0(𝑚𝑚2𝑠𝑠−1) 5.25 × 10−10 
Volume Fraction 𝜖𝜖𝑣𝑣 0.4764 

Initial Concentration 𝑐𝑐0(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−3) 1000 
Transference Number 𝑡𝑡+ 0.38 

Ionic Conductivity 𝜅𝜅0(𝐴𝐴𝐴𝐴𝐴𝐴−1) 10−4 
Electrode Parameters for LiFePO4 [1],[17],[18] 
Radius of Particle 𝑎𝑎0(𝑚𝑚) 5.2 × 10−8 

Diffusion coefficient 𝐷𝐷𝑠𝑠(𝑚𝑚2𝑠𝑠−1) 6 ×  10−18  
Exchange Current Density 𝑘𝑘0(𝐴𝐴𝐴𝐴−2) 5.4 × 10−5 

Conductivity 𝜎𝜎𝑠𝑠(𝑆𝑆𝑚𝑚−1) 100 
Electrode Thickness 𝐿𝐿 (𝑚𝑚) 6.2 × 10−5 

Max. Concentration 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−3) 18805 
Electrode Parameters for LiCoO2 [19],[20],[21] 
Radius of Particle 𝑎𝑎0(𝑚𝑚) 8.5 × 10−6 

Diffusion coefficient 𝐷𝐷𝑠𝑠(𝑚𝑚2𝑠𝑠−1) 1 ×  10−14  
Exchange Current Density 𝑘𝑘0(𝐴𝐴𝐴𝐴−2) 5.4 × 10−5 

Conductivity 𝜎𝜎𝑠𝑠(𝑆𝑆𝑚𝑚−1) 10 
Electrode Thickness 𝐿𝐿 (𝑚𝑚) 7.10 × 10−6 

Max. Concentration 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−3) 51555 
Other Parameters [1] 

Faraday Constant 𝐹𝐹 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶−1) 96487 
Gas Constant 𝑅𝑅 (𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽−1𝐾𝐾−1) 8.3144 
BET surface area 𝑏𝑏𝑏𝑏𝑏𝑏 (𝑚𝑚−1) 𝜋𝜋/2𝑎𝑎0 

Temperature 𝑇𝑇 (𝐾𝐾) 298 
Permeability tensor 𝛽𝛽 𝜖𝜖𝑣𝑣

1.5 
Electrode Area 𝐴𝐴 (𝑚𝑚2) 10−4 
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IV. Results and Analysis  
A. Experimental – simulation comparison 

 
Fig. 2 and Fig. 3 were plotted at specific discharge rates; 

0.8𝐶𝐶 for LiFePO4 and 1𝐶𝐶 for LiCoO2 (refer Table III and 
IV for the rate of current discharge in mAhg-1). The solid 
line graphs represent the result from the numerical 
solution while the symbols graph represents the result 
from the experimental data. The figures showed that the 
discharge characteristics between these two materials are 
slightly different where the graph of the LiFePO4 (refer 
Fig. 2) has a flat discharge curve until the cell is entirely 
discharged and LiCoO2 (refer Fig.3) varies with changes 
in 𝑦𝑦 (note that 𝑦𝑦 is the amount of lithium inserted). The 
results from the model simulation show a good 
comparison with experimental data given by S. Erol [19] 
for LiCoO2 and Owen et al. [18] for LiFePO4.  
 

 
Fig. 2 The comparison between numerical solution and experimental 

data [18] of LiFePO4 at 0.8C 
 

 
Fig. 3 The comparison between numerical solution and experimental 

data [19] of LiCoO2 at 1𝐶𝐶 
  

B. The Effect of Electrolyte Depletion on Different 
Discharge Currents  

 
 The electrolyte is a crucial component in Lithium ion 
battery as it facilitates the movement of ions between the 
positive and negative electrodes during the charging and 
discharging cycles. The concentration of lithium-ion 
decreases as the discharge current increases due to 

electrolyte depletion. As the discharge current increases, 
there can be limitations in the ability of the electrolyte to 
deintercalate/intercalate Lithium ions. Higher discharge 
currents can lead to reduced lithium-ion mobility within 
the cell, affecting the overall concentration of lithium ions 
available for discharge. The increase in discharge current 
can lead to higher internal resistance within the battery. 
This resistance, known as the Ohmic drop, results in 
voltage losses across the cell. The higher the internal 
resistance, the greater the voltage drop, which slightly 
affects the discharge characteristics as shown in Fig.17 at 
the beginning of discharge. The actual discharge currents 
in mAhg-1sre given in Table III and IV. 

The faster the discharge rate, the more demand there is 
for lithium ions to move between the anode and cathode. 
This increased demand can lead to localized depletion of 
lithium ions in the electrolyte near the electrode surfaces, 
contributing to a decrease in the overall concentration of 
lithium ions available for discharge. The results are shown 
in Fig. 4 until Fig. 6 for LiFePO4 and Fig. 7 until Fig. 9 for 
LiCoO2 for different discharge rates. Note that, the 𝑥𝑥-axis 
(𝑥𝑥

∗

𝐿𝐿 ) represents the dimensionless thickness of the 
cathode. 

The graphs show that electrolyte concentration depletes 
as the lithium-ion travels from the electrolyte to the 
electrode surface particle to form a lithium solid. As the 
discharge rate increased, the speed of the lithium-ion 
travel via electrolyte increased where the rapid discharge 
occurs. At a higher discharge rate, the depletion of the 
lithium-ion (𝑐𝑐 = 0) in the electrolyte increased. The 
active material in the solid cannot be discharged in the 
region of electrolyte depletion. Additionally, the 
conductivity of the electrolyte decreases as the electrolyte 
concentration approaches zero, significantly impeding 
discharge [1]. 

It can be proved by comparing Fig. 4 with Fig. 6, at 0.8C 
discharge rate referring to the green solid line, the 
electrolyte was in the depleted condition starting at about 
92% state of discharge while for the 4C discharge rate, the 
depletion occurred at 19% state of discharge. The 
discharge rate is the factor that causes electrolyte depletion 
to increase. 
 For LiCoO2 cell, the rate of electrolyte depletion shows 
the same area of electrolyte depletion as the discharge rate 
increased from 1C to 4C (see Fig.7 to Fig.9). It can be seen 
that the cell could have room for further discharge, 
however, it is hampered due to the solid state limitation as 
discussed in the next section. 
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Fig. 4 The Lithium ion concentrations (𝑐𝑐) in electrolyte measured at 

0.8C for LiFePO4.  

 
Fig. 5 The Lithium ion concentrations (𝑐𝑐) in electrolyte measured at 2C 

for LiFePO4.  

 
Fig. 6 The Lithium ion concentrations (𝑐𝑐) in electrolyte measured at 4C 

for LiFePO4.  
 

 
Fig. 7 The Lithium ion concentrations (𝑐𝑐) in electrolyte measured at 1C 

for LiCoO2. 
 

 
Fig. 8 The Lithium ion concentrations (𝑐𝑐) in electrolyte measured at 2C 

for LiCoO2.  

 
Fig. 9 The Lithium ion concentrations (𝑐𝑐) in electrolyte measured at 4C 

for LiCoO2. 
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C. The Effect of Electrode Particles Limitation on 
Different Discharge Currents 

 
The maximum lithium concentration in a lithium-ion 

battery is mainly determined by the properties of the 
electrode materials. The concentration of lithium ions in 
the electrolyte also plays a role. Different cathode 
materials have different lithium storage capacities. The 
maximum lithium concentration is influenced by the 
specific chemical structure and capacity of the cathode 
material. It can be seen in Table II where the maximum 
lithium concentration of LiCoO2 is 51410 molm-3 which is 
much higher than LiFePO4, 18805 molm-3. The discussion 
is to clarify how the discharge rate affects the 
concentration of electrolytes and the discharge of 
electrode particles. Here we address that there are 
differences of the radius of particles for LiFePO4 and 
LiCoO2 which are nano-sized (5.2 × 10−8𝑚𝑚) and micro-
sized (8.5 × 10−6𝑚𝑚), respectively.  

The intercalation takes place when a lithium-ion 
intercalates with an electron to form a lithium solid which 
then diffuses in the electrode particle. The solid 
concentration is shown in Fig. 10 to Fig. 12 for LiFePO4 
and Fig. 13 to Fig. 15 for LiCoO2. 

Note that, based on the figures plotted, the 𝑦𝑦-axis 
(𝑐𝑐𝑠𝑠|𝑟𝑟=1) represents the dimensionless concentration of 
Lithium solid (the actual concentration divided by the 
maximum concentration) at the particle surface.  𝑐𝑐𝑠𝑠|𝑟𝑟=1 <
0 indicates that there is a vacancy in the electrode particles 
for intercalation while  𝑐𝑐𝑠𝑠|𝑟𝑟=1 = 1 shows that the 
electrode particles have reached maximum concentration 
and are fully discharged. Thus, the intercalation hampers 
because of no vacancy in the electrode particles to 
intercalate. The shaded regions represent the region of 
electrolyte depletion. 

The nano-sized electrode particles of LiFePO4 ensure a 
rapid diffusion in particles. It is seen in Fig. 10 to Fig. 12 
that shows the particles near the separator are fully 
discharged. Two regions appear, one with the electrode 
particles fully discharged and the other with vacancy. 
However, due to the increase of electrolyte depletion 
region (see Fig. 4 to Fig.6) the discharge cannot go further 
since there is no lithium ion to cause the surface reaction. 
Hence, the cell performances deteriorate as discharge 
currents increase as shown in Fig.17. At discharge rate of 
0.8C (refer to Fig. 10), the electrolyte depletion region is 
small indicating that at a low discharge rate, loads of 
lithium can be intercalated meanwhile at higher discharge 
rates (refer to Fig. 11 – Fig. 12), the electrolyte depletion 
region is getting bigger causing the decrease in lithium ion 
to intercalate due to the active material in the solid cannot 
be discharged in the areas where the electrolyte has 
become depleted.   

In LiCoO2, it can be seen that different phenomenon 
occurs (refer to Fig. 13 to Fig. 15). The particles discharge 
almost uniformly across the thickness of the cell. 
Simultaneous with the same pattern of electrolyte 

depletion of LiCoO2, the intercalation of Lithium at the 
particle surface occurs rapidly and becomes saturated with 
Lithium, hence limiting the discharge. However, the 
lithium ion is being discharged layer by layer or from 
bottom to top, which is different from the LiFePO4, where 
the lithium-ion that is nearest to the separator is 
discharging until it is fully discharged. This can be 
explained by the size of particles which is macro-sized, 
102 larger than LiFePO4. Following this, the discharge of 
LiCoO2 is thus limited by the fast Lithium intercalation on 
the electrode particle surface.  

Fig. 10 Dimensionless Lithium Concentration on the electrode particle 
surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0

𝑐𝑐𝑠𝑠,max
) measured at 0.8C for LiFePO4. 

 

 
Fig. 11 Dimensionless Lithium Concentration on the electrode particle 

surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0
𝑐𝑐𝑠𝑠,max

) measured at 2C for LiFePO4. 
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Fig. 12 Dimensionless Lithium Concentration on the electrode particle 

surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0
𝑐𝑐𝑠𝑠,max

) measured at 4C for LiFePO4. 

 
Fig. 13 Dimensionless Lithium Concentration on the electrode particle 

surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0
𝑐𝑐𝑠𝑠,max

) measured at 1C for LiCoO2. 

 

 
Fig. 14 Dimensionless Lithium Concentration on the electrode particle 

surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0
𝑐𝑐𝑠𝑠,max

) measured at 2C for LiCoO2. 

 
Fig. 15 Dimensionless Lithium Concentration on the electrode particle 

surface (𝑐𝑐𝑠𝑠|𝑟𝑟=𝑎𝑎0
𝑐𝑐𝑠𝑠,max

) measured at 4C for LiCoO2. 

   
V. The Cell Performance of LiFePO4 and LiCoO2 

cell on Different Discharge Currents 
 

 Each cathode material has a different maximum 
concentration and the discharge process is observed based 
on different discharge rates as listed in Table III and Table 
IV.  

Fig. 16 and Fig. 17 demonstrate the discharge curves for 
different discharge rates for LiFePO4 and LiCoO2, 
respectively. The curve becomes steeper to represent the 
battery discharging rapidly at a higher discharge rate. 

 
Fig. 16 Discharge Curves of LiCoO2 at different discharge currents 
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Fig. 17 Discharge Curves of LiFePO4 at different discharge currents 

 
TABLE III 

DISCHARGE CONCENTRATION AND DISCHARGE CURRENT FOR 1C, 
2C, 4C LICOO2 

LiCoO2 

C-Rate 
Percentage 

Performance 
(%) 

Max. 
Concentration 

(molm-3) 

Discharge 
Concentration 

(molm-3) 

Discharge 
Current 

(mAhg-1) 
1C 97.16% 

51555 
49949.96 279.49 

2C 49.79% 25597.04 286.45 
3C 30.03% 15438.42 259.15 

 
TABLE IV 

ACTUAL CONCENTRATION AND DISCHARGE CURRENT FOR 0.8C, 2C, 
4C LIFEPO4 

LiFePO4 

C-Rate 
Percentage 

Performance 
(%) 

Max. 
Concentration 

(molm-3) 

Actual 
Concentration 

(molm-3) 

Discharge 
Current 

(mAhg-1) 

0.8C 96.45% 
18805 

18137.42 108.03 
2C 48.65% 9148.63 136.22 
4C 28.76% 5408.32 161.06 

 
The increase in discharge rate causes the percentage 

concentration over maximum concentration to start to 
drop as shown in Table III and Table IV. At low discharge 
0.8C for LiFePO4 and 1C for LiCoO2, the percentage of 
concentration is above 90%, meaning the cells operate at 
high capacity while at higher discharge, 3C for LiFePO4 
and 4C for LiCoO2, the percentage of concentration is 
below 30% due to the large electrolyte depletion region 
(see Fig. 6 and Fig. 9). Furthermore, the time frame for a 
LiCoO2 cell to stop discharging is shorter than LiFePO4 
regardless it has higher maximum Lithium concentration 
that can facilitate the discharge. It can be seen in the 
comparison of the end time of discharge at 2C discharge 
rate in Fig.11 for LiFePO4 which took 517 seconds and 
Fig.14 for LiCoO2, 166 seconds.  

During low discharge rate, the electrolyte depleted near 
to separator, making the electrode particle that far from the 
separator accessible and continue to discharge. However, 
for higher discharge rate it is vice versa where the 
concentration of the electrolyte is depleted near the current 

collector, so the electrode particle which is far from the 
separator cannot be accessible for the lithium ion to 
intercalate with an electron at the electrode particles 
surface.  

By comparing the value of discharge current for both 
materials at the same discharge rate at 2C (refer Table III 
and Table IV), the value discharge current for LiCoO2 is 
greater than the LiFePO4. This is because LiCoO2 has a 
higher maximum concentration than LiFePO4. The higher 
the maximum concentration, the more intercalation 
process can occur. Despite such an advantage, the LiCoO2 
voltage drops gradually with changes in the amount of 
lithium inserted as the battery is discharging. This might 
result in capacity decay. Meanwhile, LiFePO4 has the 
characteristic of a flat discharge curve which gives almost 
the same power with changes of the inserted lithium until 
the cell is entirely discharged. 

VI. Conclusion 
In conclusion, the half-cell cathode of Lithium ion 

battery is discussed. Numerical solutions using Method of 
Lines techniques are simulated to generate the solution to 
the mathematical model of the half-cell cathode. Two 
types of cathode material, namely LiFePO4 and LiCoO2 
which have different discharge characteristics were 
studied and their performances were analyzed. When the 
discharge rate increases, the drop in discharge capacity 
occurs due to the large region of electrolyte depletion. The 
primary cause of the abrupt reduction in cell potential at 
low electrode utilization is the slow rate of transport in the 
electrolyte phase. As the discharge rate increases, the 
electrolyte concentration drops to zero as Lithium ion 
approaches the current collector, making it hard to access 
electrode particles far from the separator hence hampering 
the discharge. It is believed that the results may be useful 
for selecting suitable cathode material for different 
applications. 
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