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Abstract
Electrochemical Energy Storage Systems are a viable and popular solution to

fulfill energy storage requirements for energy generated through sustainable

energy resources. With the increasing demand for Electrical Vehicles (EVs),

Lithium-ion batteries (LIB) are being widely and getting popular compared

to other battery technologies due to their energy storage capacity. However,

LIBs suffer from disadvantages such as battery life and the degradation of

electrode material with time, that can be improved by understanding these

mechanisms using experimental and computational techniques. Further, it has

been experimentally observed and numerically determined that lithium-ion

intercalation induced stress and thermal loading can cause capacity fading and

local fractures in the electrode materials. These fractures are one of the major

degradation mechanisms in Lithium-ion batteries.

With LixMn2O4 as a cathode material, stress values differ widely especially

for intermediate State Of Charge (SOC), and very few attempts have been made

to understand the stress distribution as a function of SOC at molecular level.

Therefore, the estimates of mechanical properties such as Young’s modulus,

diffusion coefficient etc. differ, especially for partially charged states. Further, the

effect of temperature, particularly elevated temperatures, have not been taken

into the consideration. Studying these parameters at the atomic scale can provide

insight information and help in improving these materials lifetime. Hence,

molecular/atomic level mathematical modelling has been used to understand

capacity fade due to Lithium-ion intercalation/de-intercalation induced stress.

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [1], that
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is widely used for atomic simulations, has been used for the simulation studies

of this dissertation.

Thus, the objective of this study is to understand the fracture mechanisms

in the Lithium Manganese Oxide (LiMn2O4) electrode at the molecular level by

studying mechanical properties of the material at different SOC values using

the principles of molecular dynamics (MD). As part of the model validation,

the lattice parameter and volume changes of LixMn2O4 as a function of SOC

(0 < x < 1) has been studied and validated with respect to the experimental data.

This validated model has been used for a parametric study involving the SOC

value, strain-rate (charge and discharge rate), and temperature. Based on the

validated MD setup, doping and co-doping studies have been undertaken to

design and develop new and novel cathode materials with enhanced properties.

In the absence of experimental data for the new engineered structures, validation

with Quantum Mechanics generated lattice structures has been done. The results

suggest that lattice constant values obtained from both MD and QM simulations

are in good agreement (∼ 99%) with experimental values. Further, Single Particle

Model (SPM) based macro scale Computational Fluid Dynamics findings show

that co-doping has improved the material properties especially for Yttrium and

Sulfur doped structures which can improve the cycle life anywhere between

600-7000 cycles. Further in order to reduce the required computational time to

obtain minimum potential energy ionic configuration out of millions of scenario,

Artificial Neural Network (ANN) technique is being used. It improved the

processing time by more than 88%.
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Chapter 1

Introduction

Energy is an important requirement for mankind. In recent years, there has

been a lot of interest in developing new clean and renewable energy systems

primarily due to concerns about human environmental footprint, such as Green

House Gases (e.g. carbon dioxide etc.) and concerns with security and rapid

global development. Significant development has been made in renewable en-

ergy technologies like solar, wind etc. However, the major disadvantages of

these technologies is their inconsistency in energy generation. Therefore, it

is necessary to develop state of the art energy storage devices that will help

store the energy generated form these technologies. This brings in enormous

amount of research interests in material developments for energy storage. Elec-

trochemical energy storage devices such as Lithium-ion batteries, red-ox flow

batteries, fuel cells, and electrochemical capacitors have been identified as the

leading Electrical Energy Storage Systems (EESS) technologies as a result of their

scalability and versatility. Fig. 1.1 [1, 2] shows the power and energy density

features of electrochemical energy storage devices. This thesis will focus on
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lithium-ion batteries that potentially have large energy densities which make

them suitable for large scale energy storage applications like electrical grids and

electric vehicles.

Figure 1.1: Energy and power densities of various EESS [1, 2]

1.1 Lithium-ion Batteries

Due to their higher theoretical and practical energy density, lithium-ion batteries

are attractive power sources for portable consumer electronic applications that

include Hybrid Electric Vehicles (HEVs) and Electric Vehicles (EVs). The basic

working principles of LIB are shown in Fig. 1.2.

Lithium-ion battery is rechargeable and has four primary components namely

a cathode (lithium metal oxide or positive electrode), a anode (graphite/silicon

or negative electrode), a separator (porous polymer) and an organic electrolyte.

The separator separates the positive and negative electrodes while allowing

ions to pass through. The anode, cathode and the separator are submerged in

the electrolyte solution. For today’s commercialized LIB system, both cathode

2
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Figure 1.2: LIB working principle while charging [3]

and anode materials are intercalation materials. The transition metal oxides in

cathode consist of a largely unchangeable host with specific sites for Li ions to

be intercalated in.

Initially, all Li+ ions are in the cathode and the battery system is assembled

in a discharged state. While charging, Li+ ions are extracted from the cathode

host, solvate into and move through the non-aqueous electrolyte, and intercalate

into the anode host. Meanwhile, electrons also move from cathode to anode

through the outside current collectors, forming an electric circuit. The chemical

potential of Lithium is much higher in the anode than in the cathode and thus

the electrical energy is stored in the form of electrochemical energy. This process

is reversed when the battery is discharging wherein the electrochemical energy

is released in the form of electric energy. The cathode region and anode region are

kept apart by the separator, a micro-porous membrane that allows the electrolyte

to permeate and prevents shorting between the two electrodes. In principle,

3
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the electrolyte should be ionically conducting and electronically insulating.

However, the actual properties of the electrolyte are much more complicated.

During the first cycle, a so-called solid-electrolyte-interphase (SEI) layer will

be formed on the surface of electrodes due to the decomposition of organic

electrolyte at extreme voltage range (typically <1.2V and >4.6V). In the current

LIB technology, the cell voltage and capacities are mainly determined by the

cathode material that is also the limiting factor for the rate of Li transportation.

The developments of cathode materials therefore become extremely crucial and

receive much attention in recent decade.

Since 1980, when the LiCoO2 was first demonstrated as a possible cathode

material for rechargeable lithium battery [4], the transition metal intercalation

oxides have caught the imagination of researchers as the LIB cathodes [5, 6, 7,

8, 9, 10]. Categorized by structure, the conventional cathode materials include

layered compounds LiMO2 (M = Co, Ni, Mn etc.), spinel compounds LiM2O4

(M=Mn etc.), and olivine compounds LiMPO4 (M = Fe, Mn, Ni, Co etc.). A

large bulk of the research is performed on these materials and their derivatives.

New structure intercalation materials such as silicates, borates and tavorites are

also gaining traction in recent years. During the materials optimization and

development, following design criteria are often considered:

• Energy density

• Rate capability

• Cycling performance

4
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• Safety

• Cost

The energy density is determined by the material’s reversible capacity and op-

erating voltage, that are mostly determined by the material’s intrinsic chemistry

such as the effective red-ox couples and maximum lithium concentration in ac-

tive materials. For rate capability and cycling performance, electronic and ionic

mobilities are the key determining factors. Additionally, particle morphologies

are also important due to the anisotropic nature of the structures that could play

a crucial role in some cases.

While some materials such as LiFeBO3 and LiFeSO4F are already approaching

the limit of their theoretical energy densities, for other materials, including

conventional layered and spinel compounds, significant gaps are still present

between their theoretical and practical energy densities. These materials with

promising theoretical properties are potential candidates for next generation LIB

cathode material. However, their charge and discharge rate capacity and cycling

performance still needs improvement. The intercalation and de-intercalation

process is the major mechanism which is responsible for the capacity loss of

these materials. It involves the insertion of Li+ into interstitial sites in the crystal

without changing the basic crystal structure. However, there are several other

issues with lithium-ion batteries such as lithium plating, dendrite growth, Solid

Electrolyte Interphase (SEI) layer growth etc.

5
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Figure 1.3: Layered LiMO2 crystal structure (M: transition metal
ions; Li: Li ions)

1.2 Cathode Materials for Lithium-ion Batteries

Generally, cathode materials are divided into three categories, layered com-

pounds (LiMO2), spinel compounds (LiM2O4), and olivine compounds (LiMPO4),

where M can be metal ions. LiMO2, is the mostly used compounds, and an ideal

structure of layered compound LiMO2 is demonstrated in Fig. 1.3. The oxygen

anions (omitted for clarity in the figures) form a close-packed fcc lattice with

cations located in the 6-coordinated octahedral crystal site. The MO2 slabs

and Li layers are stacked alternatively. Though the conventional layered oxide

LiCoO2 has been commercialized as the LIB cathode nearly twenty years ago,

it can only deliver about 140mAh/g capacity which is half of its theoretical

capacity. This limitation can be attributed to the intrinsic structural instability

of the material when more than half of the Li ions are extracted. On the other

hand, the presence of toxic and expensive Co ions in LiCoO2 not only presents

an environmental issue but also raises the cost of the LIB. To overcome these,

the Co ions in LiCoO2 can be substituted by other transition metal ions such as

Ni and Mn. With such substitutions for Co, the cathode material can become

inexpensive and also be environmentally friendly.

6
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Figure 1.4: Spinel LiM2O4 crystal structure (M: transition metal
ions; Li: Li ions)

The structure of LiM2O4 spinel is shown in Fig. 1.4. The oxygen framework

of LiM2O4 is the same as that of LiMO2 layered structure. M cations still occupy

the octahedral site but 1/4 of them are located in the Li layer, leaving 1/4 of

the sites in transition metal layer vacant. Li ions occupy the tetrahedral sites

in the Li layer that share faces with the empty octahedral sites in the transition

metal layer. The structure is based on a three-dimensional MO2 host and the

vacancies in transition metal layer ensure the three-dimensional Li diffusion

pathways. The LiMn2O4 spinel was proposed as the cathode of the Lithium-ion

battery by Thackeray et al. in 1983[11, 12, 13]. However, it was found that the

material has severe capacity fading problems. Substituting Mn with other metal

ions has been used as a key approach to improve cycling performance of spinel

materials. Multiple dopants including inactive ions such as Mg, Al etc. [14, 15],

first row transition metal ions such as Ti, Cr, Fe, Co, Ni, Cu, etc. [16, 17, 18] and
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rare earth metal ions such as Nd, La, etc. [19, 20] have been investigated and

LiNi0.5Mn1.5O4 shows the best overall electrochemical performances among the

above. The voltage of these materials can be raised to more than 4.7V, helping

improve its energy density.

1.3 Issues with Lithium-ion Batteries

Stress-induced material damage, underutilization, capacity fade, and the poten-

tial for thermal runaway [21], are significant issues with existing Lithium-ion

battery technology. Present issues with lithium-ion batteries can be broadly

classified at three different levels i.e. market level, system level, and single

cell sandwich. At the market level, factors such as cost, life and safety are key

considerations for the end consumer. At the system level, issues such as cell

underutilization, capacity fade (ageing), lower energy density and thermal run-

aways are most critical. These issues can be examined and understood well at the

cell sandwich level, by studying physical or chemical phenomena occurring at

the electrodes, electrolyte, separator, and their interfaces more critically. These

shortcomings are generally attributed to major issues associated with Solid-

Electrolyte Interface (SEI)-layer growth on electrodes, mechanical degradation

and loss of active materials.

Since observing these phenomena experimentally at cell might be difficult

or not feasible, application of modeling, simulation, and systems engineering

techniques is a viable option to address these issues to enhance system level

performance and improve product quality. Fundamental modeling approaches

coupled with systems engineering techniques can provide a set of powerful tools
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for better design, creation, and operation of lithium-ion battery systems. The

development of new materials (e.g. molecular constituents and material nano-

and macro-scale structures), electrolytes, binders, and electrode architecture are

likely to contribute towards improving the performance of batteries.

In general, performance of the battery is dependent on the type of electrodes,

electrolytes, and electrode-electrolyte interfaces, being used. Additionally, safety

is also related to the stability of the electrode materials and its interface with

electrolyte. Hence, there have been extensive investigations [22, 23] into the

battery electrodes and electrolyte materials to improve its safety and perfor-

mance. For example, to avoid using expensive Cobalt material in the cathode

material (LiCoO2), notable advances in recent years are the use of LiFePO4 or

LixMn2O4 as a cathode which improves both capacity retention during charge

and discharge cycles and the batteries have a high discharge performance.

1.3.1 Capacity fade in the lithium-ion batteries

The capacity of lithium-ion battery decreases overtime with cycle repetitions.

This is one of major drawbacks in lithium-ion battery systems which ultimately

increase the total costs and payback period of such systems. There are several

factors which can lead to capacity fade in the Lithium-ion batteries. These

include lithium deposition due to overcharge, dissolution of active material,

electrolyte decomposition, sharp phase boundaries in phase changing active

materials, passive SEI layer formation over electrode surfaces etc. [24].

Besides these, another important cause of capacity fade is mechanical degrada-

tion of active material as it causes breakup of particles, delamination etc. which
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lead to loss in the capacity. Stress development in the particles due to lithium

intercalation and de-intercalation cause fracture and delamination in the active

material. Specificaly, during lithium insertion, the outer shell expands, creates a

strain differential between the lithium rich outer layers and the lithium deficient

inner layers of the particle, which increases the stress within the particle.

It has also been reported that a prolonged accumulation of stress may even

lead to electrode cracking [25] Apart from insertion and extraction of lithium-

ion, structural failures also arise due to heat generation and concentration

gradient developed during charge-discharge cycles at different operating condi-

tions. These findings demand the need to simultaneously monitor the effect of

predominant parameters on the performance of lithium-ion batteries.

It is essential to know the fundamental mechanisms of the capacity fading,

because an in-depth understanding is helpful to improve the cell life. However,

the cell failure mechanisms are not fully understood yet, especially for special

electrode materials, as the diagnosis of cell failure is very challenging. Since

Lithium-ion batteries are complicated systems, a mathematical model would be

a great help for understanding the complex phenomena.

Capacity fading of the cathode material due to internal stress generation

during cell cycling is within the scope of this research [26, 27, 28, 29]. Zhang et

al. [26, 27] have also developed a mathematical model for calculating intercalation-

induced stress, and subsequently appended a heat model to it. Among several

factors affecting outcome of stress in lithium-ion battery, diffusion of lithium-

ions in electrode particles plays a vital role. Except the above literature, there
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is very little work done on lithium-ion diffusivity induced intercalation stress

modelling especially at elevated temperatures. Additionally, stress which is de-

pendent on both temperature and concentration would be interesting to analyze.

These are studied in detail in this thesis.

For a given chemistry, better fundamental understanding along with systems

engineering approach can be used to optimize the electrodes, life cycle, opera-

tional strategies, and device performance by maximizing the system efficiency

and reducing the potential problems. There can be several routes to under-

stand and solve of these problems such as experimental or numerical model

developments.

Fundamental model development coupled with other systems engineering

approaches can be used to study the following issues in batteries:

• Battery capacity fading.

• Understanding degradation mechanisms.

• Effect of varying operating conditions and material properties on the life-

time of a battery.

• Effect of the battery design parameters and operating conditions on the

performance of the batteries.

• Model predictive control that incorporates real-time estimation of State-of-

Health (SOH) and SOC.
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Difficulties in performing the experimental studies and issues with accuracy

to understand the fundamentals at smaller scale is a big motivation behind

several numerical modeling of lithium-ion batteries.

1.4 Modeling of Lithium-ion Batteries

Developing a model is the core part of the systems engineering approach for

developing real time control strategies and achieving optimal design of batteries.

Generally, developing a detailed and high precision multi scale or multi-physics

model is computationally very expensive. Therefore, model development efforts

start with a simple model and then additional functionalities to model the mul-

titude of phenomena at various time and length scale are added gradually until

the model predictions are sufficiently accurate to achieve the objectives. Another

important task after the development of model is its experimental validation to

ensure that the model predicts the experimental data fairly accurately.

However, for a lithium-ion battery, most variables such as lithium-ion diffu-

sion coefficient, Young’s modulus and activation energy in the system are not

directly measurable during charge-discharge cycles. Hence they are not available

for comparison to verify the accuracy of the assumptions made in the deriva-

tion of the model. Also, model parameters that cannot be directly measured

experimentally typically have to be obtained by comparing the experimental

data with the model predictions. Mathematical models for lithium-ion batteries

vary widely in terms of computational efficiency, complexity, and accuracy of

the solutions.
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Fig. 1.5 [21] shows a comparison of the Lithium-ion battery models reported

in literature with respect to their prediction abilities and computational cost.

It is obvious that inclusion of additional physics in an existing battery model

improves its predictions but also increases the model’s complexity and com-

putational costs which are not useful for real time control and optimization

purposes. Hence, it is normal to find a suite of battery models that vary in

their complexity and computational costs to suit a variety of needs in different

applications. Generally, lithium-ion battery models can be roughly classified

into four categories: empirical models, electrochemical models, multi-physics

models and molecular or atomic models.

Figure 1.5: Lithium-ion battery models for different scales and the
corresponding computational time [30, 21]

Empirical models: Since these models use observed experimental data to

predict future behavior of lithium-ion batteries, from a computational point
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of view, these models are most efficient. Empirical models consist of functions

like, polynomials, exponentials, power law, logarithmic, and trigonometric

functions, and they completely ignore physical and chemical principles. Such

battery models are not very useful for new battery designs. Moreover, since

these models are developed by fitting experimental data for specific operating

conditions, very low accuracy is expected when empirical models are used for a

different set of operating conditions [29].

Electrochemical engineering models: Models that fall under this category

include the continuum scale models which couple chemical and electrochemical

kinetics with transport phenomena to predict battery behavior. These models are

comparatively more accurate than empirical models. The single particle model

(SPM), developed by Zhang et al. [31], approximates the anode and cathode

of the cell sandwich each as a single particle with the same surface area as the

electrode. In this model, diffusion and intercalation are considered within the

particle which means that it solves for mass and charge balance in solid phase.

Concentration and potential effects in the solution phase between the particles

are neglected. From a computational cost perspective, this model is on the lower

side but it is valid for limited situations such as low rates and thin electrodes

due to the assumptions.

The next level of complexity in this category of Lithium-ion battery models

is the Ohmic porous-electrode model [32, 33, 34]. It incorporates solid and

electrolyte phase potentials and current but neglects the spatial variations in

concentration. Either linear or exponential kinetics are chosen to represent
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electrochemical reactions in this model. Furthermore, mass and charge trans-

port parameters like diffusivities, conductivities etc. are varied as functions of

porosity of electrodes.

The pseudo two dimensional or P2D model [35] is by far the most widely

used model in battery literature. It has proven to be very accurate for a wide

range of operating conditions and has been experimentally validated for high as

well as low rates of charge and discharge. The P2D model developed by [35], is

based on concentrated solution theory involving transport phenomena as well as

thermodynamics, capturing the internal behavior of a lithium-ion cell sandwich

consisting of positive and negative porous electrodes, a separator, and current

collectors. It solves for both the electrolyte and solid-state mass and charge

balances within the porous electrodes, and the electrolyte concentration and

electrolyte potential within the separator.

Multi-physics models: Multiscale and multi-physics models are necessary

to understand the complicated physics behind lithium-ion battery operation

especially for applications demanding high power and energy. Adding thermal

models to include temperature effects into the P2D model adds complexity but

increases the accuracy level. To overcome this additional computational load,

many researchers solve only for a global energy balance by decoupling thermal

model from the electrochemical model [36, 37, 38, 39, 40]. However, a major

limitation of this technique is the inability to monitor local parameters like

current densities and state of charge which affect thermal gradients inside the

cell. Global energy balance is only valid for uniform reaction distribution within

the cell. Therefore, these models cannot be employed to understand the effects
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on cell performance since it neglects the local temperature effects.

Some researchers have presented 2D thermal electrochemical coupled models

for lithium-ion cells to understand the effects of local heat generation [41, 42].

Recently, researchers have begun developing 3D thermo-electrochemical models

for better understanding of the dynamic operation and control of lithium-ion

batteries for large-scale applications. However, these models are computa-

tionally expensive even with several approximations which results in various

shortcomings; Some models cannot observe the thermal effect of electrochem-

ical parameters [39, 43], while other large scale Computational models need

empirical input from experiments or other simulations [44, 45]. A Multi-Scale

and Multi-Dimensional (MSMD) model [46] and a model derived from a grid

of 1D electrochemical/thermal models [47] have also been implemented for 3D

thermal simulation of batteries. Lithium intercalation or de-intercalation into

the electrode particles during charge and discharge of a battery causes expansion

and contraction of the active material and this develops stresses which can frac-

ture the particles, eventually leading to a reduction in capacity of the battery due

to loss of active material. Moreover, the pressure gradients inside the particles

impact the concentration profiles, that will have an additional influence on the

functioning of a battery.

Therefore, multi-physics models are needed to be developed which capture

the pressure induced diffusion and stress generation in active material particles

in lithium-ion batteries. In general, porous materials rarely have uniform particle

size and shape. During cycling, active material particles de-laminate from the

substrate or agglomerate to form larger sized particles. Therefore, to integrate
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the effect of particle size distribution on battery performance, researchers have

reported the development of continuum models in literature [48]. To capture the

effect of morphology within battery active material, mesoscale models [49] have

been developed that can simulate materials degradation due to spatially-varying

and time-varying changes in the particle size and shape distribution.

Molecular or Atomistic models: These models are required to understand

phenomena occurring at the lattice or molecular scale during lithium-ion battery

operation. The Kinetic Monte Carlo method is a stochastic technique that has

been employed to study diffusion of lithium-ion between lattice sites within an

electrode particle including the effect of crystal structures on mobility of ions

etc. [50, 51]. The growth of passive solid electrolyte interface (SEI) layer on the

surface of anode particles, one of the major causes for capacity fade of batteries,

has been studied extensively with these methods [52].

Molecular dynamics (MD) techniques have been used to gain insight into the

SEI layer growth mechanisms, especially at the start of lithiation (like the first

tens of picoseconds) [53]. MD methods have been extensively used for simulation

of effective diffusivities [54]. Density functional theory (DFT) simulations are

also very useful for a detailed study and understanding of several phenomena

occurring during battery operations, namely, structural changes in particles

during repetitive cycles [55], stability of organic electrolytes is very crucial for

SEI layer growth, etc. [56]. Chen and Verbrugge [57, 58, 59, 60] have also studied

the diffusion induced stress variation with respect to lithium-ion concentration,

electrode material and electrode geometry using MD techniques. However, there

is no clear link establishing the effect of heat generation on capacity fade due
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to lithium-ion intercalation stress. The understanding of ionic mechanisms,

determination of diffusivity, and the variations in heat generation due to lithium-

ion intercalation is very important for an efficient battery design.

Ab-initio calculations or Quantum Mechanics (QM) based calculations have

been used to find diffusivity of lithium-ion in LiMn2O4 (cathode material)

[61]. Additionally, Classical Molecular Dynamics (CMD) have also been used to

study the lithium-ion diffusivity in LiMn2O4 [62, 63, 64]. However, molecular

dynamics based simulations which covers stress induced thermal influence on

electrode material, especially on doped structures, still has a long way to go.

1.5 Research Objectives

The objective of this dissertation is to develop a molecular/atomic level mathe-

matical model to understand capacity fade due to Lithium-ion intercalation/de-

intercalation induced stress. To do this, we will be employing an open source

based mathematical model (LAMMPS) [65] to study LixMn2O4 cathode material

behavior during lithiation and de-lithiation process and find ways to improve it.

The final objective of this thesis is to use these computational tools to design and

propose novel engineered micro-structures with significantly enhanced electro-

mechanical properties, making them applicable for the design of next-generation

LIBs.

The rest of the thesis is organized as follows: In Chapter 2, the simulation set

up involving the Molecular Dynamics modelling of LixMn2O4 using LAMMPS
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and the validation of this computational tool with experimental data from vari-

ous literature is presented. Chapter 3 introduces the exploratory investigation

in which novel cathode chemistries are explored using this computational tool.

This is done by investigating a carefully chosen set of doping and co-doping ele-

ments along with Multi-scale modeling of undoped, doped and co-doped LMO

spinel material. In order to verify the structures obtained from MD simulations,

additional QM simulations are performed and explained in detail. Chapter 4,

extending the search space to more number of co-doping elements along with

Sulfur and Fluorine anions doping. Which span millions of possible crystal

configurations, a combination of Neural Network and Multi-Scale modeling

is applied to an exhaustive set of doped and co-doped structures to identify

optimal cathode chemistries. A detailed conclusion from the results of this thesis

and the potential future work is presented in Chapter 5.
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Chapter 2

Molecular Dynamics Modelling of

LixMn2O4

PRELUDE: This chapter is been re-produced from the following manuscript

with the permission of AIP Publishing:

R. Tyagi and S. Srinivasan, "Molecular dynamics modeling of lithium ion interca-

lation induced change in the mechanical properties of LixMn2O4", J. Chem. Phys,

2020, 153, 164712.

Contributing Author: Ramavtar Tyagi

Copyrights holder: AIP Publishing holds the copyright of the article content.

Abstract: The objective of this study is to understand the fracture mechanisms

in the Lithium Manganese Oxide (LiMn2O4) electrode at the molecular level

by studying mechanical properties of the material at different values of the

State of Charge (SOC) using the principles of molecular dynamics (MD). A

2 × 2 × 2 cubic structure of LiMn2O4 unit cell containing 8 lithium ions, 8
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trivalent manganese ions, 8 tetravalent manganese ions, and 32 oxygen ions, is

studied using LAMMPS. As part of the model validation, the lattice parameter

and volume changes of LixMn2O4 as a function of SOC (0 < x < 1) has been

studied and validated with respect to the experimental data. This validated

model has been used for a parametric study involving the SOC value, strain-rate

(charge and discharge rate), and temperature. The MD simulations suggest that

lattice constant varies from 8.042Åto 8.235Å during a full discharging cycle,

in agreement with the experimental data. The material at higher SOC shows

more ductile behavior compared to low SOC values. Further, yield and ultimate

stresses are less at lower SOC values except when SOC values are within 0.125

and 0.375, verifying the phase transformation theory in this range. Strain-rate

does not affect the fully intercalated material significantly but seems to influence

the material properties of the partially charged electrode. Finally, a study of

the effect of temperature suggests that diffusion coefficient values for both high

and low-temperature zones follow an Arrhenius profile, and the results are

successfully explained using the vacancy diffusion mechanism.

2.1 Background

A significant amount of current research is focused on LiMn2O4 as a cathode

material for lithium ion batteries [1, 2, 3, 4, 5]. LiMn2O4 is being preferred over

other cathode material such as lithium cobalt oxide (LiCoO2) and lithium nickel

oxide (LiNiO2) because of its low cost, high operating voltage, higher energy

density and low toxicity as a cathode material [6, 7].

However, this is a challenging material to work with because it shows a large
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volume change during lithium ion intercalation and de-intercalation processes.

Specifically, these processes induce stresses which can initiate fracture inside

the material [8, 9, 10], a key degradation mechanism in the lithium ion batteries

[11, 12, 13, 14]. It must be noted that stress is strongly dependent on the

Lithium content in the electrode [15]. Extensive macro level mathematical

and computational work has been done to study the mechanical properties of

Mn2O4 as a host material on lithiation, mostly focusing on Young’s modulus that

varies quite a bit (10-200GPa) across the literature for LiMn2O4 [11, 10, 16, 14].

Molecular and atomistic simulations can provide better understanding of the

variations in such mechanical properties due to lithium ion intercalation and

de-intercalation process.

The movement of lithium ions within the cathode material is dictated by the

diffusion coefficient of the electrode material. The value of diffusion coefficient

will vary with SOC values, as the availability of the vacant sites change. There-

fore, studying the transition of lithium ions at the molecular level will improve

our understanding of the material’s response during charging and discharging

processes. Additionally, it is important to note that as the temperature inside

the cell increases, energy level will also increase, facilitating a faster diffusion

of the ions. Thus, there is an increase in the overall diffusion coefficient for

these ions. Currently, research work which focuses on temperature influence

on lithium ion diffusivity at various SOC values for LixMn2O4 is limited in the

literature and there is a significant variation in the diffusivity values [16, 10, 11,

14]. Further, it is very difficult to perform precise experiments at the molecular

level. This is evident from the wide range of diffusion coefficients values at room

22

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

temperature (10−8 to 10−15 cm2/s) that have been reported in the literature, using

the different experimental methods [17, 18, 19]. This is because the transport

and other properties depend strongly on the preparatory procedures, which

influence the micro structure, defects, and atomic structure of the LiMn2O4.

To address this shortfall, in addition to the impact of SOC on diffusion

coefficient, influence of the elevated temperature on the structure of LixMn2O4

will be studied in this article. Further, charge and discharge rate (strain-rates) is

also investigated as part of the parametric study in the strain-rate section. The

rest of the article is organized as follows. In the section 2.2 we describe the details

of the molecular dynamics simulations, including the analysis of the effect of

the cutoff length. In this section we also outline the theoretical framework for

the analysis of the mechanical properties and the diffusion coefficient. In the

section 2.3, we present the validation of the computational tool and the outcome

of the parametric analysis. Finally, we present the main conclusions from our

findings for this chapter.

2.2 Computational Tools

Molecular dynamics (MD) simulations have been used to calculate the mechan-

ical properties of the LixMn2O4. MD simulations have been preferred over

other type of numerical modeling of chemical physics problems because they

can capture the dynamic behavior of the ions, and can help us understand the

underlying physics at a molecular scale. The ensuing paragraphs describe the

simulation tool in detail[20, 21, 22].
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2.2.1 Molecular Dynamics Simulations

Interactions between various ions determine the potential which is responsible

for atomic movement, that will eventually govern the mechanical and chemical

properties. In this work, Gilbert-Ida-type pair potential function [23] has been

used to calculate the inter-atomic pair potentials as:

E =
ZiZje

2

rij
+Aij exp

(
σij − rij
ρij

)
f or rij < rc, (2.1)

where the first term represents the electrostatic interactions, and the second

term represents the exchange repulsion interactions. Zi and Zj are the atomic

charge of atoms i and j, respectively, and rij is distance between atoms/charges.

Further, σij is an interaction-dependent length parameter, ρij is an ionic-pair

dependent length parameter, rc is the cut off length, and e is the elementary

electric charge. Potential function parameters reported by Suzuki et al. [24], and

as summarized in Table 2.1, are used to calculate the values of Aij , σij and ρij

for each pair interaction, where

ρij = bi + bj , Aij = f0 × ρij , σij = ai + aj and f0 is a constant.

Table 2.1: Parameters for the potential function.

Ion Zi ai(Å) bi(Å)
Li+ +1.0 1.043 0.080
Mn3+ +1.4 1.038 0.070
Mn4+ +2.4 0.958 0.070
O2− −1.2 1.503 0.075

A unit cell of LiMn2O4, contains 56 ions (8 Li+, 8 Mn3+, 8 Mn4+ and 32 O2−),
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and these ions are in a cubical structure in the Fd3m space group. The atomic

coordinates of these 56 particles were taken from a study performed by Sickafus

et al. [25].

Cutoff length

From Equation 2.1, it is clear that inter-atomic pair potential depends upon the

cutoff length, beyond which the interaction potential can be neglected. While

increasing cutoff length will improve the accuracy of the solution, there is a

significant increase in the computational cost.

To understand the trade off between accuracy and cost, and to choose an

optimal cutoff length, three different cutoff lengths (6Å, 8Å and 10Å) have

been considered. More precisely, MD simulation were made for two different

SOC values, i.e., SOC=1 and SOC=0.5, using the three cutoff lengths for each

SOC value. The results from these simulations are shown in Figure 2.1 and 2.2,

respectively.
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Figure 2.1: Stress-strain curve for different cutoff length at SOC=1.

As seen in Figure 2.1, the effect of either of these cutoff lengths on the variations

in the stress-strain relationship is minimal. This is because when SOC = 1,

the number of vacant sites is minimal, and so the diffusion activity is largely

subdued. Hence, for this situation, a lower cutoff length would still produce a

fairly accurate result.

Figure 2.2 shows the results of the MD simulations when SOC = 0.5. As seen

in this figure, the stress-strain relationship predicted by the cutoff lengths of

6Å or 10Å are quite similar. However, the computational time for 10Å case is

approximately 1.5 times longer than the 6Å case. When the cutoff length is 8Å,

we notice some insignificant variations in the stress-strain relationship.
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Hence, keeping in mind the boundary effects on the solution and computa-

tional cost, in this work, the cutoff length was chosen as 10Å for all the MD

simulations. We believe that increasing the cutoff length any further is not likely

to improve the accuracy of the calculations significantly.

It must be noted that this cutoff distance of 10Å is greater than the size of a

unit cell which is 8.24Å. Therefore, a minimum of two-unit cells are required to

perform MD simulations. However, increasing number of unit cells results in

larger simulation box which will increase the computational load and thereby

the cost.
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Figure 2.2: Stress-strain curve for different cutoff length at
SOC=0.5.

Hence, in all the simulations of this work, we have used a 2× 2× 2 simulation

box in x, y and z-directions, respectively. The front view and the 3-dimensional
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view of the 2× 2× 2 simulation box are shown in Figure 2.3.

Figure 2.3: LiMn2O4 simulations box: (a) Front view, (b) 3D view.

All MD simulations are performed using LAMMPS (Large-scale Atomic /

Molecular Massively Parallel Simulator) [26] open source based software which

is a classical molecular dynamics code. To calculate the inter-atomic potential de-

scribed in Equation 2.1, it is transformed into Buckingham potential available in

LAMMPS[27, 28]. Ewald method is used for computing the long-range coulom-

bic interactions[29]. The isothermal isobaric (NPT) ensemble is used during

equilibrium and production processes, and canonical ensemble (NVT) is used

for strain simulations. For NPT ensemble, the number of particles, pressure and

temperature of the simulation box is kept constant. On the other hand, for NVT

ensemble, the volume along with the number of particles and temperature are

kept constant. Nose–Hoover thermostat has been used to regulate the system’s

temperature at specific temperatures[30].

Simulations are performed in two stages: first, optimized structures are found
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by running initial configurations for one-time step, and four cases with the

least potential energies are subsequently equilibrated along with the production

simulations. An average of the data from these cases is presented as the final

result. Further, based on the SOC values, there are nine possible scenarios,

corresponding to the number of lithium ions in the system that can vary from

0 to 8. The corresponding SOC values vary from 0 to 1 with an increment by

0.125 for each additional lithium ion. As the number of lithium ions increase, an

equivalent number of Mn4+ switch to Mn3+ sites to maintain system’s neutrality.

All lithium ions are positioned on the 8a tetrahedral sites, manganese (Mn3+

and Mn4+) are placed at 16d octahedral sites, and O2− are located at the 32e sites.

Due to the complexity of the LiMn2O4 structure, numerous initial configurations

are possible as the ion occupies one of these positions. For example, in a fully

discharged state, when lithium ions intercalate into LixMn2O4 (x = 1), the

number of possible cases in which Li+, Mn3+ and Mn4+ could be arranged in

the vacant sites would be 12,870. Similarly, for other SOC values there will be

numerous potential configurations, as summarized in the Table 3.1:

Table 2.2: Possible LixMn2O4 configuration for each SOC
SOC No. of Li+ ions Possible configurations
0.000 0 1
0.125 1 128
0.250 2 3360
0.375 3 31360
0.500 4 127400
0.625 5 244608
0.750 6 224224
0.875 7 91520
1.000 8 12870
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As shown in Table 3.1, there is a total of 735,471 possible initial configu-

rations that could be optimized. However, checking equilibrium energy for

all these cases would not be computationally feasible. Therefore, as shown in

Figure 2.3,

Figure 2.4: Python-LAMMPS connection for MD simulations

Python script is used to generate all possible structures and then one-step

MD simulation is performed for all cases. Since a configuration with the lowest

potential energy will have a higher probability of reaching an equilibration state

quicker, four lowest potential energy cases from these simulations were picked

for longer equilibration simulation. Finally, after equilibration of these four

cases, the three cases with the lowest energy were selected for further production

and analysis.
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2.2.2 Mechanical Properties

Linear elastic relationship:

Stress is mainly calculated in the form of virial stress. Stress for a particular SOC

structure has been calculated with LAMMPS[31] using the following equation:

σ (r) =
1
Ω

∑
i

[−mi u̇i ⊗ u̇i +
1
2

∑
j,i

rij ⊗ fij], (2.2)

where Ω is the total volume, mi is the mass of the atom i, u̇i is the time derivative

of ui , which represents the displacement vector of atom i from reference position

rij , and fij is the inter-atomic force applied on atom i by atom j. Young’s modulus

can be calculated from the stress results and analyzed with respect to SOC. Linear

elastic stress-strain relationship during an axial test can be calculated using the

following relation[32]:


σ11

σ22

σ33

 =


C11 C12 C13

C21 C22 C23

C31 C32 C33




ϵ11

ϵ22

ϵ33

 , (2.3)

where σij , Cij and ϵij are the stress, elastic constant, and strain, respectively. The

elastic bulk modulus K can be calculated as:

K =
1
3

(
σ11 + σ22 + σ33

ϵ11 + ϵ22 + ϵ33

)
. (2.4)
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Finally, the effective Young’s modulus can be evaluated using Equations 2.3 and

2.4 as:

E =
9K(C11 −K)

3K +C11
. (2.5)

Although strain is applied on the equilibrated system, stress will fluctuate de-

pending on which equilibrium point is selected. Hence to obtain real converged

solution convergence test was conducted by increasing number of equilibration

points to 400.

Stress strain-rate:

Since chemical and mechanical properties of the cathode material like LiMn2O4

are strongly coupled, it is important to understand how C-rate (charge or dis-

charge rate) influences the mechanical properties of the material. As mentioned

earlier, mechanical stresses are induced with the expansion and contraction of

the micro-structure during the charging and discharging processes. To measure

this quantitatively, we can convert the charging rate into a strain rate using the

Vegard relation as follows[33, 34]:

ϵc = βij∆X, (2.6)

where ∆X is the change in lithium concentration, and βij is the Vegard constant.

Since the strain-rate will change with lithium ion concentration, the stress value

calculated using Equation 2.2 will also change. From Equation 2.2, it is clear
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that the ultimate and tensile stresses will be affected by the change in lithium

concentration. Therefore, strain rate will have a direct impact on the material

properties.

2.2.3 Lithium ion diffusion

With an increase in temperature, kinetic energy of the system and thereby the

total energy of the system increases. Further, ionic movement will also increase,

enhancing thermal diffusivity. As evident from Equation 4.6, chemical diffusion

coefficient will also change with the State of the Charge, temperature and other

parameters:

D(X) = D0X(1−X)
(
− zF
RT

∂V (X)
∂X

+
2Ω2Ecmax

9RT (1− ν)

)
, (2.7)

where D0, X, F, V, Ω, cmax, E, ν are diffusivity coefficient, lithium concentration,

Faraday constant, potential, partial molar volume of lithium, maximum lithium

concentration, Young’s modulus and Poisson’s ratio, respectively.

To understand the influence of the temperature, multiple MD simulations

were performed at various temperatures, and the corresponding diffusion con-

stants were calculated using the Mean Square Displacement (MSD) of all the

particles in the following formula:

MSD(t) = |r(t)− r(t0)|2, (2.8)

where r(t) and r(t0) represents the atom coordinates at time t and t0, respectively.
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In the above equation, over-line shows the average over the same type of species.

The diffusion coefficient of lithium ion can be determined from MSD values

using the following Einstein equation:

D =
1
6

lim
t→∞

d
dt

MSD. (2.9)

2.3 Results and Discussion

2.3.1 Validation of the computational tool

To ensure the validity of the simulation results, the lattice parameter for the

optimized LiMn2O4 structure at 300K is calculated. The lattice constant was

calculated by measuring the size of the equilibrated system, and is shown in Fig-

ure 3.4 for various SOC values. As seen in this figure, there is a good agreement

between the simulation results and the experimental data[35, 36].
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Figure 2.5: Lattice parameter with SOC.

More precisely, the lattice constant varies from 8.042Å (at x=0) to 8.235Å (at

x=1) as we move from a fully charged state to a fully discharged state. The total

change in the lattice length and volume during full charging cycle was 2.34%

and 6.87%, respectively. It must be noted that this predicted volume change is

in excellent agreement with the experimental value of 6.85% presented by Park

et al.[16].

35

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Temperature (1000/T) (K−1)

−24
−22
−20
−18
−16
−14
−12
−10
−8

ln
D 

(c
m

2 /s
)

Expt (Takai et al.[34])
Expt (Kuwata et al.[33])
Simulation (This wo k)

Figure 2.6: Lithium ion diffusion coefficient validation with exper-
iments.

For additional validation of the simulation tool, lithium ion diffusion coef-

ficient at various temperatures of LiMn2O4 has been compared with the ex-

perimental data from the literature, and is shown in Figure 2.6. As seen in

this figure, the calculated diffusion coefficients, at various temperatures, are in

good agreement with the experimental data of Takai et al.[19] and Kuwata et

al.[18]. Specifically, the agreement is very good for a temperature in the range of

573K-1000K.

At temperatures below 573K the diffusion process slows down significantly,

and so the simulation duration was increased from 2ns to 5ns. Kuwata et al.[18]

extrapolated their experimental data and predicted a diffusion coefficient (∼

10−15 cm2/s) at 298K that is several orders of magnitude lower than the chemical

diffusion coefficient (∼ 10−12 cm2/s). On the other hand, the simulations from

this work, using the principles of molecular dynamics, predict the diffusion

coefficient as approximately 7.4 × 10−11 cm2/s, and this value is well within the

range of chemical diffusion coefficient at 300K[37].

The MD tool that is successfully validated with the experimental data has
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been used to conduct a parametric study. Specifically, three parameters have

been investigated in this work, namely, the state of charge, strain rate, and the

temperature. From Equation 2.1 it is clear that the output potential that is

dependent on pair interactions is governed by the lithium content in the cathode

material. As the number of lithium ions increase, the SOC value changes,

impacting the material property. Therefore, SOC is an important parameter to

study. Since in almost all intercalation materials like LiMn2O4, intercalation

induced fracture mechanism is active especially at high charge or discharge rates,

it is necessary to study influence of the strain-rate on mechanical properties of

the material[38].

Finally, as the temperature increases, ions will start moving quicker, increas-

ing the kinetic energy of the system and thereby the total stress and diffusivity

of the Lithium ions[39]. Therefore, temperature has been chosen as the third

parameter to be investigated in this study, especially for different SOC states.

Cutoff length range is another input parameter which can influence the potential

value and thereby impact the calculations, making it an important parameter to

investigate. We have investigated this to ensure that an optimal cutoff length is

used in our MD simulations, as presented in Computational Tools section.

State of Charge (SOC)

Pair interactions are a major cause for the changes in the stress development in

the cathode material. During insertion and extraction (electrochemical cycling)

of the lithium ions, the number of Li+, Mn3+ and Mn4+ in the material changes,
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affecting the interactions between these ions. These variations in the pair inter-

action in turn affect the mechanical properties of the cathode material[40]. Put

differently, the elastic properties of the LixMn2O4 cathode material vary with

the state of charge. To study this, uni-axial deformation in x-direction has been

performed by applying 0.5% of strain at C/2 discharge rate.

Figure 2.7 shows the stress-strain curve for different SOC values. As seen

in this figure, there is a strong relationship between SOC and the stress-strain

behavior of the material. Initially, the relationship is almost linear, indicating an

elastic behavior.

In case of LiMn2O4, the stress curve exhibits non-linearity after a strain of

approximately 0.1, reaching the maximum stress of approximately 22 GPa at

a strain of around 0.275. After attaining this peak, the stress values decreased

sharply, indicating an initiation of fracture. A comparison of the stress-strain

curves at different SOC values shows that as the amount of Li decreases, the

peak stress values decline. This is because of the change in the lattice structure

for different SOC values.
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Figure 2.7: Stress-strain curve for each SOC value at 0.01/ps strain
rate.

39

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

Unlike LiMn2O4, in Li0.375Mn2O4, Li0.5Mn2O4 and Li0.75Mn2O4, after reach-

ing the peak values, the stress does not drop immediately. Instead, we observe

a large fluctuation. During the first decrease of the curve, amorphization due

to atomic slip spread out from the hole in the horizontal direction. During the

second decrease of the curve, void nucleation and growth were observed inside

of the amorphous region. These plastic behaviors are more pronounced at lower

concentration of Li.

From Figure 2.7 it is not difficult to conclude that the yield and ultimate stress

values will vary with SOC values, yield stress being the point after which plastic

deformation starts, and ultimate stress being the maximum stress value in the

stress-strain curve. It can also be seen that in the early stages of charging (higher

SOC values), the material shows a more ductile behavior whereas towards the

end of the charging stage (lower SOC) it becomes more brittle, with the plastic

behavior disappearing almost entirely. For SOC values in the range of 0 to 0.375,

the initial stress values rise quite rapidly. This can be attributed to the presence

of more than one phase in this range of SOC values, as has been reported in the

literature [11].
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Figure 2.8: Young’s modulus for various state of charges.

As a further validation of our results, in this work, the Young’s modulus at

various SOC values has been calculated using Equation 2.5, and following the

averaging approach suggested by Lee et al.[40]. As can be seen in Figure 2.8,

there is a good agreement with the data reported in the literature[40, 41]. Young’s

modulus value decreases from x = 0 to x = 0.250, varying from 163 GPa to 140

GPa. Further, it increases from x = 0.375 to x = 1, varying from 147 GPa to

160GPa.

The variation in the Young’s modulus can be explained as follows: The me-

chanical properties of LiMn2O4 could be affected by three terms: the kinetic

energy contribution, the long-range Coulombic interactions and the pair interac-

tions. The kinetic energy contribution and long-range Coulombic interactions do
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not change during the electrochemical charge cycle, and therefore do not have

any effect on the mechanical properties. Pair interactions are the only responsible

phenomenon for the changes in the mechanical properties during electrochem-

ical cycling. There are 10 types of pair-interactions in the LiMn2O4 system:

Li+–Li+, Li+–Mn3+, Li+–Mn4+, Li+–O2−, Mn3+–Mn3+, Mn3+–Mn4+, Mn3+–O2−,

Mn4+–Mn4+, Mn4+–O2− and O2−–O2−. During charging and discharging process,

numbers of these ions and their interactions change, affecting the mechani-

cal properties, including the Young’s modulus. This is is consistent with the

propositions of Lee et al.[40].

Strain rate

In studying the mechanical properties of the LixMn2O4, it is important to un-

derstand the development of stress inside the material at different charging or

discharging rates (C-rate). To this end, in this work, MD simulations for three

different strain rates (0.001/ps, 0.01/ps and 0.1/ps) at two different SOC values

(1 and 0.5) have been performed. These strain rates correspond to C-rates of

0.5C, 5C and 50C, respectively. The stress-strain curves for these simulations

are shown in Figure 2.9 for SOC = 1, and Figure 2.10 for SOC = 0.5.
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Figure 2.9: Stress-strain curve for different strain rates at SOC = 1.

As seen in Figure 2.9, the strain-rate seems have a negligible effect on the

elastic properties of the material, at least for LiMn2O4 (SOC=1). It has also been

observed in the Woodford et al.[42] work.

On the other hand, the trend is different when SOC = 0.5 (c.f. Figure 2.10). In

this partially charged case, the yield stress and the ultimate stress increase by

70% as we go from a strain rate of 0.1/ps to 0.001/ps. This is a clear indicator

that the elastic properties like Young’s modulus changes with the strain rate.

This change in the elastic properties can be attributed to the pair interaction

response to different strain-rates, that determines the mechanical properties.
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Figure 2.10: Stress-strain curve for different strain rates at
SOC=0.5.
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Temperature

Diffusion property has a significant influence on the performance of Li-ion bat-

teries. However, most of the investigations in the literature have been restricted

to the measurement of the lithium ion diffusion coefficient experimentally due to

the very light nature of the element, and lack of a widely accepted radioisotope

for lithium ion [43]. Additionally, there is a lack of experimental and theoretical

consensus on the effect of stoichiometry on the diffusion properties during the

charging and discharging processes when there are considerable variations in the

lithium vacancy concentration. In this subsection, we investigate the diffusion

of lithium in spinel LixMn2O4 phases through MD simulations. MD simulations

are carried out over a temperature range of 300K-3000K. Each simulation is for

a duration of 20ps during equilibration, and another 2ns for the analysis of the

ionic displacement.
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Figure 2.11: Diffusion with temperature for each SOC values.

Figure 2.11 shows the variation in the diffusion coefficient as a function of

temperature, capturing the magnitude of the Li-ion diffusion inside the cathode

material with variation in temperature. The trend in this figure is consistent

with the findings in the literature[44].

As seen in this figure, in the high temperature zone (T>823K), the diffusion

coefficients are quite close across all SOC values. However, in the low tempera-

ture zone (473K<T<823K), at lower SOC values the diffusion coefficient is much

higher than the diffusion coefficients at the SOC value closer to stoichiometry.

This can be explained by the fact that at lower SOC values, the number of vacant

sites are higher, reducing the energy barrier for the ions to diffuce. In general,

the diffusion coefficient for a fully discharged and charged state at 300K will

vary from 7× 10−11 cm2/s to 3× 10−9 cm2/s.
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In this work, we consider following theories to explain the trends in the above

plot.

Arrhenius behavior: The temperature dependence of lithium ion diffusion

coefficient can be modeled by the following Arrhenius equation:

DLi = Aexp

(
− Ea

KBT

)
, (2.10)

where A, Ea and kB are pre-exponential factor, activation energy and Boltzmann

constant, respectively. It can be seen from Equation 3.14 that the diffusivity of

the ions can increase with an increase in temperature or when the activation

energy is lower.

Assuming constant values for the pre-exponential factor and the activation

energy in Equation 3.14, we will obtain a linear relationship between lnD and

1000/T. In doing so, following the proposition of Kuwata et al.[18], if we split the

temperature region into a high temperature zone (T> 823K) and a low tempera-

ture zone (473K<T<823K), we can observe two distinct slopes corresponding to

the different activation energies in Figure 11. This could be an indicator that the

MD simulations are able to capture the vacancy diffusion mechanism in the near

stoichiometric material[45].

According to vacancy diffusion mechanism, for an ion to diffuse without an

available vacant site, total required activation energy will be the sum of vacancy

formation and migration energy. This total activation energy can be written as:
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Ea = EVF
a +EVM

a , (2.11)

where, EVF
a and EVM

a are activation energies for vacancy formation and migration,

respectively. Total activation energy can be calculated using Equation 2.11. In the

stoichiometric LiMn2O4, all the Lithium (8a) sites are occupied, and therefore, a

small number of Li vacancies govern the lithium ion diffusion.

As per the vacancy diffusion theory, it can be divided into two regions, high

temperature intrinsic and low temperature extrinsic. Kuwata et al.[18] have

prescribed the enthalpy of vacancy formation and migration energy for ionic

diffusion as 0.6eV and 0.5eV, respectively. At high temperature intrinsic region,

total activation for vacancy formation and migration can be obtained so that

Lithium ion can easily diffuse. However, in the low temperature extrinsic region,

to calculate diffusion coefficient, a vacancy has been created by extracting a

lithium ion from the system. Hence, only migration energy would be required to

start the diffusion. Therefore, the total activation energy in the Arrhenius equa-

tion will be reduced to only migration energy along with a new pre-exponential

factor.

As seen in the Figure 2.12, based on our data, the vacancy formation and migra-

tion energy is approximately 0.59eV and 0.42eV respectively. In other words,

the results from the MD simulations of this work follow a similar trend with

experimental results. However, the required migration energy is somewhat

under-predicted and this could be due to the fact that we have used optimum

structure configuration where ions might have different migration paths.
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Figure 2.12: Arrhenius trend for the variation of diffusion coeffi-
cient with temperature at SOC=1.

Enhanced-Arrhenius behavior: While the above Arrhenius behavior explains

the trends in in the molecular dynamics data to a large extent, from Figure 2.11, it

is clear that the data is not completely linear. At higher temperatures, especially

near the transition zone, activation energy along with pre-exponential factor can

change with temperature. Hence it would not be ideal to assume that activation

energy is independent of temperature[46].

The disagreements of the diffusion coefficients with Arrhenius trend through the

entire range of temperature considered in this work could be attributed to the

variations in the activation energy and pre-exponential factor with temperature.

To accommodate this variation, we assume a linear variation of activation energy

as well as the pre-exponential factor in the range [0.3eV, 1.7eV] and [1× 10−7

cm2/s, 0.025 cm2/s], respectively. The extreme values in these ranges are sim-

ilar to the values proposed by Kuwata et al.[18]. Specifically, we propose the

following linear equations for A and Ea:
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A = A0 +∆A
T − T0

Thigh − Tlow
, (2.12)

Ea = Ea0 +∆Ea
T − T0

Thigh − Tlow
. (2.13)

In the above equations, Thigh and Tlow are highest and lowest temperature point

of the particular fitted curve line. A0, Ea0 and T0 are reference pre-exponential

factor, activation energy and temperature respectively. Table 2.3 shows the

values of constants for both fitted curve lines:

Table 2.3: Values of the parameters in Equations 2.12 and 2.13.
Curve zone A0 (cm2/s) Ea0 (eV) T0 (K) Thigh (K) Tlow (K) ∆ A (cm2/s) ∆ Ea (eV)
High Temperature 0.005 1.01 823 3000 823 0.02 0.69
Low Temperature 1e-6 0.42 823 823 323 9e-6 0.12

Volmer-Fulcher-Tammann hypothesis: In another study by Bauer et al.[47],

while investigating the molecular dynamics near the transition temperature, the

authors found that there are deviations from the Arrhenius law.

We believe that the trends found by them, although for a different application,

are probably relevant in this work for higher temperature zones. More precisely,

we can observe that the trends in Figure 2.11 seem to follow the Volmer-Fulcher-

Tammann (VFT) hypothesis[48]. In this theory, the diffusion coefficient below

and above a certain transition temperature can be represented as[49]:

DLi = Aexp

(
− B

(T − TVFT )

)
, (2.14)
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where A, B and TVFT are fitting parameters denoted as pre-factor, VFT-activation

energy and VFT-temperature, respectively. According to VFT hypothesis, the

non-Arrhenius behavior of diffusivity is observed in the under-cooled state[50,

51, 52, 53]. During supercooling, a rapid increase of the high energetic favorable

local clusters can cause less mobility of the ions[54].

As seen in Figure 2.13, the fitted curve is in good agreement with the simulation

generated data points except temperature between 1200K-2000K.

Thus, the hypothesis suggests that pre-factor and VFT-activation energy are

dependent on the temperature, similar to our observations in the enhanced-

Arrhenius formulation. Additionally, the VFT-temperature (TVFT ) is also needed

to calculate the diffusion coefficient. However, at this time, due to the lack of

experimental data for this material at the molecular level, it would be difficult

to validate this theory. Hence, understanding that the experimental validation is

critical, a detailed study on the non-Arrhenius behavior of the diffusivity has not

been performed in this work. However, our results clearly shows that it would

be an interesting research to follow up in the future.

2.4 Conclusion

In order to understand the intercalation induced effect on mechanical properties

of LixMn2O4 cathode material for Lithium ion batteries, a series of Molecular

Dynamics simulations were performed. The computational tool was validated

with respect to the experimental data by calculating the lattice parameter for the

optimized LiMn2O4. It was found that during full discharging cycle, the lattice
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Figure 2.13: Arrhenius and enhanced-Arrhenius trends for the
variation of the diffusion coefficient with temperature at SOC = 1.
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constant varies from 8.042Å to 8.235Å which is in very good agreement with the

experimental data. Total lattice and volume change during charging cycle were

2.34% and 6.87%, respectively, which is also in very good agreement with the

experimental data.

The validated computational tool was used to conduct a parametric study on

the effect of state of charge, strain rate, and temperature, on the performance of

the battery. Results are validated with the experimental data available from the

literature. It has been noticed that an increase in SOC values (Lithium content)

cause higher ultimate stress that is due to less number of defects in the crystal

structure. Further, Young’s modulus for different SOC values, are consistent

with literature. Stress-strain curve does not differ much for fully discharged

state (LiMn2O4). However, higher strain strain-rate tends to initiate fracture

mechanism earlier in the intermediate charging states. In general, the strain-rate

simulations illustrate higher yield stress and ultimate stress for slower strain-

rate, especially for intermediate SOC values. A study of the diffusion process

found that at room temperature, diffusion coefficient increases by nearly 2 orders

of magnitude from a fully charged state to a fully discharged state. Further,

temperature dependency analysis suggests that diffusion coefficient follows the

Arrhenius diffusion equation. The results are consistent with the theory on

vacancy diffusion mechanism. Consistent with the propositions in the literature,

accounting for a change in the activation energy in the two temperature zones

enhances the accuracy of the model in capturing the diffusion processes more

accurately. This also suggests that the diffusion coefficient at lower temperatures

like 473K and 300K is higher than expected from just migration activation

53

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

energy extrapolation but is closure to the actual diffusion coefficient. To describe

the trends in the diffusion coefficient more accurately, we also propose the

enhanced-Arrhenius formalism in which a temperature dependent activation

energy and pre-constant result in a better fit with the molecular dynamics data.

We believe that this temperature dependence could also potentially be explained

by the VFT theory.
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Four novel cathode electrode materials with improved material properties have

been derived from the Lithium Manganese Oxide spinel using co-doping strate-

gies. Specifically, Aluminum, Nickel, Magnesium, and Yttrium were selected as

the primary dopant to replace a fraction of Mn3+ (5%), and S2− was selected as

the secondary dopant to replace 1% of O2−. A combination of quantum mechan-

ics and molecular dynamics was used to study the fracture mechanics of the new

materials for various State of Charge values, and improved performance is vali-

dated with experimental data. The results show that lattice constant values for

all the doped structures decrease by 1.87%-2.07%. Overall, with co-doping, the

diffusion properties improved, and activation energy required for Li+ vacancy

migration reduced (0.21-0.25eV). We conclude that with reduced inter-atomic

distance, the overall life of the LMO spinel can be improved. The Computational

Fluid Dynamics simulations to study the macro-scale behaviour of these new

materials shows a reduction in intercalation induced stress and heat generation.

3.1 Background

Lithium-ion batteries are very attractive solution for energy storage in the

portable consumer electronic applications, hybrid and battery operated electric

motor vehicles. This is made possible because of better theoretical and practical

energy densities of lithium-ion batteries [1]. The electrodes play a key role

in determining the discharge capacity or the amount of energy a battery can

store. Since the anode is required to have as low potential voltage as possible

to maintain the higher voltage difference with cathode, very limited options
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are available for anode materials. In fact, graphite/silicon and more recently

Lithium Titanate Oxide (LTO) have also been used as the anode material. On

the other hand, for the cathode material, there are many potential candidates

and several have been investigated by other researchers for specific applications

[2, 3, 4, 5, 6].

In the last couple of decades, using Lithium Manganese Oxide (LiMn2O4) or

simply LMO spinel as a cathode material for lithium-ion batteries has received

considerable attention [7, 8, 9, 10, 11]. Generally, LiMn2O4 is favoured as a

cathode material over other potential cathode materials such as Lithium Nickel

Oxide (LiNiO2), Lithium-titanate (Li2TiO3) and Lithium Cobalt Oxide (LiCoO2)

due to its lower cost and toxicity. Further, compared to Lithium Iron Phosphate

(LiFePO4), LMO spinel offers high operating voltage, higher energy density and

better ionic conductivity. material [12, 13].

However, it has not been as popular as LiCoO2 and other doped and co-

doped derivation of LiCoO2 such as Nickel Cobalt Mangenese (NMC) Oxide

(LiNixMnyCozO2) and Nickel Cobalt Aluminium (NCA) Oxide (LiNixCoyAlzO2),

for high energy density applications such as Battery Electric Vehicles (BEVs).

This is mainly due to the overall lower energy density and the lower cycle

life due to cathode degradation [12, 13]. As it goes through a comparatively

larger expansion and contraction processes during lithium-ion intercalation and

deintercalation, respectively. The more pronounced expansion and contraction

processes generate stress in the material, which can initiate fractures due to

repeated charge and discharge cycles. This is an important cathode degradation

mechanism in the lithium-ion batteries [14, 15, 16, 17, 18, 19, 20]. Further, as
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described by Christensen et. al. [21], the stress generated in the active material

due to intercalation process has a direct relationship with the concentration

of lithium present in the electrode. This is due to the fact that the amount of

lithium content in the host material, such as Mn2O4, determines the percentage

of the Mn3+ and Mn4+ ions in the crystal since the addition of a Li+ ion converts

a Mn4+ to Mn3+ to balance the charge. Since the ionic radius of the Mn3+ is larger

compared to Mn4+, it results in a higher lattice expansion upon intercalation of

every lithium-ion. Further, Mn3+ is also responsible for dissolving Manganese in

the electrolyte as it forms Mn2O3, quickly degrading the cathode material [22].

There have been several research works focused on improving the cathode

material’s specific capacity either by coating the electrode or doping it with other

lighter or higher ionic elements [23, 24, 25, 26, 27, 28, 29]. However, there is very

limited experimental research focused on improving the LiMn2O4’s life since it

is not easy to test every doping element for every possible composition. While

extensive macro level numerical modeling has been undertaken in the literature

to study the fundamental electrical and mechanical properties of Mn2O4 as

an active cathode material, input parameters used for these simulations vary

widely due to inconsistency in the experimental measurements, especially for

partially charged states [16, 17, 20, 30]. Molecular and atomistic simulations can

help overcome this inconsistency in the input parameter values and can help

determine accurate input properties for the macro-scale simulations, enabling

us to evaluate various lithiated structures more precisely.

The migration of lithium-ions in the electrolyte and especially within the

electrodes governs the quality of charging and discharging processes within
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an electrode material. Further, the propensity of the lithium ions to move

within the cathode material is generally measured by the magnitude of the

diffusion coefficient of lithium-ions inside the active particle. Often, the diffusion

coefficient value used in the macro scale simulations is independent of the

lithium content. In this chapter we will use more accurate values obtained from

our MD simulations as explained in the Chapter 2 [31]. And these values will

change based on battery’s State of Charge (SOC) that changes the availability of

the vacant lithium sites, varying the attractive and repulsive forces acting on the

diffusing lithium-ions. Therefore, studying the movement of the lithium-ions at

the atomistic scale and deriving the electro-mechanical properties of the doped

and the undoped host material will enhance our understanding of the material

behaviour. Further, as the temperature inside the cell rises, it increases the

kinetic energy of the system which facilitates a faster diffusion rate. This is

expected to increase the overall diffusion coefficient for these ions.

As established in the previous chapter, MD simulations are highly accurate

in obtaining the material properties of the electrodes during the intermediate

charging states. Therefore, in order to improve the material properties, elements

that can be helpful will be studied in detail in this chapter. In addition to

studying the impact of the four doping elements (Al, Mg, Ni and Y) on diffusivity,

the effect of temperature on the diffusivity of lithium-ions at various SOC values

of doped and undoped LixMn2O4 crystals has also been investigated. The

findings emanating from this computational work will be useful to the battery

research community since performing experiments at the molecular scale are

not only very expensive but also continue to pose a great challenge in obtaining
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precise results, especially for the variety of relevant doping scenarios investigated

in this research. In fact, the challenge in performing precise experiments is also

evident from the wide range of diffusion coefficients values at room temperature

(10−8 - 10−15 cm2s−1) reported in the literature, all of which are obtained from

a variety measuring techniques [32, 33, 34, 31]. This is not surprising because

in addition to the limitation of the equipment used in these experiments, the

transport and other properties strongly depend on the preparatory procedures

that can influence the micro structure, defects, and atomic structure of the

crystal.

In order to estimate the impact of doping elements, material properties like

Young’s modulus, diffusion coefficient, and the influence of the elevated tem-

perature on various doped structures, has been studied in this chapter. In

the Computational Tools and Analysis section (Section 3.2) the details of the

quantum mechanics (QM), Molecular Dynamics (MD) simulation setup are de-

scribed, which is more or less is similar to Section 2.2, and Computational Fluid

Dynamics (CFD) simulation setup for macro scale modeling is also presented.

Additionally, the theoretical background to calculate the mechanical properties

such as Young’s modulus and the diffusion coefficient is also described in this

chapter. The selection criteria to pick the various doping elements have been

outlined in Section 3.3. In the Results and Discussion section (Section 3.4), the

effect of doping are explained and an experimental validation of the computa-

tional tool presented in this study with respect to data from various sources in

the literature is included to establish the improvement in the material properties

of LiMn2O4 with doping elements. Finally, in the Section 3.5, a summary of
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findings are included and the major conclusions are drawn that provide the

impetus for the work in the next chapter.

3.2 Computational Tools and Analysis

3.2.1 QuantumMechanics Simulations

QM simulations were performed to verify the accuracy of the input parameters

used in the MD simulations and to validate lattice structure of the doped cases

where experimental validation is not possible. As shown in the Figure 3.1, the

cubic spinel LiMn2O4 structure contains a total of 56 atoms in a unit cell: 8

lithium, 16 manganese and 32 oxygen atoms.

Figure 3.1: LiMn2O4 cubical spinel supercell for QM simulations.

QM calculations are performed on a single unit cell using the Density Func-

tional (DFT) Theory along with Hubbard U model with the help of electronic

structure investigation software, QUANTUM-ESPRESSO [35]. The cubical sym-

metry was applied to all point and space groups in all the simulations. Further,

for lithium, manganese and Oxygen atoms, ultrasoft pseudopotentials (USPP)

68

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

based on the VANDERBILT code [36] were used, whereas pseudopotentials for

other doped elements were Projector-Augmented Wave (PAW) type those uses

"atomic" code from Corso [37]. Since the 3d electrons for most of the transition-

metal atoms like Nickel, Manganese and other dopants might not be filled

completely, spin-density approximation using the Perdew–Burke–Ernzerhof

(PBE) form of the Generalized Gradient Approximation (σ -GGA) scheme [38,

39] has been used. To achieve better accuracy, the wave functions are stretched

in the plane waves, with the cutoff energy of approximately 700eV, and the

electronic charge density is elongated in a basis of cutoff energy of up to 6000eV.

For lattice structure optimization calculations, the Brillouin zone integration

was performed by using the 4 × 4 × 4 Monkhorst–Pack k-points grid [40]. The

geometry was optimized by relaxing the structure until the change in the max-

imum force on each atom reaches below 0.05GPa and variations in the stress

values were also minimized. A convergence criterion for the total energy was set

to 10−5eV atom−1. The Brillouin zone integration was applied with a Gaussian

broadening of ∼0.068eV. After geometry optimization calculations, the elec-

tronic structure and the electronic density of states were calculated with (12 ×

12 × 12) Monkhorst–Pack k-point mesh [40].

3.2.2 Molecular Dynamics Simulations

As described in the section 2.2.1, Molecular Dynamics has been chosen to study

the atomic scale multi-physics problems involved in the cathode material degra-

dation mechanism. In order to gain appropriate information from the MD

simulations, the inter-atomic potential function should be able to accomodate

most of the physical and chemical phenomena, and experimentally validate it.
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This is because a validated and genuine inter-atomic potential function would

be able to reproduce various fundamental chemical and physical properties of

the material such as Young’s modulus, diffusion coefficient, activation energy

etc. [41, 42, 43].

Inter-atomic pair interactions between different ions govern the potential

energy which is responsible for the mobility of the ions, ultimately impacting

the electrical and mechanical properties of the material. Gilbert-Ida-type [44]

potential function has been used to evaluate the inter-atomic pair potential in

our simulations which is presented in the Equation 2.1.

In the case of undoped structure, most of the potential function parameters

are directly taken from Suzuki et al. [45] and are summarized in the Table 2.1.

A single cell of LixMn2O4 spinel consists of a total of 56 positions in a cubical

structure in the Fd3m space group. In the crystal there are 8 lithium, 8 Mn3+, 8

Mn4+, and 32 oxygen ions. The ionic positions of these 56 ions are adopted from

Sickafus et al. [46]. Further, for doping, depending upon the targeted doping

percentages, a specific number of Mn3+ ions were replaced with the dopant ion

in the super-cell.

As per Equation 2.1, the inter-atomic potential function depends upon the dis-

tance between the ions. Based on our previous work on LiMn2O4, as concluded

from chapter 2, the value of the cutoff length was set to 10Å for all our MD

calculations [31]. With this, knowing the length of a single unit cell as 8.24Å and

recognizing the computational complexity involved in increasing the number of
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cells in the calculations, as in Ref. [31], a supercell of 2×2×2 unit cells in x, y

and z-directions, has been used in this work (c.f. Figure 2.3)

All MD calculations were carried out using LAMMPS [47]. In order to estimate

the inter-atomic interaction contribution, Gilbert-Ida-type potential function,

as described in Equation 2.1, was used, and it was transformed into Bucking-

ham potential which is available in LAMMPS [48, 49]. To calculate the long-

range coulombic forces, the Ewald summation method has been applied [50]. A

isothermal-isobaric ensemble (NPT) is used for the equilibration and production

calculations, whereas a canonical ensemble (NVT) is used for the stress-strain

calculations. Furthermore, in order to control the temperature of the crystal,

Nose-Hoover thermostat has been implemented [51].

Following the strategy used in [31, 52, 53], simulations were carried out in

two steps: First, an optimal crystal structure was achieved by simulating all

initial configurations for one time step and from these we equilibrated four

cases that had lowest potential energy. Second, when the setup is equilibrated,

we ran the actual production simulations such as calculation of mean square

displacement or stress generation with time. An average of the data from all

four cases was then used as the overall output for that particular configuration.

It must be noted that the number of configurations in which these ions can

be arranged will depend upon the state of the charge of the battery since the

number of lithium ions will vary, impacting the number of Mn3+ and Mn4+ as

well. The variation in the Mn ions is because with changes in the number of

lithium-ions, equivalent number of Mn4+ switch to Mn3+ to maintain the charge

neutrality of the system.
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As shown in Figure 2.3, all lithium-ions are located at the 8a tetrahedral sites,

manganese (Mn3+ and Mn4+) are positioned on 16d octahedral sites, and O2− are

placed at the 32e sites. Further, these ions could be arranged in numerous ways,

resulting in many possible crystal configurations. For example, in a completely

lithitated state, when all lithium-ions are intercalated in the host structure

(LiMn2O4) for (SOC = 1), there are 12870 possible configurations. Similarly,

replacing a Mn3+ ion with a doping element in a fully de-lithiated case will

result in 102960 possible configurations (c.f. Table 3.1).

Table 3.1: Possible ionic configuration at each SOC for y=6.25% in
LixMyMn2−x−yO4.

State of Charge # of lithium-ions # of ways to arrange
0.000 0 16
0.125 1 128
0.250 2 6720
0.375 3 94080
0.500 4 509600
0.625 5 1223040
0.750 6 1345344
0.875 7 640640
1.000 8 102960

As summarized in Table 3.1, there are more than 3 million possible initial

configurations that must be considered to obtain a crystal structure with the

least potential energy. The number of possible crystal configurations is even

higher with doping. Running equilibration simulations for all these combina-

tions is time intensive and is not computationally feasible. Therefore, based on

the strategy used in [31, 53, 52], we run LAMMPS simulation on the possible

configurations for just one time step and then pick four configurations that have

the lowest potential energy. However, with doping, the number of possible cases
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are innumerable. As a result, performing even the one time step simulations for

these millions of cases is not computationally feasible. Therefore, we sorted out

the cases based on our findings from the LiMn2O4 simulations and performed

the one time-step simulations for a total of 100,000 configurations for each state

of charge. Subsequently, from these, four cases with least potential energy were

selected for the equilibration and production calculations.

3.2.3 Calculation of Mechanical Properties

Young’s modulus calculation:

In MD calculations, stress is mostly computed in the form of virial stress

by applying gradual strain on the lattice boundary using the NVT ensemble.

Equation 2.2, is being utilized to calculated the stress which is available in

LAMMPS [54]. Since the stress in the system depends upon the stopping point

of the equilibration simulation, to avoid fluctuations and to obtain a convergence,

for each crystal configuration, stress calculations were made for the last 400 time

steps as done for undoped cases. An average of these was used as the stress value

for the specific crystal configuration. Young’s modulus values were calculated

from the virial stress output and further examined at the different state of charge.

In order to quantify the Young’s modulus, the relationship between the linear

elastic stress and strain in the course of an uniaxial load are evaluated using the

Equation 2.3[55].

Once we have the data for the above equation, the bulk modulus of elasticity, B,

is computed using Equation 2.4. Finally, the Young’s modulus, Y , is calculated
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by substituting the values of Bulk modulus and, B and C11 from Equations 2.3

and 2.4 in the Equation 2.5

3.2.4 Diffusion Coefficient

With an elevation in the temperature, kinetic energy and thereby the total energy

of the system increases. This increase in the energy enhances the movement of

the ions within the system, i.e., increases the thermal diffusivity in the system.

Additionally, as described in Equation 4.6, chemical diffusion coefficient is also

relevant and will be influenced by the SOC, temperature, and the dopants. To be

consistent with the literature, we use Equation 4.6, that includes the diffusion

induced stress term, to calculate the diffusion coefficient at particle level. Further,

the calculated values from this equation is also used to validate the results of

our CFD simulations [19, 20, 52, 53].

In order to study the effect of the temperature on the various doped and

undoped cases, several MD simulations were carried out at various temperature

ranges, and the corresponding diffusion coefficients were evaluated using the

change in the Mean Square Displacement (MSD) values of the lithium-ions

with time. For this, the MSD values for lithium-ions were calculated using

Equation 4.7. Further, in order to get the diffusion coefficient values from the

MSD data, the Einstein equation 4.8 was used.

3.2.5 Macro-scale CFD modeling

An intercalation process inside the battery can be modeled as the transport of

lithium-ions inside the host material by defining the diffusion flux at boundary
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using rate of electrochemical reaction. The electrochemical potential difference

between the electrodes or the current density are the major driving force in the

movement of the lithium-ions inside the cell.

Lithium-ion transport equation: The intercalation based lithium diffusion in

the electrode materials can be modeled by a governing equation for the trans-

port of lithium-ions and the boundary conditions which are determined by the

electrochemical kinetics. The porous solid phase of the cathode material in the

lithium-ion batteries are made of solid active particles, and for the simulations

purpose we have assumed spherical particle as the model domain. Therefore, the

lithium-ion transport equation inside the cathode material can be given by [15]

∂c
∂t

+∇ · J = 0, (3.1)

where J is the diffusion flux and c is the concentration of lithium-ions. Further,

to include the effects of the intercalation generated stress, the diffusion flux can

be written as [19]

J = D
ef f
Li+ (∇c − Ωc

RT
∇σh), (3.2)

where ϵij , σij are the components of strain and stress, respectively, and Ω is

the partial molar volume of the lithium. Further, Def f
Li+ is the effective diffusion

coefficient for lithium-ion, σh is the hydrostatic stress, and R and T are general

gas constant and temperature, respectively. Since the hydrostatic stress, σh,

is a function of concentration, the transport of lithium-ions and the induced

stress will be coupled. Therefore, the concentration equation for the coupled

problem can be derived as suggested by Chu and Lee [56]. For a spherical
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particle, Equation 3.2 can be written as

J = D
ef f
Li+

(
∂c
∂r
− Ωc
RT

∂σh
∂r

)
. (3.3)

Using the chain rule, the term ∂σh
∂r in Equation 3.3 can be written as: ∂σh

∂r = ∂σh
∂c

∂c
∂r ,

where the hydrostatic stress is given by

σh(r) =
2ΩY

9(1− ν)

(
3
R3

∫ R

0
c(r)r2dr − c(r)

)
. (3.4)

The partial differentiation of hydrostatic stress with respect to concentration,

∂σh
∂c

= − 2ΩY
9(1− ν)

, (3.5)

will provide the final stress coupled lithium flux equation

J = D
ef f
Li+

(
1 +

2Ω2YC
9RT (1− ν)

)
∂c
∂r

. (3.6)

Boundary Conditions: For the boundary condition at the surface of the parti-

cle, the diffusion flux will be derived by the charge/discharge current density, in,

as

J = Def f

(
1 +

2Ω2YC
9RT (1− ν)

)
∂c
∂r

=
in
F
, (3.7)

where in is the charge or discharge current density at the particle’s surface which

depends upon the rate of electrochemical reaction, and can be calculated using
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the Butler-Volmer equation [57]

J =
in
F

=
i0
F

[
exp

(
(1− β)
RT

Fη

)
− exp

( β

RT
Fη

)]
, (3.8)

where i0 is the exchange current density, β is the symmetry factor, and η = V −U ,

represents the surface overpotential, with V being potential difference between

electrodes, and U is the Open Circuit Voltage. The value of U is obtained by

fitting the experimental data of LMO spinel from Doyle et al. [58] on the open

circuit voltage as a function of the SOC [59]. Assuming uniform cathode particle

size, the value of applied voltage, V , will be the potential difference between the

electrodes, also obtained from their experimental data. Further, the exchange

current density, i0, can be calculated as

i0 = Fkc
1−β
l (cmax − csurf ace)1−βc

β
surf ace, (3.9)

where k is the constant for reaction rate, cl and csurf ace represent the lithium-ion

concentration in the liquid phase (electrolyte) and at the surface of electrode,

respectively.

Input parameters and Initial Conditions: Table 3.2 summarizes the values of

all the parameters used for the CFD validation, as prescribed by Zhang et al. [60].

Further, input parameters such as the diffusion coefficient, the Young’s modulus,

and the partial molar volume will be different for the doped materials. These

values have been obtained from the MD simulations of this work for the various

SOCs. For the discharge cycle, at time t = 0, concentration of lithium-ion at the

surface of the cathode particle will be almost maximum, i.e., c0 = 0.996cmax.
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Table 3.2: Parameters used in the CFD model. All parameters, are
from Zhang et al. [60].

Symbol Value Unit
β 0.5 -
cl 1000 mol m−3

cmax 23700 mol m−3

k 1.9 × 10−9 m5/2s−1mol−1/2

D
ef f
Li+ 2.2 × 10−13 m2 s−1

Y 10 GPa
Ω 3.497 × 10−6 mol m−3

v 0.4 mV s−1

r0 5 µm

Stress generation model: In order to calculate the stress from applied strain

on intercalation, we have used the following equation that uses the analogy of

thermal stress:

ϵij =
1
Y

[
(1 + ν)σij − νσkkδij

]
+
c̃Ω
3

δij , (3.10)

where c̃ = c − c0 represents the change in lithium-ion concentration before and

after intercalation. As per Equation 3.10, the generated strain will be influenced

by the Young’s modulus, the stress components, the partial molar volume and

the change in the lithium-ion concentration. Therefore, in this work, we have

used these properties as a function of SOC.

Heat generation model: Heat generation during charge and discharge cycle is

an important phenomena in the lithium-ion batteries, which can be calculated

as

Q̇g = I(V −Uavg)+ IT
∂U avg

∂T
+
∑
k

∆H
avg
k rk +

∫ ∑
j

∑
i

(H ij −H
avg
ij

∂cij
∂t

dv), (3.11)
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where the first term represents the irreversible resistance induced heating which

is generated from the change in the cell potential with respect to its original

equilibrium. The second and third terms are the heat generation due to reversible

entropy, and the side chemical reactions, respectively. The third term,
∑

k∆H
avg
k ,

is the enthalpy of the side reaction, and rk is the reaction rate for the reaction k.

Assuming no side reactions are involved, this term will be neglected in this work.

The fourth term in the above equation represents the heat generation because of

mixing, as localized concentration (cij) of species i in phase j varies with time.

dv, H ij and H
avg
ij are the differential volume of the localized element, partial

molar enthalpy and average partial molar enthalpy, respectively. The simplified

version of the heat generation due to mixing can be written as [61]

˙Qmixing =
∂
∂t

[
1
2
∂H s

∂cs

∫
(cs − cs,∞)2dv)

]
, (3.12)

where term ∂H s
∂cs

is the enthalpy potential over concentration, as described by

Zhang et al. [20]. In Equations 3.11 and 3.12, dU
dT and dH

dc are obtained from

the experimental data of the LMO spinel [62]. Since we have used a very small

amount of doping, the change in the dU
dT and dH

dc curve will be very minimal.

Therefore, in this research, we have used the experimental curve proposed in

Ref. [62].

3.3 Materials: Selection of Doping Elements

There has been a lot of research on electrode materials that is focused on achiev-

ing higher specific capacity, better structural stability, and ability to function at
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higher charge and discharge rates [63, 64]. Moreover, studies have been carried

out to control the electrochemical potential dictated by the electronic structure

and atomistic energy of the electrode materials [65]. In designing and evaluating

novel electrode materials for the required energy density, cycling capability and

structural stability, the cell voltage and the electrochemical potentials of both

anode and cathode materials are important quality indicators.

Specifically, the anode and cathode materials must be selected in such a way

that the electrochemical potential of the anode (µA) remains below the Lowest

Unoccupied Molecular Orbital, and the electrochemical potential of the cathode

(µC) is always above the Highest Occupied Molecular Orbital line. Without this,

the electrolyte will start oxidizing on the cathode side or a reduction process will

occur at the anode which can form unwanted solid electrolyte interphase (SEI)

layer [66]. Besides the electrolyte’s cell voltage window, the number of electrons

in the p orbital of anions also determines the possible cathode voltage. Also,

a large difference in electronegativity values between the cathode and anode

materials is preferred to ensure condensed and stable structures. Finally, the

variation in the Gibbs free energy, and the potential which can be offered by a

particular electrode material strongly depend upon the ionic radius, oxidizing

power, electronegativity, and the surrounding environment of these cations in

the metal oxides.

It must be noted that the electrochemical properties of a material are dictated

by its crystal, electronic and micro-structure, and they are generally decided

by the original behaviour of the adopted material. Their molecular structures

may differ widely due to different synthesis or processing methodologies and
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environmental conditions. For example, if active ions are intercalated into

the cathode material through a particular direction, it could expose the host

structure’s surface for easier lithium ion transfer, which can enhance the ionic

movement and the charge/discharge rate capability [67]. Though the structure

of the crystal is an intrinsic property of a particular material, it can still be

modified by instituting relevant doping elements. For example, introduction

of Ni2+ into V2O5 results in the simultaneous enhancement in the performance

of the material since its structure is more stable during the cycling process,

attaining a higher specific capacity. Introducing the dopant or co-dopants

atoms can notably change the crystal field, which can help us fine-tune the

electronic and mechanical structure of these materials which can also adjust the

electrochemical potential values [68].

With these in mind, several benchmarks have been proposed in the literature

to select the potential cathode materials. These are based on societal, financial

feasibility, and practical consideration. These also include their natural abun-

dance, eco-friendly processing characteristics, reusability, recycling capacity,

and cost. From a technical point of view, the cathode materials should offer

extensive reversible energy storage capabilities for the required voltage range.

The theoretical discharge capacity of a cathode material represents the maximum

possible energy storage capacity, and is given by

Cth =
nF

3.6×M
. (3.13)

In the above equation, n is the number of active electrons for every mole or
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formula unit, and M is the molar mass of electrode material [69]. The number

of active electrons are directly related to the number of lithium-ions that can be

accommodated in the host material’s lattice structure. Thus, as per Equation 3.13,

by using entities with smaller molecular mass that can accommodate more

number of electrons per mole, we can obtain a better theoretical capacity. For

example, the maximum theoretical capacity of LiMn2O4 is 148mAh/g since only

one electron is released for every lithium-ion insertion into the vacant site of

the host Mn2O4. On the other hand, if we compare this with V2O5, it offers a

better theoretical energy storage capacity of ∼440mAh/g because it can release

3 electrons for every active ion insertion into the host lattice [63]. Nevertheless,

lighter and smaller elements are preferred as a cathode materials due to their

higher gravimetric and volumetric specific capacities. Therefore, majority of the

elements from first 4 rows of the periodic table could be a potential candidate

for doping as long as they do not have restrictions based on the other selection

criterion. Additionally, elements such as Zr, Mo, Ru etc. have also been used

in some of the recent and more expansive cathode materials [70, 71]. A benefit

of selecting transition metal oxides as a cathode material is that they offer

changeable valence states that can easily accommodate more electrons.

Based on these criteria and recommendations, several bi- or trivalent cations,

such as Al, Ni, Mg, Y, Cr, Ga etc. have been identified as good doping candidates

that can partially substitute the Mn3+ in LMO spinel. In this research, we

have explored the use of Al, Ni, Mg and Y as dopants. Among the proposed

elements, Al has smallest ionic radius, forms stronger chemical bond with

oxygen and is found in abundance [72]. Magnesium and Nickel offer changeable
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valence state. Therefore, doping with them can also improve intercalation

voltage. With a smaller ionic radius and low electronegativity, Mg, will form a

smaller and stronger bond with oxygen as compared to Mn-O [73]. On the other

hand, Yttrium is heavier and has a larger ionic radius. However, it has a low

electronegativity and forms a stronger bond with the oxygen ion, improving the

structural stability. Additionally, introduction of a small amount of sulfur in

the LMO spinel structure can reduce the undesirable phase transition situation

which occurs at around room temperature. Recent studies have established

that doping with a transition metal can restrict the movement of the lithium

ions. However, this can be overcome by replacing oxygen ions by Sulfur that

will significantly improve the mechanical and electrochemical properties of

the cathode materials for lithium-ion batteries [74, 75]. Therefore, in addition

to introducing the dopant, we replaced 1% of the O2− with S2−, resulting in a

crystal structure of LixMyMn2−x−yO4−zSz.

In order to completely understand the impact of each doping element, we

have performed the following four sets of diffusion simulations: 1. A baseline

simulation without any doping element. 2. A set of cases with the different

doping elements (Al, Ni, Mg and Y). 3. A case with the addition of only sulfur as

the doping element. 4. A set of cases with a doping element and using sulfur as

the co-dopant. For the simplicity of the nomenclature, doped structures with

just one of the elements, i.e., Al, Ni, Mg, Y and S, are called LMO-A, LMO-N,

LMO-M, LMO-Y and LMO-S, respectively. Co-doped structures with a doping

element (Al, Ni, Mg and Y) and sulfur as the co-dopant are labelled as LMO-SA,

LMO-SN, LMO-SM, and LMO-SY, respectively. The undoped structure will be
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referred to as LMO. Adding lighter elements like Al will also increase the overall

discharge capacity. Therefore, as summarized in the Table 4.2, with minor

doping by 1-2%, the overall discharge capacity, calculated using Equation 3.13,

will still be comparable to that of LiMn2O4. Table 4.3 summarizes the potential

parameters from the literature that has been used for the MD simulations in this

work [76, 77, 78, 79, 80].

Table 3.3: Theoretical cell discharge capacity with different doping
elements.

Structure Theoretical discharge capacity (Ah/kg)
LMO 148
LMO-SA 149
LMO-SN 147
LMO-SM 149
LMO-SY 146

Table 3.4: The potential parameters of the different doping ions.

Doping element Z a(Å) b(Å) References
Al3+ +1.4 0.530 0.050 [76, 78]
Ni2+ +1.4 0.700 0.059 [79]
Mg2+ +1.4 0.720 0.060 [78]
Y3+ +1.4 0.900 0.068 [77]
S2− −1.2 1.840 0.075 [80]

3.4 Results and Discussion

To ensure the validity of the simulation results, the lattice parameter of the

LixMn2O4 structure optimized at 300K was calculated by measuring the size of

the equilibrated system for various SOC values, and the results were compared

with the experimental data from the literature. In the doped cases, where

experimental data is not available, we undertook a preliminary validation of
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the lattice structure using Quantum Mechanics simulations, and then continued

with the LAMMPS simulations.

3.4.1 Validation of the Computational Models

QM Simulations

The QM calculations were used to verify the accuracy of the input parameters

used in the MD simulations. To ensure the accuracy of the QM calculations,

we calculated the lattice constant for the LMO spinel and compared it with

the measured values from the literature as well as our findings from LAMMPS

results. More precisely, the lattice cell length of LMO was calculated as 8.254 Å

and this is in excellent agreement with the experimental data of 8.247 Å with

an error of 0.08% [81, 82]. In view of the fact that the experimental data on the

lattice cell length for the new materials explored in this work do not exist, the

QM calculations are used to support the MD results.

The MDModel

To validate the MD model, we compared the lattice length and diffusion co-

efficient for LixMn2O4 spinel with the experimental data as well as the QM

simulation. As seen in the first row of Table 4.8, there is an excellent agreement

between the MD calculations and the measured values as well as results from

our QM calculations. More precisely, for LMO, the MD calculation is 0.15%

higher than the experimental data, and 0.23% lower than the QM calculation.

This accuracy clearly establishes the validity of the MD model. Since there is

no experimental data for co-doped structures studied in this work, we have
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compared the lattice structure length predicted by MD with the values from QM

simulations (c.f. Table 4.8).

Table 3.5: Lattice cell length for undoped and doped materials.

Deviation of MD with respect to:
Structure MD (Å) QM (Å) Experiment (Å) Experiment (%) QM (%)
LMO 8.235 8.254 8.247 [81, 82] 0.15 -0.23
LMO-SA 8.221 8.146 − − +0.92
LMO-SN 8.223 8.209 − − +0.17
LMO-SM 8.212 8.216 − − -0.05
LMO-SY 8.219 8.325 − − -1.27

As seen in Table 4.8, for each co-doped material, the lattice length predicted

by MD and QM are in close agreement. The maximum deviation of 1.27%

was calculated for the Sulfur-Yttrium co-doped structure. While the lattice

length values calculated by MD simulations are higher than the values from the

QM calculations in LMO-SA and LMO-SN, the MD simulations show a slight

underprediction in LMO-SM and LMO-SY structures. Nevertheless, in all cases

these small variations are due to the numerical fluctuations that is governed

by the termination time of the equilibration simulations in MD, and can be

considered statistically insignificant.

A further validation of our MD simulation tool is presented in Figure 3.2. As

seen in this figure, for the fully lithiated LMO spinel, there is a good agreement

between the diffusion coefficient values calculated from MD simulations and the

experimental data of Takai et al. [34] and Kuwata et al. [33]. Specifically, the

agreement is excellent for a temperature in the range of 573K-1000K.

At temperatures below 573K, the diffusion process is greatly subdued, requir-

ing us to increase the simulation duration from 2ns to 5ns. Faced with the similar
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Figure 3.2: Lithium-ion diffusion coefficient compared with exper-
imental results for SOC=1.

challenge, Kuwata et al. [33] extrapolated their experimental data to predict a dif-

fusion coefficient of approximately 10−15 cm2s−1 at room temperature. In their

experiments, they used electrochemical ion-exchange and simple ion-exchange

methodologies using different isotopes of the lithium. It must be noted that this

is several orders of magnitude lower than the chemical diffusion coefficient that

is approximately 10−12 cm2s−1. On the other hand, the MD simulations from

this work estimate the diffusion coefficient as approximately 7.4 × 10−11 cm2s−1.

This is within the range of the chemical diffusion coefficient data published by

Chung et al. [83], instilling further confidence in our MD simulations.

The CFDModel

As described in Section 2.5, we have used the computational modeling frame-

work suggested by Newman et al. [15], with input parameters as defined in

Table 3.2. To validate our macro-scale model, we have compared the results

from our simulations with the corresponding results from Zhang et al. [20] and
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Clerici et al. [84]. Specifically, in Figure 3.3, we have shown the radial stress

generated inside the active particle during the charge and discharge cycles. The

first 2000 seconds in this figure represents the charging cycle when lithium ions

are extracted from the cathode material (LMO). Hence, during this time, the

radial stress reduces with time. The later half of the plot from 2000s to 4000s

shows the stress generation as lithium concentration increases in the cathode

particle. As seen in this figure, the results from our simulations are in excellent

agreement with the findings of Zhang et al. [20]. The minor variations in the

peaks in this figure are due to the number of data points selected for the pre-

sentation of the image. In the ensuing sections, we present the findings from

employing the validated models to study the doped materials.
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Figure 3.3: Radial stress with charge (de-lithiation) and discharge
(lithiation) time.

3.4.2 Effects of Doping

Lattice structure

The lattice constant values of the fully lithiated structure of undoped, doped

and co-doped cases are shown in Table 3.6. The results from our MD simulations
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show that the lattice length of the undoped crystal and the crystals doped with

three transition metals are in close agreement with the experimental data from

several studies in the literature. As expected, when doped with a transition metal,

the lattice structure shrinks since the ionic radius of all the doping elements are

smaller than that of Mn3+. This will impede the diffusion of lithium ions. To

overcome this, we can add sulfur as a co-dopant. The addition of sulfur results

in an expansion of the crystal because of its larger ionic radius compared to

the oxygen ion that it replaces. In Table 3.6, this is evidenced by that fact that

LMO-S has a larger lattice length than LMO. Thus, co-doping with S will help

offset the shrinking effect of the transition metal dopants and aids the diffusivity

of lithium ions. As seen in Table 3.6, the co-doped materials have a larger lattice

length compared to the materials doped with just the transition metals. This has

also been observed in the literature by other researchers [85, 86].

Table 3.6: Lattice length validation for various doping elements.
Numbers in the brackets indicate the references. There is no ex-
perimental data available for some of the doped and co-doped
substitution in the literature.

Structure lattice length Å (This work) lattice length Å (Literature)
LMO 8.235 8.240 - 8.247 [87, 81, 82]
LMO-A 8.217 8.222 [72]
LMO-N 8.220 8.238 [88]
LMO-M 8.208 8.231 [89, 24, 90]
LMO-Y 8.216 −
LMO-S 8.237 −
LMO-SA 8.222 −
LMO-SN 8.224 −
LMO-SM 8.212 −
LMO-SY 8.219 −

The volume expansion during the intercalation process is directly related to

the lattice constant. As seen in Figure 3.4, for every co-doped materials, the
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Figure 3.4: Lattice parameter with SOC for LixMyMn2−x−yO4−zSz.

lattice length increases with SOC values. However, for most of the co-doped

materials, for a given SOC, the lattice constants are relatively smaller compared

to the undoped LixMn2O4. More precisely, the lattice constant varies from

8.042Å in the fully charged state to 8.235Å in the fully discharged state for

LixMn2O4. Thus, the total change in the lattice length and volume during a full

charging cycle is 2.35% and 6.87%, respectively, and is in excellent agreement

with the corresponding experimental values of 2.37% and 6.85%, presented by

Park et al. [30]. On the other hand, the change in lattice length and volume over

a charge/discharge cycle for new materials (LMO-SA, LMO-SN, LMO-SM, and

LMO-SY), are comparatively less which can seen in the Table 4.9. Therefore,

the maximum stress due to constant expansion and contraction process will be

lower in these new materials.
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Elastic properties

In our earlier research on LiMn2O4, we identified SOC, strain rate, and the

temperature as three key parameters that affect the material properties [31]. It

was also observed that a material will respond differently to an applied strain

based on its charging state. Equation 2.1 clearly shows that the pair interactions,

governed by the concentration of lithium-ion in the cathode material, determine

the output potential of the system. SOC: With an increase in the lithium-ion

concentration inside the cathode, SOC increases and this will have an impact on

the material properties. Strain-rate: In most of the intercalation materials, like

LiMn2O4, an intercalation initiated fracture mechanism is present, particularly

at higher temperature and higher strain (charge/discharge) rates wherein the

material experiences an intense stress [91]. Temperature: With an increase

in the temperature of the crystal structure, the kinetic energy of the system

increases, directly contributing to the diffusivity of the lithium-ions and the

total stress [92].

As described by Lee et al. [53], interactions between the ions contribute

significantly to the generation of stress in the cathode material, especially during

the intercalation process. With the intercalation or deintercalation of a Li+

ion, the number of Li+, Mn3+, and Mn4+ changes. This affects the overall ionic

interaction, influencing the cathode material’s mechanical properties [53]. This

implies that the SOC has an impact on the elastic properties of the doped LMO

spinel (LLixMyMn2−x−yO4−zSz) material. In order to study the elastic nature of

the doped material, uniaxial strain equivalent of 0.5C discharge rate is applied

on one of the crystal walls.
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Figure 3.5: Stress vs Strain plot for the co-doped materials at
SOC=1.

Figure 3.5 shows the stress versus strain plot for the fully lithiated undoped

and doped structures. As seen in this figure, the yield stress for all doped

elements are similar to that of LiMn2O4 (Mn3+). However, the ultimate stress is

somewhat lower when we use Ni or Al dopants. This can again be explained by

the pair interaction theory that is largely responsible for the stress generation.

Specifically, with the undoped structure, there is a total of 10 possible ionic pair

interactions: Li+–Li+, Mn3+–Mn3+, Mn4+–Mn4+, O2−–O2−, Li+–Mn4+, Li+–O2−,

Mn3+–Mn4+, Li+–Mn3+, Mn3+–O2−, and Mn4+–O2−. With doping, the total

number of pair interaction types will increase as there will also be interaction

between the doped elements and the other ions. The lower ultimate stress for

Al and Ni can be attributed to their smaller ionic radius and pair interaction

contribution in the stress. In the case of LiMn2O4 spinel, the stress versus strain

plot shows a non-linearity around a strain of approximately 0.2, ultimately

reaching a maximum stress of around 21.5 GPa at a strain of approximately

0.28. After attaining this peak, the stress decreases rapidly since the material

fractures. At SOC=1, the Young’s modulus values of LMO-SM and LMO-SY are

92

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

very close to the undoped LiMn2O4. This is evident from the almost overlapping

Yield stress part of the curves, which is the linear stress-strain portion up until a

strain value of approximately 0.2 in Figure 3.5, and the Young’s modulus values

summarized in the Table 4.9.

Table 3.7: Reduction in volume expansion and the potential in-
crease in the cycle life of various doping elements.

Structure Change in length Change in volume Change in volume Young’s Modulus Potential increase
(%) (%) w.r.t. LMO (%) (GPa) in # of cycles

LMO +2.350 +6.87 - 132 -
LMO-SA +2.071 +6.08 -11.50 118 4570
LMO-SN +2.015 +5.92 -13.82 125 5353
LMO-SM +1.869 +5.50 -19.94 128 7718
LMO-SY +1.965 +5.78 -15.86 128 6093

With the changes in the total number of ions during the charge and discharge

cycles, there is a change in the number of ion-pair interactions, affecting the

material properties such as Young’s modulus [53]. Also, as mentioned in the

previous section, the stress-strain behavior is strongly coupled with the SOC [17,

31]. To explore this, we simulated every doped material at all partially charged

states. Figure 4.9 shows the stress-strain curve at SOC=0.125, when only 1 out

of 8 lithium-ions have been intercalated in the doped host MyMn2−x−yO4−zSz,

and compared with the undoped Mn2O4.

In the partially charged states, yield stress values differ for each material. As

shown in Figure 4.9 (a), the Yield stress for the Al doped structure (8.10GPa)

is almost overlapping with the undoped Li0.125Mn2O4 crystal (8.11GPa) . On

the other hand, the yield stress in LMO-SM (7.3GPa) and LMO-SN (∼5GPa) are

much lower than the undoped structure (c.f. Figure 4.9 (b) and (c)). This can

be attributed to the fact that for partially lithiated cases when the material is

doped with ions such as Ni2+ or Mg2+, the structure is relatively unstable. On
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Figure 3.6: Stress vs strain curve at SOC=0.125 for co-doped struc-
tures with respect to LMO; Doping elements are (a) S and Al, (b) S
and Ni (c) S and Mg, and (d) S and Y.

the other hand, Yttrium doped structure has better yield strength and thereby

a better Young’s modulus value compared to Li0.125Mn2O4 at the same state

of charge. Again, this is mainly due to the stronger pair interaction between

Y3+-O2− compared to Mn3+-O2−. In Figure 3.5, we can observe that for a fully

lithiated structure, doping with Yttrium has similar ductility property as pristine

LiMn2O4. Further, as can be seen in Figure 4.9 (d), even in the partially charged

state, Y-doped structure tends to fracture much later than other doped materials.

Results in Figures 3.5 and 4.9 confirm that doping study on just the fully lithiated

structures might not be enough to predict the behaviour of the engineered

structure at other charging states. For example, the yield stress part of the curve

for LMO-SM overlaps with that of the LMO spinel at SOC=1 (Figure 3.5) but

not at SOC=0.125 (Figure 3.6 (b)).

As proposed by Nishijima et al. [93], with a reduction in volume expansion
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and contraction, mechanical degradation will be less, and this can enhance

the cathode life cycle by up until 80% capacity discharge. In this research, we

found that even with a trace amount of doped material (e.g. 5%), there is a

significant decrease in the Relative Volume Change (RVC) (c.f.Table 4.9). As

summarized in this table, the maximum percentage reduction in the RVC was for

LMO-SM. However, as shown in the stress-strain curve for partially charged state

in Figure 4.9, the overall yield strength of this material is low and so we might

not obtain a significant increase in number of cycles. On the other hand, upon

studying the material’s stress-strain curve in partially charged states, we found

that LMO-SY and LMO-SA are most promising materials with an improved life.

However, a conclusion cannot be drawn just yet since the diffusion coefficient,

discussed in the ensuing section, is another important material property to

be evaluated before concluding that a doping element will improve the LMO

spinel’s life cycle.

Diffusion coefficient

Lithium ion’s ability to diffuse inside the electrolyte and an active cathode

particle dictates the performance of the lithium-ion battery. Due to its very light

nature and the lack of a suitable radioisotope for lithium-ion, there are very

limited experimental investigations on its diffusion coefficient [94]. Further,

there is no consensus on the stoichiometric ratio used for these experiments.

Here, we use MD simulations to estimate the diffusion coefficient of the lithium-

ion in undoped, doped and co-doped LMO spinel phases. In order to understand

the effect of the individual elements, diffusion simulations are first performed

for undoped structure and compared with transition metal and sulfur doped
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cases. Subsequently, the co-doped structures are studied. The calculations have

been made for a temperature range of 673K-3000K. Temperatures lower than

673K were not considered because the time required to notice change in the

mean square displacement becomes too large due to a subdued diffusion activity.

In our MD simulations, for each crystal, the structure was relaxed until the

change in total energy is within 5eV. This is followed by equilibration for 20ps,

and finally the actual MSD production simulations were performed for another

5ns to study the motion of ions.
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Figure 3.7: Lithium-ion diffusion coefficient as a function of tem-
perature for undoped and doped structures.

As shown in the Figure 3.7, the diffusion coefficient for the transition metal

doped structures is slightly lower than the undoped LMO crystal structure. On

the other hand, doping with sulfur allows the crystal to expand a bit (c.f. Ta-

ble 3.6), facilitating the easy migration of lithium ions. This results in an increase

in the diffusion coefficient, especially at lower temperatures (T < 1000K) (c.f.

Figure 3.7). This is consistent with the propositions in the literature [86, 85], and

a major reason behind the co-doping strategy. As seen in Figure 3.8, co-doping

with S is able to compensate for the marginal decline in the diffusion coefficient
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when we dope LMO with transition metals. In fact, in the low temperature

zone (T < 1000K), the diffusion coefficient is enhanced with the addition of S.
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Figure 3.8: Lithium-ion diffusion coefficient as a function of tem-
perature for various co-doped structures.
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Figure 3.9: The slopes of the dotted lines for each type of material
indicate two different activation energies, one each for the two
distinct temperature zones bifurcated around the phase transition
temperature.

Arrhenius behavior: The effect of temperature on the diffusion of lithium-ions

in doped crystals were studied, and the results are plotted in Figure 3.8. The

results suggest that we could use the following Arrhenius equation to model the
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temperature dependence of the diffusion coefficient:

DLi+ = A exp

(
− Ea

kBT

)
, (3.14)

where A is the pre-exponential constant, Ea is the total activation energy for an

ion to migrate, and kB is the Boltzmann constant (8.62 × 10−8 eV K−1). As per

this equation, the diffusion coefficient is directly proportional to the temperature

and inversely proportional to the activation energy. If we assume constant values

for A and Ea, then lnDLi+ vs T should exhibit a linear relationship for the entire

range of temperature. However, as seen in Figure 3.9, there are two distinct

linear regions, bifurcated around the phase transition region. This indicates

that the pre-exponential constant and activation energy is probably different

in the two regions. This is consistent with the propositions of Zeke et al. [95],

i.e., assuming a single value for the activation energy for the entire range of

temperature is not appropriate.

On the other hand, the above results can be better explained by the theory

suggested by Kuwata et al. [33] and it is also consistent with our earlier find-

ings [31]. Specifically, by splitting the temperature range into two different

zones, Zone-Low with T < 1000K and Zone-High with T > 1000K, and assigning

distinct values for A and Ea in each zone, we can employ the ion vacancy and

migration theory of Hoang [96] to successfully explain the diffusion phenomena.

Specifically, according to this theory, for an ion to diffuse without an available

vacant site, the total activation energy required will be the sum of vacancy forma-

tion and migration energy. In their experiments, Kuwata et al. [33] calculated the

enthalpy of vacancy formation and migration as ∼0.6eV and ∼0.5eV, respectively.
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This is in good agreement with our calculation for LMO (c.f. Table 3.8).

Table 3.8: Lithium-ion diffusion activation energy for various co-
doped structures. Note that the experimental values for LMO are
from [33], indicating that our calculations are quite accurate.

Element Migration energy (eV) Total activation energy (eV)
LMO (expt) 0.50 1.1
Undoped Structure of This Study
LMO 0.42 1.15
Doped Structures of This Study
LMO-SA 0.21 1.24
LMO-SN 0.21 1.21
LMO-SM 0.22 1.24
LMO-SY 0.25 1.19

With this validation, we calculated the vacancy migration energy and the total

activation energy for the other doped crystals, and the results are summarized

in Table 3.8. As seen in this table, for the doped crystals, the migration energy is

in the range of 0.21-0.25eV, which is significantly lower compared to 0.42eV for

LiMn2O4. The sharp decline in the vacancy migration energy in the doped mate-

rials can be attributed to the presence of S2− ions that enhance the diffusivity of

the material by facilitating the easy migration of lithium-ions. This observation

is also reported in the work of Kubicka et al. [86] in which they showed that in

S-doped spinels the diffusion of Li+ improved due to lattice expansion caused

by the substitution of sulfur.

3.4.3 Inter-atomic distance

The better mechanical properties of the doped crystal structures can also be

attributed to the reduced inter-atomic distances. Specifically, the smaller ions

that have shorter bonds with other ions will enhance the structural stability. In
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this subsection we present the calculated values of the inter-atomic distance

between ions. For this, the equilibrium structure of doped LixMn2O4 for different

doping elements is studied by evaluating the radial distribution function (RDF),

g(r). The RDF represents the spatial positioning of different ions with respect to

the central ion in the lattice structure, and can be written as:

gij(r) =
V

NiNj

Nij∑
i=1

nij
4πr2∆r

, (3.15)

where Ni and Nj represent the total number of ions of type i and j, respectively,

in that particular unit cell. V is the total volume occupied by the unit cell, and

nij is the total number of ions in the spherical shell centered around the ion i

and between the radii of r and r +∆r. Figure 3.10 shows the results of the RDF

calculation for doped and undoped crystals at 300K.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
r(Å)

0

2

4

6

8

10

12

g(
r) 

(-)

LMO
LMO-SA
LMO-SN
LMO-SM
LMO-SY

Figure 3.10: Radial distribution function between O2− and other
doping ions.

In each curve, the first peak of the curve represents the nearest neighbour

distance between two ions, i.e., the bond length. As seen in this figure, every

doping element helps reduce the bond length. Finally, though the yield stress
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Figure 3.11: (a) Radial stress for a complete charging and discharg-
ing cycle. (b) Heat generation during a full charging cycle.
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for Al-doped material for the partially charged state is lower than the material

with Yttrium doping (c.f. Figure 4.9), the inter-atomic distance between Al3+-

O2− is the lowest (c.f. Figure 3.10). This can be attributed to the ionic radius

of Aluminum (approximately 1.55Å) that is the lowest among all the dopants.

Thus, all the mechanical properties would improve with doping, especially with

Yttrium and Aluminum, and we could extend the life of the battery by 4000-7000

cycles with a trace amount of doping.

3.4.4 Macro-scale simulation results

From the investigation so far, it is clear that co-doping with appropriate elements

can help improve the LMO spinel’s life, i.e., reduce capacity degradation due

to battery cycling. Molecular scale investigations have been made to verify that

there is no negative impact of doping, by evaluating the diffusion coefficient and

the Young’s modulus at the molecular level.

In this section, the focus is on the effects of doping on the macro scale be-

haviour. Specifically, we are interested in knowing if co-doping results in any

major changes in the stress and heat generation in the new materials. In doing so,

to ensure that the impact of the phenomena at the molecular level are accurately

reflected in the macro-scale, key input parameters such as Young’s modulus,

diffusion coefficient, partial molar concentration etc., have been taken from our

MD results.

Figure 3.11a shows the radial stress distribution at the centre of the active

particle during complete discharge and charge cycles for doped and undoped

materials. As expected, for partial co-doping, there is not much difference
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since most of the input parameters are nearly the same. However, the LMO-SY

material shows comparatively smaller peaks. This is mainly due to lower strain

experienced by it because of smaller volume expansion and better structural

stability. Figure 3.11b shows the intercalation induced heat generation during

a complete charging cycle. Once again, it can be seen that LMO-SY structure

performs slightly better than the other materials. In other words, from the

macro-scale simulations it is clear that doping with these elements will not cause

any unwanted issues such as thermal runaway.

3.5 Summary and Conclusions

The major drawback of the LixMn2O4 spinel as a cathode material is its reduced

cycle life due to large amount of volume expansions and contractions during

cycling. To address this drawback and to enhance its material properties, we

present a co-doping strategy in this work. Specifically, 5% of the

Mn3+ was replaced with other transition metal ions, and 1% of O2− was sub-

stituted with S2−. Specific dopants studied in this work include Al, Ni, Mg and

Y. Parameters like lattice volume expansion, stress-strain curve, and diffusivity

of the Li+ ions were studied in detail using MD simulations. Further, to study

the material behaviour during intercalation process and doping effects on other

electrochemical properties of LMO spinel, multi-scale modeling using a combi-

nation of Quantum Mechanics, Molecular Dynamics and Computational Fluid

Dynamics, has been used. The computational tool was validated by employing

it to estimate the lattice constant and diffusion coefficient for the optimized

structure of LiMn2O4 spinel, and comparing the estimates with experimental
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data from the literature. An investigation of the co-doping strategies shows that

with doping, the overall relative lattice volume expansion during charge and

discharge cycles can be reduced by 11-19% in comparison to the pristine un-

doped material (LiMn2O4). Though almost same yield and ultimate stresses are

reported for fully lithiated case, Yttrium-doped material tends to perform better

than undoped LiMn2O4, especially during partially charged state. Aluminum

and Yttrium doped materials have better yield stress compared to other dop-

ing elements. We also obtained lower vacancy migration energy (0.21-0.25eV)

with the new doped materials proposed in this research. In conclusion, if we

replace approximately 5% of the Mn3+ with either Al, Mg, Ni or Y, and 1% of

the O2− with S2−, the overall life of the LMO spinel material can be improved

by 4000-7000 cycles, without compromising on the discharge capacity. Finally,

macro scale CFD simulations verify that co-doped engineered structure will help

reduce the intercalation induced stress as well as unwanted heat generation.
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Chapter 4

Molecular Dynamics modelling for

engineered cathode structures

Prelude: This chapter is been re-produced from the following manuscript with

permission from Royal Society of Chemistry Publishing:

R. Tyagi, and S. Srinivasan, "Co-Doping Studies to Enhance the Life and Electro-

Chemo-Mechanical Properties of LixMn2O4 Cathode using Multi-scale Modeling and

Neuro-Computing Techniques ", Phys. Chem. Chem. Phys., 2022.

Contributing Author: Ramavtar Tyagi

Copyrights holder: Royal Society of Chemistry Publishing holds the copyright

of the article content.

Abstract

A number of engineered cathode materials with longer life cycle and better

electro-chemo-mechanical properties can be obtained by partially replacing
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some of the elements with other relevant once without compromising much

with structure. To design such superior cathode materials, in this work, we re-

place a small number (5% or 10%) of Mn3+, with one of the following elements:

Aluminium, Nickel, Magnesium, Gallium, Chromium, and Yttrium. Addition-

ally, S2− and F− were used to replace some (∼ 1%) of the O2− ions (anion) in

the crystal. In this work we have used a combination of Quantum Mechanics

(QM), Molecular Dynamics (MD), Neural Network (NN) and Computational

Fluid Dynamics (CFD) modeling. QM has been used to validate the Molecular

Dynamics (MD) simulation results for engineered structures where experimental

data not available. MD simulations are used for material properties such as

lattice expansion, Young’s modulus, diffusion coefficients for un-doped, doped

and co-doped structures. NN models are implemented in order to reduce the

computational time to evaluate millions of possible crystal configurations. CFD

modeling is utilized to study the impact of co-doping strategies at macroscale. As

a first step, we employed neuro-computing techniques to identify the optimum

ionic configuration for all crystal structure, saving ∼88% of the computational

time. Next, molecular scale simulations were performed to study the material

properties. Molecular Dynamics (MD) modeling findings suggest that relative

volume expansion between fully charged and discharged state of the battery can

be reduced by ∼1.9% to ∼2.25%, indicating an improvement in the life of the

cathode material by several hundreds of cycles. Findings from both QM and MD

simulations suggest that for these novel engineered materials, electro-chemo-

mechanical properties such as ionic mobility, chemical diffusion coefficient and

elasticity, improved. Further, MD simulations showed that the inter-ionic space
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between doped metal ions and oxygen is smaller compared to the spacing be-

tween Mn3+-O2− in the original LMO spinel, indicating an improvement in the

material’s structural strength along with total number of discharge cycle. Finally,

macro scale computational modelling results shows that chances of thermal

runaway can be reduced significantly for some of the co-doped structures since

the intercalation induced maximum stress is lower.

4.1 Background

Climate change and the continuously deteriorating environment is reminding

us to move towards sustainable energy technologies. A major problem with

most of the renewable energy technologies such as wind and solar is that unlike

conventional power generation methods, they are inconsistent. Therefore, the

need for highly efficient, environmental friendly, and economical energy storage

technologies have increased exponentially in the last few decades. Lithium ion

batteries (LIBs) are a very promising technological solution for the exponentially

growing energy storage demand, especially in the consumer electronics and

automotive sectors. This has only been possible due to improved energy densities

of LIBs [1] in the last few years. In any LIB, electrodes are the important

components as they dictate the energy storage capacity of the battery. Ideally,

the anode’s electric potential should be significantly lower than the cathode,

providing a high potential difference. This limits the possible materials that

can be used as an anode. Currently, Graphite or Silicon are widely used anode

materials [2]. While cathode materials have been explored more [3, 4, 5], more

recently, there has been a lot of focus on the Li-metal, lithium alloyed metals,
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carbon nano-tubes, graphene, and Lithium Titanate Oxide (LTO) based anode

materials [6, 7, 8].

With respect to cathodes, Lithium Cobalt Oxide (LiCoO2) and it’s derivatives

are widely used especially in the long range Electric Vehicles [9]. However,

Cobalt is expensive and toxic, prompting researchers to explore the doped vari-

ants such Nickel Cobalt Aluminium (LiNixCo1−x−yAlyO2) and Nickel Manganese

Cobalt (LiNixMnyCo1−x−yO2) that are more popular these days [7, 4]. It must

be noted though that the addition of Ni introduces the risk of hazards such as

thermal runaway [10]. Lithium Manganese Oxide (LiMn2O4) spinel or LMO

spinel has been explored in the past and mostly used in the low energy density

applications [11, 12, 13, 14, 15]. Its advantages over other cathode materials like

Lithium Cobalt Oxide (LiCoO2), Lithium Nickel Oxide (LiNiO2) and Lithium-

titanate (Li2TiO3) include lower cost, abundant availability of Manganese, and

no toxicity. Further, Lithium Iron Phosphate (LiFePO4) is also another material

which is gaining popularity due to its longer life. However, compared to a LMO

spinel, it suffers from low values of operating potential, ionic conductivity and

energy density [16, 17].

While it has its advantages, a LiMn2O4 spinel suffers from a relatively higher

mechanical stress induced by higher volume change during the charge and dis-

charge cycles [18]. It also experiences cycling capacity fade due to the structural

changes induced by the dissolution of Manganese [19]. In fact, this is one of

the key degradation mechanisms, impacting the battery life [20, 21, 22, 23, 24,

25, 26]. Christensen et. al [27] have developed a model which can estimate the

stress generated due to the lithium ion intercalation inside the cathode material.
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Specifically, as the lithium content in the anode increases, the number of Mn3+

replacing Mn4+ increases. The former has a larger ionic radius, resulting in the

expansion of the crystal.

Additionally, Mn3+ tends to dissolve in the electrolyte and converts into

Mn2O3, aggravating the degradation of the cathode material [28]. To avoid

such problems, thin surface coatings over LiMn2O4 have been tried to reduce

or inhibit the manganese dissolution [29, 30]. However, coating layers cannot

ameliorate the effect of Jahn-teller instability [31]. Recent investigations have

focused on partial substitution of Mn3+ by elements with similar properties (Al,

Ni, Co, Mg, etc.) to enhance the life cycle of a LMO spinel [32, 33, 34, 35, 36, 37,

38, 39, 40]. Researchers have shown that by resolving some of the above issues,

the overall life of the cathode material LMO spinel could be enhanced by as much

as 2000 cycles at room temperature[41]. However, these doped structures suffer

from irreversible capacity fading at elevated temperature (>318K). Recently,

there has been a focus on introducing partial substitutions with anions such as

S2− and F− in place of O2−, to improve the efficiency of energy storage at elevated

temperatures [42]. In this work, we focus on studying co-doping with cations

instead of Mn3+, and anions such as S2− and F− to partially replace O2−.

Computational investigations have made it possible to design, develop and

test several engineered microstructures and novel chemistries, and to study the

performance analysis of the batteries under various operating conditions [22].

One of the issues with these simulations is the inconsistency in the parameter val-

ues that are deduced from different experimental researchers, especially for the

intermediate charging states [22, 23, 26, 43]. Multi-scale modeling techniques

121

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

can overcome this challenge by accounting for a multitude of phenomena at

varying time and length scales in a cathode material. Hence, such formulations

can be used for a quicker and accurate evaluation of various lithiated structures.

In a recent work [44, 45], as highlighted in Chapter 2 and 3, we have suc-

cessfully demonstrated how molecular dynamics simulations can be used to

accurately predict the input properties such as Elastic modulus, diffusion coeffi-

cient, and activation energy. We showed that, investigating the ionic movements

at atomic level and extracting the material properties such as electrical, chemical

and mechanical from there for all engineered structures will help us obtain

accurate input parameters for macro scale modeling [44, 45]. In this chapter, we

investigate the influence of more number of cation dopants, namely, Al, Ni, Mg,

Ga, Cr and Y on the properties and performance of the battery. Additionally, we

also study the influence of co-dopants such as S2− and F−.

These co-doping strategies were evaluated by studying key material properties

such as Young’s modulus, diffusion coefficient, stress and heat generation inside

the structure are studied in detail.

One of major challenges in the computational modeling techniques from

Chapters 2 and 3 is the innumerable potential ionic configurations, especially

for co-doped engineered structures. Evaluating all the possible configurations

using detailed MD or QM simulations is not computationally feasible, and yet

important to ensure that an exhaustive search has been undertaken. In order to

solve this problem, in this chapter principles of Artificial Neural Network (ANN)

has been employed to minimize the computational time and evaluate all possible
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crystal configurations. In Section 4.2, guidelines for further dopants along with

important properties which qualify them to be potential doping candidate are

described in detail. Further, ANN modeling along with other previously studied

models such as Molecular Dynamics, Quantum Mechanics, and Macro scale

simulations are described in the Sections 4.3-4.6. In Section 4.7, findings from

different modeling techniques are presented and validated with the experimental

results wherever it was possible. In Section 4.8, the conclusions identifying the

optimal co-doping structures for a longer battery life are presented.

4.2 Doping Ions Guidelines

As highlighted in our previous work [44, 45], in addition to the cell voltage

gap between HOMO and LUMO, the electronegativity difference between the

anions and cations also determine the stability of the crystal structure. Further,

a change in the Gibbs free energy, and the possible electropotential value of a

cathode or anode material, depends upon the radius of ions of the elements in

the crystal structure, and the oxidizing power of the anion.

Generally, the electro-chemo-mechanical properties of any material is mostly

governed by the quantum chemistry and microstructures which are determined

by the elements used to form a particular crystal. However, it is entirely possible

for the same elements to form a different molecular structure based on the

synthesis process it has undergone and the surrounding conditions. For instance,

if the same ions are inserted into the host material from a different side of

the crystal, it can open up the crystal structure and make the migration of

the ions easy [46]. Although the microstructures of any crystal is its natural
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property, it is possible to alter it by inserting appropriate elements. Thus, partial

insertion of one or more types of elements can change the dimensions of the

crystal significantly, enabling the refinement of the microstructure of some of

the materials [47].

In considering some of these important parameters to develop novel materials

with enhanced properties, there are several design guidelines suggested in the

literature as well as in Section 3.3, to select potential cathode materials. These

include the impact of the elements on the society, economic affordability, and

ease of use. Apart from these, one should also consider their availability in

nature, ability to support environmental friendly manufacturing processes, and

re-usability and re-cycling ability. A critical requirement of the cathode material

is its ability to hold a large amount of reversible energy within the electrochemi-

cal potential gap. This is defined by the maximum energy storage limit of any

electrode material which is basically the maximum re-usable energy it can offer

when battery starts discharging, and is calculated using the Equation 3.13 [48].

The factor 3.6 in the Equation 3.13 is used to convert the energy capacity

from Coulomb/sec to mAh/g. Generally, the number of electrons in a cathode

material is decided by the change in the ionic charge of the transition metal as

it dictates the number of lithium ions it can accommodate per formulae unit.

Recently, numerous rare earth elements such as Nb, Zr, La, Ru, Mo, etc. have

been tested as doping elements [49, 50]. To avoid expensive, environmental

unfriendly, toxic and rare earth materials, only metal ions have been considered

as candidates in this research. The major advantage of some of the metal oxides

are that they can change their valance states, offering more electrons if needed.
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Table 4.1 shows the extended list of the doping and co-doping ions along with

the relevant properties.

Table 4.1: Properties of the doping elements.

Element Oxidizing power Ionic radius(Å) Electronegativity
Al3+ −1.66 0.530 1.5
Ni2+ −0.26 0.700 1.9
Mg2+ −2.36 0.720 1.2
Y3+ −0.22 0.900 1.22
Ga3+ −0.55 0.620 1.6
Cr3+ −0.74 0.630 1.6
S2− +1.20 1.840 2.5
F− +2.87 1.330 4.0

With these criteria and guidelines, numerous positive bivalent and mostly

trivalent elements are identified as good replacement for substituting some frac-

tion of the Mn3+ ions. Particularly, the elements of interest include Aluminium,

Nickel, Magnesium, Yttrium, Chromium, and Gallium. As summarized in the

Table 4.1, among all selected elements, Al3+ is the smallest with an ionic radius

of 0.53Å. Therefore, the bond length with anions will be smaller, making it much

stronger. This is in addition to its abundant availability [51]. Mg and Ni are

bivalent elements that can change the charge valence and hence can increase the

voltage of the battery. Since ionic radius (0.72Å) and electronegativity are low, it

is expected to form a stronger Mg-O bond with anions [52]. Both Ga and Cr offer

almost similar ionic radius (0.62Å and 0.63Å, respectively) and electronegativity

values, making them good candidates to replace Mn3+. Although, Yttrium is

a comparatively large and heavy element, it offers low oxidizing power and

electronegativity, and hence forms a stronger bond with anions, helping improve

the structural strength.
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In addition to these, to enhance the ionic diffusivity and structural strength

at elevated temperatures, co-doping with anions such as Sulfur and Fluorine

has been explored [53, 54, 55]. It must be noted that doping with the smaller

transition metal ions can shrink the crystal size and hinder the lithium ion

diffusivity. Recent studies suggest that the impact can be reduced by trace

doping with Sulfur ions, replacing oxygen in the crystal structure [56, 57].

Therefore, based on the parametric values shown in the Table 4.1, in addition to

doping with metal ions, 1% of the O2− positions are filled either by S2− or by F−,

resulting in LixMyMn2−x−yO4−zSz or LixMyMn2−x−yO4−zFz structures.

To study the effect of individual dopants, the following sets of simulations

are carried out: 1. Simulation of undoped LMO spinel is the baseline model.

2. Simulation with an individual doping element (Al, Ni, Mg, Ga, Cr, Y, S and

F). 3. Simulations containing a cation (Al, Ni, Mg, Ga, Cr and Y) and Sulfur.

4. Simulations containing a cation (Al, Ni, Mg, Ga, Cr and Y) and Fluorine.

Further, in order to simplify the naming convention, first letter of the element’s

name is added after LMO. For example, Al doped structure is named as LMO-A.

Similarly structures doped with Ni, Mg, Ga, Cr, Y, S and F will be named as,

LMO-N, LMO-M, LMO-G, LMO-C, LMO-Y, LMO-S and LMO-F, respectively. For

co-doped structures, first letter of the doped anion is added prior to the doped

cation. For example, Al & S co-doped structure is named as LMO-SA. Similarly,

we have LMO-SN, LMO-SM, LMO-SG, LMO-SC, and LMO-SY for Ni, Mg, Ga,

Cr, and Y co-doped with Sulfur, respectively. Finally, co-doped structures with

Fluorine are called LMO-FA, LMO-FN, LMO-FM, LMO-FG, LMO-FC, and LMO-

FY, respectively. As summarized in Table 4.2, by replacing 5% of the Mn3+, the
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initial discharge capacity of the structure remains close to the undoped LMO

spinel. However, there is a drastic drop in the theoretical discharge capacity

with 10% of metal ions as dopants. This is due to the fact that with increased

doping, the number of Mn4+ available for conversion into Mn3+ decreases since

some of the Mn3+ positions are already filled with the doped metal ions.

Table 4.2: Maximum energy storage limit for various co-doped
structures.

Structure Maximum energy storage limit (mAh/g)
LMO 148

5% Mn3+ replaced 10% Mn3+ replaced
LMO-SA 149 120
LMO-SN 147 117
LMO-SM 149 121
LMO-SY 146 116
LMO-SG 145 117
LMO-SC 139 118
LMO-FA 148 118
LMO-FN 147 116
LMO-FM 148 117
LMO-FY 146 114
LMO-FG 147 115
LMO-FC 148 116

4.3 Molecular Dynamics Modeling

Again, similar to previous chapters 2 and 3, MD simulations were setup using

inter ionic pair interaction potential equation developed based on Gilbert-Ida-

type pair interaction potential function as described in Equation 2.1.

For the MD simulations, the appropriate potential parameters to be employed

with Equation 2.1 were either obtained from the literature or deduced if it was
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not directly available in the literature [58, 59, 60, 61, 62]. Table 4.3 presents the

parametric input values used for calculating the potential energy in this work.

Table 4.3: The parametric input values for various doping ions.

Doping ion Z a(Å) b(Å) References
Al3+ +1.4 0.530 0.050 [58, 60]
Ni2+ +1.4 0.700 0.059 [61]
Mg2+ +1.4 0.720 0.060 [60]
Y3+ +1.4 0.900 0.068 [59]
Ga3+ +1.4 0.620 0.055 [63]
Cr3+ +1.4 0.630 0.056 [61]
S2− −1.2 1.840 0.075 [62]
F− −1.2 1.330 0.072 [62]

As described in Equation 2.1, to calculate the inter-ionic potential between

two ionic pairs, Gilbert-Ida-type pair interaction utilising Buckingham potential

parameter format which is available in LAMMPS [64, 65], was used. Ewald

method was used to compute the long-range coulombic forces [66]. Further,

the isothermal isobaric (NPT) ensemble was performed for equilibration and

production processes, and canonical ensemble (NVT) was utilised for the stress-

strain computation. With NPT ensemble, the total number of ions, pressure

and system temperature remain the same throughout the simulation. On the

other hand, with the NVT ensemble, the system volume, temperature and total

number of ions are kept constant. Further, in order to regulate the system at

particular temperature, Nose–Hoover thermostat has been implemented [67].

A single cell of the LMO spinel has 56 locations in the cubical structure,

occupied by certain types of elements [44, 45]. For example, 8 lithium ions

can be placed at the 8a tetrahedral sites, manganese (Mn3+ or Mn4+) or other
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doped metal ions can take 16d octahedral positions, and O2− or doped anions

(S2− or F−) can be located at the 32e sites. The positions taken by these ions

determine the potential energy of the crystal structure. The first step of the

MD simulations is to equilibrate the setup. The crystal structures with the least

potential energy have the highest probability to achieve equilibrium quickly. In

order to find out the total number of potential configurations, we calculated the

possible permutations of all scenarios. For example, when one Li+ ion is inserted

in the cathode, there are 16 possible Mn3+ positions that a doping metal ion can

take while there are 8 positions that Li+ ions could occupy, resulting in a total

of 128 potential configurations. It has also been discussed in further detail in

our previous publications [44, 45, 68]. Table 3.1 summarizes the total number of

initial configurations that we need to equilibrate when just one Mn3+ is replaced

by a metal doping element.

As seen in the Table 3.1, the number of potential configurations increases to

millions with co-doping, when a doped anion can take any of the 56 positions.

Therefore, evaluating the innumerable co-doped crystal structures and selecting

the one with the least potential energy becomes computationally infeasible. This

is particularly true for the intermediate charging states (SOCs between 0.500 and

0.875). Therefore, in order to reduced the computational time, neuro-computing

techniques were used to identify the most feasible crystal structures that will

have the least energy when equilibrated. To design such a neural network model,

we evaluated 100,000 crystal structures, each with random initial configuration,

using LAMMPS for 1 time-step. Using the data from these configurations, a

neural network model was created that can explore millions of possible crystal
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configurations and identify four configurations with the lowest potential energy,

which were subsequently equilibrated. After equilibration, the MD production

simulations for stress and diffusion calculations were performed as highlighted

in our previous work [44, 45]. In the ensuing section, the neuro-computing

model is described in detail.

4.4 Neural Network Modelling

Neural Network (NN) modeling is gaining popularity in almost every field. A

NN model reads the input and output parameters from the sample or training

data and deduces mathematical relationships between the input and output data

for unknown cases. A typical NN architecture has several neurons as an input,

neuron layers in the middle also known as "hidden layer", and output neurons.

Number of neurons in the input, hidden, and the output layers need not be

the same. In order to develop effective NN algorithms, there are the weight (w)

factors or weightage and biases (B) assigned to each neuron layer. The value of

these weights (w) and biases (B) are optimized using an appropriate algorithm

and performance of the optimized NN is tested on a subset of the data. Generally,

as input data propagates along the neural network, a profile is being generated

which is amended based on the values assigned for biases and weights. These

profiles are used to estimate the output values. The following equation shows

the output generated for the neuron j in the hidden layer k

z
(k)
j = f (k)

B(k)
j +

n∑
i=1

z
(k−1)
i w

(k)
ij

 , (4.1)
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where zk−1
i represents the output for the ith neuron in the layer (k − 1), which

has a maximum of n neurons. w(k)
ij is the weight factor of the jth neuron using

ith input neuron in the (k − 1) hidden layer. Similarly, B(k)
j is the Bias value of

the jth neuron in layer (k). f k represents the activation function, which receives

the algebraic combination of z,w and B as an argument. Figure 4.1 shows the

schematic of the output from a neuron, based on the above equation.

The transfer functions that are widely used comprise of the functions such as

Rectified Linear Unit (ReLU), tanh, sigmoid, softmax etc. [69]. Compared to the

other transfer functions, ReLU is easy to implement, offers quicker simulations

and provides a consistent accuracy. Therefore, to avoid a longer training duration

and yet retain better accuracy, we have used ReLU transfer function in this

study [70, 71]. Specifically, the ReLU transfer function can be described by

f (x) = max (0,x) , (4.2)

where x represents the input argument as per Equation 4.1. Thus, as per the

ReLU transfer function, only positive input values are allowed to pass to the next

layer [70].

4.4.1 Database preparation:

Database for all the input parameters are prepared based on the results from the

LAMMPS simulations. As shown in Table ??, there are over 3 million possible

crystal configurations when a single metal is used for doping. The possible cases

increases to over 8 million with additional doping.
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Figure 4.1: Schematic of a neuron in layer k with input from n
neurons of the previous layer k − 1.

In order to prepare the data, results from LAMMPS is arranged in the matrix

form with ionic positions, and ionic properties such as radius, partial charge and

compressibilty as the input parameters, with the corresponding potential energy

as the output values. As shown in the Table 4.4, we generated 100,000 random

cases for SOC ∈ [0.500,0.875] and trained the ANN model using 75% of this data,

using the rest for testing. In this, we used all possible configurations and ran MD

simulations for 1 timestep and selected 4 minimum potential energy structures

for further molecular dynamics study. For the other SOC values, the number

of potential configurations are not too many and so a brute force evaluation is

possible without the need for a NN approach.

Table 4.4: The total possible ionic arrangements for various SOCs,
and the number of randomized arrangements selected for NN train-
ing and testing in this study.

Single Metal Doped Configurations for Different SOCs

State of Charge # of Possible
Ionic arrangements

# Selected for NN Model
Training and Testing

0.500 509,600 100,000
0.625 1,223,040 100,000
0.750 1,345,344 100,000
0.875 640,640 100,000
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As part of model training, the values of weight and bias factors in the NN were

determined by performing a grid search optimization (c.f. Table 4.5). For NN

training, we employed the the adaptive moment (adam) algorithm [72] that offers

a high level of accuracy and completes the training in a short time.

Table 4.5: Parametric values of inputs used during the grid search
optimization.

ANN Grid Search Parameters

Learning Rate (η) 10k, k = −1,−2, · · · ,6
Batch Size 2k, k = 1,2, · · · ,8
Optimization Algorithm Batch Gradient Descent, Adam, RMSProp
Activation Function ReLU, Tanh, SoftMAX, Sigmoid

For any input data-set, the batch gradient descent optimization method uses

the slope of a grid search parameter values such as the learning rate to obtain

the optimum weights and bias values.

The Adam optimization algorithm is an extension to the batch gradient de-

scent algorithm that is appropriate in handling large data-sets [72]. In this

algorithm, the learning rate is maintained for each network weight, and adapted

separately as the learning progresses. Further, this algorithm utilizes the first

(mt) and second (vt) order moments of the predicted cost gradient in order to

update the weights and biases. Adam optimization algorithm was applied to

train our ANN models, with the values of the parameters employed being deter-

mined using a grid search (c.f. Table 4.6). As suggested by Kingma et al. [72],

the values for the first (β1) and second (β2) order moment bias were fixed at 0.9

and 0.999, respectively.
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As expected, the Adam algorithm was able to train the models accurately

while using a higher learning rate which enhances the convergence rate [72].

Initial learning learning rate for the Adam algorithm was set to 1 × 10−3 (c.f.

Table 4.6), which was automatically optimized through the iterations.

Table 4.6: Optimum values for the NN models derived from the
grid search simulations

NN Model for SOC value 0.500− 0.875
Parameters

Learning Rate (η) 1× 10−3

Batch Size 8
Optimizer Adam
Activation Function ReLU

In order to avoid any pre-biases, all the values were initialized to zero before

training any NN model. Also, prior to model training, the weights (w) were

initialized using Glorot Uniform Initializer [73]. In this, to initialize the weights

of neurons within each neuron layer, a uniform distribution, U [a,b], was used,

where a and b are the boundaries of the distribution function. Further, bound-

aries of the uniform distribution function for each neuron in the current layer

were dependent on previous layer. For example, with nk−1 number of neurons in

the (k − 1) hidden layer. Further, the initial parametric value of the weight factor

for any neuron in the kth hidden layer is obtained using following equation:

wk ∈U
[
− 1
√
nk−1

,
1

√
nk−1

]
. (4.3)
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In order to find optimum parameters to train the NN, (R2) value [74] is

the major determining factor. Combinations of parametric values that offer the

higher (R2) score were given the preference. The value of (R2) [74] was calculated

for the NN using

R2 = 1 −
∑N

i=1 (Ei − Êi)2∑N
i=1

(
Ei − Ē

)2 , (4.4)

in which

Ē =
∑N

i=1Ei

N
, (4.5)

where, N is the total data points or crystal arrangements utilized to validate the

the model. Additionally, potential energy value for a specific crystal arrangement

estimated by the NN is represented by, Êi . Further Ei and Ē represent the

potential energy and its average over all used crystal arrangements obtained

through the MD simulations, respectively.

4.5 QuantumMechanics Calculations

To get the input parameters for MD simulations and validate the structural

results for engineered crystals for which experimental references are not avail-

able, QM calculations are performed. Figure 3.1, shows the LiMn2O4 single cell

structure which consist of 8 Li, 16 Mn and 32 oxygen atoms.

In a doped crystal, some of the Mn3+ ions are replaced with metal ions in

the input crystal structure. Similarly, in a co-doped crystal, in addition to

Mn3+, some of the O2− ions are also replaced either by S2− or F−. For the QM
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simulations, in order to account for the structural, vibrational, electronic and

thermodynamic properties, Density Functional Theory (DFT) combined with

the Hubbard+U model is implemented. To perform QM simulations, Quantum-

Espresso [75], which is an open source software, has been utilized. Further,

for the input files, it was assumed that the structure upholds the cubic sym-

metry through all points, including space groups for all calculations. Ultrasoft

Pseudopotentials (USPP) type was used for input parameters such as lithium,

manganese, and oxygen which uses the Vanderbilt code [76]. On the other hand,

for the doping elements (cations and anions), Projector Augmented Wave (PAW)

pseudopotential type was used [77]. For metal doping, in order to account

for the spin-density, Perdew–Burke–Ernzerhof (PBE) form of the Generalized

Gradient Approximation (σ -GGA) [78, 79] scheme is being utilized. Most of the

QM parameter settings are similar to the ones described in Section 3.2.1.

4.6 Macroscale Computational Modeling

To evaluate the material properties at the macroscale, intercalation of lithium

ions within the AMs could be modeled using mass transport equations inside

the host material. The boundary conditions of the governing equations include

the diffusion flux at the boundary which uses electrochemical reaction rate. In

this case, the major force which moves lithium ions within the cathode structure

is the electrochemical potential difference between the two electrodes. In order

to model the movelent of lithium-ions at the macro scale along with diffusion

induced stress and heat generation, Equations from 3.1 till 3.12 have been used.

The only changes are the input values such as Young’s modulus for co-doped
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structures.

4.7 Results and Discussion

Findings from the multi scale modeling such as QM,MD, macro scale CFD along

with the NN modeling are described and discussed in detail in this section.

4.7.1 NN simulations

NN models were used to simultaneously minimize the computational cost and

maximize the accuracy. The NN models’ results, their accuracy, and the required

simulation time are presented in this subsection.

Prediction performance: A total of 4 NN models were developed in this study,

one for each SOC value between 0.5 till 0.875. As mentioned in Section 4, these

models were developed using 100,000 data points. While 75% of this data was

used for training, the remaining was used for testing. To check each model’s

performance, coefficient of determination (R2) score is calculated as described in

the Equation 4.4. While a high R2 indicates high accuracy, a score equal to or

almost 1 is also not desirable as it could lead to over-fitting [80] and there loss of

generalization [81]. The R2 score for both training and testing data is presented

in Table 4.7.

As seen in Table 4.7, for all 4 NN models, R2 score for the training and testing

data are in the range [0.962,0.986] and [0.961,0.984], respectively. This validates

the accuracy of the developed models and also in consistent with our previous

publication [68]. Figure 4.2 and 4.2 shows the comparison between the potential
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Table 4.7: R2 score for training and testing data for all 4 Neural
Network models. The model number corresponds to the respective
SOC dataset.

Model Number SOC Training R2 Testing R2

1 0.500 0.986 0.984
2 0.625 0.976 0.971
3 0.750 0.962 0.961
4 0.875 0.982 0.978

energies estimated by MD simulations and predictions from these NN models.

In each plot in this figure, the solid line represents the ideal match between the

NN models and the results from the MD simulations. With a strong confidence

on the accuracy of the NN model emanating from these results, the NN model

can be employed to rapidly evaluate all possible crystal configurations to identify

the configurations with the least potential energy.

Pristine LMO spinel and some of the single ion doped structures can be

validated with the experimental results, which was done by comparing the

lattice constant values [82]. However, it becomes harder to get experimental data

or perform tests for engineered co-doped structures. Therefore, we performed

Quantum Mechanics simulations on the these configurations under similar

environmental conditions and the results were used to verify the calculations

from the MD simulations.

4.7.2 QM Simulations

Before using QM data for validation, it is essential to establish QM as a reliable

tool to generate this data. For this, lattice constant values calculated through QM
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Figure 4.2: Model performance for SOC values of (a) 0.500 and (b)
0.625; Left: Potential energy values predicted by the NN model
compared with the values obtained from LAMMPS; Right: Poten-
tial energy values from the NN model for each crystal configuration
for this SOC.

simulations for the pristine LMO spinel were compared with the available exper-

imental data. Table 4.8 shows that the lattice constant values calculated from

QM simulation has an accuracy of ∼99.92% with respect to the experimental

data. Specifically, the lattice constant value for the pristine LMO spinel observed

from experiments is 8.247 Å [83, 82] which is ∼0.08% lower than the value from
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Figure 4.3: Model performance for SOC values of (a) 0.750; and (b)
0.875. Left: Potential energy values predicted by the NN model
compared with the values obtained from LAMMPS; Right: Poten-
tial energy values from the NN model for each crystal configuration
for this SOC.

the QM simulations (8.254 Å). With this confidence in the accuracy of the QM

simulations, since we do not have measurements for the lattice constant values

for the new engineered materials, especially when doped with more than one

element, we have employed QM calculations to validate the lattice cell length

results predicted by the MD simulations for the different materials.
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4.7.3 The MD simulation

A detailed validation of the MD simulation framework used in this work has

been presented in Refs. [44, 45] where we have compared the predicted diffusion

coefficient as a function of temperature with the experimental data from Takai

et al. [84] and Kuwata et al. [85]. For additional validation, we present the

consistency of the lattice constant values for the undoped LixMn2O4 obtained

from MD simulation, the experimental data as well as the QM simulation results.

The first row in the Table 4.8 shows the comparison. It is clear from the results

that lattice constant values from the MD simulations are fairly accurate and

hence reliable. More precisely, the deviation is 0.23% with respect to QM results.

Similarly, the MD simulation under-predicts the lattice constant by a mere 0.15%

with respect to the experimental data from the literature [83, 82]. With these

validations, we can confidently use MD simulations to investigate the doped and

co-doped cases.

Table 4.8 presents a summary of the lattice cell length for each co-doped material

investigated in this research using MD and QM simulations. As seen in this

table, every doping element has a distinct effect on the lattice length that is

dictated by its ionic radius and other parameters such as electronegativity, ionic

compressibility, and oxidizing power. Barring Sulfur, most elements tend to

reduce the overall lattice expansion. The anomalous behaviour of Sulfur is due

to the fact that it has a relatively larger size which increases the size of the crystal.

For each engineered structure, doped or co-doped, the lattice constant values

obtained from both MD and QM simulations are in excellent agreement (c.f.

Table 4.8). In fact, the largest disagreement of 1.3% is for LMO-SY. Also, in
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Table 4.8: Lattice constant values from MD, QM simulations, and
experiments for pristine and doped LMO spinel.

% offset of MD results w.r.t.:
Structure MD (Å) QM (Å) Experiment (Å) Experiment (%) QM (%)
LMO 8.235 8.254 8.247 [83, 82] 0.15 -0.23
LMO-A 8.217 8.222 [51] -0.06
LMO-N 8.220 8.238 [86] -0.22
LMO-M 8.208 8.231 [87, 35, 88] -0.28
LMO-Y 8.216 8.220 -0.05
LMO-G 8.219 8.227 − − -0.10
LMO-C 8.220 8.229 − − -0.11
LMO-F 8.223 8.231 − − -0.10
LMO-S 8.237 8.239 -0.02
LMO-SA 8.222 8.146 +0.93
LMO-SN 8.223 8.209 +0.17
LMO-SM 8.212 8.216 -0.05
LMO-SY 8.219 8.325 -1.27
LMO-SG 8.224 8.229 − − -0.06
LMO-SC 8.225 8.228 − − -0.04
LMO-FA 8.218 8.138 − − +0.98
LMO-FN 8.219 8.200 − − +0.23
LMO-FM 8.211 8.215 − − -0.05
LMO-FY 8.216 8.234 − − -0.22
LMO-FG 8.220 8.227 − − -0.09
LMO-FC 8.223 8.227 − − -0.05

general, as highlighted in the previous section, the MD simulation tends to

under-predict the lattice constant values. The only exceptions are LMO-SA

and LMO-SN structures. Nevertheless, these variations are very small and

could be attributed to the mathematical deviations that arise from the MD

simulation’s equilibrium state termination time, and for all practical purposes,

these variations are negligible.

4.7.4 Effect of doping and co-doping

In this subsection, we present the findings on the effect of doping and co-doping

on the different crystals.
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Volume expansion:

The expansion of the cathode material upon lithium ion intercalation when the

battery is discharging is a well known phenomena and is directly reflected in

the lattice constant. One of the major objectives behind co-doping was to reduce

this volume expansion. It is evident from the Figure 4.4 that for all engineered

structures, the lattice constant is directly proportional to the state of charge of

the battery. At a given SOC value, the lattice constant of the pristine LMO spinel

is higher than all engineered structures except when Sulfur is introduced.
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Figure 4.4: Lattice length expansion for each doping elements
cases.

More precisely, from Figures 4.4, 4.5 and 4.6, we can concluded that for all

doped as well as co-doped LixMn2O4, the overall lattice length of the structure

increases from 8.038Å to 8.237Å during lithium intercalation. Table 4.9 summa-

rizes the relative lattice length and volume expansion for the all the structures

which includes prestine LMO spinel, single and double element doping. As

seen in this table, all cathode crystals go through a volume change of as high
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as 7% through a complete charge discharge cycle. Further, with the exception

of LMO-S crystal, relative to the LMO spinel, the volume expansion of doped

and co-doped crystals decrease by 1.7%− 20%. As suggested by by Nishijima et

al. [41], these reductions in the volume expansion of the doped and co-doped

crystals with respect to LMO spinel can translate to an increase in the battery’s

life by several thousands of cycles.

Table 4.9: Impact of dopants on the volume expansion and the
cycle life of the battery.

Structure Change in length Change in volume Change in volume Young’s Modulus Potential increase
(%) (%) w.r.t. LMO (%) (GPa) in # of cycles

LMO +2.350 +6.87 - 132 -
LMO-A +2.072 +6.09 -11.32 118 +4134
LMO-N +2.016 +5.93 -13.71 123 +5007
LMO-M +1.870 +5.50 -19.95 117 +7283
LMO-G +2.275 +6.69 -2.65 119 +968
LMO-C +2.275 +6.69 -2.65 125 +972
LMO-Y +1.966 +5.78 -15.85 122 +5788
LMO-S +2.354 +6.92 +0.72 128 -262
LMO-F +2.249 +6.61 -3.75 117 +1371
LMO-SA +2.071 +6.08 -11.50 118 +4570
LMO-SN +2.015 +5.92 -13.82 125 +5353
LMO-SM +1.869 +5.50 -19.94 128 +7718
LMO-SG +2.288 +6.72 -2.16 113 +787
LMO-SC +2.288 +6.73 -2.17 127 +790
LMO-SY +1.965 +5.78 -15.86 128 +6093
LMO-FA +2.092 +6.15 -10.48 117 +4878
LMO-FN +2.054 +6.04 -12.10 122 +3999
LMO-FM +1.904 +5.60 -18.53 121 +7170
LMO-FG +2.296 +6.75 -1.73 114 +631
LMO-FC +2.298 +6.76 -1.67 122 +608
LMO-FY +1.998 +5.88 -14.48 123 +5560

The Young’s modulus values at room temperature for the fully lithiated struc-

tures show that for some of the co-doped cases such as LMO-SM and LMO-SY, the

compromise in the structural strength is marginal (c.f. Table 4.9). As highlighted

in the Introduction section, it must be noted that S and F co-doped structures

tend to perform better in terms of relative volume expansion and manganese

dissolution during charge and discharge cycles at elevated temperatures.
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Figure 4.5: Change in lattice length at various SOC for undoped
structures, and structures co-doped with S or F, and (a) Al, (b) Mg
and (c) Ni.
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Figure 4.6: Change in lattice length at various SOC for undoped
structures, and structures co-doped with S or F, and (a) Ga, (b) Cr
and (c) Y.
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Yield and ultimate stress:

In our previous work on the LiMn2O4 spinel, we observed that the state of charge

and temperature are the key parameters to test the material properties [44]. We

investigated the effect of these parameters for different strain rates [44]. We

also found out [44] that the crystal structure of the cathode material is a direct

function of the charged or discharged state of the battery, which is in agreement

with the work of Vakarin et. al. [89]. Based on these observations, we have

investigated the stress-strain relationship for a strain rate of 0.5C (0.01 p/s) for

fully and partially lithiated structures co-doped with Sulfur or Fluorine.

Lee et al. [90] found that ionic interactions contribute immensely to the

stress generation in the crystal structure, especially during intercalation. The

introduction of the Li+ into the host material during charging and discharging

is responsible for changing the number of ions in the crystal (Li+, Mn3+, Mn4+,

and ions of other dopants). As per Equation 2.1, this eventually impacts the

overall interactions between the ions and thereby the mechanical properties of

the electrode material [90]. It also means that the SOC values not only influence

the elastic properties of the undoped LMO spinel but also impact the doped

and co-doped structures. To understand the fracture behaviour of each material,

we applied a uniaxial strain which is equivalent of C/2 charge/discharge rate,

on two sides of the crystal boundaries. Figure 4.7 and 4.8 presents the results

for stress and strain values for the various structures co-doped with Sulfur and

Fluorine. As seen in this figure, LMO spinels doped with Ga, Ni or Mg tend

to miss the ultimate stress part of the curve. However, based on the Young’s

modulus values summarized in Table 4.9, we can conclude that the yield stress
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Figure 4.7: Stress-strain curves for an undoped structure and struc-
tures co-doped with Sulfur or Fluorine at SOC=1: and doped with
(a) Al, (b) Mg and (c) Ni.

values for most of the cases will overlap with each other.

Intermediate stage elastic properties:
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Figure 4.8: Stress-strain curves for an undoped structure and struc-
tures co-doped with Sulfur or Fluorine at SOC=1: and doped with
(a) Ga, (b) Cr and (c) Y.

It is possible that co-doped material shows promising results when fully charged [44,

45]. However, the material may not be stable in the partially charged states.

At lower SOCs, the LMO spinel could be more unstable. To investigate this,
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we have compared the results for both Sulfur and Fluorine co-doped struc-

tures with undoped LMO spinel at SCO=0.125. The results are shown in the

Figures 4.9-4.12.
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Figure 4.9: Elastic behaviour of various co-doped structures at
SOC=0.125 with respect to original LMO structure; Doping ele-
ments are (a) S and Al, (b) S and Ni (c) S and Mg.
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As shown in Figure 4.9 (b) and (c), compared to the undoped LMO spinel,

structures doped with Ni and Mg tend to have a lower yield stress. Specifically,

LMO-SN, LMO-SM and LMO have yield stress values of 4.9GPa, 7.4GPa and

8.1GPa, respectively. In case of Ni co-doped structures, the material fractures

quite early at a strain of around 0.03. On the other hand, materials doped with

Chromium (LMO-SC, LMO-FC) and Yttrium (LMO-SY and LMO-FY) outper-

form the pristine LMO spinel’s crystal structure (c.f. Figure 4.10 (b), 4.10 (c),

4.12 (b) and 4.12 (c)).

It must also be noted that doping with either Sulfur or Fluorine produces

almost the same results. This is expected because: (i) the input parameters

corresponding to these two dopants are very close, and (ii) only 1% of the oxygen

ions are replaced, resulting in a very small contribution from the corresponding

ionic interactions.

Diffusion coefficient:

It is well known that with an increase in the ambient temperature, the enhanced

kinetic energy (KE) increases the total energy of the system. This results in an

increased ionic mobility within the crystal structure, eventually increasing the

diffusivity of the lithium ions inside the crystal structure. Further, as evident in

the Equation , contribution from the chemical diffusion coefficient, dictated by

the battery’s charging state, operating temperature, and the doping elements, is

also equally important:

DLi+(cLi+) = D0cLi+(1− cLi+)
(
− zF
RT

∂V (cLi+)
∂cLi+

+
2v2Y cmax

9RT (1− ν)

)
, (4.6)
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Figure 4.10: Elastic behaviour of various co-doped structures at
SOC=0.125 with respect to the original LMO structure; Doping
elements are (a) S and Ga, (b) S and Cr, and (c) S and Y.

where D0 is the initial diffusion coefficient, and cLi+ is the concentration of the

lithium ions. Further, z, is the ionic charge of lithium, and V is the voltage

or potential at particular lithium concentration. v, and cmax, are the partial
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Figure 4.11: Elastic behaviour of various co-doped structures at
SOC=0.125 with respect to the original LMO spinel structure; Dop-
ing elements are (a) F and Al, (b) F and Ni (c) F and Mg.

molar volume and maximum concentration of the lithium ions, and Y and ν,

represent the Young’s modulus and Poisson’s ratio of the material, respectively.

Equation 4.6 accounts for the intercalation induced diffusion for lithium ions,
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Figure 4.12: Elastic behaviour of various co-doped structures at
SOC=0.125 with respect to the original LMO spinel structure; Dop-
ing elements are (a) F and Ga, (b) F and Cr, and (c) F and Y.

and can be used to validate the results from our simulations [25, 26, 91, 90].

MD simulations were undertaken to investigate the impact of the doping and

co-doping on the diffusivity of the lithium ions at different temperatures. To
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estimate the diffusion coefficient, Mean Square Displacement (MSD) values of

the lithium ions were calculated using the Equation 4.7. MSD of the lithium

ions was evaluated based on the average change in the positions of the lithium

ions with time with respect to its original position.

MSDLi+(time) = |x(time)− x(timeinitial)|2, (4.7)

where x(time) and x(timeinitial) represent the ionic positions of the lithium ions

at two different times. Further, the bar on top of the square displacement value

in Equation 4.7 suggests that we have averaged the values for one ion type,

particularly lithium ion in this work. Using this averaged mean square displace-

ment data, we have employed the following Einstein equation to calculate the

diffusion coefficient:

DLi+ =
1
6

lim
t→∞

d
dt

MSDLi+ . (4.8)

In this equation, as time approaches infinity, the slope of the MSD with time

represents the diffusion coefficient.

In the high temperature zone ( T > 1000K), the MSD slopes can be accu-

rately determined after a short simulation duration [44, 45]. However, at lower

temperatures, this becomes harder since the ions require more time to diffuse.

Therefore, at lower temperatures, we create an impurity by removing an ion and

run the simulation for 5ns. Since vacancy was already created, the results from

these simulations provide us the energy required to move an ion when there is a

vacant site available. The activation energy from this calculation is added to the

155

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech/


PhD Thesis– Ramavtar Tyagi; McMaster University– Mechanical Engineering

(a)
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Temperature (1000/T) (K−1)

−25

−20

−15

−10

ln
D 

(c
m

2 /s
)

LMO
LMO-SA
LMO-SN
LMO-SM
LMO-SY
LMO-SG
LMO-SC

(b)
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Temperature (1000/T) (K−1)

−25

−20

−15

−10

ln
D 

(c
m

2 /s
)

LMO
LMO-FA
LMO-FN
LMO-FM
LMO-FY
LMO-FG
LMO-FC

Figure 4.13: Diffusion coefficient vs temperature for various en-
gineered structures in a fully discharged state. (a) Structures co-
doped with Sulfur, and (b) structures co-doped with Fluorine.

vacancy formation activation energy from higher temperature zones. Kuwata

et al. [85] have used this approach in their experimental work and we have

used their data to validate this process [45]. Our simulation results for LMO

spinel are in excellent agreement with their experimental data, and in agreement

with Chung et al. [92], outperform Kuwata et al.’s [85] extrapolation for room

temperature diffusion coefficient.

Continuing this computational investigation on diffusion in coped and co-

doped crystals, we found that almost all co-doped structures outperform the

undoped LMO spinel, especially at lower temperature (c.f. Figure 4.13 (a) and
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(b)). However, an improvement in the diffusivity is better for materials doped

with Sulfur instead of Fluorine. This is because doping with Sulfur results in a

larger lattice size, facilitating the easy movement of the lithium ions, especially at

lower temperatures. In the high temperature zone there is hardly any difference

because a small change in the lattice size does not have any additional effect

since the structure has already gone through a phase change.

4.7.5 Inter-Ionic distance

Ionic interactions can be studied to understand the strength of the crystal struc-

ture. In general, ions with smaller distance have a stronger bond, providing

a better structural strength. To investigate this, average inter-ionic distances

between different ions were calculated using MD simulations. For this, the radial

distribution function (RDF), G(r), production simulations were performed on

the equilibrated structures of the doped as well as undoped LMO spinels. The

output of the MD simulations provide us the x, y and z coordinates for the

requested ionic pair within a defined cutoff radius. G(r) is calculated using

Equation 3.15.

Figure 4.14 shows the radial distribution function of the undoped LMO

spinel along with Sulfur co-doped structures, at room temperature. In each

plot, the first peak represents the distance between the metal dopant and the

nearest oxygen ion, i.e., the bond length. As shown in Figure 4.14, compared to

undoped LMO spinel where Mn3+ forms a bond with O2− (bond length of about

2Å), almost all co-doped structures have a smaller inter-ionic distance. Doping

with Al and Ga results in the smallest ionic distance of ∼1.55Å and ∼1.65Å,
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Figure 4.14: Inter-ionic distance between O2− and other doped
metal ions for various structures at SOC=1 for (a) Sulfur and (b)
Fluorine, co-doped structures.

respectively. Though Al3+-O2− has the smallest bond length, the yield strength

values for all the Al doped and co-doped structures, especially at intermediate

charging states, was slightly lower than the yield strength of materials with other

dopants such as Y, Cr (c.f. Figure 4.14(a) and (b)).

This is because with Al, the contribution towards smaller ionic distance

is attributed to smaller radii of the Al ion (0.53Å). Figure 4.9 (a) and (b) are

almost identical because both figures represent the ionic distance between a
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Table 4.10: Average Bond length between O2− and other doped
metal ions (in Å)

Bond name Sulfur co-doped Fluorine co-doped

Ni-O 1.75 1.65
Mg-O 1.75 1.65
Al-O 1.55 1.45
Y-O 1.95 1.85
Mn-O 2.05 2.00
Ga-O 1.65 1.55
Cr-O 1.85 1.75

doped metal ion and oxygen, with just a variation in the co-dopant (Sulfur or

Fluorine). Further, Table 4.10 shows the average bond length between metal and

oxygen ions for structures co-doped with Sulfur or Fluorine. Fluorine co-doped

structures shows minor reduction on the overall bond length which is probably

due to the smaller lattice structure and higher electronegativity of the Fluorine

ion as compared to Sulfur.

4.7.6 Multi-scale simulation results

The QM and MD simulations have established that trace co-doping with appro-

priate ions can enhance the structural properties as well as the charge/discharge

cycles of LixMn2O4. Further, removing a small amount of Mn3+ can help retard

the material degradation which occurs after charge and discharge processes,

especially when the ambient temperature is high. With these promising results

at atomic and molecular scale, in order to verify these finding at larger scale,

Spherical Particle Model (SPM) simulations were performed. To improve the
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quality of the employed input parameters, important inputs such as diffusion

coefficient and the Young’s modulus are acquired from our QM and MD sim-

ulations. These values along with the right boundary conditions are used for

macro-scale simulations to investigate the possibility of thermal runway due

to large internal stress generation in the co-doped materials. Specifically, we

looked at the development of the stress or heat generation in all the novel cathode

structures.
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Figure 4.15: Radial stress generated during a charge-discharge
cycle for structures co-doped with: (a) Sulfur, and (b) Fluorine.

Figure 4.15 presents the development of the radial stress inside the spherical
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Table 4.11: Peak radial stress ranges for Sulfur and Fluorine co-
doped structures

Peak stresses (MPa)
Min Max Min Max

Undoped -195.08 169.43 - -

Doped element Sulfur co-doped Fluorine co-doped

Al -174.86 +160.07 -192.34 +176.07
Ni -167.98 +153.11 -176.38 +160.77
Mg -160.44 +147.20 -168.46 +154.55
Ga -144.40 +132.48 -158.84 +145.72
Cr -173.76 +162.67 -191.14 +178.94
Y -157.97 +147.88 -173.76 +162.67

particle of the novel cathode materials structure during normal charging and

discharging processes. As expected, for trace amounts of co-doping with metal

ions, the peaks in the radial stress generation are almost identical. However, as

seen in Table 4.11, there is only a small variation in the peak stress value. In

some cases, co-doped LMO spinels offer less internal stress as compared to LMO

spinel without any doping. Some of the peaks with LMO-FA are slightly taller

due to smaller crystal volume. LMO spinels doped with Yttrium or Chromium,

and co-doped with either Sulfur or Fluorine, show a much smaller radial stress

since these crystals’ volume undergo a balanced expansion during the lithiation

and de-lithiation processes.

Depending upon the SOC values, a diffusion induced radial stress could result

in a variety of heat generation profiles within the crystal during intercalation

process. As shown in the Figure 4.16, during cell charging cycle, there are a few

peaks and most of them are at the same charging time or SOC. Peak values for

both Sulfur and Fluorine co-doped structures are shown in the Table 4.12. It
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Figure 4.16: Heat generated during a charging cycle for structures
co-doped with: (a) Sulfur, and (b) Fluorine.

can be seen that compared to other metal ions, crystals co-doped with Yttrium

generate slightly less heat. Also, most of the Sulfur co-doped structures gen-

erate marginally less than Fluorine co-doped structures. Thus, the multi-scale

modeling results show that co-doping with metals such as Yttrium will improve
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Table 4.12: Peak heat generation ranges for Sulfur and Fluorine
co-doped structures

Peak heat generation (pW)

Undoped 73.1 -

Doped element Sulfur co-doped Fluorine co-doped

Al 73.4 74.8
Ni 71.7 73.1
Mg 76.3 77.8
Ga 74.8 76.3
Cr 76.3 77.8
Y 59.8 61.0

the material’s structural strength while keeping electrochemical properties un-

changed. Additionally, co-doping with these metals helps in marginally reducing

the chances of a thermal runway.
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4.8 Summary and Conclusions

To address the issue of fast degradation of the LixMn2O4 (LMO) spinel cathode

material and improve its performance, in this this research, we used multi-

scale computational investigation coupled with neurocomputing techniques to

explore several cations and anions to replace ∼5% and 10% of the Mn3+ ions

and ∼1% of O2− ions, respectively, in the LMO crystal. Cations or metal ions

investigated in this research are Al, Ni, Mg, Ga, Cr, and Y, and anions were

Sulfur and Fluorine.

Since performing QM simulations on all possible crystal configurations of the

doped and co-doped structures is not computationally feasible, QM was mainly

used to validate the crystal structure obtained from the MD simulations that

were used to undertake co-doping investigations. Specifically, in establishing

MD simulations as a feasible tool to undertake doping investigations, crystal

lattice length obtained from the MD simulations were compared with the QM

results, and we found them to be within ∼1% of each other.

In investigating co-doped structures, MD simulations were performed to

study the material properties such as Young’s modulus, diffusion coefficient of

lithium ions, and ionic interactions. To identify the optimal potential crystal

configurations that will have the least potential energy, we used a combination

of MD simulations and NN techniques. The need for NN techniques is due to

the fact that with the addition of dopants, the number of potential configura-

tions increases exponentially, and making an exhaustive MD evaluation of each

possible crystal structure computationally infeasible. To overcome this, four
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NN models were developed for the intermediate SOCs between 0.5 and 0.875,

using a database of MD simulation results on a subset of possible configurations.

The NN models were used to select the configurations with the least potential

energy for MD simulations, and provided the initial lattice structure values for

these simulations. With these NN models, the computational time to evaluate all

possible crystal configurations was reduced by nearly 88%. Effect of co-doping

on material properties were then investigated on these optimal crystals using

MD simulations.

In the MD simulations, output parameters such as variation in the lattice con-

stant, stress and strain generation, and the mobility of Li+ ions within the cathode

structure were studied in detail. Numerical simulation results on the lattice

constant values from the MD simulations were validated with the experimental

data from the literature as well as QM results. Additionally, diffusion coefficient

at different temperatures were also in the good agreement with experimental

results from literature for pristine LMO spinel.

A major issue with high energy density cathode materials is thermal runaway

which is mainly caused by the heat generation due to intercalation induced stress.

Therefore, to verify the improved performance predicted by the MD simulations,

CFD simulations using a SPM model were undertaken to understand the im-

pact of co-doping on internal stress and heat generation. The SPM model was

equipped with input properties generated from the QM and MD simulations.

CFD results suggest that engineered structure using co-doped strategy can help

in minimizing the peak lithium ion intercalation induced stress and unwanted

heat generation.
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The main conclusions from this investigation are as follows:

1. Molecular dynamics is an excellent tool to investigate new and novel

cathode materials, and can be ably supported using quantum mechanics

simulations.

2. Combining neural computing techniques with MD and QM simulations,

we can develop a computationally feasible and efficient tool that can be

used to evaluate millions of cathode materials in a short time.

3. Finally, macroscopic properties on potentially feasible material could be

easily investigated using CFD simulations to understand the macroscale

behaviour of the material.

4. From the specific investigation undertaken in this study we conclude that

with trace doping or co-doping, relative volume expansion of LMO spinel

can be reduced anywhere between 1-20%. The corresponding stress and

strain study show that the yield strength for the co-doped stress might

not change much for fully discharged state. However, structures co-doped

with Y and Cr tend to outperform LMO spinel.

5. CFD simulation results suggest that replacing mere ∼5% of the Mn3+ ions

with metal ions such as Al, Mg, Ni, Ga, Cr or Y, and ∼1% of the O2− either

by S2− or F−, life of the batteries using LMO spinel as a cathode mate-

rial can be enhanced by ∼600-7200 charge and discharge cycles without

compromising on the energy storage capacity. For most of the selected

elements, the maximum stress is below that of the LMO spinel. Yttrium
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doped structures, co-doped with either Sulfur or Fluorine, generate less

heat during discharge process.
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Chapter 5

Conclusions and Future Work

The main objective of this dissertation was to address the issue of the quick

degradation of LixMn2O4 (LMO) spinel as a cathode material and develop a

molecular dynamics model to improve its performance. This was accomplished

in three stages:

Stage 1: Development and Validation of the Computational Tools:

This research began with the preparation of the MD simulation setups for differ-

ent charge/discharge (strain) rates at various SOC values. In order to setup MD

simulations, a unique approach of calculating the potential energy of all possible

configurations and picking four lowest potential energy cases after running it for

1 time step, was employed. On these four cases, system equilibration and pro-

duction simulations were performed. This strategy saved a lot of computational

time and ensured that the approach is computationally feasible to investigate

numerous possible crystal configurations.
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The results obtained from MD simulations were in very good agreement with

the experimental values available from literature. One of the major conclusions

from these MD simulations at various SOCs was that LMO spinel material be-

haves differently at different SOC values and is governed by the material strength

and/or the diffusivity of the lithium-ions within the material. For example, dif-

fusion coefficient for the lower SOC values were much higher compared to the

case wherein most of the lithium-ions are already intercalated in a higher SOC.

On the other hand, structural strength for partial charged states were found

to be lower as lithium vacant sites seems to effect the structural integrity. The

MD simulation results also helped capture the vacancy diffusion mechanism

well, where activation energy for an ion to move can be divided into two parts,

vacancy formation and migration energy.
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Stage 2: Designing Novel Materials Using Doping and Co-doping Strategies:

In order to design novel cathode material using non-toxic, less expensive and

environmental friendly elements, trace doping and co-doping of LMO spinel

could be used. Therefore, potential doping elements those can replace Mn3+

partially, without changing overall structure too much, were explored. Specific

dopants considered were Al, Ni, Mg, Ga, Cr and Y. Initially 5% of the Mn3+

ions were replaced by each dopant. To study the effect of doping, parameters

like lattice expansion, stress-strain curve for fully and partially charged states,

and diffusivity of the lithium ions at various temperature and SOC values were

compared. The conclusions from the investigations were:

1. Dopants with smaller ionic radius such as Al and Mg tend to reduce the

overall lattice dimensions, marginally elevating the stress in the material

and negatively impacting the diffusion of Lithium-ions.

2. However, this can be addressed by co-doping in which approximately

1% of O2− is replaced by S2− which has comparatively larger ionic radius.

Another co-dopant that is useful in this approach is Fluorine that has a

higher electronegativity.

3. High amount of dopants is not beneficial because this results in a rapid

decline in the overall discharge capacity of the cathode material.

In the absence of experimental data to validate the performance of these

newly engineered cathode materials, QM simulations were performed for the
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final structure. It was found that the results from MD and QM simulations were

in good agreement with each other.

Furthermore, to study the material behaviour at macro scale, several Compu-

tational Fluid Dynamics (CFD) simulations, which uses the material properties

such as Young’s modulus and diffusion coefficient obtained from the MD simula-

tions, were performed. For CFD simulations, the Single Particle Model (SPM)

based algorithm was used. Main objective behind running CFD simulations

was to study the intercalation induced stress and heat generation at macro scale.

It was established that the new cathode materials with dopants experienced

lower stresses and heat generation, and demonstrate an improved life cycle,

reaffirming the applicability of these materials as the next generation cathode

materials.

Stage 3: Adoption of Machine Learning Techniques to Propose an Enhanced

Computational Tool:

It must be noted that with co-doping strategies, there are innumerable crystal

configurations that need to be evaluated to determine the optimal configuration

with the least potential energy. Thus, even a 1-timestep simulation to evaluate

all combinations and identify the most feasible configuration becomes computa-

tionally impossible. To overcome this, principles of Artificial Neural Networks

was employed to rapidly evaluate the combinations to determine the optimal

configurations that are likely to have the least potential energy.

A total four NN models were developed for the intermediate SOCs between
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0.5 and 0.875, using a database of MD simulation results on a subset of possible

configurations. With these NN models, the computational time to evaluate all

possible crystal configurations was reduced by nearly 88%. Effect of co-doping

on material properties were then investigated on these optimal crystals using

MD simulations.

QM simulations were used to validate the crystal structure obtained from the

MD simulations of co-doped crystal structures. Specifically, in establishing MD

simulations as a feasible tool to undertake doping investigations, crystal lattice

length obtained from the MD simulations were compared with the QM results,

and we found them to be within ∼1% of each other.

The main conclusions/outcomes from this research are:

1. Establishment of a Molecular dynamics framework to get accurate input

properties for macro scale models. Further, it also allows to investigate

new and novel cathode materials.

2. Enhancement of the framework with a combination of QM and MD simu-

lations to advance the research on novel multi-dopant electrode materials

for which experimental data is not available.

3. Combination of the ANN with with MD and QM simulations makes the

investigation of multi-dopant cathode materials computationally feasible.

4. Finally, macro scale simulations can be performed on the convincing mate-

rials before performing experimental tests.
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5. In demonstrating the multi-scale computational framework developed in

this research, it was found that with trace amounts of cations and anions in

the LMO spinel as dopants, the relative volume expansion can be reduced

anywhere between 1-20%. The corresponding stress and strain study show

that the yield strength for the co-doped stress might not change much for

fully discharged state. However, structures co-doped with Y and Cr tend

to outperform LMO spinel.

6. CFD simulation results suggest that by replacing ∼5% of the Mn3+ ions

with metal ions such as Al, Mg, Ni, Ga, Cr or Y, and ∼1% of the O2− with

either S2− or F−, life of the batteries using LMO spinel as a cathode material

can be enhanced by ∼600-7200 charge and discharge cycles without com-

promising the energy storage capacity. For most of the selected elements,

the maximum stress is below that of the LMO spinel. Yttrium doped struc-

tures, co-doped with either Sulfur or Fluorine, generate less heat during

discharge process.

Future work:

1. The objective of this research was limited to improving the material proper-

ties of LMO spinel while using non-toxic, less expensive and environmental

friendly elements. However, modeling techniques explored in this research

can be used to research other doping strategies with other cathode materi-

als. For example, it will also be interesting to study how co-doping with S

and Y effect other commercial cathode materials especially LiFePO4.
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2. The computational framework developed in this thesis can be used to study

anode, electrolyte or other materials used in the lithium-ion batteries.

3. Future work can also be focused on performing the experiments for recom-

mended engineered structures, especially on LMO-SY which shows very

promising material properties.
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