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Abstract: - The research presents a comprehensive investigation into the performance characteristics of lithium-
ion cells utilizing different cathode materials, namely Lithium Cobalt Oxide (LCO), Lithium Manganese Oxide
(LMO), Nickel Manganese Cobalt Oxide with a ratio of 1:1:1 (NMC 111), Nickel Manganese Cobalt Oxide with
a ratio of 8:1:1 (NMC 811), and Lithium Nickel Cobalt Aluminum Oxide (NCA). Drive cycle simulations are
conducted using the COMSOL Multiphysics software to analyze various cell parameters, including boundary
electric potential, current, cell voltage, state of charge (SOC), and electrode SOC's. A comparative study is
performed to identify the materials yielding the highest and lowest values for each output parameter. The results
of this study offer valuable insights into the performance characteristics of different lithium-ion cell materials
under varying operating conditions, thereby aiding in the selection and optimization of suitable materials for
specific applications.
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1. Introduction

The rapid advancement of lithium-ion battery technology has revolutionized the field of energy storage, enabling
diverse applications ranging from portable electronics to electric vehicles and grid energy storage systems. The
performance of lithium-ion batteries is influenced by various factors, including cell materials, which play a crucial
role in determining key performance indicators such as boundary electric potential, cell voltage, polarization, and
cell currents [8]. Understanding the performance characteristics of different cell materials is essential for
optimizing battery performance and ensuring reliable operation in various applications.

In this research paper, we present a comprehensive comparative analysis of lithium-ion battery materials to assess
their suitability for performance optimization in energy storage systems. The study utilizes a 1-D electrochemical
model to simulate charge-discharge cycles across various cell materials and analyze key performance indicators
[2]. The results of the simulation provide valuable insights into the performance characteristics of different cell
materials and their implications for energy storage system design and optimization. The comparative analysis
focuses on evaluating the following key performance indicators:

1. Boundary Electric Potential and Cell VVoltage: Boundary electric potential refers to the voltage difference
between the electrolyte and the electrodes at the interface within a lithium-ion battery. This parameter plays a
crucial role in determining the battery's voltage output, energy density, power capabilities, and overall
electrochemical performance [4,8,10]. Understanding the dynamics and implications of boundary electric
potential variations is essential for optimizing battery design, enhancing performance, and ensuring application
suitability across diverse operational environments.

2. Polarization: Polarization in the context of lithium-ion batteries refers to the deviation of voltage from
the equilibrium potential during charge and discharge processes. It is a complex phenomenon arising from various
factors within the battery system, including resistance encountered by ions as they migrate through the electrolyte
and electrode materials, as well as Kinetic limitations at the electrode-electrolyte interface [7,11,13-15]. Positive
and Negative Electrode State of Charge (SOC): The study examines the positive and negative electrode SOC to
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evaluate the availability of stored energy within the electrodes and its implications for energy output and
performance [1,4,8].

3. Cell Currents: Cell current in lithium-ion batteries refers to the flow of electric charge (measured in
amperes, or amps) within the battery during charge and discharge processes. It represents the rate at which
electrons are transferred between the electrodes through the external circuit, and it directly influences the battery's
power output, charging/discharging rate, and overall performance [3,4,12].

2. Model structure

The model utilized commercial finite-element software, specifically COMSOL Multiphysics 6.0, to implement a
single-dimensional model of a lithium-ion battery [2]. The sample model of drive cycle is taken from application
libraries in COMSOL Multiphysics simulation software. The Lithium-ion battery (li-ion) physics interface was
employed to simulate the electrochemical behavior of the battery and analyze performance metrics including state
of charge (SOC) [1,4,8], electrolyte potential, electrode potential, polarization, electrode salt concentration, cell
current, and cell and electrode voltages for five types of cell materials.

Fig la: Cell geometry of 1-D lithium-ion battery porous electrode 1

Fig 1b: Cell geometry of 1-D lithium-ion battery Separator

Fig 1c: Cell geometry of 1-D lithium-ion battery porous electrode.

3. Parameters of the cell

Battery capacity (Q_B) and initial cell voltage (Ecell_init) are taken based on the simulations performed in lithium
battery designer are Listed in the table 1.

Table 1: Cell material parameters.

Lco LMO NCA NMC 111 NMC 811
Cell positive Cell negative Cell negative Cell negative Cell negative Cell negative
deme | e | oy | Sk | gy | g | goy | ogeme | ogny | Sk | opny | ol
45 pm 47.6 pm 331A-h 28 pm 2.75 A-h 53.5 um 3.42 A-h 72.8 ym 3.69 A-h 57.9 ym 35Ah 42V
50 pm 52.9 ym 3.41A-h 31.1um 2.86 A-h 59.4 pm 3.52 A-h 80.9 ym 3.77 A-h 64.3 ym 3.59 A-h 42V
55 pm 58.2 ym 35A-h 34.2 ym 2.97 A-h 65.4 pm 3.6 A-h 89 pm 3.84 A-h 70.7 pm 3.67 A-h 42V
60 pm 63.5 um 3.58 A-h 37.4um 3.06 A-h 71.3 pm 3.67 A-h 97.1 um 3.9Ah 77.1 um 3.74 A-h 42V
65 pum 68.8 um 3.64 A-h 40.5 pm 3.15 A-h 77.3 pm 3.74 A-h 105 pm 3.95 A-h 83.6 um 3.8Ah 42V
70 pm 74.1 pm 3.7Ah 43.6 pm 3.22 A-h 83.2 um 3.79 A-h 113 pm 4 A-h 90 pm 3.85 A-h 42V
75 pm 79.4 um 3.76 A-h 46.7 pm 3.29 A-h 89.1 ym 3.84 A-h 121 pm 4.04 A-h 96.4 um 3.9Ah 42V
80 pm 84.7 ym 3.81A-h 49.8 um 3.36 A-h 95.1 pm 3.89 A-h 129 pm 4.07 A-h 103 pm 3.94 A-h 42V
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The Lithium-ion Battery Interface is crucial for understanding and modeling various aspects of lithium-ion
batteries. It encompasses the current and mass balances in the electrolyte and electrodes, as well as the
electrochemical reactions occurring within the battery [2]

The interface defines key parameters and equations for analyzing lithium-ion battery behavior. It considers the
electrolyte as a quiescent 1:1 binary solution containing lithium cations (Li*) and anions (An-). The interface
solves for five dependent variables: electric potential (fs), electrolyte potential (f;), potential losses due to a
resistive film on electrode particles (Dfsim), lithium concentration in electrode particles (cs), and electrolyte salt
concentration (ci).
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Electrochemical reactions occur at the surface of solid spherical particles in electrodes, described as insertion
reactions [2]. The concentration of reaction sites (®s) and state-0f-charge variable (soc) are important parameters.
The mass balance of Li in solid particles is described, considering diffusion to and from the surface.

Co; = Csmax — Cs

Cs

soc =
Cs,max

Boundary conditions are set for solid particle surfaces, accounting for lithium flux caused by electrochemical
reactions [2]. Stoichiometric coefficients and the number of electrons involved in electrode reactions are defined,
particularly for lithium insertion reactions. The equation goes as:

Z VoxSox +tne < Z Vredsred

ox red

In porous electrodes, the total charge transfer current density i is determined, along with additional reaction
sources contributing to species source [2]. At the particle surface, equations account for scaling factors and solid
phase diffusion coefficients.

Lot = ZAv,m Lioc,m

For modeling a resistive film (SEI), an extra solution variable for potential variation over the film is introduced,
with corresponding governing equations.

A¢S,ﬁlm = liotRfiim

Overall, the interface provides a comprehensive framework for analyzing lithium-ion battery behavior,
considering various physical and electrochemical phenomena [2].

Nm = ¢s — A(i)s,ﬁlm —¢ - Eeq,m

Table 2: Material type and its electrode thickness.
45 50 55 65 70 75 80
LCO v v v v v v _
LMO v v v v v v v
NCA v v v v v v v
NMC 111 v v v - - - -
NMC 811 v v v v v - -
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4, Results

The electrochemical model proposed for a 1-D lithium-ion battery during drive cycles underwent simulation to
analyze charge-discharge cycles across various cell materials. This study aimed to investigate key performance
indicators such as boundary electric potential, cell voltage, polarization, state of charge (SOC) for both the cell
and electrodes, and cell current. The comparative analysis provided valuable insights into the suitability of
different cell materials for various applications.

1. Boundary Electric Potential and Cell VVoltage: The results revealed in figure 2 that LCO (Lithium Cobalt
Oxide) exhibited the highest boundary electric potential and cell voltage among the materials tested. This finding
indicates the potential for LCO to deliver high voltage output, making it promising for applications requiring
elevated power levels. Conversely, LMO (Lithium Manganese Oxide) demonstrated the lowest boundary electric
potential and cell voltage. This suggests that LMO may face limitations in providing high voltage output, which
could impact its suitability for certain applications.

Boundary Electric Potential
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Figure 2: Comparison of Boundary electric potential with all cell materials.
2. Polarization: The analysis showed in the figure 3 that LCO exhibited higher polarization compared to

LMO. Polarization refers to the resistance to ion diffusion and charge transfer within the battery system. The
higher polarization observed in LCO indicates potential challenges in these processes, which could affect the
overall performance of the cell. This finding underscores the importance of considering polarization when
assessing the suitability of cell materials for specific applications.
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Figure 3: Comparison of polarization with all materials

226



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 2 (2024)

3. Positive Electrode SOC: In the Figure 4 LCO demonstrated the highest positive electrode SOC among
all the cell materials tested. This indicates that a significant portion of lithium ions within the positive electrode
material are in a charged state compared to the maximum possible capacity. A high positive electrode SOC is
desirable for applications requiring sustained energy output and performance.

Positive Electrode SOC
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Figure 4. Comparison of positive electrode SOC with all cell the materials.

4, Negative Electrode SOC: The results in the figure 5 showed that NMC 811 (Nickel Manganese Cobalt
Oxide) exhibited the highest negative electrode SOC compared to other cell materials. This suggests that a
significant portion of lithium ions within the negative electrode material are intercalated or stored compared to
the maximum possible capacity. A high negative electrode SOC is advantageous for applications demanding rapid
energy release and high-power output.

Negative Electrode SOC
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Figure 5: Comparison of negative electrode SOC with all the cell materials.

5. Average Electrode SOC: In figure 6 NMC 811 demonstrated higher average positive electrode SOC,
while in figure 7 LCO offered higher average negative electrode SOC. These values represent the average state
of charge of the electrodes over a specified period of time or operation cycle. The findings highlight the importance
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of considering the average electrode SOC in assessing the overall performance and suitability of cell materials for
specific applications.

Average Positive Electrode SOC
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Figure 6: Comparison of Average positive electrode SOC with all the cell materials.
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Figure 7: Comparison of Average negative electrode SOC with all the cell materials.
6. Cell Currents: The analysis in the figure 8 revealed that NMC 111 exhibited the highest cell currents

among all cell materials, while LMO exhibited the lowest. Cell currents play a crucial role in determining the
power output and charging capabilities of a battery. The higher cell currents observed in NMC 111 indicate its
suitability for applications requiring high-power output and fast-charging capabilities.
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Figure 8: Comparison of cell currents with all the cell materials.
5. Discussion

The electrochemical model of 1-D lithium-ion cells incorporating different materials for simulating drive cycle
scenarios is developed within the COMSOL Multiphysics Simulation Software. This model is employed to
scrutinize various cell characteristics pertinent to battery performance under different operating conditions. The
characteristics investigated encompass aspects such as voltage profiles, current profiles, polarization, average
electrodes SOC, Boundary electric potential, Cell soc for charge/discharge cycles.

In conclusion, the 1-D electrochemical model reveals that LCO material exhibits the highest Boundary Electric
Potential, Cell Voltage, Polarization, and Positive Electrode SOC. While this results in high energy density,
increased power output, and improved efficiency, it also poses potential performance issues, safety hazards, and
reduced lifespan. Despite these drawbacks, LCO remains suitable for various applications, including Electric
Vehicles, Grid Energy Storage, Portable Electronics, Renewable Energy Systems, Aerospace, and Aviation. These
applications benefit from LCO's characteristics, especially in terms of performance, efficiency, and reliability
across diverse operational environments.

On the other hand, NMC 111 demonstrates high currents among all simulated cell materials, offering advantages
in charging speed, power output, and application flexibility. However, these benefits come with drawbacks such
as voltage drop, reduced efficiency, capacity loss, and accelerated degradation. Nevertheless, NMC 111 remains
suitable for applications including electric vehicles, telecommunications, medical devices, aerospace, and
renewable energy integration.

To mitigate the drawbacks associated with the highest Boundary Electric Potential, Cell VVoltage, Polarization,
and currents of LCO and NMC 111, the use of LMO material is suggested. LMO exhibits the lowest Boundary
Electric Potential, Cell VVoltage, Polarization, Positive Electrode SOC, and produces low currents. This provides
a balance between performance and safety, making it a viable alternative for applications where mitigating these
drawbacks is essential.

In summary, understanding the characteristics and trade-offs of different lithium-ion battery materials is crucial
for optimizing performance, efficiency, and reliability in various applications. Each material offers unique
advantages and drawbacks, and careful consideration of these factors is necessary to meet specific application
requirements while ensuring safety and longevity.
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