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ABSTRACT 

This dissertation presents the results of the ab-initio based computational studies of spinel 

lithium manganese oxide (LiMn2O4) bulk, surfaces, and the adsorption of an organic 

electrolyte, ethylene carbonate. The spinel LiMn2O4 is one of the most promising cathode 

materials for Lithium-ion batteries because of its affordability, nontoxicity, and improved 

safety compared to commercially used LiCoO2. However, it also suffers from the 

irreversible capacity due to the electrolyte-cathode interactions which lead to manganese 

(Mn) dissolution. Using the spin-polarized density functional theory calculations with on-

site Coulomb interactions and long-range dispersion corrections [DFT+U−D3−(BJ)], we 

investigated the bulk properties, surface stability and surface reactivity towards the 

ethylene carbonate (EC) during charge/discharge processes. Firstly, we explored the 

structural, electronic, and vibrational bulk properties of the spinel LiMn2O4. It was found 

that the bulk structure is a stable face-centred cubic structure with a bandgap of 0.041 eV 

and pseudo-gap at the Fermi level indicating electronic stability. Calculated elastic 

constants show that the structure is mechanically stable since they obey the mechanical 

stability criteria. The plotted phonon curves show no imaginary vibrations, indicating 

vibrational stability. To study the charge/discharge surfaces, we modelled the fully 

lithiated and the partially delithiated slabs and studied their stability. For the fully lithiated 

slabs, Li-terminated (001) surface was found to be the most stable facet, which agrees 

with the reported experimental and theoretical data. However, upon surface delithiation, 

the surface energies increase, and eventually (111) surface becomes the most stable 

slab as shown by the reduction of the plane in the particle morphologies. Finally, we 

explored the surface reactivity towards the ethylene carbonate during charge/discharge 

processes. The ethylene carbonate adsorption on the fully lithiated and partly delithiated 

facets turn to enhance the stability of (111) surface. Besides the strong interaction with 

the (111) surfaces, a negligible charge transfer was calculated, and it was attributed by a 

large charge rearrangement that takes place within the surfactant upon adsorption. The 

wavenumbers of the C=O stretching showed a red shifting concerning the isolated EC 

molecule. 
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CHAPTER ONE 

INTRODUCTION 

1.1. BACKGROUND  

Over the last few decades, renewable energy storage has become of significant interest 

in the development of electric vehicles, which could facilitate a lesser reliance on fossil 

fuels and thus lower the impact on global warming. Although many studies have aimed 

at discovering or developing sustainable, earth-abundant, and/or low-cost alternative 

materials [1, 2, 3, 4], there is still no viable replacement for the current lithium-based 

batteries. However, the development of more efficient and stable cathode materials would 

offer a major step forwards in the performance of lithium-ion batteries. 

Many cathode materials have been studied, including LiCoO2 [5, 6], Li3V2(PO4)3 [7], 

LiMn2O4 [8, 9], Li4Mn5O12 [10], LiFePO4 [11, 12, 13], NCA [14, 15, 16] and NMCs [17] in 

order to improve the electrochemical performance of lithium-ion batteries. Among these 

materials, lithium manganese oxide (LiMn2O4) spinel has attracted the most attention as 

a potential cathode material because of its three-dimensional crystal structure that allows 

a reversible diffusion of Li+ ions [18, 19]. Moreover, LiMn2O4 is considered a safer 

substitute for the currently commercialized LiCoO2 owing to its low environmental impact, 

the abundance of manganese, and its high energy density [20].  

However, the use of LiMn2O4 spinel as a cathode material is limited by the irreversible 

facing of the capacity, which is attributed to the dissolution of manganese, electrolyte 

oxidation at high voltages, and the Jahn-Teller distortion of the octahedral Mn3+ atoms 

[21, 22]. While the formation of distorted Li2Mn2O4 and electrolyte oxidation can be 

reduced by cycling in a restricted voltage window, other effective solutions for solutions 

are still needed to mitigate the Mn dissolution [23]. 

Several methods have attempted to mitigate the manganese dissolution, including (i) 

cation doping [24, 25]; (ii) the replacement of commercially used LiPF6 as the electrolyte 

ionic conductor to limit the production of the scavenging hydrofluoric acid produced by its 
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degradation [26, 27, 28]; and (iii) surface coating to create an artificial barrier that limits 

the direct electrode-electrolyte contact [29, 30, 31, 32]. However, there is currently no 

substitute ionic conductor for the electrolyte which has better conductivity, thermal 

stability, and affordability than LiPF6, whereas the alternative route of introducing dopant 

ions might change the spinel crystal structure, thereby affecting the Li+ transport in the 

battery [33]. 

Another solution implemented is the addition of solvent to the electrolyte content to 

improve the mobility of Li+ ions. An effective electrolyte solvent will not only be a good 

solvent for the ionic conductor but will also improve the lifetime of LiMn2O4-based lithium-

ion batteries. Guyomard et al. [34] demonstrated that alkyl carbonates, such as propylene 

carbonate (PC) [35], vinylene carbonate (VC) [36, 37], allyl ethyl carbonate (AEC) [38] 

and ethylene carbonate (EC), are some of the most stable solvents for the lithium-ion 

battery electrolytes. Numerous subsequent studies [39, 40, 41] have shown that ethylene 

carbonate (EC) is the most stable electrolyte solvent and shows improved 

electrochemical performance. Compared to other commercially used electrolyte solvents, 

EC has the largest dielectric constant (휀 ≈ 90.5) [42, 43] and melting point owing to its 

high molecular symmetry. 

In this work, we report on calculations based on the density functional theory to study the 

bulk, surface stability, and the adsorption of the ethylene carbonate onto the clean non-

polar surfaces of the fully lithiated and partially delithiated spinel Li1−xMn2O4 material 

(0.000 < x < 0.375).  

1.1.1. Structural aspect  

The spinel crystal structure is named after the mineral MgAl2O4. The structure is identified 

by the chemical formula AB2O4, where A and B are the metallic cations. The spinel 

LiMn2O4 has a face-centered cubic crystal structure with a space group 𝐹𝑑3̅𝑚 (No. 227) 

[44] and a lattice constant of a = 8.247 Å [45, 46]. As shown in Figure 1, the structure 

consists of a cubic close-packed array of oxygen atoms occupying the 32e sites, where 

lithium and manganese atoms occupy one-eighth of the tetrahedral (8a) sites and one-

half of the octahedral (16d) sites, respectively, [47]. The 8a and 16d form a three-
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dimensional pathway for lithium-ions diffusion. When Li-ions diffuse into the structure, first 

moves from 8a site to the neighbouring 16d site, and then to the next 8a site in a way that 

it enables three-dimensional lithium diffusion. The Mn ions have octahedral coordination 

to the oxygen’s, and the MnO6 octahedra share edges in a three-dimensional host for the 

Li guest ions. 

 

Figure 1: Schematic diagram of the conventional unit cell of LiMn2O4, showing the 8a 

tetrahedral, 16d octahedral, and 32e sites.   

Upon delithiation, the Li+ ions move out of the cathode material to the anode through the 

electrolyte. A full delithiation of the LiMn2O4 leads to a transformation to the MnO2 cubic 

structure, while full lithiation leads to a Li2Mn2O4 tetragonal structure. Table 1 below 

indicates the atoms found in the spinel LiMn2O4 conventional unit cell. The positions 

indicated in column 2, specify the number of atoms of the same type contained in the unit 

cell at their respective positions (Wyckoff sites). 

Table I. Fractional coordination of spinel LiMn2O4 

Elements Sites X Y Z 

Li 8a 0.125 0.125 0.125 

Mn 16d 0.500 0.500 0.500 

O 32e 0.259 0.259 0.259 
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1.1.2. Brief description of Lithium-ion batteries  

Batteries are well known as devices that convert their chemical potential contained in their 

active materials into electric energy through an electrochemical redox reaction. In their 

daily application, batteries are made up of two or more cells connected in parallel or series 

depending on the output voltage desired. However, all cells have three major 

components, namely, a negative electrode (anode), a positive electrode (cathode), and 

the separating ionic conductor (electrolyte) for the transfer of charge. Lithium-ion batteries 

are one of the most used storage devices due to their high voltage, high energy density, 

and durable cycle charge. Like other rechargeable batteries, lithium-ion batteries use a 

positive electrode (cathode) and a negative electrode (anode), separated by a medium 

called an electrolyte (see Figure 2). The positive electrode is usually made of lithium 

cobalt oxide (LiCoO2), but in our work, we focus on the positive electrode being lithium 

manganese oxide (LiMn2O4). The negative electrode is usually made of carbon (graphite), 

in other studies, several effective alternative anode materials are used [48, 49]. During 

the charging process, the lithium ions move from the positive to the negative electrode, 

also referred to as the delithiation process. While during the discharged process, lithium 

ions travel from the negative to the positive electrode, and the process is also referred to 

as the lithiation process.  

 

Figure 2: Movement of Li ions during charge and discharge process in the lithium-ion 

battery [50]. 
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1.1.3. Applications  

Lithium-ion batteries are widely used in cell phones, laptops, electric cigarettes, and other 

portable devices (see Figure 3). Due to recent modifications, lithium-ion batteries can 

power the hybrid electric vehicles (HEV) and can be applied in energy storage systems.    

  

Figure 3: Examples of Lithium-ion batteries applications, which (a) electric vehicles, (b) 

portable devices, and (c) storage facilities (smart grids). 

Since the discovery of lithium-cobalt-oxide battery by J.B Goodenough (1922), lithium-ion 

batteries became efficient energy storage devices due to their high energy density, self-

discharge ability, long life cycle, and their environmental friendliness. Recently, various 

types of materials were used as electrodes to better the intercalation processes of the 

battery (see Figure 4) [51]. Among all the material used and researched, the LiMn2O4 

spinel is the most effective practical based cathode electrode. LiMn2O4 also reveal 

features such as low cost, wide abundance of manganese, environmental friendliness, 

high working potential, and excellent safety characteristics. 
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Figure 4: Different electrode materials used in a lithium-ion battery and their capacities 

[51]. 
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1.2. LITERATURE REVIEW 

The first attempt of lithium-ion batteries was in the 1970s, when an English scientist, 

Stanley Whittingham, working for the Exxon mobile started exploring the idea of 

developing a new battery. He tried using titanium disulfide and lithium metal as 

electrodes, but this combination posed some serious complication, such as safety (the 

battery experienced a short-circuit and caught fire). Later in the 1980s, John B. 

Goodenough, who is an engineering professor at the University of Texas started working 

on his new idea. He experimented using titanium disulfide and lithium cobalt oxide, and 

the battery paid off. In 1983, Thackeray et al. [52] identified manganese spinel as a 

cathode material. This Mn spinel primary cells are produced for use in day-to-day 

consumer applications and their were also cosidered for secondary applications such as 

stationary storage systems and electric vehicles. These cells are noted for their high 

specific energy (260 Wh/kg), flat discharge curves, wide operating temperature range (-

40°C to +60°C) and long shelf life (up to 10 years) [53].  

In the spinel LiMn2O4, the edge-shared octahedral Mn2O4 host structure is highly stable 

and possesses a series of intersecting tunnels formed by the face-sharing of tetrahedral 

lithium (8a) sites and empty octahedral (16c) sites. This tunnels allows the three-

dimensional lithium diffusion. The lithium diffusion into/from the tetrahedral 8a sites occur 

at about 4V while the cubic structural symmentry is maintained. Moreover, lithium 

intercalation into this spinel structure can reach maximum composition of Li2Mn2O4, 

occuring at about 3V. However, upon reaching this Li2Mn2O4 composition, the structure 

undergo phase transition from cubic to tetragonal phase [54]. An intense study was 

undertaken and established temperature intervals of T=780 - 915 ºC (called elevated 

temperatures) which result in surface reations, leading to the spinel disproportionation 

and the formation of a tetragonal spinel phase and Li2MnO3 [55].  

At this elevated temperature, various studies reported that the electrolyte salt LiPF6 

undergoes oxidative decomposition [56]. It degrades to form LiF and PF5 through the 

reaction: 

LiPF6 ⟶ LiF + PF5                                                     (1.1) 
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Furthermore, the PF5 react with water molecules present in the battery to form the 

scavenging hydrofluoric acid (HF) and POF3, and its reaction can be represented as:  

PF5 +  H2O → 2HF + POF3                                              (1.2)  

The Mn4+ on the surface gains electrons produced by the oxidative decomposition of 

LiPF6–based electrolyte and undergo a reduction to form Mn3+. The resulting Mn3+ ions 

undergo a disproportionation reaction. Hunter et al. [57] outlined  Mn3+ dispropotionation 

reaction as: 

2Mn3+
(solid) → Mn4+ (solid) + Mn2+ (solution)                                 (1.3) 

The resulting Mn2+ ions dissolve into the electrolyte, and the dissolved Mn2+ is then 

transported to the anode. This further causes a considerable capacity fading since the 

dissolved manganese will interact with the lithium content in the anode by oxidizing the Li 

from the anode. This results in manganese dissolution, the formation of Jahn-Teller 

distorted Li2Mn2O4, and electrolyte oxidation.  

1.2.1. Strategies implemented to reduce Mn dissolution 

In the study of improving the electrochemical performance and controlling Jahn-Teller 

distortion, electrolyte oxidation, and Mn dissolution, studies indicated that the formation 

of distorted Li2Mn2O4 and electrolyte oxidation can be reduced by cycling in a restricted 

voltage window, however, effective solutions are still needed to mitigate the Mn 

dissolution [58, 59, 60]. Several strategies used to reduce this Mn2+ dissolution into the 

electrolyte, which includes cation doping [24, 25], the replacement of commercially used 

LiPF6 [26, 27, 28], and surface coating to create an artificial barrier that limits the direct 

electrode-electrolyte contact [29, 30, 31, 61].  

1.2.1.1. Surface coating 

Surface coating is the deposition of an additional layer of material that will improve the 

material’s critical properties and create a protective barrier against deterioration of the 

surface due to external reactions with the surrounding environment. On the spinel 

LiMn2O4, it limits the cathode-electrolyte interaction and reduces the manganese 
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dissolution. Many studies focused on different coating materials which include fluorides 

(such as AlF3 [62], SrF2 [63] and LaF3 [64]), phosphates [65, 66, 67], and other oxides 

such as ZnO [68, 69, 70], ZrO2 [71], MgO [72, 73].  

Although various coating materials showed improved electrochemical performance and 

reasonably better capacity retention, oxides and fluorides attracted the most attention 

because of their reactivity toward the electrolyte components and their ability to form an 

additional coating layer [74, 75]. The chemisorption taking place on metal oxides surfaces 

is of great relevance since they provide the strongest connection between the 

heterogeneous and homogeneous catalysis [76, 77]. Different oxides were explored 

which include the Al2O3 [78, 79, 80, 29], ZrO2 [73, 71, 81], MgO [82, 83], ZnO [68, 69, 84, 

85], etc. Among all the oxides, aluminium oxide (𝛼-Al2O3) attracted the most attention as 

a potential cathode material for Li-ion batteries because of its electric behaviour and 

catalytic activity. It is also considered for use in catalysis, corrosion sciences, ceramic 

processing, and electrochemistry [86, 87, 88, 89]. 

The electronic and surface termination of the 𝛼-Al2O3 (0001) facet attracted the most 

interest in both theoretical and experimental studies [90, 91, 92, 93]. Toofan and Watson 

[94] studied the surface termination of the (0001) facet using the LEED crystallographic 

determination and reported that the Al- and O-terminated domains are in agreement with 

the reported experimental work. Anh and Rabalais [92] studied the composition and 

structure of the Al2O3 {0001}-(1x1) surface using time-of-scattering, atomic force 

spectroscopy (AFM) and ion trajectory simulations, and reported that the Al-terminated 

surface is the most stable. Several computational studies [95, 96] also confirmed that the 

Al-terminated (0001) surface is the most stable facet.  

Many studies focused on the surface adsorption of various molecules which includes, 

H2O [97, 98], HCl [99, 100, 101], CO2 [102] and methanol [103] for different applications. 

However, 𝛼-Al2O3 has the ability to scavenge the highly corrosive hydrofluoric acid (HF) 

continuously produced by the degradation of the commonly used LiPF6-based electrolyte 

[104], influenced its applications as a coating material for Li-ion batteries. Kannan et al. 

[105] and Eftekhari [106], initially reported that the Al2O3 as a coating material can 
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significantly improve the electrochemical performance of uncoated LiMn2O4 spinel at 

elevated temperatures. 

Numerous subsequent studies indicated that the use of Al2O3 as a coating material 

improve the electrochemical performance of the Li-ion batteries since it limits the 

formation of Jahn-Teller distorted Li2Mn2O4 in LiMn2O4-based lithium-ion batteries [107, 

108], and the transition metal dissolution [57]. Myung et al. [74] demonstrated that the HF 

reacts with the Al2O3 surface and produce AlF3 which intern acts as an additional coating 

material, though reaction: 

Al2O3 + 6HF → 2AlF3 + 3H2O                                         (1.4) 

Quan et al. [75] studied the HF adsorption on 𝛼-Al2O3 (0001) surface and indicated that 

upon adsorption, the HF dissociates to for an Al-F bond which is due to the strong 

electronegativity of F. Meanwhile, the hydrogen covalently bond with the neighbouring 

oxygen atom to form H-O bond. A similar reaction was observed by Kondati et al. [109] 

on the 𝜃-Al2O3 surface. 

1.2.1.2. Commercially used electrolyte and the addition of organic solvents. 

The main cause of manganese dissolution is the highly corrosive hydrofluoric acid (HF) 

continuous produced by the degradation of common LiPF6-based electrolytes (as shown 

in equation 1.1 and 1.2).  One approach to limit the production of HF would be the 

replacement of LiPF6-based electrolytes [110, 111, 112, 113]. However, there is currently 

no replacement which can provide better conductivity, thermal stability, toxicity, 

corrosiveness, and less costly compared to the commonly used LiPF6 [114]. Therefore, a 

great effort has been paid to optimize the commonly used electrolyte component by 

developing functional additive that will stabilize the LiPF6 salt [115, 116, 117], elimination 

of HF and H2O [118, 119, 120] and modification of solid electrolyte interface (SEI) layer 

[121, 122, 123].  

About 27 years ago, Guyomard et al. [124] demonstrated that alkyl carbonates are the 

most stable solvents for use in Li-ion batteries. Numerous subsequent studies [125, 126, 

41] have shown that among all the alkyl carbonates, ethylene carbonate (EC) is the most 
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stable electrolyte solvent and shows improved electrochemical performance. Many other 

electrolyte solvents such a propylene carbonate (PC) [127], vinylene carbonate (VC) [128, 

129], allyl ethyl carbonate (AEC) [130], etc. were also investigated. Compared to other 

commercially used electrolyte solvents, EC has a higher dielectric constant (𝜺 ≈ 90.5) 

[131, 132] and also has a high melting point which arises due to its molecular symmetry 

[133]. Fong et al. [134] reported that the EC containing electrolyte tend to form a protective 

film, solid electrolyte interface (SEI), on the electrodes that prevented further electrolyte 

decomposition on the anode.  

Most of the work on the EC focused on the decomposition of EC on to the LixMn2O4 spinel 

surfaces [133, 135, 136]. The first step of EC decomposition mechanisms was found to 

be a two-step process. The first step is the rate-determining step, wherein a proton is 

abstracted from the EC molecule, then transferred to the surface. The second step 

involves the EC ring opening. Østergaard et al. [137] further studied the electrolyte 

oxidation of EC on LixMnO2, LixCoO2, and LixNiO2, and they found that the oxidation of the 

LixMO2 (101̅4) surface follow the same trend, while the reactivity of the metal does not. 

Leggesse et al. [138] studied the ethylene carbonate (EC) adsorption and decomposition 

reaction mechanism onto the (100) discharged LiMn2O4 and 40% charged Li0.6Mn2O4. 

They found that the bidentate binding is more favoured on the charged Li0.6Mn2O4 while 

monodentate binding of carbonyl oxygen is more preferred on the discharged LiMn2O4. 

EC surface interactions on the other low Miller index surfaces still need to be addressed. 

1.2.2. Magnetic properties of spinel LiMn2O4. 

Various studies [139, 140, 141, 142, 79, 143] focused on the magnetic properties of the 

LiMn2O4 spinel, which offered insight on different arrangements of the magnetic moments 

of the Mn atom. Even though the magnetic moments of the spinel originates from the 

unpaired electrons of the manganese atom, the total magnetism is given by the ground 

state configuration of the atoms under specific conditions. Many experimental and 

computational studies described the short and long-range magnetic ordering and 

suggested that the ferromagnetic ordering is lower in energy compared to the 

antiferromagnetic ordering with 24 meV f.u.-1 [144]. similar calculations were performed 

and reported that the antiferromagnetic configuration of Mn chains along the [011] 
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direction is more stable than the antiferromagnetic ordering of Mn atoms along the [001] 

direction with alternating magnetic moments with the cations from the neighboring planes 

[145]. A subsequent first principle studies [146, 79] focused on the ferromagnetic cubic 

cell and the antiferromagnetic orthorhombic cell, they correctly predicted the number of 

features low Miller index surfaces without considering their different magnetic ordering. 

1.2.3. Low Miller index surface 

Understanding the surface chemistry of the LiMn2O4 spinel is more important for 

improving the electrochemical performance of the battery. The low Miller index surfaces, 

mainly the (001), (011), and (111) were intensively studied in both experimental and 

computational studies [147, 148, 146, 149, 150]. Most study focused on discussing the 

low Miller index surfaces. Surfaces were constructed using the Tasker [151] dipole 

method, which stated that surfaces of any ionic or partly ionic crystal can be classed into 

one of the three classes, type 1 (T1),  the neutral surface with the stoichiometric proportion 

of anions and cations in each plane, type 2 (T2), the charged surface that has no dipole 

moment in the repeating unit perpendicular to the surface, and type 3 (T3), the charged 

surface that has a dipole moment in the repeating unit perpendicular to the surface. Type 

1 and 2 surfaces may resemble the sample termination of the bulk, but type 2 plane is 

determined by stacking sequence, while type 3 must undergo reconstruction. However, 

with LiMn2O4 spinel surfaces, the (001), (011) and (111) slabs undergoes reconstruction 

to eliminate the dipole perpendicular to the surface.  

The stacking sequence of the (001), (011), and (111) facet of the LiMn2O4 spinel surfaces 

have been widely studied in the literature. The (001) surface terminations were cleaved 

from atomic planes perpendicular to the [001] direction and consist of two alternating 

planes. The alternating planes are Li and Mn/O terminations, and its sequence was 

summarised as:  

 ½ (Mn4O8); Li2; Mn4O8; …; ½ (Mn4O8)                                 (1.5) 

The (011) surface can be cleaved along the Li/Mn/O and Mn/O planes, and its stacking 

sequence is summarised as: 

½ (MnO2); LiMnO2; …; ½ (MnO2)                                   (1.6) 
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The (111) facets were created from atomic planes consisting of six possible bulk-like 

surface terminations (O1, Mn1, O2, Li1, Mn2, and Li2) which are dipolar. 

½ Mn; Li; O4; Mn3; O4; Li; Mn, Li; …; O4; Mn3; O4; Li; ½ Mn             (1.7) 

However, upon reconstruction, only two non-dipolar terminations were possible for the 

(111), i.e. Li, and Li/Mn/O terminations. Benedek et al. [152] reported that the facet with 

the lowest energy is the Li-terminated (001) surface. The lowest surface energy of the Li-

terminated (001) agrees with the low energy Mg-terminated (001) of the MgAl2O4 spinel 

[153]. Subsequent studies [149, 79, 148] confirmed that the Li-terminated (001) surface 

is the most stable facet with energy ranging between the 0.26 and 0.96 J/m2. Despite all 

the computational calculations carried out with DFT using different GGA+U functional, the 

surface energies remain in the same range. Karim et al. [148] also investigated the 

equilibrium particle shape for the LiMn2O4 spinel through the Wulff construction using the 

calculated surface energies for GGA and GGA + U calculations. The (111) facet was the 

most stable, followed by the (100) surface resulting in Cubo octahedral particle shape. 

The results were in agreement with the reported experimental studies [154, 155], where 

the spinel particle was found to exhibit the same Cubo octahedral morphology with 

predominant (111) surface. The surface energies of (111) and (001) facets were very 

close and their difference is mainly due to experimental conditions [149]. However, the 

proposition has been made that nanoparticles dominated by (111) surface are more 

resistant to Mn3+ disproportionation [156]; this suggests that the (111) LMO surface is 

more resistant to Mn dissolution. 

1.2.4. Other studies on LiMn2O4  

Most recently, Nkosi et al. [157] reported the use microwave irradiation at pre- and post-

annealing steps of LiMn2O4 synthesis. They indicated that the microwave irradiation can 

be used to shrink the spinel particles and lattice parameters for improved structural 

crystallinity and tune the Mn3+/Mn4+ ratio to obtain 𝑛𝑀𝑛 ≈ 3.5 + for enhanced 

electrochemical performance. Similar work was performed using the microwave-assisted 

solid-state reaction for the synthesis of nickel doped LiMn2O4 [158].  It was demonstrated 
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that microwave irradiation could enhance the exposure of the (111) facets and tune the 

Mn3+ concentrations thereby promoting structural stability and cycling performance. 

Santos-Caballal et al [143] recently studied the simulated the bulk of LiMn2O4 using the 

primitive rhombohedral unit cell containing 14 atoms. Given the size of their supercell, 

they could model three inversion degrees, i.e. the normal, half-inverse and fully inverse 

spinels. The authors compared the predicted configurational energy using the 1x1x1 

primitive unit cell with the ensemble average calculated for the 25% inversion degree in 

the 2x1x1 supercell and found them to be in good agreement.  

Many experimental studies have revealed that the intercalation voltage of the spinel 

LiMn2O4 can be increased through substituting the other transition metal ion for Mn sites 

[159, 160, 161]. Shi et al. [162] studied the effect of cation doping on the electronic spinel 

LiMyMn2−yO4 (M=Cr, Mn, Fe, Co and Ni) using first principle calculations. A new O-2p 

band was observed in the lower energy position with the appearance of M-3d due to the 

interaction between M-3d and O-2p, which will bring about a higher intercalation voltage, 

since more energy will be needed to remove electrons from the lower O-2p level. Various 

subsequent  studies explored the effect of cation doping with Al [163, 164, 165], Co [166, 

167, 168], Nb [169, 170], Ni [171, 172, 173], etc.  

In the need for high energy density and improvement of LiMn2O4 cathode, cation doping 

did not only shown an improvement of spinel material, it paved a way to the discovery of 

Li-Mn-Ni-Co-O (NMCs) based high energy density batteries. Various studies explored the 

energy density, stability, and their electrochemoical performance [174, 175, 176]. 

Recently, sumsang discovered a 50% improved all solid-state Li-ion battery interms of 

energy density, while achieving 200% battery lifecycle [177]. The battery is composed of 

layers of Nikel-Cobalt-Manganese-Oxide as a cathode material and also stainless steel, 

silver-carbon layer, and aluminium collector to also reduce the Li dendrites and low 

coulomb efficiency. This new development of solid-state Li-ion battery with imbedded Ni-

Mn-Co cathode material is impacable, but the manufacturing of this battery is still 

expansive due to the cost and hich demand of Ni and Co materials.  
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1.3. INTENTIONS OF THE STUDY 

The use of portable devices such as cell phones, laptops, e-cigarettes, etc. for 

entertainment, communication, data processing, etc. is rapidly increasing. Currently, the 

use of electrically powered vehicles is becoming more and more realistic. To nurture this 

increasing energy demand, several studies worked on developing efficient, 

environmentally friendly, low cost, and rechargeable energy storage devices [1, 2, 3, 4]. 

Rechargeable lithium-ion batteries appeared as one of the most successful solutions in 

the development of alternative energy devices. The spinel LiMn2O4 is one of the most 

promising cathode materials for Lithium-ion batteries because of its affordability, 

nontoxicity, and improved safety compared to commercially used LiCoO2. However, it 

suffers from capacity fading due to the cathode-electrolyte interactions.  

Hence in this dissertation, we study the bulk, surface stability, and the adsorption of the 

ethylene carbonate onto the clean non-polar surfaces of the fully lithiated and partially 

delithiated spinel Li1−xMn2O4 material (0.000 < x < 0.375). We employ the spin-polarized 

density functional theory calculations with on-site Coulomb interactions and long-range 

dispersion corrections [DFT+U−D3−(BJ)] as implemented in the VASP code. The main 

purpose of the work is to investigate the stability of the bulk structure, the effect of 

delithiation on surface stability and the reactivity of commercially used organic electrolyte, 

ethylene carbonate (EC) during charge/discharge processes of the battery.  

Four properties will be determined to investigate the stability of spinel bulk structure, 

namely, structural, electronic, mechanical, and vibrational properties. In the structural 

properties, the equilibrium lattice parameters and the heats of formation will be calculated. 

For electronic properties, the density of states (DOS) and band structures were calculated 

and plotted to describe the electronic stability and the electronic arrangement. The 

mechanical stability was discussed by calculating the elastic constants, moduli, 

anisotropy, and Pugh’s ratio at the strain of 0.005. Furthermore, the vibrational properties 

were discussed by calculating and plotting the phonon dispersion and the partial phonon 

density of states (PPDOS).  
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From the fully optimized LiMn2O4 spinel bulk structure, we will construct the three low 

Miller index surfaces which are the (001), (011), (111) surfaces using METADISE code. 

The stability of the three low Miller index surfaces will be obtained by calculating their 

unrelaxed and relaxed surface energies. To mimic the charge/discharge surfaces, we will 

model the partially delithiated surfaces from the fully relaxed low Miller index surfaces by 

removing Li atoms from the uppermost atomic layers of the surfaces, and their stabilities 

will be studied by calculating their respective surface free energies.  

To study the reactivity of the organic electrolyte component, ethylene carbonate (EC), we 

will allow the molecule to interact with the surfaces when placed parallel and 

perpendicular through the Mn, Li, and both. The morphologies will be constructed for 

clean fully lithiated, adsorbed fully lithiated, clean partially delithiated, and the adsorbed 

partially delithiated surfaces. The reactivity of the EC molecule was further discussed by 

the Bader charge analysis and the vibrational frequencies. For validation, the vibrational 

frequencies will be compared with available experimental data at the National Institute of 

Advanced Industrial Science and Technology (AIST) [178]. 

1.4. OBJECTIVES  

The objectives of the study are to: 

 investigate the stability of the LiMn2O4 spinel bulk structure by determining the 

structural properties and the mechanical properties, 

 generate the LiMn2O4 spinel surfaces using METADISE program and calculate their 

surface energies, 

 evaluate the effect of delithiation on the surface stability by calculating the surface free 

energies and constructing particle morphologies, 

 evaluate the surface adsorption sites and the binding energies with the electrolyte 

content ethylene carbonate (EC),  

 investigate the effect of adsorption during charge/discharge processes by calculated 

the surface free energies and particle morphology.  
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 furthermore, we investigate the surface reactivity towards the EC-based electrolyte by 

calculating the Bader charges and vibrational frequencies and compare them with 

available experimental data. 

1.5. OUTLINE OF THE DISSERTATION  

This dissertation reports on the spinel bulk structure, stability of the charge/discharged 

surfaces, and their interactions with the organic electrolyte component, ethylene 

carbonate (EC).  

The dissertation is partitioned into five chapters: 

Chapter one discusses the background, historical overview, and the problems 

encountered when using the LiMn2O4 spinel as a cathode material. We review the 

literature and the spinel crystal structure. Finally, indicate the objectives and intentions of 

the study. 

Chapter two describe the method used in the current study. We discuss the DFT, plane-

wave pseudopotential method, and Vienna ab-initio Simulation Package (VASP) code. 

We firstly introduce the DFT and indicate the background, other first principle studies. 

Secondly, we discuss the approximation methods such as local density approximation 

(LDA), general gradient approximation (GGA). Then discuss the pseudopotential 

methods and VASP. Lastly the discussion of the properties studies such as heats of 

formation, the density of states, phonon dispersions, elasticity,  surface energies, 

adsorption energies, vibrational frequencies, Bader charges, and Wulff crystal 

morphologies. 

Chapter three discusses the stability of the LiMn2O4 spinel bulk structure. Firstly, we 

discuss the cut-off and k-points of the bulk structure. Secondly, discuss the lattice 

parameters, heats of formation, band structures, the density of states, elasticity, and the 

phonon dispersions.  

Chapter four investigates the surface chemistry and reactivity of EC onto the facets. We 

focus on the surface construction and stacking sequence of the three low Miller index 
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surfaces, which are (001), (011), and (111) surfaces. We discuss the surface energies of 

the fully lithiated and the surface free energies for the partially delithiated surfaces and 

the adsorbed surfaces. We then discuss the most preferred adsorption sites, positions, 

and adsorption energies. Furthermore, we discuss the effect of adsorption on the fully 

lithiated, and partially delithiated surfaces. Lastly, we study the EC-surface interactions 

based on the Wulff crystal morphologies before and after adsorption, charge transfers, 

work functions, and vibrational frequencies.  

Chapter five fully conclude and give a few recommendations. We summarise our findings 

of this study and give some recommendations. 
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CHAPTER 2 

2.1. METHODOLOGY 

Density functional theory (DFT) methods are widely used to compute the ground state of 

condensed matter systems. It has become one of the most accurate and successful 

methods mainly because of the functionals, such as LDA and GGA, which gives 

reasonably accurate results. In this chapter, we present an overview of the ab-initio 

methods and models used for this computational study. A full description of the 

fundamental concept of the first principle quantum chemistry methods and the analysis 

of the properties investigated are also covered. The theory has many applications in solid 

states physics, chemistry, biology, geology, material science, and many more fields. 

2.1.1. The ab-initio method 

Ab-initio methods are first principle computational techniques which are based on 

quantum chemistry. The models in ab-initio are mathematically modelled based on the 

Schrödinger’s equation. These methods do not use any experimental data or any other 

parameters in obtaining the results about the molecular systems. They are widely 

considered as the most accurate, efficient, as well as the most difficult techniques used 

in the field of molecular modelling [179]. Ab-initio is more effective mainly because it starts 

from scratch. Starting from only the molecular structure and some constants, one can 

investigate numerous chemical properties, the reactivity of the molecule under external 

conditions, and observe the electronic arrangements of the molecular orbitals. This 

generally means that the integral in the Schrödinger’s equation for the system is explicitly 

solved without the use of empirical parameters.  

The initial point of the ab-initio method optimized nuclear configuration, could be obtained 

using the molecular mechanics method. However, there are some limitations encountered 

in this method, which include the limited size of the molecule. When coming to molecules 

with thousands of atoms, such as proteins and other biological molecules, this method 

can’t be considered. The easiest type of ab-initio electronic calculation is the Hartree-Fork 

(HF) scheme, wherein the instantaneous Coulombic electron-electron repulsion is not 
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considered. Only the average effect (mean-field) is included in the calculation. The first 

assumption is the Born-Oppenheimer approximation, which reduces the Schrödinger 

equation for a molecular system to a single electronic motion for a nuclear configuration. 

The Hamiltonian with the Born-Oppenheimer approximation for a molecule is given by:  

�̂� = −
1

2
∑ ∇2

𝑎
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𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑎>𝑏                                                                                                   (2.1) 

where �̂� the Hamiltonian and the interatomic distances are 𝑅𝐴𝐵 are the constants for a 

particular nuclear configuration, due to Born-Oppenheimer approximation [180]. Hence 

the Born-Oppenheimer Hamiltonian as only the operator parts in the terms of the 

electrons is expressed as:  

�̂�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 = 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠                               (2.2) 

Where 𝜓 is the wavefunction and E is the energy of the molecule expressed as 𝐸 =

 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 + ∑ ∑
𝑍𝐴𝑍𝐵

𝑅𝐴𝐵

𝑛𝑢𝑐𝑙𝑒𝑖
𝐵

𝑛𝑢𝑐𝑙𝑒𝑖
𝐴>𝐵 . There exist some DFT methods which are based on the 

basic introduction of the first principle quantum chemistry methods [181, 182, 183], which 

include the density functional theory (DFT), Hartree-Fock, etc. 

2.1.2. Density functional theory 

Compared to other ab-initio methods that compute the multi-electron and multi-

dimensional wavefunctions, the density functional theory (DFT) computes only the 

electron density 𝜌(𝑟) for the condensed matter systems. Density functional theory (DFT) 

is the quantum mechanical theory used in chemistry and physics to simulate electronic 

structures and ground-state properties of many-body systems especially molecules, 

atoms, and condensed phases. Even though the DFT is based on the concept of 

Thomas–Fermi [184], it was developed by Kohn and Hohenberg [185], using the two 

Kohn-Hohenberg theorems.  

The first Hohenberg and Kohn theorem states that for any system of interacting particles 

in an external potential  𝑉𝑒𝑥𝑡(𝑟), the potential 𝑉𝑒𝑥𝑡(𝑟), is determined uniquely by the ground 
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state particle density 𝑛𝑜(𝑟). This theorem lay a background work of reducing the many-

body problem by using the function of the electron density. The second theorem states 

that the universal functional for the energy E [𝑛(𝑟)] in terms of the density 𝑛(𝑟) can be 

defined for any external potential  𝑉𝑒𝑥𝑡(𝑟), and any particular  𝑉𝑒𝑥𝑡(𝑟), the ground state of 

the system is the global minimum value of this functional, and the density  𝑛(𝑟) that 

minimizes the functional is the exact ground state density 𝑛𝑜(𝑟). The second theorem 

clearly defines the energy functional for the system and proves that the correct ground-

state electron density minimizes this energy functionals.  

The density functional theory determines the properties of many-body systems as a 

functional (function of a function), which depends on the electron density. Over the past 

decade, DFT became one of the most popular methods for calculations in solid-state 

physics and quantum mechanical simulations. This method was first recognized as an 

accurate method for quantum chemistry calculations until the 90s when the 

approximations involved in the method were improved to model the exchange and 

correlation interactions [186]. Despite these improvements, DFT still can’t model the 

intermolecular interactions, especially the Van der Waals forces, charge transfer 

excitations, transition states, global potential energy surface, and some other strongly 

correlated systems. The great improvement was done by Kohn and sham in the 

calculation of the energy of electrons. They proved that the properties of the total ground 

state of interacting electron gas may be described by introducing certain functional of 

electron density 𝜌(𝑟), which depends on the positions of atoms [187]. 

𝐸[𝜌] = ∫𝑑𝑟𝜌(𝑟)𝜐𝑒𝑥𝑡 + ∬𝑑𝑟𝑑𝑟′ 𝜌(𝑟)𝜌(𝑟′)

|𝑟−𝑟′|
+ 𝐺[𝜌]                            (2.3) 

where  𝜐𝑒𝑥𝑡 is the external field integrating the nuclei field, 𝐺[𝜌] comprises of the kinetic 

and the exchange-correlation energy of the interacting electrons. This expression is the 

minimum for the correct density functional 𝜌(𝑟). This made it possible for Kohn and Sham 

[188] to further develop the concept and suggest that 𝐺[𝜌] is: 

𝐺(𝜌) =  𝑇(𝜌) + 𝐸𝑥𝑐(𝜌)                                           (2.4) 
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where 𝑇(𝜌) is the kinetic energy of the non-interacting electrons with density 𝜌(𝑟) and the 

functional 𝐸𝑥𝑐(𝜌) incorporated in the many-body effects of the exchange and correlation.  

Since the extent of many-body and correlation interactions is unknown, there is an 

approximation that exchange-correlation is obtained from known results of interacting 

electron systems of constant density. It is assumed that the exchange and correlation 

effects are not strongly dependent on inhomogeneities of the electron density away from 

the reference point 𝑟. Therefore, it is necessary to determine the set of the wave function 

𝜓𝑖 that minimizes the Kohn-Sham energy function. Thus, the electron density is then 

written as follows where N is the number of electrons: 

 𝜌(𝑟) =  ∑ |𝜓𝑖(𝑟)|
2𝑁

𝑖=1                                               (2.5) 

The Kohn-Sham energy is then given by the self-consistent solution of the equation:  

[−∇2 − ∑
2𝑍𝐼

|𝑟−𝑅𝐼|
𝐼 + 2∫

(𝜌(𝑟′))

|𝑟−𝑟′|
𝑑𝑟′ + 𝑉𝑥𝑐 (𝑟)]𝜓𝑖 = 휀𝑖𝜓𝑖                    (2.6) 

where  𝑅𝐼 is the position of the nucleus 𝐼 of charge 𝑍𝐼, 휀𝑖 is the Lagrange factors. The 

exchange-correlation potential, 𝑉𝑥𝑐 is given by the functional derivative:  

𝑉𝑥𝑐(𝑟) =  
𝛿𝐸𝑥𝑐[𝜌(𝑟)]

𝛿𝜌(𝑟)
                                                (2.7) 

Since DFT is only known by approximation, the significance of this theory to practical 

uses can hardly be overstressed. It reduces the many-body problem to a single-particle 

problem with the effective local potential: 

𝑉(𝑟) = ∑
2𝑍𝐼

|𝑟−𝑅𝐼|
𝐼 + ∫

2𝜌(𝑟)

|𝑟−𝑟′|
𝑑𝑟′ + 𝑉𝑥𝑐(𝑟)                              (2.8) 

The most essential concept in DFT applications is how the functional 𝐸𝑥𝑐 is defined. The 

energy functional 𝐸𝑥𝑐(𝜌) for inhomogeneous electron gas can be expressed as Coulomb 

interaction between the electron and its surrounding exchange-correlation hole [189, 

190]: 

𝑉𝑥𝑐[𝜌] =
1

2
∫𝑑𝑟𝜌(𝑟) ∫𝑑𝑟′ (𝑟,𝑟′−𝑟)

|𝑟−𝑟′|
                                  (2.9) 
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The main problem with DFT as already mentioned is that the exact functionals for 

exchange and correlation are not known except for the free electron gas. However, some 

approximations can allow us to perform this calculation. There exist two commonly used 

approximations, which are the local density approximation (LDA) and the generalized 

density approximation (GGA).  

2.1.3. Approximations: LDA and GGA 

2.1.3.1. Local density approximation (LDA) 

The motivation of using approximate methods is to describe the exchange-correlation 

energy as a function of the energy density. Local density approximations are class of 

approximations to the exchange-correlation functional in DFT that determined by the 

electronic density at each point in space. The LDA state that for the region of a material 

where the charge density is slowly varied, the exchange-correlation energy at that point 

can be considered the same as that for a locally uniform electron gas of the same charge 

density. It is a widely used approximation, which locally substitutes the exchange-

correlation energy density of an inhomogeneous system by that of an electron gas 

evaluated at local density. It is based on two assumptions: firstly, the exchange and 

correlation effects come predominantly from the immediate vicinity of point 𝑟 and 

secondly, these exchange and correlation effects do not depend strongly on the variations 

of the electron density in the vicinity of 𝑟 [191]. The achievement of these two conditions 

results in some contribution from the volume element 𝑑𝑟 as if the element was surrounded 

by a constant electron density 𝜌(𝑟) of the same value as within 𝑑𝑟. The exchange-

correlation energy of the homogeneous electron gas 𝐸𝑥𝑐
ℎ𝑜𝑚𝑜(𝜌𝑜) dependent on the 

homogeneous density 𝜌𝑜 and replaces this for inhomogeneous systems with density 𝜌(𝑟) 

by:  

𝐸𝑥𝑐
𝐿𝐷𝐴(𝜌(𝑟)) = 𝐸𝑥𝑐

ℎ𝑜𝑚(𝜌𝑜)|𝜌𝑜
= 𝜌(𝑟)                                    (2.10) 

For spin-unpolarised system (where the functionals depend only on the density) a local 

density approximation for the exchange-correlation energy is written as: 
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𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌] = ∫𝑝(𝑟)휀𝑥𝑐 (𝜌)𝑑𝑟   and  

𝛿𝐸𝑥𝑐(𝜌(𝑟))

𝛿𝜌(𝑟)
=

𝜕[𝜌(𝑟) 𝑥𝑐(𝑟)]

𝜕𝜌(𝑟)
                     (2.11) 

where 𝜌 is the electronic density and 𝐸𝑥𝑐 the exchange-correlation energy density. 

However, this approximation only works with systems with slowly varying densities, such 

as the weakly perturbed electron gas and also works well even for systems that have very 

inhomogeneous electron densities such as atoms and molecules. When considering the 

xc-hole and the pair correlation function, we get a more detailed look at LDA.  

𝜌𝑥𝑐
𝐿𝐷𝐴(𝑟1, 𝑟2) = 𝜌(𝑟1)[𝑔

ℎ𝑜𝑚([𝜌]; |𝑟1 − 𝑟2|                            (2.12) 

where  𝑔ℎ𝑜𝑚[𝜌] is the coupling constant integrated pair-correlation function of the 

homogeneous electron gas [192]. The exchange-correlation part of the pair-correlation 

function which is unaffected by the coupling constant integration is given by:  

𝑔𝑥𝑐
𝐿𝐷𝐴 = ([𝜌];  𝑟1, 𝑟2) = 1 −

9

2
[
sin (𝑘𝐹(𝑟1)|𝑟1−𝑟2|−𝑘𝐹(𝑟1)|𝑟1−𝑟2| cos(𝑘𝐹(𝑟1)|𝑟1−𝑟2|))

(𝑘𝐹(𝑟1)|𝑟1−𝑟2|)3
]      (2.13) 

where the 𝑘𝐹(𝑟) is the local Fermi wave vector defined as: 𝑘𝐹(𝑟) = (
3

𝜋
)

1

3
𝜌(𝑟)

1

3. The 

exchange-correlation energy is decomposed into exchange and correlation terms linearly 

as: 𝐸𝑥𝑐 = 𝐸𝑥 + 𝐸𝑐, where 𝐸𝑥 and 𝐸𝑐 are the exchange energy and the correlation energy, 

respectively. The exchange term takes on an analytic form for the homogeneous electron 

gas (HEG). The exchange-energy density of a HEG is known analytically. The LDA for 

exchange employs this expression under the approximation that the exchange-energy in 

a system where the density is not homogeneous, is obtained by applying the HEG results 

pointwise, yielding the expression [193].  

𝐸𝑥
𝐿𝐷𝐴 = −

3

4
(

3

𝜋
)

1

3
∫𝜌(𝑟)

4

3 𝑑𝑟                                         (2.14) 

This equation satisfies the correct exchange scaling. There are corresponding equations 

for the correlation part of 𝑔ℎ𝑜𝑚[𝜌] and 𝐸𝑐
𝐿𝐷𝐴[𝜌]. The LDA xc-hole is spherical around the 

reference electron and is given as: 

𝜌𝑥𝑐
𝐿𝐷𝐴(𝑟1, 𝑟2) =  𝜌𝑥𝑐(𝑟1, 𝑠)                                             (2.15) 

where 𝑠 = |𝑟1 − 𝑟2| and it also satisfies the sum rule:  

∫𝜌𝑥𝑐
𝐿𝐷𝐴 (𝑟1, 𝑟2)𝑑𝑟2 = 4𝑟 ∫ 𝜌𝑥𝑐

𝐿𝐷𝐴∞

0
(𝑟1, 𝑠)𝑠

2𝑑𝑠 = −1                       (2.16) 
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Analytic expressions for the correlation energy of the HEG are not known except in the 

high-density and low-density limits corresponding to infinitely-weak and infinitely-strong 

correlation [194]. For a HEG with density 𝜌, the high-density limit of the correlation energy 

density is:  

휀𝑐 = 𝐴𝐼𝑛(𝑟𝑠) + 𝐵 + 𝑟𝑠(𝐶𝑖𝑛(𝑟𝑠) + 𝐷)                                     (2.17) 

and the lower limit is given:  

휀𝑐 =
1

2
(

𝑔𝑜

𝑟𝑠
+

𝑔1

𝑟𝑠

3
2

+ ⋯)                                                 (2.18) 

where the Wigner-Seitz radius is related to the density as; 

4

3
𝜋𝑟𝑠

3 =
1

𝜌
                                                          (2.19) 

LDA approximates the energy of the true density by the energy of a local constant density 

and fails in situations where the density undergoes rapid changes such as in molecules. 

The Local Spin Density (LSD) also is not accurate enough for most chemical applications, 

which require determination of energy differences with considerable precision. The LSD 

has been used to calculate the electronic structure of solid-state physics for many years 

[195, 196]. This approximation is given by: 

𝐸𝑥𝑐
𝐿𝑆𝐷[𝜌↑, 𝜌↓] = ∫𝑑3𝑟𝜌(𝑟)휀𝑥𝑐

𝑢𝑛𝑖𝑓
[𝜌↑(𝑟), 𝜌↓(𝑟)]                               (2.20) 

where 휀𝑥𝑐
𝑢𝑛𝑖𝑓

(𝜌↑, 𝜌↓) is the exchange-correlation energy per particle of a uniform electron 

gas [197, 198, 199]. 

2.1.3.2. General gradient approximation (GGA) 

The generalized gradient approximation (GGA) is an alternative approach since it 

improves the LDA by extending the exchange-correlation functional with terms containing 

a gradient of the electron density. The gradients measure the changes of the electron 

density and can be used to advance to the local density approximations. Most of the 

gradient developments are based on the weakly varying electron gas [192]. These 

approximations are called the gradient expansion approximations (GEA) and can be 

summarised as: 
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  𝐸𝑋
𝐺𝐸𝐴 = 𝐸𝑋

𝐿𝐷𝐴[𝜌] + 𝛽 ∫
(∇𝜌)2

𝜌
4
3

𝑑𝑟 + ⋯                               (2.21) 

𝐸𝐶
𝐺𝐸𝐴 = 𝐸𝐶

𝐿𝐷𝐴[𝜌] + ∫𝐶(𝜌)
(∇𝜌)2

𝜌
4
3

𝑑𝑟 + ⋯                          (2.22) 

where 𝐶(𝜌) is a functional determined by the response theory and 𝛽 is a constant. But 

the GEA do no improvements to the LDA since the densities in molecule and atom don’t 

very slowly over space. Upon the analysis of the xc-holes, thy show that the short-range 

is improved, however, the long-range is made worse [200]. The corresponding 

approximation for the GEA is the generalized gradient approximation (GGA), which can 

be written as:  

𝐸𝑋𝐶 = 𝐸𝑋𝐶[𝜌(𝑟), ∇𝜌(𝑟)]                                           (2.23) 

This can make great improvements over LDA results with accuracy approaching that of 

the correlated wavefunction. Even though there is only one LDA, there are various 

parameterizations of the GGA which include the Perdew-Wang 86 (PW86), Lee-Yang-

Parr (LYP), Perdew-Wang 91 (PW91), Perdew-Burke-Enzerhof (PBE), and Revised 

Perdew-Burke-Enzerhof (RPBE). Some of these are semi-empirical, in that experimental 

data (e.g. atomization energy) is used in their derivations and others are found entirely 

from the first principles. The most used functionals are PW19 due to Perdew and Yang 

[199, 200, 201]. However, the new generalized gradient approximation (GGA) has the 

generalized correlated functional in the form: 

𝐸𝑋𝐶
𝐺𝐺𝐴 = ∫𝑑3 𝑟𝑓(𝜌↑(𝑟), 𝜌↓(𝑟), ∇𝜌↑, ∇𝜌↓)                               (2.24) 

The expression was found to reduce the LSD atomization errors by a factor 5 [202]. The 

mostly used GGA’s are the Becke GGA for exchange energy [203], the exchange-

correlation GGA’s by Perdew [204], and the Perdew and Wang [205, 206, 207]. The GGA 

correlation to the LDA is of the form:  

𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌↑, 𝜌↓] = 𝐸𝑋

𝐿𝐷𝐴 − 𝛽 ∫∑

𝜌
𝜎(𝑟)

4
3 𝑥𝜎

2

1+6𝛽𝑥𝜎 sinh−1 𝑥𝜎
𝜎 𝑑3 𝑟                       (2.25) 
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where  𝐸𝑋
𝐿𝐷𝐴 = 𝐶𝑋𝜎 ∑𝜌𝜎

4

3 (𝑟)𝑑3(𝑟),   𝐶𝑋𝜎 =
3

2
(

3

4𝜋
),  𝑋𝜎 =

|∇𝜌|

𝜌𝜎

4
3

, 𝜎 represents the ↑ 𝑜𝑟 ↓ 

electron spin. 𝛽 is a constant parameter to obtain the correct exchange energy for a noble 

gas. The following correlation functional predicted by the Perdew and Wang [205] predicts 

the correlation energy of useful accuracy for electron gas with slowly varying density:  

𝐸𝑋𝐶
𝐺𝐺𝐴 = ∫(𝜌↑(𝑟), 𝜌↓(𝑟), ∇𝜌↑, ∇𝜌↓)𝑑𝑟3 + ∫

𝐶𝐶(𝜌)|∇𝜌|2

𝑑𝑒𝜙𝜌(𝑟)
4
3   

𝑑3𝑟                      (2.26) 

where 𝑑 = 2
1

2 [(
1+

2
)

5

3
+ (

1−

2
)

5

3
], 𝜙 = 0.1929 [

𝐶𝐶(∞)

𝐶𝐶(𝜌)
]

|∇𝜌|

𝜌
7
6

, 휁 =(𝜌↑, 𝜌↓)/𝜌  and 𝐶𝐶(𝜌) is a 

rotational polynomial of the density that contains the fitting parameters. The exchange 

functional written by Perdew-Burke-Ernzerhof is discussed in the form that contains an 

explicit enhancements factor over the local exchange factor, widely known as the GGA-

PBE exchange-correlation 

𝐸𝑋
𝑃𝐵𝐸 = ∫𝜌(𝑟)휀𝑋

𝐿𝐷𝐴[𝜌(𝑟)]𝐹𝑋𝐶(𝜌, 𝜉, 𝑠)𝑑𝑟                                  (2.27) 

where 𝜌 is the local density, 𝜉 is the relative spin polarization, and 𝑠 =
|∇𝜌(𝑟)|

2𝑘𝐹𝜌
 is the 

dimensionless density gradient. The factor is enhanced in the following way: 

(𝑠𝐹𝑋 = (
1

𝑘+𝑠2𝜇
(𝑘 + 𝑠2𝜇 + 𝑠2𝑘𝜇)))                                   (2.28) 

where 𝜇 = 𝛽 (
𝜋2

3
) = 0.21951 with 𝛽 = 0.066725. The correlation energy is; 

𝐸𝐶
𝑃𝐵𝐸[𝜌↑, 𝜌↓] = ∫𝜌(𝑟) [휀𝐶

𝐿𝐷𝐴(𝜌, 휁) + 𝐻(𝜌, 휁, 𝑡) ]𝑑𝑟                  (2.29) 

with 

𝐻(𝜌, 휁, 𝑡) = (
𝑒2

𝑎0
) 𝛾𝜙3 × 𝐼𝑛 {1 +

𝛽

𝛾
𝑡2 [

1+𝐴𝑡2

1+𝐴𝑡2+𝐴2𝑡4
]}                    (2.30) 
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where 𝐴 =
𝛽

𝛾
[𝑒 𝐶

𝐿𝐷𝐴 [𝜌]

𝛾𝜙3 − 1]

−1

, 𝑡 =  |
∇𝜌(𝑟)

2𝑘𝑠𝜌
| is the dimensionless density gradient, 𝑘𝑠 =

(
4𝑘𝐹

𝜋
)

1

2
 is the TF screening wave number and 𝜙(휁) = [(1 + 휁)

2

3 + (1 − 휁)
2

3] is the spin-

scaling factor. Under uniform scaling to the high-density limits, Ec
GGA tends to  

−
𝑒2

𝑎0
∫𝑑3𝑟𝑛𝛾𝜙3 × 𝐼𝑛 [1 +

1

𝜒𝑠2

ϕ2 +(
𝜒𝑠2

𝜙2 )
2]                              (2.31) 

where 𝑠 =
|∇n|

2𝑘𝐹𝑛
= (

𝑟𝑠

𝑎𝑜
)

1

2
𝜙𝑡/𝑐 is another dimensionless density gradient.  

2.1.4. Plane-wave pseudopotential methods 

The Plane-wave pseudopotential is a method that calculates the variation self-consistent 

solution with accuracy. Its advancements and perfections enable to predict the static and 

dynamic properties of the crystalline solids and the molecules [207]. The plane-wave 

pseudopotential method deals with the weak pseudopotential and calculates the 

geometry optimization, mainly the relaxation of internal parameters.it can also simulate 

the electronic ground states for metals, insulators, and the semiconductors. 

2.1.4.1. Plane-wave basis set 

The plane-wave method as outlined above is more reliable and powerful to calculate the 

properties for materials. It was designed for periodic solids and used for problems such 

as exploring the supercell approach for atoms and surfaces. The roots of this method are 

based on the Bloch’s theorem that states that the eigenstates 𝜓 of a one-electron 

Hamiltonian 𝐻 = −
ℏ2∇2

2𝑚
+ 𝑉(𝑟), where 𝑉(𝑟 + 𝑇) = 𝑉(𝑟) for all Bavais lattice translation 

vectors T can be chosen to be a plane wave times a function with the periodicity of Bravias 

lattice. This theorem allows the electronic wave functions to be expanded in terms of a 

discrete set of plane waves as follows: 

𝜓𝑖 = 𝑒𝑖𝑘𝑟Fi(r)                                                    (2.32) 
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Fi(r) is the cell periodic term, described as: 

𝐹𝑖(𝑟) =  ∑ 𝐶𝑖,𝐺𝑒𝑖𝐺𝑟
𝐺→                                              (2.33) 

where G is the reciprocal lattice vectors of the periodic cell. Each distinct electronic 

wavefunction 𝜓𝑘𝑖(𝑟) can be written as: 

𝜓𝑘𝑖(𝑟) = ∑ 𝐶𝑖,𝐾+𝐺𝑒−[𝑖(𝐾+𝐺).𝑟]
𝐺→                                    (2.34) 

where  𝐶𝑖,𝐾+𝐺 are the coefficient of plane waves and they depend entirely on the specific 

kinetic energy, (
ℏ2

2𝑚
) |𝐾 + 𝐺𝑐|

2 and the plane-wave with high kinetic energy are less 

important than those with low kinetic energy. The cut-off energy can be calculated in order 

of finite basis set as: 

𝐸𝑐𝑢𝑡 >
ℏ2

2𝑚
|𝐾 + 𝐺𝑐|

2                                                (2.35) 

The cut-off is chosen by increasing its magnitude until its total energy converges to a 

required accuracy [208]. However, an increase in the number of a plane wave can 

describe more rapidly varying features of an infinitely large number of basis set achieved. 

In a nutshell, the finite basis set is obtained when the finite cut-off energy is introduced to 

the discrete plane-wave basis set. Although this might lead to computational errors, one 

should increase the cut-off energy until it fully converges. One should also use a denser 

set of k-points to reduce errors and ensure good convergence.  

2.1.4.2. Pseudopotentials 

The pseudopotential is the theory that aims to reduce the difficulty of calculating energy 

density. The theory is constructed such that the pseudo wavefunction has no radical 

nodes within the core regions and that the pseudo and potential agrees well with the true 

wavefunction and potential outside some cut-off radius 𝐸𝑐𝑢𝑡. Furthermore, the 

pseudopotential should preserve the properties of the element, including the phase shifts 

on scattering across the core, and these phase shifts will generally depend upon the 

angular momentum. This theory replaces the Coulomb potential of the core electrons and 

nucleus with potential acting on the valence electrons, due to the low reactivity of the core 
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electrons. The core electrons localized around the nucleus, the wavefunctions barely 

overlap with the core electron’s wavefunction of the neighbouring atoms. Hence, in the 

core region of an atom, the core wavefunctions oscillate rapidly due to the strong Coulomb 

potential. Irrespective of the chemical environment of the atom, the distribution of the core 

electrons is the same. This is a plus since the electrons have to be treated and fewer 

eigenstates of the Kohn-Sham have to be calculated. On the other hand, the total energy 

is largely reduced by the absence of the core electrons in the calculations which makes 

energy difference calculations between the atomic configurations much more numerically 

stable. An introduction of the pseudopotential approximation is an attempt to limit the 

unsolved complicated effects of the core electrons in motion and their nucleus with the 

effective potential [209, 210]. The properties of the pseudopotential are explained further 

in the schematic diagram shown in Figure 5. The valence wavefunctions oscillate rapidly 

in the region occupied by the core electrons, which is because of the strong ionic potential. 

Hence, the orthogonally between the valence and core electrons is maintained due to 

these oscillations. In general, the pseudopotential should be non-local, with no projectors 

for different angular momentum states. The general formulation of the pseudopotential is 

outlined as:  

V𝑖𝑜𝑛𝑠 = ∑|𝑙𝑚⟩𝑉𝑖⟨𝑙𝑚|                                          (2.36) 

where |𝑙𝑚⟩ are the spherical harmonics and 𝑉𝑖 is the pseudopotential for angular 

momentum.  
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Figure 5: Schematic diagram for the illustration of an atomic all-electron wavefunction 

and the corresponding atomic pseudo wavefunction. 

2.1.4.3. Projector augmented wave (PAW) method 

The wavefunction of materials has quite different signatures in different regions of space. 

In the bonding region, the wavefunction is smooth while close to the nucleus it oscillates 

rapidly due to the large attractive potential of the nucleus. This is the drawbacks of the 

electronic structure method when describing the bonding region with a high degree of 

accuracy while accounting for the large variations in the atom centre. The augmented-

wave method was formulated to divide the wavefunction into parts, which are the partial-

wave expansions within atom-cantered spheres and the envelope function outside the 
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spheres.  The partial-wave expansions and the envelope function are matched with a 

term and derivative at the sphere radius.  

The projected augmented wave (PAW) is an approach that combines the linear 

augmented plane-wave (LAPW) method with the formal simplicity of the traditional plane-

wave approach [211]. Its wavefunction can be expressed as:  

𝜓(𝑟) = �̃�(𝑟) + ∑ [𝜙Λ(𝑟) − �̃�Λ(𝑟)]⟨𝑝Λ|�̃�⟩Λ                               (2.37) 

where |𝜓⟩ and |�̃�⟩ are the wavefunction and the pseudo-wavefunction respectively,   

|𝜙Λ⟩ and |�̃�Λ⟩ are the one-electron Schrodinger equations for the isolated atoms and the 

pseudo partial wave respectively and the 𝑝Λ are the projector functions. In this 

formulation (see equation 16),  |𝜓⟩ behaves like an atom within an atom-cantered 

sphere (augmentation region) and outside envelope function (interstitial region). Within 

the augmented region, |�̃�⟩ is cancelled out by the expansion of |�̃�Λ⟩ that is in such a 

way that it’s equal to |𝜙Λ⟩  interstitial regions. The full all-electron wavefunction is used 

while the core electrons are considered fixed at an atomic solution, and it depends on 

the full charge and spin density, such as the hyperfine [212]. 

2.1.5. Implications in VASP 

The Vienna ab-initio simulation package (VASP) is an electronic program for solid 

materials. It performs ab-initio quantum mechanical molecular dynamics using the plane-

wave basis set, pseudopotentials, and the projected augmented wave method. The 

program is based on the DFT method, however, it also allows the use of hybrid functional 

mixing DFT, Hortree-Fork exchange, many-body perturbation theorem, electronic 

corrections within random phase approximation [213]. VASP uses efficient matrix 

diagonalization schemes and efficient Pulay/Broyden charge density mixing. This 

technique is highly advanced that it also avoids all the problems possibly occurring in the 

original Car-Parrinello method, which is based on the simultaneous integration of 

electronic and ionic equations of motion. The interaction between ions and electrons is 

described by ultra-soft Vanderbilt pseudopotential (US-PP) [214] or by the PAW method. 

Ultra-soft pseudopotentials and projector-augmented wave allow for a considerable 
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reduction of the number of plane waves per atom for transition metals and first row 

elements. Forces and the full stress tensor can be calculated with VASP and used to 

relax atoms into their instantaneous ground state. The densities of states are also 

calculated using the VASP code. VASP is based on a program initially written by M. Payne 

[200] at the MIT. Hence, VASP has the same roots as the CASTEP/CETEP code but 

branched from this root at an early stage. 

Spin-polarized density functional theory (DFT) calculations were performed as 

implemented in the Vienna Ab-initio Simulation Package (VASP) [215]. All calculations 

were carried out within the generalized gradient approximation (GGA) using the Perdew, 

Burke, and Ernzerhof (PBE) exchange-correlation functional [216]. The kinetic energy 

cut-off was fixed at 560 eV for the expansion of the Kohn-Sham (KS) valence states. A 

Γ-centred Monkhorst-Pack grid of 5x5x1 k-points was used for the integration of all 

surfaces in the reciprocal space. The core electrons and their interaction with the valence 

electrons were described using the projector augmented-wave (PAW) method [217] in 

the implementation of Kresse and Joubert [199]. The core electrons are comprised of 3s 

and 1s for manganese and oxygen, respectively. While all the electrons for lithium are 

treated as valence electrons. The semi-empirical method of Grimme with the Becke-

Johnson damping [D3-(BJ)] [218] was also included in our calculations for modelling the 

long-range dispersion interactions, which is required to describe surfaces properly [219]. 

Gaussian smearing with a width of 0.05 eV was set to improve the convergence of the 

Brillion zone integrations during geometry optimizations [219]. The tetrahedron method 

with Bl�̈�chl corrections were used to obtain accurate electronic properties, magnetic 

properties, and total energies [220]. The Hubbard correction [221] in the formulation of 

Dudarev et al. [222] was applied to improve the description of the localized 3d Mn 

electrons.  We used the effective parameter, Ueff = 4.0 eV which is within the range of 

values reported in the literature [223, 144, 148, 79]. 
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2.2. BACKGROUND OF THE PROPERTIES STUDIED 

2.2.1. Geometry optimization 

Before any calculations, we performed geometry optimization, which is the relaxation of 

atomic positions and cell parameters. This procedure is not based only on finding the 

structural minimum, but also the inter-nuclear Coulomb energy. Figure 6 shows the profile 

representation of the local and global minima separated by the transitional state.  One of 

the greatest challenges of condensed matter physics is the identification of the lowest 

energy path for the rearrangements of atoms from one stable configuration to the other. 

The energy maximum along the minimum energy path is point energy which gives the 

activation energy (𝐸𝑎), which is calculated as the total energy difference between the 

initial state and the saddle point. The activation energy (∆𝐸) of the reaction can also be 

calculated as the energy difference between the final state and the initial state. 

 

Figure 6: Representation of local and global minima with the transition state [224]. 
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2.2.2. Heats of formations 

The standard heat of formation of a specific material is the change of enthalpy that 

accompanies the formation of 1 mole of a substance in its standard state. The calculation 

for the heats of formation is based on the application of Hess’s law, which states that the 

standard enthalpy of an overall reaction is the sum of the standard enthalpies of individual 

reactions into which the reaction may be divided [225]. The heats of formation and 

associated entropies provide a fundamental understanding of stabilities and phase 

diagrams construction. The heat of formation (Δ𝐻𝑓) is estimated by:  

Δ𝐻𝑓 = 𝐸𝑚 − ∑ 𝑁𝑖𝐸𝑖𝑖                                            (2.38) 

where  𝐸𝑚 is the total energy of the molecule, 𝐸𝑖 is the total energy of the element  and 𝑖 

in the molecule and 𝑁𝑖 is the number of atoms in the molecule. 

2.2.3. Density of states 

The density of states (DOS) is the representation of the number of states in specified 

energy. It gives a clear understanding of how chemical bonds are created and how the 

molecules interact with solid surfaces. Inside the Brillouin zone, each k-point defines 

energy levels that form energy bands which can be represented using a band diagram 

plot. The higher DOS at an energy level indicates that there are many states available for 

occupation and zero DOS indicates that no states can be occupied at that energy level. 

The energy level within the material’s DOS that is extremely useful for characterizing the 

electrical behaviour of the material is known as the Fermi level (EF). In an insulator, EF 

lies within a large bandgap, far away from any states that can carry current. For doped 

semiconductor, EF is close enough to a band edge that there are a dilute number of 

thermally excited carriers residing near that band edge. In a metal or semimetal, EF lies 

within a delocalized band. The DOS can also be represented for each ion in each system 

using the volume that it occupies. Furthermore, it can be represented using the s, p, and 

d bands, which can enable interpretation of the relative energies of different bands and 

their interactions in bonds. 

http://en.wikipedia.org/wiki/Enthalpy
http://en.wikipedia.org/wiki/Mole_(unit)
http://en.wikipedia.org/wiki/Standard_state
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2.2.4. Phonon dispersions 

Phonon dispersion is a phenomenon that describes the optical properties of a material. 

The optical properties of materials are defined as the interaction of the material with 

electromagnetic radiation in the visible region. The photon interactions with the crystal 

structure of a material result in a variety of optical phenomena. The transfer of photon 

energy to the material may undergo absorption, transmission, photons of identical energy 

may immediately be emitted by the material via reflection and the velocity of photons may 

change, during transmission causing refraction. Different materials have different band 

structures. Metals consist of partially filled high-energy conduction bands and non-metals 

consist of various energy band structures. All four optical phenomena (absorption, 

reflection, transmission, and refraction) are important for these materials. In this work, we 

calculated and plotted the phonon dispersions using the PHONON code [226] to describe 

the stability of the spinel bulk structure. 

2.2.5. Elasticity 

Elastic properties give an insight into the strength of the material against an externally 

applied strain and could be used as a stability criterion for structural transformation [227, 

228]. It can also be related to various fundamental solid-state properties, such as the 

equation of states and the phonon dispersion spectra. The mechanical stability of 

homogeneous crystals has been widely studied in both theoretical and computational 

investigation [229]. Born started the systematic study of crystal stability under load. The 

well-known Born stability criteria are a set of conditions on the elastic constants (𝐶𝑖𝑗) 

which are related to the second-order change in the internal energy of a crystal under 

formation. But, Hill and Milstein suggested that the convexity of the internal energy in a 

crystal under stress is coordinate dependent and hence the ranges of Born stability are 

strongly sensitive to the choice of coordinates [230]. Wang et al. have suggested that the 

Born conditions are only valid for the mechanical stability of unstressed systems and not 

valid for the stressed systems [231, 232]. Barron and Klein also indicated that the normal 

definition of the elastic constants derived the Helmholtz free energy cannot be directly 

applied to the study of the stress-strain relationship of a stressed state [233]. Wang and 
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co-workers [231, 232] demonstrated, however, that elastic constants cannot be used as 

stability criteria for a stressed system. They suggested the use of elastic stiffness 

coefficients as stability criteria for isotropic stress. For anisotropic stress, they obtained a 

more general form from path-dependent finite displacements. The stability criteria have 

been strongly formulated in terms of elastic stiffness coefficients (Cij) which govern the 

proper relations of stress and strain at finite strain by considering both the internal and 

the external work was done during the process of deformation [233]. This strongly 

suggests that the stability analysis depends mainly on a proper generalization of the zero-

stress constants valid for arbitrary stress. Bulk modulus is also one of the most important 

parameters that characterize the physical property of a material system because it also 

measures the degree of stiffness or the energy required to produce a given volume 

deformation, while shear modulus describes the resistance to shape change caused by 

shearing force; Young's modulus reflects the resistance of materials against uniaxial 

tensions [234]. The Bulk modulus depicts the bonding characters in the material and it is 

usually used as an indicator for material strength and hardness and is the inverse of 

compressibility [235]. Pugh introduced the ratio of bulk to shear modulus of polycrystalline 

phases (B/G) by considering that shear modulus represents the resistance to plastic 

deformation, while the bulk modulus represents the resistance to fracture. A high B/G 

value is associated with ductility, while a low B/G value is related to brittleness. The critical 

value separating ductility and brittleness is 1.75 [236]. Elastic constants of a material 

describe its response to the externally applied strain or the stress required to maintain a 

given deformation and provides useful information of the strength of the material, as 

characterized by Bulk modulus (B), shear modulus (C), Young’s modulus (E), Poisson’s 

ratio (𝜐) and Shear anisotropy factor (A). The quadratic dependence of the crystal energy 

E on the strain is expected for small deformations.  

The mechanical stability criteria are different depending on the kind of material. For each 

material, both stress and strain have three tensile and three shear components, giving six 

components in total. According to the theory of elasticity, a 6×6 symmetry matrix with 36 

elements is needed to describe the relationship between stress and strain, such that 𝜎1 =

𝐶𝑖𝑗휀𝑗  for small stresses (𝜎), and strain (휀) [237]. Elastic constants of a material describe 

its response to the externally applied strain, or the stress required to maintain. a given 
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deformation and provides useful information on the strength of the material, as 

characterized by Bulk modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s 

ratio (v ) and Shear anisotropy factor (A). The quadratic dependence of the crystal energy 

E on the strain is expected for small deformations. The elastic moduli for the hexagonal 

crystal are given as follows 

2.2.6. Surface calculations  

Surfaces can be modelled from a bulk structure cleaving along different crystallographic 

planes known as Miller indices. The Miller indices are lattice planes determined by three 

integers commonly represented by ℎ, 𝑘 and 𝑙. Each index represents a plane orthogonal 

to the direction, based on the reciprocal lattice vectors and they indicated as (ℎ, 𝑘, 𝑙). For 

example, the Miller indices (001) represents a plane orthogonal to the 𝑙 direction, (011) 

represents a plane orthogonal to both 𝑘 and 𝑙 directions. Some index planes can be 

orthogonal to the negative ℎ, 𝑘, and 𝑙 directions. For example, (001̅) represent a plane 

orthogonal to the negative 𝑙 direction.  

Atoms at the modelled surfaces commonly tend to have low coordination compare to 

those in the bulk. Because of the presence of the dangling bonds and the changes in 

coordination of the surface atoms, the surface geometry will relax or maybe reconstruct 

to let the atoms to find the equilibrium positions. In surface constructions, there two 

common models, namely, periodic and the cluster model. In the periodic slab model, two 

directions generate exposed surfaces with vacuum on either side of the slab, while the 

cluster model treats the surface as a small isolated cluster of atoms, and one of the 

resulting facets has the same symmetry and atomic arrangement as the crystal intended 

to study. Most importantly when using the periodic slabs, the vacuum thickness should 

be large enough to avoid surface consecutive slabs from interacting with each other, and 

also the thickness should be thick enough to avoid interactions of surfaces of one slab. 

In this study, the slabs were modelled from a fully optimized pristine bulk. The bottom 

atoms were frozen to mimic the bulk, and the uppermost atomic layers could relax as 

shown in Figure 7. We then named the slabs without fixed atomic layers as unrelaxed 

surfaces, and those with upper atomic layers which could relax as the relaxed surfaces. 
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Figure 7: Representation of how the half-relaxed slab was calculated. The uppermost 

layers could relax while the lower surfaces were kept fixed at their relaxed bulk positions. 

2.2.6.1. Surface stability 

Surface stability influences the reactivity of the reactivity. The lesser the surface stability 

the more relativity towards adsorbing species.   Surface energies of the modelled facets 

were calculated for the relaxed and unrelaxed slabs. The unrelaxed surface energies (𝛾𝑢) 

were evaluated from static calculations as 

𝛾𝑢 =
𝐸𝑢,𝑠𝑙𝑎𝑏−𝐸𝑏𝑢𝑙𝑘

2𝐴
                                                  (2.39) 

where 𝐸𝑢 is the total energy of an unrelaxed slab, 𝐸𝑏𝑢𝑙𝑘 is the total energy of the bulk with 

the same number of formula units as the slab and A is the surface area of the slab. The 

relaxed surface energies (𝛾𝑟) were also calculated for the spinel following geometry 

optimization of half of the slab, where the two bottommost layers were kept fixed at their 

relaxed bulk positions while the top layers were allowed to relax as shown in Figure 7 

below. 

Since the slabs were comprised of both the relaxed and unrelaxed surfaces, the surface 

energies were calculated as 

 𝛾𝑢 + 𝛾𝑟 =
𝐸𝑟−𝐸𝑏𝑢𝑙𝑘

𝐴
                                             (2.40) 
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where 𝐸𝑟 is the total energy of the half-relaxed surface. The degree of relaxation (R) was 

also calculated for all the surfaces as 

 𝑅 = 
𝛾𝑢−𝛾𝑟

𝛾𝑢
 × 100                                            (2.41) 

The surface free energy of a given plane is a measure of the stability of that surface, 

where the surface with the lowest positive value is the most stable.  

2.2.6.2. Adsorption energy 

The adsorption of molecules on the surfaces of solids is an interesting and useful 

phenomenon when investigating surface reactivity of materials.  Atoms and molecules 

interact with surfaces with forces originating either from the “physical” van der Waals 

interactions or from the “chemical” hybridization of their orbitals with those of the atoms 

of the substrate. Depending on which contribution dominates, we speak of physisorption 

or chemisorption. These are limiting cases since hybridization is always present at small 

enough adsorption distances, even for adsorbed rare gases. Physisorption is based on 

the van der Waals interactions between the adsorbate and the substrate and between the 

adsorbed molecules. The binding energy depends on the number of atoms involved and 

varies between few 𝑚𝑒𝑉 (light gases) and few eV (large organic molecules). The 

geometrical structure and electronic characteristics of the physisorbed molecule or atom, 

and of the surface are essentially preserved. A physisorbed molecule can spontaneously 

leave the surface after a certain time. Chemisorption, on the other hand, occurs when 

there is the formation of a chemical (often covalent) linkage between adsorbate and 

substrate. Binding energies are typical of several eV. Compared to physisorption, the 

geometrical structure and electronic characteristics of the chemisorbed molecule or atom 

are strongly perturbed.  

When molecules or atoms adsorb on the surface, and the created bond with the surface 

will release energy. The total energy of this formation is called binding or adsorption 

energy (Eads). Eads is a function of coverage and distribution of the adsorbates at the 

surfaces. Considering the molecule, Z, adsorbed on a given surface, the adsorption 

energy is calculated as:  
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 𝐸ads = 𝐸Z+surface – (𝐸𝑍  + 𝐸surface)                                     (2.42) 

where, EZ+surface is the total energy of the surface with the molecule Z adsorbed, 𝐸Z is the 

total energy of the isolated molecule Z and 𝐸surface is the total energy of the pristine 

surface. By definition, a positive value of 𝐸ads indicates an endothermic and unfavourable 

adsorption process, whereas a negative value indicates an exothermic and favourable 

adsorption process. 

2.2.7. Vibrational frequencies 

Vibrational frequencies are related to the force constant, which are the second derivatives 

of the total energy concerning the displacements. The method comprises calculations of 

vibrational frequencies from the 2nd derivatives of the potential energies with respect of 

the atomic positions which were moved by small displacements to ensure they fall within 

the harmonic part of the potential well. They are necessary for reasons such as to locate 

the steady-state on the hypersurface and ensure that the stationary optimized point is 

minimum on the potenti9al energy surface. Can also be related to the infrared (IR) or 

Raman spectra and can be directly compared to experimental data. The vibrational 

frequencies (𝜔) are determined from the eigenvalues of the Hessian of the Born-

Oppenheimer energy, which is scaled by nuclear masses:  

𝑑𝑒𝑡 |
1

√𝑀𝐼𝑀𝐽
∗

𝜕2𝐸(𝑅)

𝜕𝑅𝐼𝜕𝑅𝐽
− 𝜔2| = 0                                   (2.43) 

A stationary point can be confirmed as a local minimum if all the second derivatives are 

positive and if imaginary frequencies are found, then the stationary point can be assigned 

as a saddle point. The Hessian matrix is calculated using the finite difference and it is 

determined by the equation: 
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2.2.8. Wulff crystal morphologies 

The Wulff construction for particle morphologies was based on the famous paper on the 

Heterogeneous substances by J.W. Gibbs [238]. He concluded that a given quantity of 

matter will have a shape such that the total surface energy is minimal. This suggests that 

the shape of a crystalline solid will be a polyhedron that is composed of faces parallel to 

the ℎ𝑘𝑙 plane allowed. Thus, the surface morphologies will be dominated by the facets 

with low surface energy. Decades later, G Wulff [239] suggested that the polyhedral 

shape that corresponds to the lowest surface energy for a crystalline substance can be 

in the following way: One chooses a constant c and a Cartesian set of axes. Starting from 

the origin, O, one draws a plane that is normal to the [ℎ𝑘𝑙] vector and has a distance 

𝑑ℎ𝑘𝑙  =  𝑐 · 𝛾ℎ𝑘𝑙 from O. The first prove of Wulff construction was proposed by vou Laue in 

1943, furthermore, upgraded, and explained in details [240]. It was also discussed that 

the polyhedral constructed using the Wulff constructions: (i) depends only on the ratios 

between surface tensions not on their absolute values. (ii) Contains some facets with high 

Miller index as in most cases since they have high surface tension than the low Miller 

index surfaces. (iii) Does not consider the edge- and vertex-energies and (iv) has the 

same symmetry as the bulk structure. 

2.2.9. Charge transfers analysis  

The charge identification for a material can give an insight into the bonding of the 

contributing atoms. Based on the adsorbed systems, charge analysis can characterize 

the nature of the bond between the interacting atoms. Covalent bonds are identified when 

the charge transfer between the interacting atoms is small or negligible, and this 

interaction is known as physisorption. Several methods exist for charge transfer analysis 

which gives different results [241]. In this work, we use Bader charge analysis [242] as 

implemented in the VASP code using the Henkelman algorithm [243]. The Bader method 

determines the surface zero flux in the charge density around an atom. The volume 

enclosed by the surface is named Bader basin, and the electron densities inside are 

summed to find the Bader charge for that atom. Because of the delocalization of DFT, the 
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Bader analysis underestimates the ionic charges. Besides the delocalization of DFT, the 

Bader is reliable in identifying trends for similar systems. 
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CHAPTER THREE 

 

STABILITY OF LITHIUM MANGANESE OXIDE LiMn2O4 SPINEL BULK STRUCTURE 

 

CHAPTER SUMMARY 

In this chapter, we use the density functional theory (DFT) to study the stability of the bulk 

spinel structure. We discuss the convergence test, structural, electronic, mechanical, and 

vibrational properties. The convergence test involves cut-off energies and k-points. 

Structural properties are discussed based on the lattice parameters and the heats of 

formation. Electronic properties are composed of the density of states and band 

structures, while the mechanical properties are the elastic constants and moduli. The 

vibrational properties are phonon dispersions, wherein we study the vibrational stability 

of the structure. This chapter mainly focuses on the stability of the bulk structure and gives 

insight into the properties of the spinel LiMn2O4 structure.  

3.1. METHOD  

The density functional theory (DFT) calculations as implemented in the Vienna Ab-initio 

Simulation Package (VASP) [215] was used to investigate the LiMn2O4 bulk properties. 

All calculations were carried out within the generalized gradient approximation (GGA) 

using the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional [216]. We 

used the kinetic energy cut-off of 560 eV and the k-points of 5×5×5 were used for the 

integration of the reciprocal space. The projector augmented-wave (PAW) method [217] 

in the implementation of Kresse and Joubert [199] was used to describe the core electrons 

and their interactions with the valence electrons. The Hubbard correction [221] in the 

formulation of Dudarev et al. [222] was applied to improve the description of the localized 

3d Mn electrons.  We used the effective parameter, Ueff = 4.0 eV which is within the range 

of values reported in the literature [223, 144, 148, 79]. We also included the semi-

empirical method to model the long-range interactions [218, 219]. Gaussian smearing 

with a width of 0.05 eV was set to improve the convergence of the Brillion zone 
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integrations during geometry optimizations [219]. Phonon code [244] as implemented in 

Materials design within MedeA software of VASP [244] as was used to evaluate the 

vibrational properties of the material. 

3.2. LiMn2O4 spinel bulk  

The spinel LiMn2O4 has a face-centered cubic crystal structure with a space group 𝐹𝑑3̅𝑚 

(No. 227) [44] and a lattice constant of a = 8.24 Å [45, 46]. The structure consists of a 

cubic close-packed array of oxygen atoms occupying the 32e sites, where lithium and 

manganese atoms occupy one-eighth of the tetrahedral (8a) sites and one-half of the 

octahedral (16d) sites, respectively, [47].  

We have used the direct LiMn2O4 spinel, rather than the partially inverse system, for the 

sake of simplicity. In the previous work [143], the authors simulated the bulk of LiMn2O4 

using the primitive rhombohedral unit cell containing 14 atoms. Given the size of their 

supercell, they could model three inversion degrees, i.e. the normal, half-inverse and fully 

inverse spinels. The authors compared the predicted configurational energy using the 

1x1x1 primitive unit cell with the ensemble average calculated for the 25% inversion 

degree in the 2x1x1 supercell and found them to be in good agreement. 

We decided not to use the partial inversion degree found for Phy. Rev. B 2018 paper as 

that would involve generating and optimising all the 4222 inequivalent configurations (M) 

for the cubic unit cell of the spinel containing 56 atoms,  followed by an analysis of the 

site-occupancy disorder (SOD) of the material. Finally, the calculated partial inversion 

degree is 30%, which suggests that approximately one in every three Li atoms have 

swapped their position in a tetrahedral holes with the Mn in the octahedral cavities. Our 

models show that the LiMn2O4 (001) and (111) surfaces containing 56 atoms, display only 

one exposed tetrahedral Li atom, which would make very difficult to account for the partial 

inversion degree at the surface level. Obviously, the partial inversion degree in the 

subsurface layers, if taken into account, would have had only a minor effect on the surface 

properties of this spinel material towards ethylene carbonate. 
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3.3. CUT-OFF AND K-POINT 

The cut-off and k-point were performed with the plane-wave pseudopotential method 

using the VASP code. To calculate the appropriate cut-off energy of spinel LiMn2O4 

(space group Fd-3m), the single point calculations were performed at different cut-off 

energies within the GGA-PBE [216].  The total energy for each cut-off energy was noted 

and the calculations were repeated until constant minimum energy was reached. The total 

energy against the kinetic cut-off energy was then plotted (see Figure 8 below). The graph 

shows almost a zero slope from the cut-off energy of 560 eV. Thus, the kinetic energy of 

560 eV was chosen since we noticed that the graph shows a negligible variation of the 

total energy. Therefore, the cut-off energy of 560 eV corresponds to the minimum energy 

was used in all the bulk and surface calculations. 

 

Figure 8: The plot of total energy against the kinetic cut-off for LiMn2O4 bulk structure. 

The Monkhorst-Pack scheme of the k-points sampling was used to select an optimal set 

of special k-points of the Brillouin zone such that the greatest possible accuracy is 

achieved from the number of k-points used. Different values of k-points mesh parameters 

were varied from 1×1×1 to 9×9×9 until total energy change is negligible. The plot for 
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total energy against the k-points for the LiMn2O4 bulk structure was represented in Figure 

9 below. We found the k-point mesh parameter to be the 5×5×5. 

 

Figure 9: The plot of total energy against the k-points for LiMn2O4 bulk structure. 

3.4. LATTICE PARAMETERS & HEATS OF FORMATION 

To determine the equilibrium structural properties, we performed geometry optimization 

calculation within the generalized gradient approximation using cut-off energy of 560eV. 

Table II summarizes the lattice parameter, heats of formation, and the reference data. 

Lattice parameters describe the physical dimension of the unit cell in a crystal structure. 

Lattices in three-dimension have the lattice constants a, b, and c, while a full lattice 

parameter consists of the three lattice constants and the three angles between them. The 

lattice constants a = b = c for a cubic system. The lattice constant calculated was found 

to be a = 8.247Å, which agrees with the reported literature.  Furthermore, we evaluated 

the heats of formation (∆Hf) for lithium manganese oxide structure can be described by 

equation 3.1 below [245]: 

∆𝐻𝑓 =
1

𝑁
[E𝐿𝑖𝑀𝑛2𝑂4

− (E𝐿𝑖 + 2E𝑀𝑛 + 4E𝑂)]                                 (3.1) 



60 
 

where E𝐿𝑖𝑀𝑛2𝑂4
 is the total energy of the optimized pristine LiMn2O4 structures,  is the 

number of moles for each atom in the bulk, E𝐿𝑖, E𝑀𝑛 and E𝑂 are the total energy of one Li, 

Mn, and O atoms in the body-centered cubic (bcc), respectively. The heat of formation 

calculated in this work agreed with the reported literature. 

Table II: The lattice parameter, and their reported literature for the bulk LiMn2O4 

structure. Heats of formation (∆Hf) calculated by using equation 3.1. 

Material  Lattice parameters 

a (Å) 

Heats of formation (KJ/mol) 

 This 
work  

Theoretical Experimental This 
work 

Theoretical 

Santos-
Caballal 

et al. 
[143] 

Karim 
et al. 
[148] 

Ishizawa et 
al. [246] 

Yamaguchi 
et al. [247] 

Wang 
et al. 
[248] 

LiMn2O4 8.24 8.350 8.43 8.25 -1258.56 -1404.2 -1380.9 

3.5. BAND STRUCTURES AND THE DENSITY OF STATES  

The band structures the density of states that were calculated to study electronic stability 

and arrangements of electrons within the LiMn2O4 molecule [249]. The band structures 

can be used to identify the band-gap and the conductivity of a material. Figure 10a 

indicates the band structure of the spinel bulk along with the W, L, Γ, X, and K Brillouin 

zone directions. From Figure 10a, around the Fermi-level a minor direct band-gap of 

around 0.041 eV was found to separate the conduction and the valence bands. This 

negligible band-gap show that the structure is a magnetic semiconductor. To further study 

the electronic stability and electronic arrangement, the density of states (DOS) was 

calculated, and the states were summarised in Figure 10b. It can be noted that there are 

no states observed at the Fermi (Ef), which indicates that the structure shows no metallic 

behavior, hence a semiconductor. Instead, a pseudo-gap was observed at the Ef which 

indicates that the structure electronically stable. “Pseudo” means “false, unreal or fake”, 

this pseudogap can indicate the stability of the material in density of states (DOS). Figure 

10b also describes the electronic arrangement according to their respective orbitals. The 

lower peak of the valence band is dominated by the s-orbital of the Li atom, ranging 
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around -18 eV. The upper peaks ranging between -7.0 to -1.5 eV show hybridization 

between the Mn d-orbitals and the O p-orbital. At the conduction band, the peaks at 

around 1.0 and 3.2 eV are dominated by the d-orbitals of the Mn atom.  

 

Figure 10: The calculated (a) electronic band structure and (b) the partial density of states 

for the LiMn2O4 spinel bulk structure.  

3.6. ELASTICITY 

As discussed in the method, the elasticity describes the strength of the material against 

external pressure. To study the elasticity of the LiMn2O4 spinel bulk, the elastic constants, 

moduli, anisotropy, and Pugh’s ratio were calculated at the strain of 0.005 (see Table III). 

The elastic constants can be used to deduce the mechanical stability of the material and 

each structural orientation has its specific criteria. Mechanical stability criteria of a cubic 

system as outlined elsewhere [250] is given as follows:  

C44 > 0, C11 > C44, and C11 + 2C12 > 0, C’= ½ (C11-C12)                  (3.2) 

Where C11, C12, and C44 are the independent elastic constants. The calculated elastic 

constants are all positive and obey the mechanical stability criteria for cubic crystals 
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outline in equation 3.2, for example, C11 + 2C12 = 263.98 > 0. Also, the calculated 

tetragonal shear moduli (C’) was found to be 77.06 GPa, which is positive and this 

indicates the stability of the material. Furthermore, we analyzed the Pugh’s ratio, which 

is a ratio of the bulk to shear moduli which indicates the brittleness or the ductility of the 

material [251]. A higher value of B/G ratio indicates the ductility whereas a low value less 

than 1.75 indicates the brittleness of the material (If the ratio B/G > 1.75, then the material 

is ductile and otherwise brittle). The calculated B/G ratio was found to be 1.03, which is 

less than 1.75, thus the structure is brittle. Then, we calculated the anisotropy factor (A), 

which measures the degree of anisotropy in a solid. Anisotropic solid has a value of 1 and 

measures the degree of elastic anisotropy when the value is less or greater than unity 

[236]. The value is calculated using the following equation: 

  𝐴 =
2𝐶44

𝐶11−𝐶12
                                                       (3.4) 

The calculated anisotropy (A) shown in Table III, is greater than 1, which indicates that 

the bulk structures are elastically anisotropic materials.  

Table III: Elastic constants (Cij) bulk moduli (B), tetragonal shear moduli (C’), shear 

moduli (G), Young's moduli (Y), anisotropic ratio (A), and Pugh’s ratio (K). 

Material Elastic Constants (GPa) Moduli 

LiMn2O4 -

normal spinel 

C11 190.75 B 88.00 𝐶’ 77.06 

C12 36.63 G 85.09 A 2.34 

C44 90.45 Y 193.06 B/G 1.03 

3.7. PHONON DISPERSION 

The phonon dispersion spectrum is used to draw an analogy between photon 

representing a quantum of electromagnetic radiation and quanta of lattice vibration [252]. 

To investigate the dynamic stability of the LiMn2O4 bulk structure, phonon dispersion 

curves were calculated in its ground state. Phonon calculations were performed based 

on the small displacement method within the harmonic approximation using the PHON 

code [226]. The Phonon dispersion curves were plotted along the W, L, Γ, X, and K 
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Brillouin zone directions (see Figure 11a). The curve shows no imaginary vibrations along 

with all directions, which suggests that the structure is dynamically stable. From the 

phonon dispersion curve, the acoustic band ranges between 0 and 13 eV while the optical 

band 15 and 18 eV. The partial phonon density states, PDOS (see Figure 11b.) indicate 

that the optical bands are dominated by the oxygen atoms while the acoustic band is 

dominated by the lithium atom and a small bandgap is observed around 14.0 and 14.5 

THz. 

 

Figure 11: The plot of the (a) phonon dispersion curve and (b) partial phonon density of 

states (PDOS)  for LiMn2O4 spinel structure. 
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CHAPTER SUMMARY 

In this chapter, the DFT calculations were used to study the bulk properties of the normal 

LiMn2O4 spinel by investigating the structural properties, band structures, phonon 

dispersions, the density of states, and elastic constants. The LiMn2O4 spinel is a face-

centered cubic structure with a = 8.175Å, which agrees with the reported literature. From 

the electronic band structures, around the Fermi-level a minor direct band-gap of around 

0.041 eV was found to separate the conduction and the valence bands. This indicated 

that the material is a magnetic semiconductor. We also explored the density of states 

(DOS), which showed a psedo-gap at the Fermi-level, which indicates that the material is 

electronically stable. The calculated elastic constants are all positive and obey the 

mechanical stability criteria for cubic crystals outline. The calculated B/G ratio was found 

to be 1.03, which is less than 1.75, thus the structure is brittle. The calculated anisotropy 

(A) is greater than 1, which indicates that the bulk structures are elastically anisotropic. 

We finally plotted the phonon dispersion, which shows no imaginary vibrations along with 

all directions, which suggests that the structure is dynamically stable. 
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CHAPTER 4 

 

ETHYLENE CARBONATE ADSORPTION ON THE MAJOR SURFACES OF LITHIUM 

MANGANESE OXIDE LI1-XMN2O4 SPINEL (0.000 < X < 0.375) 

The chapter has been published in the journal of physical chemistry chemical physics 

(PCCP). 

CHAPTER SUMMARY 

Understanding the surface reactivity of the commercial cathode material LiMn2O4 towards 

the electrolyte is important for improving the cycling performance of secondary lithium-

ion batteries and preventing manganese dissolution. In this chapter, we discuss the 

surface stability and the surface reactivity of the three low Miller index surfaces, which 

are (001), (011), and (111) toward the electrolyte component ethylene carbonate (EC) 

during charge/discharge processes. The surface stabilities are discussed based on the 

effect of relaxation towards the stacking sequence, surface energies, and the effect of 

delithiation on the Wulff morphologies. Furthermore, a clear discussion is given based on 

the reactivity of the EC molecule onto the charged/discharged low Miller index surfaces. 

We explore its binding energies on both fully lithiated and partially delithiated surfaces, 

the effect of adsorption on the Wulff morphologies, and the reactivity of EC molecule 

looking at the charge transfers and the vibrational frequencies. 

4.1. COMPUTATIONAL DETAILS 

The surface spinel calculations were performed using spin-polarized density functional 

theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP) [215]. 

All calculations were carried out within the generalized gradient approximation (GGA) 

using the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional [216]. The 

kinetic energy cut-off was fixed at 560 eV for the expansion of the Kohn-Sham (KS) 

valence states. A Γ-centred Monkhorst-Pack grid of 5×5×1 k-points was used for the 

integration in the reciprocal space of all surfaces. The core electrons and their interaction 

with the valence electrons were described using the projector augmented-wave (PAW) 
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method [217] in the implementation of Kresse and Joubert [199]. The core electrons are 

comprised of the levels up to the 3s for manganese and 1s for carbon and oxygen, while 

all the electrons are treated as valence electrons for lithium and hydrogen. The semi-

empirical method of Grimme with the Becke-Johnson damping [D3-(BJ)] [218, 219] was 

also included in our calculations for modelling the long-range dispersion interactions, 

which are required to describe surfaces properly. Gaussian smearing with a width of 0.05 

eV was set to improve the convergence of the Brillion zone integrations during geometry 

optimizations [219]. However, the tetrahedron method with Blöchl corrections were used 

to obtain accurate electronic and magnetic properties as well as total energies [220]. The 

Hubbard correction [221] in the formulation of Dudarev et al. [222] was applied to improve 

the description of the localized 3d Mn electrons.  We used the effective parameter Ueff = 

4.0 eV, which we developed in our study of the bulk properties of the fully lithiated LiMn2O4 

[143] and is within the range of values reported in the literature [223, 144, 142, 79]. 

4.2. SURFACE MODELS 

All the surfaces were modelled from a fully optimized bulk structure using the dipole 

method implemented in METADISE [253]. The resulting slabs were then represented by 

keeping fixed the bottom atoms at their relaxed bulk positions to simulate the bulk phase 

of LiMn2O4 and then relaxing the rest of the atoms. The slabs were modelled in such a 

way that they have the same 56 atoms as the bulk (8 formula units), with 8 lithium atoms, 

16 manganese atoms, and 32 oxygen atoms. The LiMn2O4 (001), (011), and (111) 

surfaces were modelled from an optimized pristine bulk structure [143] and the slabs 

having surface areas of 64.7, 49.3 and 60.4 Å𝟐, respectively, with nine atomic layers as 

shown in Table IV. In every slab, the vacuum region of around 15 Å was added 

perpendicular to the surface to avoid interactions between the periodic slabs. The surface 

slabs were optimized until they reached the convergence within 1 meV per cell. We also 

applied dipole corrections perpendicular to the surface to perpendicular to all surfaces in 

the calculations to enhance the electronic convergence. All the geometry optimizations 

were conducted using the conjugate-gradient technique and were considered to converge 

when the Hellmann-Feynman forces were below 0.01eV/Å. 
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Table IV:  Surface area (Asurface) and the number of layers (Nlayers) for each cell 

composition of the fully lithiated and partially delithiated surfaces of Li1−xMn2O4. 

Surface Asurface 

(Å𝟐) 

Nlayers Cell composition x 

Lithiated Delithiated Lithiated Delithiated 

(001) 69.72 9 Li8Mn16O32 Li5Mn16O32 0 0.375 

(011) 49.30 9 Li8Mn16O32 Li5Mn16O32 0 0.375 

(111) 60.38 13 Li8Mn16O32 Li6Mn16O32 0 0.250 

For each surface orientation, we modelled two terminations in such a way that they 

maintain the same number of formula units and several atoms as in the bulk structure 

(see Figure 12). The two surface terminations were constructed regarding the stacking 

sequences outlined in previous work [146, 150]. For the (001) and (111) surfaces, the 

slabs were symmetrical along the z-direction. The top species in the (001) were (½ ML) 

Li atom and two Mn and four O atoms for each termination A and B, respectively. The 

stacking sequence for both (001) terminations followed an alternation between the Li and 

Mn4O8. For the (111) facet, the terminations A and B were terminated by half of the Li-Mn 

and (Mn)2 bulk layers, respectively. However, for the (011) surfaces were asymmetrical 

along the z-axis, for the top and bottom layers. The terminations A and B were terminated 

by half of the LiMnO2 and MnO2 bulk layers, respectively.  
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Figure 12: Top and side view of the simulation slabs for the fully lithiated LiMn2O4 spinel. 

Crystallographic directions for the top view of (001) surface terminations is [100] for the 

abscissae towards the right, for the (011) surface terminations it is [01̅1] for the abscissae 

towards the right, and the (111) surface terminations it is [01̅1] for the longest axis towards 

the top. 
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4.3. SURFACE ENERGIES 

The surface terminations obtained from the fully optimized spinel bulk structure [143] were 

analyzed by calculating the surface energies for the unrelaxed and relaxed slabs, see 

Table V.  Before and after relaxation, we observed a trend of increasing surface energies, 

which is (001) < (011) < (111), which is the same for the relaxed and unrelaxed facets, 

thus decreasing stability. The trend is established by considering the most stable surface 

terminations (with lowest γ). We also observe that the most stable surface is the (001) 

termination A with 𝛾𝑟 = 0.04 eV/Å2, which is the Li-terminated LiMn2O4 surface. The lowest 

surface energy is in agreement with the reported literature [254, 142], and also compares 

well with the lowest surface energy of Mg-terminated MgAl2O4 surface [153]. Among all 

the surface terminations, (111) termination B had the highest geometry relaxation. 

Table V: Calculated surface energies for unrelaxed (𝛾𝑢) and relaxed (𝛾𝑟) surface 

terminations of the (001), (011), and (111) surfaces of LiMn2O4. 

Surfaces  Termination 𝜸𝒖 (eV/Å𝟐) 𝜸𝒓 (eV/Å𝟐)  Relaxation (%) 

(001)  A 0.07 0.04 43.7 

 B 0.15 0.11 28.7 

(011)  A 0.10 0.05 50.0 

 B 0.10 0.07 37.2 

(111)  A 0.08 0.05 38.0 

 B 0.21 0.09 57.9 

4.4. ETHYLENE CARBONATE ADSORPTION ON Li1-XMn2O4 

Here, we discuss the spinel surface interactions towards the ethylene carbonate 

electrolyte component. First, we explored the preferred adsorption geometries for 

different orientations of the EC molecule and various binding sites on the Li1-xMn2O4 

(001), (011), and (111) surfaces. The adsorption sites investigated included the top, 

bottom, bridge, and hollow positions, as shown in Figure 13. The initial interaction 

configurations of the EC molecule included coordination to the surface via the carbonyl 

and ethereal oxygen, both in flat and perpendicular orientations. Before adsorption, we 
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measured the structural parameters of the relaxed EC molecule and compared them with 

the available literature data to ensure the accuracy of our results. 

 

Figure 13: Top and side view for the adsorption sites of (a) lithiated LiMn2O4, (b) 

delithiated Li1-xMn2O4.  

Table VI summarizes the equilibrium bond distances and angles, which are in good 

agreement with the available literature. In all our simulations, the EC molecule was placed 

initially at 2.5 Å from the surface to favor the attractive forces over the repulsive ones 

between the molecule and the surface. However, during geometry optimization, the 

adsorbate and the surface were free to move and allowed to change their adsorption 

geometry. 

Table VI: Equilibrium bond distances and angles in the EC molecule calculated and 

compared with the literature. 

Parameters This work Experimental [255] B3PW91 [256]  Monte Carlo 

[257] 

d(C=O)/ Å 1.20 1.20 1.15 1.20 

d(C-O)/ Å 1.37 1.39 1.33 1.36 

d(C-C)/ Å 1.50 1.54 1.52 1.43 

d(C-H)/ Å 1.10 1.09 - 1..09 

∠(O-C-O)/° 110.5 125.2 124.1 110.6 

∠(C-O-C)/° 108.9 109.5 109.0 110.5 

 

Figure 14 summarizes the most stable interactions between the spinel Li1-xMn2O4 

surfaces and EC molecule, together with the relevant binding energies. First, we explored 
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the EC adsorption onto the fully lithiated spinel surface through the Mn atom, where our 

calculations indicate that the EC molecule prefers to bind to the surface through the 

carbonyl oxygen at a distance of 2.47 Å when placed parallel to the surface. This mode 

is in excellent agreement with previous work [258], where the EC molecule was found to 

bind strongly to the fully lithiated spinel (001) surface through the Mn atom. In our work, 

we also explored the EC adsorption on the (001), (011), and (111) surfaces where we 

found that the process releases the largest adsorption energy at the (111) facet due to 

the bidentate binding mode to the Li and Mn atoms. Next, we studied the EC adsorption 

onto the fully lithiated surfaces through the Li atom, where it strongly binds with the 

surfaces through the ethereal oxygen (Oe). However, upon geometry optimization, the 

molecule interacted with the exposed Mn and Li atoms on the (111) surface with very 

exothermic adsorption energy. The EC molecule preferred to interact with the (001) Li 

atom through the ethereal oxygen at 2.31 Å and by forming one hydrogen-bond of 2.16 Å 

with one surface oxygen. Moreover, the EC molecule was found to bind perpendicularly 

to the (011) surface at 2.00 Å via the ethereal oxygen. We also studied the EC adsorption 

onto the partially delithiated surfaces, where the only available adsorption sites are the 

exposed manganese atoms. Like the (001) lithiated surfaces, the EC molecule preferred 

to bind with the delithiated surfaces through the carbonyl oxygen where the strongest 

binding energy was calculated on the (111) facet. 
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Figure 14: Most stable adsorption configurations for the EC molecule on the Li1−xMn2O4 

surfaces. Adsorption sites in the fully lithiated spinel are (a) Mn atom, (b) Li atom; and in 

the partially delithiated surface, it is (c) Mn atom. Crystallographic directions for the top 

view of (001) surface terminations is [100] for the abscissae towards the right, for the 

(011) surface terminations it is [01̅1] for the abscissae towards the right, and the (111) 

surface terminations it is [01̅1] for the longest axis towards the top. 
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4.5. SURFACE FREE ENERGIES 

To mimic the charge/discharge processes, we further calculated the surface free energies 

(𝜎) for the modified slabs, i.e. when it is partially delithiated or interacting with the EC 

molecule via the equation: 

𝜎 = 𝛾r +
𝐸𝑀−𝐸r+(8−𝑁Li)𝐸Li−𝐸EC

𝐴
                                                (4.1) 

where EM is the energy of the modified slab, 8−𝑁Li is the number of lithium atoms removed 

from the slab, ELi is the energy of one atom in the bulk of the body-centred cubic (bcc) 

lithium, Er is the energy of the pristine slab and EEC is the energy of the isolated ethylene 

carbonate molecule. Where there is no surface modification, the surface energies and the 

surface free energies have the same value, but a correction expression is added to 

account for surface modifications, such as adsorptions, doping, delithiation, and lithiation. 

Table 4 summarises the surface free energies of the fully lithiated surfaces interacting 

with the EC molecule, as well as the partially delithiated surfaces, both pristine and 

interacting with the adsorbate. The calculated surface free energies are higher as 

compared to the surface energies of the fully-lithiated facets. This increase in energy of 

the partly delithiated surfaces as compared to the fully lithiated surfaces indicates that 

upon delithiation, the surfaces become less stable, thus resulting in a destabilizing effect. 

However, the addition of the EC molecule can affect the stabilities of both the fully lithiated 

and partially delithiated systems. For example, when the EC molecule is adsorbed onto 

the (001) surface by coordinating one of the manganese atoms, an increase of  0.08 

eV/Å𝟐 in the surface free energy is observed, indicating that the adsorbate has a 

destabilizing effect. On the other hand, we have also observed a decrease in the surface 

free energies for the other modified surfaces concerning the pristine planes, but it was 

proportionally smaller than in the (011) facet [156]. 
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Table VII: Surface free energy (𝜎) for the fully lithiated and partially delithiated Li1−xMn2O4 

surfaces interacting with the EC molecule. 

Surface x Adsorption site 𝝈 (eV/Å𝟐) 

(001) 0 Mn 0.12 

 0 Li 0.02 

 0.375 − 0.13 

  0.375 Mn 0.02 

(011) 0 Mn 0.13 

 0 Li 0.04 

 0.375 − 0.13 

  0.375 Mn 0.04 

(111) 0 Mn 0.07 

 0 Li 0.02 

 0.250 − 0.11 

  0.250 Mn 0.02 

4.6. MORPHOLOGIES 

Here, we discuss the Wulff crystal morphologies for the fully lithiated and partially 

delithiated Li1-xMn2O4 materials, which were obtained using the termination with the 

lowest surface free energy for each pristine and modified surface [259, 154]. As shown in 

Figure 15, the (001) plane dominates the morphologies for the fully lithiated material and 

the (111) surface is the major surface for the partially delithiated spinel. The (011) surface 

does not appear in the Wulff morphology after delithiation or adsorption of the EC 
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molecule, because of its higher surface free energy for the (001) and (111) planes. We 

have also carried out test calculations to determine the effect of different Li contents and 

we found similar Wulff crystal morphologies to the ones presented in Figure 17 using 

slabs containing the same stoichiometry. Our morphology for the delithiated material 

interacting with the electrolyte is in excellent agreement with the work of Kim et al. [156], 

who found that the octahedron-shaped Li1-xMn2O4 particles are dominated by the (111) 

surface. 

 

Figure 15: Surface morphologies for Li1−xMn2O4 before and after adsorption of EC on the 

(a) fully lithiated spinel and (b) partially delithiated material. 

4.7. CHARGE TRANSFER ANALYSIS 

We have carried out a Bader charge analysis to quantify the electron transfer upon 

adsorption of the electrolyte to the surfaces of the cathode (see Table VIII). For all the 

adsorbed systems, we generally observe a negligible charge transfer, which suggests 

that this process only plays a minor role in the adsorption mechanism. The largest charge 

transfer of Δq = -0.05 e-  was observed at the Li site of the (001) surface. We further 

explored the electronic structure by plotting the charge density difference for the 

adsorption configuration with the largest inter-phase charge transfer (see Figure 16). 

Despite the surface donating a minor charge to the electrolyte molecule, the electron flow 

is dominated by an internal charge rearrangement within the EC molecule. We have also 

compared the charge transfer between the carbonyl oxygen (Oc) and the directly bonded 

atoms following adsorption, by subtracting from the charge density of the total adsorbate-

surface system the sum of the charge density of the isolated adsorbate and clean surface 

in the same geometry. We observe partial oxidation of carbon and reduction of oxygen, 
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owing to intramolecular electron rearrangement caused by the electron transfer from the 

C=O 𝜋-bond to an oxygen-surface 𝜎-bond. In all cases, there is a transfer of ~1 electron 

from the carbon to the oxygen, which could lead to heterolytic cleavage of the C=O π-

bond under working conditions. 

 

 

Figure 16: Charge density flow (Δρ) for the EC molecule adsorbed on the LiMn2O4 (001) 

surface. The density gain and depletion are represented by yellow and blue, respectively. 

Isosurface display a value of 0.003 e Å-3. 

Next calculate the work function (F) for the modified surfaces, which measures the energy 

required to bring a surface electron to the vacuum [260]. Generally, we observe a 

decrease in the work function as we adsorbed the molecule, although, for the delithiated 

surfaces, the work function remains fairly constant. The lowest value of the work function 

is observed when the EC molecule is adsorbed on the pristine surfaces through the lithium 

(Li–O).    

4.8. VIBRATIONAL FREQUENCIES 

To characterize further the EC surface adsorption, we have computed the wavenumbers 

of the fundamental vibrational modes for the lowest-energy adsorption geometries on the 

(001), (011) and (111) spinel surfaces (Table VII). The quality of the vibrational modes 

calculated for the isolated EC molecule was assessed by comparing them with the 

experimental values. Our simulated vibrational modes for the isolated EC molecule 

compare closely with the experimental data, with the largest difference being 56 cm-1. For 
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example, the asymmetric and symmetric 𝜐(C-H) stretching modes for the free EC 

molecule were computed at 2952 and 2990 cm-1, which compares well with the 

experimental values of 2928 and 2955 cm-1, respectively. These hydrogen stretching 

modes are blue-shifted as a result of steric effects since the hydrogen atoms are less 

mobile. We also analyzed the C=O stretching modes for the adsorbed EC molecule, 

which were in the range of 1700 – 1900 cm-1 as reported by Fortunato et al. [261]. 

Although we observed a minimal charge transfer between the molecule and the surface, 

this does not prevent the stretching of the C=O bond. Our simulations indicate that the 

vibrational modes are red-shifted for the isolated EC molecule, suggesting that the 

internal bonds in the adsorbate weaken upon adsorption onto the spinel surfaces. This 

phenomenon was also observed in the charge transfers, where the carbonyl oxygen gains 

electron density from the carbon atom, which further weakens the C=O bond.  
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Table VIII. Charge transfer between the surface and EC molecule (𝛥𝑞𝐸𝐶) as well as within the carbonyl group, C=O(𝛥𝑞𝐶=𝑂), 

and work function for the surfaces before (𝜙p) and after (𝜙a) adsorption. The vibrational wavenumbers are also included to 

describe the symmetric stretching (𝜈sym), asymmetric stretching (𝜈asym), and bending (𝛿) modes. 

       CH2 vibrations C=O 

Surface Adsorption 
site 

x Δ𝑞EC 

(e-) 

Δ𝑞Oc/Oe 

(e-) 

𝛷p 

(eV) 

𝛷a 

(eV) 

𝜐sym  

(cm-1) 

𝜐asy 

(cm-1) 

𝛿 

(cm-1) 

𝜐 

(cm-1) 

Isolated EC  0.00   2952 2990 1341 1829 

EC (liquid films) [178]     2928 2955 1397 1803 

(001) Mn 0 -0.02 0.81(Oc) 4.53 3.45 2994 2917 1489 1733 

 Li 0 -0.05 0.07 (Oe) 4.53 3.16 2968 3043 1456 1770 

 Mn 0.375 0.02 0.83(Oc) 3.34 3.56 3028 3079 1465 1747 

(011) Mn 0 0.00 0.80(Oc) 4.74 4.45 3021 3048 1477 1740 

 Li 0 -0.01 0.03 (Oe) 4.74 4.26 3024 3089 1479 1787 

 Mn 0.375 0.02 0.81(Oc) 3.82 3.82 2998 3084 1479 1736 

(111) Li, Mn 0 0.00 0.78(Oc) 3.66 3.55 2978 3007 1476 1705 

 Li, Mn 0 0.02 0.08 (Oe)  3.66 3.57 3012 3065 1473 1720 

 Mn 0.250 0.04 0.78(Oc) 3.62 3.62 3001 3034 1443 1659 
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CHAPTER SUMMARY 

DFT+U-D3 simulations have been performed to study the adsorption of the ethylene 

carbonate molecule on the fully lithiated and partially delithiated Li1−xMn2O4 spinel 

surfaces. The lithium-terminated (001) surface was found to be the most stable facet, 

which agrees with the reported literature. We further investigated the partially delithiated 

surfaces, where we observed a larger surface free energy with respect to the fully lithiated 

surface, indicating the destabilizing effect of delithiation. We observed the strongest 

adsorption of the EC on the (111) surface, which was attributed to the EC molecule 

interacting with both the manganese and lithium atoms in the surface. The surface free 

energy was found to decrease following interaction with the adsorbate, which thus 

stabilizes the material. The Wulff morphologies show that EC adsorption enhances the 

expression of the (111) facet. Negligible charge transfer was observed between the 

adsorbate and surfaces, and the charge density flow shows a strong electronic 

rearrangement within the EC molecule. The electron density on the carbonyl oxygen is 

increased, due to partial carbon oxidation and oxygen reduction, i.e. an intramolecular 

electron rearrangement from the C=O π-bond to an oxygen-surface σ-bond. The 

vibrational frequencies also showed a red-shift in the C=O stretching mode of the 

adsorbed EC with respect to the isolated molecule, which suggests the weakening of the 

C=O bond. Our simulations show the essential role of the EC molecule in reducing the 

surface free energy, but future work is required to understand the kinetics and 

thermodynamics of its decomposition. 
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CHAPTER FIVE 

 

CONCLUSION AND RECOMMENDATIONS 

5.1. CONCLUSION  

The density functional theory (DFT) calculations were performed to study the reactivity of 

the three low Miller index surfaces which are (001), (011), and (111), towards the 

electrolyte component ethylene carbonate (EC).  

We first calculated the bulk properties of the LiMn2O4 spinel by investigating the structural 

properties, band structures, phonon dispersions, the density of states, and elastic 

constants. The LiMn2O4 spinel is a face-centered cubic structure with a = 8.175Å, which 

agrees with the reported literature. From the electronic band structures, around the Fermi-

level a minor direct band-gap of around 0.041 eV was found to separate the conduction 

and the valence bands. This indicated that the material is a magnetic semiconductor. We 

also explored the density of states (DOS), which showed a psedo-gap at the Fermi-level, 

which indicates that the material is electronically stable. The calculated elastic constants 

are all positive and obey the mechanical stability criteria for cubic crystals outline. The 

calculated B/G ratio was found to be 1.03, which is less than 1.75, thus the structure is 

brittle. The calculated anisotropy (A) is greater than 1, which indicates that the bulk 

structures are elastically anisotropic. We finally plotted the phonon dispersion, which 

shows no imaginary vibrations along with all directions, which suggests that the structure 

is dynamically stable. 

We then investigated the surface properties and their interactions with the EC molecule. 

Li-terminated (001) surface was found to be the most stable facet, which agrees with the 

reported literature. We further investigated the surface free energies for delithiated and 

adsorbed surfaces, we observed an increase in energy as we removed the lithium atoms 

from the top atomic layers, which indicates that the surfaces destabilize upon delithiation. 

We observed stronger adsorption on the (111) surface, which was attributed by the EC 

molecule interacting with both the manganese and lithium atoms on the surface. 
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However, the adsorbed surfaces, the surface free energy turns to decrease for the naked 

surfaces, which suggests that the EC molecule also stabilizes the cathode material during 

the charge/discharge process. The Wulff morphologies show that EC adsorption 

enhances the expression of the (111) facet, which indicates the dominance of the (111) 

facet upon surface adsorption. The charge transfer found between the interacting atoms 

was negligible, and the charge density flow indicates a strong electronic rearrangement 

within the EC molecule. We also analyzed the charge transfer on the carbonyl group 

(C=O), and we found that there is re-hybridization which results in a minor charge transfer 

between the surface and the molecule. Lastly, we observed a red-shift on the C=O 

stretching mode of the adsorbed EC for the isolated molecule, which suggests the 

weakening of the internal bond. 

5.2. RECOMMENDATIONS  

Having studied the LiMn2O4 spinel bulk structure, surfaces, and the surface interaction 

with the electrolyte content ethylene carbonate. We propose to study the LiMn2O4 surface 

coating, mainly focusing on the oxides and fluorides. Since the Cho et al. [262] 

demonstrated that the Al2O3-coated LiCoO2 improves the capacity retention of Li-ion 

batteries. Various subsequent studies [80, 138, 263] also shown that coating Al2O3 

improves the electrochemical performance and capacity retention. Many other oxides 

were then investigated as a coating material for Li-ion batteries, which includes the ZnO2, 

TiO2, MgO, etc. [264, 265, 266]. However, Al2O3 attracted the most attention since they 

could scavenge the HF which is continuously produced by the degradation of the common 

LiPF6 electrolyte. Myung et al. [267] later demonstrated that the Al2O3 coating reacts with 

the HF to form AlF3 and water, via the reaction: Al2O3 + 6HF→ 2AlF3 + 3H2O. The 

additional fluoride layer further provides additional protection, forming a permanent 

physical barrier [104]. 

Tu et al. [268] also performed experimental work and investigated the stability of LiMn2O4 

by surface modification with melting impregnation method. The x-ray diffraction, fine 

emission scanning electron microscope (FESEM) and transmission electron microscope 

(TEM) indicated the distribution of Al2O3 around the spinel, but the X-ray absorption fine 
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structure analyses (XAFS) further demonstrated that Al atoms were doped onto the 

surface of the spinel particles.  

However, Chen et al. [269] later carried out a computational study to investigate the 

mechanism for Al2O3 atomic layer decomposition on LiMn2O4. They demonstrated that 

the Al2O3 coat the LiMn2O4 spinel and the Al heteroatom of the triethylaluminium (TMA) 

precursor also dope with to the interstitial sites on the spinel surface, thus reducing the 

oxidation state of near-surface Mn ions. However, Waller et al. [270] found that the 

Transmission Electron Microscopy (TEM) and the X-ray Photoelectron Spectroscopy 

(XPS) show the presence of Mn diffusion into the ALD coating after cycling. Thus, further 

understanding of the interaction between the Al2O3 coating and the spinel surfaces is still 

needed. After all the studies carried out on spinel surface coating with Al2O3, the 

understanding of the interactions between the surface and the Al2O3 coating material is 

still lacking.  
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SUPPORTING INFORMATION 

 

Ethylene carbonate adsorption on the major surfaces of lithium manganese oxide 

Li1-xMn2O4 spinel (0.000 < x < 0.375) 

 

1. The effect of surface delithiation on the lattice parameter and volume. 

Based on the crystal lattice changes that might occur because of surface delithiation when 

modelling the delthiated phases, we carried out benchmark calculations to check the 

changes that might occur to the volume due to this defect. The benchmark calculations 

were carried out through the following steps: 

a) Taking both the representative lithiated and delithiated slab model. 

b) Unfreeze the bottom two layers and add ISIF=3 to the INCAR. 

c) Compare the resulting surface areas. 

Table IX: The effect of surface delithiation on the lattice parameter and volume. The 

calculation was performed by allowing all the atoms to move and setting the ISIF = 3 in 

the INCAR. 

Lattice parameters 

 Composition a b c Surface 

area 

%par %area  

Bulk  8.35 8.35 22.35 69.72    

(001) 

surface 

Li7Mn16O32 8.35 8.35 22.35 69.72 0 0  

  8.35 8.35 22.35 69.72   ISIF=3 

 Li6Mn16O32 8.35 8.35 22.35 69.72 2.4 4.9  

  8.15 8.15 12.27 66.40   ISIF=3 
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The Table IX summarizes the lattice parameters and the surface area for the (001) 

surface at different Li concentration with respect to the bulk lattice parameters and surface 

area. We found that the slabs had minor changes with difference of ~0.02 Å, which is 

equivalent to 3% and an area difference of ~0.05 Å3, which is equivalent to 5%. Indeed, 

only minor changes in the lattice parameter of the cathode material are expected since a 

major change in the structure of the cathode would mean loss of possible recharge ability 

leading to deterioration. 

2. Surface delithiation and particle morphologies 

For validation, we calculated the surface free energies of the LiMn2O4 spinel surfaces with 

the same stoichiometry, and constructed their morphologies for each Li concentration. 

Figure 17 summarises the effect of delithiation on surface stability and morphologies at 

different Li concentrations. We observe that upon delithiation the surface energies 

increase and eventually the (111) becomes the most stable surface. The particle 

morphologies were also constructed for different Li concentrations using their surface 

energies. Upon delithiation, we observe that the (001) facet destabilizes and reduce in-

plane size, while the (111) surface increase and become the most stable facet. 

 

Figure 17: The effect of delithiation on surface stability and morphologies at different Li 

concentrations. 
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