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Abstract

Search for efficient functional nanomaterials for the future nanotechnology is one of the main
focus of the material scientists and engineers. Computational methods have been playing a
leading role in the atomistic understandings of structure and properties analysis of nanoma-
terials for the last two decades. The central theme of this thesis is to use density functional
theory calculations to introduce new nanomaterials with boosted efficiency and understand the
physics and chemistry behind it.

Rechargeable Li ion batteries (LIBs) are playing a crucial role in the development of
portable electronic technology. On the other hand, to avoid global warming and reduce the
dependence on the limited energy fossil fuel, sustainable energy resources should be utilized.
Since the production of energy from such resources fluctuates highly, short time storage of
energy is needed. In this context, we studied different anode materials for LIBs and possi-
ble alternatives to boost their efficiency, lower the cost and toxicity. Experimentally possible
nanosheets of the TiS;, W;C, and unzipped graphene oxide (UGO) have been considered for
metal ion adsorption and diffusion. These materials are found to have high metal ion stor-
age capacity, high electronic and ionic conductivity and suitable anodic open circuit voltage.
Monolayer SnS, has high Na storage capacity, but its high expansion under sodiation and
poor electrical conductivity are barriers to be used as anode. On the other hand, graphene is
metallic and mechanically very strong, but its Na binding energy is not enough to be used as
an anode. A heterostructure of graphene and SnS; becomes a perfect anode material where
all the problems are solved adequately. Similarly, the stable monolayer MoS; has a high band
gap and low Li/Na storage capacity while monolayer VS, is metallic and has a high Li/Na
storage capacity, but it is chemically unstable. Suspended single-layer of VS, is not grown in
the laboratory till today. Because of low lattice mismatch and similar geometry, it is easy to
make VS,/MoS; heterostructure. The heterostructure stabilizes of the VS, layer and boosts
the Li/Na capacity of MoS, simultaneously. The enhancement in stability and electrochemical
performance of the VS,/MoS; nanocomposite is attributed to the charge redistribution in the
formation of the nanocomposite.

Besides new anode materials for rechargeable LIBs, we also report on the possible exis-

tence of new single-layer materials, namely MoC, WC, WS, and WSe. These materials have



vi

spontaneous switchable out-of-plane polarization. An in-plane uniaxial or biaxial strain can
change the magnitude of the out-of-plane polarization while to produce the in-plane piezo-

electric effect, a uniaxial strain along the armchair direction is necessary.
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Chapter 1

Introduction

1.1 2D materials

Many physical and chemical properties of functional materials, such as catalytic and chemical
activity, electronic, magnetic, thermal, mechanical, and optical properties of the functional
materials vary with changing their dimensionality. It stimulated the studies on the dimen-
sionality control of materials for the last few years. Thus the materials miniaturization has
lead the materials scientists and engineers to synthesize a suspended single-atom-thick layer
of carbon, called graphene. Besides its applications in the advanced nanotechnology, this
material has exposed new physical and chemical aspects of the materials, and since then,
the interest in the search for other two-dimensional (2D) materials is growing day by day
[1-5]. Soon after graphene was realized, h-BN, silicene, phosphorene, borophene, transi-
tion metal dichalcogenides (TMDs), transition metal monochalcogenides (TMMs), transition
metal halides (TMXs), transition metal carbides(TMCs), and M Xenes have been found in free
standing single layers. All these materials differ in structure, chemical and physical prop-
erties [6—-12]. Furthermore, it is found that the properties of these materials as mentioned
earlier can be tailored by functionalization, vacancy engineering, impurity doping, and exter-
nal stimuli (such as electric and magnetic fields, temperature and pressure)[6, 13, 14]. Besides
their applications in nanotechnology, these materials have opened doors to debates on new
physical phenomena, such as topological insulators, massless Dirac fermions, Rashba, and
quantum anomalous Hall effects[15-18]. Although these materials have shown a backbone
role in the future nanotechnology, synthesis and characterization of these materials in the lab-
oratory is costly and time-consuming, while its commercialization is challenging. From the
last three decades, the tendency of researchers to use computational tools in the materials
design is highly increasing. It has three primary reasons, the development of new computer

codes, agreement of the simulated data with the experimental one, and availability of high-
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speed computers. Another advantage of the computation is its easy atomistic analysis of the
materials. The computational methods have played a leading role in the three dimensional
(3D) materials design in general and in the 2D materials in particular. Besides, the material
characterization, the computational methods have also played a valuable role in the prediction
of new 2D materials and their phase transitions under different conditions. As an example,
silicene and germanene (single layers of silicon and germanium) were predicted first by using
first-principles methods [19]. As contrary to other monolayers the parent materials (bulk sili-
con and germanium) for these monolayers were not in layered structures, experimentalist did
not believe in its synthesis at that time. However, later on, they were synthesized in the labora-
tory which proved the significance of the computational methods in finding new 2D materials
[20]. As most of the 2D materials are still far away from their synthesis in laboratories, before
considering a new material for applications or properties it should first pass through stability

criteria.

1.2 The least stability criteria

Nowadays it is generally well known that most of the material properties are related to the
nature of its chemical bondings and geometry. For example, both the graphite and diamond
are made of carbon atoms, but their chemical and physical aspects are different. Similarly,
2H MoS; is a direct bandgap semiconductor whereas 1T MoS; is metallic. Searching for
new material compositions and geometries with required functionalities is of high interest to
chemists and material scientists. Computational methods are more effective in atomistic mate-
rials modeling for advanced nanotechnology [21-24]. Subject to the materials quality control,
contamination, different preparation methods, and isolation, properties of a 2D material can
be changed. That is why before discussing some unique features of 2D materials, we briefly
introduce the least stability criteria, and materials should pass through, particularly in case a

material is not yet synthesized in the laboratory.

Thermodynamic stability

Let us consider the simplest binary reaction in which n1X;n,X; is a product, formed by the
combining reactants of species X; and X; in molar ratio n; : ny i.e n X1 +n2Xp — n XinaXo +
AH (eV). Here

E(n1X1n2X2) —E(I’lIXl) —E(anz)
ny+np

AH =
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Figure 1.1: Energy against lattice constants for silicene and germanene in planer (PL), low-
buckled (LB), and high buckled (HB) structures. Reproduced from reference [19].

is the heat of formation, where E(n1X1n,X), E(n1X;), and E(nyX;) are the total energies of
the product n; X nyX; and reactants n; X; and n,X», respectively. AH generally depends upon
the nature of the atomic species, combination ratios, coordinations, geometry, and stoichiom-
etry. AH defines how favorable a reaction is and how strong are the resulting chemical bonds.
For starting a reaction, some ignition temperature may also require. Since most of the single-
layered 2D materials are still limited to computational analysis only, there can be multiple
choices for combining a set of reactants to make a structure. However one with the lowest
AH will be the most stable and thus the most favorable configuration. If a new structure is
not reported in an experiment, its phase having lowest AH can be considered for analysis.
As AH values may vary with changing computational methods, therefore for comparison the
same method should be used for all structures under consideration. For example, there are
too many pseudopotentials for each element. Using different pseudopotentials may result in
different energies. Also, some methods are best suited for particular elements as for exam-
ples the GGA+U method is to be used for the strongly correlated materials rather than GGA
method. A proposed composition can be relaxed in different geometries, each results in differ-
ent energy, even if the symmetry breaking is allowed. It is because it can have multiple local
and a single global minimum. For structure relaxation of silicene and germanene, the planer
and low-buckled structures were found as local while the high-buckled structure was found as
a global minimum, as shown in Fig. 1.1. Structure of the experimentally available silicene
agrees well with the theoretically predicted one. Using the existing monolayers as a prototype

and taking help of the periodic table, one can estimate the structure of other compounds like



4 Introduction

(a) ® ) ]
v >
__ 401 B { —2
T
c
3
5
w
0.6 A

1 BB - Lo r X M I 03 08 13

—,#W o o g-paths PhDos (THz")

Figure 1.2: (a) Top and side views of the penta-graphene. The yellow and black colored
spheres are for sp> and sp? carbon atoms respectively. (b) Phonon band structure and corre-
sponding density of states for penta-graphene. Reproduced from reference [21].

it. We will categorise these structures in the next section.

Dynamical Stability

Although searching for a structure with lowest AH for a composition to be stable is necessary
but not sufficient. The lattice of the crystal oscillates continuously around the equilibrium
position by exchange of kinetic and potential energies. These oscillations continue even at
0K, and the related vibrational energy is called the zero point energy. The amplitude of lattice
vibrations increases with the increasing temperature. Thus the phase transition with increasing
temperature is obvious. However, at a given temperature (at OK at least) a material to be
stable dynamically, the atoms of the material should behave like a bound system which can be
understood from its phonon dispersion. The geometry, phonon band structure, and density of
states for dynamically stable pent-graphene is shown in Fig. 1.2.

Softening of a phonon branch in the Brillouin zone of a material indicates dynamical insta-
bility. It means that the square of the frequency given by the dynamical matrix is negative and
generates imaginary frequency. The restoring force generated by this particular mode is there-
fore not enough to perform lattice vibrations which means that the system is in a transition
state. Phonon spectrum of a material consists of three acoustic modes, called the longitudi-
nal acoustic mode (LA), the transverse acoustic mode (7A), and the flexural acoustic mode
(ZA), respectively. In bulk materials, all these three branches are linear as ¢ — 0 however
in a monolayer the ZA branch shows quadratic nature [25]. The softness of the ZA branch
in phonon dispersion of monolayers is natural compared to the other branches. The softness

of ZA branch at ¢ — 0 in some of the monolayers arises due to the instability against long-
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wavelength transversal waves. Such an instability can be removed by introducing defects [19].
Although, most often the soft modes in the phonon dispersion of a material indicate its dy-
namical instability, it may not be the case in general. In some rare cases, the softness of the
ZA mode at a point away from the I'-point is attributed to the charge density wave instability,
which can be removed by increasing the electronic smearing [26]. A detailed theory of the
relation between phonon modes and dynamic stability of crystalline materials can be found in
ref [27]. A code called phonophy is developed by Togo et al. used by researchers to find the
materials properties related to lattice dynamics.

Mechanical stability

A new structure with suspended single layer should fulfill the mechanical stability criteria to
sustain its unstrained structure. Born stability criteria for high symmetry crystalline structures
was published in 1954, and since then it has been used by many researchers. However, this
criteria is not enough to put a critical condition on complex symmetries. Later on, it has been
generalized for other structures as well.
The second order elastic constant C;; of a crystalline lattice with equilibrium volume Vj
and energy E is given by
o
V()a 8,'8 €;
where €; ; denotes the strain. It is a 6 x 6 elastic matrix with 15 dependent and 21 independent
elements. Producing a virtual displacement by a homogenous infinitesimal strain in a crystal,

its energy will change as:

Vo &
E=Ey+ 70 Z Cij8i8j—|—0(83)
ij=1
. If for all € # 0 E > 0 then the crystal will be mechanically stable. The Born has derived
four necessary and sufficient conditions for stability of a crystalline structure regardless of its
symmetry. As discussed in ref. [28], some necessary but not sufficient conditions in terms of

elastic coefficients can be derived from the Born stability criteria:
2
Cii>0,G; < CiCij, Vi j

We summarize the necessary and sufficient stability conditions for some of the crystal systems
from ref. [28].
Cubic systems:
Ci1—Ci2>0,C114+2C12>0,Cq4 >0
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Hexagonal and tetragonal systems:
Ci1 > C12,2CT; < C33(C11 +C12),Cas > 0,2CT5 < Co6(Cr1 — Cr2)
Rhombohedral systems:
2 1 2 2 1 _
Ci1 > |C12],C44 > 0,Ci5 < §C33(C11 +C12),C,+Cis < §C44(C11 —C12) = C44Cos
Orthorhombic systems:
Cii > 0,C;i+Cj; —2C;j > 0,C11 +Can + C33 +2(C12 4+ C13 +Cx3) > 0.

Because 3D periodic boundary conditions are used in DFT calculations, the elastic con-
stants Cl-sz are to be renormalized with respect to the distance ¢ between the periodic layers
[29], that is

2D _ . ~3D
Cij = CCij

Since some of the C;; are meaningless, the Born stability criteria become more straightforward
in the case of 2D materials.

1.2.1 Environmental Stability

Although conditions discussed in section 2.0 are necessary and sufficient to say a material is
stable but they may or may not be stable on ambient conditions. This instability will inevitably
lead to a new structure, and therefore its band structure and other physical and chemical prop-
erties will change. For example, phosphorene has a direct band gap and high carriers mobility,
computational studies show degradation of its properties when exposed to air [30, 31]. Chem-
ical stability of materials against oxygen, nitrogen, and water can be estimated from their
adsorption energies on the proposed structure. Similarly, the thermal stability of a material
can be checked by using ab initio molecular dynamics.

1.3 Classification of monolayers

Classification of materials based on structure or properties makes it easy to start research with
a material of your interest. We therefore, classify the computationally known single layer

materials firstly based on their structure and then their functionalities.
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1.3.1 Structure-Based Classification

Most of the know single layer materials occur in hexagonal geometry whereas a few in or-

thorhombic geometries as well.

Elemental Monolayers

The history of monolayers starts from elemental monolayer, the graphene. Although af-
ter graphene much of the attention on searching single layer materials was given to TMDs,
TMMs, and other layered materials, nowadays there are various elemental monolayers, each
having its importance. Up to now graphene (C), silicene (Si), germanene (Ge), stanene (Sn),
phosphorene (P), arsenene (As), antimonene (Sb), Bi monolayer, and borophene are computa-
tionally known monolayers. While graphene, silicene, germanene, stanene, phosphorene, and
borophene have been synthesized and characterized in the laboratory as well [15, 20, 30, 32—
34]. The parent material for graphene (graphite) and phosphorene are the only elemental

layered materials.

Graphene has a flat hexagonal structure while silicene, germanene, stanene, arsenene, anti-
monene, and Bi have buckled hexagonal structures. Phosphorene has two polymorphs, known
as the black phosphorene and the blue phosphorene. The black phosphorene has orthorhom-
bic geometry whereas the blue phosphorene has a buckled hexagonal geometry. Borophene
has been found to have many allotropes. Graphene is found to be dynamically stable in the
low buckled pentagonal rings of mixed sp? and sp> bonded carbons atoms called the penta-
graphene, but its energy is too higher than that of flat hexagonal graphene. Other structures for
graphene have also been designed but none of those is synthesized. Structures of graphene,
silicene, phosphorene, and borophene are shown in Fig. 1.3.

Binary Monolayers

Monolayers consisting of two type atoms in 1:1 are called binary monolayers. The 4—BN
monolayer is a prototype binary monolayer, realized soon after the graphene synthesis [15].
In 2009 Sahin et al. proposed nineteen binary monolayers including PB, AIN, GaN, and SiC,
with flat or low buckled hexagonal geometries. Similarly, the SnX and GeX (X = S, Se)
monolayers have orthorhombic structures [35]. These monolayers are also called the TMMs.
Group-III monochalcogenide MX (with M =In and Ga, X = S, Se, and Te) monolayers have
four sublayers with a stacking sequence X — M — M — X as can be seen in Fig. 1.3 [36, 37].
Similarly, SnO, PbS, and PbSe monolayers have cubic structures [38, 39].
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Figure 1.3: Prototype structures for two-dimensional materials. Row 1 shows side and top
views for (a) graphene, (b) silicene, (c) black phosphorene, (d) blue phosphorene (e) f8
borophene. Row 2 shows side and top views for monolayer (a) ~—BN, (b) SiS, (c¢) SnO,
(d) SnSe, (e) InSe. Row 3 shows side and top views of monolayer (a) 2H MoS,, (b) 1T SnS,,
(c) 1T MoTe;,, (d) 1T” WS,. Row 4 shows side and top views of monolayer (a) PdSe,, (b)
TiS3, (¢) VBrp, CrCl3. Row 5 shows the side and top views of monolayer (a) Mo,C, (b)
MnSiCls, and (c) BiyTe, Se.
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Transition Metal Dichalcogenides

TMDs (MX,, where M is a transition metal and X= S, Se, Te) monolayers is one of the largest
family of single-layered materials. Because of its easy synthesis, high environmental stability,
and interesting electronic and optical properties, they have shown high promise in nanotech-
nology. So far there have been five different structures predicted for TMD chalcogenides [40-
46]. However, in each case, a transition metal atomic layer is sandwiched between two layers
of a chalcogen family. In case the chalcogen layers are different, they are called the Janus
monolayers. Most of the TMDs are found to be stable in the 1T or 2H hexagonal structures.
In both 1T and 2H monolayers, a triangular transition metal plane is sandwiched between two
triangular chalcogen planes with ABC stacking for a 1T and ABA stacking for a 2H phase.
For example monolayer MoS;, MoSe;, WS;, WSe;, and VX, prefers the 2H phase whereas
monolayers SnX;, TiX;, and ZrX; prefer the 1T phase. Fig. 1.3 row 3(a), (b), (¢), and (d)
depicts the 2H, 1T, 1T’, and 1T” phases, respectively. Monolayer MoS, has also been pre-
pared in 1T phase. Monolayer MoTe; is found in 1T’ phase whereas the 1T” phase is still only
theoretical. Monolayer PdSe; is found in pentagonal geometry as shown in row 4(a) of Fig.
1.3 [23, 47]. However, this phase is very rare for TMD monolayers. Some of the monolayer
TMDs are found in multiple phases, depending on the synthetic techniques .

MXenes

MXenes is a new family of two-dimensional materials. MXenes consists of transition metal
carbides and carbonitrides (M= Transition metal, X=C/N) [7, 46, 48, 49]. They are either
metallic or superconductors. Monolayers Ti,C, Mo,C, W;C, Sc,C, Mo,C, TizC,, are few of
the examples. Their electronic and chemical properties can be easily tailored by functional-
ization with F, Cl, H, and OH functional groups [48, 50-56]. Side and top view of monolayer
Mo, C are shown in row 5(a) of Fig. 1.3.

Transition Metal Halides

Monolayer transition metal halides consist of an atom from the transition metals and two or
three atoms from halogens. The first one is called transition metal dihalide whereas the last
one is called transition metal trihalide. Both these types have a hexagonal geometry. Top and
side views of the monolayer Bil, and CrCl; are shown in row 4(c, d) of Fig.1.3, respectively.
A detailed review paper on transition metal di and trihalides is published recently [11].
Besides these, there are many other two dimensional structures like MnSiClsz, CrSiCls,
Bi;Te,Se, BipSes (top and side views are shown in row 5(b, ¢) of Fig. 1.3 respectively.)

and many others. Two many derivatives have been found. Vacancy formation, substitution,
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and functionalization have increased their number even more. These materials have shown a

magnetic moment and interesting electronic structures.

1.3.2 Properties Based Classification

Up to now, we have discussed different stability conditions and 2D structural prototypes to
help the readers in finding new stable 2D materials. Now we are going to classify these
materials based on their physical and chemical properties to make the research in the field of

2D materials easier.

Metals

Metals are an important part of the electronic circuits in nanotechnology. Graphene, silicene,
borophene, MXenes, few of the TMDs are metallic. In TMDs monolayers the TiX,, VX»,
CrX», and NbX, (X = S, Se, or Te) are metallic. 1T and 1T’ phase of the MoX, and WX, are
also metallic. The borophene, Mo,C, and some other monolayers are proved to be supercon-
ductors.

Semiconductors

Most of the TMDs monolayers, like 2H MoX;, WX;, ZrX,, HfX; and SnX», etc are semi-
conductors. The ~—BN and SnO monolayers are large bandgap insulators whereas the GaN,
AIN, BP, SnX, GeX, InX, and GaX monolayers are semiconductors. The band structures of
monolayer SnO, GaX, and InX are found to have Mexican hate like dispersion, and thus they

can be multiferroic by electron or hole doping.

Magnetic

Most of the transition metal dihalide and transition metal trihalide monolayers are magnetic.
In TMD monolayers the VX, and CrX, families are ferromagnetic. The CrSiX3 and MnSiCl;3
(with X= Cl, Br, I) are also magnetic.

Ferroelectrics and Piezoelectrics

Ferroelectric polarization in the ultra-low thin films of the ferroelectric materials reduces
with decreasing thickness, but still, some 2D ferroelectrics are engineered. In-plane piezo-
electricity in these materials can be produced by applying a uniaxial strain to destroy the
mirror symmetry. Such materials are useful in designing memory storage and sensing de-

vices. Chandrasekaran et al. [57] proposed a functionalized MXene monolayer (Sc,CO3)
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Figure 1.4: Construction of a heterostructure of different layered materials. Reproduced from
reference [64]

with high switchable out-of-plane polarization. Similarly, the metal adsorbed graphene and
Janus monolayers have also shown a high spontaneous out-of-plane polarization and piezo-
electricity [58, 59]. Monolayer TMDs, SnS, SnSe, GaS, GaSe, InS, IndSe, and some of the
Janus monolayers are found to have significan in-plane piezoelectric coefficients [60—63].

1.4 Van der Waals heterostructures

A single 2D material may not be enough to make a nanodevice, therefore combining these
materials to manufacture a nanodevice or enhance its efficiency has received considerable
interest in the last few years [64, 65]. Two different kinds of heterostructures for 2D materials
are possible, the leteral heterostructure and the vertical heterostructure. Since the van der
Waals materials have intralayer strong covalent bonds and a weak interlayer bonds, they can
be easily isolated and combined in vertical heterostructures. Fig. 1.4 shows how easily the
van der Waals materials can be combined in heterostructures. If two unit cells of different
materials with high lattice mismatch are combined in a heterostructure, it will induce strain
and properties of the unstrained heterostructure may not be found. A lattice mismatch of less

than 3% is however acceptable.
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1.5 Motivation

Computational methods have a valuable role in the exploration of new two-dimensional ma-
terials. The new materials are passed first through some optimization procedure to know
about its stability and then considered for further characterization. In my thesis I have stud-
ied monolayer TiS; as anode material for Li, Na, K, Be, Mg, Ca, and Al ion batteries. The
TiS; monolayer is found to be stable in a 1T hexagonal structure. It has a high capacity of all
the considered ions except Be and Al. The ion diffusion barrier and electronic properties of
TiS; monolayer recommend it as all times anode material. A reducing diffusion barrier with
increasing ionic size is noticed both for monovalent and divalent ions. Next, I have studied a
new MXene monolayer named W,C. This monolayer fulfills all the stability conditions, and
its mechanical strength is found to be the highest after the graphene in 2D materials. This
new material is metallic and has a high Li/Na capacity. The most promising property of this
material is that that it has only a few meV diffusion barrier for Li/Na diffusion which provides
ultra-fast conducting paths for the Li/Na diffusion. This unique property of monolayer W,C
makes it a high power rate anode material. There are few conflicting theoretical reports on the
possible structure of crystalline unzipped graphene oxide (UGO) monolayer. By considering,
all possible dipolar structures of UGO to find its stability in energy and lattice dynamics, we
found that UGO monolayer has a zigzag antiferroelectric structure. Furthermore, the oxygen
atom in the UGO monolayer produces electron excess anddeficient regions where the Li ions
can be trapped in the electron deficient regions. Also, the band structure of UGO has a Dirac
cone with a small bandgap opening which is a symbol of interesting transport properties. We
found that monolayers of the MoC, WC, WS, and WSe are stable in the buckled hexagonal
structure. Due to the lack of inversion symmetry, these materials have large out-of-plane po-
larization. In-plane polarization in these materials is seen to induce due to the homogenous
uniaxial strain.

In the second part of my thesis, I have studied the stability and functionality enhance-
ment by heterostructuring. SnS; monolayer has a high Na storage capacity of 550 mAh/g
but shows a large expansion on the Na intercalation. Furthermore, it has a high bandgap
which can degrade its electronic properties as an anode. We grow the SnS; monolayer on
graphene as a substrate which overcomes these deficiencies. The graphene layer strengthens
the SnS, sheet mechanically and provides paths for the electronic conduction. On the other
hand, the addition of the SnS; layer to graphene activates it for Na adsorption. Similarly, the
MoS; @V S;nanocomposite is also studied. The monolayer VS, has not been synthesized yet
because it is chemically very active. However, the Li/Na adsorption energies on monolayer
VS, and its metallic nature makes it a promising anode material if its synthesis is made pos-

sible. On the other hand monolayer MoS,is a stable material but has a high band gap and its
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Li/Na adsorption energy is not enough to have an appreciable capacity. Both these monolay-
ers preferred the 2H hexagonal structures and have negligible lattice mismatch. We, therefore,
grow the monolayer VS, on monolayer MoS, which stabilizes the VS, layer and activates the
MoS; layer for Li/Na adsorption. The system as a whole becomes conducting which makes

the MoS, @V'S, nanocomposite promising anode materials for Li/Na ion batteries.






Chapter 2

First-principles Tools

2.1 The Schrodinger Equation

In general, the quantum state of a system, consisting of N number of electrons and M number
ions can be adequately described by a wave function y(r;, R4), with r; and R4 representing
the electronic and ionic position vectors, respectively. A nonrelativistic and time-independent

Schrodinger wave equation for such a system can be written as:

Hy =Evy

where H represents the Hamiltonian operator and E its eigenvalue. H can be decomposed

as:

FI:Te"‘TA‘i“?Ae‘i‘Vee‘i‘VAA

Here T is for the kinetic and V for the potential energy of N electrons and M ions. All

these terms are defined as below:

s . h2
Te - 2me
A 2
TA = 5
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The Schrodinger wave equation for this system therefore becomes:

h2 N 5 hz M VZ M ZA€2
_ v2_
2me t—zl ! 2 Agl My 471'80 IZIAZI |1‘,'—RA| 471780 zzi]; |l‘, ]

V=Evy

Solution to this equation is complicated without making some suitable approximations.
An approximation to this equation was firstly made by Born-Oppenheimer [66]. Since the
mass of an ion is too larger compared to the mass of the electrons that the kinetic energy of the
ions can be neglected. To overcome the difficulties in solving the dynamics of the electrons in

a frozen nuclei layout, the kinetic energy of the electrons and ions is dissociated. That is:

V(ri,Ra) = y(ri)Y(Ra)

Hell/(ri> = E.y(r;)

where

ZAZBe

hz N N M ZA€2 N
- m; 47‘[80 3> Ir; — Ry 47‘[80 ZZ |r,—r,| 47r£0 ZZ IR4 —Rg| RBy

i=1A=1 i=1j>1 Jj=1B>A

But the above Hamiltonian is still challenging enough that further simplifications are es-
sential to make it handy. The Slater Determinant for electrons in a system is found which
fulfills the anti-symmetric property and Pauli exclusion principles. The probability of finding

an electron within a given point of space dX;dx,dx5.....dXy is
— — — — 2 — — — —
W (X1,%2,X3,...XN) | “dX1dXodX5.....dXy

Being identical particles, the exchange of two electrons can only change the sign of wave
function.
That 1s:

But the probability of finding an electron in space dxX;dX;dX;.....dXy does not change.
That is:

Let yx;(x;) be representing a set of wave functions (spin orbitals) for a group of electrons.
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Then the N-electrons system can be illustrated by an anti-symmetrized product, written as:

x1(x1) 22(x1) o aw(xr)
1 X(x2) x2(x2) o an(x2)

x(ev) x2(en) o xn(xn)

2.2 The Hartree-Fock method

Handling a many-body wave function to calculate the energy of the system is a too tough. For
such a case, the Hartree-Fock method is found to simplify the calculation by calculating the
energy of each electron in the averaged static field. The Hartree-Fock Hamiltonian is written

as:
1 core Zk
_ _Iy2_\ %k yHF
ﬁ 2 1 ; I",k + l

where VI is the Hartree-Fock potential which is the average repulsive potential of an
electron to the rest N-1 electrons. It can be written as:

M=

VIR () =Y Ji(d) — Ki(®)

~

where x] stands for the position of one electron, J; for the Coulomb operator, and K; for
the exchange contribution to the Hartree-Fock potential.
J; is defined as:

. I
i) = [ )P
r12

and K; operating on spin-orbital is defined as:
A N = X /= 1 — — —
Ry = [ 1) - l)d ()

Likewise, the HF potential ViHF is non-local which relies on the initially unknown spin-
orbitals x;. To compute VIHF , the Hartree-Fock Self-Consistent Field (HF-SCF) process is
employed. An initial set of spin orbitals y; is estimated and used to make a new V¥, With
the HF potential then new spin-orbitals are calculated. The process continues until the re-
sult reaches the convergence criteria. Since the HF method neglects the dynamic correlation

between the electronic movements, the HF energy is above the total energy.
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2.3 The Density Functional Theory

Density Functional Theory (DFT) uses the total density of electrons as a fundamental tool
rather than the N-body wave functions for the electrons. The electron density is a physical
characteristic. It is easier to calculate the electron density with increasing number of electrons.
Furthermore, this scheme overcomes the major weakness of the Hartree-Fock scheme, which
neglects the electron correlation. Hence, the DFT makes the calculation more precise, whereas

the exchange part is precisely defined in the HF scheme.

Hohenberg and Kohn [67] presented the first basic theorem of DFT with the principal
idea “the external potential V,; (7) (the external potential applied by the nuclei) is the unique

functional of the electronic density p(¥)”.

The second fundamental DFT theorem of Hohenberg Kohn is “the functional Fyg|[p] that
yields the ground state energy of a system, yields the lowest energy if and only if the input
density is the real ground state density”.

2.4 The Kohn-Sham Formulation

Kohn and Sham [68] introduced a new technique for solving the Schrodinger equation. The
interactive system was replaced by anon-interactive one with the assumption that all the elec-
tronic ground-states are identical. All contributions in the total energy can be determined from
the density p(r). Energy of the system is the lowest only when the density is at its original
state p(r) = p,(r), which means that the system is in its ground state. The total energy (E[p])
of the electron cloud is written as:

Elp) = T(p]+ Veelp] + Exclp] + [ Veu(r)p(1)'r

where T [p] is the kinetic energy term for the non-interacting electrons, V,.[p] is the Coulom-
bic electron-electron interaction term, E,.[p] is the exchange-correlation term, and [V, (r)p (r)d>r

is the interaction of the electrons with the potential due to nuclei.

So far, the DFT theory is exact since it doesn’t contain any approximation. E,.[p] is the
only unknown term where approximations are necessary. We discuss several approximations

in the following section.
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2.5 Approximations used in Exchange-Correlation Functional

Several methods have been proposed to compute the E,.[p] term, e.g., the Local Density and
the Generalized Gradient Approximations (LDA and GGA).

2.5.1 Local Density Approximation (LDA)

Let us consider the electrons in a system as a uniform gas, the assumption of the LDA approxi-
mation then says that the charge density changes slowly on the atomic level, so that the hetero-
geneous electronic systems can be taken as locally homogeneous. The exchange-correlation

energy for an unpolarized-spin system is written as:

ELp] = [ pec(p)dr

As an example, the LDA functional formed by Vosko, Wilk, and Nusair is the Monte
Carlo computation for a homogeneous electron gas. The exchange-correlation energy for the

spin-polarized system in the local spin-density approximation (LSDA) is to be written as:

ELPAIpg, pg = / drp(r)&w(Pa: Pp)

where pg and pg represent the electronic spin density.

This scheme yields a reasonable accuracy for molecular properties calculations. For ex-
ample, structures, charge moments, and vibrational frequencies, etc. But in case of rapidly
changing density, it leads to poor results for the energetics of the system, such as energy bar-

riers, and bond energies.

2.5.2 Generalized Gradient Approximation (GGA)

To solve the previous issue, the Generalized Gradient Approximation (GGA) was suggested.
It upgrades the LDA scheme by considering the system as an inhomogeneous gas of electrons
and taking in to account the effects of non-local electrons in the functional. The exchange-
correlation term is a function of p and Vp:

ESp] = [ ec(nlp(r). Vp(r))d’r

The GGA group, which include PBE, PAWO91, and BLYP, etc [69, 70]. can be produced
by applying various approximations for the equation given above. Since GGA allows more

generous fluctuations than the LDA, the GGA usually yields a more accurate result than the
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LDA. For example, in the case of total energies, energy barriers, atomization energies, and
differences in structural energy. The PBE functional (an exchange-correlation functional made
by Perdew, Burke, and Ernzerhof) is an upgraded gradient-corrected GGA functional. This
functional has an easy derivation where all the parameters are basic constants. This functional

is the most frequently used, both for molecules and solids.

2.5.3 The Hybrid Functionals

The exchange terms of the previously proposed functionals are crudely illustrated due to the
electrons self-interaction issue, while the exchange part in the HF method is precisely defined.
But a direct combination of the DFT correlation part and HF exchange part provides poor re-
sults. The hybrid functionals, which are a combination of HF and DFT, regroups the exchange
and correlation terms of both methods, can avoid this issue. As an example, the B3LYP [71]

is the most frequently used hybrid functional. It is written as:

E)JC?LYP _ E)IEDA +ag(EHF — )IZDA> +aX(EgGA _ )IZDA) +EéDA +aC(EgGA _ éDA)

GGA GGA
EX EC

where and are the GGA exchange and correlation functionals, EéDA 18 the

LDA to the correlation functional, with ag = 0.20, ax = 0.72, and ac = 0.81.

2.6 Bloch states

The periodic boundary conditions can be used to model a system can be by repeating a unit-
cell in all three dimensions of space. The model is considered to be stable if the total energy
and the force on the system converge. Here the electron density is described by a plane wave

basis set. The Bloch’s theorem is written as:

-

Y(R+T) =" yp(R)

X

where l/ﬁk(l_é) represents the electronic wave function,R represents the position vector in
a direct space, T represents the position vector in a reciprocal space,and k represents a set
quantum number Ky, ky, k..

In case of a finite solid, the quantum numbers are necessarily continuous. But a cut-off

energy is employed to confine the set to a sphere in the reciprocal space in use:

R k+T|?

Ecutof f > m
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where m represents the mass of an electron.

Now, to have a excellent result for a likely calculation cost, the selected cut-off energy
should be neither too high nor too low. The Bloch’s functions are defined usually over an
infinite number of k points in the Brillouin zone. The equation for Bloch function ;g is
necessary to be solved for each k point. The total energy of the system can be found by

integrating the band energy of each k point:

1 — —
E=Y — [ E; g;(k)dk
zl':-QBZ/ z,kgl( )

where Qpy is the Brillouin zone volume, and g;(k) is the electron occupation of the ith

state and point k. This equation can be brought to a discrete one as:
E= ZZ Ok, 8i(k)
ik

here @; is a factor which corresponds to each k point.

k

2.7 Pseudopotentials and Projector augmented waves (PAW)

The single-electron wavefunctions for the valence states of atoms have too many oscillations
to fulfill the orthogonality condition for the core states. These oscillations are restricted to the
core part which is not critical for the interaction between atoms and needs a lot of plane waves
for an actual description. Therefore it will become handy if these oscillations are removed.
Various tactics have been used to deal with this, two of the frequently used are discussed in

the following.

2.7.1 Pseudopotentials

The most often used in my work is that of pseudopotentials, composed of two steps. In the first
step, the core electrons are eliminated while in the second step wavefunctions of the valence
electrons are replaced by a flat pseudo-wave-functions where few plane waves are needed
for their description. The core electrons wave functions of an atom are enough compact that
remains almost unaltered during the interatomic interactions. It is therfore not a close enough
approximation to consider these core states as fixed and neglect them in calculations. The
core electrons can be included into the potential acting on the valence electrons. The valence
wave functions with different angular momentum encounter a different potential due to the

orthogonality condition for the core states. E.g., consider the case of a carbon atom, where the
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2s valence electrons encounter a distinct potential in comparison to the 2p valence electrons. It
is because a 2s state is to be orthogonal to a 1s core state. The refined potential is consequently
non-local in the angular coordinates, named as pseudopotential.

The second step in the pseudopotential scheme is the replacement of the full ionic core
interaction potential with a softer pseudopotential to have smoother and node-less wave func-
tions in the result. Additionally, the pseudopotentials can be made in such a way that their
scattering properties (i.e. the phase shifts) are similar to the actual atomic potential to first
order in energy. This last criterion is satisfied if the radial part of the smooth pseudo-wave-
function is identical to the real wave function outside core radius r¢. Also, the pseudo-wave-
function matching to its derivative at r¢ is to be continuous. While the norm of the wave
function inside the core region is maintained simultaneously. A true pseudopotential is made
the other way around, i.e., one makes a pseudo-wave-function that satisfies these criteria and
inverts the Schrodinger’s wave equation to obtain the pseudopotential.

2.7.2 PAW

The projector augmented wave (PAW) method has been frequently used in my thesis. Contrary
to the pseudopotential scheme, the PAW scheme has the core electrons and the full all-electron
valence wave functions. The core wave functions are brought directly from all-electron calcu-
lations for the atom under consideration. The actual wave functions are replaced by smooth
wave functions within some core radius r¢ (similar to the pseudopotential scheme). A linear
transformation operator is constructed to obtain the real wave function from the smooth one.
In the PAW potentials scheme, based on a linear transformation of the pseudo wave function
¥ to the all-electron wave function y :

with /, variational quantities. The index i means a sum over the atomic site, reference
energies, and the angular momentum. ¢ and ¢ are the all-electron and pseudo partial waves,
matching at the core radius. Similarly, p; represents the projector functions which are to be

generated dual to the partial waves:

(pilWj) = 6ij
The PAW scheme implemented in VASP works directly with the all-electron valence po-

tentials and all-electron valence wave functions.



Chapter 3

TiS, sheet as anode material

3.1 Introduction

The invention of rechargeable Li ion batteries (LIBs) has brought a revolution in the wire-
less electronic technology. It has widespread applications ranging from portable devices like
smartphones and laptop computers to electric vehicles and green grids. A battery with high
power density, fast recharge, and long cycle life will be a key to the development of smart
electronic technology while a huge stationary battery with cheap ingredients is required for
the green grids [72-75]. The electrochemical storage of energy in LIBs is one of the most
efficient and applied ways for storing energy. Due to the small size and low weight of Li, LIBs
have high volumetric and gravimetric capacity. On the other hand, there are some deficiencies
in LIBs because of its toxic nature and limited resources of Li, and the increasing demand
for batteries increases the price of scarce Li. Although the use of rechargeable LIBs in the
small portable devices is satisfactory, the increase in power density and rate capability is still
demanded. To boost the power density and lower the price of LIBs, Na, Mg, Ca, and Al ions
are under consideration as alternatives to Li [72, 76-82].

The nontoxic, cheap, and abundant Na is the most studied alternative to Li. The interca-
lation of Na in the electrode materials is generally tricky compared to Li because of its larger
ionic size. That is why the storage capacity of Na in the electrode materials is less than that of
Li and the volume expansion due to Na intercalation is higher than that due to Li. [83—-88] The
partial replacement of LIBs with Na ion batteries (NIBs), especially in the stationary cells for
green grids, where the weight of the battery will not be a problem, is expected in the next few
years [76, 89].

Science monovalent Li, Na, and K can store a single electronic charge per metal ion,
multivalent metal ions with low electronegativity and small size are of high interest for of high

charge storage density. Mg, Ca, and Al has been recently studied for this purpose while Mg
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is the most effective ion as it has high charge storage density, small ionic size, and high cell
voltage [78—82].

The selection of proper electrode material is one of the basic strategies to upgrade the
electrochemical performance of a rechargeable metal ion battery (MIB) [90-92]. Most of the
two-dimensional layered materials are reported to have high metal ion adsorption energies and
low diffusion barriers [93, 94]. Pristine graphene is not feasible for the adsorption of alkali
or alkaline earth metals. However, the studies on defective graphene have shown high storage
capacity for Li, Na, Mg, and Ca [80, 95]. One of the diverse applications of transition metal
dichalcogenides (TMDs) is its use as the electrode material for MIBs in bulk, a-few-layer, and
monolayer phases [96]. Among the two-dimensional materials, MoS, and defective graphene
are the most studied electrodes [80, 90, 95, 97]. However, these materials are insulating [98],
whereas electronically conducting electrodes are required in batteries.

Monolayer TiS;, one of the most important two-dimensional TMDs, has been successfully
synthesized by the electrochemical lithium interaction and exfoliation method [99]. We select
the 1T structured monolayer TiS; as a common anode material for all possible MIBs because
of its low electronic band gap and metal adsorption capability. Due to its structural symmetry it
can provide multi-directional easy paths for the diffusion of metal ions. The work here aims to
compare the electrochemical performance of all possible MIBs with that of the Li and search
out suitable alternatives to the toxic and costly LIBs. Divalent Mg and Ca are expected to have
higher charge storage density than Li, which will be applicable in boosting the power density
for smart portable devices. As a high net cell voltage requires as low as possible open circuit
voltage from the anode material, we also compare the voltage profile of all these ions. The
rate capability is another important issue which will be discussed here. Finally, the suitable

alternatives for LIBs will be pointed out, keeping in mind the requirements of a device.

3.2 Computational details

All calculations were performed using the density functional theory as implemented in the
Vienna Ab-initio Simulation Package [100]. The electron—electron exchange-correlation was
processed using the generalized gradient approximation (GGA) with the Perdew—Burke—Ernzerhof
parameterization scheme [70]. The projector augmented wave (PAW) method was used to
describe the electron—ion interactions [69, 101]. The density of states calculations were per-
formed with the HSE06 method as well [102]. The cutoff energy of 350 eV was chosen for the
plane-wave expansion of the electronic eigenfunctions of monolayer TiS,. The force criterion
for the structure relaxation was chosen as 0.001 eV A. A spacing of 25 A between periodic

images normal to TiS, layers was used to avoid the interlayer coupling. The I'-point sampling
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Figure 3.1: Top and side views of the monolayer TiS; (a) in 1T and (b) 2H phases. The black
and light green colored spheres represent Ti and S atoms, respectively.

was used with a 7x7x1 k-point mesh for the integration of the Brillouin zone. A 3x3x1
supercell of monolayer TiS; (containing nine Ti and eighteen S atoms) was considered for the
adsorption and diffusion of metal ions. The nudged elastic band (NEB) [103] method was
used to optimize the minimum energy path along the saddle points for the diffusion of metal
ions on the surface of monolayer TiS;. The Bader charge integration [104] was used to find
out the amount of charge transferred by the adsorbed metal ions.

3.3 Results and discussion

3.3.1 Structure and adsorption sites

TiS; is one of the layered TMDs. Most TMD monolayers are found either in 1T or 2H (hexag-
onal) structures under normal conditions of pressure and temperature. Both these structures
consist of three atomic sub-planes. The subplane of transition metal atoms is sandwiched
between the two sub-planes of chalcogen atoms. In the former case the sub-planes are in
ABC stacking order (Fig. 3.1(a)) while in the latter case they are in ABA stacking order (Fig.
3.1(b)). Monolayer TiS, is energetically more stable in its 1T phase (space group p3m1) than
its 2H phase, which is the reason why we select the 1T structure of monolayer TiS, for this
study. Previous reports show that the 1T phase is the most stable phase for the family of
monolayers TiX, (X= S, Se, Te) [105-108]. The scanning transmission electron microscope
(STEM) image of the TiS, nanoflakes shows that its geometry is 1T [109]. The phonon calcu-
lations for TiS, show that bulk TiS; is stable but when the number of layers is less than four
a soft mode is observed at the M symmetry point. The soft mode has been attributed to the
charge density wave instability near to 0 K in TiS; thinner than four layers. The soft mode for

monolayer TiS; disappears if the calculations are run by the LDA+U method [107].
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Monolayer TiS; has been confirmed experimentally as well [99]. Our calculated lattice
parameters for the 1T structured TiS, (a=b=3.40 A) and the Ti—S bond length (2.43 10%) agree
well with the literature [106]. The lattice parameters of the 2H structured monolayer TiS; are
a=b=3.33 A and the Ti-S bond length is 2.45 A. The side and top views of the 1T and 2H
monolayer TiS; are shown in Fig. 1(a),(b) respectively. 1T monolayer TiS, is metallic with
the GGA calculations while with the hybrid functional method (HSEO06) it shows a band gap
of 0.62 eV. The 2H phase is a semiconductor (GGA band gap is 0.70 eV and hybrid band
gap is 1.6 eV). Similar to monolayer SnS,, the favorable adsorption sites of metal ions on the
monolayer TiS; surface are located at the H- and T-sites. The H- and T-sites are shown in Fig.
3.1(a) and also have been broadly discussed in our work on monolayer SnS, as anode material
for NIBs [110]. Monolayer TiS; has the in-plane stiffness of 74 Nm~!, which shows that it is
mechanically stronger than the monolayer SnS,. It also completes the Born stability criterion
[111], which confirms that the monolayer TiS, is mechanically stable.

3.3.2 Adsorption and specific capacity

First, the adsorption of a single metal atom on a 3x3x 1 supercell of TiS; is examined, and
then the adsorption of multiple atoms is examined as a function of increasing metal ion con-

centration. The total formation energy (Ey) of metal ion adsorption is defined as:
Ef = E(TiSz) — E(MnTiSQ) +nEy, .

where E(TiS,) is the total energy of a 3x 3 x 1 pristine TiS, supercell inits 1T phase, E(M,,TiS,)
is the total energy of a 3x3x1 TiS, supercell with n metal ions adsorbed at the H- or T-sites,
and E(Mp,) is the total energy of bulk metal in its most stable structure. We consider the
body-centered cubic structure for the alkali metals, the hexagonal close-packed structure for
Be and Mg, and the face-centered cubic structure for Ca and Al. We define the adsorption

energy (E,,) for a single metal ion as:
E.; = E(TiS,) — E(M,TiS;y) +nE(M)

is the energy of a metal ion in its gaseous state. The adsorption of a single metal ion on the
H- and T-sites of the monolayer TiS; is summarized in Table 3.1. The E,; decreases and the
M—to-S distance (M-S) of the metal ion increases down the group, while Mg is an exceptional
case. This brings about the weakening of metal ion interaction with the surface of TiS; due to
the increasing ionic size. The data in Table 3.1 shows a tiny difference in the E,; of a metal

ion at the H- and T-sites, which is due to the existence of a similar S environment at these
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Table 3.1: Formation energy, charge, and M-S bond distance of a single metal ion, when

adsorbed at the H- and T-sites.
Li Na K Be Mg Ca Al

Ergy(eV) L75 1.66 211 086 092 246 0.02
E¢ry(eV) 171 1.61 2.08 063 0.80 236 -0.06
Eyqmy (€V) 335 274 266 456 242 431 3.19
Euqry) (V) 331 271 263 432 230 421 3.11
Eop (V) 1.60 1.10 055 370 1.50 1.85 3.52
g (lel)  0.87 085 0.88 1.58 1.57 145 1.37

q(1) (Ielz 0.87 085 0.88 156 1.55 1.44 1.13
M-S g (OA) 234 269 303 198 232 256 237
M-Sy (A) 238 271 3.05 200 236 2.60 247

adsorption sites. Due to the small difference in the E,; at the H- and T-sites, one expects the
minimum energy path for the diffusion of metal ions through H-T-H. The charge imbalance (q)
in Table 3.1 shows that the adsorbed Alkali and Alkaline earth metals are singly and doubly
charged, respectively, while the Al is not fully ionized. Therefore, monolayer TiS; may not
be applicable as an anode material in Al ion batteries.

The data plotted in Fig. 3.2 is the total formation energy (Ey) as a function of the metal
ion concentration for the most favorable distribution of metal ions over the monolayer TiS;
by filling the top H-sites. The E profile shows that all the metal ions except Be and Al can
occupy all the available H-sites without the formation of metallic clusters. Fig. 3.2 shows
that TiS; can have the highest storage for Li but filling the T-sites when all the H-sites are
already filled brings the metal ions so close that the Coulombic forces between the metal ions
destroys the monolayer TiS,. So filling only the H-sites is useful for safe storage. The Bader
analysis shows that Ca and Mg are divalent to store two charges per ion adsorption, which
makes them store twice as much as charge compared to the monovalent Li, Na, and K. This
result has a good resemblance with the previous studies [80]. The maximum specific capacity
of an electrode can be defined as:

C

 Mris,

(mAh/g) where n is the number of adsorbed metal ions on a 3 x3x 1 supercell of TiS,, Z is the
valance of adsorbed metal ions (1 for Alkali metal ions and 2 for Alkaline earth metal ions),
F (26801 mAh mol™') is the Faraday’s constant, and Mg, is the molar mass of the 3x3x1
supercell of TiS,. If only the top and bottom H-sites of the monolayer are filled with the metal
ions then without considering the atomic weight of the metal ions, the highest specific capacity
for Li, Na, and K ions is 478.6 mAhg_l, and 957.2 mAhg_l for the Mg and Ca ions. If the

T-sites are also considered together, maximum capacities of 957.2 mAhg~! for alkali metal
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Figure 3.2: Formation energy (E¢) of monolayer TiS, with Li, Na, K, Be, Mg, Ca, or Al atoms
on the H-site as a function of metal ion concentration.

ions and 1914 mAhg~! for alkaline earth metal ions are possible. This shows that the specific
capacity of monolayer TiS, is much higher than that of monolayer SnS; [110]. These results

are comparable with those reported for the defective graphene [80].

3.3.3 Voltage

A cell with high voltage is one of the requirements of an efficient battery. Theoretically, the
open circuit voltage (OCV) of the electrode material can be measured to estimate the net
voltage of a cell roughly. A low OCV of the anode means the possibility of a high net cell
voltage. Fig. 3.3(a) shows the OCV profile for the metal ion adsorption over the surface of
the monolayer TiS, as a function of the increasing number of metal ions (M, TiS;: 1< n <9),
while Fig. 3.3(b) shows the averaged OCV of these ions. The reversible reaction at the anode
can be written as:
TiSy +nM** + Zné = M, TiS,

where ¢ is the charge on an electron. The OCV for the metal ions is defined as:
V = —[E(M,TiS;) — E(TiSy) — nE (M) / Ze

where E (Mp,;) is the energy per atom in the most stable bulk structures of metal atoms. The

voltage profile for all the metal ions has been calculated by filling the top H-sites of a 3x3x1
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Figure 3.3: (a) A comparison of the open circuit voltage of different metal ions adsorbed at
H-sites of the monolayer TiS; as a function of metal ion content (n). (b) A comparison of the
averaged open circuit voltage of the monolayer TiS, as an anode material for different metal
ions in the range of 1< n <9.

TiS;, supercell using the definition of V in the equation above. The dropping voltage with
the increasing metal ion concentration has also been reported for graphite and other anode
materials in previous studies [95, 112]. A low OCV of the anode is useful to have a net high
cell voltage however the OCV should be higher than 0 which otherwise means metal cluster
formation is possible. Fig. 3.3(b) shows that Mg has the lowest OCV, a high voltage cell is
expected for the Mg ion battery compared to the LIBs.

3.3.4 Diffusion of metal ions

The diffusion kinetics of alkali and alkaline earth metal ions on the surface of TiS; is important
as it is related to the charge/discharge rate. A high diffusion rate is required for fast recharge
[113]. A minimum energy path (MEP) for the diffusion of alkali and alkaline earth metal ions
is optimized with the NEB method by using the linear interpolation of three images between
the H- and T-sites. Table 3.1 shows only a small difference in the adsorption energy of a metal
ion at the H- and T-sites, so all the metal ions are expected to have a MEP for the diffusion
from an H-site to the nearest neigh- boring H-site via the T-site.

All the metal ions have the same trajectory of diffusion in a curved zigzag path as shown
in Fig. 3.4(c). This path is similar to the diffusion path of a Na ion on the surface of the
monolayer SnS, [110]. The relative energy profile in Fig. 3.4 is symmetric both about the
H- and T-sites (because of its three-fold rotational symmetry about the H- and T-sites) of the
monolayer TiS;. Each metal ion at the H- or T-sites can move along three similar paths, located

at an in-plane angle of 120°. All the metal ions studied here have the highest adsorption energy
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Figure 3.4: Relative energy profile for the diffusion of (a) monovalent and (b) divalent metal
ions on the surface of monolayer TiS; from an H-site to its nearest neighboring H-site via the
T-site between these two H-sites. (c) Top and side views of the trajectory of Li ion diffusion
over the surface of monolayer TiS,. The trajectories for the diffusion of other metal ions are
similar to that for Li.

at the H-site. The E,; of each atom at the H-site in Fig. 3.4 is taken as a reference while the
energy at all other points is relative to the E,; at the H-site. Fig. 3.4(a) shows the relative
energy profile and the activation energy barriers (E,) for the diffusion of monovalent alkali
metal ions. The calculated E, along the MEP for Li, Na, and K are 0.19 eV, 0.13 eV, and 0.09
eV, respectively. A decreasing trend in the E, of alkali ions is found. A similar behavior is
observed in the E,; as well while the M-S distance has shown an increasing trend down the
group because of the increasing ionic size. These interactions depend upon the charge and
distance, independent of the mass of the ions. The difference in the charge transferred by an
ion of the same group is so negligible that the E, for the ions in the same group decreases
down the group. This behavior of the alkali metal ions is consistent with previous reports
[53, 114]. The results in Fig. 3.4(b) show the energy profile for alkaline earth metal ions
relative to their corresponding E,; at H-sites. The trend of the relative energy profile for the
diffusion of alkaline earth metal ions is similar to that of the alkali metal ions. However, the
E, of the divalent Be, Mg, and Ca is much higher than E, of alkali metal ions. The increase
in E, for the divalent ions is due to their higher charges which produce higher perturbation in
the monolayer TiS; compared to the monovalent alkali ions.

3.3.5 Electronic properties

There have been many anode materials studied for metal ion batteries, but most of them are
insulators (for example MoS,, phosphorene, and SnS,) [115-118]. An intrinsically conductive
electrode material is necessary for high recyclability. It allows for the full discharge of a
battery which is needed for the optimum performance of a rechargeable battery. Fig. 3.5
shows the total density of states for the pristine monolayer TiS,, monolayer TiS; with Li, Na,

K, Mg, or Ca ions adsorbed, occupying the top H-sites of the monolayer, using the HSEO6
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Figure 3.5: Total density of states for (a) TiS;, (b) LijTiS,, (c) Na;TiS,, (d) K TiS,, (e)
Mg TiS,, and (f) CaTiS;. It shows that TiS; is a semimetallic with a small bandgap of 0.62
eV in its pristine state, but becomes metallic after the adsorption of metal ions. The data shown
here is calculated by the HSE06 method.

method. We also have these calculations with the GGA method. The Fermi level is scaled
to zero. It shows that the 1T phase of pristine monolayer TiS; is semi-metallic with a band
gap of 0.62 eV, which matches well with the previous report [109]. It becomes metallic with
the adsorption of metal ions. The increase in electronic con- ductivity is due to the extra
electrons donated by the metal atoms. On the other hand, GGA calculations show that even the
pristine monolayer TiS, is also metallic. The previous studies have demonstrated a reduction
of the band gap of the anode materials with the increasing metal ion concentration, which is

consistent with our results [115, 118].

3.4 Conclusions

We systematically studied the adsorption and diffusion of alkali and alkaline earth metal ions
on the surface of monolayer TiS; in search of efficient alternatives to Li. Our calculations
show that the 1T structured monolayer TiS; is energetically more stable than the 2H one. It
is found that all the metal ions have two favorable adsorption sites (the H- and T-sites), while
the H-site is a more favorable adsorption site. Monolayer TiS; has a high adsorption capacity

for the metal ions studied, except Be and Al. The divalent Ca and Mg ions give the highest
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specific capacity (1914 mAhg~!) that is double of the specific capacity of the Li, Na, and K
(957 mAhg~!) ions. The monolayer TiS; can have a very low storage capacity for the Be
and Al ions, which is due to the fact that these ions have very high cohesive energies in their
stable bulk metallic structures. The Mg ions have the lowest averaged open circuit voltage
of 0.13 V over an Mg adsorption range Mg, TiS,, ( 1< n <9 ). The NEB calculations show
that all the metal ions easily diffuse from an H-site to the nearby H-site via the T-site between
them through a curved zigzag path. The activation energy barrier for the diffusion of metal
ions decreases down the group due to the increased M-to-S distance (because of the increasing
ionic size) and the decreased adsorption energy. The diffusion energy barriers for the divalent
metal ions are higher than those of the monovalent alkali metal ions. The pristine monolayer
TiS; is semi-metallic and it becomes metallic with the adsorption of metal ions, because of
the extra electrons donated by the metal ions. Our study shows that Li can be replaced by Mg,
where high energy density storage and a high cell voltage is required, while Na can replace it

in large stationary batteries.



Chapter 4

Monolayer W,C as anode material

4.1 Introduction

Numerous properties of thin films are dependent on the thickness of the films [119]. The
successful isolation of graphene and its robust properties have brought a breakthrough in the
science of nanomaterials [1, 2]. It attracted the focus of researchers to the synthesis, charac-
terization, and theoretical study of monolayer, bilayer, and few-layer two-dimensional mate-
rials with a thickness of the order of atomic diameters. Soon after the successful isolation of
graphene, many freestanding monolayers like MoS,, WS,, SnS,, BN, etc. were discovered
[120]. Owing to the variety of band gaps, adsorption, and mechanical and chemical properties
these materials have shown potential for use in nano-sized electronic, optoelectronic, energy
harvesting, and data storage devices [110, 121-127].

Nanoscale rechargeable batteries can be used as a power supply for the regular operation
of nano-devices. There have been many research studies in this area. Computational meth-
ods can provide an atomic-level understanding of crystal structures, phase transformations,
electronic and ionic transport mechanisms, charge transfer, and binding energies of adatoms,
and important properties such as reversible ion storage capacity, stability under high capacity,
charge/discharge rate, open circuit voltage (OCV), etc. can be well-estimated [113, 128—130].

Na, the most abundant, cheap, and non-toxic metal, has a similar chemical nature to the
scarce and costly Li. However, its ionic size and weight are larger than those of Li. The
increasing demand for rechargeable batteries requires a suitable alternative to Li. Studies on
batteries show that Na is the most possible candidate as an alternative to Li when high energy
density is not the first priority [86, 89, 131, 132].

The electrochemical performance of Li/Na ion batteries depends mainly upon the choice
of electrodes and electrolytes. A great research struggle has been devoted to the discovery

of valuable component materials for rechargeable batteries [133]. Li/ Na conductive solid
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inorganic electrolytes are highly expected to replace flammable organic liquid electrolytes to
ensure safety and reduce leakage as well [134—136]. Si and SnO; have been reported as the
highest capacity anode materials, but a large volume expansion is observed with increasing
Li/Na concentration [137, 138]. Transition metal dichalcogenides also have high Li/Na stor-
age capability and low diffusion barriers for the migration of Li/Na ions, but most of them are
insulators [139-141]. Two-dimensional carbon-related materials have been studied for Li/Na
adsorption. Graphene is ideal as an anode material because it is metallic and has high me-
chanical strength. Its low adsorption capacity for Li/Na can be increased by the formation of
vacancies or the partial substitution of C with B or N. Graphene has been used as a conductive
additive in electrode materials. However, these strategies may lower the charge/discharge rate
of batteries [95, 110, 121, 142-147].

In this article, the density functional theory (DFT) method is applied to explore freestand-
ing monolayer W;C. The structure, energetic, mechanical, dynamic, and thermodynamic sta-
bilities, electronic band structure, and density of states of monolayer W,C are discussed. Af-
ter this, the adsorptions of single and multiple Li/Na, and their transport mechanism over the
monolayer W, C is broadly discussed. The monolayer W,C is intrinsically metallic as required
for electrodes of rechargeable batteries. Its high mechanical stiffness is valuable to avoid large
expansion during the adsorption of Li/Na ions. It has a low OCV, which is crucial in pro-
ducing high voltage cells. Its structural symmetry provides multi-directional minimum energy
pathways for the easy transport of Li/Na ions. All these properties can make the monolayer
W, C a long-life and ultrafast rechargeable anode material.

4.2 Computational details

All our results are based on the spin-polarized DFT implemented in the Vienna Ab initio Sim-
ulation Package using the projector augmented wave method [100]. The generalized gradient
approximation with the parameterization scheme of Perdew—Burke—Ernzerhof [70] is used for
the exchange-correlation functional. A cutoff energy of 600 eV is chosen, for the plane-wave
expansion of the electronic eigenfunctions, for the monolayer W;,C. The force criterion for the
atomic relaxation is selected as 0.001 eV/A. The periodic images of monolayer W,C are sep-
arated by a distance of 20° Ato bypass the interlayer interactions. The k-point sampling with
a 6x6x1 mesh is used for the integration of the Brillouin zone (BZ). The finite difference
method is used to calculate the elastic constants. The displacement step size is selected as
0.015 A using four displacements for each ion in the x and y directions. Phonon calculations
are performed using the finite displacement method, as implemented in the Phonopy program
[148]. A 5x5x1 supercell of monolayer W,C with the atomic displacements of 0.01 A is
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Table 4.1: Distance from W (d), binding energy (Ej), and charge transferred (g) by Li/Na
adatoms on adsorption at the H- (hollow) or C-site (above-carbon) of monolayer W,C
d (A) E, (eV) q(e)
H-site T-site H-site T-site H-site T-site
Li 290 291 087 086 087 0.86
Na 3.19 320 088 087 076 0.76

considered for the phonon calculations. A 6x6x1 supercell is considered for ab initio molec-
ular dynamics simulations at 300 K with each time step of 3 fs to test the thermal stability of
the monolayer W,C at room temperature. A 3x3x1 supercell of W,C is examined for the
adsorption and diffusion of Li/Na ions. The nudged elastic band method [103] is used to find
the minimum energy paths for the diffusion of Li/Na ions on the surface of the monolayer
W, C. Bader charge analysis is used to measure the charge transferred by the Li/Na adatoms
[149].

4.3 Results and discussion

4.3.1 Structural stability

Fig. 4.1(a) shows the top and side views of a portion of the 2H phase of monolayer W;C. Its
geometry is similar to that of the 2H phase of monolayer WS,, where the S positions have
been occupied by the W atoms and the W positions by the C atoms. The optimized lattice
parameters of monolayer W, C in its 2H phase are a=b=2.84 A, whereas the W—C bond length
is 2.15 A. For the 1T phase of monolayer W,C, both a and b lattice parameters are 2.87° and
the W—C bond length is 2.12 A. The formation energy per atom (E r) for the monolayer W,C
is defined by
E; = (Ew,c —2Ew —Ec)/3

, where Ew,c is the total energy of a unit cell of the monolayer W,C, and Ew and E¢ are the
energies of an isolated atom of W and C, respectively. By this definition, E for monolayer
W,C 1n its 2H phase is 9.39 eV per atom, whereas it is 9.22 eV per atom for its 1T phase.
It shows that the monolayer W, C is energetically more stable in the 2H phase than in the 1T
phase.

The evolution of high amount of energy in the formation of the monolayer W,C from W

and C atoms shows the high strength of the W—C bond. Its in-plane stiffness

Y =(C} —Ch)/Cn



36 Monolayer W, C as anode material

(a)

><@
>

Frequency (THz)

() (d)

Energy (eV)

r M K ' DOS

Figure 4.1: Top and side views of a portion of monolayer W,C in the 2H phase. (b) Left-
hand panel: phonon modes for the 1T phase of the monolayer W,C, showing that the 1T
phase is dynamically stable. Right-hand panel: phonon modes for the 2H phase of monolayer
W,C, showing that the 2H phase is dynamically stable. (c) Snapshot of the 2H phase of
monolayer W, C taken after 1000 steps at 300 K, showing that the monolayer is stable at room
temperature. (d) Electronic band structure and density of states of the monolayer W,C (the
Fermi level is scaled to zero), showing that the pristine monolayer W,C is metallic.
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is 278.6 N/m, while the Poisson ratio v = Cj,/Cy; is 0.438. Here the elastic constants C; =
C2,=344.67 N/m, and Cj» = (21=150.92 N/m due to the hexagonal symmetry. The in-plane
stiffness of monolayer W;C is much higher than that of monolayer MoS, (120 N/m) and is
less than that of graphene (340 N/m) [150, 151]. The lattice dynamics of the monolayer W,C
both in the 1T and 2H phases are studied by calculating their phonon dispersion relations. The
result for the 1T phase of the monolayer W, C is shown in the left-hand panel, while the result
for the 2H phase is shown in the right-hand panel of Fig. 4.1(b). The absence of soft modes
over the entire BZ of monolayer W, C in the 1T and 2H phases confirms its dynamical stability
in both these phases. There are three acoustic and six optical modes in the phonon spectra
of the monolayer W;C. The dispersion of the in-plane longitudinal and transverse acoustic
modes is linear, whereas that of the out-of-plane acoustic mode is quadratic near the I'-point.
This behavior of the phonon modes is similar to that of other dynamically stable monolayers
[21, 51, 152]. Although both the 1T and 2H phases of the monolayer W,C are dynamically
stable, the 2H phase is energetically more stable by 170 meV per formula unit than the 1T
phase; therefore, we consider the 2H phase of the monolayer W,C for the adsorption and
diffusion of Li/Na ions. Fig. 4.1(c) shows a snapshot of the geometry of the monolayer W,C
after being run for 1000 steps (3 ps) at room temperature. Small deviations of W and C
from their original positions with geometric reconstructions and no bond breaking confirm its
thermal stability at room temperature. The electronic band structure and the density of states
of the pristine monolayer W,C with a Fermi level scaled to zero are shown in Fig. 4.1(d).
Both the band structure and the density of states show no band gap for the monolayer W,C,

as highly desired for electrode materials.

4.3.2 Adsorption

It is important to understand the binding strength (Ej) per adatom A (A = Li and Na) with the
monolayer W;C as a substrate because most of the key terminologies associated with batteries,
such as reversible storage capacity, OCV, and power density, for example, are derived from
the £, of the ions adsorbed by the electrode material. We define the E}, of the A-atom with the
monolayer W,C with respect to the bulk energy of the A-metal (E,, , ) so as to exclude the
metallic clustering of the adsorbed ions:

Ep = _(EAJCWZC - EWZC - XEAbulk)/ X

[145]. Es w,c and Ew,c are the total energy of a 3 x3x 1 supercell of the monolayer W,C plus
x number of A-adatoms and the total energy of a 3x3x 1 supercell of the pristine monolayer

W, C, respectively. To find the energetically most favorable position for the adsorption of a
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Figure 4.2: Top and side views of the charge density difference (Ap) for Li (left-hand panel)
or Na (right-hand panel) adsorbed at the H-site of the monolayer W,C. Electron gain upon
Li/Na adsorption is indicated in yellow at an isosurface of 1.89x 1073 e/A? and loss in light
blue at an isosurface of 1.89x 1073 ¢/A3.

single A-atom, we examine the E}, of a single A-atom at different positions over the monolayer.
The most favorable position is above the center of a W—C hexagon, as shown in Fig. 4.6(b).
We call this position the H-site. The second favorable position is above each C atom, which
we call the C-site. Some basic information about a single A-atom adsorption is given in Table
4.1.

The charge density difference (Ap) is defined by

AP = PwW,C+A — PW,C — PA

(in the unit of eA~3), where Pw,c+4 18 the charge density of a 3x3x 1 monolayer W,C with
a single A-atom adsorbed on its H-site, pw,c is the charge density of the 3x3x 1 monolayer
W;C, and py4 is the charge density of an isolated A-atom where all the atoms always have the
same positions as in the whole system. The side and top views of Ap upon the adsorption of
a Li and a Na atom are shown in the left and right-hand panels of Fig. 3.2. It clearly shows
that A-atoms are ionized when they are adsorbed on the surface of monolayer W,C, and it
is consistent with the Bader charge analysis results, as listed in Table 3.1. It means that the
monolayer W5C is equally useful for Li and Na adsorption at low concentrations. However,
in Fig. 3.3 we explain why the monolayer W,C has comparatively low intrinsic quantum
capacitance for Na adsorption than that for Li.

After a detailed discussion on the adsorption of a single A-atom, we study the effect of
increasing concentration of adsorbed A-atoms on the total binding energy of the x A-atoms
(Ep(x) = XEp). Ep(y) puts an upper limit on the adsorption concentration of A-atoms. Fig.
??(a) shows the plot of the Ej,,) against the number of A-atoms. It shows that the Ej ) for
Li is almost linear with increasing Li concentration throughout filling all the available H-sites,
while in the case of Na it suddenly drops after filling 14 H-sites (seven from the top and seven
from the bottom of the monolayer). It shows that the intrinsic quantum capacitance of the

monolayer W,C reaches saturation before filling all the available H-sites in the case of Na
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Figure 4.3: Top and side views of the adsorption sites at high concentrations (14 atoms per
supercell) of Li (left-hand panel) and Na (right-hand panel). Li atoms are fixed to the ener-
getically favorable H- or C-sites. Na atoms are uniformly distributed over the surface of the
monolayer W, C irrespective of the favorable adsorption sites.

adsorption, while in the case of Li adsorption all the H-sites can be loaded without metallic
clustering. This result is consistent with our Bader charge analysis. The Bader charge on a
Li adatom (0.87 e) is more than that on a Na adatom (0.76 ¢) when adsorbed on the H-site of
the monolayer W5 C. In the Li adsorption case, even filling the C-sites when all the H-sites are
already filled is energetically possible.

The specific capacity of the monolayer W,C with the unit mAh/g is defined by the equation

C= xF/szc

where x is the number of Li/Na ions stored on the selected supercell of monolayer W,C, F
(26801 mAh/mol) is the Faraday constant and Mw,c is the molar mass of the supercell. The
maximum specific capacity of monolayer W,C by this formula turns out to be 292 mAh/g
for Li and 113 mAh/g for Na. To further highlight the difference in the adsorption of Li and
Na ions at high concentrations, the top and side views of monolayer W,C with 14 Li (left-
hand panel) or 14 Na (right-hand panel) adatoms are shown in Fig. 4.3. The H- or C-sites
are selected as the initial adsorption positions for both Li and Na adatoms. However, after
relaxation, it is observed that the Li ions are still stacked in their initial positions while the
Na ions are uniformly distributed over the surface of the monolayer irrespective of their initial
positions. It is because the binding strength of the Li adatoms with the monolayer W,C is
higher than that of the Na adatoms. In other words, the adsorption capability of the monolayer
W, C for the Li atoms is more than that for the Na atoms. This result is consistent with our
Ej(y) calculations.

Fig. 4.4(b) depicts the voltage profile of the anode with increasing Li/Na concentration.
The OCV of a commercial anode should be lower than 0.8 V to have enough high cell voltage,
but not too close to zero to avoid dendrite formation [153]. The voltage ranges of 0.84—
0.55 V for Li and 0.88-0.37 V for Na are thus quite suitable. The expansion of anodes with

increasing A-atom concentrations has been reported as a genuine issue [137]. However, the
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Figure 4.4: (a) Total formation energy (Ep(x)) and (b) OCV versus concentration of A-adatoms
on a 3x3x1 W,C supercell. After loading 14 Na ions, no further Na storage is possible. In
the Li adsorption case, all the top and bottom H-sites can be filled without the formation of

metallic clusters.
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Figure 4.5: Partial density of states per atom for (a) 1-Li-, (b) 1-Na-, (c) 18-Li-, and (d) 14-
Na-adsorbed monolayer W,C in a 3x3x1 supercell.

area expansion, even for a fully loaded monolayer W,C, is negligible both for Li and Na
adsorptions. This low expansion is due to the high in-plane stiffness of the monolayer.
During the charge/discharge process of an A-ion battery, a reversible electrochemical re-
action occurs both at the anode and cathode. The reversible reaction at the anode is given
by:
XA +xe+WC=A,W,C

The electrons produced in this reaction move through the outer circuit of the battery, while
the positive A-ions move through the electrolyte between the electrodes. The reaction can be
accelerated by introducing electrode materials having high mobility both for electrons and the
A-ions. We have already shown that the pristine monolayer W,C is metallic which will be
helpful in the full recovery of the charge carriers.

To study the effect of the incoming A-ions on the electronic structure of the monolayer
W;C, the partial density of states per atom for a single A-atom adsorbed monolayer W,C
is shown in Fig. 4.5(a) and (b). Fig. 4.5(a) and (b) show that the electronic structures of
monolayer W,C with the adsorption of Li or Na adatoms are similar and the contribution of
the A-atom is negligible, but the system as a whole is metallic. Increasing the number of A-
atoms (Fig. 4.5(c) and (d) for 18 Li and 14 Na adatoms, respectively) causes the density of

states for A-atoms to cross the Fermi-level, which means that the increasing concentration of
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A-atoms increases the electronic conductivity of the system. Most of the reported electrode
materials are insulating; that is why some conductive additives, graphene for example, are
needed to make them metallic [110, 138]. However, the addition of graphene increases the
ion diffusion barrier. Additionally, it may increase the cost of the electrode material due to the

experimental complications.

4.3.3 Diffusion

Fast ion and electron transport in the electrodes are needed to decrease the charge/discharge
time of batteries. Short charging time for mobile phones or laptops may not be as necessary as
it is for electric vehicles. The discharge rate shows how much power a battery can deliver. We
already have shown that the pristine and the A-atom adsorbed monolayer W,C are metallic.
The ion diffusion at a particular temperature can be studied directly by the use of AIMD

simulations.

However, finding the energy barrier for the transition states of A-ions at 0 K by the NEB
method can provide sufficient theoretical insight into the intercalation compounds. Fig. 4.6
shows three different diffusion paths for A-ions. The H-sites are taken as the initial and final
points since they are the most favorable adsorption sites. The path from an H-site to a nearby
H-site via a C-site is taken as path 1, that from an H-site to a nearby H-site via a W-site as
path 2, and the direct path from an H-site to a nearby H-site as path 3. Path 1 is the minimum
energy path, both for Li and Na diffusions. The energy barrier along path 1 for the diffusion
of a single Li ion is 0.035 eV and 0.019 eV for a Na ion. As the diffusion rate of ions has
an exponential dependence on the activation energy barrier (by the Arrhenius equation), even
a small decrease in the barrier may bring a significant increase in the diffusion rate. The
activation energy barrier noticed here is much lower than the reported ones of other anode
materials [110, 112, 144, 147]. The activation energy for the diffusion of a Na ion is lower
than that of a Li ion, which is consistent with the report for monolayer MoN, and our study

on monolayer TiS; [53].

The energy barrier for the diffusion of Na ions is so small that at high concentrations the
adsorbed ions have a uniform distribution over the monolayer irrespective of the favorable
adsorption sites, to reduce the repulsive Coulombic forces between the positive ions (see Fig.
4.3). This superionic mobility of the monolayer can reduce the charge/discharge time of the

anode.
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Figure 4.6: (a) Relative energy profile for the diffusion of Li/Na from an H-site to a nearby H-
site through three different paths, where path 1 has the lowest energy barrier. (b) Schematics
of the different diffusion paths.

4.4 Conclusions

In conclusion, our DFT-based studies show that monolayer W, C is more stable in the 2H phase
than in the 1T phase. It has a metallic electronic structure and high mechanical stiffness of 278
N/m. Its high adsorption capacity for Li/Na and metallic nature makes it a fascinating anode
material. Its structural symmetry provides the adsorbed ions with multidirectional ultrafast
diffusion pathways with a low activation energy barrier (of 0.035 eV for Li and 0.019 eV
for Na). Its charging voltage range (0.82—-0.55 V for Li and 0.88-0.37 V for Na) lies within
those of commercial anodes. Its area expansion with increasing Li/Na ion concentration is

negligible. This study recommends the monolayer W,C as fast charging, long-life anode
material.






Chapter 5

Structure and applications of the UGO
monolayer

5.1 Introduction

Increasing the surface area by nanostructuring is one of the best approaches for enhancing
the materials properties induced from the surface. This nanoscale miniaturization has led
materials scientists to accomplish a suspended single layer of graphite, termed as graphene
[1]. Graphene being the real thinnest material has received significant interest due to its high
mechanical strength, environmental stability, and astonishing transport properties [154]. Ear-
lier studies on graphene revealed that the pristine graphene was not proper for manufacturing
electronic nanodevices because of its metallic nature and it was modified for attaining the de-
sired properties. For instance, graphene functionalization with hydrogen and fluorine causes
bandgap opening, produces polarization and piezoelectricity [155, 156].

Graphite has been effectively used as a commercial anode material in the Li ion batteries
(LIBs) due to its facile Li insertion/extraction, abundant resources, low cost, high Li storage
capacity (372 mAh/g), high stability, and high recyclability [157]. Even though many layered
materials and their hybrids are the best fit for LIB anodes, carbonaceous materials have no
substitute for LIB anodes [110, 117, 158]. Disordered carbon as an anode has been reported
to have a Li storage capacity of 500 mAh/g [159]. However, the power rate capability of the
porous amorphous carbon can be lower due to its low electronic conductivity. A body-centered
orthorhombic carbon (bco—Cjg) [160] has a higher capacity for storing Li and a lower diffusion
barrier at high capacities than graphite [161].

Unlike graphite and amorphous carbon, Li adsorption on pristine graphene is thermody-

namically unstable compared to the bulk Li [162, 163]. The graphene surface activated with
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double vacancy and stone Wales defects interacts strongly with the adsorbed Li ions. Further-
more, the strength of interaction strongly depends upon the type of the defect [164]. The Li
adsorption capacity of graphene can also be enhanced by introducing electron deficiency via
boron doping [142, 165, 166]. In this manner, the Li adsorption capacity of graphene can be
increased to approach to the corresponding adsorption level of graphite. A recently discovered
allotrope of the graphene, known as the penta-graphene has a high Li storage capacity of 1489
mAh/g and high electronic and ionic conductivity [21, 167]. Similarly, the monolayer carbon
ene-yne graphyne and boron-graphdine have been reported to have a high Li storage capacity
with an estimated diffusion barrier of 0.6 eV [168, 169]. These earlier investigations confirm
that the introduction of defects or structural changes in graphene can lead to high Li storage
capacity.

In this letter we present the structure of crystalline unzipped graphene oxide (UGO) mono-
layer (C,0) by studying its energy, relying on the electric dipole alignments. The structure
stability is then supported by providing stable phonon modes. The UGO monolayer looks like
the zigzag graphene nanoribbons linked via O atoms. The interaction O lone-pair electrons
with the bond-pair electrons causes structural bending and induces the electron excessive and
deficient regions in the graphene. Li ions can be trapped in the electron deficient regions of
the UGO monolayer with ease and thus it proves to be a good way to enhance the Li adsorp-
tion capacity of graphene. The Li adsorption capacity of the UGO monolayer is over 419
mAh/g, which is much higher than graphite and comparable to the defected graphene. The
energy barrier of 0.60 eV for a Li ion migration on the UGO monolayer is not so much low
but comparable to those of the recently reported anode materials [168, 170]. The high energy
barrier for Li diffusion is due to the localized positive charge regions. The band structure of
the UGO monolayer has the Dirac cone similar to graphene with a small band gap opening.
This shows that the UGO monolayer can have high electron and hole mobility, which makes
it promising for nanoscale electronics. The bandgap of the UGO monolayer is so small that
even a low concentration of the Li adsorption can make metallic. The lithiation open circuit
voltage of this material is in the range 0.94 to 0.19 V which is the voltage range for a typical
anode materials for LIBs.

5.2 Computational details

All the results presented here are based on the density functional theory (DFT), implemented
in the Vienna Ab-initio Simulation Package (VASP) [100]. The generalized gradient approxi-
mation (GGA) within Perdew, Burke, and Ernzerhof (PBE) parameterization [70] are used for

the electron-electron exchange correlations. The ion-electron interactions are processed using
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the projector augmented wave (PAW) method [69, 101]. A cutoff energy of 600 eV 1is consid-
ered for the plane-wave expansion of the electronic eigenfunctions, for the UGO monolayer.
A mesh of 7x10x1 k-points is sufficiently dense for the convergence of Brillouin zone inte-
gration. Interlayer distance of the UGO is increased to 30 A to treat the UGO monolayer as an
isolated system. The DFT-D3 [171] method is used for the UGO monolayer with and without
Li ions adsorbed to count for the contribution of van der Waals interactions. Phonon band
structures are calculated using the finite displacement method implemented in the Phonopy
program [148]. Wannier90 code is used to analyze the effects of O lone pair electrons on the
crystal structure of the unzipped graphene oxide monolayer [172—174]. The nudged elastic
band method (NEB) [103] is used to optimize the steepest descent minimum energy path of
the Li migration. The PBE and HSEO6 [175] functionals are used to analyze the band struc-
ture and electronic density of states of the pristine and Li adsorbed UGO monolayer. The
electronic charge transferred by the Li adatoms is measured using the Bader charge analysis
[149].

5.3 Results and discussion

5.3.1 Energetic and dynamic stability

There have been a very few studies on the structural and electronic properties of the periodic
graphene oxide (GO) monolayer. Two structures were suggested for the GO monolayer. In
both cases an oxygen (O) atom is bonded to two carbon (C) atoms, lying above the center
of the C-C bridge. In the first case the C-C bond is not broken, and this structure of the GO
is called the clamped graphene oxide (CGO) monolayer. In the second case the C-C bond is
broken to unzip the graphene, and it is called the UGO monolayer. The latter looks like zigzag
graphene nanoribbons interlinked by O atoms. Since the earlier reports showed that the UGO
monolayer was energetically more stable than the CGO monolayer, we concentrate on the
UGO monolayer in this study. The simplest possible unit cell for the UGO monolayer consists
of five atoms (C40), four from C and one from O [176, 177]. Local electric dipole moments
are produced due to the difference in electronegativity of the O and C atoms in the UGO
monolayer. This unit cell, however, shows the ferroelectric alignment of the local dipoles
only and misses the information of other possible dipole arrangements. In order to study
energetically the most stable structure of the UGO monolayer by considering all possible
alignments of the dipoles we extend the C4O unit cell to C;04. Furthermore to study the
dynamical stability the phonon dispersion modes for these structures are also investigated. Fig.

5.1 illustrates four different patterns for the UGO monolayer based on the dipoles alignments.
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Figure 5.1: Top panel shows the side and top views of possible geometries for UGO monolayer
based on the electric dipole configurations. (a) All the dipoles aligned in the same direction,
(b) alternating up and down dipoles along both the armchair and zigzag directions, (c) dipoles
parallel along the armchair direction and alternating along the zigzag direction, (d) dipoles
parallel along the zigzag direction and alternating along the armchair direction. The cross
(®) and dot ((-)) symbols indicate the directions of local dipole moments induced by oxygen
atoms while the rectangles show the unit cells. The configuration (d) is energetically the
most stable, and the relative energies of four configurations are given below the top paneleach
configuration. The yellow and red colored spheres represents C and O atoms, respectively.
Bottom panel shows the phonon dispersion curves corresponding to the configurations (a-d).

a=10.75A,10.81 A, 10.80 A, 10.11 A, and b = 4.97 A, 4.95 A, 494 A, 497 A are the
respective lattice parameters for the four patterns in Fig. 5.1(a-d).

The pattern in Fig. 5.1(a) with ferroelectric ordering of dipoles was reported in previous
studies [176-178]. However, a significant decrease in the energy of the UGO monolayer is
seen as a result of altering the dipoles arrangement. Fig. 5.1(d) depicts energetically the most
stable pattern for the UGO monolayer. Its energy is lower by 192 meV per C4O than the
one with ferroelectric ordering of dipoles. Stability of this structure is also supported by the
stable phonon vibration spectrum. All the acoustic flexural modes (ZA) of phonon dispersion
curves in Fig. 5.1(a-c) enter the negative frequency regime as ¢ — 0 excluding Fig. 5.1(d).
Even though, such small negative frequencies near the I'-point can not justify the dynamical
instability of these patterns, the huge energy difference between the patterns in Fig. 5.1(a-c)
and Fig. 5.1(d) proclaims the pattern shown in Fig. 5.1(d) as the most stable structure for the
UGO monolayer.

Although the pattern in Fig. 5.1(a) was reported in the previous studies [176—178], this
pattern shows the highest energy among the four structures. The pattern in Fig. 5.1(d) was also

reported in several recent studies [178—181]. Thus our results are consistent with the earlier
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Figure 5.2: The upper panel of (a), (b), (c), (d), and (e) shows the top and side views of the
MLWFs associated with the non-bonding sp>-like lone pairs, p-like lone pairs, C-O ¢ bonds,
a C-C o bond, and a C-C 7 bond, respectively. The lower panel of (a), (b), (¢), (d), and (e)
shows the contribution of each MLWF in the electronic band structure with a color scale.

Table 5.1: Binding (Ep) and adsorption (E,;) energies and Bader charges (¢) of a Li atom
on C1504 monolayer adsorbed at sites as shown in Fig. 5.3. The OC site is found to be
energetically the most favorable one whereas the Op and Opc sites are equally favorable for
Li adsorption.

Orc Or Cr Opc Op Opc OC
E, (V) -0.617 0471 -0.067 -0.285 -0.194 -0.193 -0.640
E,; V) -2221 -1.186 -1.800 -1.888 -1.797 -1.796 -2.244
q (e) 0.88 0.73 0.82 0.88 0.89 0.88 0.88

reports, where a zigzag antiferroelectric pattern possibly being the most stable structure for
the periodic UGO monolayer. By doping O in flat pristine graphene, the C-O-C angle in Fig.
5.1(d) comes out to be 128.2°. In order to understand the localized electrons distribution, we
analyze MLWFs of the UGO monolayer. MLWFs are calculated for the valence bandsthe unit
cell shown in Fig. 5.1(d) (Cg0O,). Thus as a whole 22 MLWFs are produced, each correspond-
ing to two electrons. Four of these representing the Osp? and O2p lone pairs, ten the C-C &
bonds, four the C-O ¢ bonds, and four the C-C 7 bonds. The MLWFs for sp?-like and p-like
lone pairs, C-O o bonds, and C-C o and 7 bonds are shown in Fig 5.2. The O lone pairs of
the UGO monolayer have shifted away the MLWFs associated with the C-O bonds as can be
seen in Fig. 5.2(c). Due to the crystalline structure of UGO monolayer, steric hindrance, and
existence of the lone pairs, the C-O-C bond angle is 128.2° not 120°. Arguments like lowest
possible energy, dynamical stability, and role of the lone pair electrons are enough to justify
the pattern shown in Fig. 5.1(d) as the most stable structure for UGO monolayer.
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5.3.2 Li adsorption capacity

After we have found the energetically and dynamically most stable structure for the UGO
monolayer we want to show its promise as an anode material for LIBs. In order to search for
energetically favorable Li adsorption sites over the UGO monolayer, single Li adsorption over
many sites of C;¢04 has been investigated. All the favorable Li adsorption sites can be seen in
Fig. 5.3 and the corresponding binding (E}) and adsorption (E,;) energies and Bader charge
(¢) on Li are all listed in Table 5.1. The E, and E,; for Li adsorption on the UGO monolayer

are defined by the equations
E, = E(UGO+ NLi) — NE(Li)

and
E,q = E(UGO + NLi) — E(UGO) — NE (Lijs,)

, respectively. Here mE(UGO + NLi) and E(UGO) are the energies of the N Li-adsorbed
UGO monolayer and the UGO monolayer without Li, E(Li) and E(Li;s) are the energies of
Li in the bulk body-centered cubic structure and isolated Li, respectively. The Li adsorption
in the octagonal ring (Or¢ and OC sites) is favorable while the Li adsorption in the hexagonal
ring away from O is unstable and tends to migrate toward O. It employs that the O doping in
graphene perturbs its charge distribution and makes it capable of storing Li. Since the charge
disorder near to O is higher than away from it, Li adatoms have strong binding with the UGO
monolayer at sites near to O than away from O. We found that the site denoted by OC is
energetically the most stable site for Li adsorption and the one denoted by O7¢ is the next
most favorable site. The binding energies and Bader charge on Li shows that Li can be stored
at the Opc , Op , and Cg sites as well but most probably the available OC and Oz sites will be
occupied first. It is noticed that the O7¢ site becomes the most favorable site for Li adsorption
on Ce4016 (low capacity), which means that the favorable sites can be changed with changing

the concentration of Li ions. The charge density difference

Ap = puco + Li— puco — PLi

upon Li adsorption at different sites of UGO monolayer is shown in Fig. 5.3. The calcu-
lated Ap shows that Li acquires positive charge upon adsorption on the UGO monolayer. This
charge transfer causes strong binding between the adsorbed Li and the hosting UGO mono-
layer. Fig. 5.3(f) shows that the dipole flips if Li is adsorbed at the top of O (OT-site). The
higher E}, in Table 5.1 for this site is thus partially due to the structural phase transitions of the
UGO monolayer.
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Figure 5.3: Top and side views for Li adsorption sites and charge density difference between
the Li adsorbed UGO monolayer and the UGO monolayer and Li atoms at the adsorption
sites (a) Or¢, (b) Cr, (c) OC, (d) Op, (e) Opc, and (f) Or. The electron depletion upon Li
adsorption is presented by blue color at the isosurface of -2x 1073 e/A3 while the electron
accumulation is shown by purple color at the isosurface of 2x 1073 ¢/A3. The Li atom in the
top and side views is indicated by arrows.
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Figure 5.4: Open circuit lithiation voltage of the UGO monolayer. Insets show the top views of
Li attachment with the UGO monolayer while one at the right top corner shows the perspective
view for a fully lithiated UGO monolayer. The grey colored spheres are for Li adsorbed at the
lower and top surfaces of the UGO monolayer.

Specific capacity (C), the amount of charge stored per unit mass of the anode is defined as
C= NZF/MCMO4

(mAh/g), where N is the number of Li ions stored on the slab, Z the charge C;404 on a Li-
ion (llel), F the Faraday’s constant (26801 mAh/mol), and Mc,,0, is the molar mass of the
considered slab of the UGO monolayer. To find the maximum possible N, the most stable con-
figuration for the Li adsorption for the intermediate capacities is searched out by considering
all possible combinations and comparing the resulting Ep,.

The Li adsorption configurations with lowest E;, are shown in the inset of Fig. 5.4. It
shows the most possible mechanism of filling the UGO monolayer with Li. If one of the
OC sites is already occupied by a Li adatom, another OC-site, farthest from the filled one
becomes favorable for the adsorption of the next Li ion to reduce the Coulombic repulsion
between the two positively charged Li adatoms. By this way four Li ions can be adsorbed on
the C1504 UGO monolayer with negative Ej, to achieve the LisC;404 composition. Although

the OT C is the next favorable adsorption site after the OC-site, it becomes unfavorable when
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its nearest OC-site is already occupied. The E, per Li ion increases with the increasing Li
concentration due to the decreasing distance between the positively charged Li ions. Lowering
the Li concentration over the UGO monolayer so that the repulsive forces between two Li ions
can be neglected, saturates the E,. Adsorption of the fifth Li on C;cO4 results in positive £},
which means that the Li binding with the UGO monolayer is now weaker than that of the Li-Li
metallic bond. Li storage capacity of the UGO monolayer calculated with the definition given
above is 419 mAh/g. On single layer pristine graphene, Li clustering is favorable even for
very low concentration of Li (LiC7;), which leads to the dendrite formation [162, 163, 182].
Thus the graphene can be made a high capacity anode by the induction of the positive charge
regions via the periodic doping of O. Table 5.1: Binding (E}) and adsorption (E,;) energies
and Bader charges (g) of a Li atom on C;404 monolayer adsorbed at sites as shown in Fig.
5.3. The OC site is found to be energetically the most favorable one whereas the Op and Opc
sites are equally favorable for Li adsorption.

5.3.3 Open circuit voltage

The reversible reaction for lithiation/delithiation of the UGO monolayer can be written as
. . +. -
LiyjUGO = Li,UGO + (x1-x2) Li +(x1-x2) e

Neglecting the pressure, temperature, and entropy effects, the half cell voltage between two
stable lithiated (x1) and delithiated (x2) phases of the UGO monolayer can be approximated
as

V(x1,x2) = {E(Li,;UGO) — E(Liy,,UGO) — (x1 —x2)E(Li)} /e(x1 — x2)

Here E(Liy;UGO) and E (Li,oUGO) are the energies of the lithiated and delithiated stable
phases of the UGO monolayer. As aforementioned for calculating Ej, we first search for the
most stable Li adsorption configuration over the UGO monolayer at intermediate capacities
and then calculate the voltage by using the formula given above. The voltage profile of the
UGO monolayer as a function of Li storage capacity is plotted in Fig. 5.4. Open circuit voltage
of the UGO monolayer drops with increasing Li concentration similar to that of graphite and
bco-Cig systems [101, 161]. Although the theoretical voltage profile gives information of the
intermediate stable phases only but such results have been found in good agreement with the
experiments [183—185]. In order to have a high voltage cell, a low half cell voltage from the
anode and a high half cell voltage from the cathode of a LIB are required. The open circuit
voltage of the UGO monolayer is in the range 0.94 to 0.19 V, which is within the voltage range

of a typical anode material for LIBs.
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Figure 5.5: Minimum energy path for Li diffusion on the UGO monolayer, from a stable
OC-site to a nearby OC-site via a metastable Cr-site. The Li diffusion trajectory along the
minimum energy path is shown.

5.3.4 Diffusion

Fast Li diffusion in electrodes and electrolytes is highly desired so that the battery can be
charged in short time and can deliver high power. The diffusion coefficient (D) of a Li ion can
be estimated with the formula given by Arrhenius:

D oc ¢—Ea/KpT

where E, is the activation energy barrier, Kp is the Boltzmann constant, and 7 is the tempera-
ture. In the above relation, if £, is known then D can be estimated. E, depends somehow upon
the difference in the binding strength of the Li adatom at the stable and intermediate positions.
If the difference of the E}, at the intermediate and initial position is large, E, will result in high
value and so a lower D value will be expected. There can be many paths for the diffusion of a
Li ion from one stable site to another stable site, but it is obvious that Li will diffuse along the
one with lowest E,. To find E, along the minimum energy path, the NEB method is valuable at
low concentrations of Li. As in the UGO monolayer case the OC-site is energetically the most
stable site for Li adsorption, we need to calculate the minimum energy path for the diffusion
of a Li ion from a OC site (OC)) to its nearest neighboring OC site (OC;) via the intermediate
metastable Cr site.

From our previous discussion about the E;, values in Table 5.1 and the charge distribution
shown in Fig. 5.3, it is clear that the minimum energy path for Li diffusion from the OC|-site
to the OC;-site is through the Cr site between the two OC sites. As we already have explained,
the Li adsorption away from O is unfavorable and the Li adatom migrates towards the O when

it is relaxed. Since Li has high energy at positions away from O, of course a path along the
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Figure 5.6: Electronic band structure and total density of states of the UGO monolayer cal-
culated with the PBE functional. The Dirac cone between the Y and I" points shows that this
material can have high electron and hole mobilities. The band gap of the UGO monolayer cal-
culated with the HSEO6 functional is 0.6 eV. Band structure near the Dirac cone is magnified
in the inset at left.

zigzag direction can not be a minimum energy path. Fig. 5.5 plots E,; at the intermediate
points relative to that at the most stable OC site, and the intermediate images are obtained
from the NEB calculations, starting with the initial images given by the linear interpolation
between the OC and Cr sites. The inset of Fig. 5.5 shows a top view of the trajectory of a
Li ion along the minimum energy path. The E, for Li diffusion along this path is about 0.58
eV at a capacity of 100 mAh/g, which is larger than that on pristine graphene. This is because
the electron deficient regions produced by O are localized.The Li has a strong binding at those
positions while it loses binding when Li goes away from the localized path. Similar results
can be seen for graphene, phosphorene, silicene, and monolayer MoS,; [85, 143, 186—189].
The reported E, of the Li diffusion on pristine graphene along the minimum energy path is
about 0.3 eV which increases to 0.8 eV for monovacancy defect [143]. Similarly, E, of the
Li diffusion on the pristine phosphorene is 0.08 eV, and the activation energy increases up to
0.7 eV in the case of intrinsic defects [186, 187]. The increase in E, of metal ions with the
intrinsic or artificial defects is common which is due to the localization of electron deficient
regions. The E, for Li diffusion on the UGO monolayer is comparable with that reported for
other 2D anode materials [168, 170].

5.3.5 Electronic properties

The Li ions in a charged battery flow from the anode to the cathode via electrolyte and

the electrons donated by the Li are driven through external circuit to gain power. So, high
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electronic conductivity as well as fast Li shuttling at the electrodes are required for the fast
charge/discharge processes. To investigate the electronic structural properties of the UGO
monolayer, its band structure and density of states are calculated as shown in Fig. 5.6. The
graphene-like Dirac cone is observed between the Y and I'-points of the band structure, which
shows that the UGO monolayer may have electron and hole transport properties similar to
graphene [154]. Doing the same calculations with the HSE06 functional, a band gap of 0.6 eV
is noticed. This is because the PBE functional underestimates the band gap. Thus the UGO
monolayer, having high electron and hole mobilities with a small band gap can be one of the
most required materials for manufacturing nanodevices. As expected, with the adsorption of
low capacity Li, the band gap in the UGO monolayer disappears and becomes metallic as
highly required in electrodes of LIBs. Some of the well known 2D anode materials have high
band gaps, as for example SnS;, MoS,, and phosphorene where the full recovery of Li ions
will not be possible [110, 117, 158]. Thus the very small band gap of the UGO monolayer

makes it a promising 2D anode material.

5.4 Conclusions

We presented a systematic study on the structure and stability of a crystalline UGO monolayer
(C1604) and its feasibility for Li adsorption and diffusion. The O injectedgraphene produces
a dipole moment. To know the dipole ordering, four different dipole patterns for the UGO
monolayer are considered. The energy calculations show that the antiferroelectric orderings
of dipoles are more favorable than the ferroelectric one. The MLWF calculations confirm that
the zigzag structure of the UGO monolayer results from the interaction between O lone pairs
and C-O bond pairs. The electronic band structurethe UGO monolayer has the Dirac cone
similar to graphene but it is semiconductor withsmall band gap of 0.6 eV. Thus this material
can have astonishing electron and hole transport properties. Since the lone-pair electrons of O
produce bond tilting with an induced out-of- plane dipole moment, electron deficient regions
are formed near O atoms which enhances the Li adsorption capacity of the UGO monolayer.
The calculated Li adsorption capacity of the UGO monolayer thus reaches to 419 mAh/g. The
lithiation open circuit voltagethe UGO monolayer ranges from 0.94 V to 0.19 V, a typical
anodic voltage range for LIB anode materials. The low band gap of the UGO monolayer
and excess electron donated by adsorbed Li makes it metallic as required for LIBs. The Li
diffusion barrier is 0.60 eV, almost double of pristine graphene, is due to the localization of

the positively charged regions in the UGO monolayer.



Chapter 6

Polarization in the M X monolayers

6.1 Introduction

Isolation of graphene, a freestanding single-atom-thick allotrope of carbon, and the new physics
behind its un- usual electronic properties opened doors to search for other graphene-like two-

dimensional materials. Thousands of monolayers have been found in different geometries with

the help of computer simulations, and many of them have been recognized and characterized

experimentally as well. Besides the exciting physics of topological insulators, spin-valleys,

Rashba and Hall effects, these materials have shown potential for the device applications for

nanoscale energy conversion, storage, and designing nanoscale electronic devices. Switchable

out-of-plane polarization is one of the emerging features of these materials [1-3, 40, 158, 190—

194].

From the medical point of view, wireless nanoscale injectable, digestible, and implantable
devices are required for the physiological monitoring of the sensitive parts of the human body
[195]. Designing electronic circuits for these purposes requires nanoscale sensors. Low-
dimensional switchable ferroelectrics and piezoelectrics could be used as sensors, actuators,
and non-volatile memory storage devices for nanoscale electronics. Ferroelectricity in low-
dimensional materials is, however, hampered by the depolarizing field produced by the un-
compensated surface charge [? ]. Density functional theory calculations have proved that
polarization can be induced in the transition metal dichalcogenide (TMD) and group-IV tran-
sition metal monochalcogenide monolayers by applying a uniaxial strain to break and recon-
struct the inversion symmetry [62, 196, 197]. Experimentally a high piezoelectric in-plane
polarization in monolayer MoS, has been reported, but for device applications, it may not
be as beneficial as out-of-plane polarization can be [198-201]. Computational studies have
modeled new two-dimensional materials with high out-of-plane polarization and piezoelectric
coefficients [57, 202-204].
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Based on energy optimization of the geometry and stable phonon modes Cahangirov et
al [19]. claimed that silicon and germanium could have two and one dimensional (2D and
1D) analogs (silicene and germanene). As unlike graphite or TMDs the bulk Si and Ge did
not possess layered structures, it was tough to believe in the possible existence of silicene
and germanene. Three years later, silicene was successfully synthesized by Patrick et al [20].
and two years after silicene was synthesized, germanene was also synthesized by Daivila et
al [205]. Similar is the case with boron (B). Theoretically, it can have a stable monolayer
(borophene) which has been confirmed by Andrew et al [34]. All these examples show the
significance of theoretical predictions about the new 2D structures. Inspired by the theoretical
predictions of silicene, germanene, and borophene and later their experimental confirmation,
we explore four new binary monolayers, named MoC, WC, WS, and WSe by using density
functional theory calculations. The phonon dispersion modes for these monolayers are stable
in the buckled hexagonal structure whereas unstable in the flat one. In-plane elastic stiffnesses
of these monolayers are comparable with those of monolayer MoS;. As the two building
atoms of these monolayers belong to two different groups of the periodic table, a difference
in their electronegativity results in electric dipoles. The parallel alignment of the out-of-plane
components of these dipoles results in high spontaneous polarization. The polarization rever-
sal for these monolayers is possible by folding their bonds with switching barriers ranging
from 0.55 to 2.70 eV. Change in the out-of-plane polarization of these monolayers is indepen-
dent of the direction of the applied stress and linear under uniaxial and homogeneous biaxial
strains in the low strain range. A uniaxial strain along the armchair direction results in high
in-plane piezoelectric coefficients (e»;), and the ey, values for monolayer MoC and WC are
three times larger than that of monolayer MoS,. Furthermore, the electronic band structures
show that these monolayers are semiconducting and can have many device applications in

nanoelectronics.

6.2 Computational details

Our results are based on the density functional theory calculations, implemented in the Vi-
enna Ab-initio Simulation Package (VASP) [100]. The generalized gradient approximation
(GGA) with the parametrization scheme of Perdew-Burke-Ernzerhof (PBE) [70] is used for
the electron-electron exchange-correlation process. The electron-ion interactions are pro-
cessed by the projector augmented wave (PAW) method. The valence electron configurations
used in our calculations are as Mo (5s!, 5d% ), W (6s%, 5d* ), S (35, 3p*), Se (452, 4p*),
and C (2s% , 2p?). The cutoff energy of 600 eV is considered for the plane-wave expansion
of the electronic eigenfunctions. The Monkhorst-Pack k-mesh of 25x25x1 is used and the
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Figure 6.1: The top and side views of (a) buckled and (b) flat geometries of monolayer WC
and (c) the top view of the electronic charge distribution (light green color shows electron
density at the isosurface of 8 x 10~2 e/A3) in the buckled monolayer WC. The dark pink and
brown colored spheres are for W and C atoms respectively.

structures are optimized until the largest Hellmann-Feynman force component on each atom is
less than 0.001 eV/A. The electronic band structure and density of states are performed with
PBE and HSEO6 functionals. The phonon spectra are carried out using the finite displace-
ment method implemented in the Phonopy code [148]. The finite difference method is used to

calculate elastic constants [206].

6.3 Results and discussion

6.3.1 Structure stability

Based on structure optimization and lattice vibrations we have modeled four new MX(M =
Mo/W, X = C/S,Se) monolayers. Two different geometries (buckled hexagonal and flat hexag-
onal) for these monolayers are depicted in Fig. 6.1(a, b). In our calculations, we consider
a diatomic hexagonal unit cell of the MX monolayers with the zigzag direction along the x-
axis and the armchair direction along the y-axis. Energetics of these monolayers show that

the buckled trigonal geometries [space group P3m1 (156)] are more prominent than the flat

hexagonal [P 6 m2 (187)] ones. As an example, the energy versus lattice constant curve for
buckled and flat structures of monolayer WC is shown in Fig. 6.1.

In these structures, an M atom is three-fold coordinated with X atoms. Similarly, each X
atom also has a three-fold coordination with M atoms. The flat geometries of these monolayers
resemble the 2-BN monolayer. In the buckled geometry the alternating M and X atoms belong
to two different parallel planes. These structures can be easily understood from their top and
side views as shown in Fig. 6.1(a, b). The electron density for monolayer WC in the buckled
structure as depicted in Fig. 6.1(a) is higher at the carbon than at the W, which is due to the

difference in their electronegativity. The difference in electronic density at M and X atoms
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Figure 6.2: Molecular dynamics simulations of the MX monolayers

results in a local electric dipole moment. As shown in Fig. 6.3, we considered other possible
paraelectric and antiferroelectric allotropes for these monolayers, but they were dynamically
unstable.

Energy difference per unit cell between the buckled and flat structures, lattice parameters,
vertical distance between the M and X atoms, energy gap, Bader charges on M and X atoms,
spontaneous out-of-plane polarization, and piezoelectric coefficients for all the four mono-
layers are listed in Table 6.1. The buckled structures are always more stable than their flat
allotropes.

Next, using ab-initio molecular dynamics, we have calculated the temperature effects on
the structural stability of the buckled phase of MX monolayers. It is found that the atoms of
these monolayers oscillate around their lattice sites and reconstruct the initial geometry. As no
bond breaking or phase transformation is seen, these monolayers have stable structures at room
temperature as well. Top view of a portion of the snapshots of the MX monolayers at room
temperature after running 1000 steps (time step 5 ps) are shown in Fig. 6.2. After confirming
energetic and thermal stability, phonon spectra of the MX monolayers are calculated (shown in
Fig. 6.4) to verify their dynamic stability. The phonon band structures for buckled monolayers
MoC and WC, and WS and WSe are looking similar due to the same-group atoms and similar
structures. However, the maximum frequency of WSe is lower compared to WS monolayer
because of the heavier Se than the S. The absence of soft modes in the first Brillouin zones
plotted through high symmetry points for the buckled hexagonal structures is a strong evidence
for their dynamic stability while the phonon dispersions for the higher-energy intermediate
phase (flat phase) yield negative frequencies. Similar to 4-BN and other binary monolayers
these structures have six modes [50, 207-210].

First three modes with comparatively lower frequencies are the acoustic modes while the
other three with higher frequencies are the optical modes. Each mode is due to a specific
vibration of the lattice. The acoustic modes have three branches, the transverse (TA), lon-
gitudinal (LA), and out-of-plane (ZA ). The quadratic nature of the ZA branch is a charac-
teristic of the suspended monolayers, argued as a consequence of the point group symmetry

[25, 211]. The LA and T A branches are linear near to the I'" point. Our results are con-
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Figure 6.3: Paraelectric and antiferroelectric structures for monolayer WC.

sistent with the previously reported phonon dispersion modes for other stable monolayers
[25, 50, 211-213]. In order to examine the mechanical stability of the MX monolayers, we
first calculated the elastic constants for monolayer MoS; and compared our results with ref-
erences [196, 214]. After confirmation of our method, in-plane elastic constants (C;, Ci3
Young’s moduli (Y2, = (C3; —C%,)/Cy1), and Poisson’s ratios (v = Cj»/Cyy) are calculated
and listed in Table 6.2. It shows that stiffness C;; of the W-contained monolayers is even
higher than monolayer MoS, whereas that of monolayer MoC is less than monolayer MoS;.
The trends found in the elastic constants Cj; and Y are similar to those found in monolayer
TMDs [196, 214].

6.3.2 Spontaneous Polarization and Piezoelectricity

While so far it is proved computationally that synthesis of the buckled hexagonal MX mono-
layers is possible, a unique feature of these monolayers, the spontaneous out-of-plane polar-
ization, is to be explained here. As aforementioned, the polarization of polar films decreases if
their thickness is reduced below 50 Adue to the depolarizing field produced by the uncompen-
sated surface charges to make it difficult to synthesize 2D ferroelectric materials. Even though

many results are reported on induced in-plane polarization, there are only a few reports on the
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Table 6.1: Energy of buckled structures relative to their flat allotropes per unit cell (AE ineV),
lattice constant (a in A), bond distances (M-X in A) and vertical distances (d; in A) between
M and X atoms in the buckled structures, band gap calculated with the HSEO6 functional (E,
in eV), Bader charges on M and X atoms (g in e), spontaneous polarization (P in pC/m),
polarization switching barrier (E}, in eV), and piezoelectric stress coefficients (e3; = €3, and
ey = e in 10719 C/m) for MX monolayers
AE a M-X d, E, gqonM,X P; E, (eV) ez %)
MoC -0.23 3.01 197 090 133 0.83,-0.83 1497 055 0.51 10.00
wC -0.71 3.01 198 094 1.81 0.83,-0.83 11.70 0.88 0.39 10.02
WS 202 296 235 1.62 0.68 049,-049 3.09 256 045 4.68
WSe -2.15 3.04 248 174 0.67 0.34,-037 4.51 270 055 492
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Figure 6.4: Stable phonon dispersion modes for the buckled hexagonal MX monolayers

out-of-plane polarization in monolayers [57, 62, 178, 196, 197, 202].

As all the MX monolayers presented here are a combination of two different-kind atoms
with different electronegativity, the shared electron pair is attracted toward one kind of atoms
more than the other as shown in Fig. 6.4(c). This charge imbalance results in a local electric
dipole (p), where the in-plane components p, and p, of p cancel out, but the out-of-plane
component (p;) remains due to the broken inversion symmetry. We compute the non-zero
dipole moment p, per unit cell from the summation of the ionic contribution and the integration

of electronic charge distributions [215]:

p:=YZiRi.—e / zne(x,y,z)dxdydz,
i
Q

where Zi is the ionic charge and R; ; is the z position of the i-t/ ion in the unit cell Q and e
is the charge on a proton, n, (x, y, z) is the valence shell electron density. Due to the symmetry,
the magnitude of spontaneous polarization is P; = p,/A, where A is the area of the monolayer
in the unit cell. The P; values for unstrained MX monolayers are listed in Table 6.1, and they

are comparable to the previously reported values for some other monolayers [216].
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Table 6.2: In-plane elastic constants (C;, C12), Young’s modulus (Y), and Poisson’s ratio (V)
calculated for MX monolayers.
Composition Cii(N/m) Cip(N/m) Y(N/m) v

MoS; [214] 132.7 33.0 1245 0.25
MoS; (this study) 132.5 32.8 1244  0.24
MoC 129.2 42.9 115.0 0.33
WwC 142.8 39.1 132.1 0.27
WS 154.4 35.3 146.3 0.22
WSe 145.3 26.8 140.3  0.18
3
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Figure 6.5: Energy barriers for ferroelectric-to-paraelectric phase transition for the MX mono-
layers. The schematic figures of the atomic configurations at each image are shown with purple
circles for Mo and W and brown circles for C, S, and Se.

Polarization reversal of the out-of-plane component of these monolayers is possible by
folding the direction of the M — X bonds. Fig. 6.5 shows the variation in energy of the MX
monolayers by structural transformations from the buckled hexagonal (ferroelectric) to the flat
hexagonal (paraelectric). The vertical distance between the M and X atomic planes is grad-
ually decreased and the z coordinates are fixed and lattice parameters a and b are optimized.
Fig. 6.5 depicts that the buckled and flat structures of the MX monolayers are lower in en-
ergy than the intermediate states whereas the buckled structures are in the lowest energy. The
energy barriers for the polarization reversal (Ep) of these monolayers are listed in Table 6.1.

The variation in P, as a function of in-plane uniaxial strain is presented in Fig. 6.6. The
AP, is almost linear for all these monolayers in the strain range -0.02 to 0.02. The AP, by
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AP, (pC/m)

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
Uniaxial strain along (x/y)

Figure 6.6: The change in polarization (F;) is linear under uniaxial strain along x or y direc-
tions. The inset shows the direction of the polarization for the MX monolayers.

a strain along the x-direction is the same as that by a strain along the y-direction due to the
symmetry of these structures. The piezoelectric stress constant [217]
g
eij(= eim) = 3., T SimP; — it P,
J(im)
where i,/,m = 1,2,3 stands for x, y, and z directions and j is the strain in Voigt notation.
From this equation, the out-of-plane piezoelectric stress coefficient e3; becomes:
doP;

e3 = 8_81+P3

and the in-plane piezoelectric stress coefficient ey, becomes:

P
€22 = 8_82

. Slopes of the lines shown in Fig. 6.6 present the piezoelectric stress coefficients e3; = e3;
and the computed e3; for all the monolayers are listed in Table 6.1.

An in-plane uniaxial strain can produce symmetry distortion in all the MX monolayers
to induce in-plane polarization. As all these monolayers have three mirror planes along the
armchair directions, a uniaxial strain applied along the zigzag direction cannot break one of
the three mirror planes, which makes piezoelectric coefficient e;; = ey to zero. Since there

is no mirror plane along the zigzag direction, a strain along the armchair direction results in a
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Figure 6.7: Band structures and total density-of-states for monolayer (a) MoC, (b) WC, (c)
WS, and (d) WSe. Fermi-level is set to the top of the valence band. The band structures of
monolayer MoC and WC resemble Mexican-hat band dispersions at the K symmetry point.

high piezoelectric coefficient (ep; = —ejp = 0). For calculations of the in-plane piezoelectric
coefficients, we have used density functional perturbation theory (DFPT). The method is first
tried on monolayer MoS; and our calculated e5,(=3.05, 3.06 for clamped and relaxed ions) is
found in good agreement with the available theoretical and experimental reports [196, 198].
After the method confirmation, DFPT was employed on the MX monolayers. The piezoelec-
tric coefficients of the MX monolayers are tabulated in Table 6.1. The in-plane piezoelectric
coefficients of the MoC and WC monolayers are about three times larger than those of the
2H-TMDs (MX>= Mo/W, and X = S/Se/Te) monolayers, five times larger than the group-III
monochalcogenides (GaS, GaSe, and InS) while comparable to that of group-IV monochalco-
genides (SnS, SnSe, GeS, and GeSe) [62, 63, 196, 198].

To demonstrate the electronic structures of these monolayers, their electronic band struc-
tures and total density-of-states are presented in Fig. 6.7. The band structures and total
density-of-states obtained with the HSEO06 functional are shown in Fig. 6.7. Band struc-
tures calculated for the MX monolayers with PBE and HSEQ6 functionals are similar, but
as usual, the HSEO6 functional results in higher bandgaps compared to those from the PBE
functional. The HSE06 bandgaps of all these monolayers are listed in Table 6.1. Band gaps
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of these monolayers range from 0.67 to 1.81 eV, which makes them useful for manufacturing
nanodevices. A Mexican-hat like band dispersion is seen in the valence band nearest to the
Fermi level of monolayer MoC and WC at the K symmetry point. Ferroic (Ferromagnetic and
Ferroelastic) properties of such materials can be easily tuned by controlling the hole doping
[38, 218, 219]. Since all these monolayers include heavy atoms like W and Mo, high spin-
orbit coupling is expected. As the valence band maxima of all these monolayers is at the K

symmetry point, these monolayers can also be studied for spin-valley properties [216].

6.4 Conclusions

Using density functional theory based calculations four new monolayers WC, MoC, WS, and
WSe have been predicted to have buckled hexagonal geometry. The stability of these monolay-
ers is evident from energy optimization and stable lattice vibrations. These monolayers show
high in-plane elastic stiffnesses. A high spontaneous out-of-plane polarization is observed due
to their noncentrosymmetric buckled geometries and a large difference in electronegativity of
the building atoms. The out-of-plane polarization is seen to change isotropically with the ap-
plied uniaxial and biaxial strain. Due to the low energy difference between the buckled and
flat phases, dipoles of these monolayers may be easily switchable. Although there is no in-
plane component of the spontaneous polarization, the symmetry distortion via uniaxial strain
induces a high in-plane polarization in these monolayers. The piezoelectric coefficients (e27)
for monolayer MoC and WC are found to be three times larger than that of the monolayer
MOSZ.



Chapter 7

SnS,/graphene as anode material

7.1 Introduction

To overcome the challenges faced in energy storage and global warming due to the large-scale
use of burning fuels, rechargeable Li-ion batteries (LIBs) have been playing an important
role as an efficient electrochemical energy storage system for more than two decades. They
have applications in wireless technologies like mobile phones, laptops, cameras, and now in
rechargeable vehicles as well. A low cost, non-toxic and stationary rechargeable battery is
a viable solution to the fluctuations in the demand and production of sustainable wind and
solar energy. The high energy density of LIBs has made them popular in portable devices.
However, the high cost, scarcity of Li in the earth’s crust and the increasing demand for bat-
teries require some cheap and abundant alternatives to toxic LIBs. Non-toxic, abundant, and
cheap sodium(Na), having most of the chemical properties of Li, can partially replace LIBs,
but finding efficient electrode materials and electrolytes for Na ion batteries (NIBs) is still a
challenging task [76, 77, 83, 84, 220-222].

Graphite, the commonly used commercial anode material for LIBs, fails to intercalate an
appreciable amount of Na. This problem is associated with the comparatively high redox
potential and unfavorable thermodynamics of Na insertion in graphite [223, 224]. On the
other hand, disordered and porous carbon based materials have shown higher capacity for Na
storage [84]. One of the most possible reasons for the poor intercalation of Na in graphite is
the comparatively large ionic size of Na because expanded graphite with an interlayer distance
of 4.3 A has been reported with a reversible capacity of 284 mAh/g [86].

Pristine graphene is unfavorable for high density storage of Na while defective graphene
has varying capacity depending on the concentration and type of defect. For divacancy defects
a maximum capacity of 1450 mAh/g has been reported while 1071 mAh/g for Stone—Wales
defects [80]. Boron substituted graphene (BC3) has a capacity of sodiation 2.04 times greater
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than that of graphite for LIBs, with an average half-cell voltage of 0.44 V. But the defects in
graphene decrease its electronic conductivity [95, 98].

Layered materials such as phosphorene, MoS,, GeS, CrS,, VS,, TiS;, ZrS;, CoTe;, NbS,,
and NiTe, [90, 97, 115, 225, 226] have been studied for NIB anodes, using first princi-
ples calculations. These studies reveal high charge storage capacity and fast diffusion of the
Li/Na ions along the minimum energy path. But the electronic conductivity and mechanical
strength of these materials should be upgraded. Several experimental and theoretical reports
on graphene and reduced graphene oxide heterostructures with other layered materials for LIB
and NIB anodes showed a high charge storage capacity, low activation barrier, high electri-
cal conductivity, high mechanical strength and long cycle life [117, 227-230]. Sn and Sn
derivatives are ideal for high density Li and Na storage but large volume variations are always
reported during the intercalation and deintercalation of these materials, which negatively af-
fect the performance of the anode in terms of losing contact with the current collector and
reduced cycle life of the anode. This volume variation has been reported in intercalated Si as
well [87, 137, 138, 140, 231, 232].

Here we study the SnS; monolayer as a NIB anode material because Sn based layered ma-
terials are very active to Na adsorption; so a high Na storage capacity is expected. We highlight
the problem of large area expansion and the lack of conductive paths in SnS,. Graphene has
high electrical conductivity and mechanical strength but pristine graphene is not favorable for
Na storage. To suppress the variations in the area and provide conductive paths, we make SnS;
and graphene heterostructure to utilize the unique properties of the two different materials and
model an ideal anode.

7.2 Computational methods

All calculations were carried out by using the Vienna Ab initio Simulation Package (VASP)
with the projector augmented wave (PAW) and the Perdew—Burke—Ernzerhof (PBE) form of
the generalized gradient approximation (GGA) for the electron—electron exchange-correlation
[69, 70, 100, 101]. Cutoff energies of 350 and 600 eV were chosen, for the plane-wave ex-
pansion of the electronic eigenfunctions, for the SnS, monolayer and the SnS;/graphene het-
erostructure, respectively. The force criterion for the structural relaxation was chosen as 0.01
eV/A. To avoid the self-interaction in the monolayer case, a vacuum of 25 A was used between
the periodic layers. I'-point sampling was used with 7x7x1 and 5x5x1 meshes of k-points
for the integration of the Brillouin zone for the SnS, monolayer and the SnS,/graphene het-
erostructure, respectively. A 3x3x 1 supercell (with nine Sn and eighteen S atoms) was con-

sidered for the pristine SnS, monolayer case. In order to minimize the lattice mismatch for
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the SnS,/graphene heterostructure, a 2x2x 1 supercell of SnS, was combined with a 3x3x1
supercell of graphene, which contained 4 atoms of Sn, 8 atoms of S, and 18 atoms of C. Thus
a mismatch of 0.215% occurred. In the heterostructure case, weak van der Waals interactions
were considered. To find out the minimum energy path and the migration energy barrier for
the diffusion of Na ions, the nudged elastic band (NEB) [233, 234] method was employed.
The NEB method is one of the reliable tools to find out the minimum energy path (MEP)
and the activation energy barrier between two stable states. We performed it by the linear
interpolation of five images between the initial and final positions.

7.3 Results and discussion

7.3.1 1T SnS, monolayer

Among the two possible phases (1T and 2H) of the monolayer SnS;, we select the 1T struc-
ture for our calculations because it is energetically more stable than the 2H structure [235].
The top and the side views of a portion of the 1T SnS; monolayer are shown in Fig. 7.1.
The 1T structured SnS,; monolayer has three trigonal subplanes of atoms. A Sn subplane
is sandwiched by two S subplanes. The monolayer 1T structured SnS; has the space group
P3m1 with ABC stacking of subplanes. The calculated Sn—S bond length (2.596 A) and the
lattice constants (a=b=3.69 A) for SnS; agree well with the reported values (Sn-S=2.59 A and
a=b=3.68 A) [235]. Here two positions for the adsorption of Na are extremely interesting.
One is the hollow position exactly above the S from the bottom layer. We will call this site
the H-site throughout this discussion. The S atom from the bottom layer, the center of the
equilateral triangle made by the Sn atoms, the center of the equilateral triangle made by the S
atoms from the top layer, and the H-site are collinear, as shown in the left panel of Fig. 7.1.
The second favorable position is exactly above the Sn atom, occupying the space above the
center of the equilateral triangle made by the top layer S atoms. We call this site the T-site.
The center of the equilateral triangle made by the S atoms from the bottom layer, the Sn atom,
the center of the equilateral triangle made by the S atoms from the top layer, and the T-site are

collinear, as shown in the middle panel of Fig. 7.1.

7.3.2 Na adsorption at the SnS, surface

Three different positions are considered for the adsorption of Na on the SnS; monolayer, the
H-site, the T-site, and the position above the S atom from the top layer. However, it is found
that the binding energy of the Na adatom above the top S atom is about 0.60 eV higher than
that of the H- and T-sites, that is why the adsorption of Na above the top S atom is ignored.
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Na %Hsite ;Tsite °

Figure 7.1: Top and the side views of a portion of monolayer SnS, with (left panel) Na at
an H-site, (middle panel) Na at a T-site, and (right panel) monolayer SnS, with all top and
bottom H-sites occupied by Na. The black, green, and blue solid spheres represent Sn, S, and
Na atoms respectively.

Table 7.1: Geometric parameters, charge, and energetics of a single Na adsorption on a 3x3x 1
SnS; supercell.

H-site T-site

dya_s A 275 2.6
dya—sn (A) 390  3.39
E,(eV) 136 134
g (le]) 0.85 0.85

Interestingly, the distance of the Na adatom from all the nearest three S atoms is nearly the
same when it is relaxed at H- and T-sites. In other words, the Na adatom has a similar S
environment at the H- and T-sites. Therefore, the difference in the binding energy (Ej) of Na
adsorption on these sites is only 20 meV (E}, at the H-site=1.36 eV, E}, at the T-site=1.34 eV).
The binding energy for the adsorption of Na on a 3x3x1 SnS; supercell is defined by the

formula

Ep = (Esns, + nENaBcc) — Esns2+Na) /1

where Egpsy and Egns24Na represent the total relaxation energy of the pristine and Na adsorbed
SnS; monolayers, n is the number of Na adatoms, and Enygcc) is the total energy of bulk
Na in its metallic body-centered cubic structure. According to this definition, of E;, a more

positive value of E; means a stronger Na bond with the monolayer and vice versa. Table 1
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shows the geometric parameters, charge, and binding energy of a single Na adsorbed on the
H- and T-sites of the SnS, monolayer. The E, and the averaged net charge on the Na for
all possible distributions of Na over the monolayer SnS, are calculated as a function of Na
content at H-sites. The data plotted in Fig. 7.2(a,b) are for Ej, and averaged net charge on Na,
respectively. Table 1 shows that the Na—Sn relaxation distance is larger than that of the Na-S.
Since S is more electronegative than Sn, most of the Na charge transfers to the neighboring S
atoms, which results in high E,. Similarly, the other coming Na atoms are positively charged.
Fig. 7.2(b) shows that the averaged net charge on the Na atoms decreases with increasing Na
content. The Na™—Na™ distance also decreases with increasing Na content, which increases
the repulsive forces. Decrease in the averaged net charge on the Na and the distance between
Na ions are the two main factors affecting the binding energy of Na adsorption. Ej can be
related to the total formation energy (Ey) by the relation Ey = nkE), which has an upper limit
on the Na storage capacity of the monolayer SnS,. When the E drops to zero, the adsorption
of further Na will allow Na to form a metallic cluster.

The percent change in the area of the monolayer with varying Na content is noticed, which
is reported as a challenging problem in most of the Na and Li ion battery electrodes, partic-
ularly in the case of Sn and its derivative based anodes [118, 137, 138, 231, 232, 236]. The

percent change in the area (AA) of the monolayer with increasing Na content is defined as:

AA = [(ASHSQ _ASnSz+nNa) X 100%]/A5n52

where Agpg, is the area of a 3x3x 1 SnS; supercell and Agps,+nNa 15 the area of a 3x3x1 SnS;
supercell with the n» number of Na atoms adsorbed at the H-sites. As already mentioned, Na
gets a positive charge upon adsorption over the monolayer SnS; and the H- and T-sites of SnS;
are very active to Na adsorption. The repulsive forces between Na ions tend to keep them at the
largest possible distance but the strong binding force of Na ions with the S prevents them from
moving. So increasing Na content over the monolayer is likely to increase the strain on the
monolayer, which results in an increased Sn—S bond distance. The Sn—S bond distance is 2.60
A for the pristine SnS,, which gradually increases with increasing Na content and reaches to
2.92 A when all the top H-sites are occupied. Thus 19.7% increase in the area of the monolayer
SnS; resulted when all the top H-sites are filled by Na, for a Na;SnS, composition, as shown
in Fig. 7.2(c). All the top and bottom H-sites of the monolayer have been filled without the
decomposition of SnS; up to the level NaySnS,. Increasing the Na concentration beyond this
level decomposes the SnS; monolayer into Sn and Na;S in an irreversible way. Bulk SnS,
can have safe storage up to LiSnS; for Li insertion a after which the SnS, decomposes [118].

This shows that monolayer SnS, can have higher metal ion storage than the bulk.

Additionally, the maximum charge storage capacity and the average half-cell voltage (Vaye)
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Figure 7.2: (a) E;, of the Na adatom, on the H-sites of monolayer SnS, and interface H-sites
of the SnS;/graphene heterostructure, (b) averaged net charge on Na, and (c) percent change
in the area as a function of increasing Na content (x).
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of the monolayer SnS, are calculated. The reversible reaction for the monolayer at the anode,

when x number of H- and T-sites are occupied by Na, can be written as
xNa™ 4+ xé + SnS, = Na,SnS,

The difference in Ej, at the H- and T-sites is only 20 meV, which is negligible compared
to the Na binding energy at these sites. There are two H- and two T-sites per unit formula
(Na,SnS,), considering both the top and bottom sites. So as a whole there are four favorable
sites for the Na adsorption per formula unit (NagSnS,). Thus the maximum possible capacity
of the monolayer is 586 mAh/g. This capacity is much higher than that of the commercially
available graphite (Li,Cg ; x < 1) for LIBs and comparable with that of other 2D TMDs for
NIBs [237]. The averaged half-cell voltage is defined as

Vave = —[Esns,+Na — Esns, — nENa@®cc)]/ne

, where ¢ is the charge on an electron. According to this definition the averaged half-cell

voltage for the SnS; monolayer is 1.0 V, which is suitable for the anode material in NIBs.

7.3.3 Na diffusion on the SnS, surface

Fast diffusion kinetics of the adsorbed Na is desirable as it is directly related to the rate capa-
bility of a battery [113]. The diffusion pathways for the migration of Na from an energetically
favored H-site to a similar adjacent H-site via a T-site (H-T-H) or a top S-site (H-S-H) are
optimized with the application of NEB calculations. Five images are linearly interpolated be-
tween the H- and T-sites or H- and S-sites. The relative energy along these two paths is plotted
in Fig. 7.3(a,b), respectively. Each red point on the plots indicates the relative energy with
respect to the H-site along the reaction path. Our calculations suggest the MEP for the Na
diffusion from one H-site to the adjacent H-site via a T-site by following a curved zigzag path,
as shown in the inset of Fig. 7.3(a). The activation energy barrier is the energy difference
between the highest energy point on the MEP and the reference point (H-site). This barrier of
0.13 eV is much lower than that of Li diffusion on silicene and defective graphene [85, 143]
and is comparable to that of Na diffusion on MoS, and other 2D TMDs [97, 225]. The activa-
tion energy barrier along the H-S—H path is 0.60 eV and its trajectory is shown in the inset of
Fig. 7.3(b). NIBs have higher charge/discharge rates than LIBs [238].
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Figure 7.3: (a) MEP for the Na diffusion from one H-site to the adjacent H-site via a T-site
with an energy barrier of 0.13 eV. Trajectory of Na along the H-T-H path is shown in the
inset. (b) MEP for the Na diffusion from one H-site to the adjacent H-site via a top S-site with
an energy barrier of 0.60 eV. The trajectory of Na diffusion along the H-S—H path is shown in
the inset.
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Table 7.2: Net charge (g), binding energy (Ep), and nearest Na-to-S distance (dn,-s) of a
single Na adsorbed at the H-sites of the interface (H1-, H2-, H3-, and H4-), T-sites of the
interface (T1-, T2-, T3-, and T4-), an H-site of the SnS, surface (Hg -site), a T-site of the
SnS; surface (Tg-site), and above the center of a graphene ring (Ge,y,) of the SnS;/graphene

heterostructure
H1 H2 H3 H4 TI1 T2 T3 T4 Hg Ts  Geen

q(le) 080 081 0.81 0.80 0.80 0.81 0.80 0.80 0.82 0.83 0.65
E,(eV) 176 181 181 1.77 178 1.80 1.73 1.73 1.41 137 0.10
dna—s 273 272 274 273 274 275 276 273 2.69 271 271

7.3.4 Na insertion in the SnS,/graphene heterostructure

The formation energy per atom (Ey) for the stacking stability of a graphene layer with the
monolayer SnS, to make a SnS,/graphene composite is defined as

Ef=(Es+Ec—Eg/g)/n

where Eg and Eg are the total relaxation energies of a 2x2x1 SnS; supercell and a 3x3x1
graphene supercell, respectively. Eg/ is the total relaxation energy of a 2x2x1 SnS; and a
3x3x1 graphene composite and 7 is the total number of atoms in the supercell. According to
this definition, the formation energy per atom for making the SnS;/graphene heterostructure
is 0.12 eV per atom. The evolution of energy in the formation of the composite confirms that
the heterostructure is stable enough to be used as an anode material in NIBs. The equilibrium
interlayer distance to the graphene is 3.4 A from the top S and 4.85 A from the Sn layer, which

provides sufficient vacant space for the Na insertion (see Fig. 7.4).

Na insertion at the interface and both surfaces of the heterostructure is studied. The ad-
sorption at the interface and both surfaces of the heterostructure is energetically stable, where
the H- and T-sites at the interface are the most favorable sites. The Ej, Na-to-S averaged dis-
tance (dy,—s), and charge (g) on Na at all adsorption sites of the heterostructure are tabulated
in Table 7.2. Adsorption of the Na on the graphene surface, SnS, surface, and interface of the

heterostructure is discussed one by one.

The position above the center of the graphene ring is the most favorable site for the Na
adsorption on the pristine graphene. The E}, at this site is 0.553 eV and the charge transferred
from Na to the graphene layer is 0.03 lel. Thus our calculations confirm that the pristine
graphene is not useful as an anode for NIBs which is in good agreement with the previous
report. In the heterostructure case, Na can be stored above the center of the graphene ring (£
=0.10 eV) without the formation of a metallic cluster. The increase in E;, comes from the Na

and S (nearest to the Na) interaction. Na adsorption above the C—C bridge and C atom of the
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SnS,/graphene is energetically unfavorable.

Na adsorption on the SnS; surface of the heterostructure prefers the Hg- and Tg-sites simi-
lar to the adsorption on the monolayer SnS;. Here the E}, of the Na adatom is comparable with
the E; at the monolayer SnS;. The Na adatom can be considered to interact with the SnS,
monolayer only, because the graphene layer is far away from adsorbed Na at the SnS; surface

of the heterostructure.

Na adsorption at the interface of the heterostructure prefers the H- and T-sites but the E},
at H-sites as well as at T-sites is different from the Ej, at the other H-sites or T-sites. This
difference in Ej, occurs due to the different C environments at H- and T-sites at the interface
of the heterostructure. As already discussed, Na interacts weakly with the graphene layer.
So the H- and T-sites are still the compromised sites for the Na adsorption at the interface.
The E, of the Na adatom at the interface is higher than the E; at the SnS, surface of the
heterostructure, since Na at the interface interacts with both the SnS, and graphene surfaces
of the heterostructure. These results of Ej, for the Na adsorption at the surfaces and interface
of the heterostructure have good agreement with the reports for Li insertion in phosphorene

and graphene heterostructures.

Again we plot the binding energy, the averaged net charge on Na and the percent change
in the area as a function of Na content by filling all the interface H-sites with Na atoms (Fig.
7.2(a)—(c)). This time the binding energy, the averaged net charge on Na, and the area of the
monolayer are stable compared to those in the pristine SnS; case. The graphene fixes the
Sn—S bond distance during the sodiation and provides a cushion to the SnS; monolayer. The
change in the area upon Na insertion in the heterostructure case is 8.2 times less than that in
the pristine SnS; case. It means that the area of the monolayer SnS; has been highly affected
by the strong binding energy and the average net charge of Na. In the pristine SnS, case, the
repeated sodiation and de-sodiation can break the Sn—S bond. This irreversible reaction nega-
tively affects the performance of the anode in terms of reduced Na storage capacity and cycle
life. However, this is not the case with the SnS;/graphene heterostructure. The presence of
mechanically strong graphene controls the change in the Sn—S bond length which is consistent

with the experimental report.

High reversible capacity and fast electronic and ionic mobility are the requirements of
an efficient electrode material. We have already discussed that the SnS, monolayer has high
capacity for Na storage and a low activation energy barrier for Na ion migration. But the
IT SnS; monolayer is a semiconductor even at high Na concentration. On the other hand,
graphene has high electronic conductivity and mechanical strength as well, but it does not
show a good response for Na adsorption. We make the SnS;/graphene heterostructure (the

side view of the SnS;/graphene with all H-sites occupied by the Na is shown in the inset of
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Figure 7.4: MEP for Na diffusion in the SnS;/graphene heterostructure. The structure at the
top left corner is the side view of the heterostructure with all the interface H-sites filled with
Na. The structure at the top right corner is the top view of the SnS;/graphene heterostructure,
and the zigzag trajectory of Na along H1-T1-H3-T3-H]1 is shown by the blue colored solid
spheres.

Fig. 7.4.) so as to utilize these properties in an ideal anode material for NIBs.

7.3.5 Na diffusion in the SnS,/graphene heterostructure

The MEP for the diffusion of Na ions, at the interface, through the nearest H- and T-sites
is investigated, using the NEB method. The trajectory of Na along the MEP is shown by a
series of blue colored spheres in the inset of Fig. 7.4, where we have taken the H3-site as the
reference since the H3-site is the most favorable site. The activation energy barrier this time
increases to 0.255 eV, but it is still lower than the Li migration barrier in pure and defective
graphite and graphene, bulk Sn, and SnS, [239]. The diffusion barriers of Na and Li ions in
bilayer and bulk materials are always higher than those of monolayers [97, 118, 143, 239, 240].
In this regard, our result is consistent with the literature. Comparing the trajectory of Na ions
in the heterostructure (shown in the right top corner of Fig. 7.4) with the relative energy profile
in Fig. 7.4, we deduce that the transition point for the Na atom is below the C—C bridge.

The activation energy barrier along the MEP can be reduced if the interaction of Na ions
with the graphene layer is weakened by increasing the interlayer distance of graphene and
SnS;. In bulk MoS,, the interlayer distance is reported as 6.18 A which increases to 6.37 A
for the bilayer case. This increase in the interlayer distance has reduced the activation energy
barrier for Li ions, from 0.49 eV to 0.32 eV [241]. The activation energy barrier for Li ions in
bulk SnS, was reduced from 0.38 eV to 0.30 eV by the Ce substitution and to 0.23 eV by the
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Table 7.3: In-plane Young’s modulus (Y'), Poisson’s ratio (v), and elastic moduli (Cy; and Cy3)

for monolayers of graphene, MoS,, SnS,, and SnS; with all top H-sites filled with Na and

heterostructures of SnS,/graphene and SnS,/graphene with all interface H-sites filled with Na
Y N/m) C;; (N/m) Cip (N/m) \Y

Graphene (reported) 340.8 352.0 62.6 0.178
MoS, monolayer 120.1 128.4 32.6 0.254
Graphene present 340.7 3534 66.9 0.189
SnS; monolayer 66.4 82.5 29.1 0.245

SnS; monolayer + Na ~ 41.5 53.0 24.7 0.423
SnS;/graphene 425.5 445.5 94.3 0.212
SnS,/graphene + Na 383.2 408.2 101.0 0.247

volume expansion [118].

The MEP for the diffusion of Na ions over the SnS, surface of the heterostructure is found
from a Hg-site to the nearest Hg-site via the Tg-site. The trajectory of the Na diffusion from
one Hg-site to the nearest Hg-site via the Tg-site is the same as the trajectory of Na diffusion
on the monolayer SnS, along the MEP (Fig. 7.3). The only difference occurs in the activation
energy barrier. The activation energy barrier of Na diffusion along the MEP on the SnS;
surface of the heterostructure is higher by 0.06 eV than the energy barrier for diffusion on the
monolayer SnS,. This is because of the larger difference of Ej, between the Hg- and Tg-sites
compared to the E, difference between the H- and T-sites of the monolayer SnS;. The MEP
for the Na diffusion on the graphene surface of the heterostructure is from one center of the
graphene ring to the next one via the top of any C atom in between, following a zigzag path.
The activation energy barrier along this path is 0.14 eV.

7.3.6 Electronic structure

In Li and Na ion batteries, fast charge and discharge rates are highly desirable, which are
directly related to the charge carrier mobility [113]. The diffusion of the positive charge
carriers (Na ions) has already been discussed. Now, to explain the electronic conductivity,
we have shown the total density of states (DOS) profile for a 3x3x 1 pristine SnS; supercell,
3x3x1 SnS, supercell with all the top and bottom H-sites occupied by Na, and 2x2x1 SnS,
combined with a 3x3x1 graphene supercell in Fig. 7.5. The SnS; monolayer has shown
a band gap of 1.54 eV, which agrees well with the literature [235, 242]. It decreases with
increasing Na content but does not drop to zero, as required for efficient electrodes. Even
for the Na;SnS; composition the band gap is 1.19 eV. Contrary to SnS,, the concentration
of Na adsorption on the phosphorene has shown a very high sensitivity to the band gap. We

successfully solve the problem of poor electronic conductivity, by the addition of a graphene
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Figure 7.5: Total DOS (a) for the 2x2x1 SnS; and 3x3x1 graphene heterostructure, (b)
3x3x1 SnS, with all the top and bottom H-sites occupied by Na, and (c¢) 3x3x1 pristine
SnS, shows different band gaps ranging from 0O to 1.54 eV.

sheet to the SnS,; monolayer. The total DOS shows that the SnS,/graphene has no band gap
thus completing the requirement of high electronic conductivity.

7.3.7 Mechanical stability

The large area expansion found in the monolayer SnS; during the sodiation may cause struc-
tural instability. In the absence of a graphene layer the SnS, monolayer expands by 19.77% of
its initial area by filling all the available top H-sites with Na. With the addition of a graphene
layer, this expansion reduces to 2.4% for the same Na concentration. The cushion provided
by the graphene layer successfully protects the anode from extra-large expansion and fixes
the Sn and S atoms during the insertion and extraction process. The in-plane Young’s mod-
ulus (Y) and the Poisson’s ratio (V) are defined as ¥ = (Cf1 — C122)/C11 and v = C1/Cyy,
respectively. The elastic moduli of the monolayer graphene, MoS,, SnS;, SnS, with all the
top H-site filled with Na, SnS,/graphene, and SnS,/graphene with all the interface H-sites
filled by Na are compared in Table 7.3. In our calculations the planar elastic stiffness coeffi-
cients C1; = Cyp and C12 = (3 due to the structural symmetry. Although the coefficients of
planar elastic stiffness for all our structures completes the Born stability criteria (C;; >0 and
Ci1 — |Cy2] > 0) [111], the in-plane Young’s modulus of SnS; is too much lower than that of

the other well-known two-dimensional materials such as graphene and MoS,. The in-plane
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stiffness of the heterostructure is higher by 18.4 N/m than the sum of the individual stiffnesses
of the graphene and SnS, monolayers. However, when all the H- sites are filled with Na, the
interlayer distance of the graphene and SnS, increases by 0.88 A. The difference in the stiff-
ness in the combined and individual layer cases remains as small as 1 N/m. The reduced van
der Waals interaction, because of the increased interlayer distance, might be the main reason
for the decreased stiffness. energy barrier for Na diffusion, it is still much lower than that of
the commercially available graphite in LIBs. The SnS,/graphene heterostructure shows two
advantages over the SnS; monolayer. It successfully tunes the electronic band gap and en-
hances mechanical stability. The low cost, high Na storage capacity, high electronic and ionic
conductivity, nontoxic nature, and enhanced mechanical stability of the SnS,/graphene show

the high potential of this material as a commercial anode material for NIBs.

7.4 Summary

In summary, the adsorption and di ff usion of Na on a 1T structured SnS; monolayer and in a
SnS;/graphene heterostructure are studied systematically. Na prefers the H- and T-sites with
binding energies of 1.36 and 1.34 eV per adatom, respectively. The SnS, monolayer has an
appreciable Na storage capacity of 586 mAh/g and an average half-cell voltage of 1.0 V. The
activation energy barrier along the MEP is 0.13 eV when Na ions diffuse from one H-site to
the nearest H-site via the T-site on the surface of the monolayer. But a large area expansion of
the monolayer is observed during the sodiation and the total density of states shows that mono-
layer SnS; is semiconducting with a band gap of 1.54 eV, which reduces to 1.19 eV when all
the top and bottom H-sites are occupied by Na atoms. Both these problems can be successfully
solved by making a SnS,/graphene heterostructure. Although the SnS; monolayer itself can
be used as an anode for NIBs with low Na storage capacity, the SnS,/graphene heterostructure
improves its performance. The combination of graphene with SnS, highly modifies the stift-
ness of the anode material and reduces the percent area expansion 8.2 times that of the SnS,
monolayer. The insertion of Na in the SnS;/graphene heterostructure shows that Na prefers
the H- and T-sites for adsorption but this time the binding energy at each H- and T-site can be
different. This difference in the binding energy is due to the different C environments at each
H- and T-site. The energy barrier for the Na diffusion in the heterostructure case increases
to 0.25 eV, which shows that the diffusion of Na in bilayers and bulk is slower compared to
that on the monolayer. The transition saddle point for the Na diffusion is at the center of the
C-C bridge. Although the addition of graphene to the SnS, monolayer increases the energy
barrier for Na diffusion, it is still much lower than that of the commercially available graphite

in LIBs. The SnS,/graphene heterostructure shows two advantages over the SnS, monolayer.
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It successfully tunes the electronic band gap and enhances mechanical stability. The low cost,
high Na storage capacity, high electronic and ionic conductivity, nontoxic nature, and en-
hanced mechanical stability of the SnS,/graphene show the high potential of this material as a
commercial anode material for NIBs.






Chapter 8

MoS,@VS, as a superior anode

8.1 Introduction

Clean, safe, and efficient storage of electrical energy both at large and at small scales is one of
the worldwide most important issues. Rechargeable Li ion batteries (LIBs) have been effec-
tively serving in small portable electronic devices for the last two decades. Its use in electric
vehicles is however less efficient because of its competition with gasoline/diesel-powered ve-
hicles. Although an electric vehicle does not pollute and is more economical, it is costly,
requires longer time for recharge, and enables only short-distance movement. In a hybrid ve-
hicle some of these problems have been partially controlled. Neverending research on safety
improvements, increasing rate capability, storage capacity, cycle life, and voltage of the cell
of a rechargeable metal ion battery is still in progress. On the other hand, to take hold of the
commercial market, searching for cheap, abundant, and environmentally friendly ingredients
is also important [48, 243-245] .

MoS; has shown a leading role in manufacturing the electronic devices and emerging
physics [40, 246-250]. Weak van der Waals interlayer interactions and strong in-plane co-
valent bonding in MoS, allow enough room between the layers to host the small Li/Na ions
without large volume variations. Layered crystalline structures with large interlayer open-
ings such as transition metal dichalcogenides have remained a focus with researchers who are
focusing on finding intercalation compounds to store Li/Na ions [90, 139, 251, 252]. The
prevailing graphite anode needs to be replaced by high-capacity anode materials in the next
generations of rechargeable metal ion batteries. The Li storage capacity of bulk MoS, (340
mAh/g) is even less than that of graphite (372 mAh/g). However, the Na storage capacity of
MoS; (146 mAh/g) is much higher than graphite because of its larger interlayer space. The Li
storage capacity of bilayer MoS; (300 mAh/g) is lower than that of bulk MoS; [241].

The adsorption energy of Li/Na ions on monolayer MoS; is so low that for reasonable
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density of ions, metallic clusters are formed when the ions come close to the metallic distance
during diffusion. The Li/Na ions involved in the clusters do not take part in the reversible
reactions at the anode and cathode. Vacancies in monolayer MoS, have shown a significant
increase in the binding strength of Li/Na ions. Similar tactics have worked well in graphene
and silicene as well. The high Li storage capacity of MoS; nanoribbons can be ascribed to
the edge effects. However, the diffusion energy barrier of a Li ion on the surface of defect-
mediated monolayer MoS; (0.42 eV) goes higher than that on pristine monolayer MoS, (0.1
eV), which results in reduced rate capability and increased charging time of the cell [80, 143,
188, 241, 253]. Another important issue in MoS; as anode is its high electronic band gap
which blocks the recovery of Li/ Na ions. Desired properties from a layered material can
be easily achieved by contacting it with another layered material with a careful selection.
Chowdhury et al [254]. reported that capping of black phosphorene with A-BN enhanced the
Li/Na binding energy from 1.8 to 2.8 eV.

In our previous study, we showed that large-area expansion and insulating nature of mono-
layer SnS; during the sodiation process can be solved by the addition of a graphene sheet
[110]. Similar strategies have been used for phosphorene [117], MoS, [255] silicene [147],
and some other insulating materials. The common feature of graphene addition was reported
as the enhancement of electronic conductivity, while some authors claimed increased Li/Na
storage capacity of the electrode as well [116, 229, 256-258]. However, it is well known
that pristine graphene in flat structure is almost inert to the adsorption of metal ions. Here,
instead of graphene, we proclaim the significance of monolayer VS, as metallic additive for

monolayer MoS;.

In this article, the insulating monolayer MoS; is presented as a poor adsorber of Li/Na
ions and the metallic monolayer VS, is shown to be capable of high-density Li/Na storage.
However, the monolayer VS; has not been synthesized to date. We show that monolayer
VS, can be grown on monolayer MoS, to make MoS; @VS, nanocomposite. The combining
process of monolayer MoS; and monolayer VS, is exothermic enough to stabilize monolayer
VS,. The charge density difference of the combined and individual monolayers MoS, and
VS, predicts the accumulation of a low-density interfacial charge cloud, donated by the V
atom of monolayer VS,. The charge redistribution during the growth of metallic monolayer
VS, on monolayer MoS; boosts the electrical conductivity and Li/Na storage capacity of the

nanocomposite. It also has the lithiation/sodiation voltage range feasible for anodes.
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8.2 Computational details

All our calculations are performed by using the spin density functional theory, implemented
in the Vienna Ab initio Simulation Package [100]. Generalized gradient approximation with
the parametrization scheme of Perdew—Burke—Ernzerhof [100] is applied for the electron-
electron exchange correlation processes, whereas the electron—ion interactions are processed
by the projector augmented wave method. A cutoff energy of 500 eV is considered for the
plane-wave expansion of the electronic eigenfunctions for the MoS, @VS, nanocomposite.
The force criterion used for structure relaxation is 0.001 eV/A. The interlayer interactions
have been weakened by producing a minimum vacuum of 30 A. The van der Waals energy cor-
rection has been considered in the nanocomposite using the semiempirical correction scheme
of Grimme (DFT-D2) [259]. The I'-point sampling with 6 x6x1 k points of the nanocom-
posite is used for integration of the Brillouin zone. Phonon modes are calculated using the
finite displacement method implemented in the Phonopy program [148]. A 5x5x1 supercell
of the MoS, @V, nanocomposite with atomic displacements of 0.01 A is considered for the
phonon calculations. A 3x3x 1 supercell of the MoS, @VS; nanocomposite is examined for
the adsorption and diffusion of Li/Na ions. The nudged elastic band method [103] is used for
optimization of minimum energy paths for the diffusion of Li/Na ions on both surfaces and
the interface of the MoS, @VS; nanocomposite. Bader charge analysis [149] is used to scale
the charge transferred by the Li/Na atoms.

8.3 Results and discussion

8.3.1 Adsorption and diffusion of Li/Na ions on MoS,, VS,

Monolayer MoS; has been confirmed theoretically and synthesized and characterized exper-
imentally [40, 247, 260]. Monolayer VS, is a strongly correlated material, and most of its
properties depend upon the effective Hubbard parameter (U, 7). Stable phonon modes of vi-
brations can be achieved by selecting U.sr < 2.5 €V. Although the freestanding monolayer
VS, was studied theoretically, there are some experimental reports about a few-layered VS,.
There is no report on the successful synthesis of monolayer VS, [261-264]. Similar to the
literature, our calculations show that 2H is the lowest energy phase both for monolayer MoS,
and for monolayer VS, [255, 261]. The lattice parameters are a = b = 3.183 A for monolayer
MoS; and a = b = 3.174 A for monolayer VS,.

Monolayer MoS,; has a direct band gap of about 1.67 eV, while monolayer VS, is metallic
and has a magnetic moment of 1upg per unit cell. All these results are in good agreement with
the previous reports [188, 263, 265].
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Table 8.1: Formation energy, charge, and M-S bond distance of a single metal ion, when
adsorbed at the H- and T-sites.

Li Na
Adsorption site Ep (eV) glel dii_s (A) E, (V) glel dna_s (A)
Moy, 007 0.87 236 005 085 271
Moy 008 0.88 236 008 084 271
Viur 197 087  2.36 185 085 271
Vy 188 088 236 185 085 270

Here, for the sake of convenience, we present a brief summary of adsorption and diffusion
of Li/Na ions on the individual monolayers of MoS; and VS,, whereas our theme is to report
the superior electrochemical performance of MoS, @VS, nanocomposite. A 3x3x1 super-
cell of the 2H phase of monolayer MoS; and monolayer VS, is considered to search out the
energetically stable adsorption sites for Li/Na ions. Binding energies (E,) of Li/Na ions with

the monolayer MoS; or monolayer VS, are defined as

Ep = EMos, /vs, + MEpuik(Li/Na) — EMos, /vs, +71(Li/Na)

where Eyos, /vs, 1s the energy of a 3x3x1 supercell of pristine monolayer MoS, or mono-
layer VSa, Epi(Li/Na) 18 the energy for Li/Na ions in its body-centered cubic structure, and
Enos, /vs, T1(Li/Na) is the energy of a 3x3x1 supercell of monolayer MoS, or monolayer
VS, plus n Li/Na adatoms. Positions right above the Mo atom of MoS, (the so called Mog,,
site) and V atom of VS; (Vy,, site) are found as energetically the most favorable sites for the
adsorption of Li/ Na ions. The next favorable site after the Mog,,/V g, is the position above the
center of Mo-S hexagon (Mog site) or V-S hexagon (Vg site). The adsorption information of
a single Li/Na ion on these sites is summarized in Table 8.1, which shows that Li/Na binding
with the monolayer MoS; is so weak that if the concentration of the adsorbed ions is slightly
increased Li/ Na ions starts metallic clustering and these ions will not be able to take part in
the reversible electrochemical reactions at the anode or cathode. Thus, the pristine monolayer
MoS; is not a good choice as anode for Li/Na ion batteries. The problem for monolayer VS,

is that it is still not confirmed experimentally.

The nudged elastic band method is used to optimize the minimum energy path for the
diffusion of Li/Na ions by the linear interpolation of three images between the neighboring
Moy, /V s and Mog/Vy sites. Relative energy profiles for the diffusion of Li/Na ions over
the surface of monolayer MoS; and monolayer VS, are plotted in Fig. 8.1. The diffusion
energy barriers are in good agreement with the previously reported results [226, 266, 267].

The diffusion energy barrier for Na is lower than that of Li, which is due to the comparatively
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Figure 8.1: Relative energy profiles through the minimum energy paths for the diffusion of
Li/Na ions on the surface of (a) monolayer MoS; from Moy, site to Moy site and (b) mono-
layer VS; from the Vy,, site to the Vy site.

weak Coulombic interaction of Na ions with the monolayer because of its larger ionic radius.
Similar trends have been found in other studies as well [50, 114, 167, 268]. More explanations
about the adsorption and diffusion of Li/Na ions on monolayer MoS; and VS, can be found
in references .[188, 226, 241, 266, 267].

8.3.2 Stacking stability

As monolayer MoS; and VS; have almost the same lattice parameters and both are stable in
the hexagonal geometry (2H phase), the calculated lattice mismatch between them is so small
(~0.28%) that monolayer VS, completely covers monolayer MoS, as shown in Fig. 8.2(a).
The equation

Estack = (EMos, + Evs, — EMos,@Vs,)/N

defines the stacking energy (Eg ) (unit is eV/atom) of the nanocomposite, where Enmos, @vs,
is the energy of the MoS, @V, unit cell, Epjos, is the energy of the unit cell of monolayer
MoS,, Eys, is the energy of the unit cell of monolayer VS;, and N is the number of atoms.
Stacking energies and interlayer distances for the four different stacking orders of MoS,; @V S,

nanocomposite are shown in Fig. 8.2. Eg .« of the MoS, @V, is much higher than that of the
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Figure 8.2: Top and side views of (a) AA stacking, (b) AB stacking, (c) S atom of MoS, above
the V atom of VS, and (d) S atom of VS, above the Mo atom of MoS; of monolayer MoS,
and VS,. Values given with the top views show the stacking energy in eV/atom; values given
with the side views show the vertical distance between Mo and V in Angstroms. Dark blue
and yellow spheres represent the S atoms of monolayer VS, and monolayer MoS,, while red
and gray spheres are for V and Mo, respectively. Stacking order shown in d is energetically
the most stable stacking.

graphene/SnS; (0.12 eV/atom) [110] and graphene@MoS, (0.03 eV per C atom) nanocom-
posite [255], which is due to the fact that free-standing monolayer VS, is chemically very

active, while graphene and monolayer MoS; both are stable.

Therefore, the interaction of monolayer MoS; with the monolayer VS, is much stronger
than that with the graphene. To explain the release of a high amount of energy in the formation
of MoS, @VS,; nanocomposite, the charge density difference

(Ap = Pmos,@vs, — PMoS, — PVS,)

of the nanocomposite and monolayer MoS; and monolayer VS, for the stacking order of Fig.
8.2(d) 1s shown in Fig. 8.3. In this stacking, the interfacial S atoms of the two layers are
at a distance of 3.55 A and electrons are accumulated at the interface between MoS, and
VS,, which induces strong interlayer coupling. If E, is attributed to the electron cloud
at the interface S atoms only, then the energy released per unit bond is 1.194 eV. However,
the density of the interfacial charge is too low, and the distance between the nearest S atoms

of the two layers is also larger compared to V-S or Mo-S bond lengths; therefore, it is not
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Figure 8.3: Top and side views of the charge density difference (Ap) of the MoS,@VS,
nanocomposite and monolayer MoS, and monolayer VS,. Electron gain is indicated by yellow
at the isosurface of 2.5x10~* |e|/A3 and loss by light blue at the isosurface of 2.5x10~*
le|/A3.

a chemical bond but a van der Waals interaction. The side view of Fig. 8.3 depicts that
V are charged more highly than any other atom of the MoS, @VS, nanocomposite, which
means that the interfacial charge is due to the out-of-plane spreading of the V orbitals. The
interfacial electron cloud induces a dipole moment in monolayer MoS,. This redistribution of
charge in the MoS, @V'S, nanocomposite contributes to stabilize the monolayer VS,.

Further we show the phonon dispersion modes in Fig. 8.4 for the most stable stacking
order (see Fig. 8.2(d)) to confirm the dynamic stability of the nanocomposite. As mentioned
earlier, the experimental synthesis of freestanding monolayer VS, has not been realized until
today, but the computational investigations revealed that it could have stable phonon modes for
Uerr <2.5€V [261-263]. In Fig. 8.4, however, the stable phonon modes for the MoS, @VS,;
nanocomposite show that monolayer VS, can be stabilized dynamically by using monolayer
MoS; as a substrate. Furthermore, the in-plane elastic stiffnesses of the monolayer MoS,,
monolayer VS,, and MoS,@VS, nanocomposite are studied. The in-plane elastic stiffness
i1s 124.04 N/m for monolayer MoS;, 93.18 N/m for monolayer VS,, and 219.50 N/m for
MoS,@VS, composite. It shows that the elastic stiffness of the nanocomposite has been
enhanced by 2.28 N/m due to the synergic effects. To investigate the temperature effects on
the stability of the nanocomposite, a snapshot of the MoS; @V 'S, nanocomposite after running
1500 steps of ab initio molecular dynamics simulations with a time step of 3 ps at 300 K is
are brought. The small deviations of atoms from their lattice sites at equilibrium show that the
nanocomposite is stable at room temperature.

One of the most desired properties of the electrode materials is their high electronic con-
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Figure 8.4: (a) Phonon dispersion modes for the MoS; @VS, nanocomposite. (b) Electronic
band structure and total density of states for the MoS; @VS; nanocomposite.

Table 8.2: Binding energy (E;) and charge (g) transferred from Li/Na atoms intercalated in a
3x3x1 supercell of the MoS,; @VS, nanocomposite at the interface site below V (V;), inter-
face site below Mo (Mo;), surface site above V (Vy,,), surface site above Mo (Moy,, ), surface
site above the center of V-S Hexagon (Vg), surface site above the center of Mo—S hexagon
(Mog), and interface site below the V-S hexagon (V)
Ep (eV)
Vi MO,‘ Vsur Mosur VH MOH VHi
Li 252 1.79 228 1.10 217 094 204
Na 190 129 219 1.00 219 096 1.53
q (e])
Li 084 083 0.87 088 0.88 0.88 0.83
Na 0.78 0.81 085 0.85 0.85 0.85 0.80

ductivity without which full recovery of Li/Na ions is not possible. The strategy of graphene
insertion in the electrode materials has been broadly applied for the enhancement of electronic
conductivity [110, 117, 147, 255] . Reports over Li/Na adsorption on pristine graphene reveal
that graphene itself is not a good choice for anode because of its poor Li/Na adsorption capa-
bility. Fig. 8.5 shows the electronic band dipoles (0.907 up per unit cell) which can be studied
in detail in a separate article.

8.3.3 Adsorption and diffusion in MoS, @VS,

The total binding energy (E}p) of Li/Na adsorption on surfaces and the interface of the MoS, @ VS,
nanocomposite is systematically studied. Here E} is defined as Ej, = Emos,@vs, +nELj/Na —
EMos,@vs, +n(Li/Na), where Enos,@vs, +n(Li/Na) is the total energy of the MoS, @VS,
nanocomposite with n being the number of Li/Na atoms adsorbed on the surface or inter-
face sites of the nanocomposite, Enos,@vs, 1s the energy of the nanocomposite without Li/Na
adatom, and Ef /N, 18 the energy per atom of bulk Li/Na (in body-centered cubic phase). Ej,
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Figure 8.5: Schematic view of the Li/Na adsorption sites on the surfaces and interface of the
MoS; @VS, nanocomposite

of a single Li/Na ion is calculated on a 3x3x 1 supercell of the MoS; @V'S, nanocomposite to
find out energetically the most favorable adsorption sites. Ej, and charge transferred by a Li/Na
adatom at different adsorption sites of a 3x3x 1 supercell of MoS; @VS, nanocomposite are
shown in Table 8.2. These sites are shown schematically in Fig. 8.5.

Comparing Ej, of a Li/Na ion at the MoS, surface or interface of MoS,@VS, (given in
Table 2) with that on the monolayer MoS; (given in Table 1) shows that monolayer MoS; is
made capable for higher density storage of Li/Na by making the MoS; @VS, nanocompos-
ite. The enhanced Ej, of Li/Na ions in the nanocomposite is due to the charge redistribution
in the formation of the nanocomposite. To calculate the Li/Na adsorption capacity of the
MoS, @VS, nanocomposite, the number of Li/Na adatoms is increased by filling the adsorp-
tion sites in descending E; sequence. For the same capacity, filling different adsorption sites
results in different Ej, as shown in Fig. 8.6(a), but we consider the configurations with the
highest E}, for each case. The filling sequence of the adsorption sites in descending E, order
is Vi, Vgur, Mogyr, Vi, Mo;, Mog.

Li intercalation in the MoS, @V'S, nanocomposite for the highest capacity can be seen in
Fig. 8.7. Intercalation of Li/Na ions has a very small effect on the Mo-S and V-S bond lengths
but incredibly increases the MoS,-VS; interlayer distance. An increase in the interlayer dis-
tance for Na intercalation is larger than Li intercalation for the same capacity, which is due to
the larger ionic size of Na.

For example, the interlayer distance for Li intercalation shown in Fig. 8.7 is 9.055 A while
for the same concentration of Na intercalation it is about 9.488 A. Fig. 8.6 shows that the
nanocomposite is energetically stable even after high-density Li/Na intercalation, while Fig.
8.7 shows that neither the MoS; layer nor the VS; layer of the nanocomposite decompose to
Li,S and Mo or V; therefore, this anode is expected to have high recyclability and long life.
The highest possible specific capacity of the MoS, @V'S, nanocomposite without considering
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Figure 8.6: Total binding energy of Li/Na adsorption as a function of increasing specific ca-
pacity

Figure 8.7: Top and side views of maximum possible Li storage (584 mAh/g) in MoS, @VS,
nanocomposite. Both layers of the heterostructure maintain their structure shape, but the in-
terlayer distance is increased by 2.99 A.

the mass of Li/Na ions is 584 mAh/g, which is much higher than that of monolayer MoS,.
By this way the two materials of the nanocomposite cover weakness of each other, that is,
the MoS, layer stabilizes the VS, layer and the VS, layer upgrades the Li/Na adsorption
capacity of the MoS; layer. The open-circuit voltage of the nanocomposite with increasing
Li/Na adsorption concentration is shown in Fig. 8.6(b). The voltage (V = E,/nle|) profile
of the MoS,; @V'S, nanocomposite with increasing Li/Na concentration is similar to graphite,
bulk MoS,, and other anode materials [90, 112]. The charging voltage range (1.8-0.5 V for
lithiation and V for sodiation) of the nanocomposite is suitable to be used as anode material.
The diffusion of a Li/Na ion from a stable adsorption site to the next stable adsorption site
on the VS, surface, MoS; surface, and interface of MoS, @ VS, nanocomposite is studied one
by one using the nudged elastic band method. As shown in Table 8.2, Vg, is energetically the
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most favorable adsorption site both for Li and for Na ions on the VS, surface of MoS, @VS,,
while Vg is the second favorable adsorption site on the same surface. Therefore, energy
paths for the diffusion of a Li/Na ion from a V,, site to a nearby Vp site on the VS, surface
of MoS;@VS, nanocomposite is analyzed on a 3x3x 1 supercell, and the relative energy is
plotted in Fig. 8.8(a). Here the diffusion energy barriers for Li (0.24 eV) and Na (0.10 eV) are
only slightly higher than their diffusion barriers on monolayer VS, shown in Fig. 8.1(b). The
energy barrier of a Na ion diffusion is lower than that of a Li ion, which is similar to the trend
of Li/ Na diffusion energy barriers on monolayer MoS, and monolayer VS,.

The relative energy profile for the diffusion of a Li/Na ion on the MoS, surface of the
MoS,@VS, nanocomposite from a Moy, site to a nearby Moy site is shown in Fig. 8.8(b).
Here again the diffusion energy barriers of Li/Na ions are slightly larger than those on pristine
monolayer MoS; (shown in Fig. 8.1). The diffusion energy barriers for Li/Na migration over
both surfaces are less than their diffusion energy barriers on pristine and defected graphene
and silicene [166, 253].

Diffusion of Li/Na ions at the interface of MoS, @VS; nanocomposite is also studied.
Table 8.2 shows that the most favorable adsorption site for Li/Na ion on a 3x3x1 supercell
of MoS,@VS, nanocomposite is the V; site and Vg is the second most favorable one. We
therefore study the diffusion of a Li/Na ion from a V; site to a V site as shown in Fig. 8.9.
Since the V;-to-Vg path is periodic because of the structural symmetry of the nanocomposite,
the V;-to-Vg diffusion of the ions is sufficient to provide complete insight in the diffusion
of the ions at the interface. The energy barrier of the diffusion for Li at the interface is 0.45
eV, while for Na it is 0.44 eV. The diffusion energy barrier at the interface is thus higher
than that at the surfaces, which is the case with other well-known electrode materials as well
[110, 241, 269]. Some authors recently reported that considering the zero-point energy and
quantum tunneling effects, diffusion of the light Li ions at 300 K can be faster by 15.4% than
that calculated at 0 K. However, these effects are not expected dominantly for the heavier Na
ions [254, 270].

8.4 Conclusions

Calculations based on spin density functional theory showed that the monolayer VS, can
be stabilized in energy and phonon vibrations on monolayer MoS;. Growth of the unstable
monolayer VS, over monolayer MoS; results in high energy release. The charge density dif-
ference shows that there is electron accumulation at the interface between the MoS, layer and
the VS, layer of the MoS, @VS, nanocomposite. Phonon dispersion modes confirm the dy-

namic stability of the MoS,; @V S, nanocomposite. The electronic band structure and density
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of states show that the MoS, @V'S, nanocomposite is metallic. Formation of the MoS, @VS,
nanocomposite enables the MoS, surface to adsorb a high density of Li/Na ions. The maxi-
mum Li/Na storage capacity of the MoS, @ VS, nanocomposite is as high as 584 mAh/g. The
energy barriers for the diffusion of Li/ Na ions over the surfaces of the heterostructure are
comparable with those on the surface of monolayer MoS; and monolayer VS;, while at the
interface it is comparable with the diffusion energy barrier in bulk MoS,. The nanocomposite
utilizes different properties of the two monolayers in a single hybrid anode with enhanced
electrochemical performance.






Chapter 9
Summary

In summary, we have brought a computational study on the stability, metal ion adsorption and
diffusion properties, electronic structural properties, and spontaneous and induced polarization
of the novel single layer materials. For device applications, a single material may not have
all the required features, a verticle heterostructure is constructed of two different materials
to fulfill the requirements. We have proved that such techniques can be used to boost the
performance of a device.

The environmental concern due to the massive usage of the combustion fuel and increasing
demand for energy has accelerated the research on solar and wind like sustainable energy
reservoirs. However, the fluctuation in the production of energy from such sources and its
demand needs short and long time storage of energy. On the other hand, wireless electronic
technology is growing day by day where the use of Li ion batteries is crucial. The limiting
resources and the high cost of Li has compelled the researchers to think about alternatives to
Li and improve the efficiency of the existing Li ion batteries.

In chapter 3 we have studied the stable 1T phase of single layer TiS; for adsorption and
diffusion of Li, Na, K, Mg, and Ca ions. We found high storage capacity and low diffusion
barriers of the TiS, for these ions. The electronic properties of TiS, ensure the high reversibil-
ity of the metal ions. In chapter 4 we studied a new metal carbide monolayer W,C. Monolayer
W;C was stable in both 1T and 2H phases, but we preferred to the study the 2H phase because
of its lower energy. This material is metallic, have reasonable Li/Na storage capacity, and su-
perionic conductivity of the Li/Na ions. In chapter 5 we studied the unzipped graphene oxide
(UGO) monolayer. Different studies have reported the UGO monolayer in different structures.
We considered all its geometries based on the dipole alignment and calculated its energy and
phonon stability. The zigzag antiferroelectric structure was found as the most stable struc-
ture for the UGO monolayer. We further studied the role of the oxygen lone pair electrons

in the UGO via Wannier90. The pristine graphene is inert to Li adsorption. However, the
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oxygen injection creates the electron deficient and excess region where Li ions are trapped in
the electron deficient regions. Furthermore, the UGO monolayer band structure has a Dirac
cone similar to graphene, ensuring high electron and hole mobilities. In chapter 6 we exposed
four new stable monolayers, MoC, WC, WS, and WSe. The buckled hexagonal structures and
different building atoms produced a spontaneous out-ofplane polarization. High in-plane and
out-of-plane piezoelectric coefficients were noticed by applying a uniaxial strain.

In chapter 7 monolayer SnS, and graphene were studied as an anode for Na ion batter-
ies, individually and combinedly. The SnS, monolayer proved to have a high Na storage
capacity and low diffusion barrier for Na diffusion. However, it showed a large expansion on
sodiation. It also has poor electrical conductivity. On the other hand, graphene was metal-
lic with high elastic stiffness, but its Na storage capacity is too low to be used as an anode.
The SnS;/graphene heterostructure stands an ideal anode material, having high Na storage
capacity, high electrical conductivity, and low diffusion barrier. Similary in chapter 8, we con-
sidered the monolayer MoS; and VS, for Li/Na anode purposes. Besides the poor electrical
conductivity of MoS,, it has a low storage capacity of Li/Na ions. The monolayer VS, is
metallic, and has a high Li/Na storage capacity, but due to its high chemical activity, it has not
been prepared yet in expirement. The growth of VS; on MoS, stabilized the VS, layer and
increased the Li/Na storage capacity of MoS;. All this occures due to the charge redistribution

in the formation of the nanocomposite.
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