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ABSTRACT

Li-ion batteries have major disadvantages. One of which is the growth of dendrites (in case
Li metal based batteries), a major safety issue. In addition to that, Li-ion batteries also use
elements such as Co, and Li, which are regionally scarce. Mg-ion batteries are one of the
alternatives for Li-ion batteries. However, the electrolyte and cathode materials for Mg-ion
batteries, are still in developmental stages.

In this study, the use of a sulphur-based spinel (also known as thiospinel) material as a
cathode is explored. After literature review, MgMn,S, and MgTi,S, were identified as suit-
able cathode materials. Following which, the MgMn,S, spinel is doped with Ti in the place
of Mn at different doping ratios and the resulting combinations are evaluated for their sta-
bility, average intercalation voltage, volume change, spinel inversion and migration barri-
ers. Two combinations MgMnTiS,; and MgMn 75Ti; 2554 are found to be stable with respect
to the end members i.e. MgMn,S,; and MgTi,S,. Average voltages of 1.702 and 1.527 (vs.
Mg/Mg?") are observed for MgMnTiS; and MgMny 75Ti; »5S4. However, spinel inversion is
observed in MgMnTiS,. A volume change of 21.2, and 20% is observed in MgMnTiS, and
MgMny 75Ti; 2554, respectively.
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INTRODUCTION

1.1. NEED FOR ENERGY STORAGE

It is known that renewable energy technologies are predicted to cost less than fossil fuel
based energy as early as 2020 [11]. However, the production of energy from renewable
sources such as wind and solar is not continuous, due to daily and seasonal variations. This
would also affect the security of energy supply [12]. One of the solutions is to interconnect
electricity grids of different continents. Saudi’s plan on exporting the solar power to the EU
is an example of one such solution [13]. However, such solutions are not yet economically
feasible, even ignoring the political problems that may arise. Another solution would be
to develop energy storage technologies for different time scales. Batteries are one of the
storage technologies which are capable of storing energy in the time scale of days. Apart
from grid balancing, batteries also play a very important role in the electrification of the
transportation sector because currently it is dependent on fossil fuels and contributes to
14 % of global greenhouse gas emissions [14].

Even looking beyond current problems, energy storage plays a crucial role in the de-
velopment of human civilisation. With the development of human civilisation, its energy
needs also increase. Keeping this in mind, Nikolai Kardashevin 1964, developed Kardashev
scale to measure the civilisation’s technological advancement in terms of energy it has at
its disposal. He divided the energy needs of civilisation into three classes: Type I (10'® W),
Type II (10%® W), and Type III (103® W). Current human civilisation is classified under Type
0. Type I civilisation would be able to harness all the energy from a nearby star, use and
store it for its needs. Such civilisation would be using devices such as Dyson spheres. Type
II civilisation would be able to harness the energy of any star in the galaxy. Type III civilisa-
tion also called as Universal Civilisation, would be able to harness dark energy, manipulate
space-time, etc [15]. Even though such scales of energy look impossible, one thing that is
certain is, there is a need for energy storage.

1.2. NEED FOR NEW METAL-ION BATTERIES - INA NUT SHELL

With an increasing need for energy and its storage, several battery technologies were ex-
plored. Out of which, Li-ion and Li-metal based batteries have gained attention owing to
their high energy density [16]. Despite their high energy density, they have major disad-
vantages. One of which is, the Li-ion batteries based on Lithium metal anode has dendrite
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2 1. INTRODUCTION

growth from uneven Lithium deposition during charge-discharge cycles, leading to short
circuits and a major safety issue [16]. Li-ion batteries use elements such as Cobalt (90 %
of reserves are concentrated in Congo and Zambia) and Li (most Li reserves are located in
South America) which are regionally scarce and this further raises concerns on long term
viability of Li-based batteries [17].

Many alternative battery technologies have been proposed over the years and Magnesium-
ion batteries are one of them. Magnesium-ion based batteries with Mg as anode have a high
volumetric capacity (3833 mAh/ cm?® vs 2046 mAh/cm3 (Li)) [18], low reduction potential (-
2.37 Vvs. SHE) [19], high abundance (2.5 % vs. 0.0017 % (Li), of earth’s crust)[16], and low
price per ton (2260 $ vs. 98000 $ (Li)) [20]. One major advantage of Mg-ion batteries over
Li-ion batteries is that they do not form dendrites [20] and hence one can use Mg as anode
and can achieve higher capacities than the intercalation anodes [18]. Since Mg is divalent,
it also makes up for it’s slightly higher atomic mass than Li [16]. The low reactivity of Mg
with air, compared to Li, further strengthens its chance to become a successor of Li-based
batteries [16].

1.3. CHALLENGES WITH MG-ION BATTERIES

Despite all the advantages of Mg-ion batteries over Li-ion batteries, they are still in de-
velopmental stages. Electrolytes and cathode materials for Mg-ion batteries are the main
challenges of Mg-ion batteries. In Li-ion batteries, electrolyte generally decomposes at the
electrode interface forming solid electrolyte interface (SEI) layer, which protects the elec-
trolyte from further breakdown, while conducting Li* ions. However, in Mg-ion batteries,
the SEI layer doesn’t conduct Mg®" ions and instead acts as a passivating layer. This hap-
pens because of high charge on Mg ion which causes the ion to bind strongly with anionic
and chelating species, reducing the movement of Mg ions [16].

With respect to the cathode material for Mg-ion batteries, there are fewer cathode op-
tions which offer high positive voltages and energy density. The oxide-based materials that
are widely used in Li-ion batteries are not suitable for Mg-ion batteries due to high migra-
tion barriers and strong electrostatic interactions with the host lattice [9]. In this study, the
focus is on the cathode. More about this is discussed in Chapter 2, along with the research
question.

1.4. STRUCTURE OF THE REPORT

The report starts of with a review of intercalation cathode materials for Mg, choice of ma-
terial for this study and the research questions in Chapter 2. In Chapter 3, the methods and
the theory behind the methods are described, along with discussions on convergence tests
conducted to find the suitable settings for the chosen material. In Chapter 4, convex hull,
average intercalation voltage, spinel inversion, volume change, and the migration barrier
results of the material studied are discussed. In addition to the results, recommendations
for future studies are also presented in Chapter 4. Finally, in Chapter 5, conclusions of the
present work are presented.



CATHODE MATERIALS FOR
MAGNESIUM-ION BATTERIES

The purpose of this chapter is to give an overview of literature where intercalation cathode
materials have been explored as a Magnesium host. In Section 2.1, intercalation cathode
materials based on transition-metal sulphides such as chevrel, spinel, layered phase ma-
terials are reviewed. In Section 2.2, intercalation cathode materials based on oxides, and
in Section 2.3 poly-anion based intercalation cathode materials are reviewed. Towards the
end of the chapter, the rationale behind choosing Manganese and Titanium as dopant tran-
sition metals in sulphur spinels is presented along with the research questions.

2.1. TRANSITION-METAL SULPHIDES

2.1.1. CHEVREL PHASE

MogSg, a chevrel phase material, is the first intercalation cathode material to show re-
versible Magnesium storage capabilities [21], with a reversible capacity of 120 mAh/g and
1.2 V. It is a structure where Mo atoms are on the faces of a cube and the S atoms are on the
corners of the cube (See Figure 2.1). 3a and 9d sites together form 3D diffusion channels for
the transport of Mg?*. Diffusion occurs through inner- and outer-ring sites. 3a site is sur-
rounded by the inner ring and 9d sites are connected with each other through outer-ring.
Migration barrier through inner-ring site is 40 meV and through outer-ring site is 570 meV
[1]. Aurbach et al. [21] also observed phase transitions due to Mg atoms occupying inner-
and outer-ring sites. Good diffusion properties of Mg, in Chevrel phase at room tempera-
ture, were attributed to the delocalisation of Mo’s orbitals and screening effect provided by
S atoms [18]. However, low capacity and voltage of MogSg, motivated researchers to keep
looking for intercalation materials with high voltage and/or capacity.

2.1.2. SULPHUR - SPINELS & LAYERED STRUCTURES

Bruce et al. [22] were the first ones to demonstrate Mg intercalation in Cubic-TiS, (Here-
inafter referred to as Ti Spinel) structure. They chemically intercalated Mg in to Ti spinel
using an organometallic reagent di-n-butylmagnesium [(C4Hg),Mg]. Apart from Ti spinel,
they have also intercalated Mg into layered-TiS,, Mn, V, Mo, and W based oxides. They
found that the Ti spinel host had highest Mg content (0.25) of all the hosts tested. High Mg
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4 2. CATHODE MATERIALS FOR MAGNESIUM-ION BATTERIES

C) (7} inner-ring hopping

—»— outer-ring hopping

Figure 2.1: Chevrel Phase (a) MogSg super anion with highly symmetric 3a, 3b and 9d sites marked (b)
Sublattice of 3a and 3b sites (c) Outer- and inner-ring hopping [1]

content in the Ti spinel was explained by the fact that Mg*? is a hard cation and when it
co-ordinates with another hard anion such as oxide, it forms a stable association, whereas
with sulphides, the interaction is weaker and leads to a high degree of intercalation and mo-
bility. With respect to the layered TiS, structure, they found that intercalation is complex
and some organic moieties also intercalated along with Mg. In a follow up study, [23], they
found that in the intercalated Ti spinel host structure, Mg occupied octahedral 16c sites in-
stead of 8a sites as in a normal spinel. They found that Ti and S occupied their regular 16d
and 32e sites, respectively. They have also reported that the lattice parameters increased in
a linear fashion with Mg content in the host, due to occupancy of 16c sites. They also noted
that the occupancy of Mg in 16c sites was similar to occupancy of Li in 16c¢ sites of Ti spinel
[23].

In an effort to find out about the migration barriers of Mg in Ti-based layered and spinel
structures, Emly and van der Ven [24] conducted the first DFT study on Layered (01, 02,
P2, and P3) and Spinel structures. They found that Mg likes to occupy octahedral position
in O1, 02 and spinel. On evaluating the phase stability of host structures with Mg, TiS,
(0=x<0.5), they found that O1 layered structure is more stable than all the other structures
evaluated. They also found that P2 and P3 structures were better suited for intercalation
with large species such as Sodium. When the voltage profiles were evaluated, they found
that the Spinel structure exhibits a sloping voltage profile (solid solution). They state that
the interactions between Mg*? ions are more likely to be screened in a spinel structure
than layered O1 host. O1 layered structure had a migration barrier of 1.16 eV, where as
spinel structure had a migration barrier of 0.86 eV (oct — tet — oct). Tetrahedral site in
spinel structure was observed to exist in a deeper energy well than O1 structure '. They

IDeeper energy well here means that barrier to pass through the transition state is higher for O1 structure
than the spinel structure
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found that the c-lattice parameter has a strong effect on migration barriers both in layered
and spinel structures i.e. migration barriers reduced with increase in c lattice parameter.

Following the study of [24], Sun et al. [25] studied the electrochemical cycling and mi-
gration barriers of Mg insertion in Ti»S, spinel at 60 °C, with Mg metal as anode and APC
as electrolyte. They initally prepared CuTi,S,, following which Cu was extracted through
oxidation and then the material was used a host cathode material. They found that at a
cycling rate of C/20, the initial discharge capacity was 200 mAh/g and even with increase
in cycling rate up to C/5, the initial discharge capacity did not drop much and remained at
190 mAh/g. During long term cycling tests, the capacity dropped to 140 mAh/g. On doing
DFT calculations, they reported that the energy difference between Mg?* occupancy be-
tween octahedral and tetrahedral sites was small and could also lead to a disorder across
the octahedral and tetrahedral site, which they also confirmed by the XRD study, where,
in the intercalated material Mg occupied 30 % of 16c (oct sites) and 20 % of 8a (tet sites)
(Mgloctlgs9Mgltetlp.189Cug 1 TioS4). They reported that the migration barriers found were
slightly lower than [24] and explained that this was due to difference in lattice parameters
used.

Following the work of [24] and [25], Liu et al. [9] carried out DFT studies on different
transition metal (Ti, V, Cr, Mn, Fe, Co, and Ni) based sulphur spinels as a host for Mg. The
term energy above hull (EAH) refers to the driving force of decomposition of the material
into its set of most stable materials at that composition. Higher the EAH, lower the ther-
modynamic stability of the material and vice versa. Figure A.1 illustrates how the EAH of
a particular material is calculated. In the charged phase i.e. Mn,S, and Ti»S, spinels were
found to have low EAH values compared to other transition metal based sulphur spinels.
In the discharged phase, MgCr,S,4, MgTi,S,4, and MgMn,S, were found to have low EAH
values amongst all the intercalated transition metal suphide spinels. They also found that
the site energy difference i.e. the difference in energy when Mg occupies octahedral and
tetrahedral positions to be small. This was attributed to the small size of Mg?* ion radius.
They also found that Mg in Mn,Sy, Ti»S,, and Cr,S4 have migrations barriers 515, 615, 567
meV respectively. Average intercalation voltages of MgMn,S,, MgCr,S,, and MgTi,S, were
found to be 1, 1.65, 0.9 V (vs. Mg/Mg?") respectively. They concluded that sulphur spinels
based on Cr, Mn and Ti are promising cathode materials and that the sulphur spinels have
a major advantage of 3D diffusion channels for Mg transport, and low ionic interaction
between host and intercalant, due to lower electronegativity of S*~.

In another research [26], Kulish et al. also studied Mg insertion into different transition
metal based sulphur spinel hosts through DFT calculations. Similar to [9], Kulish et al. also
reported that Mn,S, and Ti,S, are suitable host materials. They also reported that Mg in-
sertion at octahedral site is energetically favorable for Mn, Ti and Fe based spinels. Voltages
& diffusion barriers reported by Kulish et al. were also similar to [9], with Mn,S, being an
exception. This could be because [9] has not considered ‘U ’'correction factor in their cal-
culations. More about this is reported in the next chapter (Section 3.3.5). A summary of all
the migration barriers of Mg in Ti,S4 spinel at conc. vacancy limit is reported in Table 2.1.

2.1.3. OTHER STRUCTURES - M0OS, & NBS;3

MoS; or Molybdenum disulphide is a layered structure (See Figure 2.2). Li and Li [27] first
demonstrated the use of MoS,, a layered material, as an Mg host cathode material. They
found that the capacities and charge/discharge efficiencies varied between 2 - 25 mAh/g
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Table 2.1: Migration barriers reported for Ti based spinel in different studies

Reference | Migration barrier (meV) Path
[24] 860 (oct — tet — oct)
[25] ~600 (oct — tet — oct)
[9] ~615 (oct — tet — oct)
[26] ~700 (oct — tet — oct)

Figure 2.2: Structure of MoS; [2].

and 10 - 40%, respectively, in the cells they tested. Liu et al. [28] in an effort to improve
the capacities, tested a MoS,/C, a graphene like composite (with 46.06% C content), and
achieved a capacity of 118.8 mAh/g after 20 cycles. In another study [29], graphene like
MoS; as cathode and 2.5 nm sized particles of Mg were used as anode were tested. They
observed a high operating voltage of 1.8 V and a capacity of 161.5 mAh/g after 50 cycles.
Shuai et al. [30]in a DFT (Density Functional theory) Nudged Elastic Band (NEB) study
found that the migration barrier for Mg?* is 1.12 eV (oct — tet — oct). They also noted
that Mg preferred octahedral position, and diffusion path is independent of layer spacing
in MoS,.

Yuan and Giinter [31] in 1995 tried Mg intercalation in monoclinic NbS3 and found that the
structure changed even at low current density and also observed that the all the intercalated
Mg may not have been removed completely during charging and hence concluded that
NbS3; may not be a suitable cathode material for Mg-ion batteries.

2.2. TRANSITION-METAL OXIDES
2.2.1. OXIDE SPINELS

Liu et al. [8] conducted a DFT study to find out the average intercalation voltages, and mi-
gration barriers of Mg in TM,04, where TM = Ti, V, Cr, Mn, Fe, Co, and Ni. They observed
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the following voltage trend: Fe > Cr > Ni > Co > Mn > V > Ti. A similar trend was also ob-
served in sulphur spinels [9]. They also found that the volume change of the structure was
the lowest for Ti»O4 and V>4 host materials. All the hosts were found to be thermodynam-
ically stable in the discharged phase, where Mn,0, showed highest stability in discharged
phase, followed by Co,04 and Ni»O4. They also evaluated the thermal stability at high tem-
peratures and found that Ti, V, Cr, and Mn based oxide spinels exhibited superior thermal
stability than others. On performing NEB calculations to find the migration barriers for Mg
in Mny0y4, C0204, Cr204, and NiyO4, they found that migration barriers were in the range
of 600 - 800 meV with Mg in Cr,O4 having lowest migration barrier. Finally, they concluded
that Mn,0, is a good cathode host with Mg as intercalant, despite the high migration bar-
rier.

In another study [32], researchers from the same group, conducted DFT NEB calculations
to see what governs the migration barriers. They have found that inserting the Multivalent
(MV) Cation in a site that it does not prefer would reduce the migration barrier compared
to inserting the MV cation in a site it prefers. Mg?* prefers six coordination i.e. octahedral
site. So inserting the Mg?* cation in octahedral site (16c site) would increase the migration
barrier compared to insertion in 8a site. The same was confirmed DFT NEB calculations
done on host Mn,0y4 spinel structure. In addition to that, they have suggested that MV
cation in sulphide based host would comparitively perform better in terms of migration
barriers albeit with decrease in voltage.

2.2.2. M0O;

MoOs is a double layered structure (See Figure 2.3). MoOs when used as a cathode against

o

$-
7

y

Figure 2.3: Structure of MoO3 [2].

an Mg metal anode, an open circuit voltage of 2.28 V vs. Mg/Mg?* and a capacity of 143
mAh/g was observed [33]. It was also previously discussed by Bruce et al. [22] that a maxi-
mum of 0.05 Mg content was intercalated into MoO3 host yielding Mgy osMoOs. However,
Gregory et al. [33] reported that a maximum of Mgy sMoOj3; could be achieved. Wan et al.
[34] to improve the performance, doped the structure with Fluorine to improve the elec-
tronic conductivity of the structure, and observed a reduction in migration barrier from
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0.9 eV to 0.49 eV. Further testing the material in a cell, yielded a capacity of 70 mAh/g.
In addition to the discrepancies mentioned about maximum intercalated Mg content, the
capacity reported by [33] is also different from the capacity reported by [35]. Nevertheless,
the stronger and rigid oxide bonds of MoO3 may result in more structural damage during
cycling [2].

2.2.3.V,05

V, 05 is a layered crystalline structure with V°* ions are coordinated with 5 oxygen and the
intercalant occupies the space between the layers (See Figure 2.4) [18]. Migration barriers
of 620 meV and 1000 meV were observed for 6 and a polymorphs of the structure respec-
tively [36]. Since, the structure has two polymorphs, a transition from «a to 6 was observed
upon Mg insertion [3]. § phase was found to be exhibit good properties i.e. average voltage
(2.56 V), lower migration barrier (760 meV). However, 6 phase was found to be metastable
at room temperature in deintercalated limit, while @ phase was stable. Due to this, no ex-
periments were carried out on 6-V205 till date [18], but with a phase based nanocrystalline
structured cathode and a phase based thin film cathode were reported by Amatucci et al.
[37] and Gershinsky et al. [38], respectively.

Figure 2.4: (a) V205 structure with @ and § polymorphs in b-c plane. (b) Dashed lines showing the difference
in stacking of layers of @ and 6 polymorphs on a-b plane [3].

2.3. POLY-ANION BASED
2.3.1. PHOSPHATES

Poly-anion based compounds have 1D diffusion channels. Mg?" ions in olivine FePO,
structure travel along a zig-zag path from oct sites to tet sites. Conc. vacancy limit diffu-
sion of Mg in FePO, yielded migration barrier of 580 meV. On the other hand, at exactly half
conc. vacancy limit i.e. Mg, sFePQy, a diffusion barrier of 1025 meV was observed, indicat-
ing that it is difficult to remove the Mg ion from the structure [39]. On testing the material
in a cell, only 12 mAh/g capacity was observed, which is only 6 % of its theoretical capacity
[39]. This was attributed to surface amorphization, which prevented the electrochemical
reaction from penetrating the bulk.
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Figure 2.5: (a) Olivine structure. (b) 2D view along (100) plane. Red = Oxygen; Yellow = Si/P; Green =
Transition metal (4c site); Blue = Mg (4a site) [4]

2.3.2. SILICATES

Chenetal. [40] tested MSiO4 (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) as a host structure for Mg.
They found that migration barriers were in the range 0of 450 - 770 meV. The lowest migration
barrier was observed in CrSiO4 host structure. Orikasa et al. [41] tested Mg as an intercalant
in the tetrahedral site of the host FeSiO4, and found that it provided a reversible capacity
of 330mAh/g at 2.5 V. Measurements were done at 6.62 mA/g current density and 55°C.
The superior performance was attributed to Mg occupying the tetrahedral sites [41], which
Mg doesn’t prefer. This is also inline with the discussion by [32]. Zheng et al. compared
the capacities, of MgCoSiO4 cathode under difference preparation methods. They found
that the cathode prepared using a solvo-thermal approach performed better compared to
others, with a capacity of 167 mAh/gat 0.1C.

2.4. RESEARCH QUESTION

Table 2.2 presents the Migration barrier for Mg?* in different structures. It can be observed
that the sulphur based spinels have the lowest migration barriers among all the structures
listed. This is due to the presence of 3D diffusion channels, volume expansion, and the
lower electronegativity of S>~ than 0%~ [9]. The effect of reduced electronegativity can be
seen from Table 2.2, where Mn based suphur spinel has lower migration barrier than Mn
based oxide spinel. Therefore, sulphur based spinel (MgTM,S, - TM is transition metal)
has been chosen for this study. In addition to that, Rong et al. [32] et al. in their study also
found that placing the Multivalent intercalant (Here Mg2+), in a site it does not prefer will
reduce the migration barrier. Hence, in this study the Mg atoms will be placed in the tetra-
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hedral (8a) sites. With respect to the transition metals in the sulphur spinel, Manganese,
Titanium and Chromium based sulphur spinels were found to be thermodynamically sta-
ble. Hence, for further study, Mn and Ti has been chosen. Chromium based sulphur spinel
is not included in the study due to Cr’s proven carcinogenic effects [42].

Table 2.2: A summary of migration barriers for Mg?*, in different hosts

Structure Migration barrier (meV)
MogSg (Chevrel phase) 570 [1]
TiS, (Layered) 1160 [24]
TiyS4 (Spinel) ~615 [9]
Mn;,S, (Spinel) ~515 [9]
MoS; (Layered) 1120 [30]
NbS3 Not reported
Mn, 0O, (Spinel) ~850 [8]
MoOj3 (Layered) ~880 [34]
V7,05 (Layered) ~1000 [3]
FePO, (Olivine) 1025 [39]
CrSiOy4 (Olivine) ~450 [40]
TiSiO4 (Olivine) ~660 [40]
MnSiO4 (Olivine) ~770 [40]

In this study, the focus will be on developing a new cathode material for Magnesium-
ion battery. To do this, Mn based sulphur spinel i.e. [ ]Mn,S, will be doped with Ti, and
the stability, voltage, volume change, inversion, and the migration barriers of the result-
ing doping combinations are evaluated. Therefore, the research question can be stated as

follows:
What would be the effect of doping Manganese based sulphur spinel with Ti or vice
versa, on the performance of the resulting combinations, namely:

* Thermodynamic stability,
* Average intercalaion voltage (vs. Mg/Mg*"),
* Change in the volume of structure after intercalation,

 Inversion of the Spinel, and

 Migration barrier for the Mg®*



METHODS

In this chapter, methods and procedure used in the current study are discussed. In Section
3.1, the theory behind DFT calculations is briefly discussed. Following which, in Section
3.2 the procedure of setting up DFT calculations is explained. In Section 3.3, convergence
tests conducted to find the input parameters for the study are discussed, and in Section
3.4, the process of creating doping combinations is discussed. Finally, in Section 3.5, a
brief overview of theory behind the Nudged Elastic Band (NEB) method and the procedure
of setting up a NEB simulation to find the migration barrier is provided.

3.1. THEORY

It is of our interest to find the properties of a given material which is made up of several
atoms. The energy of the atoms, and how it changes with the movement of atoms is one
of the fundamental things that we would like to know. To know the location of an atom,
its nuclei and electrons’ location must also be known. It is known that the mass of atomic
nuclei is much greater than the mass of the individual electrons, in an atom (Equation 3.1).
This means that the electrons respond to changes in their surroundings much faster than
the nuclei. As a result, the physical question can be split into two parts. First, the equations
describing the electron motion are solved, keeping the atomic nuclei fixed. For a given set
of electrons moving in the field of a fixed set of nuclei, the lowest energy configuration/state
of electrons is found [43]. This lowest energy state is known as ground state energy of the
electrons, and the splitting of the nuclei and electrons in two parts i.e. fixed and moving is
known as Born-Oppenheimer approximation [44].

Mpuyclei >> Me (3.1)

A simple form of Schrédinger equation is Hy = Ey, in which H is Hamiltonian operator
and v is a set of solution/eigen states of the Hamiltonian. Each of the solution, v, has
an eigen value associated with it i.e. E, that satisfies the eigen equation. The Schrédinger
equation that describes our case i.e. multiple electron interacting with multiple nuclei is
(Equation 3.2) [43]:

h2 N,

Ne N,
Zv?"'zvext(ri)‘*‘ZZU(l‘i,I‘j) v=Ey (3.2)

2me 5 i j>1

11
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Where, the first term in the square brackets defines kinetic energy of each electron, the
second term describes the interaction energy between each electron and a collection of
atomic nuclei, and the third term describes the interaction between different electrons.
For the Hamiltonian in Equation 3.2, y is the electronic wave function. v is a function of
each of the spatial coordinates of each of the N electrons’ and E is the ground state of the
electrons:

U/ZW("L rl’--')rN) (33)

¥ in Equation 3.3 can also be written as the product of individual one-electron functions
of N electrons (Equation 3.4) i.e. the electron wave functions are separated.

Y(ry,ry,.eorn) =10y (r), ..., wn(r) (3.4)

This is known as the Hartree product. The approximation is done because in an atom, the
number of electrons, N, is much larger than the number of nuclei. For example, if we are
interested in CO, molecule (22 electrons), then the full wave function is 66-dimensional
function. This number increases, even more, when atoms with a higher number of elec-
trons are considered and solving the Schrodinger equation gets complicated faster due to
the higher number of dimensions. This situation worsens when we look at the Hamilto-
nian term in Equation 3.2, because the third term in it is an electron-electron interaction,
and the individual electron wave function, v;(r), cannot be found without simultaneously
considering individual electron wave functions of all other electrons. Therefore, this means
that the Schrodinger equation is a many-body problem.

Even though the Schrédinger equation can be seen as a fundamental quantum mechanics
problem, its worth noting that the wave function for any particular set of coordinates can-
not be directly observed. What can be measured is the probability that N electrons are at a
particular set of coordinates (ry, 12, .., rx) [43]. This probability is equal to:

n(r)=w*(ry, ra2, 13..rN)W(ry, 2, 13...TN) (3.5)

where, asterisk indicates a complex conjugate and n(r) is the density of electrons at a par-
ticular position in space. The density of electrons can also be rewritten as:

n(r) =23 i (nyir) (3.6)

From this point on Density Functional Theory (DFT) is introduced. The heart of DFT is
based on two fundamental theorems i.e. Hohenberg and Kohn theorems.
Theorem 1 states that the ground state energy is a unique functional” of electron density
(Equation 3.7). This is why the theory is known as density functional theory (DFT). Ground-
state electron density can uniquely determine all properties, including energy and the wave
function of the ground state. This means the Schrodinger equation can be solved i.e. the
ground-state energy can be found by finding electron density, a function of three spatial
variables, rather than using wave function (a function of 3N variables). Thus the problem
is reduced from 3N dimensions to 3 dimensions[44].

E=E[n(r)] 3.7

I This means the equation describes the location of all the electrons present in all the directions
2 Means a function of function. An example is Integral (F [f1= f_ll f (x)dx).
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Theorem 2 states that the electron density that minimizes the energy of overall func-
tional is the true ground state electron density corresponding to the full solution of Schrodinger
equation (Equation 3.8).

Eln(r)] > Eo[no(r)] 3.8)

Energy functional (Equation 3.9) can be divided into two main parts i.e. the one that is
known and the other one that is not known. The known part (Equation 3.10) has kinetic en-
ergy, coulomb interaction between electrons and nuclei, the coulomb interaction between
a pair of electrons, and the coulomb interaction between a pair of nuclei terms (from left to
right). The unknown part includes all quantum mechanical effects that are not included in
the ‘known’ term and is known as exchange-correlational functional (will be called further
as XC-functional).

El{y i}l = Expownllwill + Excliyil] (3.9)
Where,
Ernownliyi}] =—miz w?Vzwid3r+fV(r)n(r)d3r+ ff n(rr)nr(,r)d3rd3r’+Eion
e i -
(3.10)

Until now, the discussion is only about simplifying the calculation instead of fully solving
the Schrodinger equation for wave function. Kohn and Sham showed that the correct elec-
tron density can be found by solving a set of equations in which each equation involves
only one electron:(Equation 3.11).

- %VZ +V(r)+ Vu(r)+ Vxe(r) |yi(r) =€;(Ny; (3.11)

The difference between Kohn-Sham equation (Equation 3.11) and full Schrodinger equa-
tion (Equation 3.2) is that there is no summation term in Kohn-Sham equation. This is
because the solution for Kohn-Sham equations are single-electron wave functions, which
only depend on three spatial variables v; (r)[6].

Inside Equation 3.11, there are three potentials V, Vi, and Vx¢. Vg is hartree potential and

ggg‘f) This leads to circular loop where to

solve Kohn-Sham equation, Vg has to be defined, to define Vi we need n(r), to know n(r)
we need to know single-electron wave functions, and to know this we need to solve Kohn-
Sham wave functions [43]. To break the loop, an initial n(r) is defined and then the steps
are carried out as shown in Figure 3.1.

Vxc is exchange-correlation potential (VXC

Chooze glectron density —— Caloulate W, and V.

//

Kohn-Zham equations

e Caloulate electron density
Salve for the wavefunction l

Self Conzsistency?
Sraay

Yo Mo

Compute lolal enargy —_

Figure 3.1: Self-Consistency Loop [5]
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The ground state can be found by minimizing the energy functional (Equation 3.9), and
this is done by finding a self-consistent solution to single-particle equations. However, the
catch is that the exchange correlational-functional, Exc[y;] must be specified. But from
Equation 3.9 and Equation 3.10 it can be understood that it is difficult. Fortunately, there is
one case, Exclw;] can be derived from the uniform electron gas. In uniform electron gas,
the electron density, n(r), is constant at all points in space [43]. XC potential at a point is
set as shown in (Equation 3.12).

Vxe(r) = Ve ™ 88 ()] (3.12)

This approximation uses only the local density to define XC-functional. Hence, this method
is known as LDA. However, this is not the only functional. There are several other function-
als such as GGA, PW91, PBE, B3LYP, etc. In addition to that of local density, local electron
density gradient is also considered in GGA. Hence, the name generalized gradient approx-
imation. Even though GGA considers the electron density gradient, it doesn't give much
physical information than LDA. Therefore, even GGA is not accurate enough. However,
this served as a groundwork to develop other functionals such as Perdew-Wang (PW91),
Perdew-Burke-Ernzerhof (PBE) functionals. PBE considers local electron density, gradient,
and the second-order gradient in the enhancement factors F(x) and F(c). PBE is proven
to be highly accurate and most widely used. Hence, this functional is used in the current
study. Hence, the pseudopotentials of PBE are considered for the study. These pseudopo-
tentials are present for each element and in the form of POTCAR files [6].

Once the electronic ground state is obtained, forces on the ions can be easily obtained
because the A is known and the correct wave functions are known because the right density
functional/right electron density is also known. This is done using Equation 3.13 [44].

dE
Fr= = _<'Wi

0H
di‘] B

67‘[

wi> (3.13)

The relaxation of ions is done using the IBRION tag, which will be discussed in the next
section.

Now the discussion is about how the functions are considered for the elements in the
system. The word pseudo means artificial. To mimic the actual potentials of the elements,
pseudopotentials are created. Pseudopotentials are created by dividing electrons into two
groups. One where the nucleus is frozen along with the core electrons and the rest of the
electrons are pseudized to create wave functions. This is done to reduce the number of
electrons considered in the system. When atoms get together to form solid, the core elec-
trons stick together tightly to their nucleus in a deep potential well and remain unchanged
in most circumstances. They get localized and they don’t notice whether they are in a solid
orin an atom. These electrons also neutralize the nucleus charge as shown in the Figure 3.2.
The electrons apart from core electrons are valence electrons. These electrons are the ones
that interact with other materials, form bonds, conduct electricity, etc [6].

The separation of frozen core electrons + nucleus and valence electrons is done to reduce
the computational load. When the wave function of valence electrons passes through the
localized core electrons, it oscillates rapidly and has many nodes (Figure 3.3). Presence of
the nodes will increase the complexity of wave function. To remove the nodes, this feature
of the curve is ‘softened’. This procedure is called pseudization. From ??, it can be seen
that there is a parameter called r, critical radius. Depending on the choice of this value,
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Figure 3.2: An example of carbon showing frozen core and valence electrons for the construction of its
pseudopotential [6]

the accuracy of pseudopotentials varies. With small r,, the accuracy is higher because a
higher number of valence electrons are considered and can mimic the potentials well [6].
However, the computation time also increases.

Relative amplitude

Potential energy (hartree)

4 1 1 L 1
0 1 2 3 4

Radial distance (a.u.)

Figure 3.3: Illustration of all-electron (¥ 4¢) and pseudo (1) wave functions and the corresponding
all-electron (U4g) and pseudo (Upp) potentials [6]

Based on this, there are two pseudopotentials: US-pp (Ultra-soft) and PAW-pp (Projector
Augmented Wave). The difference between PAW-pp and US-pp is that in US-pp r, is larger
than PAW-pp and PAW-pp reconstructs the exact valence wave functions with all the nodes
in the core region. PAW-pp is a frozen core All-Electron potential approach. An example
wave function of PAW is illustrated in Figure 3.4. ¥ .ore is the core electron wave function,
Vinter is the valence electron wave function, and v, is the overlapping part of ¥ ,,. and
Vinter- Wner is removed from the final wave function to better represent the all-electron
wave function. In PAW-pp’s, due to the use of ¥ ..., the core part is well reproduced and
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doesn’'t need many Projector Waves and hence can give greater accuracy with less compu-
tational effort [6].

VYpaw

IIJ

core

Atom center

Figure 3.4: Illustration of Projector Augmented Wave construction [6]

3.2. PROCEDURE

Vienna Ab initio Simulation Package or VASP has been used for performing DFT calcula-
tions. In this section, a detailed explanation of the inputs to VASP, & choice of inputs is
provided.

VASP needs 4 input files (INCAR, KPOINTS, POSCAR, and POTCAR, where CAR means
‘card’ [45]) and it generates several output files depending on the tags set in the INCAR
input file (See Table 3.1). An example of all the input files is shown in Figure 3.5.

* INCAR - INCAR file is the central input file and it has several tags, which tells VASP
on how to proceed with calculations [46]. An example INCAR file with several inputs
is shown in Figure 3.5a and the inputs are explained in Table 3.1.

* KPOINTS - KPOINTS file contains information about the mesh-size and the type of
grid [47]. Mesh size is dependent on the lattice parameters. More information about
how the mesh size is calculated in given in Section 3.3.1. Higher the mesh size, higher
the accuracy but at the expense of computation time.

* POSCAR - POSCAR file contains the information about the atoms, ionic positions,
and lattice geometry of the structure being studied [48]. POSCAR files are usually
created from files with ‘.xsd ’/‘.cif > extension. For the present study, Fd3m space-
group structures in the ‘.cif 'file format were obtained from the Materials Project
(MgMn»S, & MgTi»S,). Spinels have a general formula of Ase/[B2]oc: X4, where A


https://www.materialsproject.org/materials/mvc-12966/
https://www.materialsproject.org/materials/mvc-27/
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refers to cations occupying tetrahedral (8a) sites, B refers to cations occupying oc-
tahedral (16d) sites, and X refers to anions located at 32e sites of a cubic structure
which belongs to the space group Fd3m [49]. In this study, A is Magnesium, B = tran-
sition metals Mn/Ti, X is sulphur. Since this study involved transition metal based
suphide spinel structure, general formula can be written as Mg;q;[TM2],¢;:S4, Where
TM = Mn/Ti. The unit cell used in this study has 8 Mg atoms in 8a sites, 16 Mn/Ti
atoms in 16d sites, 32 S atoms in 32e sites. The unit cell’s downloaded have 8 Mag-
nesium atoms, 16 transition metal atoms (Mn/Ti), and 32 Sulfur atoms. Unit cell has
been chosen over primitive cell to have more flexibility while creating doping combi-
nations because primitive cells have less number of atoms.

* POTCAR - POTCAR file contains the pseudopotential (pp) information of each atomic
species in the structure. Each atomic species has a different POTCAR file. POTCAR
files of different atomic species have to combined into a new POTCAR file since VASP
can only accept one POTCAR file. New POTCAR file must have pseudopotentials in
the same order as of the atomic species in the POSCAR file [50].



18

chareddy@hpcll:MgMn254]% more INCAR
¢]

Accurate
1808

p.6 #Mg Mn S

2 #Interactions ON 1f 2

[=]als]z]
[=]als]z]

100
100
100
SR00
SR00
5006
SR00
soen
SR00
100
SR00
100
100
SR00
SR00

An example of POSCAR file

[=]2]
[=]2]

B.2500

(5]%]
(5]%]

ee
e
ee
ee
ee
ee

ee
e
ee
ee
ee
ee
ee
ee
ee
ee

[ypochareddy@hpc11: ; more KPOINTS
Monkhorst-Pack

5]

Monkhorst-Pack

An example of KPOINTS file

[ypochareddy@hpc1l:k555]$ grep TITEL POTCAR
T = PAW_PBE Mg 13Apr2007

PAW_PBE Mn_pv 02Aug2007
PAW_PBE S 065ep2000

An example of POTCAR file

Input files
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3.3. CONVERGENCE TESTS

In this section, the choices made for KPOINTS, INCAR, POTCAR files have been explained.
For all convergence tests, MgMn,S, spinel has been used (See Figure 3.6). Manganese
spinel has been chosen because in this study, it is the only element with U, ¢ values and
hence would serve as a good candidate for the comparison of energies when different input
values are given to VASP. It must be noted that all the energies reported in this study are per
unit cell.

(a) MgMny,S4 Spinel - before relaxation (b) MgMn,S4 Spinel - after relaxation

Figure 3.6: MgMn2S$4 Spinel

3.3.1. FINDING THE ENERGY PER MAGNESIUM ATOM

The average voltage of the intercalation reaction can be calculated by the following equa-
tion [9]:
Echarge + NEyvg — Eqischarge

V= (3.14)
nz

where, n is the number of intercalating atoms, z is the oxidation state of Mg, E¢pqrg. and
Egischarge are the calculated energies of the charged and discharged phases, respectively,
and Ejyg is the energy per Mg atom. Ecj4rge, also know as the Energy of the deintercalated
phase, is calculated either by deleting the atoms through Materials Studio software or by
deleting the information related to Mg atoms in the POSCAR file.

Figure 3.7: Mg metal structure with two Mg atoms
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For the given structure in Figure 3.7, the lattice parameters are 3.2094, 3.2094, and
5.2105. Suitable KPOINTS were found by first taking the multiplicative inverse of the lattice
parameters, and then multiplying the values with the largest lattice parameter. Since VASP
only accepts whole numbers as KPOINTS, the values obtained were multiplied by a whole
number and rounded off. The procedure is also illustrated in Figure 3.8. It must also be
noted that the multiplication factor can be either odd or even number but an odd number
is usually preferred to reduce symmetry related problems during simulation [53]. Hence,
an odd number is chosen here.

a b C
3.2094 3.2094 5.2105 Take Inverse
0.3116 | 0.3116 | 0.191% Multiply by 5.2105
1.624 1.624 1.000 Multiply by 3
4.870537 | 4.870537 3 Round off to nearest whole number
5 5 3

Figure 3.8: KPOINTS calculation

In order to calculate the voltage, apart from the energy of the host compounds, the energy
per Mg atom is required. To do this, a Mg metal structure Figure 3.7 from the Materials
studio was taken and relaxed (i.e. DFT calculations are run) with different KPOINTS. The
INCAR file used is shown in Figure 3.9 and the VASP suggested pseudopotentials were used.

[ypochareddy@hpcll:k553]1% more INCAR
ENCUT = 5208

ISTART = @

ICHARG = 2

PREC = Accurate

NSW = 1808

LCHARGE
ISPIN =
MAGMOM = 2=8.6 #Mg

2

Figure 3.9: INCAR file used for finding out Energy per Mg atom

Ground-state energies obtained for the structure in Figure 3.7 at different KPOINTS are
listed in Table 3.2. In Table 3.2, column 3 is the energy difference (in meV) between the cur-
rent KPOINTS row and the next one. When the values is Table 3.2 are plotted, Figure 3.10
is obtained. From the Figure 3.10, it can be observed that the energy difference is low-
est between 15x15x7 and 17x17x7 KPOINTS. Therefore, the energy corresponding to the
KPOINTS 15x15x7 indicated by a black circle around the marker point in Figure 3.10, is the
energy of the structure. Since, the structure has two atoms and but the energy required is
per Mg atom, the value was divided by 2 to get an energy per Mg atom (E ;¢ of -1.50809 eV.
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Table 3.2: Ground state energies of Mg metal structure for different KPOINTS

KPOINTS | Energy (eV) | Difference in energy (meV)
5x5x3 -3.078399 44,5462
7X7x3 -3.033853 59.4943
9x9x3 -2.974359 32.6219
9x9x5 -3.006980 25.824

11x11x5 -3.032804 21.2563
13x13x5 -3.011548 8.8141
15x15x5 -3.020362 16.3147
13x13x7 -3.004048 12.1491
15x15x7 | -3.016197 1.511
17x17x7 -3.017708 8.473
19x19x9 -3.009235

3.3.2. CHOOSING KPOINTS FOR THE STUDY

For further DFT calculations of the unit cells, KPOINTS must be chosen. To choose a suit-
able KPOINTS, convergence tests have been done on M gMn, S, structure. Lattice parame-
ters before and after relaxation are tabulated in Table 3.4. From Table 3.4, it can be seen that
the lattice parameters a, b and c are equal, therefore the digits in KPOINTS should also be
equal. Three tests were carried out with 3x3x3, 5x5x5 and 7x7x7 KPOINTS, keeping INCAR
(Figure 3.5a), POSCAR and POTCAR (VASP suggested) files same. Energies of the structures
after one relaxation run are presented in Table 3.3, and the energy differences are also cal-
culated and presented in the same table. It can be seen that the energy difference between
3x3x3 and 5x5x5 is 0.26 meV and between 5x5x5 and 7x7x7 is 2.48 meV, and both are be-
low 10 meV. 5x5x5 KPOINTS have been chosen since, they offer a good balance between
accuracy and computation time.

Table 3.3: KPOINTS covergence test

KPOINTS | Energy (eV) | Difference in energy (meV)
k333 -301.62776 0.26
k555 -301.62802 2.48
k777 -301.63050

Table 3.4: Lattice paramters of the MgMn2S4 spinel before and after relaxation

Lattice parameter | MgMn2S$4 - before relaxation | MgMn2S84 - after relaxation

ad) 10.309 10.478

b (A) 10.309 10.478

c@) 10.309 10.478

alpha (°) 90.00 90.02
beta (°) 90.00 90.02
gamma (°) 90.00 89.99

Volume (A3) 1095.593 1150.363
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Figure 3.10: Mg metal KPOINTS convergence

3.3.3. EFFECT OF ENCUT ON THE GROUND STATE ENERGY
Usually ENCUT value in the INCAR file is equal to maximum of the ENMAX’s in POTCAR
files of the elements in the system (ENCUT = max(ENMAX of Mg/Ti_sv/Mn_sv/S)). Ac-
cording to this, ENCUT should be 275 eV (corresponding to Ti_sv POTCAR file). However,
for cell shape and volume relaxations i.e. ISIF = 3, ENCUT should be increased by 30% [46],
which brings the ENCUT value to 357.5 eV. When this value is verified with reference study
[9], it is found that they have used 520 eV as their ENCUT. This could be because of two
reasons. First reason is that the POTCAR file for Magnesium they [9] have used is Mg pv
and the corresponding ENMAX and ENCUT values are 404 eV and 525.2 eV ( 520 eV), re-
spectively, and the second reason is that the same authors have also studied oxygen spinels
(ENMAX = 400 eV and corresponding ENCUT = 520 eV (1.3*400 eV)) before studying sul-
fur spinels and therefore would have chose to keep the ENCUT as 520 eV to compare the
results of oxygen and sulfur spinels.

Table 3.5: VASP suggested POTCAR files of elements and their ENMAX values.

Name of the POTCAR file | Default cutoff (ENMAX) (eV)
Mg 200
Mn_pv 270
Ti_sv 275
S 259

Therefore, even in this study to be able to compare the results with that of the reference



3.3. CONVERGENCE TESTS 25

study [9], ENCUT value is chosen as 520 eV and also an extra calculation with ENCUT as
500 eV was also performed to see check the energy differences. When the ENCUT value is
reduced to 500 eV, an energy difference of 10.82 meV (just above 10 meV) was observed (See
Table 3.6). This value is closer to the threshold indicating that ENCUT doesn’t have much
effect on the ground-state energies.

Table 3.6: Effect of ENCUT variation

ENCUT | Energy (eV) | Difference in energy (meV)
500eV | -301.61720 10.82
520 eV | -301.62802

3.3.4. EFFECT OF POTCAR’S ON THE GROUND STATE ENERGY

VASP suggested POTCAR files are included in Table 3.5. However, the reference study [9]
has used different POTCAR files. In order evaluate the effect of change in the POTCAR files
on the ground-state energy of system, DFT calculations are performed by keeping all the
input files same except the POTCAR file. Usually there are two types of pseudopotentials.
Ultra-soft (USpp) and Projector Augmented Wave (PAWpp). The USpp’s are less accurate
because the r. value in USpp is higher than PAWpp, and PAWpp constructs the electron
wave function exactly including the nodes in the core electron region.

As one can see in Table 3.7, there are letters after the element’s name. The letters pv and
svindicate that the p and s semi-core states are treated as valence states i.e. more electrons
are included or in other words the cut-off radius is reduced and therefore the accuracy is
increased. This also explains why the reference study [9] has used the pseudopotentials
mentioned in Table 3.7. In order to increase the accuracy and to be able to compare with
that of the reference study [9], the same psuedopotentials have also been adopted for this
study.

Table 3.7: POTCAR files used in Reference study [9]

Element | Default cutoff (ENMAX) (eV)
Mg _pv 404
Mn_pv 270
Ti_pv 222
S 259

DFT calculations were performed by keeping all the files same except POTCAR’s, where
in one calculation VASP suggested pseudopotentials were used and compared against ref-
erence study’s [9] pseudopotentials. The difference in ground-state energy is mentioned
in Table 3.8. The energy difference is higher, however this can be ignored because highly
accurate pseudopotentials (Table 3.7) are used for this study.

It must be noted that from this step onwards, the new POTCARs will be used further
study, and studies in Sections 3.3.1, 3.3.2, and 3.3.3 have been reevaluated with new POT-
CARs and the results are similar to the discussions in those same sections. For the readers
reference, a Figure 3.11 with all the values obtained is also provided.
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Table 3.8: Influence of change in POTCAR’s on E0
Description Energy (eV) | Difference (meV)
VASP suggested | -301.62802 110.07
Ref. study -301.51795
KPOINTS Convergence test
. Mg metal
(with MAGMOM 0.6/5/0.6, ENCUT 520 eV and Updated POTCARs)
KPOINTS Energy (eV] | Difference in energy (meV) Total KPOINTS | KPOINTS | Energy (V) | Difference in energy (meV)
k333 -301.51806 0.11 75 S5x5x%3 -3.076072 43.3034
k555 -301.51795 112.55 147 Tx7%3 -3.032769 60.4599
k777 -301.62050 243 9x9x3 -2.972308 32.4078
405 Ax9x5 -3.004717 25.6515
ENCUT Change (500 eV)
) 605 11x11x5 | -3.030368 21.0285
(with MAGMOM 0.6/5/0.6 and Updated POTCARs)
500 eV -301.51143 6.52 845 13x13x5 | -3.009340 8.6293
520 eV -301.51795 1125 15x15x5 | -3.017969 16.1075
1183 13x13x7 | -3.001861 12.4048
MAGMOM Change (0/3/0)
(with ENCUT 520 eV and Updated POTCARs)
0/3/0(Mg/Mn/S) -301.517594 0.01 2023 17x17%7 | -3.015338 8.3118
0.6/5/0.6 Mg/ Mn/5) -301.51795 3249 19x19x9 | -3.007026
Energy of the structure (with 2 Mg -3.014266
Energy per Mg atom (V) -1.5071331

Figure 3.11: Results with Updated POTCARs

3.3.5. EFFECT OF U ON THE GROUND STATE ENERGY

DFT usually does not consider the strong onsite coulomb interactions. Since, this study
involves the use of d block transition elements with localised d electrons, but for localised
d electrons, the onsite coulomb interactions are very strong [54]. Hence, in order to ac-
count for this, DFT + U theory has to be used. The U part of DFT+U theory is included in
calculations through LDAU, LDAUL, LDAUU, and LDAU]J tags in the INCAR file. U values
for the current study were taken from [26]. When the U values are not accounted for, the
ground-state energy increases i.e. becomes more negative. This can in turn also affect the
average voltage values. Change in ground-state energy and average intercalation voltage is
shown in Table 3.9.

Table 3.9: Influence of U on ground state energy and voltage.

Description Energy (eV) | Difference (meV) | Voltage (V)
U ="4’ for Mn, and '0’ for Mg & S -301.51795 28376.84 1.743
U ="0" for Mn, Mg & S (K.A. Persson’s group) [9] | -329.89479 ~1

From Table 3.9 it can be observed that by not including the U value, the average voltage
has reduced from 1.743 to 1. This is because change in U value will affect the difference
between ground-state energies of charged and discharged phases. In fact, when the volt-
ages were calculated for both cases, it was found that [9] did not use U values in their DFT
calculations and the voltage calculate in this study without U value matched with that of
[9]. Hence, in this study U values were considered.
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3.3.6. EFFECT OF MAGMOM ON THE GROUND STATE ENERGY

In this study, there are atoms with high magnetic moments such as Mn. However, it is rel-
atively difficult to find the correct magnetic moments from literature. One way is usually
to set the MAGMOM value to a larger value 1.2 to 1.5 times that of the experimental mag-
netic moment value and the VASP will automatically correct it back to the right value (See
Figure 3.12). However, over the course of the study the correct MAGMOM values were later
found from the Materials project website after a detailed search in the internet. DFT calcu-
lations were performed with MAGMOM value of 0, 3, 0 for Mg, Mn and S respectively, and
0.6, 5 and 0.6 for Mg, Mn, and S respectively and compared. It is found that there is only
0.01 meV change in ground state energy (See Table 3.10). However, it should also be noted
that this is not always the case. More about this is explained in Section ?2.

Table 3.10: Effect of MAGMOM change

Description Energy (eV) | Difference (meV)
MAGMOM = 0:3:0 (Mg:Mn:S) -301.51794 0.01
MAGMOM = 0.6:5:0.6 (Mg:Mn:S) | -301.51795

.30067121E+03
.30145481E+03
.30149882E+03

.30151461E+03
.30151794E+03

.30067121E+03
.30145481E+03
.30149882E+03
.30151461E+03
L30151794E+03

.300671E+03
. 783604E+00
.B827616E+00
.157853E-061
.191127E-01

1.0000
4.0000
54.0000
64.0000

(a) MAGMOM = 0:3:0

.30067113E+03
.30145282E+03
.30149838E+03
.30151461E+03
.30151795E+03

Mg:Mn:S)

-.300671E+03 .02l
.781691E+00 .0ooen
LB827247E+00 .0ooen
L162314E-01 .0ooen
.195670E-01 .0ooen

.30067113E+03
.30145282E+03
.30149838E+03

.30151461E+03
.30151795E+03

ey —
mmmmm
[

(b) MAGMOM = 0.6:5:0.6 (Mg:Mn:S)

Figure 3.12: VASP MAGMOM correction

It can be noticed from Figure 3.12 that in the first ionic step, the total magnetic mo-
ment of structure is 63.997 with MAGMOM = 0:3:0 (Mg:Mn:S), and 64.0081 with MAGMOM
= 0.6:5:0.6 (Mg:Mn:S) and the VASP automatically corrects this to the final value of 64 in
subsequent ionic steps.

3.4. DOPING

From literature, Mn- and Ti-based sulphur spinels have been identified as a suitable cath-
ode material for Magnesium-ion battery. In this section, the procedure of doping the ‘B’part
of MgB,S, spinel material i.e. MgMn,S,; with Ti and vice versa, with another transition
metal is described. Initially, a program called ‘Cluster 'was used to create doping combina-
tions. Since, the unit cell has 16 octahedral (16c¢) sites occupied with Mn atoms and each
site can be occupied by either Mn/Ti, the program found a total of 216 (65,536) combina-
tions. However, to find the ground-state energies of all 65,536 combinations is possible
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but requires huge computation power/time. Since either of those is not available, the au-
thor resorted to the use of Manual method i.e. editing the structure in the Materials Studio
software. Under each doping combination, 6 configurations with dopant atoms occupy-
ing different octahedral sites were made. Each configuration is unique and this was made
sure by measuring the interatomic distances in all three directions of the expanded range
of unit cell (See Figure 3.14). Doping ratios of 1/16, 2/16, 4/16, 6/16 and 8/16 were cho-
sen (See Figure 3.13). If any of two configurations under a doping ratio combination, have
same ground-state energy then one of the configuration is not unique. However, no two
configurations were found to have same ground-state energy (See Figure 4.1). Therefore,
all the configurations are unique.

MgB2S4 B=Mn/Ti

Doping ratio
combinations

1/16 B atoms || 2/16 B atoms | [ 4/16 B atoms || 6/16 B atoms | | 8/16 B atoms

RERE

Configurations under each doping '4'1/16 '6'2/16 '6'4/16 '6'6/16 '6'8/16
ratio combination configurations | |configurations | |configurations | |configurations | |configurations

Figure 3.13: An overview of procedure followed to create different configurations under each doping ratio
combination

Doping ratio combinations were made in such a way that at the doping ratio of 8/16, the
doping of MgMn,S, with Ti stops and instead MgTi,S, is doped with required amount of
Mn to meet exactly at halfway of creating doping combinations. This can be well under-
stood by referring to the Figure 3.15.
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Figure 3.14: An example of an unique 8/16 combination with Interatomic distances drawn
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Once all the configurations were made, they were relaxed twice and then with a one step
energy calculation with fixed cell ion positions, cell volume and shape through ISIF = 2 and
IBRION = -1 and NSW = 0. Initially, all the configurations’ relaxation * used POTCAR files
suggested by VASP and MAGMOMs of 0 for Mg, S and Ti and 3 for Mn. Resulting ground-
state energies were converted to enthalpies of formation in relation with the end members,
using Equation 3.15 and Equation 3.16, and plotted as shown in Figure 3.16.

Hf:ETinost—yMgTi284—(l—y)MgMi’l284 (3.15)

Hf:EMnyHOS,;—yMgMnZS4—(l—y)MgTigS4 (3.16)

It can be observed from Figure 3.16, that there are 12 points at x = 1. This is because,

Enthalpy of formation (eV)

_6 | | | | | | | | |

0 0125 025 05 0.75 1 125 15 175 1875 2
X in Mgan-xT'xS4

Figure 3.16: Convex Hull with MAGMOM = 0:3:0:0 (Mg:Mn:S:Ti) and VASP suggested POTCARs

as highlighted in Figure 3.15, when doping MgMn,S, with Ti at a doping ratio of 8/16, 6
configurations were created, and in addition to that when doping MgTi,S4 with Mn at a
doping ratio of 8/16, 6 more configurations were created. In total, at the doping ratio of
8/16, 12 configurations were obtained and hence the number of points at x =1 are 12.
Later, the correct MAGMOM’s (0.6 for Mg, S and Ti and 5 for Mn) & more accurate POT-
CAR’s were found in Materials Project website, which were also used by [9]. Apart from
changing the MAGMOM’s and POTCAR’s, the second relaxation used the charge densities

3Relaxation 2 uses the relaxed atomic positions (CONTCAR file) from relaxation 1.
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from the first relaxation. This was done to reduce computation time and is done by chang-
ing the LCHARG tag to True in the INCAR file of first relaxation and changing the ICHARG
tag to a value of 1 in the INCAR file of second relaxation. The obtained ground-state ener-
gies were used to calculate enthalpies of formation, using Equation 3.15 and Equation 3.16,
and the results are plotted as shown in Figure 4.1. It can be observed that by comparing
Figure 3.16 andFigure 4.1, some combinations have relaxed more after correcting the MAG-
MOM'’s and improving the accuracy of pseudopotentials. The relaxed structures were fur-
ther used for calculating their volume, and this was done by opening the relaxed structure
is Material Studio software to find out the lattice parameters.

3.5. NUDGED ELASTIC BAND

To calculate the migration barriers, two methods can be followed: Ab initio molecular dy-
namics (AIMD) and Nudged Elastic Band (NEB). NEB method needs huge computation
power/time and AIMD needs even more computation power/time than NEB. To put it in
perspective AIMD takes about tens of thousands of steps and each step in AIMD is a DFT
calculation [55]. Hence, in this study the focus is to obtain migration barrier for Mg-ion
diffusion using NEB method.

It is known that the atoms under a force will follow a minimum energy path under given
conditions [6]. Same principle is used in NEB method to identify the migration barriers. In
NEB, two states are identified i.e. Initial and Final, which are the same in our case tetrahe-
dral (8a) site. At the inital and final states, the energies are minimal and the forces are zero.
This is done by allowing the system to relax by fixing the cell shape volume and volume (ISIF
= 2). Following which, using a script (nebmake.pl) developed by Henkelman'’s group [7], a
straight band is drawn between the intial and final state i.e. by creating several equidistant
points/images along the straight line path, through extrapolation of atomic positions (See
Figure 3.17).

: 2 Saddle point . -

Init

!

Q \ e NS

Figure 3.17: Principle of NEB method with three intermediate images, nudging towards the minimum
energy path, which passes through the saddle point, where the migration barrier is maximum [6]

The number of points or images are usually 4 - 8, or even more depending on the com-
plexity of the path. Here, in the initial state Mg is in a tetrahedral (8a) site and in the final
state Mg is in a nearby tetrahedral (8a) site. Minimum energy path is found by moving
(nudging) the bands towards the zero-force configurations [6]. Since NEB method mainly
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depends on lowering the forces, IBRION = 3, a damped molecular dynamics algorithm is
used for NEB calculation [6]. To make sure that the highest energy image to moves to the
saddle pointi.e. the point where the energy is the highest, Climbing Image NEB method is
adopted for this study (See Figure 3.18). A sample INCAR file for the CI-NEB calculation

0.30 Saddle Point __
-\-."-\h

LS
0250 _ o " -

L 8 x
0201 , cNEB J

0.15

Energy (eV)
L

0.05- »~ e

000 ® e

1 i | {
0.0 0.2 04 0.6 0.8 1.0
Reaction Co-ordinate

Figure 3.18: Climbing Image NEB vs. NEB [7]

ENCUT = 528
ISTART B
ICHARG 2

PREC = Accurate
NSW = 5080

ISIF = 2

IBRION = 32
LREAL = Auto
ISMEAR 5

a

8.2
1E-5
-1E-2
LSCALAPACK = .FALSE.

ICHAIN=0

LDNEB=. FAL
LMEBCELL=.FALSE.

Figure 3.19: INCAR file of a NEB calculation

is shown in Figure 3.19. Number of images is set through the tag IMAGES, Climbing Image
method is enabled by setting LCLIMB as true. As already mentioned, NEB calculations are
huge and can take many steps to converge, hence, NSW is set to 5000. Other settings in
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INCAR file were according to the suggestions NEB code developers [7]. Detailed procedure
and theory of NEB calculations can be found in [43] and [6].



RESULTS AND DISCUSSION

In this chapter, the stability (with respect to end members), average intercalation voltage,
and volume change of the doped combinations are discussed in the Sections 4.1, 4.2, and
4.4, respectively. Following the discussion of stability and voltage, two doped combinations
and the end members are selected for the study of spinel inversion and migration barrier,
and the results are discussed in Sections 4.3, and 4.5, respectively. In Section 4.6, the site
energy differences of the host structure when Magnesium is octahedral and tetrahedral
sites are discussed. Finally, towards the end of the chapter, in Section 4.7, suggestions for
further study of the material are provided.

4.1. CONVEX HULL

As explained previously in Section 3.4, at each doping ratio, 6 configurations of MgMn,S,
spinel doped with Ti, and MgTi,S; spinel doped with Mn are created. After finding the
ground-state energies of all configurations, the enthalpies of formation (Hy) are calculated
using Equation 4.1 and Equation 4.2 [5].

Hy = Epmn,Host = YEMgMny s, — (1 = V) EMgTiy S, (4.1)

Hf = Eri,Host = YEMgTi$, = (1 = V) EMgMnys, (4.2)

Where, y is the doping ratio (1/16, 2/16, 4/16, 6/16, and 8/16). The calculated enthalpies
of formation are plotted and is shown in Figure 4.1. The endpoints in the graph are the
end members MgMn;$, (at x = 0) and MgTi,Sy (atx = 2). If Hf (red inverted triangle in the
Figure 4.1) is greater than 0, then the corresponding structure is unstable with respect to
the end members. However, this is not the case here. Here, all the red inverted triangles
are less than the value of 0, therefore all the configurations tested at all doping ratios are
stable with respect to the end members. To plot the convex hull, the end member must be
connected with the lowest Hy of all the configurations tested. Here, the lowest point lies at
x=11i.e. MgMnTiS,. Therefore, a straight line is drawn between the H of MgMn,S, and the
lowest H ¢ of MgMnTiS,. Therefore, it can be said that the lowest H¢ is most stable structure
of all the configurations tested, when compared to the end members. In other words, the
end members prefer to mix and this will result in the most stable configuration at the point
where Mn content is equal to Ti content in the spinel.

35
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Figure 4.1: Calculated enthalpies of formation at different doping ratios.

Following which, as per the normal procedure, one would think that a straight line
should be drawn between the end member MgTi,S, and lowest Hy value (MgMnTiSy).
However, this is not the case because if a straight line is drawn, there would be some points
below the line (See the dashed black line in Figure 4.1).

Any points below the line are considered to be stable and these points (MgMng 757Tiy 2554,
MgMny 5Ti; 5S4, and MgMng 125Ti; 875S4) would become a part of the convex hull. There-
fore, the convex hull is the line joining the end member MgMn,S,, lowest H of all the con-
figurations (MgMnTiS,), lowest H ¢ of MgMng 75Ti; 2554, lowest Hy of MgMng 5Ti 5S4, low-
est Hy of MgMng 125Ti1 87554, and the end member MgTi,S4.Therefore, it can be said that
the combinations MgMnTiS4, MgMno_75Til_25S4, Mng’lo_5Ti1.5S4, and MgMIl().125Ti1_875S4
are stable. However, for the reasons that will be explained in the next section, only MgMnTiS,,
and MgMny 75Ti; 2554 will be considered for Spinel inversion, and Migration barriers test-
ing.

It can also be observed that the doping combinations with high Ti content are part of
the convex hull. This could be because the MgTi,S, structure has a low energy above hull
compared to MgMn,S, [9]. The term energy above hull (EAH) refers to the driving force
of decomposition of the material into its set of most stable materials at that composition.
Higher the EAH, lower the thermodynamic stability of the material and vice versa. Fig-
ure A.1 illustrates how the EAH of a particular material is calculated.
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4.2, AVERAGE INTERCALATION VOLTAGE (VS. MG/MG2+)

In this section, average intercalation voltage is used as a criteria for further selection of

cathode materials. It must be noted that that all the voltages reported here are against

Mg/Mg?*. Average intercalation voltage can be calculated using the Equation 4.3 [9]:
Echarge + NEnvg — Edischarge

V= 4.3)
nz

Where, Ecjqrge is the ground-state energy of charged/deintercalated phase, Egiscnarge is
the ground-state energy of discharged/intercalated phase, Ej/g is the ground-state energy
per Magnesium atom, 7 is the number of intercalating atoms, and z is the oxidation state
of Mg.

As already mentioned in Section 3.2, 8 Mg atoms are intercalated into the structure and
oxidation state of Mg is 2. For the calculation of voltage, the most stable configuration at
each doping ratio is chosen. Ground-state energy of the charged/deintercalated phase is
calculated by removing all the Magnesium atoms from the structure. After obtaining the
ground-state energy of deintercalated phase, the values are substituted in Equation 4.3 to
find the average intercalation voltage. The calculated average voltages are then plotted as
shown in Figure 4.2.
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Figure 4.2: Average intercalation voltage vs. Ti content

In Figure 4.2, the greyed out area in the middle represents the average voltage of the
MgMnTiS, combination, where MgMn,S, is doped with Ti and MgTi,S,; doped with Mn at
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the same doping ratio of 8/16, to obtain 2 voltage values. Since the values are same (the
points at both ends of greyed out part) for the same structure (MgMnTiS,), the calculations
are in agreement with each other.

The end members MgTi»,S4 and MgMn,S, have voltages 0.885 and 1.743 V, respectively.
The average voltage of the end member MgTi,S, matches with that of the literature [9] &
[26]. However, in the other end member MgMn,S,, there are some discrepancies. For ex-
ample, the average voltage calculated by Liu et al. (Mentioned as K.A.Persson’s group in
the figure) [9] is approximately 1 V. Initially, this caused confusion of whether the calcula-
tions done by the author are correct. However, after further investigation, it is found that
K.A.Persson’s group [9] has calculated the average voltage without considering the U pa-
rameter. As explained in Section 3.3.5, the inclusion of the 'U’ parameter in the calculation
is important to account for the onsite coulomb interactions in Mn sulphur spinel. There-
fore, after carrying out calculations by setting U value as 0, an average voltage of 0.97 is
obtained, which is approximately equal to the voltage reported by K.A.Persson’s group [9].
In addition to that, the average voltage of MgMn,S, found in this study did not match with
another study (Kulish et al. [26]). However, even after using the same settings as Kulish et
al. [26], an average voltage of 1.743 V is was obtained. In addition to that, Kulish et al. [26],
in their study mentioned that when Mg is in 16¢ octahedral sites, an average voltage of 2.01
V was obtained. However, in their plot they have used a different value. This could also
mean that there is a discrepancy in the reference [26].

With respect to the voltage trend, the average voltages can be related to the changes
in the electronic configuration of charged and discharged states. Ti in the charged phase
has an oxidation state of +4, corresponding to d°, a highly stable configuration. Since Ti
exists in a stable oxidation state in charged phase, the average voltage is lower for the end
member MgTi»S, [26].

In Mn,S, compound, Mn exists in the oxidation state of +4, with stable half-filled tog¢
states [9]. However, when intercalated with Mg, the extra electrons will change the oxida-
tion state of Mn from 4+ to 3+/2+, leading to high voltages. In the region of x < 1, the Ti
remains inactive i.e. in its oxidation state of +4. This means the Mn atoms must be dom-
inating the average voltage by gaining electrons and becoming Mn?*/Mn3* and thereby
increasing the average voltage. However, beyond x = 1, since the Ti content is higher and
the Ti atoms become active and gets reduced to Ti** and the average voltage reduces. How-
ever, to better understand the oxidation states of the ions in the structure and the amount
of ions in different oxidation states, XRD studies similar to [56] must be conducted.

Since, the combinations MgMng 5Ti; 5S4, and MgMny 125Ti; g75S4 offer very low volt-
ages, they are not considered for further study. This leaves MgMnTiS, and MgMng 757Ti; 25S4,
apart from the end members, for spinel inversion and migration barrier investigations.

It must be noted that the voltage values reported in this section do not represent the
actual operating voltages of the battery. More about this is discussed in the Recommenda-
tions Section 4.7.

4.3. SPINEL INVERSION

In a normal sulphur spinel, 8 intercalant atoms occupy tetrahedral (8a) sites, and 16 tran-
sition metal atoms occupy octahedral (16d) sites. However, in an inverse spinel, the transi-
tion metal atoms occupy all the tetrahedral (8a) sites and half of the octahedral (16d) sites,
and the intercalant atoms occupy the octahedral (16d) sites [5]. To evaluate if the cathode
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candidates MgMnTiS,, and MgMny 75Ti; 25S4, apart from the end members, are prone to
inversion, several inverse configurations are made where the Mn/Ti occupy the tetrahedral
(8a) sites at different ratios. The site locations of atoms in the different inverse configura-
tions are listed in Table 4.1. Since the end members are not doped, the configurations are
mainly based on placing 8 transition metal atoms in the tetrahedral (8a) sites and placing
the intercalant atoms (Mg) in different octahedral (16d) sites.

Table 4.1: Distribution of atoms in tested inverse spinel configurations.

Combination Configuration | 8a (tetrahedral sites) | 16d (octahedral sites)
1 0Mn8Ti 8 Mg 8 Mn
. 2 8 Mn 0 Ti 8 Mg 8 Ti
MgMnTiS : :
(In Normal gpinel, g Mg in 8a, 3 6 Mn2 T% 8 Mg2 Mn6 T}
8 Mn in 16d, 8 Ti in 16d) 4 4MndTi 8 Mg4Mn4Ti
’ 5 2Mn 6 Ti 8 Mg6Mn 2 Ti
6 1Mn7Ti 8Mg7Mnl1Ti
1 6Mn2Ti 8Mg0OMn8Ti
. 2 5Mn3Ti 8MglMn7Ti
(In Nolrvlrr?:;I 2;172;1,182 ?\%g in 8a, 3 4 Mn4 T% 8Mg2Mn6 T%
6 Mn in 16d, 10 Ti in 16d) 1 2Mn61i 8Mg4Mn4 Ti
5 1Mn7Ti 8Mg5Mn3Ti
6 0Mn 8 Ti 8 Mg 6 Mn 8 Ti

(a) Normal Spinel (Mg in tetrahedral (b) Inverse Spinel (Ti in tetrahedral (8a)
(8a) sites, Ti and Mn in octahedral sites, Mg and Ti in octahedral (16d)
(16d) sites) sites)

Figure 4.3: Normal Mg;e:[MnTi] -S4 spinel vs. Inverse (Mn;q;[MgTi] ,c:S4) spinel. Green balls - Mg; Purple
balls - Mn; Grey balls - Ti; Yellow balls - S

Figure 4.3 is an example showing the difference between Normal and Inverse spinel
configuration of MgMnTiS,. The ground-state energies of the relaxed inverse spinel con-
figurations of different doping combinations are plotted against the ground-state energy of
normal spinel (black line with the text preferred) of corresponding doping combination in
Figure 4.4. Any point below the preferred line in Figure 4.4 is prone to spinel inversion at
high temperatures.

From Figure 4.4 it can be observed that one of the inverse configurations of MgMnTiS,
is prone to spinel inversion and has an energy 738.89 meV lower than its normal spinel.
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Figure 4.4: Stability of normal spinel vs. inverse spinel for different combinations, where the black line
represents preferred normal spinel. (a) Energy of inverse spinel configurations of MgMn;,S, represented by
red asterisks, (b) Energy of the inverse spinel configurations of MgMnTiS, represented by red diamonds, (c)
Energy of inverse spinel configurations of MgMny 75Ti; 25S4 represented by blue diamonds, and (d) Energy

of inverse spinel configurations of MgMn, S, represented by blue asterisks.

The inversion prone spinel structure has all the Mn atoms occupying all the tetrahedral
(8a) sites. On the other hand, in the combination MgMny 75Ti; 2554, the energy of inverse
spinel increased with increase in the number of Ti atoms occupying the tetrahedral (8a)
sites suggesting that Ti in the structure does not prefer tetrahedral coordination and when
forced to sit in tetrahedral (8a) sites will cause instability and increases the ground-state en-
ergy of the system. With respect to the end members MgMn,S, and MgTi»S4, no inversion
was observed.

Even though the combination MgMnTiS, shows inversion, it was considered for migra-
tion barrier calculations, to get insights in to how the Mn/Ti content influences the migra-
tion barriers. Apart from MgMnTiS,, due to positive results obtained for MgMng 75Ti; 2554,
it was also considered for migration barrier calculations. In total, MgMn,S,, MgTi,»S,,
MgMnyg 75Ti; 2554, and MgMnTiS, will be evaluated for Mg?* migration barriers.

4.4, VOLUME CHANGE

In this section, the change in the volume of the structure after intercalation, with respect
to Ti content is discussed. Figure 4.5 illustrates the change in volume on the left y-axis
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and lattice parameter of the intercalated phase on the right y-axis. The volume change
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Figure 4.5: Change in volume

observed for the end members MgMn,S, (18.83 %) and MgTi,S, (17.59 %) is consistent
with the literature (18.5 % for MgMn,S,, and 17.59 % for MgTi»S, [26]).

It is observed that the lattice parameter and the volume change increases with Ti con-
tent until x = 1, and then decreases. This can be explained with reference to studies con-
ducted on LiMn;_,Ti,O4 by Yoo et al. [56]. Yoo et al. [56] in their study observed that
the lattice parameter increased with increase in Ti content. This increase was attributed to
the difference in the ionic radii of octahedrally coordinated Mn** (0.53 A) and octahedrally
coordinated Ti** (0.61 A).

Now going back to the discussion from Section 4.3, it was discussed that the structure
(MgMnTiS,) with all Mn atoms occupying tetrahedral (8a) sites is prone to spinel inversion.
Therefore, one can say that Mn prefers tetrahedral coordination, and the lattice parameter
associated with the inverse spinel is 10.489 A. When Mn occupies a site that it doesn’t prefer
i.e. octahedral site instead of its preferred tetrahedral site, the structure tries to accomodate
all the atoms by increasing the volume. This is what seems to have led an increase in the
lattice parameter (10.512 A) and high volume change in the MgMnTiS4. On comparing the
inverse spinel’s (10.489) and the normal spinel’s lattice parameters (10.512), one can say
that the structures with high Mn content along with Ti doping are prone to inversion. This
is also confirmed by testing another combination i.e. MgMn; »5Tig 75S4 for spinel inversion,
where 8/10 Mn atoms from octahedral (16c¢) sites occupy the tetrahedral (8a) sites.
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Table 4.2: Ionic radius of Mn and Ti at different oxidation states [10]

Coordination | Description | Ionic radius (A)
6 Mn?* 0.83
4 Mn?* 0.66
6 Mn3* 0.645
6 Mn** 0.53
4 Mn** 0.69
6 Ti** 0.61

Beyond x = 1, the reduction in lattice parameter could be because of replacement of oc-
tahedrally coordinated Mn?* (ionic radii = 0.83 nm)/tetrahedrally coordinated Mn?* (ionic
radii = 0.66 nm)/octahedrally coordinated Mn3* (ionic radius = 0.645 nm) with octahedrally
coordinated Ti** ions i.e. replacement of Mn ions with higher ionic radius than Ti**.

4.5. MIGRATION BARRIERS

In this section, migration barrier for Mg?* ions in Ti,S4 structure at concentrated vacancy
limit ! is discussed. Migration barriers for other structures i.e. Mn,S,, MnTiS4, and Mng 75Ti; 2554
are not discussed in this report because the calculations are either still running/convergence
issues with the structures.

Migration barrier for Mg?* ion along the minimum energy path in Ti,S, structure is
shown in Figure 4.6. The dip in the curve at about 50 % of the diffusion path means that
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Figure 4.6: Mg-ion migration path between two tetrahedral (8a) sites through an octahedral (16c¢) site.

the cation moves through a metastable 16c octahedral site. The migration barrier found for

1Only one Mg atom is present in the unit cell i.e. Mgg 125Ti2S4
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Mg?* diffusion in Ti,S4 structure in this study i.e. 436 meV; is lower than the values reported
by Kulish et al. [26], Liu et al. [9], and Emly and van der Ven [24]. This is because in [26], [9],
and [24], the migration path is from one octahedral (16c¢) site to another octahedral (16c¢)
site through a tetrahedral (8a) site. Mg prefers octahedral coordination but placing Mg in a
tetrahedral site (a metastable site) will result in a thermodynamically metastable structure
which will reduce the migration barrier [32]. Hence, the lower migration barriers in this
study compared to the literature. The migration barrier for Mg 2* in Ti,S, structure is also
less than that of migration barrier needed (525 meV) [32] for adequate operation of battery.

4.6. MG IN OCTAHEDRAL SITES

In the study conducted by Bruce et al. [23], they found that Mg occupied octahedral (16¢)
sites in the Ti»S, spinel structure. Same was also observed by Sun et al. [25]. Sun et al. [25]
on conducting a DFT study to find the site preference of Mg in Ti,S, spinel, they concluded
that the spinel with Mg in octahedral (16c) sites is energetically favourable but the energy
difference/site energy difference of the spinel with Mg in octahedral (16¢) sites and Mg in
tetrahedral (8a) sites is small. This was later confirmed by Liu et al. [9]. In addition to that
Liu et al. [9] also found that the site energy difference is also small in MgMn,S,. However,
in the two DFT studies on site energy differences, the information about the number of
configurations tested is not clearly provided. Therefore, in this study, 16 different configu-
rations where Mg is in different octahedral sites, both in Ti»S4 and Mn,S, spinel hosts are
tested and compared.
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Figure 4.7: Blue line represents the site energy difference between Mgy [TizlpcrSa and Mgyes[Tizl pcrSa
(black line), and red line represents the site energy difference between Mg, [Mn2],.:S4 and
Mg;er[Mnaloe:Sa (black line) for different configuration of Mg in octahedral (16c) sites.
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Figure 4.7 illustrates the site energy difference of Mg in 16 different octahedral site con-
figurations in both Ti,S; and Mn,S, spinel hosts against the Mg in tetrahedral (8a) sites of
Ti»S4 and Mn,S, spinel hosts.

The dashed black line represents the energy of the corresponding host material with
Mg in tetrahedral (8a) sites, and the blue line represents the site energy difference between
the Mn,S, struture with Mg in octahedral (16c¢) sites and Mn,S, structure with Mg in tetra-
hedral (8a) site. Similarly, the red line also represents the same but in Ti,S4 host structure.
Any point below the dashed black line corresponds to a stable Mg,;[B2]¢:S4 configura-
tion, where B = Mn/Ti.

Liuetal. [9] reported a site energy difference of approximately 100 meV for both MgMn,S,
and MgTi»S,. However, in the current study, a maximum site energy difference of 797 and
641 meV is observed for Mg,.;[Mn2],c:S4 and Mg [Ti2loc: S, respectively. The difference
could be because Liu et al. [9] might not have tested enough configurations or the configu-
ration they have tested could have been something similar to 3rd 16c configuration in the
Figure 4.7.

4.7. RECOMMENDATIONS

In Section 4.6, it is discussed that the site energy difference found from this study is higher
than the literature. Therefore, the most stable 16c configuration’s Mg positions must re-
place the Mg positions of this study and the stability, average voltage, volume change,
spinel inversion and migration barriers must be studied. The author has already setup
up all the calculations and they are running at the time of the writing of this report (See
Figure A.3).

Following which, the stable combinations from this study (Mg;.;[MnTi] 5S4 and
Mg;e:[Mng 75Ti1 251 0c:S4) must be evaluated against the stable Mg,.;[MnTi] ,.;S4 and
Mgoc:[Mng 75Ti; 25]10c:S4 configurations, and if the structure with Mg in tetrahedral (8a)
sites is stable than the one with Mg in octahedral (16c) sites, then one expect a lower mi-
gration barriers in the Mg [MnTi] ,¢;S4 and Mg;.;[Mng 75Ti; 251 ¢+ S4 materials than
Mgoc: [IMnTi] oS4 and Mgoc[Mng 75Ti; 25161 Sa-

Once the above-mentioned evaluation is done, one can vary the Mg content of struc-
ture (for instance, Mg, Mn; 5Tip 5S4 where x = 0 to 1) to get the average voltages at different
states of charge/discharge. This method can be used to give an overview of the voltage
profile that one can expect from an actual battery and is a good representation of actual
operating voltage of the cell. This method was also proven by Sun et al. [25] in their study
on Mg, Ti,S4, where x is varied from 0 to 1.

One can also try to improve the voltages by substituting Mn/Ti in the structure with
V/Fe. However, it must be noted that Liu et al. [9] in their study found that V and Fe
sulphur-based spinel materials have a high Energies Above Hull (EAH) compared to Mn
and Ti sulphur-based spinel materials. The author has tried doping MgMnTiS, by replac-
ing the 2 Mn atoms with Fe and V, and it is found that Fe doping has made the structure
unstable, whereas V doping has increased the stability of the structure. From the prelim-
inary calculations i.e. not yet converged inverse spinel calculations at the time of writing
of this report, it is observed that there is a high possibility that the Vanadium doping in
place Mn could work in eliminating spinel inversion. It was also observed that the change
in average voltage by V doping is negligible, and volume change also reduced. Although, V
doping proves to be useful, it must be noted that V is not a preferred material because of its
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toxicity, mining and extraction conditions.

In addition to this, author has also tried intercalating Na into Mn,S, structure. An aver-
age intercalation voltage of 1.95V (vs. Na/Na"), and a volume change of 25% was observed.

To verify the results from DFT and as an experiment on the actual material, the stable
combinations from this study and the subsequent studies, must be synthesized and tested
and compared against the DFT calculations. Studies such as Galvanostatic Intermittent
Titration Technique (GITT) can also provide experimental verification for migration barri-
ers against DFT calculated migration barrier values. However, before this, the synthesis of
MgMn,S, spinel material must be carrier out first because, to the best of author’s knowl-
edge, no one has reported any synthesis of this material. Doing so would give first-hand
insights into the material and would also confirm the DFT calculations.






CONCLUSIONS

Initially, this study started off with a goal to only find out the migration barriers of Mg?*
moving from tetrahedral (8a) site to the next tetrahedral (8a) site through a transition octa-
hedral (16c¢) site, in Ti/Cr/V/Fe/Co/Co/Ni doped MgMn,S, spinel material, for the use as
a cathode in Magnesium-ion battery. However, later the research question expanded into
studying the stability, average intercalation voltages, and volume change of doping com-
binations. After a thorough literature review, MgMn,S, and MgTi,S, were identified to be
stable structures in charge & discharged phases. Therefore, several doping combinations
of MgMn,$S, spinel doped with Ti are made and evaluated. Conclusions of this study are
listed as follows:

* With respect to stability, it was found that the doped combinations with high Ti con-
tent are more stable than the structures with high Mn content, and therefore these
structures became a part of the convex hull. This could be because of low Energy
Above Hull (EAH) of MgTi»S,4 as observed by Liu et al. [9].

 With respect to average intercalation voltages (vs. Mg/Mg?"), it was found that with
increase in Ti doping content in MgMn,S, until the point where Ti content is equal
to Mn content, the average voltage was similar to the end member MgMn,S, and
once the Ti content exceeded Mn content, the average voltage started reducing in a
linear fashion. This could be because at low Ti contents, the Ti ion is inactive and ex-
ists in its stable 4+ oxidation state. Average voltages of MgMnTiS,, MgMny 75Ti; 2554,
MgMn0_5Til_5S4, and MgMn0.125Ti1.875S4 were 1.702, 1.527, 1.346, and 1.02V respec-
tively. Since MgMny 5Ti; 5S4, and MgMny 125Ti; g75S4 offered very low voltages, they
were not considered for spinel inversion and migration barrier studies.

* When spinel inversion tests were conducted on the following four structures: MgMn, Sy,
MgMnTiS4, MgMny 75Ti; 25S4, and MgTi,S4, spinel inversion was found in MgMnTiS,.
The inverse spinel structure was found to be stable than normal spinel structure by
~740 meV.

* On testing to see change in volume of the host structure after intercalation, it was
found that the volume change was maximum in doping combination where the Ti
content is equal to Mn content, with a trend of increasing volume change until Ti
content is equal to Mn content, and decreases from thereon, with further increase
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in Ti until Ti completely replaces Mn. This was attributed to Mn ion’s tetrahedral
coordination preference in combinations with high Mn content than Ti content, but
not in the end member MgMn,S,.

¢ In the migration barrier studies, only the migration barrier of Mg in Ti,S, structure
was found. This was due to severe convergence problems observed/the simulations
are still running at the time of report writing, in the other structures. The migration
barrier of Mg in Ti»S; was found to be ~ 436 meV. This value is lower than the migra-
tion barrier value (525 meV [32]) needed for adequate operation of battery.

Overall, the cathode materials based on sulphur spinel look interesting even though
they offer low voltages compared to oxide based spinel cathode materials. However, as
suggested in Appendix A, the material MgMn, 5Tip 5S4 could be a suitable cathode material
owing to its high voltage value of 1.770 (vs. Mg/Mg?"), a volume change of only 15%, which
is lower that both the end members and all the combinations tested!
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Figure A.1: In Mn-O phase diagram, the lowest formation energy compounds (solid blue dots) i.e. the
compounds that cannot be decomposed, are connected to plot a convex hull (black line). Following which,
the spinel Mn; 04 at a composition similar to MnO is added in the plot as a open red circle. The difference

between the formation energy of Mn, 0, spinel and MnO; is the Energy above Hull (EAH) (ESI of [8]).
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51

Convex hull of Mgtetan_XTiXS4 .

Convex hull of MgoctMnZ_XTiXS4

oA\ —————m e — e ——————

Enthalpy of formation (eV)
N

0.125 025 05 0.75 1 125 15 175 1875 2
xinMgMn, Ti S,

Figure A.3: Blue line represents the convex hull of doping combinations with Mg in the octahedral (16c) sites
and red line represents the convex hull of doping combinations with Mg in tetrahedral (8a) sites. It must
noted that, from preliminary calculations, the blue point that it part of convex hull i.e. the one
corresponding to MgMny 75Ti; 2554, may not be suitable because the energy difference between normal and
inverse spinel is just 50 meV, and therefore is not suggested for further experimental investigation. However,
on the other hand, MgMn, 5Tij 5S4 could be a suitable cathode material for further experimental studies.
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