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Abstract

2-dimensional metal carbides are freshly known as promising members, due to their
encouraging applications. Among all the properties of MXene, their magnetic nature is
researched vaguely in both experimental and theoretical fields. This property needs to be
explored for the probable use in new upcoming applications such as spintronics and nano
magnetic data storage devices. In the last 30 years, the quantum mechanical simulation of the
cyclic systems has been done using density functional theory. Recently, it is widely used for
the simulation of different structures and studying their electronic, optical, and magnetic
properties. This thesis presents an insight to the magnetic properties of functionalized Nb>C
MXene and its adsorbed compound Ni-Nb>C using Density Functional Theory. The Nb,C-O-
F and Ni-Nb2C-O-F are simulated using DFT implemented software Wien2k. A unit cell of
Nb2C-O-F is simulated consisting of 4 atoms of Nb, 2 Carbon, 3 Oxygen atoms and 1 Fluorine
atom. This unit cell simulated was further expanded in 2x2x1 supercell and optimized at about
500 k-points in the irreducible Brillouin zone. Similarly, 4 x 4 x 1 supercell is used to analyse
the stable structure for Ni absorbed Nb>C-O-F. The analysis for the magnetic properties in done
using exchange-correlational functionals spin-GGA and spin-GGA+U where for Nickel U= 6

eV. The band structure for both compounds is found to be metallic with zero band gap. The
magnetic moment calculate for Nb,C-O-F is -0.00027 ug. Although the value is small but
confirms it diamagnetic behaviour and superconductive nature. The magnetic moment
calculated for Ni-Nb2C-O-F is +1.01516 ug which shows that it is non-superconducting

Ferromagnet. This switching of magnetic behaviour clearly shows that the adsorbent along

with surface terminations had influenced the magnetic property of Nb,C-O-F.
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Chapter 01

Introduction

Nanoscience discoveries and nanotechnologies have made life easier in this era in almost all
fields of sciences. This nanotechnology and nanoscience represent a wider exploration field,
that includes structures, devices, and systems with unique characteristics and operations due to
the composition of their atoms on the 1-100 nm scale.*) Nanomaterials are the main structures
that are designed and produced by nanotechnologies with any one dimension at the size level
of approximately less than 100 nanometres. Nano materials are structured intentionally with
precise characteristics related to figure, size, and surface because the behavioural properties of
nanomaterials are influenced more by surface area than particle structure itself. Based on
dimensions restricted at nano scale, nano materials are classified as 1 dimensional, 2

dimensional and 3 dimensional. !
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Fig.1.1 Advancements in Science & Technology and the Future

2D materials are an emerging family of nanostructured small-dimensional materials
having a thickness of a few nanometres or less. With the passage of time since the invention of
graphene there has been other 2D materials that had attracted the attention researchers. These
materials include transition metal dichalcogenides, hexagonal-boron nitride, MXene and 2D
perovskite. Among all these 2D materials, MXene are of great interest. In 2011, Gogotsi et al.

presented a study in which they have etched MXene from MAX, here “M” represents a



transition metal, “A” is group an element of periodic table, “X” is C or N /. The recent research
on MXene includes both, theoretical and experimental discoveries but still there is a lot to be
discovered and researched about this material as still some of its properties are not explained.

As much as the magnetism in 2D MXene is analysed, it stays less researched, and this
lag needs to be covered soon. In this thesis the analysis is done based on density functional
theory. The structure is synthesized by computer simulation and its magnetic and electric
properties are observed while employing density functional theory DFT using the software

package Wein2k.

1.1 Spintronics

From the time since giant magnetoresistance effect (GMR) are discovered and implemented in
today’s era, spintronics has become a striking field, intending to make advantage of electrons
spin degree of freedom as an information exporter to accomplish data storage and logical
operations. [+

Spintronic devices need small amount of energy to switch over a spin state in comparison to
conventional microelectronic devices that work because of charge. These spintronic devices
work faster with lesser energy utilization. Hence, spintronics is the greatest advance technology
to create different multi-functional devices with fast-speed and less energy consumption.

2D nanomaterials are considered of great capability for the development of later production 2D
spintronic applications. ["#°l Just as graphene shows high-level electron or hole flexibility,
long spin lifetimes and diffusion lengths, that make it to a likely applicant for a spin channel.
11011 Different physical phenomena are observed in 2D materials that lead to magnetism and
super conductivity. Superconductivity and magnetism in two-dimensional (2D) materials are
intriguing phenomenon that can make advancements in spintronics devices.

With this as a motivation for study, 2D transition metal carbide MXene and its doped
compound is synthesized. The magnetism and superconductivity are observed in both
materials. Since the experimental procedures come with lot of issues, hence the DFT technique

is used for analysis of electronic and magnetic properties.

1.2 Thesis Organization

The organization of this thesis is briefed to give a detailed information about its arrangement
and the outlines. The first chapter explains the research topic briefly along with its motivation

for studying.



The second chapter is related to literature review. It gives an insight of 2D materials;
especially explaining MXene: a newly introduced family of metal carbides, nitrides or
carbonitrides. Furthermore, different properties and applications of MXene are discussed
continued with focusing on its magnetic behaviour. Magnetism in 2D nano materials is great area
of research as it can be used for different applications such as superconductivity, 2D magnets and
in field of spintronics. This thesis mainly focusses on the magnetic characteristics of MXene.
Magnetism is discussed in detail in literature review. The properties that are the reason for
magnetism are also discussed. Different methods such as absorbance, intercalation and doping that
are used to alter the properties of MXene are also discussed. MXene and its literature work-based
on Density functional theory using computational techniques is also explained in the chapter.

Chapter three consist of the experimental part. It explains about the procedure for the selective
etching of Nb2C MXene and the procedure for its doping with Nickel. The research tools used for
characterization are also explained in this chapter. The characterization technique used is X-Ray

Diffraction (XRD) for examining the structure of prepared compounds.

Fourth chapter introduces density functional theory (DFT) in detail in the simplest way which
is used for the theoretical simulations of MXene and finding its magnetic behaviour along with
other characteristics. For explaining DFT, the discussion starts from Schrodinger wave equation
(SWE) which is followed by the Hohenberg Kohen theorems and then ends with the Kohn-Sham
equation which is used for the simulation purposes in WIEN2k. Moreover, the different plane-wave
methods are briefed in detail and the basis for the choice of Full-Potential Linear Augmented Plane

Wave (FLAPW) method are also discussed as well.

Chapter five is related to the detailed discussion of the results calculated for the two prepared
compounds. The first part explains the experimental results of materials and the second part
explains the computational results. For MXene and its doped compound, the computational analysis
has been studied through electronic structure, band structure and DOS calculations as well as the

magnetic moment.

In last chapter i.e., chapter 6, the thesis conclusion is given along with recommendations for

future computation.



CHAPTER 02

Literature Review

2.1 Nano structured materials

Nanomaterials are widely regarded as the foundation of nanotechnology and nanoscience.
Nanostructure science and knowledge is extensive and multidisciplinary field of study and
invention that has grown in popularity in recent years. This study field has produced advances
in materials synthesis, product development, and the variety and kind of functions accessible.

It already has a significant business influence, which will undoubtedly grow in the future.

Nanomaterials are described as objects with at least one dimension that is smaller than 100 nm.
A nanometre is 100,000X tiny than the thickness of a human hair and is one millionth of a
millimetre. Because of their unique magnetic, optical, electrical, and various characteristics,
nanomaterials are of interest. These changing characteristics have significant implications in a

variety of applications such as electronics, medicine, and other disciplines. %/
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Fig 2.1 Different sizes of nanomaterials. Reproduced with permission from reference **!

Nanoscale materials exhibit unusual emergent characteristics for two reasons: first, they have

increased relative surface area, and second, they have novel quantum results. Nanomaterials



consists of considerably higher surface area to volume ratio than traditional materials that can
reduce the strength and increase its chemical response. Furthermore, quantum effects at the
nanoscale have the potential to become considerably more prominent in influencing the

characteristics of materials, leads to new electrical, optical, and magnetic capabilities. 1**!

Nanomaterials are very tiny, with at least one dimension of 100 nano meters or less. These
materials are categorised as 0D, 1D, 2D, or 3D. (See Figure 1.3.) 1D structures have two
dimensions ranging from 1nm to 100 nm, with a third dimension at the macroscale. Similarly,
2D structures have a single dimension ranging from 1nm to 100 nm. In the case of 0D, all three

dimensions are in the nanometre range.

Nanowires, Nano belts, nanotubes, and surface films are examples of one-dimensional
nanomaterials; Nano sheets, Nano plates, strands or threads are examples of two-dimensional
nanomaterials; and particles are examples of three-dimensional nanomaterials. These
nanomaterials can exist as fused, single, aggregated, or agglomerated structures with tubular,
spherical, or non-linear geometries. Dendrimers, nanotubes, and quantum dots are examples of
common nanomaterials. Different uses of these structured nanomaterials in the discipline of
nanotechnology exhibits chemical and physical properties that differ in comparison to regular

chemicals.

Among these nanostructured materials, 2 Dimensional materials are now gaining attention in
the scientific community. Since the discovery of graphene and its extraordinary characteristics,
2D materials have become a significant parameter in material science study. We will address
the computational study of 2D MXene with an emphasis on its magnetic characteristics in this
thesis. Nickel metal is dopped in 2D metal carbide MXene and computationally analysed for
in-depth examination. Furthermore, the characteristics of both metal carbide and doped

material are thoroughly examined.
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2.2 MXene; 2D Metal Carbides, Carbonitrides or
Nitrides

MXene is a modern family of two-dimensional material derived from transitional metal
carbide, carbon nitride and nitride. Gogotsi et al. proposed these 2-D transitional metal carbide,
carbon nitride and nitride (MXenes) "*°! in 2011, which has lately sparked renewed interest in

the evaluation of advanced ideas and their prospective applications in the area.

MAX phases consist of three-layered metal carbides, nitrides, or carbon nitrides precursors
having the generalised formula: Mn+1 A Xp (n =1, 2, 3), where d-block transition metals are
represented by M and A represents carbon. These are s-p elements (mostly from group I11A or
IVA), and X in formula represents both C and N atoms. This stacked precursor is used to create
the layered 2D nanostructure known as MXene. These novel materials are created via a
selective chemical etching technique. As shown in Fig. 2, the layer of s-p elements is
particularly etched from the appropriate three-dimensional MAX precursor. Surface
terminations such as -F, -O, and -OH are adsorbed on plane surface of MXene throughout the

chemical etching process. These terminated MXene (space group P63/mmc) exist characterised
by the generic formula M n+1 Xn Tx, here M represent Transition Metal, T is the plane surface

termination, and X is the percentage of such surface terminations. Till date, further 70 MAX
phases have been published *°/, and the successfully synthesized MXene are more than thirty
which include TisC,Tx , TizCTx , M02TiCoTx and NbsCsTy . 172
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Many studies have been published since the discovery of MXene that give evidence for its
remarkable properties. MXene conductivity, for example, is shown to be like that of multi-

layered graphene. 1**



MXene is shown to be very stiff by density functional theory (DFT) analysis, with in plane
elastic constants surpassing 500 GPa.”””! Such intriguing characteristics have resulted in

significant applications and have aroused the interest of academics in a variety of disciplines.

2.2.1 Applications of MXene

The distinctive morphology of the MXene makes it a solid contestant for applications that have
a very important role in the daily life technologies. Several of those applications and the studies

related are mentioned below.

e MXene shows some extremely productive electrode matter for energy conversion
devices for example triboelectric nanogenerators “*) and water splitting devices. **!

e It'salso been reported for energy storage application like super-capacitors and batteries,
along with other applications including capacitive purification and electromagnetic
interference defending. '**/ MXene are promising electrode materials for energy
storage. **!

* Xie et al. investigated MXene as support material of platinum nanoparticles, resulting

in extremely stabilized catalyst of fuel-cell applications. *°!

*Wang et al. discovered 2D MXene had good enzyme immobilisation abilities as well

as biocompatibility for redox proteins, indicating that they have potential uses in

electrochemical biosensors. [*°!
Comparing the opto-electro-magnetic characteristics and its subsequent applications received
less attention.'?’] Furthermore, there has been a rise in the number of innovative applications
of MXene and opto-electro-magnetic phenomena in this field of study. Superconductivity */,
100 percent spin purity half-metallic behaviour 1*°/, and high Curie temperature ferromagnetism
% are a few examples. Aside from that, recent developments in MXene and related composites
are being employed in the construction of gadgets such as Li-based batteries, such as Li*-ion

batteries and Li—sulphur batteries.

2.2.2 Structural Characteristics and Properties of MXene

MXene has a tightly filled structure with X and M atoms saturating the octahedral interstitial
spaces. MXene has an overall hexagonal tightly packed crystal structure. The arrangement of
M atoms, however, swapping as of M2X to M3Xz and M4Xs3. M atoms in M2X have ABABAB



arrangement, i.e., hexagonally tightly packed pile up, whereas M atoms in MsC, and M4C3
have ABCABC arrangement, i.e., FCC pile up. ©*! as demonstrated in figure below:
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Fig 2.5 MXene Crystal atomic arrangement of M, X and T elements

The optimised arrangement of (a) separate Ti>C layers and (b) TisC> layers are given above,
and their hydroxylated forms are presented in (c) and (d), i.e., Ti2C(OH)2, and (e, f) is
Ti3C2(OH)2. (c, e, g) depict OH groups are placed in the empty location among their three
neighbouring carbon atoms. The OH groups are present at top of the carbon atom, as displayed
in (g, h) in top view. The capital Greek and Roman letters relate to the X and M locations in
this case. Greek letters in lowercase indicates the interstitial sites of X octahedral, which

represents their Roman letter equivalent locations, namely, A, B, and C, respectively. 1>/

2.2.3 Surface terminations

MAX phases have a crystalline structure characterised as a pile up of transition metal carbide
octahedrons incorporated with a plane of unmixed A atoms ) The A layers of MAX crystal
formations are removed during the selective etching technique. As a result of the revealed M-
site atoms' higher reducibility, MXene is reactive to the solvent and etchants. When reaction
take place and Metal atoms releases an electron, negative charged groups in the surrounding

establish connections with the Metal atoms to guarantee charge preservation, resulting in



terminations. As a result, MXene plane takes in surface terminations like O, F, and OH. ]
Especially MXene made through acidic-HF- solutions have a combination of —OH, —O and —F
surface terminations. These are commonly represented as Mn+1XnTx, Where surface termination

is represented by T.

They frequently have exceptional electrical, mechanical, optical, thermal, and catalytic
characteristics. °/ According to studies, the physical characteristics of MXene, such as the
band °/, metallicity, electronic mobility, and magnetism, are strongly related to the end points.
#41 Furthermore, by altering the surface terminations of MXene, the electrochemical
performance may be adjusted.

Several experimental experiments have shown that the surface composition of freshly produced
MXene varies significantly. *°) However, experimental characterisation of MXene surfaces is
difficult due to

() lighter components such as H, O, and F are contained by the surface.
(i)  After etching process, the contaminated surface, and remaining precursors

(iii)  Alteration in the experimental circumstances provoke systematic studies.

As a result, computational investigations are preferred for comprehending these surface
terminations. Surface terminations in supplement to the characteristics of bare M n+1 Xn

layers, have recently been computationally investigated °*/. Many researches have been linked
with single functional groups just as pure —OH, —F or—O and described the characteristics of

MXene using surface terminations. !
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Fig 2.6 Lateral-view of the MXene of various thickness: M2X, MsX, and M4X3 !
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Fig 2.7 Major types of MXene M,XTx, MsX,Tx and MsXsTx F7 and its synthesis

The kinds of terminations resulting from the various techniques are recorded in table below.

Pros and Cons of each strategy are summarized -



Strategies Terminations Advantages Disadvantages

HF-based etching -F, -OH, -0, m High efficiency = Toxic
-Cl
m  Universal m  Eco-unfriendly
Molten salt etching -Cl,-Bror-1 = Nearly single m High-temperature
termination synthesis (> 600 °C)
Alkali-based etching -OH, -O m  Non-toxic m Low efficiency

m High-temperature,
high-pressure

synthesis

Electrochemically -Cl, -O m Non-toxic m Low efficiency

assisted etching :
m Over-etching

Table.1 Types of Surface terminations resulting from synthesis techniques

Various MXene investigations have been conducted depending on the influence of surface
terminations. T. Schultz et al. uses density functional theory calculations, inverse photoelectron
spectroscopy and photoelectron spectroscopy to analyse the electronic characteristics of
TiC2Tx for distinct surface terminations resulting from various annealing temperatures. The
adsorption locations of the surface terminations were determined by comparing experimental
and DFT simulations. **/ MXene is a significant material for energy storage applications
because of its surface terminations. MXene has been described as a Charge Storage Host by
M. Okubo et al. 1>

224 Intercalation

The capacity of layered materials to accept different subatomic particles among its sheets is
called as intercalation. Intercalation is opposite to the insertion of molecules or ions into layered

material formations when the structural properties of the host are not affected, just as graphite



and transition metal dichalcogenides. The perturbation of the geometric, chemical, electrical,
and optical characteristics of the host materials by intercalated ions/molecules is what makes
intercalation so intriguing for research. External species intercalation in 2D layered materials,
such as MXene, differs significantly from intercalation in bulk materials, which results to
improved characteristics for a variety of applications.*!] It has been discovered that the
intercalation of external species, such as ions and solvents, into MXene layers during
electrochemical processes has a significant impact on the energy storage process, prompting
substantial research into its underlying processes and aiding the process. The intercalation
phenomena are primarily employed in energy storage applications. The electrochemical
intercalation of Li ions among the MXene sheets provide these solids materials for LIB anodes
and Fusion Electrochemical capacitors Kajiyama et al. has reported sodium intercalation in
Ti3CoTx. He discovered that TisCoTxreaches 270 mAh/g at earliest sodiation process, while the

lithium capability dropped to 100 mAh/g around 100 cycles!*!

2.2.5 Defects, vacancies, and doping

The desire for portable contemporary electronic gadgets has increased the need to investigate
the magnetism of electronic materials. Because 2D materials are new now, they have been an
important part in experimental and theoretical research. However, the majority of 2D materials
are nonmagnetic. The current study focuses on inducing and controlling magnetism in 2D non-
magnetic materials. Since the produced materials usually have flaws just as microscopic
disorder, hole, and contamination. These flaws have considerable influence on the electrical
structure, magnetic and optical characteristics of 2D materials. Similarly, the as-prepared

exfoliated MXene consist of native defects, such as atomic vacancies or etc.

Defects are studied comprehensively in 2D material just graphene, BN, and MoS;. It has been
demonstrated that electronic, electrical, and optoelectronic characteristics are greatly
influenced. The defects result during the chemical etching process. Their intensity can be
regulated by modifying the HF intensity. In case of milder etching conditions, larger MXene

flakes are produced with lower defect concentrations.

X.Sang et al. has reported in his article the thorough knowledge of the monolayer structure
and point defects. In the article, STEM tomography is operated on TizC,Tx MXene with
different off-tilt angles which showed existence of various point defects in
Ti3C2Tx monolayers. These point deficiencies influenced conductivity and surface composition

which were investigated using DFT. DFT analysis suggested outstanding conductivity for the



compound which was further verified by direct experimental results deduced for exfoliated

TisC, Ty applications. ““!

The impact of imperfections on the electronic structure, formation energy, and magnetism of
Ti;XT2 (where X is C/N and T can be OH-, F-, or O-) was investigated. The findings indicated
that tiny amounts of point defect may instigate significant change in the magnetic and electrical
characteristics of the Ti.XT. material. A. Bandyopadhyay et al. found Schottky and Frenkel
type defects in Ti,CO. that cause band-gap fluctuation and assure metal-semiconductor
transition. Schottky defect generation raises Ti.CO>'s narrower bandgap to 0.48 eV (TiO>
defect) and 0.33 eV (TiC defect), whereas Frenkel type defect causes TioCO to shift from

semiconductor to metal. [*°!

Zhou et al. has presented a Ti or N hole defect that was studied for the surface layer of the
TisN3 nanosheet. Furthermore, a frenkel-type defect is reported sandwiched between the N
atom on the subsurface layer and the Ti atom on the top layer. The structural alteration,
electronic characteristics, and magnetism of atoms in the vicinity of the defect atom were

computed and analysed. [46]

Doping is done to initiate external element into 2D materials so that desirable properties can
be achieved in the target material. Doping can cause different changes in material as it increases
c-lattice parameter. The introduction of such imperfections and contaminations is beneficial
for energy storage devices. Impurities in materials cannot be avoided during the chemical

process and can be the reason in changing the properties of material.

J. Fatheema et al. worked on doped MXene and had reported Nb doped MXene synthesis and
characterization. The computational and experimental analysis had shown Nb substituted
MXene a ferromagnetic compound with improved chemical stability as compared to pure

MXene due to successful doping and being a useful member in spintronic devices.’!

S. Rafique et al. describes the productive doping of gadolinium to the MXene sheets. The doped
MXene gives partial-conductive nature with decrease of the bandgap and initiation of strong
ferromagnetic nature at room-temperature which makes it an appropriate applicant for
spintronic applications. ““) M. Fatima et al. described the unique behaviour of the Nb-doped
MXene bandgap, that gives an appropriate result for energy storage applications just as

supercapacitors and Li-ion batteries. “°


https://www.sciencedirect.com/science/article/pii/S1386947720306421#!

2.2.6 Magnetism in MXene

Although a significant amount of research is made on the electronic and optical characteristics
of MXene but the magnetic properties of MXene for spintronics application are still unknown.
Magnetism in MXene is an interesting subject for research. The native properties of MXene
are defined by the transition metal M in the MAX phase precursor due to which most of the
research associated to the magnetism of MAX phases was performed on V, Cr, Mn, and Mo
based ternary carbides. °°/ The MAX phases are found to be Pauli paramagnets i.e.; the

magnetic sensitivity is defined by the delocalized electrons.

MXene family two-dimensional layers display a wide range of magnetic characteristics.
MXene includes transition metals with unbound valence electrons, as well as transition metals
whose valency varies with bond formation. Different forms of ferromagnetism and anti-
ferromagnetism have been researched and anticipated in MXene, which alter with the M

element as well as the phase of MXene.
The magnetic nature of MXene can result from:

i.  self-properties of the transition metal,

ii.  imperfections in mono layers

iii.  surface terminations.

IV.  synthetic procedures
Many theoretical investigations concern the magnetic M2CTyx structures based on V, Cr, Mn,
Mo, and Fe, and their solid solutions. °*) 2D Cr,C, Cr;N, TasC, and CrsC; are expected as
ferromagnets °#°°) that can be obtained from their MAX phases, whereas 2D TisCz and TizN2
are antiferromagnets. Ti.C and TioN have been shown to have almost half-metallic
ferromagnetism °“/. Ferrimagnetic half-metals with total (100%) spin polarisation of electrons
near the fermi level are interesting spintronic possibilities. MXene may be converted to

ferromagnets by appropriate surface functionalization, which has been found and researched.

Although some pure MXene are expected as ferromagnets but experimental studies confirm
that MXene are normally functionalized with F, O, OH or other atoms ! since it is difficult to

produce pristine MXene.

It is discovered that functionalized Cr,C and CroN MXene show magnetism “° but few of
them demonstrate ferromagnetic-to-antiferromagnetic transitions. Hence this suggest that

functionalized are not necessarily to be ferromagnets. Recently, Yoon et al. explored the



magnetic behaviour of TisCoTx reduced by Li-ethylenediamine and manifested that their
powders to be Pauli paramagnets above 10K with a temperature dependent Curie term below
this. ) Scheibe et al. showed that etching Al from a TizAIC; MAX phase resulted in TisC,Tx
MXene with a mixed antiferromagnetic/paramagnetic behaviour that depended upon the

surface functionalization. ¢!

2.3 Density Functional Theory (DFT) study of MXene

As already discussed above, nowadays 2D materials having TMC’s have become a topic of
considerable studies due to their unique properties that vary from the bulk phases.
Computational attempts are used to cover the large class of 2D materials and enlarging field of
their probable implementation. Obviously, theoretic approach is needed to study the properties

of MXene, its structural details and to discover more elements of this family at a basic level.

The recent advancement in theoretic study of MXene based on the computational results is
explained in this section. Through DFT, structural, electronic, and magnetic properties of
MXene had been studied by taking the generalized gradient approximation. The PBE

exchange—correlational functional °°! is widely used means to study details of structures.

Gogotsi et al. in 2011 exfoliated and etched MAX to obtains MXene first time successfully,
along with presenting a DFT study of the crystal structure of TisC, with its functional groups.
Lattice parameters of MAX and MXene structure had also been discussed as well as an analysis
on elastic properties °°! Khazei et al. had reported the geometric and electronic properties of
different layered MXene with their surface’s terminations F, O, and OH groups. The article has
described mechanical and thermodynamic stable surface terminated MXene systems. Without
surface terminations, all the MXene are found metallic. DFT was used as a research tool to
observe all properties of desired compound®*) Khazei et al in another article related to 2D
MXene has analysed the molybdenum carbides thermoelectric properties by taking density
functional theory as research tool. °?! Hu et al. has reported their inquiries on Nb2C single-
layer as a competitive anode for Lithium and Non-Lithium-ion Batteries based on DFT
calculations. The electronic properties and the storage capabilities of the Nb2C monolayer and
its subsequent fluoride and hydroxide materials were analysed in this article based on DFT. [*°!
For the first time, R. Momeni Feili has calculated the energy loss near edge structure (ELNES)
of 2D MXene. Results are calculated by density functional theory using FLAPW method. The
paper describes the ELNES spectra pattern of Nitrogen and Carbon K-edges for MAX M2AIX



phases, pristine M2X and for functionalized M>XT, (M=Sc; X=C/N; T=F, OH, O) at
different angle conditions. /' Meng et al. has reported S-functionalized TisC, MXene material
in his manuscript. For investigating various properties along with dynamic stability, DFT
calculations were completed. The sodium storage ability of TisCz, TisC202 and TisC.S»
systems found were useful to design for anode material. °>! Chen et al. work describes TisCN
MXene as an anode of a Li-ion battery. The process of Lithium-ion adsorption and dispersion
on the surface of TisCN and TizCNT: (T is F, O, and OH surface terminations) was analysed
to evaluate the probable usage of TisCN as an anode material using DFT. °°! Lij et al has
reported the analysis related to the contacts sandwiched among lithium polysulfides (LiPSs)
and Ti>CO; substrate as well as other six M3C>0, MXene using DFT calculation. It had been
proved in article, all six M3C.O2 MXene systems acquired confining capacity towards soluble
LiPSs.l°”) Zbik et al. has reported the theoretical examinations of geometry and electronic
structure of molybdenum carbide by DFT. The thermodynamic sensitivities obtained using
DFT showed preparation of MoOs reduction to produce (oxo)carbides is Endo energetic. [
Radzwan et al. reported different attributes of Ni doped Sb,Ss3 using FP-LAPW method-based
DFT. The lattice parameters at equilibrium are analysed using PBE-GGA exchange
correlational functional. The results calculated show that Ni-doped Sb>Ss has higher optical
absorption coefficient than the pure-Sh,Sz which can be applied for optoelectronic devices. [
Igbal et al. have reported un-doped and Lanthanum-doped TisC.Tx MXene, prepared by co-
precipitation technique. The experimental results are obtained by DFT calculations. The
magnetic characteristics for both compounds have been examined, demonstrating the existence
of ferromagnetic-antiferromagnetic phases. "°/ Babar et al. has stated the diamagnetic
behaviour of successfully synthesized 2D-Nb,C and observance of superconductivity in the
material. DFT calculation were achieved by DFT software using spin-GGA approximation.
The magnetic moment is computed negative, which verifies accurately with the experimental
results. [ Fatheema et al. has reported experimental and computational magnetic phase
calculations that indicates the switching from superconductive-diamagnetic behaviour to
ferromagnetism in La-doped Nb,C-O-F MXene. The computational analysis of pure Nb>C
MXene verifies diamagnetism and moreover clearly explains the role of Lanthanum and
surface terminations (O and F) in the decline of diamagnetism in La-doped Nb,C-O-F while

stimulating ferromagnetic behaviour "%



2.4 Nb.C (metal carbide) MXene

Many MXene have been synthesized and studied that includes Ti.C, TisCz, TiCN,
(Ti0.5Nb0.5).C, TasCs, Nb,C and V-C.®! Among all of these, titanium carbide MXene are
explored extensively to acquire awareness about the exceptional material implementation.
Niobium carbide (Nb2C) is minimum researched because of its extra ordinary significance in
energy storage devices. Regardless of its unique magnetism and some useful physicochemical
characteristics, most of the feasible implementations of niobium carbide are still to be

discovered.

Nb,C MXene was first synthesized and reported by Naguib et al. and just described it as
favourable electrode for the electrochemical activities. Further, different studies have reported
Nb,C with various implementations such as biomedical applications, energy storage,

supercapacitors, and nanoelectronics. !

Among different MXene, Nb>C is an encouraging applicant as an electrode in Lithium-ion
batteries having higher capability and ability to handle high-level charge—discharge cycles !’
Furthermore, Nb2CTyx have also shown favourable performances for photothermal cell ablation

as well as a photo-catalyst for hydrogen progression """

Regardless of the improvement in production, description and theoretical explanation,
structural study on microscopic scale of MXene is very rare. STEM has previously been

effectively applied for microscopic investigation of MXene \"**

Nb,CTx MXene sheets are prepared by removal of Al from Nb,AIC. ¥l In MXene the M-C
(here M means Nb) have combined metallic- ionic-covalent bond which is stronger in nature
compared to that of M-Al, weak metallic bond. °’" Because of this behaviour, in presence of
high temperature and hydrofluoric acid (HF), the M-Al bond is substituted by weaker hydrogen

bond which results in the splitting of the sheets.

24.1 Structural Analysis
The XRD spectrum of Nb,AIC and synthesized Nb,C MXene is demonstrated in Fig. 2.8. The

XRD pattern verifies hexagonal MAX Phase structure with space group P6s/mmc. Selective
removal of Aluminium from Nb2AIC shows the fading of peaks at 25.75°, 38.8°, 42.7°, 52.2°,
57.9° and the development of different peaks which indicates the transformation of the MAX
into MXene. The decrement of peak 002 at an angle 12.79° and its shifting towards smaller

angle 7.2°, indicate the structural change in structure. This shift and change give an improved



c-lattice parameter changing from 13.83 A to 22.7 A. The improvement in lattice factor is the

reason for the increased interlayer spacing.
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Fig 2.8 XRD pattern for Nb,C and MAX Nb.AIC. Fig reported by the permission of author

SEM images of the structural morphology showed layered MXene traditional morphology: ©**
The magnetic behaviour of MXene has been a less researched, with little report accessible on
its magnetic behaviour. Their magnetic behaviour is found to be based on the transition
elements which includes Cr, Mn, V, Fe, and Ni or in any doped conformations. Babar et al.
mentioned about the magnetic behaviour of Nb.C. The diamagnetic behaviour was observed
in Nb,C MXene along with the Meissner effect, which showed superconductive nature in the

material with transition temperature of 12.5 K [#!

2.4.2 DFT Study of Nb2C MXene

Nb2C MXene was designed in WIEN2k package, using the FLAPW approach. The structure
was optimized and minimized, with 500 k-points used in the IBZ, with a k-mesh of 14 x 14 x
2 points.

Computational study confirms the diamagnetic magnetic behaviour of Nb,C MXene. Nb,C
DFT was performed through Wein2K applying spin -GGA approximation. The value of
magnetic moment calculated is — 0.00485, which means its diamagnetic. Hence above-
mentioned computational study verifies the experimental results of Nb,C MXene. [#

DFT is an effective and influential approach for estimating the electronic densities of state
(DOS) as well as work functions of simulated materials. The quantum capacitance and

electrostatic potentials of Nb,C MXene are also being calculated using ab initio DFT. has



reported in their article about a series of NboC MXene investigated and verified as possible
electrode for super-capacitors and electron emission devices utilizing ab initio DFT
computations. ¥/ All calculations were performed by exchange correlational functional PBE-
GGA implemented in CASTEP package. The plane-wave energy cut-off was set to 540 eV and
k-mesh of 12 x 12 x 1 used in irreducible Brillioun zone (IBZ).

Quantum capacitance of bare Nb.C MXene is found to be five times more than that of
graphene and bare Nb,C MXene is found to be the best candidate among all Niobium Carbides
Nbn +1Ch MXene owning the greatest quantum capacitance at both positive and negative

electrodes. [¢°]

It is also known that few-layer Nb,C MXene can be used for photoelectrochemical-type
photodetectors (PDs). Nb2C nanosheets exhibit a great capability for small-band
photodetectors. Gao et. Al has reported and verified this by calculating work functions
predicted by density functional theory calculations. Hence these fascinating outcomes reveal
Nb2C nanosheets can be utilized as basics units for different photoelectronic applications,

beyond expanding the application possibilities of 2D MXene. [*°!



Chapter 03

3.1

Experimental Techniques and Research Tools

Experimentation

Two compounds were prepared experimentally. 2D Nb,C MXene sheets were prepared from

3D MAX Phase precursor (i.e., Nb2AIC). After successful selective etching, Nb.C was doped

with Nickel (Ni). Both the compounds synthesized were characterized through XRD, SEM and

EDS

3.1.1

Selective Chemical Etching of Nb2AIC

Materials

The materials used during the selective etching process are:

3.1.2

Hydrofluoric (HF) acidic mixture (50 wt. % in H20, >99.99%)
Niobium Aluminium Carbide Powder (Nb2AIC, purity 97 % with 200 mesh)
De-ionized water

Ethanol

Procedure

Two dimensional MXene was prepared from Nb2AIC MAX phase precursor through
selective wet chemical etching method.

For successful etching results, 1 g of NbAIC MAX powder was immersed in 100 ml
of HF (50% wt.) at ratio of 1:10 in Teflon beaker. The solution was constantly stirred

for 40 hrs by Teflon-coated magnetic stirrer.

The temperature was optimized to be at 55 °C. The resulting deposits were washed
many times with deionized water through centrifugation process for 5 minutes at 3500

rpm until the pH of supernatants was achieved to be ~6. 7]



iv.  The HF eliminates the Al layer, which, in sequence is replaced by F, O and/or OH.
Every time, the supernatant was separated, and the powder settled at the bottom was
removed from centrifuge bottles using ethanol.

v.  The resulting MXene powder was dried in vacuum oven at 40°C for 24 hrs.

vi.  The resulting MXene was achieved in full amount without major losses.
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Fig 3.1 Schematic diagram of Nb,C synthesize from Nb,AIC precursor

3.1.3 Nickel Doped Nb2C MXene Preparation

i.  Nidoped Nb,C MXene was prepared by a straightforward hydrothermal method %!
ii.  Nb2CTx powder was mixed in 30 ml deionized water by magnetic stirring for half-hour.
iii.  The precursor solution was made by dissolving the crystals of nickel nitrate hexa-hydrate
Ni (NO3)2.6H20 in 20 ml deionized water.
iv.  The two prepared solutions were mixed, then magnetically stirred for 20 minutes. During

the magnetic stirring, 50 % ammonia was added until pH was achieved to be 9.



v.  The final solution was then shifted to a Teflon lined autoclave made of stainless steel (70
ml) at 90°C for 16 hrs. Later, the reaction mixture was cooled at room temperature.

vi.  Theresultant precipitates formed were washed by deionized water and dried in convection
oven at 60°C for 24 hrs.

vii.  The end dried product was stored in a glass vial and collected for further characterization.

3.2 Research Tool

For analysis of the prepared materials, the crystallographic, structural, and morphologic
characterization is done using the research tool. X-Ray Diffraction (XRD). XRD of the dried
powdered sample is completed by using Bruker D8 Advance system.

3.2.1 X-Ray Diffraction (XRD)

XRD is the most widely applied technique for the examination of crystal shapes and atomic
spacing. XRD works on the phenomenon of constructive interference of monochrome X-rays
and a crystal-clear sample. The crystalline nature of materials is examined by the XRD by

measuring the diffraction of X-rays from the planes of atoms within the material.

Unit cell lattice
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Fig 3.2 Uses of XRD Analysis



The working principle of XRD is based on Bragg’s Law, which was first introduced by Sir
W_.H. Bragg and his son Sir W.L. Bragg. This law explains when the incident x-ray strikes the
crystal surface, at an incident angle, 0, it reflects with a same scattered angle 0. The path
difference d, if found equal to a whole number n, and wavelength, a constructive interference

takes place. Mathematically,

n A= 2dsin0

here A represents wavelength of the x-ray, d is the space between the crystal layers (i.e., path

variation), 0 is the angle of incidence, and n is an integer.

Crystal

Fig 3.3 Braggs Law

This law is related to the wavelength of x-rays and the space between the crystal layers in a

crystal-clear sample. The diffracted X-rays from the sample are then spotted, managed, and

calculated.



Chapter 04

Computational Techniques

Nowadays a lot of advancements have been made which have a substantial role in the study of
material and in enhancing the efficiency of the materials for our use. Studying materials in
detail by using computers has been cost effective for us. Therefore, computational are mostly
used for studying material. The theoretical study that provides the basis of this computational
study is condensed matter physics and density functional theory (DFT) and many other
theories. The theoretical study can be performed without any prior knowledge of the system as
well as when the system is known and to create an understanding for the experimental system

that is at micro or nano level at the atomic level in angstroms.

This chapter concentrate on the density functional theory, its development, and a brief

introduction of the usage through the software package WIEN2k.

4.1 Density Functional Theory (DFT)

Density functional theory is used as a research tool in this thesis. Currently DFT is one of the
efficient and effective quantum mechanical method, to investigate different characteristics of
matter. It is used as an approach to study the structural, electronic, magnetic, and optical

characteristics of material at quantum level.

DFT considers the ground state charge density to measure the ground state attributes of a
system. Here the ground state charge density is a functional which used the wave function of
electron as an input. In solving a simple system just like hydrogen atom, Schrodinger wave
equation (SWE) is used but with atoms in large amount in a system the number of variables
and terms also increase. Hence it becomes difficult to solve such system by using SWE. This

leads us to the need of an equation which will have to be easier to solve.

4.1.1 Schrodinger wave equation (SWE) and many bodies

problem
In 1926, Erwin Schrodinger, derived an elaborate equation for a system using the de-Broglie’s
hypothesis, where the wave function contains the information of the whole system and

Hamiltonian is described for the energy of the whole system. %)



SWE for simple system just electron moving in potential field is given as:

2
- v Hvele=EY 4.1
2m
HY=E¥Y ... 4.2
A B2 o2
here H= lZm Ve + V(r)J .......... 4.3

From above equation 4.3, we have

a=T+v . 4.4

2
where T= zh—m V2 and V=V ... 4.5

H represents the Hamiltonian operator, T"is kinetic energy and V" is the potential. ¥ gives

wave function of an electron.

4.1.2 Born-Oppenheimer Approximation

A strong solid structure is defined as a body consisting of heavy positive particles (nucleus)
and lighter negative particles (electron). When a simple system (as mentioned above) is
modified or replaced by many atoms, such as if taking N nuclei, then the system is dealing with
a problem of N+ZN interrelating particles. This system is called a quantum many-body

problem. The numerous-particle Hamiltonian for this system is given as:

& - N, h? _o

H = ZI 12m R; ~ Zl:elﬁv T + ame, [__21 121 1|r R|
1§Np o _ZZ) 1
2 21:121¢[|R Rl Zl 12]il|7" T]| ] .............. 46

The first two terms represent Kinetic energy of nuclei and electrons in a system, respectively.
While the remaining terms give the potential energy due to electron-nucleus interaction,
nucleus-nucleus interaction, and electron-electron interaction, respectively. In equation M is
the mass of a nucleus at R; while m is the representation of mass of electron at ri. Since the
nuclei are considerably heavy particles and far slower than the electrons. Hence, they are
considered having fixed positions and the electrons are assumed to be in immediate equilibrium

with them. This is called as Born-Oppenheimer approximation. It was introduced by Born-



Oppenheimer in 1927. °°. After applying this approximation, we are only left with the
negative charge particles. Hence due to no motion of nuclei, their kinetic energy is zero and
therefore the first term vanishes. The last term is considered constant. The equation is reduced
to form containing the Kinetic energy, the potential energy for electron-electron interactions
and the potential energy of the electrons in the potential of the nuclei. This statement is

summarized as

= T+ V+ Vext + Vnn ............. 47
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After applying the Born Oppenheimer approximation, the system is modified but still it is

challenging to solve such system. Different procedures are present to reduce this equation to a
flexible form. One of these methods is the Hartree-Fock method (HF). This approach works
perfectly for atoms and molecules and is used in quantum chemistry. For solid systems it is

found less precise. However, in this thesis our focus is on Density Functional Theory.

In the year 1964-65, the basis of Density Functional Theory was placed by Hohenberg—Kohn
during their first paper on DFT which described that any property of a system in ground state

is a unique functional of the ground state electron density. °°!

4.1.3 Hohenberg-Kohn Theorems

DFT is basically based on two main theorems.

Theorem I

The ground state energy from Schrodinger’s equation is a unique functional of the electron

density. Or in other words, there exists one-to-one correspondence between the ground-state

density p('r) of a many-electron system and between the potential Vext. The ground-state

expectation value of any observable O is defined as a unique functional of the exact ground-

state electron density and is described as:



<¢O|¥>=0[p] = .ieiiinn 4.8

Before moving towards the proof of this theorem, the term functional is defined. If there exists
a one-one correspondence between two quantities, then it is defined as a functional.

For the proof of this theorem three quantities are kept under consideration: Potential V(r), wave
function | ¥> and the electron density p(7). A one-one mapping (Map D and Map E) should

exists as follows:

Map D Map E
4> —__’
V() | w> p(r)
«—
Map D Map E*

To prove it, considering the inverse mapping between the quantities. Consider

V'#V” + constant

Since HY==T+U+V)¥ ... 4.9
HY=EY

Similarly, HY=(T+U+V)¥ ... 4.10
HY=F%

As V'# V” so for the one-one correspondence, ¥ and ¥’ should be different.
Taking Y=Y,
vV-\»y¥Y=E-BHV
(V-v)=(E-PBE)
Hence Y£¥Y 411

Thus, for every ground state wave function, there corresponds a potential value V(r) and this

proves D mapping exists.



Now to prove the next inverse mapping, considering the variational principle. From variational

principle
E-(PH|Y<WH|Y) oo 4.12

The above equation represents the non-degeneracy of the system. Now,

(WIA|W)=(W|T+0+V| W)
= (W] T+0+V+V-V | W)
= (W] H| W)+ (W] V-V | W)
=E+[p'() [v(r) —v' ()]

From equation 4.12
E<E + [p'() [v(r) —v'(1)]
Similarly
E=W|H|¥)< |
E'<E+ [p() [v'(r) — v(r)]

Hence if p (r) = p’(r) then E +E’ < E’ + E which is not possible. This proves that p () # p’(r)
and there exists only one electron density for each wave function ¥. Hence the 1% theorem is

proved.

From the 1% theorem it was stated that ground state energy from Schrod. Equation is a unique

functional of electron density. To find which electron density, we proof the 2" theorem. !

Theorem 11

The electron density that reduces the energy of the overall functional is the true electron
density corresponding to the full solution of the Schrodinger equation. O taken as the
Hamiltonian H, the ground-state total energy functional H[p] = E Vey [p] changes as:

EVei [p] =<¥|T+V|¥>+<¥| Ve | P> ... 4.13

E Vet [p1= Fax[p] + | pCr) Vext Cr)dr ... 4.14



In above equation 4.14 Hohenberg-Kohn (HK) density functional Fuk[p] is found

comprehensive for any many-body electron system.

Taking E = E[p]
Therefore, Elpl= (¥[p]l H | ¥[p])

For trail ground state density, p (r)

From variational principle,

esl]

>E Forp7£p=
=E

esf]

Forp=p~

The above two conditions clearly state the theorem and hence its proved.

Since electron density is functional of wave function therefore the above equation reduces to
form

E[{¥i}] = E known[ {¥i}] + Exc[{¥i}]

The term consists of Kinetic Energy, coulomb interactions between electron and nuclei,
between electron pairs and between pairs of nuclei whereas the 2" term is called and Exchange
Correlational Functional. It consists of all the quantum impacts not incorporated in known
terms.

4.2 Kohn Sham Equations

Although, HK theorems present the electron density p (r) as the basic variable, it is still
unmanageable to find and evaluate properties of a system because the universal functional F[p(r)]
is not known. The Kohn and Sham equations were announced in 1965 that turn DFT into a
practical tool to obtain the ground state density of the system. They mapped a system of

interrelating electrons on to a system of non-interacting electrons that has the same ground state



density and ground state energy °°’. The electrons in this system are not interacting with each other
but every electron feels the field generated by all the other electrons.

For non-interacting electrons

2
QEEVZ+V)¢=E¢ .......... 4.15

For large system, taking total energy E as
E=)¢&i

For interacting electrons

(472 + Ver) § = E ¢

Here Ve is defined as the Effective Potential (including inaccuracy due to ignoring

interactions)

Since we know the equation
E [{¥i}] = E known[ {¥i}] + Exc[{¥i}

E Known[{l}'i}] = T +vne + vee + EXC[{‘Pi}

Considering the exchange correlational functional, since energy is functional of electron
density and X-C is a part of energy, therefore X-C functional is dependent on the Electron
Density Distribution.

90]

Exchange correlational potential [°°! is defined as

8Exc(r)



4.2.1 Self-Consistency of Kohn Sham Equation

202400 + Tu) + Va1 6=E 6 a7

Here in above equation V', () is electron-electron coulomb interaction and defined as Hartree
— Potential. It is given as

Vy(r) =e? f% .......... 4.18
Whereas p(r)=2>¢i*() i (r) 4.19

To calculate the wave function ¢i (r), Hartree Potential as well as electron density should be
known. But to know the electron density, Kohn Sham equation should be answered. Hence it
is a repetitive procedure. Once the repetition is started with the electron density, the Kohn Sham

equation corrects itself. That is why it is called that Kohn Sham equation is self-consistent
[90]

['2% V2 +V(r) + Vy(r) + Vye(r)] di=€idy

—)

Vy(r) = e? [ o(r) = 23 &i*(r) i ()

r—r/

Fig 4.1 Self-Consistency of Kohn Sham Equation



4.3 Exchange Correlational Functional

Exchange Correlational Functional consists of all the quantum aspects not incorporated in
known term. All the unknown parts of the energy are included into EC functional which includes
the quantum mechanical part of electron-electron interaction, the alteration for self-interaction and
the kinetic energy that is not included in non-interacting reference system. The Kohn Sham
scheme described above was to give exact solution of Kohn Sham equation. Different
approximations are used for finding the exchange correlational functional. Till now no other
approximation has been used other than Born- Oppenheimer approximation. The most widely
used approximations for this are Local Density Approximation (LDA), Local Spin Density

Approximation (LSDA) and Generalized Gradient Approximation (GGA)

4.3.1 Local Density Approximation (LDA)

The most widely used approximation used for solving exchange correlational functional is

Local Density approximation (LDA) and Local Spin Density approximation (LSDA)

The most successful approach, LDA is based on the simplest electron distribution that is
homogenous electron gas (HEG). In this approximation, the exchange corelation energy at each

point in the system is equal as that of HEG of same density.
ExcPA =] p(r) Exc(p) dr

The exchange-correlation potential for LDA is determined by taking the rate of change of the

exchange-correlation energy

6€LDAXC

VxctPA = E 7 xe - Exc(p) T p(r) =
ép(r)

5p(r)

LDA is the only approach where XC functional can be derived exactly. This approximation
gives bond lengths and the geometries of molecules with accuracy of 1%. it is useful for the

systems where density varies slowly.



4.3.2 Local Spin Density Approximation (LSDA)

The local spin-density approximation (LSDA) is a generalization of the LDA that includes spin
polarization of the electrons into the functional for more accurate results. The density

comprises of two parts: spin up density of electrons pa and the spin down density of electrons
pB
Exc™PA=lp(r) Exc(p) (pa(r) pp(r)) dr

In this approximation, the spin polarization of a system after the splitting of spins is given as:

_Pa(®—pp(M)
S e

For paramagnetic system since spin densities for both spin up and down are equal therefore
&(r)=0, whereas for a ferromagnetic system the spin up and spin down states are split up
which gives &(r)=t1. LSDA is mostly used for the determination of magnetism and finding the

type of magnetism in a system

But LDA and LSDA are not good when it comes to the calculation of energies. Just as LDA
fails under rapid changes in density of molecules whereas LSDA assumes that the electron
density is the same everywhere in the system. To overcome this there is another approximation

mentioned that is Generalized Gradient Approximation (GGA).

4.3.3  Generalized Gradient Approximation (GGA)

For upgrading the LDA, the step taken includes exchange-correlation impact of every
microscopic volume not only reliant on the regional density in that volume, but also considering
the density of the neighbouring volumes. In simple words, the gradient of the density is
considered in this approximation. Hence it is therefore called as Generalize Gradient

Approximation (GGA).
Exc%4 = Exc [p(r), Vp(1)]

Where p(r) is electron density and Vp(r) is the density gradient. The exchange corelation

potential for GGA is given as:



afGGAXC _ SfGGAXC

5p(r) 6vp(r)

Vxc®A(n) = [

The results obtained by solving KS equations using GGA are much better than the ones
obtained through LDA or LSDA. Some of the GGA’s that are described by different scientists
and revised as well are mentioned:

» Langreth-Mehl 1983 (LM) [99]

> Perdew-Wang 1986 (PW86) [100]

> Becke-Perdew 1988 (BP) [101]

» Perdew-Burke-Ernzerhof 1996 (PBE) [98]

> Revised Perdew-Burke-Ernzerhof 1999 (RPBE) [103]

» Wu-Cohen 2006 (WC), [104]

This approximation is found exact most of the times but still not for every property. It has
restricted general implementation. Therefore, for more precision the Meta GGA (MGGA) is

produced that considers the semi-local evidence of the density or orbitals that are occupied.

4.3.4 Exchange-Correlation functionals Beyond LDA
and GGA

The approximations for finding exchange correlation functional are not only till GGA and LDA
but beyond this we have the hybrid functionals and Hubbard potential as well.

Hybrid functionals are defined as combination of two functional. We can take example of
B3LYP which is a combination of BP and LYP GA functional, whereas PBE is a combination
of Hartree exchange energy, PBE-GGA exchange energy and PBE-GGA correlation energy.

Hubbard potential were introduced after the failure of GGA and LDA functionals to
calculate some properties of compounds like Mott insulators and magnetism in compounds
with d and f orbitals. This led to the use of Hubbard potential in DFT, which includes the missing
measures of the coulombic on-site interaction. The Hubbard potential was added to KS-DFT later
by Anisimov et al. in 1991 “?} Adding this potential to KS-DFT, bridged the gap between DFT and
Hubbard potential to be able to calculate magnetism and other properties correctly. Hence the
functional form was changed to LDA+U, GGA+U etc. where U indicates the Hubbard potential.



4.4 Wien2k

In this thesis Wien2k, a computer program is used for DFT calculations. This software package
1s coded in FORTRAN 90 and needs a UNIX-type operating system since the programs are
linked together via C-shell scripts. The mnaugurators of Wien2k program are Peter Blaha and
Karl Heinz Schwarz of the 47 institute of Materials Chemistry, Vienna University of
Technology [”° This software was first released in 1990’s referred as Wien93, Wien95 and
Wien97 whereas Wien2k is its latest updated version!** WIEN2k allows users to compute
different properties of a structure applying the FLAPW method for the basis set. The choice of
basis set and plan wave method is discussed further. While the simulations method and the different

properties that can be calculated through WIEN2k are also described.

4.4.1 Choice of Basis Set and Wave Function

Different computer programs are used for solving the DFT equations, but they vary in the basis
sets. Some use LCAO (linear combination of atomic orbitals) method for solving structure
whereas some use Gaussian or Slater type orbitals (GTOs or STOs). Muffin Tin Approximation
(MTA) is used where the potential and charge density inside the atomic sphere are taken to be
spherically symmetric and for outside the sphere has a constant value for atoms in the crystal.
Calculation of properties dependent on the density near the nucleus is described by electron
wave function. Three basic schemes have been suggested for the plan wave functions i.e.,
Augmented Plane Wave (APW), Linear Augmented Plane Wave (LAPW) and Augmented
Plane Wave with local orbitals (APWHLO) %6

Different methods that have been described above have their own benefits or drawbacks

when it comes to processing various quantities.

4.4.2 Augmented Plane Wave (APW)
In 1937, APW method was developed by Slater in which MTA is used, such that the potential

near the nucleus and wave function is the same as the one inside the atom but for the interstitial
positions the potential and wave functions are consistent and level. °’) Based on this analysis
the space in a combination is partitioned into in two regions i.e., the non-intersecting spheres

that make up the muffin tin and the overlapping spherical area is considered as the interstitial



region shown as region I and Il in figure 4.2. Where for the expansion of muffin tin region, the

radial solutions of the SWE are considered.

W) = YimAmuy (r) Y, (r) rel
(I' - \/%ZGCGei(G-H{).r res

In above equation, wavefunction ¥, Q is the cell volume, and w; gives the normal solution of
equation

d? l(l+1
= + 22+ o) - B =0

Cc and Aim are coefficients for expanding the wave function, E7 is a parameter, V is the

spherical component of the potential in the region I.

|

Fig 4.2 Atomic muffin tin region | and Interstitial region Il

However, the drawback of APW method is that the energies are not the same on the bounties
as ul(r) is zero on the boundary which will be a problem in general for elements with d and f
orbitals. °®/ Moreover, an additional problem using APW is its extension to a general crystal
potential and removing the limitation of MTA °°! To overcome these disadvantages, Anderson,
and Abraham et al "% gave the linearized plane wave methods called as Linear
Augmented Plane Wave method (LAPW)



4.4.3 Linear Augmented Plane Wave method (LAPW)

The LAPW approach is the latest precise method for achieving electronic structure calculations
for crystals. Based on the DFT for finding exchange and correlation it considers the LSDA
approach. Like the other energy-band methods, this LAPW method is a technique for finding
the solution to the Kohn-Sham equations for knowing the ground state density, total energy,
and the eigenvalues of a crystal by establishing a basis set which fits according to the problem.
In this method, the unit cell is divided into two regions, atomic spheres centred on the atomic

sites (1) and an interstitial region (2) as seen from (figure 4.4)

In this method, linear combinations of radial functions, ul(r)YIm(r)and their rate of change
with respect to the linearization parameters for inside the spheres, are used as basic functions,
El. The ul(r) is the same as used in the APW method with fixed energy El. The equation is

modified as:

Zlm[Almul(r) + B, Ulf(r)ylm(r) rel
I’b (1‘) - \/%ZGCGBKGHC)'T res

In equation above, Bim is the coefficient for the energy derivative and is similar in meaning to

Aim. For the interstitial region of LAPW, the wave function is the same as that for APW. Only

the correction is done mainly to inside sphere wave function.

4.4.4 APW+LO and LAPW+LO

Besides APW and LAPW method, there is one more extension can be added the correction to this
method more efficient. This results when one utilizes the traditional APW basis, but with ul (r; E1)
at a fixed energy El to keep the linear eigenvalue problem and then adds a new local orbital (lo) to
have enough variational flexibility in the radial basis functions. Now the three functions wi(r), ui(r)
and u(r) are all present together for the muffin tin sphere part of the wave function, while making
sure that the derivative of local orbital is zero at the boundary. Moreover, though LO was

introduced for treatment of semi-core electrons, the LAPW+LO scheme introduces correction to

the electrons present in the higher states as well. The LAPW+LO basis functions are described as



U, ()= Zm [A5w(r) + B/ () Yim (1]

AP and B)° are picked such that the boundary condition for local orbitals in MTA is satisfied.

4.4.5 The Full Potential LAPW (FP-LAPW)

The MTA was normally introduced in the 1970s and performs relatively well in tightly
packaged systems. However, in case of covalently bonded solids and open or layered
structures, MTA was found to be inappropriate approximation that precedes to serious
differences with experiment. To avoid these estimates and for better calculations in all these
cases a full-potential therapy is crucial in which charge density and potential density are
expanded using the Fourier Series and lattice harmonics for interstitial and inside sphere

calculations, respectively.

The combination of full potential scheme with the LAPW method gives us the FP-LAPW
method, where FP is used in LAPW method instead of MTA. Full potential scheme treats the

structure without giving it any specific shape i.e., spherical “°2*° This simplification can be
achieved by relaxing the constant interstitial potential Vo and the spherical MTA potential

Vi (r) by the inclusion of interstitial potential ¥, V% e/ and the other terms inside the

muffin-tin spheres:

hP Ve eiGr re |l

V =
*) D LVILV,T(r) res

FP-LAPW is the most precise methods for defining electronic structures for crystals by
unravelling the Kohn-Sham equations of DFT. FP-LAPW is employed in the newest version
WIENZ2k to know about crystallographic properties on the atomic scale whereas the alternate
basis set (APW+lo) is used for the chemically important orbitals, and LAPW is used for the

others.



4.4.6 Simulation and Applications

Simulation can be run WIEN2k software package by making sure that WIEN2k software has
been successfully installed on Linux operating system. After successful installation, different
structures and materials can be simulated. However, in this latest updated version a graphical
user interface (GUI) is also available for new users. The first step in calculating properties to
simulate a structure by using the space group and atomic constants. Then proceed towards
initialization where input files are generated. Afterwards according to the requirement,
different commands are given to calculate the properties and then the output files are analysed
for the results. %!

Kohn-Sham DFT is the popular method for computing the electronic structure of matter and
its properties. DFT can be used for analysing atomic structures, bulk structure, 2D surfaces
and slabs. Some applications of DFT

e With the overall energy being calculated, the steadiness of various phases can be
processed using DFT.

e Studying the electron density describes about the amount of charge transferred between
the atoms in the material

e The band structure of the most complex materials can be obtained by using DFT and
then the direct and indirect bandgaps can be calculated for further study

e The DOS of any material can be observed, including the partial DOS due to any orbital
e, s p, df

e The optical properties of a material are studied by calculating the optical parameters of
a material such as refractive index, optical conductivity, optical reflectivity, optical
dielectric constant.

e The magnetic properties of different samples can be determined and calculated i.e.,

magnetic moment, the spin up/down density.



Chapter 05

Results and Discussion

5.1 Experimental Discussion
51.1 XRD Analysis

XRD is a technique that is used for the structural analysis of compounds and to observe the
presence of different materials that are deposited on compound. The XRD pattern of Nb>C
MXene and it adsorbed compound is shown in Figure 5.1. Both the patterns are compared, and

results are deduced.

The diffraction pattern of Ni-adsorbed Nb,C shows that it is slightly different from the
pattern of functionalized Nb,C MXene. No extra external peak related to any of the reactants
confirms that Ni-adsorbed Nb>C is successfully synthesized. The peaks for Ni adsorbed MXene
are observed at 33.4° and 59.5° and agree with the diffraction pattern of pure Nb2C. The change
in pattern is observed at 23°at plane (004). The decrease of peaks however indicates the
crystallinity of the structure decreases more with increase of Nickel and results with

disappearing of diffraction peaks shown for parent compound i.e., Nb.C MXene.

For Nb?*, the ionic radius is 0.07nm whereas for the dopant Ni%* the ionic radius is 0.069 nm.
The ionic radius of Ni®* is in close approximation to that of Nb?*, which indicates that the
variations in diffraction pattern agree with the size of crystallite. The decline in the size of
crystallite is due to the disturbance in the host Nb,C lattice by the presence of Ni* ions. The
replacement of Ni?* ions in the interstitial position of host MXene lattice sites would disturb
the intensity of the interstitial sites of Nb2C which causes the peaks broadening. *°°) The excuse

of adsorption of Ni 2* ions on the surface of Nb,C is because of MXene negative potential

surface caused by the presence of negative surface terminations (O, —OH, —F). Therefore,
Nb,C MXene has a great capability to invite positively charged Ni?* ions. lon exchange
phenomenon may also take place at the surface between the Ni?* ions and negative surface

terminations which results in formation of Ni-(OH)2 oxides as shown in the XRD pattern°®!
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Fig 5.1 XRD Spectrum for Nb,C MXene and its Adsorbed Compound Ni-Nb,C

5.2 Theoretical Discussion

For the understanding of Nb,C functionalized MXene and its adsorbed compound the magnetic
behaviour of these synthesized compounds is discussed in this thesis. The two compounds were

analysed and were studied computationally using DFT.

First the structure for both compounds, i.e., Nb2C-O-F and Ni bonded Nb.C-O-F were
simulated using the DFT software package i.e., Wien2k. Then super cells were created and

optimized. The stable structure was analysed for the magnetic behaviour.

For the study of Nb.C MXene, computational analysis is done by FP-LAPW method applied

in WIEN2K. The electronic structures, band gaps and DOS plots per eV were calculated,

analysed, and are discussed below.



53 Nb,C-O-F MXene

The Nb,C-O-F structure is simulated by a supercell of slabs. Each slab comprises of five layers.
The C layer is inserted between Nb layers whereas Oxygen and Fluorine atoms are inserted to
the system as functional group to terminate the surface (Figure 5.2). A unit cell of Nb,C-O-F
consist of 4Nb atoms, 2 atoms of Carbon, 3 Oxygen atoms and 1 Fluorine atoms. The proposed
structure is expanded into 2x2x1 supercell and optimized. The slab thickness is taken 5.2 A.
In the supercell, these slabs are disconnected by vacuum of about

175 A

OF Top View

0——0—9—0—09

View along X-axis

Fig 5.2 Optimized simulated structure image of Nb,C-O-F

Optimization and Minimization

The structure of Nb,C-O-F was optimized and minimized at about 500 k-points with a k-mesh
of 7x7x7 in the irreducible Brillouin zone (IBZ). The unit cell for Nb,C-O-F after the
optimization and minimization is shown in figure. Nb.C-O-F has hexagonal structure with the
space group 1 _P1. The lattice parameters (taken in Bohr units) are a=b = 11.785882 and ¢ =
42.707811 and a = = 90° and y = 120°. The RMT radii considered are 1.92 a.u. for Nb
atoms, 1.78 a.u. for O atoms, 1.82 a.u. for F atoms, 1.73 a.u. for C atoms while the scf

calculations were performed by 64 k-points with a k-mesh of 6 x6x 1 in the IBZ with the



energy convergence criteria taken to be 10° Ry and charge convergence to be
10%e.

53.1 Electron Density

Electron density is a useful quantity for the analysis and understanding of materials. It helps
to understand the chemical bonding. The electronic properties of functionalized Nb2C MXene
are also studied computationally as shown in Figure. The density of Nb is found to be more
than that of carbon as it has filled 3d orbital and partially filed 4d orbitals whereas C has only
partially filled p orbital. From figure, C shows large electron density image because the p-
orbital is shown spreading where as in Nb the electron density image is smaller as the energy
is condensed within its orbitals. From the temperature scale, we can see that Nb has higher
electron density then carbon. Hence presence of niobium atom modifies the electron density
and strengthen the bond.

Scale: A n(r)

B +0.0008
O +o.0607
O +o.1208
O +o.1804
B o0
B +0.3000

Fig 5.3 Electron density of simulated structure of functionalized Nb,C

5.3.2 Band Structure

Band structure of any compound or element describes about the nature of material regarding
its conduction i.e., metallic, insulating, or semi-conducting. Figure shows the band structure
for Nb2C-O-F MXene. It can be predicted from the band structure that this material has metallic

behaviour since the band gap is zero. It has been predicted from literature that most of



functionalized MXene have metallic nature. °° The result shows that functionalized Nb,C
MXene is metallic and here the Fermi energy is all caused by d orbital of M transition element

i.e., Niobium.

sp-gga-new atom 0 size 0.20

1.0 - i \

Energy (eV)

Fig 5.4 Band structure of minimized Nb,C-O-F MXene

5.3.3 Density of States (DOS)

To examine the contribution of each element in the density of states, a DOS plot for Nb,C-O-
F is shown below. The DOS plot of spin up is mirror image of spin down as in Figure 5.5. F is
totally spread in valence band with no existence in conduction band. C also shows its peak in
valence band. From the plot in the range -10 to -6 eV, which is the valence band, all the
elements are contributing and giving total DOS plot in this region. This shows that all atoms
in super cell are strongly bonded and give the total DOS. No band gap can be seen from the
plot since the states are overlapping and hence metallic behaviour of this can also be proved
from this DOS plot.

Nb peaks are present in valence and conduction band and occupies the range from -3 to 7 eV.
But the highest peaks are visible in conduction band Nb and the total DOS increases with high

peak in this range, this shows that magnetic behaviour in Nb2C-O-F is due to Nb atoms.
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Fig 5.5 TDOS for Nb,C-O-F MXene

5.3.4 Partial Density of States (PDOS)

Figure 5.6 shows the plot for PDOS of Nb2C-O-F MXene using the spin-GGA approximation
with 64 k-points. The PDOS plots for the subshells of Niobium, Fluorine and Oxygen are
shown below. From the PDOS plot of Nb, we can see that the highest peaks are present within
the conduction band from OeV to 5 eV for Nb-d orbital. By comparison of this conduction
region (from 0-5eV) in all other elements PDOS plot, F-s and F-p orbitals, C-p orbital, and O-
p orbital with less contribution show density of states. This means that these atomic orbitals
are overlapping within the conduction region with the major Nb-d orbital. As a result, this
overlapping results in hybridization in functionalized Nb.C-O-F. By hybridization we mean

that new states are generated for the availability of electrons and this hybridization is



responsible for the magnetic behaviour in Nb2C-O-F MXene. The region in conduction band

from 5 to 20 eV also shows that the overlapping between all atomic orbital is taking place

resulting in hybridization.
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Fig 5.6 Partial Density of States for all the Elements in Nb,C-O-F

The total PDOS plot is shown in Fig 5.7. As seen from the plot, the Nb-d, F-s, and O-p orbitals

show large contribution within the valence band whereas the largest contribution in the

conduction band is given by the Nb-d and Oxygen-p orbitals. The overlapping of Nb-d, O-p

along with O-s and F-p can be seen in the range of conduction band from 4eV to 20 eV. This

overlapping gives the result of hybridization in the functionalized Nb,C-O-F MXene. As

overlapping is small so less hybridization is existing in this structure.
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5.4 Adsorbed and Doped Structures

The two structures i.e., Adsorbed and Doped compounds were simulated using WIEN2K
software for the understanding of Nickel incorporated Nb,C MXene. The doped structure
consisted of total 20 atoms and the adsorbed structure consisted of 21 atoms. The unit cell of
2x 2 for both simulated structures are shown in figure below. Ground state energy for adsorbed
and doped structure calculated was -65777.5818 Ry and -58136.5490 Ry respectively. Energy
convergence criteria used for the scf was such that the differences in the total energies do not
exceed 10° Ry. Since more negative the minimization energy more stable is the structure.
Hence the adsorbed structure was found more stable than the doped one. Therefore, all the
characteristic analysis for electric and magnetic properties was performed for the adsorbed

structure by using DFT software Wien2k.
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7 Nb 8 Nb

1 Ni 60
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Table.2 Adsorbed and Doped Structure atoms
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Fig 5.6 Doped and Adsorbed Structure unit cell



55 Ni-Nb,C-O-F MXene

Structure

The Ni-Nb2C-OF structure is designed consisting of supercell including slabs in similar as that
of Nb,C functionalized. The calculations are performed by GGA+ U exchange-correlation
functional [63]. Here U indicates the Hubbard potential that includes the non-local corrections

to the Eyx¢ functional. The wave functions in the interstitial regions are extended in plane waves,
with the plane wave cut-off taken as Rmt Kmax= 7.0

4 x 4 x 1 supercell is simulated to analyse the steady structure for Ni adsorbed Nb,C-O-F. The
Ni-adsorbed compound has space group 81_1 P1 with the c-lattice parameter as 42.707792
Bohr. The RMT radii considered are 1.92 a.u. for Nb atoms, 1.78 a.u. for O atoms, 1.82 a.u.

for F atoms, 1.73 a.u. for C atoms and 2.11 a. u for Ni atom. The wave functions inside the
spheres are expanded in spherical harmonics up to the maximum angular momentum Imax = 10
Optimization and Minimization

Optimization and minimization of the simulated structure was done by modifying the internal

geometry of the system by modified tetrahedron integration scheme using 54 k-points in IBZ
distributed as 6x6x3 Monk horst—Pack grid.

The internal geometry of compound is optimized such that the forces acting on each atom are
less than 1 mRy/a.u. While the convergence criteria for the scf do not exceed 10> Ry for

successive steps.

o C ' | » v ; J Side View

Top View

Fig 5.7 Optimized and Minimized structure of Ni-Nb,C-O-F



55.1 Band Structure

As already know that band structure of any compound or element explains the the scope
of energy levels that electrons may have within it, as well as the ranges of energy that they may
not have which we can be called as band gap. Band structure talks about the nature of material
regarding its conduction i.e., metallic, insulating, or semi-conducting. From, the figure below,
the Ni-adsorbed Nb>C-O-F MXene is found to be metallic as it has zero band gap. As seen
from the picture that the different energy levels are seen overlapping and crowding the fermi
level which shows its metallic behaviour. The fermi energy is influenced by the d orbitals of
niobium as well as the external element i.e., Nickel which means that the fermi energy is

located at the d-bands of transition metal Nb and Nickel.

scf

Energy(eV)

Fig 5.8 Band structure of minimized Ni-Nb,C-O-F MXene



55.2 Density of States (DOS)

DOS are stated as number of different states at a particular energy level that electrons are
allowed to occupy. Figure shows that total density of states (TDOS) plot for the adsorbed
compound Ni-Nb,C-O-F MXene computed by using the spin-GGA+U where U= 6eV. The k-

points taken were 150 with the k-mesh 6 x 3 x 3.

Nickel is one of the elements that are ferromagnet at room temperature. When Ni is adsorbed
on the MXene, it forms bond with Fluorine and Oxygen atom. It can be seen in figure below.
DOS versus energy plot for Ni-Adsorbed MXene is shown below. The TDOS spin up and spin
down seems not to be mirror of each other. This indicates the Ferromagnetic nature of the
adsorbed material. DOS of Ni, Nb, C, O, F is shown. F is mainly in the region of -8 to -6 eV
and totally limited in Valence band. -7 to -5 is the range in which the TDOS peak is the highest
as all the elements are contributing to this range. In the range -2 to 0 eV the Density of states
of Nickel for spin up and down can be observed which is totally different showing its magnetic
behaviour. From the range 0 to 5 eV which is the conduction band, most of the TDOS is

contributed by Nb in this range.

From figure, the difference in the intensity of peaks for spin-up and the spin down which indicates
that the DOS/eV is dividing into both spins and hence resulting in magnetism which will be verified

from the values of magnetic moment.
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Fig 5.9 TDOS for Ni-Nb,C-O-F MXene



55.3 Magnetic Moment

Magnetism in adsorbed compound i.e., Ni-Nb2C-O-F has not been studied till now where as
functionalized NboC MXene has been predicted to be diamagnetic in recent publication. [’
The total magnetic moment of Nb,C-O-F is found negative i.e. —0.00027uB in our case which
confirms the diamagnetic behaviour according to the literature. It is observed that negative
magnetic moment is mainly contributed entirely by the Nb-atoms as seen from plot of magnetic

moment (Fig 5.10) within the range of O to 8 atoms

The total magnetic moment calculated for the adsorbed MXene Ni-Nb2C-O-F is + 1.01516 s
it is observed that O and Nb forms a bond with the nickel which effects magnetic moments. It
can be seen (Fig 5.6), two oxygen atoms and one niobium atom form a bond with doped nickel.
The magnetic moment calculated for these two O atoms, one Nb and Ni is mentioned in the
table below. The magnetic moment for O and Ni is positive with large value which dominates
the negative magnetic moment of Nb. Hence the negative magnetic moment from the Nb atom
is generally decreased and a positive magnetic moment is revealed by all the Nb atom showing
the Ferromagnetic behaviour. In simple words, it can be said that the switching of this magnetic
behaviour and the change of superconducting to non-superconducting behaviour is reasoned

due to the surface termination and the adsorption of Nickel atom.

Fig 5.9 shows the plot of magnetic moment for all the atoms in supercell which includes 31
Nb, 32 functional groups atoms i.e., O and F, 16 C’s and 1 Ni atom, giving a total of 80. From
the plot of magnetic moment for Ni-Nb,C-O-F, the atoms from 30 to 45 and at the end after 75
shows clear high peaks for magnetic moment which shows the clear Ferromagnetic nature.
This verifies that the adsorption of Nickel in Nb,C-O-F MXene favours adsorption which alters
the diamagnetic behaviour and superconductivity of functionalized Nb,C into FM non-

superconducting behaviour in Ni-Adsorbed Nb,C MXene.

Magnetic Nb 8 Oxygen 36 Oxygen 42 Nickel 81 Total
Moment
PBE -GGA +U | -0.00195 0.02249 0.02249 0.84300 1.01516

Table.3 Magnetic moment for Ni-Nb.C-O-F



Hence, summarizing the above analysis we can say that here we have observed the effect of
adsorption and surface terminations in determining transition from diamagnetic-

superconductive to ferromagnetic non-superconductive behaviour in simulated MXene and its
adsorbed compound.
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Fig 5.10 Magnetic moment plot for simulated Nb,C-O-F and Adsorbed compound Ni-Nb,C-O-F



Chapter 06

Conclusion

In whole thesis, we have in theory analysed the electronic structural and magnetic
characteristics of functionalized Nb>C and its adsorbed compound Ni-Nb,C MXene by
applying the Density Functional Theory. The structure of both compounds was simulated by
using DFT software package i.e., Wien2k Both the structures created were first optimized and
minimized. The stable structures were analysed for the magnetic behaviour. For the study of
Nb2C and Ni-Nb,C MXene, the computational analysis is done by FP-LAPW method applied
in WIEN2K.The electronic structures, band gap and density of states (DOS) per eV were

computed, analysed, and are discussed.

The structure of Nb2C-O-F was optimized and minimized at about 500 k-points with a k-mesh
of 7x7x7 in the IBZ. While the scf calculations were performed by 64 k-points with a k-mesh
of 6 x6x 1 in the irreducible Brilloiun zone (IBZ) with the energy convergence criteria taken
to be 10° Ry and charge convergence criteria to be 10~ e. The electron density of Niobium
was found greater than that of carbon due to its filled 3d orbital and partially filled 4d orbital.
The band structure showed the metallic behaviour of functionalized Nb,C with zero band gap.

The DOS plot showed the strong bonding of all elements in the super cell. The magnetic
moment calculated for Nb>C-O-F is found to be —0.000271.g which is although a small value

but confirms its diamagnetic behaviour.

Similarly, the structure simulated for Ni-Nb2C-O-F was first optimized and minimized. 4 x 4
x 1 supercell was used to analyse the steady structure for Ni adsorbed Nb,C-O-F. Optimization
and minimization of the simulated structure was done by modifying the internal geometry of

the system by using 54 k-points in IBZ distributed as 6x6x3 Monk horst—Pack grid.

The inside structure of compound is optimized such that the forces acting on each atom are less

than 1 mRy/a.u. Convergence criteria for the scf do not exceed 107> Ry for successive steps.

The band structure analysis showed metallic behaviour for this compound with zero band gap.
The DOS plot graphed depicts the ferromagnetic behaviour along with non-superconductive

nature which was further confirmed by the magnetic moment. The total magnetic moment



calculated for Ni-Nb>C-O-F is +1.01516pg. the diamagnetic superconducting behaviour of

Nb,C-O-F was converted to non-superconducting ferromagnetic nature due to the adsorption
of Nickel ions on parent compound. The magnetic moment of adsorbent and surface
terminations dominated the Nb magnetic moment and converted Ni-Nb,C-O-F into ferro

magnet.

6.1 Future Recommendations

In this thesis, although the work is done completely and digressively but still there some points
that need to be focused. In case of magnetism, the Antiferromagnetic analysis can be checked
for the adsorbed compound. For the better understanding of DOS plot the Partial density of
states (PDOS) can be calculated that can help in better understanding of band gap and magnetic
nature. All these calculations can be made by using DFT software. Moreover, the magnetic
properties can be checked by using other exchange correlational functionals such as LDA and

LSDA and compared with this current analysis.
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