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Abstract

In this work, we develop a comprehensive simulation approach to evaluate the performance of lithium-ion batteries using a LiMn, O4
(Lithium Manganese Oxide) cathode, aimed at supporting high-power electric vehicle (EV) applications. The framework integrates mate-
rial selection, electrode design, and cell architecture with coupled electrochemical-thermal modeling. Electrode compositions are explic-
itly defined and implemented in a 3D equivalent-circuit model (RCRTable3D), further linked to thermal models to capture heat genera-
tion and dissipation. Simulations are conducted under realistic EV cycling conditions, using 1 A constant current charge—discharge cy-
cles between 2.5 V and 3.34 V, with 10-minute rest periods at 25 °C under forced convection (100 W/m?-K). This setup replicates typical
vehicle operation and thermal management scenarios. Key performance indicators—temperature evolution, voltage profiles, SOC (state
of charge) trends, energy throughput, and early aging signs—are analyzed to evaluate design parameter influences. Results demonstrate
how integrated modeling can optimize cell performance, refining electrode structures and cycling strategies. Overall, this simulation-
based study provides insights for enhancing thermal stability, efficiency, and longevity of LMO-based lithium-ion batteries in high-
demand applications.
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1. Introduction

The growing demand for environmentally sustainable transportation has accelerated the development of lithium-ion battery technologies
in electric vehicles (EVs). Among the cathode chemistries explored, lithium manganese oxide (LiMn.Oa4) has gained attention for its
balance of performance, safety, and cost-effectiveness [1], [2]. As a cathode material, LiMn2Os offers several advantages that align with
the technical and economic requirements of mass-market EVs, particularly in urban and hybrid vehicle applications [3], [4]. LiMn2Oa
features a spinel-type crystal structure that provides three-dimensional lithium-ion diffusion pathways [5], [6]. This enables rapid
charge/discharge—essential for EV acceleration and regenerative braking [4], [7]. Operating at ~4.0 V versus Li/Li*, it delivers high
energy efficiency and supports extended driving range [5], [8]. Thermal stability is another key advantage of LiMn2Os-based cells.
Thermally, LiMn2Os cells have lower thermal runaway risk compared to nickel- and cobalt-rich cathodes [6], [9], improving safety under
high-temperature or abusive conditions. Economically, manganese is abundant and widely distributed, unlike cobalt, which faces ethical
sourcing concerns [10], [11]. This reduces costs and improves sustainability. Unlike cobalt, which is often sourced from conflict regions
and associated with ethical mining concerns, manganese offers a more sustainable and less controversial supply chain. The lower materi-
al cost further enhances the viability of LiMn.Os for large-scale adoption in automotive battery packs [12].

Despite these advantages, the long-term cycling stability of LiMn.O.4 remains a challenge. However, cycling stability challenges remain.
Mn** dissolution, particularly at elevated temperatures or high rates [13], [14], causes structural distortion and capacity loss. Mitigation
strategies include cation doping, electrolyte additives [15], [16], and protective coatings. Moreover, the moderate specific energy of
LiMn2Os restricts its suitability for long-range EVs compared to chemistries such as NMC (Nickel Manganese Cobalt) or NCA (Nickel
Cobalt Aluminum) [17]. However, for urban transport solutions—such as e-scooters, electric buses, and hybrid electric vehicles—where
high power output and fast recharge capabilities are prioritized over long-range travel, LiMn2Os-based batteries remain highly competi-
tive [18]. As advancements in cell design, electrolyte formulation, and materials engineering continue, the limitations of LiMn.Oa are
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gradually being addressed [19], [20]. With its unique combination of thermal safety, high-rate capability, affordability, and sustainability
[22], [23], [25], LiMn2O4 remains a promising cathode material for next-generation EVs, supporting the broader transition to clean and
reliable mobility solutions. Recent advancements include dual-ion doping and novel electrolyte additives to suppress manganese dissolu-
tion (Zhang et al., 2023), and conductive MOF coatings to improve cycle life (Kim et al., 2024). Classic research by Thackeray et al.
(1983) established the structural and electrochemical basis for the spinel crystal.

LiMn2Os has lower specific energy than NMC and NCA, limiting long-range use [26 - 30]. However, for urban mobility (e-scooters,
buses, hybrids), it excels due to high power output, safety, fast recharge, and low cost. Compared to NMC/NCA, it offers superior ther-
mal stability and intrinsic safety, making it ideal where safety and cost outweigh maximum range.

2. Method

LiMn204 serves as a promising cathode material for lithium-ion batteries due to its effectiveness and low environmental impact. Effec-
tive battery modeling of LiMn204 focuses on its electrochemical behavior, particularly the intercalation of lithium ions, which is crucial
for understanding charge and discharge kinetics. Additionally, thermal management is essential, as temperature fluctuations can signifi-
cantly influence battery performance and safety. Models often incorporate thermal dynamics to predict temperature variations during
operation, which can affect overall battery life. Furthermore, performance degradation mechanisms, such as structural changes in the
cathode and electrolyte breakdown, are critical areas of study. Understanding these degradation processes is vital for developing strate-
gies to minimize capacity loss and extend battery lifespan. Researchers employ various modeling techniques, including reduced-order
and full-order electrochemical models, to simulate the behavior of LiMn204 batteries under different conditions, aiding in the optimiza-
tion of battery design and enhancing the accuracy of state of charge (SOC) estimations.
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Fig. 2.1: Internal Structure of a Cylindrical LiMn2O4 Cell.

Figure 2.1 illustrates that LiMn204 is primarily used as a cathode material in lithium-ion batteries, but its role as a negative electrode is
less common. When utilized in this capacity, it can provide benefits such as improved safety and thermal stability. LiMn204 features a
spinel structure that allows for efficient lithium-ion intercalation and deintercalation, contributing to stable cycling performance. Howev-
er, its lower theoretical capacity compared to traditional anode materials like graphite limits its application as a negative electrode. Re-
search continues to explore its potential in hybrid configurations, aiming to enhance overall battery performance and longevity while main-
taining safety.

2.1. Selected IET Model
This research presents the RCRTable3D IET model, which uses a resistance-capacitance-resistance (RCR) network to simulate electro-
chemical processes such as charge transport and diffusion. It integrates 3D spatial resolution to capture variations in temperature, voltage,

and current. Using SOC- and temperature-dependent resistance/capacitance tables, it models internal heating, voltage behavior, and
thermal regulation for high-power EV applications.

3. Electrode Materials, Properties, and Cell Report

3.1. Defined Electrode Materials and Properties

Table 3.1: Positive and Negative Electrode Properties of Limn2Ox Cell

. Positive Electrode WeightPositive Electrode Volume Negative Electrode Negative Electrode Vol-

Component Material Name >
(g) (cm?) Weight (g) ume (cm?)

Formulation Spinel Mn204 3.520 0.545 - -
Formulation PVDF 0.074 0.028 - -
Formulation Graphite2 0.111 0.035 - -
Collector Al Foil (30um) 1.577 0.584 - -
Tab Aluminium (1100) 0.0106 0.0039 - -
Tape Polyimide 0.0067 0.0045 - -
Formulation Graphitefade - - 2.187 0.744
Formulation CMC - - 0.165 0.123
Collector Cu Foil (18um) - - 3.520 0.395
Tab Nickel 270 - - 0.024 0.0027
Tape Polyimide - - 0.007 0.0046

Table III.It shows the electrode materials table, which summarizes the composition of both positive and negative electrodes, listing es-
sential components such as active materials, binders, collectors, and tabs. The positive electrode primarily consists of spinel Mn:Oa as the
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active material, while the negative electrode uses graphite-based formulations. The weight and volume of each component contribute to the
overall cell performance, influencing energy capacity, thermal stability, and mechanical integrity.

3.2. LiMn204 Cell Report

Table IILII shows the essential information regarding the battery’s performance and structural attributes. It includes key parameters such as
voltage, capacity, energy, and energy density, which define the battery's power output. The material cost is an important metric in deter-
mining economic feasibility, while electrolyte and separator properties impact ionic conductivity and battery lifespan. Heat capacity at
25°C indicates the thermal stability of the cell, which is crucial in preventing overheating during charge-discharge cycles.

Table 3.2: Cell Properties of Limn204 Cell

Property Value
State of Charge (%) 100.00
Voltage (V) 3.24
Capacity (Ah) 0.0033
Energy (Wh) 0.0106
Energy Density (Wh/kg) 0.015
Energy Density (Wh/liter) 0.077
Weight (g) 722.647
Volume (cm?) 138.160
Materials Cost ($) 3.12
Active Area (m?) 0.037
Unit Capacity (mAh/cm?) 0.379
C/A Ratio (mAh/mAh) 0.543
Electrolyte Mass (g) 610.354
Electrolyte Volume (cm®) 471.568
Separator Area (m?) 0.056
Heat Capacity @25°C (J/g'K) 0.992

The table IILIII shows a comparative analysis of the positive and negative electrodes, focusing on structural and electrochemical parame-
ters. The average voltage and stoichiometry at formation determine the battery’s voltage stability and reaction efficiency. Coating thickness,
porosity, and weight affect the electrode’s ability to hold active material and influence cycle life. Loading values indicate the material dep-
osition per unit area, which directly impacts energy capacity and charge retention.

Table 3.3: Computed Electrode Properties of Limn204 Cell

Property Positive Value Negative Value
Average Voltage (V) 333 0.093
Stoichiometry at Formation 0.657 0.521
Unit Capacity (mAh/cm?) 0.379 1.059
Thickness (w/collector) (pm) 104.911 97.921
Coating Porosity (%) 334 25.1
Coated Length (cm) 65.419 67.919
Coating Thickness (pm) 37.456 39.961
Coating Weight (g) 3.705 2.351
Total Length (cm) 34.760 38.459
Loading (mg/cm?) 20.226 12.148

4. Simulation Setup and Simulation Analysis

A simulation setup was established to investigate the electrochemical performance of LiMn204 as a cathode material in lithium-ion batteries,
as shown in flowchart 4.1. The flowchart represents the simulation setup for the LiMn2Os-based cell, outlining the charging and discharg-
ing cycle. The process starts with a discharge phase at 1A until the voltage reaches 2.5V. After this, the cell undergoes a 10-minute rest peri-
od, ensuring stabilization before charging. The charging step also occurs at 1A, with the voltage increasing until it reaches 3.34V. An-
other 10-minute rest phase follows to allow.

Start
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[Rest: 10 min]

[ Charge: 1A]

Woltage == 3.34a4N

[ Rest: 10 rrtin]

[ Discharge: 1.2 ]
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Fig. 4.1: Simulation Set Up of LiMn204 Cell.
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Equilibrium. The process concludes with a second discharge cycle at 1A, again stopping at 2.5V, after which the simulation ends. This struc-
tured cycling helps evaluate the cell's performance under controlled conditions, ensuring accurate assessment of charge retention and
degradation behavior.

5. Results and Discussion

5.1. Thermal Stability Analysis
5.1.1. Temperature vs. Time (test (hr))

Figure 5.1 shows the temperature over the cycler condition time duration in hours. The battery cell starts at an initial temperature of 25°C,
gradually increasing to a peak of 45.84°C during operation. This steady temperature rise indicates that while heat is being generated, it is also
dissipated effectively, preventing sudden overheating. The balanced heat transfer ensures stable operation, but prolonged use at elevated
temperatures may accelerate degradation. Implementing appropriate cooling methods, such as air or liquid cooling, can help maintain opti-
mal thermal performance and extend battery life.
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Fig. 5.1: LiMn20+ Cell Temperature Profile of the Battery Over Time.

5.1.2. Heat generation vs. time (test (hr))

Figure 4.5 shows the Heat Generation in the Battery System Over the cycler condition time duration in hours. The heat generated by the
cell increases progressively throughout discharge, reaching a peak of 0.404 W. This trend is primarily attributed to rising internal re-
sistance and Joule heating effects. A controlled increase in heat generation suggests that the electrochemical processes are functioning
within expected parameters. However, excessive heat buildup over time could impact efficiency.
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Fig. 5.2: LiMn2Os Cell Heat Generation in the Battery System Over Time.
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And durability. Regular monitoring of heat generation helps in optimizing thermal management strategies to maintain battery health.
5.1.3. Heat balance vs. time (test (hr))

The heat balance distribution of the designed LiMn204 cell throughout the test is shown in Figure 5. .3. Initially, heat accumulation re-
mains minimal but gradually increases as cycling progresses. A stable heat balance suggests an effective thermal management system that
prevents excessive temperature buildup.
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Fig. 5.3: LiMn20+ Cell Heat Balance Distribution Throughout the Testing Period.
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5.2. State of Charge (soc) and Energy Efficiency

5.2.1. SOC vs. time (test (hr))

Figure 5.4 graphically represents the state of charge (SOC) throughout the test period. The state of charge exhibits a steady decline from
99.99% to a minimum of 4.92% as the battery undergoes discharge. This non-linear decline reflects the nature of lithium-ion electrochemi-
cal reactions, maintaining performance stability for most of the cycle. Ensuring proper SOC management helps prevent deep discharges,
which can accelerate aging and reduce efficiency. A well-regulated SOC profile ensures longevity and reliable operation across multiple

cycles.
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Fig. 5.4: LiMn.Os Cell State of Charge (SOC) Profile Over Time.

5.2.2. Cumulative capacity and energy vs. time (test (hr))

The gradual increase in cumulative capacity throughput throughout the test is illustrated in Figure 5.5. The battery accumulates a total capaci-
ty of 2.76 Ah, demonstrating stable charge retention over time. While a minor decline in capacity is observed, it aligns with expected degra-
dation patterns seen in lithium-ion cells. Monitoring cumulative capacity trends can provide insights into aging effects, allowing for early
detection of potential performance issues. Proper charge-discharge cycling and optimized charging methods can help sustain capacity
retention over prolonged usage.
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Fig. 5.5: LiMn20: Cell Cumulative Capacity Throughput Over Time.
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5.3. Voltage Response and Capacity Retention

5.3.1. Voltage vs. time (test duration)
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Fig. 5.6: LiMn204 Cell Battery Voltage Over Time.

The voltage profile starts at 4.09V and gradually declines to approximately 2.50V during discharge. This trend follows a typical lithium-
ion discharge curve, where a stable plateau is maintained before a sharp drop-off at lower SOC levels. The presence of a consistent volt-
age plateau suggests efficient electrochemical reactions, but a significant drop at lower SOC may indicate increasing internal resistance.
Avoiding over-discharge can help preserve cell longevity, and overall efficiency is shown in Figure 5.6

5.3.2. Cycle capacity vs. cycle number (test duration)
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Fig. 5.7: LiMn20: Cell Cycle Capacity Over Test duration.

Figure 5.7 shows cycle capacity trends. In this study, the initial capacity was 2.76 Ah, declining to 2.60 Ah after 500 cycles (~5.8%
fade). This decline is due to normal aging effects such as electrode wear and side reactions.

5.3.3. Cycle energy vs. cycle number (test duration)

Figure 5.8 shows the average cycle energy. It started at 9.50 Wh and decreased to 8.90 Wh after 50 cycles (93.7% retention). This loss
correlates with internal resistance growth and efficiency reduction.
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Fig. 5.8: LiMn.Os Cell Cycle Energy Over Test Duration.

5.3.4. Open circuit voltage (OCYV) vs. state of charge (SOC)

The linear relationship between Open Circuit Voltage (OCV) and State of Charge (SOC) is highlighted in Figure 5.9. The OCV follows a
predictable trend, starting at 4.09V when fully charged and gradually decreasing with SOC. A well-defined OCV-SOC relationship en-
sures accurate battery management, allowing for precise charge estimations. Monitoring this behavior over time helps detect potential aging
effects and deviations in electrochemical behavior, which could impact performance.
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Fig. 5.9: LiMn20: Cell Open Circuit Voltage in Relation to SOC.
5.3.5. Voltage vs. state of charge (SOC)

Figure 5.10 depicts a graphical representation of the relation between SOC and Voltage. The voltage-SOC profile exhibits a stable dis-
charge trend, particularly between 40% and 80% SOC.
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Fig. 5.10: LiMn:O4 Cell Battery Voltage as a Function of SOC.

This range represents efficient lithium-ion intercalation and extraction, which is essential for maintaining performance consistency. Any
significant deviation from this pattern may indicate aging effects, such as electrode degradation or lithium inventory loss, which could
impact capacity and efficiency.

5.4. Thermal and Electrical Properties

5.4.1. Thermal conductivity and heat transfer vs. time (test (hr))

The steady heat transfer coefficient in W/m?-K throughout the test period. The heat transfer coefficient remains stable at approximately
100 W/m?-K, indicating efficient thermal dissipation. This stability prevents localized overheating, ensuring safe operation is inferred
from Figure 5.11. Any significant variations in heat transfer could suggest changes in material conductivity or potential cooling ineffi-
ciencies, requiring further analysis and adjustments.
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Fig. 5.11: LimnOs Cell Heat Transfer Coefticient(W/M2-K) Over Test Duration.

5.4.2. Ohmic resistance vs. time (test (hr))

The ohmic resistance behavior throughout the Test period after an initial increase is clearly illustrated in Figure 5.12. The ohmic re-
sistance remains relatively low, peaking at 0.0046 Q-m?. A gradual increase in resistance over time is expected due to electrode wear and
electrolyte aging. Maintaining low internal resistance is crucial for preserving efficiency and minimizing energy losses. Proper material
selection and optimized electrode design can help manage resistance growth over prolonged operation.
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Fig. 5.12: LiMn:Os Cell Average Ohmic Resistance (ohm-m?) Over Test Duration.

5.4.3. Power output vs. time(hr)

The power output reaches a peak of 4.09W and gradually declines as voltage decreases during discharge is shown in Figure 5.13 graph-
ically represents the Power output of the cell throughout the test period.
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Fig. 5.13: LiMn204 Cell Power (W) Over Test Duration.

This trend suggests stable power delivery, which is essential for applications requiring consistent energy output. Ensuring power stability
enhances performance reliability, particularly in high-demand applications like electric vehicles and portable electronics.

6. Conclusion

Thermal and electrochemical evaluation of the LiMn2Oa cell shows reliable operation with minimal thermal stress. The temperature rose
from 25 °C to ~45.8 °C with controlled heat generation. SOC declined predictably, delivering 2.76 Ah and 9.50 Wh. A stable 4.09-2.50
V range and gradual capacity fade indicate predictable aging. Proper thermal and charge management remains essential for maximizing
performance. Looking ahead, research could explore hybrid cathode—anode combinations that strike the right balance between higher
energy density and longer cycle life. Equally important is the need for scalable methods to recycle and regenerate spent LiMn2Oa4 cells,
ensuring sustainable use of resources. Another promising direction is the use of multi-layer protective coatings together with advanced
electrolyte additives, which could help reduce manganese dissolution and improve the thermal stability of the cells, ultimately making
lithium manganese oxide batteries safer and more reliable.
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